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O-linked B-N-acetylglucosamine (O-GIcNAc) is an abundant post-translational
modification that is regulated by two enzymes, O-GIcNAc transferase (OGT) and O-
GIcNAc hydrolase (OGA). While it is elusive how O-GIcNAc alters protein function,
altered O-GIcNAc levels are associated with human diseases. To gain insight into
the functional consequences of O-GlcNAc-ylation, we reported a method to
incorporate the diazirine photocrosslinking group onto O-GIcNAc residues in cellular

proteins. Photocrosslinking O-GlcNAc, O-GIcNDAz, yields covalent crosslinking
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between O-GlcNAc-ylated proteins and their binding partners, which further analysis
can confirm these interactions.

| applied the GIcNDAz technology to a heavily O-GlcNAc-modified
nucleoporin  NUP98 and NUP98 leukemogenic fusions, produced under
chromosomal translocation, to gain insight into the mechanism of NUP98 fusion-
mediated cell transformation in leukemia. The wild-type nucleoporins are associated
with nuclear trafficking. In chapter 2, | demonstrated both NUP98 and NUP98
fusions are O-GIcNAc-modified. Additionally, evidence suggested O-GIcNAc is near
the site of interaction based on crosslinking experiments. While a powerful approach,
the utility of in-cell O-GIcNDAz crosslinking was restricted by several limitations.

To solve this challenge, | first engineered a mutant OGA that is better able to
remove GIcNDAz from proteins in order to facilitate homeostasis of O-GIcNDAz
modification in cells and for potential use as an enzyme to release crosslinked
material (chapter 3). Next, | constructed a mutant OGT to preferentially add
GIcNDAz to proteins, in order to maximize possible crosslinking material (chapter
4). Finally, | initiated the development of a chemo-enzymatic synthesis of O-
GIcNDAz-ylated peptides using three enzymes: A bifunctional enzyme consisting of
Bifidobacterium longum N-acetylhexosamine 1-kinase (NahK) and E. coli N-
acetylglucosamine-1-phosphate uridyltransferase (GImU) to generate UDP-
GIcNDAz, then added GIcNDAz to peptides by human OGT (chapter 5). Together,

these strategies allow for the development of a complementary cell free O-GIcNDAz
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crosslinking approach. O-GlcNDAz-modified peptides generated from this reaction
can be crosslinked to molecules from cell lysates. This technology can be used to
identify binding partners of O-GlcNAc-modified proteins, including both normal
NUP98 and leukemogenic NUP98 fusions and may reveal functional roles of O-

GlcNAc on NUPs and NUP fusions.
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CHAPTER ONE:
O-GlIcNAc is the most essential modification you never heard of

INTRODUCTION: Why are sugars important?

Sugars are fundamental building blocks found in organisms. In
mammals, sugars form glycans composed of monosaccharide building blocks.
N-acetylglucosamine (GIcNAc) is one of nine essential sugars found in
humans. These essential sugars are only a subset of carbohydrates found in
mammals. In particular, GIcNAc is found both in extracellular glycosylation,
where it is present in an array with many other sugars, and intracellular
glycosylation, where it is a single sugar post-translational modification (PTM).
O-linked B-N-acetylglucosamine (O-GlIcNACc) is an intracellular PTM found on
serine and threonine residues. O-GIcNAc is not well studied and its functions

remain poorly defined.

Discovery of the O-GIlcNAc modification

In 1983, O-GIcNAc was discovered by accident in murine thymocytes
(1). A graduate student radiolabeled terminal GIcNAc residues on glycans
using UDP-[°H]-galactose and bovine milk galactosyltransferase (GalT1). She
expected to radiolabel extracellular glycoconjugates containing GIcNAcs. After

removal of O-linked glycosylation with alkali-induced -elimination and



2
removal of N-linked glycosylation through Peptide N-Glycosidase F (PNGase

F) treatment, she discovered radiolabeling of single GIcNAcs on proteins in the
nuclear and cytosolic compartments. There are several characteristics of O-
GIcNAc that delayed the discovery.

Four main traits of O-GIcNAc assist to the late finding of O-GIcNAc.
Unlike other modifications, O-GIcNAc is uncharged and has a low molecular
weight. These traits explain why O-GIcNAc on proteins isn’t detected by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Upon
lysing of cells, hydrolases remove O-GIcNAc during protein isolation, and
suggests O-GIcNAc is labile. O-GlcNAc-ylation is found in substoichiometric
amounts on proteins (2). Hart and coworkers demonstrated 0.1 GIcNAc per
protein by radiolabeling. Finally, traditional mass spectrometry conditions are
unable to detect O-GIcNAc because the modification is lost during harsh
ionization conditions. Since the O-GIcNAc modification is a recent recognition,

relatively little is known about its functional roles.

The enzymes that regulate O-GIcNAc

UDP-GIcNAc, a nucleotide donor sugar, is essential for production of O-
GlcNAc-ylation. UDP-GIcNAc is synthesized through two pathways. From
glucose, the hexosamine biosynthetic pathway (HBP) generates UDP-GICNAc

(Fig. 1.1A). An alternative pathway to produce UDP-GIcNAc is to recycle
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GlIcNAc and use the GIcNAc salvage pathway (Fig. 1.1B). Because UDP-
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i Hexokinase

Glucose-6-phosphate

i Isomerase

Fructose-6-phosphate

Glutamine
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—>UTPN var1
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0
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oN o

) 0
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OH OH
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Figure 1.1. Two pathways for UDP-GIcNAc production. A, Glucose is taken up
into cells and incorporated into the hexosamine biosynthetic pathway (HBP). A
hexokinase converts glucose into glucose-6-phosphate. This 6-phosphate sugar
can be isomerized into fructose-6-phosphate. Then, glutamine: fructose-6-
phosphate aminotransferase (GFAT) alters the sugar to glucosamine with the use
of glutamine. Glucosamine-6-phosphate is converted to N-acetylglucsamine-6-
phosphate by glucosamine-6-phosphate acetyltransferase (Emeg32). N-
acetylglucosamine mutase 1 (AGM1) isomerizes the phosphate from the carbon 6
position to the carbon 1 position. Then UDP-N-acetylglucosamine
pyrophosphorylase 1 (UAP1) transfers UDP onto GIcNAc. B, An alternative method
is that UDP-GIcNAc can be generated through the GlcNAc salvage pathway.
GIcNAc can be converted to GIcNAc-6-phosphate by N-acetylhexosamine 1-kinase
(NagK). Then AGM1 can isomerize the phosphate to the carbon 1 position. As in
the HBP, UAP1 converts the GIcNAc-1P to UDP-GIcNAc.



GlIcNAc biosynthesis requires glucose, acetyl-CoA, glutamine, and UTP
production, this nucleotide sugar provides an integrated report on the
metabolic state of a cell.

Similar to phosphorylation, O-GIcNAc is a reversible modification (Fig.
1.2), but while multiple kinases and phosphatases exist, mammalian cells
harbor only a single enzyme capable of producing O-GIcNAc and a single
enzyme capable of removing it. The O-GIcNAc transferase (OGT) catalyzes
the addition of a single GlcNAc from the donor nucleotide sugar, UDP-GIcNAc
(8), onto serine and threonine residues. As mentioned previously, O-GIcNAc is
dynamic, and cycles on and off a protein much faster than the lifetime of the

protein. The O-GlcNAc hydrolase (OGA) functions to remove GIcNAc from the
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Figure 1.2. O-GlcNAc is a dynamic PTM. Two enzymes regulate O-GIcNAc.
The O-GIcNAc transferase (OGT) transfers a single GIcNAc onto proteins from
the nucleotide donor sugar, UDP-GIcNAc. This PTM is hydrolytically removed by
the O-GIcNAc hydrolase (OGA).
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modified proteins (4). O-GlcNAc integrates multiple metabolic signals and

plays critical roles in cells’ ability to respond to changes in nutritional state and

other cues (5).

O-GlcNAc-ylation is found on many proteins, but at particularly high levels on

nucleoporins

Typically, glycosylation on proteins occurs in the secretory pathway.

Non-Capsid Cytoplasmic Face of Cytoplasmic Tails

Vira of Membrane Proteins
Broteine Vesicle Proteins

Cytoskeletal Proteins

Chromatin
Proteins

Parasite

Nuclear Pore Proteins
Proteins
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RNA Polymerase Ii et
& Transcription Factors
Tumor Suppressors RNA Processing Protein Translation

& Oncogenes Proteins Regulatory Factors

Figure 1.3. O-GIcNAc is widespread in multi-cellular organisms. O-
GIcNAc is a ubiquitous modification. It is found in many compartments of
the cell. These O-GlcNAc-modified proteins belong to different functional
classes. This figure was originally published in Journal of Biological
Chemistry. Comer, Fl & Hart, GW. O-Glycosylation of Nuclear & Cytosolic
Proteins. Journal of Biological Chemistry. 2000; 275: 29179-29182. © the
American Society for Biochemistry and Molecular Biology.



However, O-GIlcNAc is mostly synthesized in the nuclear and cytosolic
compartments of the cells. Abundant amounts of O-GIcNAc-ylation are
reported on nuclear and cytoplasmic proteins (including chromatin
components and nuclear pore proteins). Also, evidence reveals O-GIcNAc on
mitochondrial and extracellular proteins in most eukaryotes (Fig. 1.3) (5-7). In
addition, viral proteins, like Plum pox potyvirus, are O-GlcNAc-modified (8, 9).
Nucleoporins (NUPs) are some of the first proteins identified to be O-
GlcNAc-modified (10). NUPs form a nuclear pore complex (NPC) within the
nuclear membrane to facilitate nuclear trafficking. Phenylalanine-glycine
repeat regions (FG repeats) is found in one category of NUPs, known as FG
NUPs. These FG repeats line the nuclear pore and interact directly with
nuclear transport factors as they pass through the NPC. These FG repeats are
interspersed with serines and threonines that are known to be heavily O-
GlcNAc-modified. In this dissertation, | examine FG NUPs, like NUP153 and
NUP98. NUP153 facilitates trafficking on the nuclear side of the NPC, while
NUP98 assists in trafficking at both sides of the NPC (11-13). Both NUP153

and NUP98 are O-GlcNAc-modified (14, 15).

Tools to identify O-GIcNAc-ylated proteins and residues modified with O-GIcNAc

The occurrence of O-GIlcNAc-ylation was confirmed by using a
carbohydrate-binding lectin named wheat germ agglutinin (WGA), which is

known to recognize GIcNAc and sialic acids (16, 17). Blobel and co-workers
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demonstrated the WGA lectin interacted with NUP62, a FG repeat NUP, and

inhibit nuclear trafficking. They confirmed that components of the nuclear pore
complex bear O-GlcNAc moieties (18). Although, WGA lectin can be used to
enrich for GlIcNAc-modified proteins, WGA has low affinity to O-GIcNAc. also
spurred demand for antibodies that specifically recognize O-GlcNAc. Since the
discovery of O-GIcNAc, tools to advance the field have been developed to
identify O-GlcNAc-modified proteins and O-GlIcNAc sites.

RL2 is the first antibody that recognizes O-GIlcNAc moieties. This
antibody was raised against components of the nuclear pore. RL2 aided in the
localization of nuclear and cytosolic proteins, such as NUP63, NUP54,
NUP180 and NUP100, from rat liver nuclear envelopes (10, 19). As of now,
other commercially available antibodies are available, such as CTD110.6 and
peptide-based antibodies. CTD110.6 was raised against the O-GIcNAc-
modified carboxyl-terminal domain (CTD) of RNA polymerase Il (RNA pol II).
CTD110.6 exhibits cross-reactivity toward other nuclear and cytosolic O-
GlIcNAc-ylated proteins (20). Another sets of antibodies recognize a broader
range of O-GIcNAc-modified proteins because they were developed using
synthetic O-GlcNAc-modified peptides as antigens (21). These antibodies
allow for recognition of O-GIcNAc-modified proteins.

Another tool that aids in the identification of O-GlcNAc-modified proteins

was inhibition of O-GIcNAc removal. Utilization of OGA inhibitors, such as



PUGNAc and Thiamet G, demonstrate presence of a higher level of O-

GlcNAc-modified proteins at the time of protein isolation (22). However,

deregulation of O-GIcNAc levels through use of these compounds may

obscure true O-GIcNAc regulation. Therefore, the identified targets may not be

biologically relevant.

Additionally, chemo-enzymatic tagging techniques assist in the

identification of O-GIlcNAc-modified proteins. The tagging techniques

overcome the issues of lability and substoichiometric. One method of chemo-
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Figure 1.4. Chemo-enzymatic labeling of O-GlcNAc-modified proteins. A, O-
GIcNAc-modified proteins can be labeled outside of the cells (A) or metabolically
through GlcNAc salvage pathway (B). Chemo-enzymatic labeling of O-GIcNAc-
modified proteins in lysate. The O-GIcNAc-modified proteins in lysate are
incubated with Acs-GalNAz and GalT1(Y289L) to transfer the GalNAz onto the O-
GIcNAc-modified protein. B, O-GIcNAc-modified substrates can be metabolically
labeled with a GIcNAc analog (GIcNAz, GalNAz) using the GIcNAc salvage
pathway. The azide can be reacted with an alkyne for the click chemistry reaction.
Through click chemistry with an alkyne handle O-GIcNAc-modified proteins can
be labeled with biotin, PEG or fluorophores.
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enzymatic tagging is to transfer a GalNAc analog onto the O-GlcNAc-modified

proteins. Hsieh-Wilson and co-workers developed this method by using a
mutant GalT1 (GalT1(Y289L)) and a N-acetylgalactosamine analog containing
an azide (GalNAz) (23-25). The GalT1(Y289L) transfers GalNAz onto terminal
GlcNAcs, like O-GlcNAc-modified proteins, in lysates similar to the protocol
that discovered O-GIcNAc (1). The azide handle can react with an alkyne
conjugated to a probe, such as biotin or polyethylene glycol, using the Huisgen
cycloaddition known as click chemistry, allowing for enrichment or
identification of O-GlcNAc-modified proteins (Fig. 1.4A). Hsieh-Wilson and co-
workers used this chemo-enzymatic tagging of O-GIlcNAc-modified proteins to
show that PFK1 is O-GlcNAc-modified at serine 529 (26). An advantage of this
strategy is that it can be applied to many types of sample, including tissues or
primary cells.

Metabolic chemo-enzymatic tagging is an alternative method
established by Bertozzi, Pratt, and co-workers to identify O-GlcNAc-modified
substrates. This method utilizes the GIcNAc salvage pathway of living cells to
metabolically label O-GlcNAc-modified proteins. Bertozzi and co-workers
synthesized cell-permeable sugar analogs, GalNAz and GIcNAz. These
analogs incorporated into the GIcNAc salvage pathway to label O-GIcNAc-
modified proteins (27, 28). These sugar analogs contain the azide handle, and

can perform the Huisgen cycloaddition (Fig. 1.4B). Also, Pratt and co-workers
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synthesized a different cell-permeable GIcNAc analog, GIcNAIK, to

metabolically label O-GlcNAc-modified proteins (29). GIcNAIk contains the
alkyne handle and can react with an azide-biotin reagent under the Huisgen
cycloaddition condition.

These unnatural GIcNAc analogs demonstrate incorporation into various
cells and conversion to the respective donor nucleotide sugars (UDP-GIcNAz,
UDP-GalNAz and UDP-GIcNAIK) through hijacking of the GIcNAc salvage
pathway. In cells, GalINAz converts to UDP-GalNAz, then epimerizes to UDP-
GlcNAz through the UDP-galactose 4-epimerase. Once the sugar is activated
with UDP, OGT can transfer it to target proteins. These chemo-enzymatic tags
assist in the identification of O-GlcNAc-modified proteins and the O-GIcNAc
site through proteomics analysis.

In complement with chemo-enzymatic tagging approaches, ionization
conditions of mass spectrometry like electron transfer dissociation (ETD) and
electron capture dissociation (ECD) enable softer ionization of peptides without
the loss of the O-GIcNAc modification. Using the chemo-enzymatic methods,
in combination with LC-MS/MS approaches contribute to the identification of
O-GiIcNAc-ylated sites (30-32). To date, more than 4000 proteins have been

identified to be O-GIcNAc modified, and this number is still increasing (6).

The roles of O-GIcNAc modification

O-GIcNAc may exert biological effects at the cellular and organismal levels.
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Disruption of O-GlcNAc homeostasis has catastrophic effects. Mutation of OGT or

OGA, or increasing glucose uptake demonstrated a perturbation in the cell cycle and
resulted in cell death (33). Additionally, the importance of O-GIcNAc at the
organismal level revealed embryonic lethal phenotype in OGT knockout mice, and
defects in the dauer formation and insulin-like signaling in OGT knockout C.elegans
(4, 34). Altered O-GIcNAc levels are associated with several human diseases, such
as diabetes, Alzheimer’s and cancers (35-37).

A subset of evidence supports a relationship between O-GIlcNAc and
phosphorylation. Since both modifications occur on serine and threonine residues,
there are reports that O-GIcNAc and phosphorylation can sometimes compete for the
same sites (15, 38-40). For example, O-GlcNAc-ylation occurs on the CTD of RNA
pol Il, which is also known to be phosphorylated (41). Lewis and co-workers
demonstrated in cell free and cell-based systems with mutagenesis and immunoblots
that O-GIcNAc-ylation occurs at the same sites as phosphorylation on the CTD (42).
They further revealed through mutagenesis in the two systems that O-GlcNAc-ylation
of the CTD of RNA pol Il halts transcription activity. This evidence demonstrates O-
GIcNAc has functional relevance.

While O-GIcNAc-ylation has been demonstrated to inhibit RNA pol Il activity,
in other cases O-GIcNAc increased a protein’s activity (43). For example, Yi and co-
workers demonstrated O-GlcNAc-ylation of glucose-6-phosphate dehydrogenase

(G6PD) increased activity (43). Glycosylation at serine 84 of G6PD increased
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amounts of products generated from the pentose phosphate pathway. These results

revealed insight into the mechanism of tumor survival for human lung cancer. These
two examples, RNA pol Il and G6PD are just two proteins out of the thousands of
proteins known to be O-GlcNAc-modified, propose O-GIcNAc is important in
regulating a protein’s function.

Another suggested function of O-GIcNAc is mediating interactions
between proteins (44, 45). Groner and co-workers demonstrated through
immunoprecipitation that CREB-binding protein (CBP) preferably interacts with
the O-GlcNAc-modified form of Stat5 (signal transducer and activator of
transcription) (44). O-GIcNAc may also mediate interactions between
nucleoporins; Yoneda and co-workers revealed through immunoprecipitation
and OGT knockdowns that NUP88 binds to O-GIcNAc-modified NUP62 (45).
In winter wheat, Chong and co-workers disclosed that O-GlcNAc-ylation of
threonine 17 of the RNA-binding protein TaGRP2 was necessary for
interaction with the jacalin lectin Ver2 (46). Although these reports suggested
O-GIcNAc might assist protein-protein interactions, no O-GlcNAc-dependent
interactions have been characterized structurally in mammals. Furthermore,
the chemo-enzymatic tagging technologies do not assist in identifying the O-

GlcNAc-modified protein-protein interactions.
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A photocrosslinking sugar to identify binding partners of O-GlcNAc-modified proteins

O-GIcNAc may mediate protein-protein interactions as supported by
literature (45, 46). We hypothesize that O-GIcNAc, like other PTMs, may promote
protein-protein interactions at the interface or near the site of interaction. To
determine if a PTM is necessary for interaction, ideally the residue modified is
mutated to confirm the PTM-dependence of the interaction. As mentioned
previously, O-GlcNAc modifications are labile, dynamic, and occur in
substoichiometric levels, resulting in the failure of standard methods to
confirm this mediator function of protein-protein interactions. As an example,
immunoprecipitation is a tool that pulls down all the proteins associated with the
protein of interest, regardless of the nature of that interaction, such as PTM-
dependence, or amino acid-dependence. As of yet, we can’t state that O-GIcNAc
promotes protein-protein interactions in mammals.

Previously the Kohler lab reported a technology to introduce a diazirine
photocrosslinking group on the N-acyl position of O-GIcNAc residues. This
unnatural PTM, which they term O-GIcNDAz, can covalently crosslink to the
molecules that surround an O-GIcNAc-modified protein. The diazirine is
activated by UV irradiation (365 nm) causing the release of nitrogen gas and
leaving behind a highly reactive carbene. The carbene reacts within
microseconds to any nearby molecule, and forms a covalent crosslink between

an O-GIcNAc-modified protein and its neighbor (Fig. 1.5A). In this
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way, O-GIcNDAz can provide a photochemical “snapshot” of the binding
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Figure 1.5. Engineering cells to produce O-GIcNDAz. A, The diazirine
functional group is synthetically added to the N-acyl position of GIcNAc. Through
UV irradiation, the diazirine is activated. This initiates the release of nitrogen gas
that leaves behind a highly reactive carbene. The carbene reacts with any
neighboring molecule to create a crosslinked complex of GIcNDAz covalently
bound to the molecule. B, Cells are cultured with a cell-permeable GIcNDAz-1P
analog, Acs-GIcNDAz-1P(Ac-SATE),, which is deprotected inside of the cells to
yield GIcCNDAz-1P. A mutant form of UAP1, UAP1(F383G), converts GIcNDAz-1P
to UDP-GIcNDAz, the donor nucleotide sugar. OGT accepts UDP-GIcNDAz, and
transfers GICNDAz onto proteins, creating O-GIcNDAz.
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interactions of an O-GIcNAc-modified protein (47). The diazirine handle

addresses two issues of the O-GIcNAc characteristic. Since O-GlcNAc-ylation
is dynamic, the interaction must be occurring at the time of irradiation is
selected. Additionally, only one O-GIcNDAz is necessary to capture the
interaction, addressing the issue of substoichiometry. Because O-GIcNDAz
crosslinking is irreversible, non-specific binding partners can be removed
through harsh stringent washing. After isolation of the crosslinked complex,
LC-MS/MS analysis is employed to identify crosslinking partners. The Kohler
lab proposes using GIcNDAz to identify the “proximity interactions” (48)
involved in O-GlcNAc-dependent interactions for O-GIcNAc-modified proteins
in order to provide insight into the functional roles of the O-GIcNAc
modification (49).

To identify binding partners of O-GlcNAc-modified proteins, the Kohler
lab developed a cell-based O-GIcNDAz crosslinking assay. A cell-permeable
GIcNDAz-1P analog, Acz-GIcNDAz-1P(Ac-SATE),, was synthesized and
added to the cell culture media. This fully protected GIcNDAz-1P analog is
hydrophobic and can ready cross the plasma membrane. Once inside cells,
the protecting groups are removed, releasing GIcNDAz-1P. Unfortunately,
GIcNDAz-1P is a poor substrate for UDP-N-acetylglucosamine
pyrophosphorylase 1 enzyme (UAP1), the enzyme that converts GIcNAc-1P to

UDP-GIcNAc. Through a single point mutation to UAP1 at phenylalanine 383
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to glycine (UAP1(F383G)), confers activity toward the diazirine-modified

analog, GIcNDAz-1P. Once UDP-GIcNDAz is produced, OGT transfers

GIcNDAz in place of the normal O-GIlcNAc modification (Fig. 1.5B).
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Figure 1.6. O-GIlcNDAz-ylation assists in identifying binding partners of
O-GlcNAc-modified proteins. Cells engineered to express the
UAP1(F383G) are cultured with vehicle or sugar. The cells are then placed in
ice or under UV irradiation. The O-GlcNAc-modified NUP153 was examined
by immunoblot to detect crosslinked complexes, which appear at a higher
molecular weight (red box). The crosslinked complexes are enriched using
antibodies that recognize the O-GlcNAc-modified protein of interest, such as
NUP153. The samples are submitted for proteomics analysis with in-gel
trypsin digest. The candidates are verified by immunoprecipitation of the
candidate and immunoblot for the O-GlcNAc-modified protein of interest.
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To validate the utility of this technology, the Kohler lab identified

interaction partners of the heavily O-GlcNAc-modified nucleoporin NUP153.
The engineered cells demonstrated crosslinking of the heavily O-GIcNAc-
modified NUP153 (higher molecular bands of NUP153, red box, Fig. 1.6) in the
samples treated with both cell-permeable GIcNDAz-1P and UV irradiation.
From living cells, crosslinked complexes were enriched through mAB414
antibody that recognizes several NUPs including NUP153, and proteomics
analysis revealed several potential binding partners of NUP153.

To examine these candidates, the crosslinking experiments were
repeated as previously described. The potential binding partners were
immunoprecipitated with an antibody that recognizes the binding partners,
followed by immunoblotting for NUP153. Kohler and co-workers revealed that
transportin-1, exportin-1, and karyopherin 31 interact with O-GIcNAc-modified
NUP153 (Fig. 1.6). These results suggest that through O-GIcNDAz binding

partners of O-GIcNAc-modified proteins can be identified.

Exploiting GIcNDAZz for other O-GlcNAc-modified proteins, NUP98 and

leukemogenic NUP98 fusions



18
During my studies, | used the cell-based O-GIcNDAz crosslinking assay

to examine other O-GlcNAc-modified proteins, including NUP98 (50). My
interest in studying NUP98 stemmed from reports that chromosomal
translocations involving this gene are associated with several types of
leukemias (51). These chromosomal translocations lead to the production of
fusion proteins with NUP98’s N-terminus FG repeats fused to nucleic acid
recognizing domains from other proteins, such as transcription factors (Fig.
1.7). The activity of these leukemogenic fusions is unknown, but there is
speculation that they may act as transcription factors. Since the leukemogenic
fusions include the FG repeats, | speculated that they would also be O-
GlcNAc-modified, an idea that was supported by my observation that the
fusion proteins could engage in O-GIcNDAz crosslinking. My goal was to
identify the binding partners interacting with the O-GlcNAc-modified FG

regions of NUP98 and leukemogenic NUP98 fusions, and study their

wt NUP9s IIE<E NN

leukemogenic NUP98 fusions

NUP98-HOXA9 I NN T3
NIELRD e FG B FG _ DEAD |

Figure 1.7. Leukemogenic NUP98 fusion proteins. In leukemia,
chromosomal translocations occur with the FG repeats of NUP98 and
nucleic acid binding proteins, such as transcription factors. NUP98-HOXA9
and NUP98-DDX10 are two well-studied leukemogenic fusions of NUP98.
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importance in transformation of the cell. However, difficulties associated with

purification of the crosslinked complexes caused me to switch my focus toward
developing a cell free O-GIcNDAz crosslinking method to complement the cell-

based approach.

Transiting towards an cell free approach

As discussed earlier, O-GIcNAc may play a role as a mediator in
protein-protein interactions. Through immunoprecipitation and deregulation of
O-GiIcNAc-ylation, NUP88 was suggested to interact with O-GIcNAc-modified
NUPG62 (45). Also, the cell-based O-GIcNDAz crosslinking demonstrated that
O-GIcNAc-modified NUP153 interacts with several karyopherins (47). |
hypothesize that O-GIcNAc mediates protein-protein interactions. However,
several challenges with the cell-based O-GIcNDAz crosslinking method
became apparent in attempting to determine if O-GIcNAc provided structurally
support for protein-protein interactions.

These issues set the tone for a new direction in my graduate studies. To
state that an O-GlcNAc-modified residue is responsible for mediating protein-
protein interaction, | will need to identify the site and confirm by mutation. To
surmount this issue, a peptide substrate encoded from O-GlcNAc-modified
proteins provides the sequence and possible residue necessary for interaction.
The responsible residue will be confirmed by mutation to abolish the

interaction. Another issue of the cell-based crosslinking method is that low
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yields of crosslinking material are generated. This yield leads to difficulties to

identify the binding partners through proteomics analysis. To transcend this
issue, a cell free O-GIcNDAz crosslinking method using large mg scale peptide
crosslinking that may resolve this issue. Also, in personal communications with
lab members of Dr. Kohler’s group, they observed it was crucial to employ
stringent washing methods for a more narrowly focused candidate list
generated from proteomics. This challenge can be addressed by biotin-tagging
the peptides, allowing for hasher washing methods. Lastly, the Kohler lab has
previously reported O-GIcNDAz-ylation is a static modification, and likely to
affect the dynamics of O-GlcNAc-ylation. This condition may generate false
positive candidates of O-GIcNAc-modified proteins. To restore normal
dynamics and improve the cell free crosslinking method, OGA will be mutated
to accommodate the diazirine of GIcNDAz. These improvements will provide
for the development of a cell free O-GIcNDAz crosslinking method to identify

the binding partners of O-GIicNAc-modified proteins.

SUMMARY

The function of O-GIcNAc remains elusive. Employment of GIcNDAz-
based crosslinking may improve our understanding of the function of this PTM
and expand the field. The Kohler lab has previously reported the use of O-
GIcNDAz to identify nuclear transport factors interacting with NUP153. In this

thesis, | attempted to employ the cell-based O-GIcNDAz approach to identify
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the binding partners of NUP98 and leukemogenic NUP98 fusions discussed in

chapter 2. However, several challenges became apparent.

My concentration was diverted to designing a complementary cell free
methodology for O-GIcNDAz crosslinking. | identified an O-GIcNAc hydrolase
mutant that released GIcNDAz, which is discussed in chapter 3. This OGA
mutant can benefit by hydrolyzing the GIcNDAz crosslinked to the binding
partners before trypsin digest. This step may achieve a more specific
candidate list. Additionally, | examined an O-GIlcNAc transferase mutant that
preferred transfer of GIcNDAz onto substrates, which is discussed in chapter
4. This OGT mutant can increase crosslinking material to generate high yields.
Finally, in efforts to create a versatile technology and understanding in whether
O-GIcNAc assists in protein interactions, | initiated the development of a
chemo-enzymatic synthesis of O-GlcNAc-modified biotin-tagged peptides,
(discussed in chapter 5). The peptides will be designed based on O-GlcNAc-
modified proteins and will be exploited in crosslinking experiments. Future
work will identify the binding partners associated with O-GIlcNAc-modified
peptides using the complementary cell free approach. The candidates would
be confirmed through the cell-based assay discussed earlier, and studied for

their functional importance.



CHAPTER TWO:

Discovery of O-GlcNAc modifications on NUP98 and leukemogenic

NUP fusions

INTRODUCTION

The presence of a nucleus distinguishes eukaryotic cells from prokaryotic
cells. The nuclear envelope is a double membrane that maintains genetic material in
the nucleus. Each nuclear envelope contains thousands of portals known as nuclear
pore complexes (NPCs). To move between the nucleus and cytoplasm, generally
molecules traverse the nuclear membrane through the NPC. Small molecules
including ions, sugars, water and proteins smaller than 40 kDa freely diffuse through
the pore of the NPC, while larger cargos are actively transported through the NPC by
escorted proteins known as karyopherins. The cargos shuttled into the nucleus
include inner membrane proteins and all nuclear resident proteins. Proteins exiting
the nucleus include RNA-associated molecules (52). Transporting through the NPC
is essential for cellular homoeostasis, and inhibition of nuclear transport has
dramatic and pleiotropic effects (53, 54).

NPCs are immense macromolecular assemblies. Mammalian NPCs are more
than 100 MDa in size and composed of multiple copies of more than 30 different

individual proteins known as nucleoporins (NUPs) (55). Each NPC comprises of

22
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eight spokes surrounding a central hole. This central space is about 30 nm in

diameter and 50 nm in length. Filaments extend on the cytosolic face to form a
basket-like structure on the nuclear side (Fig. 2.1A). The NUPs that form the NPC
fall into different classes. Structural NUPs provide the scaffold for generating the
pore, as well as the baskets. Linker NUPs form a connection between the structural
NUPs and the final set of NUPs, the FG NUPs. The FG NUPs, named for their
phenylalanine-glycine repeat regions, line the NPC. The FG regions are hydrophobic
and unstructured.

The FG regions
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addition, recent reports indicate that NUPs play roles beyond nuclear trafficking,

including regulation of transcription and cell cycle activation (56).

The FG NUP regions that play critical and direct roles in nuclear transport are
also heavily glycosylated (Fig. 2.1B) (49, 57). The FG NUP regions contain many
serines and threonines that are modified with O-linked N-acetylglucosamine (O-
GIcNAc). The functional role of O-GlcNAc on NUPs remains unknown. Hanover and
co-workers demonstrated in C.elegans that deletion of the O-GlcNAc transferase
(OGT), which catalyzes the addition of O-GIcNAc onto proteins, did not affect nuclear
trafficking. Instead the OGT knockout in C. elegans led to defects in the dauer
formation and insulin-like signaling pathway (34). In contrast, Gélrich and co-workers
showed that non-glycosylated NUP98, a FG NUP, from Xenopus, were incapable of
interacting with importins and exportins in a cell free system. Upon glycosylation of
NUP98 hydrogels, recombinant importin 8 interacted with NUP98 at the surface, but
did not result in penetration of the protein into the hydrogel (50). Furthermore,
Yoneda and co-workers revealed in cervical cancer cells that O-GlcNAc-modified
NUP62, a FG NUP, interacted with NUP88. They confirmed this result by deletion of
OGT to remove O-GlIcNAc-ylation and by incubation with wheat germ agglutinin
(WGA) to bind weakly to O-GIcNAc moieties to inhibit the interaction between
NUP62 and NUP88 (45). Evidence suggests O-GIcNAc on NUPs plays a role in

substrate preference for nuclear trafficking, and perhaps protein-protein interaction.
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NUP98 is a unique FG NUP because it is known as a mobile nucleoporin.

NUP98 is found on both cytosolic and nuclear sides of the nucleus (58).
Interestingly, in several reports of leukemias, chromosomal translocations occur with
the FG repeat region of the FG NUPs, including NUP98 and NUP214. In fact there
are over 30 translocations reports of NUP98 and NUP214 (51, 59-62). The
translocations result in fusion of the FG repeat regions of NUPs to nucleic acid
binding domains of other proteins, such as transcription factors. NUP98-HOXA9 and
NUP98-DDX10 fusion proteins are the most well characterized leukemogenic fusion
proteins (Fig. 2.2) (51, 63, 64).

Literature suggests these fusion proteins are transforming cells to the
leukemogenic state (51). The NUP98 leukemogenic fusion proteins are relocated

from the NPC to
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Figure 2.2. NUP98 is involved in leukemia. NUP98 is a

leukemogenic nucleoporin that encodes for FG repeat regions in the N-
terminus. In several leukemia patients, chromosomal

fusions are translocations occur with the FG repeat domain of NUP98
fused to other nucleic acid recognizing domains, such as

essential for transcription factors. Two well-studied leukemogenic fusions

are NUP98-HOXA9 and NUP98-DDX10.
inducing gene

transcription as supported through mutagenesis experiments (64, 66). Additionally,

NUP98-HOXA?9 interacts with both the transcriptional coactivator CREB-binding
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protein (CBP) and the nuclear exportin protein CRM1. For example, Van Deursen

and co-workers provided evidence that the FG repeats of NUP98-HOXAS9 interact
with CBP in cell free and cell-based systems through immunoprecipitation. They
demonstrated that FG repeats of NUP98 are transactivating components by
employment of a chimera fusion with GAL4 DNA and luciferase activity to measure
transcription (66). Additionally, Yaseen and co-workers demonstrated that NUP98
fusion proteins co-immunoprecipitated and co-localized with endogenous CRM1 in
the nucleus. They further revealed the NUP98 fusions affected two transcription
factors, NFAT and NFkB, which are known to interact with CRM1 (65). The
detainment of NFAT and NFkB in the nucleus led to enhanced transcriptional
activity, which was measured by luciferase assay.

Furthermore, NUP98-DDX10 fusion protein demonstrated deregulation of
gene transcription. The DDX10 portion encodes for conversed helicase motifs that
are necessary for transformation of normal cells to the leukemia state (63). Overall, it
is speculated in the field that these fusion proteins may act as transcriptional
deregulators.

Since both NUP98 and NUP98 fusion proteins contain the FG repeat regions
that are known to be heavily O-GlcNAc-modified, | hypothesized that the
leukemogenic fusion proteins may be O-GlcNAc modified in the FG regions. NUPs
are known to interact with karyopherins in a subcomplex (47, 65). As mentioned

previously, O-GlcNAc may mediate protein-protein interactions between NUP62 and
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NUP88 (45). | speculate that the O-GlcNAc modification is essential regulation of

substrate preference, and may play a functional role as a mediator in protein-protein
interaction. O-GIcNAc may be at or near the site of protein-protein interactions.

My initial biological question was to identify the binding partners associated
with the O-GIcNAc modifications at the FG regions of NUP98 and the NUP98
leukemogenic fusion proteins. The identification of these binding partners would
provide insight into the understanding of the transition that occurs from the normal
state to the leukemogenic state of a cell. To identify the binding partners of O-
GIcNAc-ylated proteins, the Kohler lab previously reported on a photocrosslinking
GIcNAc analog, GIcNDAz. Using this technology, Kohler and co-workers identified
the binding partners of the heavily O-GlcNAc-modified nucleoporin protein NUP153,
including several karyopherins (47). In this approach, cells were engineered with a
mutation in the GIcNAc salvage pathway, a pathway to regenerate O-GIcNAc (Fig.
1.1B), to metabolize. This mutation allowed the pathway to metabolize Acs-GIcNDAz-
1P(Ac-SATE),, a cell-permeable GIcNDAz-1P sugar, into the unnatural
photocrosslinking sugar to UDP-GIcNDAz. GIcNDAz was transferred onto O-GIcNAc-
modified proteins with OGT. Ideally, this cell-based O-GIcNDAz crosslinking method
would have assisted in the identification of the binding partners of NUP98 and
leukemogenic fusion proteins.

In summary, the identification of the binding partners of NUP98 and NUP98

fusions proteins may elucidate the mechanism of transformation of the cells to a
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leukemogenic state. Here | described my efforts to apply the cell-based O-GIcNDAz

crosslinking method to identify binding interactions of both NUP98 and NUP98 fusion
proteins. | demonstrated O-GIcNDAz-dependent crosslinking of both NUP98 and
NUP98 fusions. This data suggested that NUP98 and the NUP98 fusions are O-
GIcNAc modified and interact with binding partners through the O-GIcNAc
modification. While robust crosslinking was observed, attempts to identify the binding
partners were ineffective, due to challenges associated with the isolation of
crosslinked material. However, these findings provided me with a key motivation for
the development of a complementary cell free O-GIcNDAz crosslinking method, as

described in subsequent chapters.

EXPERIMENTAL PROCEDURES

Cell lines and cell culture

Hela cells, obtained from the ATCC, were cultured in DMEM, 10 % fetal
bovine serum (FBS), and 1 % penicillin/streptomycin. K562 cells were obtained from
ATCC and cultured in DMEM, 10 % FBS, and 1 % penicillin/ streptomycin for routine
culturing. For crosslinking experiments, cells were cultured in low glucose DMEM
(Invitrogen, 11885-084), 10% FBS, and 1% penicillin/streptomycin. Hek293T cells
were obtained from ATCC and cultured in DMEM, 10% FBS, and 1%

penicillin/streptomycin.
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To produce cells stable expressing UAP1(F383G), K562 cells were infected

with the pSIN4-UAP1 (F383G) lentivirus (47). Briefly, 2.0 x 10° K562 cells in a 1 mL
volume of fresh media were mixed with 1 mL of the pSIN4-UAP1 (F383G) lentivirus.
Cells were centrifuged at 514g, 32 °C for 30 min. After gentle mixing, centrifugation
was repeated at 514g, 32 °C for 30 min. After centrifugation, media was removed by
aspiration and cells were suspended in 2 mL of fresh media and transferred to a well
of a 6 well plate. Selection with 1.5 yg/mL puromycin for cells expressing
UAP1(F383G) was performed for 2 weeks.

Production of UDP-GIcNDAz in UAP1(F383G)-expressing K562 cells was
analyzed by high performance anion exchange chromatography (HPAEC) as
described (47). Briefly, K562 cells were cultured with or without Acs-GIcNDAz-1P(Ac-
SATE), (>95 % purity by '"H NMR) for 6 h. Cells were harvested by centrifugation,
washed once with PBS, and pelleted. Lysing cells released metabolites with 80 %
“super cold” methanol on dry ice. Cellular debris was removed by centrifugation at
20,817g, 4 °C for 10 min. The supernatant containing metabolites was transferred to
a clean vessel and evaporated under vacuum. The metabolite pellet was suspended
in 40 mM sodium phosphate buffer (pH 7.0), and analyzed by high performance

anion exchange chromatography (HPAEC) using conditions reported previously (47).

Stable cell lines expressing NUP98 or NUP98 fusion

Retrovirus plasmids encoding NUP98 and NUP98 fusions (NUP98-HOXA9

and NUP98-DDX10) were gifted to us (63, 64). Hek293T cells were cultured for
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expression of virus particles. Cells engineered to produced UDP-GIcNDAz (HeLa

and K562) were infected with MSCV-HA-NUP98, MSCV-HA-NUP98-HOXA9, or
MSCV-HA-NUP98-DDX10 retroviruses to create three stable cells lines expressing
the tagged NUP or NUP fusion. One million Hek293T cells were plated, and allowed
to grow until 30 — 40% confluent. Retrovirus plasmid was incubated at room
temperature for 15 minutes with Lipofectamine LTX at a ratio of 3:1 with pCL-ampho
retrovirus packaging plasmid. The medium was aspirated. Fresh Opti-MEM media
was added to the plate slowly, so as not to perturb the adherence of the cells from
the plate. The mixture of retrovirus and transfection reagent was added drop wisely.
Cells were incubated with the transfection material for ~20 hours. The medium was
aspirated, and warm 10 mL of HI-BSA medium (DMEM, 5% FBS, 3.2 g BSA; to
make 500 mL) medium was added. Cells incubated for 24 hours in the HI-BSA
medium. The medium was removed and aliquot for usage of infection to generate
stable cell lines.

Two thousand cervical cancer cells (HeLa) expressing the UAP1(F383G)
mutant were plated in one well of a six-well plate per plasmid. Cells were incubated
with 1 mL MSCV-HA-NUP98 or 1:1 MSCV-HA-NUP98-HOXA9/ MSCV-HA-NUP98-
DDX10 (600 pL virus + 600 pyL medium). After 24 Twenty-four hours later, medium
was removed and fresh HeLa medium was added. Cells were sorted due to their
expression of GFP for selection of the NUP98 or NUP98 fusion proteins on the

MSCV plasmids. Leukemia (K562) cells expressing UAP1(F383G) were infected
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using a protocol described previously for the UAP1(F383G) infection, but using the

same dilutions as done for the HelLa cells expressing HA-NUP98 or HA-NUP98
fusions. Leukemia cells were also sorted for selection of cells only expressing the
NUP98 or NUP98 fusion proteins.

A construct encoding the NUP98 gene tagged with myc in the pALTER-MAX
vector was gifted to me from Beatriz Fontoura, UT Southwestern (13). The avi-tag
nucleotide sequence (forward primer 5’-
ATGTCCGGCCTGAACGACATCTTCGAGGCTCAGAAAATCGAATGGCACGAA- 3,
and reverse primer 3’-
TTCGTGCCATTCGATTTTCTGAGCCTCGAAGATGTCGTTCAGGCCGGACAT- 5))
was generated during sub-cloning mycNUP98 gene into a pRRL lentivirus vector that
contains GFP as a selection marker. The production of lentivirus was conducted in
Hek293T cells, in a 3 to 1 volume ratio of X-treme gene 9 (Roche, cat. no.
06365787001) to DNA with OPTI-MEM. Lentivirus was packaged with the following
vectors psPAX2 and pMD2G. Lentivirus was constructed in the same manner as the
previously described protocol for retrovirus. Three mLs of lentivirus was tittered to
150,000 HelLa cells expressing UAP1(F383G). The media was aspirated and fresh
HelLa media was added. Cells were grown until 20 million cells were collected and

submitted for flow cytometry to sort using the GFP expression.
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O-GIcNDAz crosslinking in leukemia cells

One million K562 cells stably expressing UAP1(F383G) were seeded into 10
cm plates to confirm O-GIcNDAz crosslinking. Forty-eight hours and 72 hours after
seeding, cells were cultured with low glucose media containing 20 yL of 50 mM Acs-
GIcNDAz-1P(Ac-SATE), in DMSO, to achieve a final concentration of 100 yM Acs-
GIcNDAz-1P(Ac-SATE),, or 20 uL DMSO alone. After 24 h of final sugar addition,
cells were harvested by centrifugation and suspended in PBS before irradiation with
365 nm light for 15 min. Cells were lysed in 100 pyL RIPA buffer (50 mM TrisHCI pH
8.0, 150 mM NaCl, 1.0% NP-40, 0.5 % sodium deoxycholate, 2.0 mM EDTA, and 1
mM DTT) with protease inhibitors (1 mM PMSF and protease inhibitor cocktalil
(Sigma, S8830)) per 2 million cells, then centrifuged at 20,817g, for 10 min at 4 °C to
remove insoluble material. Lysates were separated by 5 % SDS-PAGE, transferred

to nitrocellulose and probed for NUP153 (SA-1 Abcam, ab96462).

In cell crosslinking of NUP98 and NUP98 fusions

One million HeLa/K562 cells stably expressing UAP1(F383G) and indicated
NUP plasmid (HA-NUP98, HA-NUP98-HOXA9, or HA-NUP98-DDX10) were seeded
into 10 cm plates. Forty-eight hours and 72 hours after seeding, cells were cultured
with low glucose media containing 20 pL of 50 mM Acs-GIcNDAz-1P(Ac-SATE); in
DMSO, to achieve a final concentration of 100 yM Acs-GIcNDAz-1P(Ac-SATE), or 20

uL DMSO alone. After 24 h of final sugar addition, cells were harvested by
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centrifugation and suspended in phosphate-buffered saline (PBS) before irradiation

with 365 nm light for 15 min. Cells were lysed in 100 yL RIPA buffer per 2 million
cells, then centrifuged at 20,817g, for 10 min at 4 °C to remove insoluble material.
Lysates were separated by 5% SDS-PAGE, transferred to nitrocellulose and probed

for anti-HA (Roche, 11583816001).

Purification of NUP98 and NUP98 fusions

Immunoprecipitation was performed with leukemia expressing HA-NUP98-
HOXAO cell culture conditions; 200 ug of total protein lysate was incubated with 10
uL of anti-HA antibody (0.5, 1, or 2 ug), as above, in total volume of 200 yL for 14 h
at 4 °C. Samples were incubated with 25 pL Protein G Sepharose ® Fast Flow
(Sigma Aldrich, P3296) for 3 h at 4 °C. The beads were washed three times with
RIPA buffer without protease inhibitors. Proteins were eluted by addition of 2X
loading dye (100 mM TrisHCI pH 6.8, 25 mM EDTA, 0.04 g/mL SDS, 0.4 mg/mL
bromophenol blue) containing 20 mM DTT, and incubation for 10 min at 90 °C.
Samples were analyzed by immunoblot using the HA antibody, as above.

An alternative approach to purify the NUP98 and leukemogenic fusions was
conducted with avi-mycNUP98 proteins in cells (67). The avi tag was cloned into the
pRRL-mycNUP98 lentivirus vector as described above. Five million cells expressing
avi-mycNUP98 were harvested and lysed in RIPA buffer or the recommended avidity
buffer provided. Cell free biotinylation reaction was conducted with 60 pg total protein

including avi-mycNUP98 and 2 ug avi-MBP as a control using the Avidity
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biotinylation kit (cat.no. BirA500). The reaction was incubated at 30 °C for 2 hours or

4 hours. The samples were run on a gel and immunobloted using biotin-HRP (Sigma,

A0185) to detect biotinylation.

Localization of NUPs

500,000 Hela cells were plated on glass coverslips in a 24-well plate in
regular medium. Cells were allowed to grow to 80% confluence. Medium was
aspirated and cells were briefly washed three times in PBS. Cells were fixed with
pre-warmed 4% paraformaldehyde for 30 minutes. Following fixture, cells were
briefly washed three times in PBS. Saponin was utilized to permeabilize the cells for
15 minutes. The cells were incubated with a non-specific binding blocking buffer
(PBS, BSA, and lysine at pH 7.4) for 30 minutes. Cells were incubated with mAB414
(Covance, MMS-120R) in a 1:100 dilution 16 h at 4 °C. Antibody was removed and
cells were washed briefly with blocking buffer (six times). HelLa cells were incubated
with Alexa 488 and phalloidin antibody (Life technologies, A34055) for 1 h. Cells

were washed six times in PBS and mounted on slides (Life technologies, P36966).

RESULTS

Establishing GIcNDAz crosslinking in leukemia cells

The O-GIcNDAz technology was previously established in a cervical cancer

cell line (HeLa). For the purpose of this study, | desired to use the technology in a
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leukemia cell line, K562, for a more biologically relevant assessment. To achieve

this, leukemia cells were infected to stably express a mutant form of the enzyme
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Figure 2.3. Application of O-GIcNDAz-ylation to identify binding partners. A,
Photocrosslinking GIcNAc, GIcNDAz, is substituted onto O-GlcNAc-modified
proteins. The diazirine is small and does not perturb natural interactions. Through
UV irradiation, we create a snapshot of the interactions occurring at that moment.
The irradiation leads to an irreversible bond generated between O-GIcNDAz-
ylated protein and the binding partner. B, Leukemia cells (K562) engineered to
express UAP1(F383G) were cultured with vehicle or cell-permeable GIcNDAz-1P
analog. Through high performance anion exchange column, HPAEC, we detected
UDP-GIcNDAz production in the sugar treated cells. C, Crosslinking analysis of
the cells from 1B was immunoblotted for a heavily O-GlcNAc-modified nucleoporin
protein, NUP153. The three negative controls (no treatment, GIcNDAz-1P
treatment, and irradiation treatment) reveal a band of the appropriate molecular
weight of NUP153 (150 kDa, blue box). In the sample treated with GIcNDAz-1P
and irradiation, bands at higher molecular weight were detected, which
correspond to crosslinking of NUP153 to unknown binding partners (red box).
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UDP-N-acetylglucosamine pyrophosphorylase 1, UAP1, with a phenylalanine to

glycine mutation at position 383 (68). Cells expressing the UAP1(F383G) mutant
were cultured with or without the cell-permeable GIcNDAz-1P analog, and analyzed
by HPAEC for production of UDP-GICNDAz, which is the donor nucleotide sugar
necessary for O-GIcNDAz-ylation. The leukemia cells expressing the mutated
enzyme and cultured with the cell-permeable GIcNDAz-1P demonstrated a robust
production of UDP-GIcNDAz (Fig. 2.3B). After confirmation of the nucleotide sugar
production, cells were exploited for crosslinking ability. The cells were cultured as
previously described (47). Crosslinking was analyzed by immunoblot for heavily O-
GlcNAc-modified NUP153 (Fig. 2.3C), because the Kohler lab previously reported
karyopherins interacting to NUP153. The result confirmed bands at the appropriate
molecular weight of 150 kDa for NUP153 in all of the conditions. Higher molecular
weight bands were detected in cells treated with both the GIcNDAz-1P and UV
irradiation, which corresponded to crosslinking of NUP153 to unknown binding
partners (Fig. 2.3C, red box). Overall, leukemia cells exhibited robust metabolic
incorporation of the cell-permeable GIcNDAz-1P sugar and labeling of the heavily O-

GlcNAc-modified protein, nucleoporin NUP153.

NUP98 and Leukemogenic NUP98 fusions are O-GIcNDAz-modified

Literature reported nucleoporin NUP98 being modified with O-GlcNAc-ylation,
but the site of O-GIcNAc-ylation is unknown. Next, | examined the full-length protein

of NUP98 to identify if O-GIcNAc on NUP98 resided at the interface of protein-protein
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interactions. For this experiment, | used the cell-based O-GIcNDAz crosslinking

assay in two cell lines.

Leukemia (K562) Cervical cancer (Hela)

Cervical cancer (HeLa) GlcNDAz-1P =  + -+ GIcNDAz-1P = + -+
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. . e et
infected with a HA- NUPos
NUP98

tagged form of wild-type ﬁ ——
NUP98 in order to IB: anti-HA IB: anti-HA
examine the Figure 2.4. NUP98 exhibits O-GIcNDAz-ylation and

crosslinking. UDP-GIcNDAz engineered cells (K562
crosslinking of NUP98 ~ and Hela) were infected to express HA-NUP98. Cells

were treated with vehicle or cell-permeable GIcNDAz-1P,
since a good antibody and then placed under UV irradiation or in ice.

Immunoblot of the samples reveal crosslinking of NUP98
of NUP98 is modified by GIcNDAz to unknown proteins (green box).

unavailable. Crosslinking experiments were conducted as previously described with
the addition of cell-permeable GIcNDAz-1P and exposure to UV irradiation.
Immunoblots of NUP98 revealed that a covalent bond was exhibited between the
tagged form of NUP98 and unknown binding partners (Fig. 2.4, green boxes) in both
leukemia and cervical cancer cell lines. This evidence suggested the confirmation
that NUP98 is O-GIcNAc-modified. Also, the O-GIcNAc may be utilized to interact to
neighboring molecules (Fig. 2.4, green boxes). In addition, the cervical cancer and

leukemia cells have distinct crosslinking patterns from each other. | speculate the
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different crosslinking patterns may be due to NUP98 interacting with different binding

partners in the two different cell lines.

Next, | tested the cell-based O-GIcNDAz crosslinking method on the
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Figure 2.5. NUP98 fusions exhibit O-GIcNDAz-ylation and crosslinking. A,
The UDP-GIcNDAz engineered cells (K562 and HelLa) were infected with HA-
NUP98-HOXA9 (leukemogenic fusion) and treated similarly as the HA-NUP98.
Immunoblot for the HA-tagged protein reveals crosslinking of the cervical cancer
cells (blue box). B, Cells engineered to synthesize UDP-GIcNDAz and produce
HA-NUP98-DDX10 were treated similarly as in A. Upon treatment with sugar
and irradiation, distinct crosslinking is revealed in the K562 cells compared to
the HelLa cells for NUP98-DDX10 (red boxes).
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leukemogenic fusion proteins to gain insight into their mechanisms of transformation.

| established cervical cancer (HeLa) and leukemia (K562) cells expressing a HA-
tagged-form of the NUP98-HOXA9 or NUP98-DDX10 fusion because there is no
good antibody available for the fusion proteins. As mentioned previously, NUP98-
HOXA9 and NUP98-DDX10 are two well-studied leukemogenic NUP98 fusion
proteins (63, 64). However no evidence suggest the leukemogenic NUP98 fusions
are O-GlcNAc-modified. In the no treatment, GIcNDAz-1P treatment only, and UV
irradiation treated only samples, bands at the appropriate molecular weight
corresponding to the NUP98-HOXA9 (62 kDa) and NUP98-DDX10 (120 kDa) fusions
were detected. The samples treated with both GIcCNDAz-1P and UV irradiation,
revealed higher molecular weight bands, which | hypothesized was the
leukemogenic fusion proteins crosslinking to unknown binding partners (Fig. 2.5A,
blue boxes and 2.5B, red boxes). This was surprised because O-GIcNAc
modification has not been reported on the NUP98 fusions. These results suggested
a novel finding of the NUP98 fusion proteins to be O-GIcNAc modified. Also, O-
GlIcNAc on the fusion proteins may reside at the interface of protein-protein

interactions responsible for the leukemogenic activity.

Furification of NUP98 and Leukemogenic NUP98 fusions to identify binding partners

In effort to determine the unknown binding partners of NUP98 and NUP98
fusion proteins, | enriched for these crosslinked complexes using an antibody that

recognizes the HA tag. The lysate expressing the HA-tagged NUP98-HOXA9 was
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incubated with different amounts of antibody for immunoprecipitation. The purified

proteins were boiled off and subjected to immunoblot with an HA antibody to
recognize the tagged NUP98 fusion protein. My results demonstrated the different
amounts of antibody used were not efficient to pull down HA-NUP98-HOXA9 (Fig.
2.6A). The antibody may not recognize the HA-tagged fusion protein due to steric.
This approach to perform the crosslinked complexes was aborted as the cervical
cancer cells express hemagglutinin which is recognized by the HA antibody raised
against hemagglutinin (Fig. 2.4 and 2.5).

An alternative approach to purify the crosslinked complexes was to utilize the
avi-tag technology. The avi-tag is a small amino acid sequence,
GLNDIFEAQKIEWHE, which can be biotinylated through the E.coli biotin ligase,

BirA. Cells expressing avi-tagged NUP98 were lysed in RIPA or the lysing buffer
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Figure 2.6. Attempts to purify NUP98 fusions and NUP98 for identification
of binding partners. A, Leukemia cells expressing HA-NUP98-HOXA9 were
immunopurified with HA antibody in 1 pg, 0.5 ug, and 2 ug incubation.
Immunoblot of the pull-down proteins reveals little fusion protein extracted. B,
Cells expressing avi-mycNUP98 were incubated with 2 pg avi-MBP in the
biotinylation reaction (Avidity). Immunoblot reveals biotinylation of the control (avi-
MBP), but a band at the molecular weight of NUP98 was not detected.
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provided by the biotinylation kit. The addition of a control avi-tag protein, avi-MBP,

was introduced into the lysate as a control. The proteins were incubated with the
BirA ligase and biotin for different durations of time. Detection of the biotinylation was
revealed through immunoblot. | detected biotinylation for the MBP control but no
biotinylation of the tagged NUP98 (Fig. 2.6B). In personal communication with an
Avidity scientist, the biotinylation reacts best with avi tags at the C-terminus of the
protein. However, tagging the C-terminus of NUP98 affects its function. Alternative
methods to purify the crosslinked complexes, which will be presented in the following
section, will need to be conducted to identify these unknown binding partners of

NUP98 and leukemogenic NUP98 fusions.

DISCUSSION

O-GlIcNAc-ylation may be involved in the functional roles of both NUP98 and
NUP98 fusion proteins. Evidence supports the FG repeat regions of the
leukemogenic fusions are important for transformation of the cell and transcriptional
activity. My hypothesis was that O-GIcNAc on the FG regions assist in the

interactions for the leukemogenic fusions with other proteins.

GIcNDAz technology to identify binding partners of NUP98 and NUP98 fusions

Through the cell-based O-GIcNDAz crosslinking method, | confirmed that NUP98 is
O-GlcNAc-modified. With the O-GIcNDAz modification, NUP98 crosslinked to

unknown binding partners. This result suggested that O-GIcNAc was near or at the
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site of interaction between NUP98 and its binding partners. However, | am unsure of

the exact location of the O-GlcNAc site. Also based on the cell-based O-GIcNDAz
crosslinking method, the NUP98 fusions, NUP98-HOXA9 and NUP98-DDX10, were
likely O-GlcNAc-modified. Additionally, these NUP98 fusions demonstrated
interaction to other molecules with O-GIcNAc at or near the interacting site (Fig. 2.5).
The crosslinking data suggested that O-GIcNDAz resided near the site of protein-
protein interactions of NUP98 and NUP98 fusions in two cell lines. Yet, the exact
location of O-GlcNAc on the NUP98 fusions was undetermined. Two challenges
were presented in the work. The first challenge was the failed attempts to identify the
binding partners. The second challenge was the uncertainty of the O-GIcNAc site on

NUP98 and NUP98 fusions.

Unsuccessful attempts to purify crosslinked complexes of NUP98 and leukemogenic

NUP98 fusions

The efforts to identify these unknown candidates via immunoprecipitation of
NUP98 and NUP98 fusion proteins were ineffective. | tried to immunoprecipitate the
HA-tag form of the NUP98-HOXA9 (Fig. 2.6A). However, the antibody did not
recognize the fusion protein and resulted in no detection of the protein. The HA-tag
on the leukemogenic fusion protein may be unavailable for interaction with the
antibody. While the Kohler lab identified NUP153 to interact with several
karyopherins, (47) they did so by utilizing an antibody that has high affinity to

recognize several NUPs including NUP153 without using harsh stringent washing
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methods. However in personal communications with lab members from Dr. Kohler’s

lab, it was crucially identified to use stringent washes to obtain a more specific
candidate list for proteins like cholera toxin, (69) if the antibody that recognizes the
protein of interest does not have high affinity. As an alternative purification method,
direct biotinylation of NUP98 and NUP98 fusions could allow for the use of a
stringent washing method. This washing method will achieve an improved candidate
list because of the high affinity interaction between biotin and streptavidin.

An alternative method to pull-down the NUP98 and leukemogenic NUP98
fusions used chemo-enzymatic approach for biotinylation. Through manipulation by
polymerase chain reaction (PCR), the sequence that encodes for a substrate of
biotinylation was added onto the gene of interest. | achieved the addition of the avi-
tag sequence (GLNDIFEAQKIEWHE), at the N-terminus of a myc-tagged NUP98.
The chemo-enzymatic biotinylation reaction demonstrated success in biotinylation of
the avi-tag MBP protein, but not of the avi-myc NUP98 (Fig. 2.6B). The avi-tag on the
MBP protein was at the C-terminus, while the NUP98 protein was tagged at the N-
terminus. The C-terminus of NUP98 cannot be tagged as it will affect the protein’s
function. The biotinylation of avi-tag is known to be more successful with tags at the
C-terminus. One reason why the reaction was ineffective may be that the avi-tag is
inaccessible to the BirA enzyme as the tag could be buried in the NUP98 protein.
This technology was examined with another nucleoporin NUP62, which avi tag was

encoded at the N-terminus, to test if the protein difficulty was due to NUP98 alone.
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However, these reactions were unproductive as well (data not shown). The

ineffective approach may be due to the FG regions of the nucleporins, which are
unstructured and hydrophobic, and prevent the success of the biotinylation.

Future work to attach biotin onto the NUP98 and leukemogenic NUP98
fusions is with the SNAP tag. SNAP-biotin is a protein-based chemical approach.
The technology utilizes the human O°-alkylguanine-DNA-alkyltransferase (hAGT)
with the SNAP-tag substrates, which are derivatives of benzylpurines and
benzylchloropyrmidines. The reaction specifically and covalently labels the fused
protein with biotin or fluorophores.

| attempted to generate a mammalian cell line to express the SNAP-tag
labeled NUP98 then for the NUP98 fusions. Unfortunately | was unable to subclone
the NUP98 gene into the mammalian expression vector with the SNAP-tag. These
experiments could be revisited.

Once the vectors are produced, the SNAP technology may be more
successful because the protein may help with folding compared to the avi- tag, which
is a small peptide. One potential issue with the SNAP tag is that it is a 20 kDa protein

and may affect the structure of the NPC and NUP98 in living cells.

Other methods to study the functional importance of O-GIlcNAc on NUP98 and

leukemogenic NUP98 fusions

A better understanding of the mechanism of transformation for the

leukemogenic fusions could advance the field. My efforts demonstrated that NUP98
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and the leukemogenic fusions were likely O-GlcNAc modified. | believe that O-

Alternating O-GIcNAc levels in cells
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Figure 2.7. Understanding of the functional role of O-GlcNAc on NUP98 and
leukemogenic NUP98 fusions. A, Effects of NUPs localization under no treatment
Hela cells. mAB414, an antibody that recognizes several NUPs including NUP153,
NUP98, and NUP62, is a green fluorescent antibody. DAP1 detects the nucleus
shown in blue. Phalloidin, represented in red fluorescent, is a toxin that detects F-
actin. Experiments were performed in duplicate with a single representative trial
shown B, Scheme of a cell free approach to identify the binding of O-GIcNAc-
modified FG repeat region of NUP98. Biotin peptides are glycosylated with O-
GIcNDAz using UDP-GIcNDAz and OGT mutant. This modified peptide is incubated
with lysate and crosslinked. The confirmation of crosslinking is be conducted by
immunoblot for biotin. Binding partners involved in the interaction with NUP98 are
enriched using streptavidin purification. A band only in the glycosylated treated
sample confirms crosslinking via immunoblot of biotin to recognize the biotin-peptide.
After enrichment of crosslinking complexes, the material is incubated with an OGA
mutant to hydrolyze O-GIcNDAz crosslinked with binding partners (red arrow
indicates site of hydrolysis). The identification of binding partners are analyzed
through proteomics and verified through the cell-based O-GIcNDAz crosslinking
assay and mutagenesis.
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GIcNAc may play an important role in nuclear trafficking not only on NUP98, but also

on the leukemogenic fusions in transcriptional regulation. An alterative approach to
study O-GlcNAc on NUP98 and leukemogenic NUP98 fusions is to alter O-GIcNAc
levels and study the localization and function of NUP98 and the leukemogenic
NUP98 fusions. Several compounds can alter O-GIcNAc levels: free GIcNAc,
inhibitors of O-GlcNAc transferase (OGT), and inhibitors of O-GIcNAc hydrolase
(OGA). The localization of the proteins can be determined by immunofluorescence
(Fig. 2.7A). Nuclear trafficking and gene transcription can be studied to determine if
altered O-GIcNAc levels in leukemia cells can vary function. | believe studying the
nuclear trafficking and gene transcription under altered O-GIcNAc levels may also
provide insight into whether O-GIcNAc plays an important role in the transformation
of these cells.

| hypothesize the wild-type NUP98 and leukemogenic NUP98 fusion proteins
may interact with similar or different proteins within each of these cell lines. There
could be similar binding partners of NUP98 and NUP98 fusions since both proteins
encode the NUP98 FG region structures. However, their distinct different locations
may provide a different set of binding partners that are more essential for the

transformation of the cell.

A Complementary Approach for the O-GIcNDAZz crosslinking technology

Identification of the binding partners of NUP98 and NUP98 fusion proteins that

are mediated by O-GIcNAc at the FG region is crucial to achieve a better
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understanding of the mechanism of action that leads to the leukemogenic state of the

cell. My crosslinking data suggested NUP98 and leukemogenic fusions were O-
GlcNAc-modified and interact with binding partners. However several challenges
became apparent while using the cell-based O-GIcNDAz crosslinking assay. These
challenges were the low yield of crosslinking material, weak washing methods, and
unknown O-GIcNAc site responsible for mediating protein-protein interaction. An
alternative method to identify the potential binding partners is necessary.

The development of a complementary cell free O-GIcNDAz crosslinking assay
can overcome the challenges of the cell-based assay (Fig. 2.7B). In later chapters, |
will discuss the development of tools that may be used for the complementary cell
free O-GIcNDAz crosslinking method. | will describe a mutant OGA that has the
ability to remove O-GIcNDAz (chapter 3), and a mutant OGT that increases O-
GIcNDAz-ylation (chapter 4). The OGA mutant could assist in the development of a
more specific candidate list. The OGT mutant could increase crosslinking by
increasing O-GIcNDAz to overcome the limit on crosslinking material. Also, | will
review on a chemo-enzymatic synthesis protocol to O-GIcNDAz-modified biotin
tagged peptides derived from O-GIcNAc-modified proteins (chapter 5). This peptide
approach would allow the recognition of the peptide sequence and possibly O-
GlIcNAc site responsible for protein-protein interactions mediated by O-GIcNAc. This
cell free O-GIcNDAz crosslinking assay will provide a complementary route to

identifying binding partners of O-GlcNAc-modified proteins.
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CHAPTER THREE:
Recognition of O-GlcNDAz by a mutant form of human O-GlcNAcase (OGA)

INTRODUCTION

O-linked B-N-acetylglucosamine (O-GIcNACc) is a unique and
promiscuous post translational modification (PTM) found in most eukaryotes
on a wide range of nuclear and cytoplasmic proteins (6). O-GIcNAc is a

dynamic modification,
HAT

in which the addition f - N-acetyl

glucosaminidas
OH OH

of a single GIcNAc HE 0 y RO
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polypeptide chain is hydrolase. This results in free GIcNAc and the

unmodified protein.
catalyzed by the

enzyme O-GlIcNAc transferase (OGT) (3) and removed by a single O-GIcNAc
hydrolase (OGA) (Fig. 3.1) (70).

Like O-GIcNAc, OGA has been linked to human diseases. The OGA
gene is also known as MGEAS5, and was previously annotated as a putative
hyaluronidase. The OGA gene is mapped to the late-onset of Alzheimer’s

disease locus in humans (10g24.1), and is adjacent to the insulin-degrading
49
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enzyme gene (71, 72). The result of translation for OGA leads to a bifunctional

enzyme. The N-terminus of OGA encodes for a glycosidase domain, while the
C-terminus is homologous to the histone acetyltransferase (HAT) family of
enzymes (73). Human OGA is classified under the category of glycoside
hydrolase family GH84 (74).

There are several bacterial OGA homologs of the human OGA. A
reported demonstrated that O-GIcNAc-ylation could occur in Thermobaculum
terrenum (75). These bacterial OGA homologs contain the glycosidase
domain. Additionally, there have been reports of the bacterial OGA homologs
complexed with OGA inhibitors to gain insight to the structure of human OGA
(76, 77).

The levels of human OGA mRNA and protein expression are sensitive
to the levels of O-GlcNAc modification in a cell. For example, treatment of
cervical cancer and neuroblastoma cells with a highly selective O-GlcNAcase
inhibitor, Thiamet G, resulted in increased O-GIcNAc levels, thereby caused
OGA protein levels to increase and OGT protein levels to decrease (78).
Deregulation of O-GIcNAc disturbed homeostasis of the cell and been
demonstrated to be associated with several human diseases, such as cancer,
diabetes and Alzheimer’s (35-37). In OGA knockout C. elegans, OGA

production was disrupted and led to deregulation in O-GIcNAc cycling and



51
metabolism (79). Additionally, Suh and co-workers revealed that a null OGA

knockout mouse led to a perinatal lethality (80).

Previously, our lab described O-GIcNDAz, a photocrosslinking O-
GlIcNAc analog. Using O-GIcNDAz, Seok-Ho Yu revealed covalent
crosslinking between NUP153 and specific karyopherins. This evidence
suggested that O-GIcNAc residues were intimately associated with the
nucleoporin-karyopherin interactions that occur during nuclear transport (47).
However, during the course of his studies, he discovered that O-GIcNDAz is
not a dynamic modification (47). For example, cell lysates overexpressing
OGA were unable to hydrolyze an O-GIcNDAz mimic, p-nitrophenol-GIcNDAz.
With this discovery, we were concern that accumulation of O-GIcNDAz might
be toxic to cells, and adversely impact the utility of our technology.

Our concerns were based on previously observed toxicities attributed to
OGA inhibition. For instance, Hart and co-workers studied a non-selective
OGA inhibitor O-(2-acetamido-2-deoxy-D-glycopyranosylidene)amino-N-
phenylcarbamate (PUGNAC) in cervical cancer cells. They revealed treatment
with PUGNACc delayed G>/M phase progression by flow cytometry and resulted
in toxicity (81). However, Vocadlo and co-workers examined a more selective
OGA inhibitor, 1,2-dideoxy-2’-propyl-a-D-glucopyranoso-[2,1-D]-A2’-thiazoline
(NButGT), and discovered similar increased levels of O-GIcNAc dependent on

dosage and time in adipocytes. However, NButGT treatment did not cause the
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same adverse effects that PUGNACc treatment did (82). Hart and co-workers

also demonstrated that OGA inhibition by N-acetyl-D-glucosamine-thiazoline
(GT) led to increased O-GlcNAc levels and OGA protein levels. However, GT
did not perturb OGT expression or location, nor did it prevent cells from
progressing through the cell cycle (83). Based on these reports, | examined
whether O-GIcNDAz production would be toxic or might affect homeostasis of
O-GIcNAc.

In this chapter | demonstrated that recombinant human OGA is unable
to remove a small molecule O-GIcNDAz mimic or to remove O-GIcNDAz from
a peptide. Accumulation of O-GlcNDAz in cells resulted in no overt harmful
effects on cellular function, but likely impacts O-GIcNAc dynamics. A static
modification may affect cellular homeostasis. Thus, | developed a strategy to
restore normal O-GIcNAc dynamics to cells producing O-GlcNDAz. | produced
a model of the active site of human OGA based on homology to bacterial N-
acetyl-3-glucosaminidases and identified residues in potential conflict with
processing of diazirine-modified substrate. | discovered that mutations at
C215 resulted in mutant OGA enzymes that could hydrolytically release
GIcNDAz from a model substrate. | found that the C215A mutant of OGA
could deglycosylate an O-GIcNDAz-modified peptide, offering an approach to
restore normal glycosylation dynamics to cells producing O-GIcNDAz. In

addition, the results presented here could be later used to improve a cell free
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O-GIcNDAz crosslinking approach. In which OGA(C215A) is employed to

specifically release O-GIcNDAz crosslinks, and thereby yield a narrower

focused candidate list of binding partners.

EXPERIMENTAL PROCEDURES

Cell culture

Parental HelLa cells were obtained from ATCC. Hela cells stably

expressing UAP1(F383G) cells were described previously (47).

Chemicals

Diazirine-modified 4-nitrophenyl-N-acetylglucosamine (pNP-GIcNDAZz)
and diazirine-modified UDP-GIcNAc (UDP-GIcNDAZz) were prepared as
described previously (47) and dissolved in DMSO. 4-nitrophenol-N-

acetylglucosamine (pNP-GIcNAc) was obtained from Sigma (N9376).

Toxicity analysis

Parental HelLa cells or HelLa cells expressing UAP1(F383G) were
cultured in DMEM containing 5% FBS and 1% penicillin/streptomycin. Initial
conditions were 2 million cells in 10 mL of media in a 10-cm tissue culture
plate. After 24 h and 48 h, 100 uM of Ac3GIcNDAz-1P(Ac-SATE), in DMSO or
DMSO alone was added to the cell media.(47) For the short time course, cell

number and viability were determined at 72 h, using the Invitrogen Countess
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automated cell counter according to the manufacturer’s instructions. For the

long time course, cells were diluted at 72 h to 2 million cells in 10 mL of media
(containing Acz-GIcNDAz-1P(Ac-SATE), in DMSO or DMSO alone) in a 10-cm
tissue culture plate. Additional Ac3-GIcNDAz-1P(Ac-SATE), in DMSO or
DMSO alone was added at 96 h and 120 h. At 144 h, cell number and viability
were determined using the Invitrogen Countess automated cell counter

according to the manufacturer’s instructions.

Expression and purification of recombinant human OGA

A pBAD/HisA plasmid encoding OGA (84) was used to transform TOP-
10 E. coli. A single colony was added to a 5-mL starter culture of LB media
containing with 50 yg/mL ampicillin and cultured overnight at 37 °C with
shaking. The entire starter culture was used to inoculate a 500-mL culture of
LB media containing with antibiotics, which was then cultured at 37 °C with
shaking until the ODggo reached 0.8. The culture was cooled to room
temperature, then induced at 0.02% arabinose by culturing overnight at 20 °C
with shaking. Bacteria were lysed in 50 mM sodium phosphate buffer pH 7.8,
containing 500 mM NaCl, 10 mM imidazole, 0.1% Tween-20, and 0.2 mM
PMSF. Sonication was performed at 4 °C for 10 min with alternate cycling
between 5 sec of sonication and 8 sec recovery. Insoluble material was

removed by centrifugation (15,0009, 4 °C, 30 min). For in-lysate assays, OGA
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mutant overexpression was assessed by immunoblot using an antibody that

recognizes the hexahistidine affinity tag (Sigma Aldrich, H1029). For
experiments with purified protein, the supernatant was applied to a Profinia
IMAC column. Purification and desalting were performed using the Bio-Rad
Profinia system with recommended buffers. Recombinant OGA mutant

proteins were prepared by the same method.

Expression and purification of recombinant human OGT

A pET24b plasmid encoding OGT (85) was used to transform
BL21(DES3) E. coli. A single colony was added to a 50-mL culture of LB media
with 50 pyg/mL kanamycin, which was incubated at 37 °C overnight without
shaking. Eight mL of this culture was used to inoculate a 1-L culture of LB
containing ampicillin, which was incubated at 37 °C with shaking until the
ODegoo reached 0.6 - 0.8. After cooling to 20 °C for 1 h, cells were induced by
adding 0.5 mM IPTG, then incubated overnight at 20 °C with shaking. After
harvesting by centrifugation, cells were lysed in 50 mM TrisHCI pH 7.5
containing 500 mM NacCl, 1% Triton X-100, 20 mM B-mercaptoethanol, 0.3
mg/mL fresh lysozyme, and 1/50 dilution of protease inhibitor cocktail (Sigma,
S8830; contains pancrease extract, thermolysin, chymotrypsin, trypsin, bestain
HCI, pepstatin A and papain). Lysates were incubated on ice for 30 min, then

sonicated at 4 °C for 5 min, alternating 10 sec sonication with 30 sec recovery.
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After removing insoluble material by centrifugation (15,000g, 4 °C, 30 min), the

supernatant was applied to Ni-NTA resin. Resin was washed with 300 mL of
20 mM TrisHCI buffer pH 7.5, containing 500 mM NaCl, 20 mM 3-
mercaptoethanol, 0.1 mM PMSF. Then, 50 mL of the same buffer, with the

addition of 200 mM imidazole, was used to elute OGT from the resin.

Kinetic analysis

Recombinant OGA or OGA mutant was incubated in 50 mM sodium
cacodylate buffer pH 6.5, containing 5 mg/mL BSA and 4 mM GalNAc. pNP-
GIcNAc or pNP-GIcNDAz was added to achieve the indicated concentration.
For pNP-GIcNAc reactions, the enzyme concentration was 50 nM; for pNP-
GIcNDAz reactions, enzyme concentration was 250 nM. Reactions (100 yL
total volume) were performed in a 96-well clear flat bottom plate. Reaction
progress was monitored with a Synergy Neo plate reader at 405 nm.
Hydrolytic release of p-nitrophenol yields an increase in absorbance at 405
nm. Because p-nitrophenolate has a stronger absorbance than p-nitrophenol,
reactions are typically quenched with base to achieve maximal signal.
However, | desired a continuous assay measuring enzyme activity at pH 6.5,
so we could not perform measurements at a basic pH. Instead, | carefully
controlled the pH of all reactions and calibrated values relative to a p-
nitrophenol standard also measured at pH 6.5, in a manner similar to other

reports describing the use of 4-nitrophenol reporters (86-89). Indeed Hayre et
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al. demonstrated accurate determination of kinetics of sialidase-catalyzed

reactions using a p-nitrophenol reporter and continuous absorbance
measurements at pH 6.0 (87). Although the reaction buffer was at a pH lower
than the pKj of 4-nitrophenol, a substantial increase in absorbance was
detectable when OGA activity was present. Changes in absorbance at 405
nm were linear with respect to time over the period between 5 and 35 minutes.
These data were used to determine initial rates, which were plotted versus
substrate concentration (Fig. 3.3D and 3.3.E). Michaelis-Menten parameters

were calculated using GraphPad Prism and are presented in Table 3.1.

Enzymatic synthesis of O-GIcNAc-ylated and O-GIcNDAz-ylated peptides

CKII peptide (Ac-YPGGSTPVSSANMM-NH,; 100 yM; obtained from
GenScript) and UDP-GIcNAc or UDP-GIcNDAz (500 yM) were reacted with
recombinant OGT (1 yM) in 20 mM TrisHCI buffer pH 8.0, containing 12.6 mM
MgCl, and 20 mM (-mercaptoethanol. The reaction mixture was incubated for
16 h at 37 °C. Modified peptide was then purified by HPLC using an XDB-

phenyl column, as described (47). Solvent was removed by rotary evaporation.

Peptide deglycosylation by OGA

Glycosylated (O-GlcNAc or O-GlcNDAZz) peptide was incubated with 750
nM OGA (wild-type or C215A) in 50 mM sodium cacodylate buffer pH 6.5,

containing 4 mM GalNAc for 20 h at room temperature. Reactions mixtures
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were heated at 100 °C for 5 min to denature OGA, then analysed by HPLC

using an XDB-phenyl column and UV detection at 220 nm, as described (47).
Peaks were collected from the HPLC and analysed by intact mass
measurement via electrospray ionization-quadruple time of flight (ESI-QTOF)
to confirm peptide identities. From the reaction mixture containing O-
GlcNDAz-modified CKII treated with wild-type OGA, the major peak had
similar mobility to O-GlcNDAz-modified CKIl and yielded an observed mass
(1732 Da) corresponding to O-GlcNDAz-ylated CKIl peptide (predicted 1728
Da). From the reaction mixture containing O-GlcNDAz-modified CKIl treated
with OGA(C215A), the major peak had mobility identical to unmodified CKIlI
and yielded an observed mass (1485 Da) most consistent with deglycosylated

CKII peptide (predicated 1440 Da).

RESULTS

OGA is inactive towards O-GIcNDAz
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The Kohler group previously reported that lysate from HelLa cells

overexpressing OGA was incapable of hydrolyzing an O-GIcNDAz mimic (47).
| wished to confirm that OGA was unable to catalyze this reaction. To do this, |

prepared purified recombinant human OGA for cell free assays (Fig. 3.2A).
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Figure 3.2. OGA is inactive toward substrates containing diazirine-
modified GIcNAc. A, Purified recombinant wild-type OGA. B, Para-
nitrophenol derivatives of GIcNAc (pNP-GIcNAc) and GIcNDAz (pNP-
GIcNDAZz) serve as chromogenic substrates to monitor OGA activity. C,
Recombinant human OGA hydrolysed pNP-GIcNAc pNP-GIcNDAz. When
250 uM of substrate was incubated with OGA (50 nM). After 3 h,
absorbance at 405 nm was measured to determine release of 4-nitrophenol.
Error bars represent the standard deviation of three trials. D, O-GIcNAc- or
O-GIcNDAz-modified CKIIl peptide was incubated with or without purified
recombinant human OGA and reaction products were analysed by HPLC.
Full HPLC traces are presented in top right corner.
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The substrate tolerance of recombinant OGA was measured using p-

nitrophenol derivatives of GIcNAc and GIcNDAz (47) (Fig. 3.2B). Para-
nitrophenol N-acetylglucosamine (pPNP-GIcNAc) is a mimic of O-GIcNAc that is
hydrolyzed by OGA, yielding an increase in absorbance at 405 nm. Already,
Seok-Ho Yu demonstrated that the diazirine-modified pNP-GIcNAc (pNP-
GIcNDAz) served as an O-GIcNDAz mimic and reporter for O-GIcNDAz
hydrolysis. As predicted, the recombinant OGA readily hydrolyzed pNP-
GlcNAc, while showing no activity toward pNP-GIcNDAz (Fig. 3.2C).

To directly examine whether OGA is active towards O-GIcNDAz, |
assessed the function of purified recombinant human OGA on a defined O-
GlIcNDAz-modified peptide. For this experiment, | employed a peptide derived
from casein kinase Il (CKIl) containing a single serine residue that is readily O-
GlcNAc-modified by OGT (2). O-GlcNAc- and O-GIcNDAz-modified forms of
this peptide were prepared enzymatically. Glycosylated peptides were
incubated with OGA and then analyzed by HPLC. | observed that OGA readily
hydrolyzed the O-GIcNAc-modified CKIl peptide, yielding unmodified CKII
peptide, while displaying no activity toward the O-GIcNDAz-modified peptide,

which remained intact (Fig. 3.2D).

O-GIcNDAz production is not toxic
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Figure 3.3. O-GIcNDAz production is non-toxic. A,
Parental HelLa cells or HelLa cells expressing UAP1(F383G)
(HeLa UAP1(F383G)) were cultured with or without Acs-
GIcNDAz-1P(Ac-SATE),. After two days of O-GIcNDAz
production, cells were counted. No significant differences
among the conditions were detected. B, After two days, dead
cells were stained with trypan blue and counted for viability.
No significant differences among the conditions were
detected. C, Parental HelLa cells or HeLa UAP1(F383Q)
were cultured with or without Acz-GIcNDAz-1P(Ac-SATE)..
After two days of O-GIcNDAz production, cells were diluted
and cultured with or without Acs-GIcNDAz-1P(Ac-SATE), for
three additional days. Then cells were counted. Addition of
Acs-GIcNDAz-1P(Ac-SATE), resulted in decreased
proliferation, but this effect was partially reversed by
simultaneous expression of UAP1(F383G). D, After five
days, including one cell dilution, dead cells were stained with
trypan blue and counted for viability. No significant
differences among the conditions were detected. Error bars
represent the standard deviation of three independent
experiments for all conditions.
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GlcNAc dynamics in the cell-based assay, and possibly lead to toxic effects.

To address this problem, | examined whether production of O-GIcNDAz
affected cell proliferation or viability. In our strategy for metabolic production of
O-GIcNDAz, cells must express a mutant form of the UDP-GIcNAc
pyrophosphorylase 1 (UAP1(F383G)) and be cultured in the presence of a
cell-permeable GIcNDAz-1P (Acz-GlcNDAz-1P(Ac-SATE),) (47). | assessed
control HelLa cells, UAP1(F383G)-expressing HelLa cells, HelLa cells cultured
with cell-permeable GIcNDAz-1P, and UAP1(F383)-expressing HelLa cells
cultured with GICNDAz-1P (i.e. O-GlcNDAz-producing cells). When cells were
cultured with cell-permeable GIcNDAz-1P for two days, corresponding to the
time course of a typical photocrosslinking experiment, | observed no significant
effects on cell proliferation (Fig. 3.3A) or viability (Fig. 3.3B). Cells were
further cultured under these conditions, including a step where cells were
diluted to allow more rapid proliferation. After five days, | observed decreased
proliferation of the cells cultured with cell-permeable GIcNDAz-1P (Fig. 3.3C).
However, this effect was not enhanced by expression of UAP1(F383G), which
was required for O-GIcNDAz production. In addition, no effects on viability
were observed during the longer time course (Fig. 3.3D). Thus, production of
O-GIcNDAz does not have significant effects on the ability of cells to survive

and divide during the course of typical photocrosslinking experiments.
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However the cell-permeable GIcNDAz-1P caused slowed cell proliferation

under extended conditions.

Modeling the interaction of OGA with O-GIcNDAz

Although O-GIcNDAz does not have dramatic effects on cell viability or
proliferation, it likely alters the dynamics of intracellular protein glycosylation.
Our data predict that O-GIcNDAz will accumulate in cells, mimicking the
globally elevated O-GIcNAc levels that are observed in some disease states
(5, 91). Based on this concern, my goal was to convert O-GIcNDAz to a
dynamic modification. | hypothesized that a small change to the OGA active
site might accommodate the diazirine-modified substrates.

While crystal structures of bacterial OGAs in complex with inhibitors
have been solved, (76, 77) structural information about mammalian OGAs has
come solely from modeling (92). As noted by others, (76, 92, 93) Clostridium
perfringens OGA and Bacteriodies thetaiotaomicron OGA are closely related
to human OGA: sequence alignment using Basic Local Alignment Search Tool
(BLAST) (94) reveals that Clostridium perfringens OGA displays 51% similarity
to human OGA, while Bacteriodies thetaiotaomicron is 55% similar to human
OGA. Both bacterial enzymes have aspartates at positions corresponding to
D174 and D175 of human OGA, identified as catalytic residues in the human

enzyme (95).



64

| utilized the Protein Homology/analogY Recognition Engine V 2.0

(PHYRE?;
http://www.sbg.bio.ic.a
c.uk/phyre2) remote
homology modeling
server (96) to create a
model of human OGA.
This model was
aligned with the
structure of C.
perfringens OGA
solved in complex with
PUGNACc (PDB: 2CBJ)
(76) (Fig. 3.4A) and
with the structure of B.
thetaiotaomicron
solved in complex with

Thiamet G (PDB:

2VVN) (77) (Fig. 3.4B).

Using these

alignments, | identified

Cperfrmgens OGA + PUG NAC (2CBJ) +

Leu213

A

Phe214— ‘ Trp278 \(
) j. S \\\'\
<«~——PUGNAc
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Figure 3.4. Mutations of OGA restore activity
toward an O-GIcNDAz mimic. A, Structure of C.
perfringens OGA complexed with PUGNAc (2CBJ;
protein in pink, inhibitor in teal) aligned with a
PHYRE?-generated model of human OGA (in
yellow). Residues selected for mutation are
shown in space-filling representation. B, Structure
of B. thetaiotaomicron OGA complexed with
Thiamet G (2VVN; protein in blue, inhibitor in teal)
aligned with the PHYRE?-generated model of
human OGA (in yellow). Residues selected for
mutation are shown in space-filling representation.
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OGA residues proximal to the nitrogen attached to the C-2 position of the

pyranose ring of each inhibitor. Plasmids were constructed encoding OGA with
each of the following mutations: F214A, C215A, L248G, T250A, W278A, and
W278F, although the W278A mutant failed to express at detectable levels. E.
coli lysates overexpressing each OGA mutant were incubated with pNP-
GlIcNAc (Fig. 3.5A) or pNP-GIcNDAz (Fig. 3.5B) and production of p-
nitrophenol was detected by monitoring absorbance at 405 nm. Only lysate
overexpressing the C215A mutant produced significant hydrolysis of both
PNP-GIcNAc and pNP-GIcNDAz. Based on this result, an additional OGA
mutant was made, changing C215 to glycine (C215G) based on the idea that
additional space at this position might better accommodate hydrolysis of

diazirine-modified substrate.

Mutations to OGA residue C215 confer activity toward an O-GIcNDAz mimic

Next, the activity of purified OGA(C215A) and OGA(C215G) was
assessed (Fig. 3.5C) toward a diazirine-modified substrate. The kinetics of
PNP-GIcNAc and pNP-GIcNDAz hydrolysis by wild-type OGA or mutant OGA
was measured using a continuous assay that measured p-nitrophenol
production. Wild-type OGA readily hydrolysed the pNP-GIcNAc substrate (Fig.
3.5D). Kinetic parameters for this reaction were similar to reported values, (86,
97) confirming the reliability of the continuous assay measurements. Both the

C215A and C215G mutants retained activity toward pNP-GIcNAc, displaying
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Figure 3.5. Mutations to C215 of OGA restore activity toward an O-
GIcNDAz mimic. A, E. colilysates overexpressing wild-type OGA or the
indicated mutant were incubated with pNP-GIcNAc to measure release of
nitrophenol. B, E. colilysates overexpressing wild-type OGA or the
indicated mutant were incubated with pNP-GIcNDAz to measure release of
nitrophenol. C, Purified recombinant OGA(C215A) and OGA(C215G). D,
Rates of hydrolysis of pNP-GIcNAc by wild-type OGA, C215A mutant of
OGA, and C215G mutant of OGA. E, Rates of hydrolysis of pNP-GIcNDAz
by the C215A and C215G mutants of OGA. Hydrolysis of pNP-GIcNDAz
by wild-type OGA was too slow to be measured accurately by this
approach.

catalytic efficiencies (kcat/Km) 2- to 3-fold lower than the wild-type enzyme
(Table 3.1). In the case of the C215G mutant, this was achieved by modest
increase in both kcat and K. Both the C215A and C215G mutants also
hydrolysed pNP-GIcNDAz (Fig. 3.5E). Remarkably, the catalytic efficiency for

the C215A mutant hydrolysing pNP-GIcNDAz was comparable to the catalytic
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efficiency for wild-type OGA acting on pNP-GIcNAc, although the k.ot and Kp,

values for the C215A/pNP-GIcNDAz pair were about 6-fold lower than those
for the wild-type/pNP-GIcNAc pair. Overall, the kinetic analysis showed that
both the C215A and C215G mutants of OGA are capable of efficient hydrolysis

of pNP-GIcNDAz.

PNP-GIcNAc PpNP-GIcNDAz
Enzyme kcat Km kcat/Km kcat Km kcat/Km
(min™) (mM) (mMM' min")  (min")  (mM) (mM™ min™)
Wild-type 14 (1) 0.17 (0.08) 82 (40) no measurable activity
C215A 17 (4) 0.54 (0.35) 32 (22) 2.4(0.2) 0.03(0.01) 86(27)
C215G 36 (5) 0.86 (0.30) 42 (16) 1.5(0.3) 0.04 (0.03) 38 (29)

Table 3.1. Michaelis-Menten parameters for hydrolysis of pNP-GIcNAc
and pNP-GIcNDAz by purified OGA (wild-type, C215A, and C215QG).

C215A mutant of OGA can remove O-GIcNDAz from a peptide substrate

Next, | examined whether the C215A mutation to OGA conferred the
ability to hydrolytically remove O-GIcNDAz from a peptide. O-GIcNDAz-ylated
CKII peptide was prepared enzymatically and purified by HPLC. The purified
O-GIcNDAz-ylated peptide was incubated with wild-type OGA or the C215A
mutant. Products of the reactions were analyzed by HPLC (Fig. 3.6A).
Whereas wild-type OGA failed to hydrolyze O-GIcNDAz, the C215A mutant
was active, as indicated by loss of the peak corresponding to O-GIcNDAz-

ylated peptide. The appearance of a new peak corresponding to unmodified
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peptide was verified by mass spectrometry. Under these conditions,

approximately 37% of the O-GlcNDAz-modified peptide was deglycosylated,

which compares favorably to the deglycosylation of O-GIcNAc-modified

peptide by wild-type OGA, in which 53% of the peptide was deglycosylated

(Fig. 3.1D). Thus, O-GIcNDAz became a reversible post-translational

modification in the presence of the C215A mutant of OGA.

DISCUSSION

Here the activity of
recombinant human OGA
was examined toward a
substrate in which the N-
acyl side chain of GIcNAc
was extended by
modification with an alkyl
diazirine (GIcNDAZz).
While Vocadlo and co-
workers had shown that
human OGA is relatively

accommodating of steric
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Figure 3.6. C215A mutant of OGA hydrolyzes
an O-GlcNDAz-modified peptide. O-GIcNDAz-
ylated CKII peptide was treated with no enzyme,
with wild-type OGA, or with the C215A mutant of
OGA. Treatment with the C215A mutant yielded
a decrease in the peak corresponding to O-
GlIcNDAz-ylated CKIl peptide and appearance of
a peak corresponding to unmodified CKIl peptide.
Full HPLC traces are presented in top right
corner.

bulk at the N-acyl position (97), the alkyl diazirine modification is larger than

the substituents they evaluated. Therefore, it was perhaps unsurprising that |
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found that wild-type OGA failed to hydrolytically remove GIcNDAz from either

p-nitrophenol or a peptide.

To interpret these results molecularly, | turned to a structural model of
human OGA constructed by homology modelling. The model was inspected in
alignment with bacterial OGAs complexed with inhibitors that are structural
analogs of O-GIcNAc. This analysis revealed the potential for steric clashes
between the diazirine modification and a handful of amino acid side chains
projecting into the enzyme active site. In particular, the N-acyl methyl group
on the inhibitor PUGNACc projects toward the C215 side chain of OGA, with a
C-S separation of about 4 A. Mutations to C215 had little effect on the rate of
PNP-GIcNAc hydrolysis, suggesting that this amino acid does not play a
significant role in catalysis. As predicted, mutation of this position to a smaller
side chain (alanine or glycine) enabled activity on diazirine-modified
substrates. Mutations to other nearby amino acid positions resulted in
dramatically reduced activity toward pNP-GIcNAc. The decreased activity
suggested that these positions were critical for catalysis or proper enzyme
folding. The model as a predictive tool permitted me to reengineer the enzyme
active site to optimize enzyme-substrate recognition. In the absence of an
available crystal structure of human OGA, homology modelling may also be

employed in efforts to design new OGA inhibitors.
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The observation that OGA was unable to remove O-GIcNDAz has

important implications for our previous reported method for discovering
interaction partners of O-GlcNAc-modified proteins. Since OGA fails to remove
O-GIcNDAz, | predict that this modification will accumulate in cells, raising the
overall level of intracellular protein glycosylation. Because inhibition of OGA
was reported to cause slowed proliferation and cell cycle defects,(81) |
measured the proliferation and viability of O-GIcNDAz-producing cells. |
observed no dramatic effects attributable to O-GIcNDAz production, consistent
with a growing recognition that selective OGA inhibition is non-toxic (82, 98).
Nonetheless, the subtle effects of O-GIcNDAz may not be detected in
proliferation and viability assays. Indeed, the half-life of O-GIcNAc
modification varies for different proteins,(99, 100) with O-GIlcNAc dynamics
playing a critical role for some functions (39). Thus, OGA mutants capable of

removing O-GIcNDAz were identified.

Future work for OGA(C215A) to improve O-GIcNDAz technology

As previously stated (chapter 2), O-GIcNDAz technology was employed
in the identification of binding partners of NUP98 and leukemogenic fusions.
However, challenges arose to identify the binding partners of the O-GIcNAc-
modified NUP98 and NUP98 fusions. A cell free O-GIcNDAz crosslinking
method to identify the potential candidates of O-GIcNAc-modified proteins will

be discussed in later chapters. The discovery that mutations of C215 of OGA



71

A T, 2
S N

no { 202 §
NHO-P-0-P-0 oNto Ho-F-o-F-07 00 0

N o o
Noo HO OH OH OH
UDP-GIcNDAZz
HO, \ / UDP

A
OGT ld
OGA(C215A
< ( )
unmodified protein §°“ e O-GIcNAc-ylated protein
p HHOO :H OH y p

v, 6 GleNDAZ

Legend

binding partner

(é\,\/\/\ biotin-tagged
peptide

Crosslinked complex GlcNDAz-binding partner
enriched by streptavidin released

Figure 3.7. C215A mutant of OGA as an employment tool to improve the
GIcNDAz technology. A, Cells overexpressing OGA(C215A) will ensure the
dynamics of O-GIcNDAz modification, similar to that of O-GlcNAc. OGT, O-
GlcNAc transferase, will transfer GICNDAz onto O-GIcNAc-modified
substrates, while OGA(C215A) will remove GIcNDAz. B, O-GIcNDAz-modified
peptide crosslinked to unknown binding partners are enriched using
streptavidin purification. OGA(C215A) is exploited to hydrolyze the O-
GIcNDAz crosslink (red arrow site of hydrolysis). This will release molecules
crosslinked to the immobilized O-GIcNDAz-modified peptide. Released
molecules will be identified by mass spectrometry. The OGA(C215A)-
catalyzed release is predicted to yield a more specific candidate list than other
approaches.

confer activity toward diazirine-modified substrates offers a strategy for
improving our O-GIcNDAz crosslinking method both in cells and cell free

systems. In the cell-based O-GIcNDAz crosslinking, introduction of
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OGA(C215A) into O-GIcNDAZz producing cells will restore the normal dynamics

of intracellular protein O-GIcNAc, and enable the photocrosslinking method to
accurately report on physiologically relevant interactions in which O-GIcNAc
plays a critical role (Fig. 3.7A). This OGA(C215A) would improve the cell-
based O-GIcNDAz crosslinking assay.

Also, employment of OGA(C215A) in the cell free O-GIcNDAz
crosslinking approach will be an advantage in obtaining a more specific
candidate list. For example after enrichment of crosslinked complexes, the
biotin-tagged O-GlcNAc-modified substrate will be interacting with
streptavidin beads. Typically proteomics analysis uses trypsin digest to obtain
proteins interacting with the substrate of interest on-beads or in-gels. However,
these protein interactions may not be O-GlcNAc dependent. | propose that
cleavage of the glycosidic bond of GIcNDAz-crosslinking binding partners
before trypsin digest will produce a more narrow focus candidate list (Fig.
3.7B). This OGA mutant will assist in the advancement of cell free O-GIcNDAz

crosslinking assay.
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CHAPTER FOUR:

Improvement of O-GlcNDAz incorporation and crosslinking through mutation

of O-GIlcNAc transferase (OGT)

INTRODUCTION

O-linked B-N-acetylglucosamine (O-GIcNAc) is a dynamic single sugar post-
translational modification (PTM), found on thousands of proteins (1, 101, 102). This
reversible PTM occurs on proteins of diverse functional classes, but primarily those
that reside in the cytosol and nucleus. The function of this PTM remains elusive. As
presented in earlier chapters, O-GIcNAc is known to assist in regulation of cellular
homeostasis. Additionally, this PTM has been suggested to inhibit or mediate
protein-protein interactions of O-GIcNAc modified proteins (14, 15, 42).

Intracellular O-GlcNAc is produced by the enzyme O-GIcNAc transferase
(OGT), which catalyzes the transfer of a single GIcNAc sugar from the nucleotide
sugar donor UDP-GIcNAc to the hydroxyl groups of serine and threonine side chains
of proteins through formation of a B-glycoside linkage (103, 104). However, a
consensus sequence for substrate preference for OGT has not been determined,
and is unlikely to exist due to the wide array of proteins that can be modified. The
OGT gene, which resides on the X chromosome, is demonstrated to be vital (4).
When cells are treated with siRNA targeting the OGT mRNA, the cells proliferate
normally for up to 48 hours, but soon high levels of apoptosis occur (105). In a

74
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mouse model, the knockout of OGT results in a lethal phenotype, in which the mice

die during embryogenesis (4).

Since the discovery of OGT in the 1980s, there has been much speculation
as to how the enzyme functions to transfer the GIcNAc to its peptide substrate. OGT
belongs to the glycosyltransferase type-B (GT-B) fold with thirteen N-terminal
tetratricopeptide repeats (TPRs) (Fig. 4.1A). Multiple aspects regulate the
expression of the OGT activity and protein levels, such as PTMs, transcriptional
regulation, mRNA splicing, and proteolytic processing (106). Importantly, these TPR
domains suggest playing a role in substrate selectivity through protein-protein
interactions (2, 107). Walker and co-workers reported the crystal structure of OGT,
which provided insight into the mechanism of adding GIcNAc to peptides (85, 108).
The group established that the enzyme coordinated with UDP-GIcNAc followed by
the addition of the peptide substrate. OGT employs two histidine resides, H498 and
H558, to transfer GIcCNAc onto peptides before release of the O-GIcNAc-ylated
peptide product followed by the UDP by-product (Fig. 4.1B).

The Kohler lab previously reported photocrosslinking O-GIcNDAz technology
(47) could provide insight into the binding partners of O-GlcNAc-modified proteins
(Fig. 4.1C). However, in cells, the unnatural photocrosslinking nucleotide donor
sugar, UDP-GIcNDAz, competes with the endogenous nucleotide sugar, UDP-
GlIcNAc, for OGT-catalyzed transfer onto proteins. Limited production of the O-

GlcNDAz modification in cells would reduce that amount of crosslinked material



available for
analysis. Mutation
of the binding
pocket of OGT may
increase production
of the desired
unnatural
modification, O-
GIcNDAz, and yield
more crosslinked
material for
subsequent steps.
Also, several
challenges were
revealed in
chapter 2 that led
to the need for an
improved method
by mutagenesis of
OGT for the
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Figure 4.1. Methodology to improve O-GlcNDAz-ylation
on proteins. A, Domains of the OGT enzyme include two
catalytic domains, one Int-D domain, and TPR. B, The
sequence of events in which OGT transfers GlcNAc onto the
peptide substrate. C, O-GlcNAc-ylated proteins are
metabolically labeled with O-GIcNDAz in place of the natural
modification. UV irradiation of cells activates the diazirine for
crosslinking, resulting in a covalent crosslinked complex
between an O-GIcNDAz-ylated protein and its binding
partner.
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technology to allow me to expand to other O-GlcNAc-modified proteins.

In this chapter, | summarized my efforts to improve the O-GIcNDAz
technology by examining the OGT enzyme. First, the ability of OGT to transfer
natural GIcNAc and photocrosslinking GIcCNDAz to peptide substrates was examined
using cell free assays. | determined that wild-type OGT (WtOGT) exhibits a marked
preference for the natural sugar UDP-GIcNAc, a feature that likely limited O-
GIcNDAz production in cells. Next, an OGT mutant (C917A) was identified that
exhibits inverted substrate specificity, preferentially transferring GICNDAz rather than
GIcNAc. Kinetic characterization of the activity of wtOGT and OGT(C917A) with
UDP-GIcNAc and UDP-GIcNDAz confirmed the reciprocal substrate specificities of
the two enzymes. Finally, OGT(C917A) revealed increased O-GIcNDAz-ylation, and
enhanced O-GIcNDAz-mediated crosslinking both in cell free and in cell systems.
Using OGT(C917A) should enable increased production of O-GIcNDAz both on

peptides and proteins, and lead to increased O-GlcNDAz-mediated crosslinking.

EXPERIMENTAL PROCEDURES

Construction of OGT Plasmids

All experiments were conducted using the ncOGT isoform. The pET24b
plasmid encoding OGT was provided by Suzanne Walker (Harvard Medical School)

and used to express recombinant OGT in E. coli (85). The pcDNA/To-myc-His



78
plasmid encoding OGT was provided by Carolyn Bertozzi (UC Berkeley) and used to

produce recombinant OGT in mammalian cells (109).

Point mutations were introduced into OGT plasmids using primers designed
through the GenScript primer design algorithm. Mutagenesis was performed
according to the QuikChange protocol (Stratagene). The following primers were
used: M501G forward 5’-
GTGCATCCTCATCATAGTGGGCTATATCCTCTTTCTCATGGC-3’, and reverse 5’
GCCATGAGAAAGAGGATATAGCCCACTATGATGAGGATGCAC-3’; M501V
forward 5-GTGCATCCTCATCATAGTGTGCTATATCCTCTTTCTCATGGC-3’, and
reverse 5-GCCATGAGAAAGAGGATATAGCACACTATGATGAGGATGCAC-3’;
C917G forward 5’-GACACTCCACTCGGTAATGGGCACACCACAGGG-3’, and
reverse 5-CCCTGTGGTGTGCCCATTACCGAGTGGAGTGTC-3’; C917A forward 5'-
GACACTCCACTCGCTAATGGGCACACCACAGGG-3’, and reverse 5’-
CCCTGTGGTGTGCCCATTAGCGAGTGGAGTGTC-3’; A942G forward 5'-
GGAGAGACTCTTGGTTCTCGAGTTGCAGCATCC-3’, and reverse 5’-
GGATGCTGCAACTCGAGAACCAAGAGTCTCTCC-3'. The entire coding sequence
of each mutated plasmid was confirmed through sequencing at the UT Southwestern

DNA sequencing core facility.

Cell lines and cell culture

Hela cells, obtained from the ATCC, were cultured in DMEM, 10 % fetal

bovine serum (FBS), and 1 % penicillin/streptomycin. K562 cells were obtained from
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ATCC and cultured in DMEM, 10 % FBS, and 1 % penicillin/ streptomycin for routine

culturing and for crosslinking experiments.

To produce cells stable expressing UAP1(F383G), K562 cells were infected
with the pSIN4-UAP1(F383G) lentivirus.(47) Briefly, 2.0 x 10° K562 cells ina 1 mL
volume of fresh media were mixed with 1 mL of the pSIN4-UAP1(F383G) lentivirus.
Cells were centrifuged at 514g, 32 °C for 30 min. After gentle mixing, centrifugation
was repeated at 5149, 32 °C for 30 min. After centrifugation, media was removed by
aspiration and cells were resuspended in 2 mL of fresh media and transferred to a
well of a 6 well plate. Selection with 1.5 pyg/mL puromycin for cells expressing
UAP1(F383G) was performed for 2 weeks.

Production of UDP-GIcNDAz in UAP1(F383G)-expressing K562 cells was
analyzed by high performance anion exchange chromatography (HPAEC) as
described.(47) Briefly, K562 cells were cultured with or without Acs-GIcNDAz-1P(Ac-
SATE), (>95 % purity by '"H NMR) for 6 h. Cells were harvested by centrifugation,
washed once with PBS, and pelleted. Lysing cells released metabolites with 80 %
“super cold” methanol on dry ice. Cellular debris were removed by centrifugation at
20,817g, 4 °C for 10 min. The supernatant containing metabolites was transferred to
a clean vessel and evaporated under vacuum. The metabolite pellet was
resuspended in 40 mM sodium phosphate buffer (pH 7.0), and analyzed by HPAEC

using conditions reported previously (47).
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Transient overexpression of mutant OGT enzymes in HeLa cells

OGT and OGT mutants were overexpressed in HelLa cells to identify mutants
with improved activity toward UDP-GICNDAz. HeLa cells (3 million) in Opti-MEM
(Invitrogen, 11058-021) were transfected with 24 yg DNA and 60 pL Lipofectamine
2000 (Invitrogen, 11668-019). Four hours after transfection, Opti-MEM media was
removed, and fresh DMEM media was added. After 24 h, cells were harvested and
lysed in RIPA buffer (50 mM TrisHCI pH 8.0, 150 mM NaCl, 1.0 % NP-40, 0.5 %
sodium deoxycholate, 2 mM EDTA, 1 mM DTT, protease inhibitor cocktail, and 1 mM
phenylmethanesulfonylfluroide (PMSF)). Myc-His-tagged OGT (wild-type and
mutants) were immunoprecipitated by incubating 1.2 mg of total protein with 1 pL of
anti-myc antibody 9B11 (Cell Signaling, 22768) at 4 °C for 18 h. After overnight
incubation, 25 pL of protein G beads (Sigma, P3296) were added and incubated for
3 h at 4 °C. Beads were washed three times with RIPA buffer lacking protease
inhibitors and then used for the following glycosyltransferase activity assays.

Glycosylation reactions were performed to analyze the ability of the OGT
(wild-type and indicated mutants) ability to release UDP via the Promega UDP-Glo™
Glycosyltransferase Assay (V6962). This assay measures UDP release via
production of a luminescence signal. Beads with the immunopurified OGT enzymes
(wild-type and indicated mutants) were resuspended in 25 pL of Transferase Buffer
(25 mM HEPES pH 7.2, 10 mM MnCl,, 1 mM EDTA with 1 x protease inhibitor

cocktail (Santa Cruz, sc-29131) and 1 mM PMSF). Five pL of this resuspension was
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mixed together with 20 pL of Transferase Buffer containing OGT substrates, to

achieve final concentrations of 100 yM casein kinase Il (CKIl) peptide and 10 uM
Ultra-Pure UDP-GIcNAc (provided by Promega) or UDP-GIcNDAz (synthesized as
described previously;(19) >95 % purity by '"H NMR). Reaction mixtures were
incubated at room temperature for 0 min or 60 min. UDP-Glo Detection Reagent
was added to quench the glycosylation reaction and develop luminescence. After 1
hour at room temperature, luminescence signal was measured using Synergy Neo
BioTek Multi-mode plate reader with detection between 620 and 665 nm (Lance red
emission, BioTek, part.no. 1035041).

Glycosylation reactions were performed to measure the ability of
immunopurified OGT (wild-type and mutants) to transfer GIcNAc and GIcNDAz to the
CKIll peptide. Beads with the immunopurified OGT enzymes (wild-type and indicated
mutants) were washed twice with Transferase Buffer. A 150 yL mixture of CKII
peptide (final concentration 100 yM) and equimolar amounts of UDP-GIcNAc and
UDP-GIcNDAz (final concentrations 500 yM each) was added to each bead sample.
The reaction was allowed to incubate at room temperature for 1 d, followed by 4 °C
for 2 d. The reaction was centrifuged to remove beads. The supernatant was
analyzed by high performance liquid chromatography (HPLC) using a Dionex HPLC
Ultimate 3000 with UV detection at 220 nm. Solvent systems and gradients were

described previously (110).
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Overexpression of recombinant OGT and OGT(C917A) in E. coli and purification

pET24b plasmid encoding OGT (20) or OGT(C917A) was used to produce
recombinant enzyme as previously described (110). Briefly, BL21(DE3) competent
cells were transformed with each plasmid. A single colony was added to a 50 mL of
LB containing kanamycin and incubated at 37 °C, without shaking for 14 h. Eight mL
of the starter culture was used to inoculated 1 L of LB, which was incubated at 37 °C
with shaking at 250 rpm until ODeoo reached 0.6-0.8. After cooling the culture to 20
°C for 30 minutes, cells were induced with 0.5 mM IPTG for 20 h. Bacteria were
harvested by 30 min centrifugation at 1154g at 4 °C. Bacteria were lysed in 100 mM
TrisHCI pH 7.5, 1 M NaCl, 1 mM Triton X-100, 0.3 mM lysozyme, 1 x protease
inhibitor cocktail (Sigma, S8830) on ice for 30 minutes, followed by sonication for 3
minutes alternating 10 seconds pulse on and 30 seconds pulse off. Insoluble
material was removed by centrifugation at 12,000g, 4 °C for 30 min. Cell lysates
were incubated with nickel beads (Ni-NTA, Qiagen, 30210) for batch purification.
Nickel beads were washed with 20 mM TrisHCI pH 7.5, 0.5 M NaCl, 20 mM -
mercaptoethanol, 20 mM imidazole, and 0.1 mM PMSF. OGT (wild-type or mutant)
was eluted with 20 mM TrisHCI pH 7.5, 0.5 M NaCl, 20 mM B- mercaptoethanol, 200
mM imidazole, and 0.1 mM PMSF. As an alternative to batch purification, OGT was
also purified used a Profinia instrument (Bio-Rad, 620-1010) with an IMAC column

(Bio-Rad, 732-4610) according to the manufacturer’s instructions and using the
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same buffers as the batch method. Protein purity was estimated by Coomassie

staining. wtOGT was > 80 % pure and OGT(C917A) was > 90 % pure.

Analysis of peptide glycosylation

wtOGT or OGT(C917A) recombinantly expressed in and purified from E. coli
was used for analysis of peptide glycosylation. The CKIl substrate peptide
sequence was purchased from GenScript and had the sequence
PGGSTPVSSANMMK with N-terminal acetylation and C-terminal amidation.
Reactions contained 20 mM TrisHCI pH 8.0, 12.6 mM MgCl,, 20 mM -
mercaptoethanol, 100 yuM CKII peptide, and 1 yM wtOGT or OGT(C917A). UDP-
GlIcNAc (Sigma, U4375, > 98 % purity) and/or UDP-GIcCNDAz were included at the
concentrations indicated. After incubation at 37 °C for 16 h, the enzyme was
removed by filtration through a 10 kDa MWCO Amicon unit (Millipore, UFC5010BK)
that was centrifuged at 17000g for 5 min at room temperature. Peptide products
were analyzed using a Dionex HPLC Ultimate 3000 with UV detection at 220 nm.

Solvent systems and gradients were described previously (110).

Determination of Michaelis-Menten parameters

Initial rates of reactions catalyzed by wtOGT and OGT(C917A) were obtained
using the Promega UDP-Glo™ Glycosyltransferase Assay (V6962) to measure UDP
release. Reactions contained 20 mM TrisHCI pH 8.0, 12.6 mM MgCl,, 20 mM -

mercaptoethanol, and 100 yM CKIlI peptide. The nucleotide sugar (UDP-GIcNAc
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(provided by the Promega kit) or UDP-GIcNDAZz) concentrations were 0.3, 1, 3, 10,

and 30 yM. The enzyme concentration was 25 nM, except in the case of wtOGT with
UDP-GIcNDAz where 50 nM wtOGT was needed to accurately measure activity.
Reactions were incubated at 23 °C for a time course of 5, 10, 15, 30 or 45 min, then
UDP-Glo Detection Reagent was added to quench the glycosylation reaction and
develop luminescence. After 1 h at room temperature, luminescence signal was
measured using Synergy Neo BioTek Multi-mode plate reader with detection
between 620 and 665 nm (Lance red emission, BioTek, part no. 1035041). Each
sample was measured twice and the averaged value was used. For each
enzyme/substrate pair, five or six independent experiments were performed.
Typically, the increase in luminescence was linear with respect to time between 5 to
45 min, except for the case of OGT(C917A) with UDP-GIcNDAz where the time-
dependent increase in luminescence was linear only to 30 min. Linear data were
used to determine initial rates, which were plotted versus substrate concentration.

Michaelis—Menten parameters were calculated using GraphPad Prism.

Cell free peptide crosslinking and analysis

The biotin-tagged CKII peptide was purchased from GenScript and had the
sequence biotin-PGGSTPVSSANMMK with C-terminal amidation. Glycosylation and
HPLC analysis were performed as described above for the unmodified peptide.
After removing the enzyme by filtration, the crude filtrate was incubated with an O-

GlIcNAc recognizing antibody (RL2, Thermo, MA1-027) in RIPA buffer for 15 h at 4
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°C. Samples placed in an ice water bath under UV irradiation (365 nm, UVP, XX-

20BLB lamp) for 15 min or kept on ice in the dark. After irradiation, the samples were
immediately lysed in RIPA buffer and then analyzed by immunoblot, using an HRP-
conjugated anti-biotin antibody (Cell Signaling, 7075S) to detect antibody crosslinked
to biotinylated peptide. Quantification was performed using a ChemiDoc™ MP
Imager (Bio-Rad, 170-8280). Blots were stripped and reprobed to detect the total
amount of RL2 antibody. The amount of biotinylated (crosslinked) antibody in each
lane was normalized to the total amount of antibody in the same lane. The amount
of crosslinking in the sample containing wtOGT and 500 yuM UDP-GIcNDAz was
arbitrarily set to 1, and crosslinking in other samples was calculated relative to this

value.

In cell crosslinking

Two million K562 cells stably expressing UAP1(F383G) were nucleofected
with 1.5 ug DNA encoding an OGT plasmid (WtOGT or OGT(C917A), by following
the protocol provided by the Lonza kit V (VCA-1003). After 5 h, cells were
resuspended in DMEM. Twenty-four hours after nucleofection, cells were cultured
with media containing 6 pyL of 50 mM Acs-GIcNDAz-1P(Ac-SATE). (cell-permeable
GIcNDAz-1P) in DMSO, to achieve a final concentration of 100 yM Acz-GIcNDAz-
1P(Ac-SATE),, or 6 uL DMSO alone. After 7 h, cells were harvested by
centrifugation and resuspended in PBS before irradiation with 365 nm light for 15

min. Cells were lysed in 100 pyL RIPA buffer per 2 million cells, then centrifuged at
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20,817g, for 10 min at 4 °C to remove insoluble material. Lysates were separated by

7.5 % SDS-PAGE, transferred to polyvinylidene fluoride and probed for NUP153
(SA-1 Abcam, ab96462). The amount of crosslinked NUP153 was determined by
quantifying the indicated region on the blot using a ChemiDoc™ MP Imager (Bio-
Rad, 170-8280). Immunoblots were stripped and reprobed with an antibody against
actin (Abcam, ab8227). The amount of crosslinked NUP153 in each sample was
normalized to amount of actin in the same sample to control for sample loading. The
amount of crosslinking in the sample containing overexpressed wtOGT was
arbitrarily set to 1, and crosslinking in the sample containing OGT(C917A) was
calculated relative to this value. Immunoblots were stripped and reprobed with an
antibody against myc antibody 9B11 (Cell Signaling, 22768 (Abcam, ab8227) for
OGT expression.

Immunoprecipitation was performed with the same cell culture conditions; 70
ug of total protein lysate was incubated with 1 yL of mAB414 antibody (Covance,
MMS-120R) in total volume of 200 uL for 14 h at 4 °C. Samples were incubated with
10 pL Protein G Sepharose ® Fast Flow (Sigma Aldrich, P3296) for 3 h at 4 °C. The
beads were washed three times with RIPA buffer. Proteins were eluted by addition of
2X loading dye (100 mM TrisHCI pH 6.8, 25 mM EDTA, 0.04 g/mL SDS, 0.4 mg/mL
bromophenol blue) containing 20 mM DTT, and incubation for 10 min at 90 °C.

Samples were analyzed by immunoblot using the SA-1 antibody, as above.
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Figure 4.2. OGT glycosylation reactions with natural and unnatural
substrates. OGT transfers GIcNAc from the natural substrate, UDP-GIcNAc, to
serine or threonine residues of substrate peptides, producing O-GIcNAc-modified
peptides. To incorporate O-GIcNDAz on peptides, OGT must transfer GIcNDAz
from an unnatural nucleotide sugar, UDP-GIcNDAz.

RESULTS

Wild-type OGT prefers UDP-GIcNAc over UDP-GIcNDAz

Cell free assays were utilized to measure the ability of purified recombinant
OGT to transfer GIcNAc and GIcNDAz to substrate peptides (Fig. 4.2). Recombinant
wtOGT was expressed in E. coli and purified (Fig. 4.3A) (110). The enzyme was
incubated with a synthetic CKIl peptide (2, 110) and either UDP-GIcNAc or UDP-
GIcNDAz, and production of the corresponding glycosylated peptides was evaluated
by HPLC analysis. | observed efficient production of both O-GlcNAc-modified CKII
(red trace, Fig. 4.3B) and O-GIcNDAz-modified CKII (green trace, Fig. 4.3B). Next,
the nucleotide sugar specificity of wtOGT was evaluated using a competition assay
in which the enzyme was incubated with an equimolar mixture of UDP-GIcNAc and
UDP-GIcNDAz. This 1:1 ratio of UDP-GIcNAc to UDP-GIcNDAz was chosen

because it is similar to the ratio was observed in cells that have been engineered for
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Figure 4.3. wtOGT prefers UDP-GIcNAc to UDP-GIcNDAz. A, Coomassie stain
of the wtOGT expression and purification. B, Glycosylated CKIl peptides produced
using wtOGT. Wild-type OGT (1 yM) was incubated together with CKII peptide
(100 M) and 500 uM UDP-GIcNAc, 500 uM UDP-GIcNDAz, or a mixture of 500
UM UDP-GIcNAc and 500 uM UDP-GIcNDAz. Reaction products were separated
by reverse-phase HPLC using UV absorbance (220 nm) for detection.
Experiments were performed in triplicate with a single representative trial shown.

UDP-GIcNDAz production (47). Under these competitive conditions, wtOGT
preferentially transferred GIcNAc, yielding primarily O-GlcNAc-modified CKII and
very little O-GlcNDAz-modified CKII (purple trace, Fig. 4.3B). On average, about 92
% O-GlcNAc-ylated peptide was observed and about 8 % O-GIcNDAz-ylated peptide
was produced under conditions of equimolar UDP-GIcNAc and UDP-GIcNDAz. This
result indicated a significant limitation of the current O-GIcNDAz crosslinking protocol
that depends on endogenous OGT for O-GIcNDAz production. | hypothesized that
mutating the binding pocket of OGT could alter the substrate specificity might result
in improved O-GIcNDAz production and crosslinking in cells. Ultimately a mutant
could yield more material for proteomic identification of O-GIcNAc binding partners

for both cell-based and cell free assays.
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Expanding the OGT active site to accommodate the diazirine of UDP-GIcNDAz

Fortunately, several crystal structures of OGT in complex with substrates,

including UDP-GIcNAc, have been reported (85, 111-113). The structure of OGT
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Figure 4.4. Mutagenesis of OGT to accommodate diazirine modification to
UDP-GIcNAc. A, A model of human OGT (PBD:4GZ5) (24) complexed with UDP-
GIcNDAz substrate shows the diazirine from the N-acyl group is in close proximity
to positions 501, 917, and 942. Immunopurified OGT (wild-type or indicated mutant)
was incubated together with 100 yM CKII peptide, and 10 yM UDP-GIcNAc (B) or
10 uM UDP-GIcNDAz (C). Release of UDP was analyzed by UDP-Glo assay.
Averaged values from two independent experiments are shown, with error bars
representing the standard error of the mean (SEM). D, Immunopurified OGT (wild-
type or indicated mutant) was incubated with CKII peptide and an equimolar
concentration of UDP-GIcNAc and UDP-GIcNDAz. Products were analyzed by
HPLC. Data shown are a single trial representative of three independent
experiments. E, A model of OGT(C917A) with UDP-GIcNDAZz reveals space
available to accommodate the extended diazirine functional group.
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was examined in complex with UDP-GIcNAc (PDB: 4GZ5) (109) to identify residues

that might sterically occlude UDP-GIcNDAz binding. The alkyl diazirine was modeled
to extend off the N-acyl chain of GIcNAc. The side chains of Met501, Cys917, and
Ala942 were in close proximity to the diazirine group (Fig. 4.4A). Therefore,
plasmids encoding myc-tagged OGT mutants M501G, M501V, C917A, C917G, and
A942G were prepared recombinantly using mammalian cells. wtOGT and OGT
mutants were expressed in Hela cells and enzymes were isolated by
immunoprecipitation. First, | assessed whether the OGT mutants were active by
incubating them with UDP-GIcNAc and CKIl peptide. Release of UDP was
measured by a coupled enzyme assay with luminescence detection (UDP-Glo). All
mutants were capable of releasing UDP from UDP-GIcNAc (Fig 4.4B). The same
assay was used to evaluate whether the mutants were capable of utilizing UDP-
GIcNDAz as a donor. Four of the five mutants (M501G, C917A, C917G, A942QG)
demonstrated activity with UDP-GIcNDAz, with the M501G and C917A mutants
yielding the most release of UDP (Fig. 4.4C). Next, a competition assay was
employed to evaluate the ability of immunopurified wtOGT and each OGT mutant to
transfer GIcNAc and GIcNDAz to a peptide substrate. Immunopurified wtOGT or
OGT mutant was incubated with CKIl peptide and an equimolar mixture of UDP-
GIcNAc and UDP-GIcNDAz. Production of O-GlcNAc- and O-GIcNDAz-modified
CKIll was evaluated by HPLC. OGT(C917A) preferentially incorporated O-GIcNDAz

on CKII, with little O-GIcNAc-modified CKII detected (Fig. 4.4D). This was
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astonishing because | expected the mutant to at best demonstrate no discrimination.

A model of OGT containing mutation of Cys917 to Ala was constructed. | observed
that this mutant may accommodate the diazirine extension, while still providing
structure to the protein and not introducing excess space in the binding pocket

around the N-acyl group of GIcNDAz (Fig. 4.4E).

OGT(C917A) prefers UDP-GIcNDAZz over UDP-GIcNAc

The ability of purified OGT(C917A) to transfer GIcNAc and GIcNDAz to a
peptide was evaluated. Recombinant OGT(C917A) was expressed in E. coli and
purified (Fig. 4.5A). The enzyme was incubated with CKIl peptide and either UDP-

GlIcNAc or UDP-GIcNDAz. Production of the corresponding O-GlcNAc- or O-
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Figure 4.5. OGT(C917A) prefers UDP-GIcNDAz to UDP-GIcNAc. A, Coomassie
stain of the OGT(C917A) expression and purification. B, Glycosylated CKI|
peptides produced using OGT(C917A). OGT(C917A) (1 M) was incubated
together with CKII peptide (100 yM) and 500 yM UDP-GIcNAc, 500 yM UDP-
GIcNDAz, or a mixture of 500 yuM UDP-GIcNAc and 500 yM UDP-GIcNDAz.
Reaction products were separated by reverse-phase HPLC using UV absorbance
(220 nm) for detection. Experiments were performed in triplicate with a single
reoresentative trial shown.
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GIcNDAz-modified peptides was analyzed by HPLC analysis (red and green traces,

Fig. 4.5B). As expected, OGT(C917A) was capable of transferring both GIcNAc and
GIcNDAz. Next, | performed a competition experiment, incubating OGT(C917A) with
CKII peptide and an equimolar mixture of UDP-GIcNAc and UDP-GIcNDAz.
Recombinant bacterially-expressed OGT(C917A), like the immunopurified
OGT(C917A), transferred primarily GIcNDAz to the peptide, with very little O-
GlcNAc-modified peptide detected (purple trace, Fig. 4.5B). On average, about 8 %
O-GlIcNAc-ylated peptide was observed and about 92 % O-GIcNDAz-ylated peptide
under conditions of equimolar UDP-GIcNAc and UDP-GIcNDAz. This result

confirmed that OGT(C917A) preferred UDP-GIcNDAz to UDP-GIcNAc.

Kinetic parameters reveal wtOGT and OGT(C917A) have different substrate
specificities

To further characterize the nucleotide sugar preferences of wtOGT and
OGT(C917A), the Michaelis-Menten parameters were determined for each enzyme
with UDP-GlcNAc and with UDP-GIcNDAz (Fig. 4.6 and Table 4.1). The CKII
peptide was used as the acceptor substrate in this analysis. Values obtained for
wtOGT with UDP-GIcNAc were similar to those reported by others (20). As
predicted from the competition analysis, GIcNDAz was transferred less efficiently
than GIcNAc (Fig. 4.6A, 4.6B, 4.6C), resulting in a 5-fold decrease in kst and a
greater than 2-fold increase in K, for the modified substrate. The kinetics of

OGT(C917A) were examined with UDP-GIcNAc and UDP-GIcNDAz substrates.
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OGT(C917A) exhibited reduced activity with the natural substrate, UDP-GIcNAc, as

compared to wtOGT (Fig. 4.6A and 4.6D). This difference in activity could be
attributed to a 3-fold reduction in kcat, as well as greater than 7-fold increase in Ky,

(Table 4.1). To my delight, OGT(C917A) was demonstrated to transfer GIcNDAz
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Figure 4.6. wtOGT and OGT(C917A) have reversed nucleotide sugar
specificities. A, Initial rates of UDP production by wtOGT with various
concentrations of UDP-GIcNAc (0.3, 1, 3, 10, and 30 yM). B, Initial rates of UDP
production by wtOGT with various concentrations of UDP-GIcNDAz (0.3, 1, 3, 10,
and 30 pyM). C, The velocities of wtOGT with UDP-GIcNAc (blue circles) and UDP-
GIcNDAz (red squares). D, Initial rates of UDP production by OGT(C917A) with
various concentrations of UDP-GIcNAc (0.3, 1, 3, 10, and 30 yM). E, Initial rates of
UDP production by OGT(C917A) with various concentrations of UDP-GIcCNDAz
(0.3, 1, 3, 10, and 30 uM). F, The velocities of OGT(C917A) with UDP-GIcNAc
(blue circles) and UDP-GIcNDAz (red squares). Averaged values for Michaelis-
Menten analysis were obtained from at least five independent experiments. Error
bars represent standard error of the mean (SEM).
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efficiently, with both an increased k:a: and decreased K, as compared to the natural

UDP-GIcNAc substrate (Fig. 4.6D, 4.6E, and 4.6F). Indeed, introduction of the

UDP-GIcNAc UDP-GIcNDAz

Enzyme K Km Keat/Km Keat Km Keat/Km
(min™") (UMW) (UM min™) (min™) (UMW) (M min™)
Wild-type 0.48 (0.05) 2.1(0.8) 0.22 (0.09) 0.09 (0.01) 4.7 (2.3) 0.019 (0.009)
C917A 0.16 (0.02) 15.4 (4.6) 0.010 (0.003) 0.51 (0.14) 8.5(6.3) 0.060 (0.047)

Table 4.1. Kinetics of wtOGT and OGT(C917A) with UDP-GIcNAc and UDP-
GlIcNDAz. Initial rates of reaction (shown in Fig. 4.6) were analyzed to determine
enzyme velocities. Kinetic parameters were obtained by non-linear regression
analysis, fitting the data to the Michaelis-Menten equation. Parameters are expressed
as the mean (standard error) as determined from at least five independent
experiments.

C917A mutation resulted in an enzyme whose catalytic efficiency (kcai/Km) with UDP-
GIcNDAz was about four times the value observed for wtOGT with the natural
substrate, UDP-GIcNAc. Overall, the kinetic analysis shows that OGT(C917A)

transfers GIcNDAz more efficiently than GIcNAc.

Increased GIcNDAz transfer leads to enhanced crosslinking in a cell free system

Encouraged by the observation that OGT(C917A) preferred UDP-GIcNDAz to
UDP-GIcNAc, | investigated whether the altered substrate preference led to
enhanced O-GIcNDAz-mediated crosslinking. For the initial analysis, a cell-free
model system was exploited in which O-GIcNDAz-mediated crosslinking was
evaluated between glycosylated CKII peptide and an O-GIcNAc recognizing
antibody, RL2. To facilitate detection of the crosslinked complex, a biotin tag in the

acceptor CKIll peptide was incorporated. Glycosylation of the biotinylated CKI|I
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peptide was similar to what was observed for the unmodified CKIl peptide (Fig. 4.3B

and 4.5B), with wtOGT preferentially transferred GIcNAc and OGT(C917A)

preferentially transferred GIcNDAz (Fig. 4.7A). Indeed, when the biotinylated CKI|
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Figure 4.7. OGT(C917A) increased peptide crosslinking in a cell free system.
A, Biotinylated CKII peptide was glycosylated by wtOGT or OGT(C917A) using
UDP-GIcNAc alone (+ NAc), UDP-GIcNDAz alone (+ DAz) or an equimolar mixture
of UDP-GIcNAc and UDP-GIcNDAz (+ NAc + DAz). Reaction products were
analyzed by HPLC. B, Quantification of the ratios of unmodified, O-GIcNAc-
modified, and O-GlcNDAz-modified peptides produced in panel A. C, Peptides
produced in panel A were incubated with RL2 antibody, UV irradiated, and analyzed
by immunoblot using an anti-biotin antibody. D, Average RL2-peptide crosslinking
intensities for replicate experiments as in panel C. Crosslinking intensity in the
sample containing wtOGT and UDP-GIcNDAz was arbitrarily set to 1, and other
samples were normalized relative to this value. Three independent experiments
were performed, with error bars representing SEM.
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peptide was incubated with wtOGT and a 1:1 mixture of UDP-GIcNAc and UDP-

GIcNDAz, about 84 % of the peptide was glycosylated with O-GIcNAc. In contrast,
incubation of the peptide with OGT(C917A) and a 1:1 mixture of UDP-GIcNAc and
UDP-GIcNDAz resulted in about 77 % of the peptide glycosylated with O-GIcNDAz
(Fig. 4.7B). After removing wtOGT or OGT(C917A) from the reaction mixture, the
resulting crude mixtures were incubated with RL2 antibody, and crosslinked by
application of UV radiation. Crosslinking between the peptide and RL2 antibody was
revealed by immunoblot analysis. The molecular weight corresponding to the light
chain of RL2 antibody, as the Kohler lab has observed previously (47), was where
anti-biotin reactivity appeared. As expected, reaction mixtures containing only UDP-
GlIcNAc yielded no O-GIcNDAz-modified peptide and no crosslinking to RL2
antibody. However, the reaction mixtures containing UDP-GIcNDAz generated O-
GIcNDAz-ylation that crosslinks to RL2 (Fig. 4.7C). Notably, when the reaction
mixtures contained equimolar UDP-GIcNAc and UDP-GIcNDAz, crosslinking was
observed when OGT(C917A) was used, but not when wtOGT was used (red boxes,
Fig. 4.7C). Furthermore, even when UDP-GIcNDAz was the only nucleotide sugar
used, more crosslinking was observed from reactions with OGT(C917A) than from
reactions with wtOGT (Fig. 4.7D). In a cell free assay, these results demonstrated
the C917A mutation led to increased O-GIcNDAz-modified peptide, which in turn

produced higher levels of O- GIcNDAz-mediated crosslinking. The OGT(C917A) will
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benefit the cell free assay as it will decrease reaction time compared to wtOGT and

also increase O-GIcNDAz-ylation yield compared to wtOGT.

Increased GIcNDAZz transfer leads to enhanced crosslinking in cells

Next, | wished to determine if the C917A mutation to OGT could lead to
increased O-GIcNDAz crosslinking in cells, which could improve our cell-based
assay. Our O-GIcNDAz crosslinking method relies on the F383G mutant of UAP1 to
catalyze in-cell production of UDP-GIcNDAz from cell-permeable GIcNDAz-1P (Fig.
4.8A). | prepared K562 cells stably expressing UAP1(F383G) and then cultured
them with cell-permeable GIcCNDAz-1P. The lysate was analyzed by HPAEC,
revealing robust production of UDP-GIcNDAz (Fig. 2.3B). The UAP1(F383G)-
expressing K562 cells were nucleofected with plasmid DNA encoding wtOGT or
OGT(C917A) and then cultured with cell-permeable GIcNDAz-1P for 7 h. The intact
cells were subjected to UV irradiation and then lysed. The lysates were analyzed by
immunoblot, probing for NUP153, a protein that is known to be heavily O-GIcNAc-
modified and for which we have previously observed O-GIcNDAz-mediated
crosslinking (47). In cells transfected with both wtOGT and OGT(C917A), an
increase of anti-NUP153 reactivity at higher apparent molecular weight was
observed (red boxes, Fig. 4.8B). For both wild-type and mutant OGT, appearance of
these high molecular weight species depended on both UV irradiation and inclusion
of cell-permeable GIcNDAz-1P. Therefore | believed that these bands correspond to

O-GIcNDAz-crosslinked forms of NUP153. The analysis was conducted four times,
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each time quantifying of the reactivity in the crosslinked region, and normalizing
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Figure 4.8. Expression of OGT(C917A) in cells results in enhanced O-GicNDAz-
dependent crosslinking. A, K562 cells expressing UAP1(F383G) (K562(UAP1(F383G)))
were cultured with cell-permeable GIcNDAz-1P, which is deprotected inside of cells. This
yields GIcNDAz-1P, and is activated to UDP-GIcNDAz by UAP1(F383G). OGT transfers
GIcNDAz to produce O-GlcNDAz-modified proteins. B, K562 UAP1(F383G) were
nucleofected with plasmid encoding wtOGT or OGT(C917A) were cultured with or without
cell-permeable GIcNDAz-1P for 7 h and then irradiated for 15 min. Immunoblot analysis
was used to detect crosslinking of NUP153. Red boxes highlight putative crosslinked
complexes. C, The extent of NUP153 crosslinking was analyzed in four independent
experiments, as in B. The amount of crosslinking observed in cells nucleofected with
wtOGT was arbitrarily set to 1 and the amount of crosslinking in cells nucleofected with
OGT(C917A) was normalized relative to this control. Error bar represents standard error of
mean (SEM). D, K562 UAP1(F383G) was same condition as B. After lysis, nucleoporins
were purified using mAb414. The immunoprecipitate was probed by immunoblot using
anti-NUP153. Red boxes highlight putative crosslinked complexes. Data presented are
representative results from two independent trials. E, Anti-myc immunoblot revealed
comparable expression of wtOGT and OGT(C917A) in nucleofected K562 cells used for
immunoprecipitation experiment shown in D.
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these values relative to an actin loading control. In each experiment, more

crosslinked material was observed in the cells transfected with OGT(C917A) as
compared to cells transfected with wtOGT. The increases ranged from 18 % to 94 %
(Fig. 4.8C). Additionally, | investigated if overexpression of OGT(C917A) would
allow for isolation of more crosslinked material from cells. Again, UAP1(F383G)-
expressing K562 cells were nucleofected with DNA encoding wtOGT or
OGT(C917A), then cultured with cell-permeable GIcNDAz-1P and UV irradiated. |
immunoprecipitated nucleoporins using mAb414 antibody, which recognizes multiple
NUPs, including NUP153. Immunoblot analysis using anti-NUP153 revealed
substantially more crosslinked NUP153 in the immunoprecipitate from cells
transfected with OGT(C917A) as compared to cells transfected with wtOGT (Fig.
4.8D). Because the overexpression levels of wtOGT and OGT(C917A) were
comparable (Fig. 4.8E), it was concluded that increased O-GIcNDAz production by
OGT(C917A) enhanced O-GIcNDAz-mediated crosslinking in cells and enables

isolation of more crosslinked material for downstream analysis.

DISCUSSION

C917A mutation to OGT reverses UDP-GIcNAc/UDP-GIcNDAz substrate specificity.
Here | described the use of site-directed mutagenesis to improve the O-
GIcNDAz photocrosslinking method for discovering O-GlcNAc-mediated protein-

protein interactions (47). Using a cell free competition assay, wtOGT demonstrated a
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preference to modify the CKIl peptide with O-GIcNAc, rather than O-GIcNDAz. This

result was confirmed by kinetic analysis showing that UDP-GIcNAc is the preferred
nucleotide sugar substrate for OGT. Indeed, inspection of a model of wtOGT
complexed with UDP-GIcNDAz revealed a potential for steric conflict between the
diazirine modification and the amino acid side chains in wtOGT (Fig. 4.4A). |
speculated that wtOGT discrimination against UDP-GICNDAz is an important factor
limiting how much O-GIcNDAz crosslinked material can be isolated for mass
spectrometry analysis.

OGT mutants were screened to identify an enzyme capable of efficient O-
GIcNDAz production. While most mutants showed increased activity with UDP-
GIcNDAz, the M501V mutant had very little activity with the modified nucleotide
sugar. This result is consistent with a previous study in which the M501V mutation
was introduced into the short isoform of OGT (sOGT). Ma et al. prepared
sOGT(M501V) with the goal of enhancing activity toward UDP-GIcNAc analogs with
extended acyl chains, but found that this mutant exhibited reduced activity toward
the analogs (111). While the M501V mutation did not appear to be beneficial for
GIcNDAz transfer, | found that OGT(C917A) showed enhanced O-GIcNDAz
production, which in turn enabled increased O-GIcNDAz-mediated crosslinking both
in cell free (Fig. 4.7) and in cell-based assays (Fig. 4.8C, and 4.8E). While the
OGT(C917A) mutant had previously been shown to be active (112), | was thrilled

and amazed to find that it transferred GICNDAz better than GIcNAc. | speculated that
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the diazirine extension of UDP-GICNDAz engaged in productive interactions with

OGT(C917A) that led to one or both of the following: improved substrate binding and
promotion of a catalytically active conformation.

OGT(C917A) may also aid in the transfer of other GIcNAc analogs. Indeed, a
variety of unnatural UDP-GIcNAc analogs with extended N-acyl side chains have
been prepared, but wild-type OGT tended to discriminate against those that add
steric bulk close to the N-acyl group (111, 113, 114). The C917A mutation might
facilitate transfer of these bulkier GIcNAc analogs. Variation in the N-acyl side chain
of UDP-GIcNAc also occurs in nature: Vocadlo and co-workers showed evidence for
O-GIcNGc production, suggesting that OGT accepts UDP-GIcNGc (86). Similarly,
small unnatural N-acyl substituents, such as the azide and alkyne, seem to be
tolerated by OGT,(27, 29, 115, 116) but it is possible that the C917A mutation could
also facilitate discrimination between smaller analogs and the natural substrate.
Overall, the observed utility of OGT(C917A) for O-GIcNDAz production adds to other
studies showing that metabolic oligosaccharide engineering can be augmented
through mutagenesis of carbohydrate transforming enzymes to enhance metabolism

of the unnatural sugar analogs (47, 110).

Extension of the GIcNDAz technology

For future work of the OGT(C917A), | desire to utilize the mutant in
conjugation with a chemo-enzymatic approach for O-GIcNDAz production. |

hypothesize that using OGT(C917A), rather than wtOGT, will allow me to prepare O-
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GIcNDAz-ylated efficiently and in good yield. Additionally, an increase in the amount

of glycosylated peptide will provide the ability to overcome the challenge of not
having enough crosslinking material available for proteomic analysis. Moreover, the
ability to glycosylate peptides in a chemo-enzymatic method will advance our
knowledge in knowing the specific sequence necessary for interactions, as well as
providing a more versatile technology for others.

Another possible way to improve the cell-based assay is to utilize the
OGT(C917A) in cells to obtain more crosslinking. The cell-based crosslinking data
reveals that expression of OGT(C917A) results in enhanced O-GIcNDAz
crosslinking, which was demonstrated both cell free and in cells. In cells, the
naturally occurring O-GIcNAc modification is dynamic and is hydrolyzed by OGA. As
described previously, the wild-type OGA is inactive towards GIcNDAz (chapter 2)
(47, 110). Thus, O-GIcNDAz likely persists in cells and expression of OGT(C917A)
will act to enhance its accumulation, which may be toxic to the cells and/or interfere
with the homeostasis. It may be desirable to convert O-GIcNDAz from a static
modification to a dynamic one, to better mimic the natural O-GIcNAc modification.
This could be accomplished by expressing an O-GIcNDAz-hydrolyzing mutant of
OGA, OGA(C215A) (110) along with the O-GIcNDAz-producing form of OGT,
OGT(C917A). | envision that creating cell lines that are optimized for O-GIcNDAz

metabolism will improve the cell-based assay.
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CHAPTER FIVE:

Development of a chemo-enzymatic synthesis for glycosylating peptides in cell

free system

INTRODUCTION

O-linked B-N-acetylglucosamine-ylation (O-GIcNAc-ylation) is a unique post-
translational modification (PTM) that has multiple functional roles, such as
transcriptional regulation and cell signaling (5). Since O-GIcNAc is transient, it is difficult
to study. Therefore, novel technologies are required to advance the field and to study
the roles of O-GIcNAc (49).

One under-studied function of O-GIcNAc is that it may mediate protein-protein
interactions, like CBP and Stat5 (44) and NUP62 and NUP88 (45). Due to the issues in
capturing these interactions, the Kohler lab developed a photocrosslinking GIcNAc,
GIcNDAz, to capture binding partners of O-GIcNAc-modified proteins. The
photocrosslinking handle addresses several characteristic issues of O-GIcNAc, like
substoichiometric and dynamics. For example, Hart and co-workers revealed low levels
of O-GIcNAc on proteins. They determined the substoichiometric amount of 0.1
GlIcNAc/protein by radiolabeling (2). With O-GIcNDAz, only one modification is required
to capture the interaction. This advantage allows for low abundance O-GIlcNAc-modified
proteins to be studied. Since O-GIcNAc cycles much faster than protein turnover, O-

GIcNDAz captures the dynamic interactions between O-GlcNAc-modified proteins and

104
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binding partners occurring at the time of irradiation. Therefore, O-GIcNDAz assists in the

identification of binding partners interacting with an O-GlcNAc-modified protein of
interest (47).

Previously, the Kohler lab developed a cell-based O-GIcNDAz crosslinking
method to substitute O-GIcNDAz onto O-GlcNAc-modified proteins using a cell-
permeable GIcNDAz-1P, Acs-GIcNDAz-1P(Ac-SATE).. Cells overexpressing the UDP-
N-acetylglucosamine pyrophosphorylase 1 (UAP1), in which phenylalanine 383 is
mutated to glycine (F383G), UAP1(F383G), converted GIcNDAz-1P into the nucleotide
donor sugar, UDP-GIcNDAz. GIcNDAz was transferred onto O-GIcNAc-modified
proteins employing O-GIcNAc transferase (OGT). Upon UV irradiation, the diazirine was
activated and reacted to any neighboring molecule. This result led to a covalent bond
between O-GIcNDAz-modified protein and the binding partner, which was coined as the
crosslinked complex. The complexes were immunoprecipitated with an antibody that
recognizes the O-GIcNAc-modified nucleoporin NUP153, a phenylalanine-glycine repeat
nucleoporin (FG NUP). Through proteomic analysis, NUP153 was discovered to interact
with several karyopherins, including exportin-1, transportin-1, and karyopherin 31 (47).

Two reports suggested O-GIcNAc mediates protein-protein interactions (44, 45).
My initial biological question was to utilize the cell-based O-GIcNDAz crosslinking
method, and identify the binding partners of another FG NUP, NUP98 and NUP98
leukemogenic fusions, as discussed in chapter 2. In cervical cancer and leukemia cells,
the data suggested a novel finding that the leukemogenic fusions were O-GlcNAc-

modified. Additionally, evidence proposed NUP98 and NUP98 fusions exploited O-
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GlIcNAc-ylation at or near the site of protein-protein interactions (Fig. 2.4, and 2.5). |

desired to identify and study of these interactions to gain insight into how cells transform
from normal homoeostasis to disease state through leukemogenic fusions. However, a
challenge in identifying the binding partners became evident, as isolation of crosslinked
complexes proved difficult. | attempted to enrich for the crosslinked complexes with HA-
tagged or avi-tagged of the NUP98 or NUP98 fusions. Yet, the experimental results
determined the attempts to purify the complexes were unsuccessful (Fig. 2.6). The
purification of the crosslinked complexes is crucial to identifying the binding partners of
O-GlIcNAc-modified proteins.

Aside from the challenge of enriching crosslinked complexes, other obstacles
arose when utilizing the cell-based O-GIcNDAz crosslinking method. The cell-based O-
GIcNDAz crosslinking method allows for the identification of binding partners, but the
exact O-GIcNAc site responsible for the mediation remains uncertain. Additionally in
personal communication with Kohler lab members, the cell-based method requires a
large amount of crosslinked material for proteomic analysis. This became problematic
because the cell-based O-GIcNDAz crosslinking method didn’t yield high amounts of
crosslinked complexes (47). Moreover, in personal communications with Kohler lab
members, it became clear that the employment of a highly stringent washing method
was crucial to assist in the identification of the potential binding partners for other
proteins of interest in the lab, like cholera toxin (69). Attempts to biotin tag NUP98 and
the NUP98 fusions were unsuccessful, using avi-tag technology (Fig. 2.6B). Lastly, the

Kohler lab previously demonstrated that O-GIcNDAz is a static modification (47, 110).
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This issue may led to toxicity and deregulation of O-GlcNAc homeostasis, that in turn

can affect the O-GlcNAc-modified proteins’ interactions.

In efforts to overcome these challenges, | developed tools that will be employed
for a complementary cell free O-GIcNDAz crosslinking method. | examined the activity
of a mutant form of O-GIcNAc transferase (OGT), which was discussed in chapter 4, to
increase the yield of crosslinked material (68). Furthermore, | examined a mutant form
of O-GIcNAc hydrolase to restore the dynamics of O-GlcNAc, which was discussed in
chapter 3 (110). These OGT and OGA mutants may address some hindrance from the
cell-based O-GIcNDAz crosslinking method.

HI9§°:<'5' on ATP+UTP + “,S’gi\ o o ONH peptide Hl?§°:<'5' o
S NahK/GImU O>ANL I i (L,J% +OGT g
0 ———> o 0POPO N0 ——> 0 r\/\/\/\
o o
HO OH N-
N °N

GIcNDAz UDP-GIcNDAz 0O-GIcNDAz-modified
peptide

N- N-
Sy ;

Figure 5.1. Chemo-enzymatic synthesis to develop O-GlcNDAz-modified peptides.
Free GIcNDAz is incubated with ATP, UTP, and NahK/GImU to generate UDP-GICNDAz.
The nucleotide donor sugar, UDP-GIcNDAZz is incubated with OGT(C917A) to O-
GIcNDAz-modified biotin-tagged peptides.

Another issue with the cell-based O-GIcNDAz crosslinking method is the
uncertainty of whether the O-GIcNAc is necessary for mediating protein-protein
interactions. In the cell-based method, endogenous proteins are crosslinked but the
Kohler lab did not demonstrate the O-GIcNAc site responsible for the protein-protein
interaction. As an alternative approach to proteins, peptides derived from O-GlcNAc-

modified proteins will be employed in a chemo-enzymatic synthesis with UDP-GIcNDAz
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and OGT(C917A), a mutant form of OGT that favors O-GIcNDAz (Fig. 5.1). The peptide

approach allows for the recognition of the sequence necessary for interaction and
possibly the specific residue that is O-GIcNAc modified. Furthermore, biotin will be
incorporated onto the peptides to enable highly stringent washes for a more specific
candidate list. However, one challenge with the chemo-enzymatic synthesis is the low
amounts of UDP-GIcNDAz available.
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Figure 5.2. Chemical synthesis of UDP-GIcNDAZz (8). There are eight chemical
reactions necessary to generate the nucleotide donor sugar, UDP-GICNDAz. This
process is time consuming with severely difficult purification steps. Also, the resulting
product (8) is generated in low yields. Additionally, it should be noted that the purity of
the final product (8) is severe as the OGT reaction is inactive with impurities present.

Typically, the route of chemical synthesis of UDP-GICNDAz, like many other
nucleotide sugar syntheses, is difficult and results in low yields (Fig. 5.2) (47). However,
an alternative approach to synthesize nucleotide sugars was established with enzymes

via chemo-enzymatic synthesis (117, 118). Two enzymes involved in the UDP-GIcNAc
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production synthesized UDP-GIcNAc in a cell free system with moderate activity and in

reasonable yield (119). N-acetylhexosamine 1-kinase (NahK) derived from
Bifidobacterium longum converts GIcNAc into GIcNAc-1P using adenosine triphosphate
(ATP) (Fig. 5.3A). In conjunction with NahK, N-acetylglucosamine uridyltransferase
(GlmU) from Escherichia coli can transfer uridine diphosphate (UDP) onto GlcNAc-1P.
Liu, Wang, and co-workers demonstrated that NahK fused to the catalytic domain of
GImU was able to generate GIcNAc and several analogs to the UDP-sugar (119). With
the OGT(C917A), NahK/GImU will assist in the chemo-enzymatic synthesis of O-
GIcNDAz-modified peptides.

The employment of O-GIcNDAz-modified peptides for crosslinking will surpass
the apparent challenges. Here | described my chemo-enzymatic synthesis efforts to
glycosylate peptides starting with free GIcNDAz and peptide. First, | exploited
NahK/GImU, a bifunctional enzyme to chemo-enzymatically synthesize UDP-GIcNDAz
in large yield amounts and in fewer steps than chemical synthesis. In conjugation with
OGT, | employed NahK/GImU and OGT to generate O-GlcNAc-ylated, biotin-tagged
peptide in a one-pot reaction. | attempted to generate a one-pot reaction for O-
GIcNDAz-ylation of biotin-tagged peptides, but was unsuccessful. My efforts revealed
that a multi-step synthesis method with NahK/GImU and OGT(C917A) can O-GIcNDAz
modify peptides in a cell free system. This multi-step chemo-enzymatic synthesis
protocol was examined on other O-GlcNAc-modified proteins that could be potentially

used to identify binding partners. The development of a cell free O-GIcNDAz
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crosslinking method will overcome challenges of the cell-based method, and provide a

versatile technology.

EXPERIMENTAL PROCEDURES

Chemicals and Peptides

GIcNAc was purchased from Sigma (cat. no. U4375). GIcNDAz was synthesized
as previously described (47). UDP-GIcNDAz was previously synthesized and
characterized (47). Peptides were purchased through GenScript. Casein Kinase Il (CKIl)
was synthesized and had the sequence PGGSTPVSSANMMK with N-terminal
acetylation or biotinylation and C-terminal amidation. Human a A-crystallin +P2 was
synthesized and sequenced YAIPVSPREK with N-terminal acetylation and C-terminal
amidation. Insulin Receptor Substrate 1 (IRS1) was synthesized and sequence left

confident due to collaboration with Lauren Ball (Medical University of South Carolina).

Construction of NahK/GImU mutant

The pET15b plasmid encoding trGImU-NahK was provided by Xian-wi Liu
(Shandong University) and used to express recombinant OGT in E. coli (119).
Point mutation was introduced into NahK/GImU plasmid using primers designed through
the Sigma primer design algorithm. Mutagenesis was performed according to the
QuikChange protocol (Stratagene). The following PAGE purified primers were used:

Y197A forward 5-TAATGCTCAGGGCGAATACGCCATCACCGACATTATTGCG
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-3’, and reverse 5-CGCAATAATGTCGGTGATGGCGTATTCGCCCTGAGCATTA-3'.

The entire coding sequence of each mutated plasmid was confirmed through

sequencing at the UT Southwestern DNA sequencing core facility.

Overexpression of recombinant NahK/GImU in E. coli and purification

pET15b plasmid encoding NahK/GImU (119) or NahK/GImU(Y197A) was used to
produce recombinant enzyme as previously described. Briefly, BL21(DE3) competent
cells were transformed with each plasmid. A single colony was added to a 5 mL LB
culture containing ampicillin and incubated at 37 °C, with shaking for 14 h. Three mL of
the starter culture was inoculated in 1 L of LB, and incubated at 37 °C with shaking at
250 rpm until ODgoo reached 0.8. After cooling the culture to 16 °C, cells were induced
with 0.2 mM IPTG for 20 h. Bacteria was harvested by 30 min centrifugation at 1154g, 4
°C. Bacteria was lysed in 25 mM Naz;HPO,, 100 mM NaCl, 14 mM 3-mercaptoethanol, 1
mM EDTA and a tablet of protease inhibitor cocktail (Sigma, S8830). Bacteria were
sonicated for 5 minutes alternating 10 seconds pulse on and 10 seconds pulse off.
Insoluble material was removed by centrifugation at 12,0009, 4 °C for 30 min. Cell
lysates were subjected for purification using a Profinia instrument (Bio-Rad, 620-1010)
with an IMAC column (Bio-Rad, 732-4610) according to the manufacturer’s instructions.
Buffers for washes, elution, and desalting were used with the recommendations
provided by Profinia.

OGT(C917A) was recombinant generated as previously described (68).
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Chemo-enzymatic reaction for nucleotide sugar synthesis

Chemo-enzymatic reactions were performed to analyze the ability of the
NahK/GImU (wild-type and indicated mutant) ability to generate UDP-GICNDAz. The
bifunctional enzyme was incubated with 25 mM GIcNDAz, 30 mM ATP, 30 mM UTP
with 0.5 mg/mL NahK/GImU in 50 mM TrisHCI pH 8.0, and 10 mM MgCl.. The reaction
was incubated at 40 °C for 1 d (Fig. 5.3). The activity was analyzed by high performance
anion exchange chromatography (HPAEC, ICS-3000, Dionex) with a CarboPac™ PA1
column (Dionex). The HPAEC analysis was subjected to the following gradient using
buffer A (1 mM NaOH) and buffer B (1 mM NaOH, and 1 M NaOAc): To= 95% A, 5% B;
Ts=85% A, 15% B; T15= 70% A, 30% B; T2o= 60% A, 40% B; T4s= 60% A, 40% B; Tso=
0% A, 95% B; Teo= 0% A, 100% B; Tes= 95% A, 5% B; T75= 95% A, 5% B. To determine
the concentration of UDP-GIcNDAz production, several concentrations of UDP-GIcNDAz
were injected onto the HPAEC in duplicates. The peak area of the assigned UDP-
GIcNDAz peak was determined by integration analysis of Chromeleon 7, then
quantification of the concentration was determine by a standard curve of increasing

concentrations of UDP-GIcNDAz. AU stands for arbitrary units.

Multi-step reaction to generate O-GIcNDAz-modified peptides

An initial glycosylation reaction was conducted in two-step process to determine
if NahK/GImU generates UDP-GIcNDAz and OGT produces an O-GIcNDAz-ylation
peptide. The reaction was set up with 25 mM GIcNDAz, 30 mM ATP, 30 mM UTP with

0.6 mg/mL NahK/GImU and allowed to incubate at 40 °C for 3 d in 50 mM TrisHCI pH
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8.0 and 10 mM MgCl. (Fig. 5.4). Mock reactions mean no enzyme was added, instead

the volume equivalence of buffer. The enzyme was filtered through a 10 kDa MWCO
Amicon unit (Millipore, UFC5010BK) that was centrifuged at 17000g for 10 min at room
temperature. Five L of filtrate was subjected to HPAEC for UDP-GIcNDAz analysis
(Fig. 5.4A). The HPAEC solution and gradient program is described above. The
remaining filtrate was incubated with 100 yM O-GlcNAc-modified CKIl peptide and 1 uM
OGT(C917A) at 37 °C for 1 d in 20 mM TrisHCI pH 8.0, 12.6 mM MgCl,, and 20 mM f3-
mercaptoethanol. The reaction was filtered as described from the previous reaction. The
filtrate was subjected to HPLC for O-GIcNDAz-ylation production (Fig. 5.4B). Peptide
products were analyzed using a Dionex HPLC Ultimate 3000 with UV detection at 220
nm. The HPLC solvent and gradient program is described previously (68).

This two-step synthesis for O-GIcNDAz-modifying peptides was further analyzed
for later experiments. The NahK/GImU reaction was incubated for 1 d, 2 d, or 3 d with
0.25 mg/mL enzyme at 37 °C (Fig. 5.7). Mock reactions mean no enzyme was added,
instead the volume equivalence of buffer. The two-step reaction of 3 d incubation with
NahK/GImU, followed by 1 d incubation with OGT(C917A) was utilized to glycosylate

CKIl, IRS1, and +P2 peptides with some modifications (Fig. 5.7 and 5.8).

Optimizing for one-pot condition for O-GIcNAc and O-GIcNDAz

The one-pot reaction was optimized for O-GlcNAc-ylation using several buffer
conditions. Glycosylation reactions were performed to measure the ability of both

NahK/GImU and OGT in one step to generate UDP-GIcNAc and transfer GIcNAc to
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CKIl. Purified enzymes were incubated in indicated buffer with 25 mM GlcNAc, 30 mM

ATP, 30 mM UTP, 100 uM CKII, 0.5 mg/mL NahK/GImU and 1 yM wild-type OGT
(WtOGT) (Fig. 5.5A). Mock reactions mean no enzyme was added, instead the volume
equivalence of buffer. Reactions were also conducted with GIcNDAz and OGT(C917A)
in a one-pot condition and without (Fig. 5.6A) or with (Fig. 5.6D) 1 U inorganic
pyrophosphatase. The reaction was allowed to incubate at 37 °C for 1 d. After
incubation for 24 h, the enzymes were removed by filtration through a 10 kDa MWCO
Amicon unit (Millipore, UFC5010BK) that was centrifuged at 17000g for 10 min at room
temperature. Peptide products were analyzed using a Dionex HPLC Ultimate 3000 with
UV detection at 220 nm. Solvent systems and gradients were described previously (68).
As an alternative approach, reactions were performed to measure the ability of
glycosylation of CKIl when NahK/GImU and OGT were added in a sequential matter.
Free sugar (25 mM) GIcNDAz, 30 mM ATP, 30 mM UTP, and 0.5 mg/mL NahK/GImU
was incubated for 24 h at 37 °C without (Fig. 5.6B) or with (Fig. 5.6E) 1 U inorganic
pyrophosphatase present. Then, 100 uM CKIl, and 1 yM OGT(C917A) was added to
the reaction. The reaction was allowed to incubate at 37 °C for 1 d. After incubation for
24 h, the enzymes were removed by filtration through a 10 kDa MWCO Amicon unit
(Millipore, UFC5010BK) that was centrifuged at 17000g for 10 min at room temperature.

Peptide products were analyzed by HPLC as mentioned above.
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Mutation of NahK/GImU to increase UDP-GIcNDAz production
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Figure 5.3. NahK/GImU generates UDP-GIcNDAz. A, Reaction scheme of the bifunctional
NahK/GImU enzyme to generate UDP-GIcNDAz through chemo-enzymatic synthesis.
Synthesized GIcNDAz is converted to GIcNDAz-1-P with ATP and NahK. UTP and GImU
convert GIcNDAz to UDP-GIcNDAz. B, Structure of GImU co-crystallized with UDP-GIcNAc
(PDB:1FWY). The tyrosine 197 is in close proximity to the N-acetyl group of GIlcNAc. C,
Standard curve generated to determine the concentration of UDP-GIcNDAz yielded from the
bifunctional enzyme reaction based on the peak area. D, HPAEC trace of the bifunctional
enzyme reaction with wild-type GImU or GImU(Y197A). Data shown is a representation of a
single trial. E, Quantification of the amounts of UDP-GIcNAc (blue) and UDP-GIcNDAz (red
and green) generated from wild-type GImU or GImU(Y197A).
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The bifunctional enzyme, NahK/GImU, was recombinantly generated through

expression with E. coli, and followed by purification for His-tagged proteins. The enzyme
was exploited to generate UDP-GICNDAz (Fig. 5.3A). In efforts to increase the
production of UDP-GIcNDAz, the crystal structure of GImU complexed with UDP-
GIcNAc (PDB:1FWY) was examined (Fig. 5.3B) (120). Based on the location of the N-
acyl group of GIcNAc, | believe there may be steric hindrance for the diazirine extension
within the binding pocket of GImU. Mutation of the tyrosine 197 to alanine may
accommodate the diazirine, and result in increased yields of UDP-GICNDAz. High
performance anion exchange chromatography (HPAEC) analysis was performed to
measure production of UDP-GIcNDAz. As a control wild-type GImU was incubated with
the natural substrate, GIcNAc, and generated 330 yg UDP-GIcNAc (purple, Fig. 5.3E).
While GImU(Y197A) employment demonstrated low levels of UDP-GIcNDAz assembly
of 6 ug, the wild-type GImU exposed higher yield of product of 26 g (Fig. 5.3E). The
low generation of UDP-GICNDAz may be due to GImU(Y197A) being misfolded because
tyrosine is necessary for structure fold or activity. Circular dichroism can be employed to
determine if both wild-type and mutant enzymes contain the same protein structure and
fold properties. Additionally, the highest UDP-GIcCNDAz generated was 1/10 compared

to the UDP-GIcNAc generated from wild-type NahK/GImU.

Preliminary study to suggest two-step process for O-GIcNDAz-ylation

In efforts to demonstrate the ability of O-GIcNDAz-ylation with NahK/GImU and

OGT, a high school summer student under my supervision performed the following
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experiments. Synthesized GIcNDAz was incubated with ATP, UTP and wild-type

NahK/GImU for 3 days in the bifunctional reaction buffer (50 mM TrisHCI pH 8.0 and 10
mM MgCly,) (119). After filtering out the NahK/GImU, the production of UDP-GIcNDAz
was determined by HPAEC. UDP-GIcNDAz was generated with the addition of the

bifunctional enzyme compared to control (purple trace, Fig. 5.4A). The peak
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Figure 5.4. Preliminary experiment suggests capability of O-GIcNDAz-ylation
with NahK/GImU and OGT. A, Synthesized GIcNDAz was incubated for 3 d at 37 °C
with ATP, UTP, and with or without NahK/GImU. The enzyme was filtered out. The
samples were split into two. Half of the reaction was subjected to UV irradiation (365
nm) for 15 minutes. The samples were subjected to HPAEC analysis. B, The filtrate
from the chemo-enzymatic reaction of no NahK/GImU or plus NahK/GImU was
incubated with CKIl and wtOGT for 1 d at 37 °C. OGT and then filtered. The peptide
products were analyzed by HPLC.

corresponding to UDP-GIcNDAz was confirmed to contain a diazirine as the peak
decreased after UV irradiation treatment (orange trace, Fig. 5.4A). Next, the crude

filtrate was exposed to a glycosylation reaction with a biotinylated, well-studied O-
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GlcNAc-modified substrate, casein kinase Il (CKIl), and OGT(C917A) in the OGT

reaction buffer (20 mM TrisHCI pH 8.0, 12.6 mM MgCl,, and 20 mM B-mercaptoethanol)
(68). The production of O-GIcNDAz-ylation was analyzed by HPLC. The preliminary
result revealed 21.5% glycosylation of CKIl peptide, but the transfer reaction didn’t go to
completion (Fig. 5.4B). These data suggested NahK/GImU generated enough UDP-

GIcNDAz for glycosyltransferase activity of GICNDAz onto CKII.

One-pot reaction for O-GlcNAc-ylation of CKIll with NahK/GImU and OGT

Chen and co-workers reported the ability to construct a one-pot enzyme reaction
to glycosylate glycan substrates with terminal sialic acids, another essential sugar found
in humans (121). Currently to-date, there is no evidence of a one-pot O-GlcNAc-ylation
reaction developed. | desired to develop a similar approach as Chen by using GIcNDAz
as the starting material incubated with peptide, NahK/GImU, and OGT to generate O-
glycosylated peptides. NahK/GImU and OGT, in the wild-type form, were examined for
activity in a one-pot reaction. | chose to examine this one-pot condition with GIcNAc
because this is the preferred substrate for both enzymes (Fig. 5.5A). NahK/GImU was
reported to be active in 50 mM TrisHCI, pH 8.0 buffer containing no reducing agent
(119). OGT was active in 20 mM TrisHCI, pH 8.0, containing a high amount of reducing
agent (20 mM B-mercaptoethanol) (68). The enzymes were examined in the ideal
buffers for each along with increasing concentrations of B-mercaptoethanol (2.5 mM, 5
mM and 10 mM). GlcNAc was incubated with ATP, UTP, CKIl and NahK/GImU and

wtOGT for 24 h at 37 °C in the indicated buffer, and enzymes were filtered. The



production of O-GIcNAc-ylation was investigated by HPLC. The buffer with no reducing

agent revealed the highest yield of O-GIcNAc-ylation in the one-pot condition ranging

from 40 % to 50 % (Fig. 5.5B). While in its preferred buffer condition, OGT

demonstrated no glycosylation, but OGT demonstrated similar activity to glycosylate
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Figure 5.5. Production of O-GIcNAc-ylated CKIl peptide
through a one-pot reaction with NahK/GImU and OGT. A,
Scheme of one-pot reaction conducted with GIcNAc, ATP,
UTP, CKIl and both NahK/GImU and OGT enzymes. B, The
one-pot reaction was performed on CKIl peptide under
increasing concentrations of 3-mercaptoethanol with wild-type
forms of NahK/GImU and OGT. The enzymes were filtered and
the peptide products were analyzed by HPLC. The percentage
of peptide from the reaction was quantified by peak area under
different buffer conditions. Three independent experiments
were performed, with error bars representing standard error
mean.
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activity in the 20 mM B-mercaptoethanol buffer. To examine this possibility, the

NahK/GImU reaction can be conducted first, followed by removal of the enzyme. Then
in the same buffer as the first reaction, OGT and CKIl peptide can be incubated with the
filtrate from the first reaction to generate O-GIcNAc-modified CKII. | expect the
glycosylation percentage of CKIll to be similar in all five buffers (0, 2.5, 5, 10 and 20 mM

B-mercaptoethanol) with this new filtration addition to the protocol.

Optimizing the one-pot reaction for O-GIcNDAz using OGT(C917A)

The promising results from the one-pot O-GIcNAc-ylation led me to believe the
one-pot conditions may be utilized for O-GIcNDAz-ylation. The synthesized GIcNDAz
was incubated in a similar one-pot reaction as used for GIcNAc, replacing wild-type
OGT with OGT(C917A), the mutant form of OGT that favors O-GIcNDAz-ylation
production (68). Free GIcNDAz was incubated with ATP, UTP, CKIl, NahK/GImU and
OGT(C917A) for 24 h at 37 °C in the increasing B-mercaptoethanol buffer conditions (0,
2.5, 5, 10, and 20 mM). The enzymes were filtered, and the peptide product was
examined by HPLC. In the different conditions, there was no evidence of O-GIcNDAz-
ylation (Fig. 5.6A). Unsure if the glycosylation didn’t work because OGT(C917A) was
inactive in the one-pot or if NahK/GImU didn’t produce UDP-GIcNDAz, the one-pot
reactions were examined for generation of UDP-GIcNDAz by HPAEC. NahK/GImU was

capable of chemo-enzymatically synthesizing UDP-GIcNDAz, generating about 250 yM
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UDP-GIcNDAz (Fig. 5.6B), which is about %5 of what was generated in just the

NahK/GImU reaction along (Fig. 5.3E). The amount of GIcNDAz, ATP, and UTP used to
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Figure 5.6. Troubleshooting for O-GicNDAz-ylation of CKIl peptide. A, The CKIl
peptide was incubated in the one-pot reaction to test O-GIcNDAz-ylation under
increasing B-mercaptoethanol concentration. The reactions were filtered after 24 h
incubation and analyzed by HPLC. There was no generation of O-GIcNDAz detected
on the peptide. B, The production of UDP-GIcCNDAz was detected by HPAEC
analysis for the one-pot reaction. There is about 250 yM UDP-GIcNDAz generated in
the one-pot reaction after 24 h. C, The chemo-enzymatic reaction to generate UDP-
GlcNDAz was incubated for 24 h, then CKIl and OGT were added for another 24 h
incubation. The enzymes were filtered. The products were analyzed by HPLC. There
was no glycosylation produced in this sequential method. D, The one-pot reaction
similar to A, but with the addition of inorganic pyrophosphatase to generate more
UDP-GIcNDAz, was conducted. HPLC analysis revealed there was no glycosylation
of CKIll with the addition of the inorganic pyrophosphatase. E, A sequential method
was conducted with a 24 h chemo-enzymatic reaction with inorganic
pyrophosphatase to produce UDP-GIcNDAz, followed by addition of CKIl and
OGT(C917A) for another 24 h incubation. The peptide was analyzed by HPLC. There
was no detection of glycosylation using the sequential method with inorganic
pyrophosphatase. Experiments were conducted in duplicates. Traces shown are a
representation of one trial.
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start the reaction is 25 mM GIcNDAz and 30 mM nucleotides, and is 100-fold higher

than the amount of UDP-GIcNDAz produced. Though the bifunctional enzyme can
generate UDP-GIcNDAz in the one-pot reaction, | questioned if the amount of UDP-
GIcNDAz generated was enough for the OGT reaction. Next, | examined if the
NahK/GImU reaction needed a longer time to generate more UDP-GIcCNDAz. Therefore
in a sequential method and increasing amounts of 3-mercaptoethanol, the starting
material components of GIcNDAz, ATP, UTP, and NahK/GImU were incubated for 24 h,
then CKIl and OGT(C917A) were added and incubated for another 24 h. The enzymes
were filtered. The production of O-GIcNDAz from this sequential method was analyzed
by HPLC. The reaction condition under multiple buffer conditions did not generate O-
GIcNDAz-ylation (Fig. 5.6C). While NahK/GImU generated more than 1.5 mM UDP-
GIcNAc (data not shown) after 24 hours, the bifunctional enzyme produced 250 yM after
24 hours. It may be plausible that there is not enough UDP-GIcCNDAz generated in the
one-pot or sequential method. This hypothesis was tested by adding inorganic
pyrophosphatase, which regenerates ATP from ADP, to increase the production of
UDP-GIcNDAz, as it has been done previous with UDP-GIcNAc (119). With the addition
of inorganic pyrophosphatase in the one-pot (Fig. 5.6D) or sequential method (Fig.
5.6E), there was no glycosylation of the CKII peptide detected by HPLC. Even though
the NahK/GImU generated UDP-GIcNDAz, it is possible the UDP impurity from UTP
may be interfering with OGT(C917A). The UDP-GIcNDAz could be purified from the
reaction using HPAEC purification. Also, NahK/GImU may be interacting with

OGT(C917A) and preventing O-GIlcNDAz-ylation of CKII. To address this issue
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NahK/GImU can be removed as conducted earlier (Fig. 5.4). The method to combine

both enzymes together to generate O-GIcNDAz may not be feasible as others have also

demonstrated the need for multi-step synthesis for assembly of glycoconjugates (122).

A two-step process to O-GIcNDAz-modified peptides

In chapter 4, | demonstrated that CKIll was about 85% glycosylated when
incubated with chemically synthesized UDP-GIcNDAz and OGT(C917A) alone (Fig.
4.5B). Previously mentioned, the O-GIcNDAz was generated when the chemo-
enzymatic reaction was performed first followed by the glycosylation reaction (Fig.

5.4B). It may be key that NahK/GImU needs to be removed from the reaction before
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Figure 5.7. O-GIcNDAz-ylation requires a two-step process. A, Free GIcNDAz was
incubated with NahK/GImU, ATP, and UTP for 1 d (A), 2d (B) or 3d (C). The enzyme
was filtered and incubated with CKIl and OGT(C917A) for 1 d. OGT was filtered and
the peptide products were analyzed by HPLC. The transfer activity represented a
range of 4-14% for 1 d NahK/GImU, 2-16% for 2 d NahK/GImU, and 4- 37%
NahK/GImU for 3 d. The experiment was conducted in triplicates, but traces shown

are a representation of one trial.
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proceeding to the transferase reaction with OGT(C917A). Synthesized GIcNDAz was

incubated with ATP, UTP, and NahK/GImU for 1 d (Fig. 5.7A), 2 d (Fig. 5.7B) or 3 d
(Fig. 5.7C) at 37 °C. The enzyme was filtered from the reaction. The filtrate was
incubated with CKIl and OGT(C917A) for another 24 h at 37 °C. The glycosylation of O-
GIcNDAz on the CKII peptide was examined and confirmed by HPLC. The amount of O-
GIcNDAz generated from 1 d ranged from 4.5 — 14.7%. The 2 d incubation of
NahK/GImU produced 2 — 16% O-GIcNDAz-ylation on CKII. Finally, NahK/GImU
incubated for 3 d constructed 4 — 37% O-GIcNDAz modification on CKIl. The filtration
step between NahK/GImU and OGT(C917A) reactions was necessary for transferase
activity. These data suggested NahK/GImU is inhibiting OGT(C917A) activity. Although
the one-pot condition is ideal to generate glycosylated peptides in a cell free system, the
two-step synthesis is an alternative approach to generate the O-GIcNDAz-ylated
peptides.

| further examined the ability of the NahK/GImU and OGT(C917A) to glycosylate
O-GIcNAc-modified peptides. The studies of this two-step glycosylation reaction were
extended on additional O-GlcNAc-modified peptides to demonstrate the versatility of this
chemo-enzymatic synthesis. Two peptides chosen were +P2 from human a A crystallin
and IRS1 from insulin receptor substrate 1. Ball and co-workers demonstrated insulin
receptor substrate 1 (IRS1) to be O-GlcNAc-modified (123). Bovine A crystallin was
demonstrated to be O-GlcNAc-modified (124), and the sequence known to be O-
GlcNAc-modified demonstrated conservation to the human a A crystallin (+P2).

Peptides at 100 uM were incubated with 500 yM UDP-GIcNDAz and 1 uM
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OGT(C917A), which were similar to conditions used in chapter 4. A former post-doc in

lab demonstrated the ability of OGT(C917A) to glycosylate +P2 peptide with about 55%

A +P2 + UDP-GIcNDAz+ IRS1 + UDP-GIcNDAz+
OGT(C917A) B OGT(C917A)
O-GIcNDAz +P2
__ 0.012- 100+ IRS1
82 +P2 )
c = N
% E o ES:E O-GIcNDAzZ
22 0.008- *P2 Rum 5 £ °01 Rs1
© N +P2 Mock a8
0.006- ® N [~ \— IRS1 Rxn
) T T T T 1 0 IRS1 Mock
17 18 19 20 21 22 T T T 1
time (min) 22 tinii (min) 24 25
Two-step reaction Two-step reaction
with +P2 with IRS1
190- P2 IRS1

N
[N}
i

»

e
absorbance
220 nm (AU)

N
o
o

/\

Rl
o
CQ\O
170 o
+P2 Rxn T — . IRS1 Rxn
3 14 15 16 1

absorbance
220 nm (AU)
»
o

+P2 Mock IRS1 Mock

160
1

. 160 : ; ; . :
7 21.5 22.0 22.5 23.0 23.5 24.0

time (min) time (min)
Figure 5.8. Versatility of two-step reaction to O-GlcNDAz-modified additional
peptides. A, The glycosylation reaction was conducted with +P2, chemically
synthesized UDP-GIcNDAz, and OGT(C917A) or no enzyme for 1 d at 37 °C. The
enzyme was filtered and the peptide products were analyzed by HPLC. While the +P2
Mock reaction (green trace) demonstrated no glycosylation, the addition of
OGT(C917A) exhibited about 55% O-GIcNDAz-ylation. B, IRS1 was incubated for 1 d
at 37 °C with UDP-GIcNDAz and with or without OGT(C917A) as reaction and mock
samples. Though IRS1 Mock reaction (orange trace) revealed no glycosylation, the
addition of OGT(C917A) demonstrated O-GIcNDAz-ylation ranging from 10- 70%.
Chemo-enzymatic reactions were performed with GIcNDAz, ATP, UTP, and
NahK/GImU for 3 d, and filtered. The filtrate containing UDP-GIcNDAz was incubated
with +P2 (C) or IRS1 (D) and OGT(C917A) for 1 d. The peptide products were
examined by HPLC. +P2 exhibited 1 % O-GIcNDAz-ylation, and IRS1 revealed no
glycosylation. Experiment was performed in duplicate, and data presented are
representative results.
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O-GIcNDAz modification (Fig. 5.8A). Additionally, IRS1 peptide exhibited 10 — 70% O-

GIcNDAz-ylation under the UDP-GIcNDAz and OGT(C917A) reaction (Fig. 5.8B). These
results suggested the OGT(C917A) had a high selectivity to transfer GIcNDAz onto +P2
and IRS1. Next, | examined the ability of the peptides to be glycosylated under the two-
step process (Fig. 5.7). The chemo-enzymatic reaction was conducted with GIcCNDAz,
ATP, UTP, and NahK/GImU for 3 d. NahK/GImU was filtered, and the filtrate was
incubated with indicated peptide and OGT(C917A) for 1 d. OGT(C917A) was filtered,
and the peptide products were examined by HPLC. While +P2 demonstrated 1% O-
GIcNDAz-ylation (Fig. 5.8C), IRS1 exhibited no glycosylation (Fig. 5.8D). Though +P2
and IRS1 peptides proved to be moderate substrates for O-GIcNDAz-ylation (Fig. 5.8A
and 5.8B respectively), they didn’t reveal high glycosylation. While OGT has
demonstrated selectivity on substrate preference, through radiolabeling of purified O-
GlcNAc-modified proteins (125).

One explanation as to why CKIl, IRS1 and +P2 do not achieve the same
percentage of O-GIcNDAz-ylation could be that the leftover GIcNDAz, ATP, and UTP
from the NahK/GImU reaction. There are two possibilities that could be explored to
determine if the leftover starting materials are inhibiting transfer of GIcNDAz. First,
adding inorganic pyrophosphatase or more NahK/GImU may increase the amount of
UDP-GIcNDAz generated in the first reaction. Another test would be to purify UDP-
GIcNDAz to remove the leftover starting material. Another explanation as to why the
peptides were not glycosylated in the same percentage could be caused by differences

in enzyme efficiency for the different O-GlcNAc- modified peptide substrates. Vocadlo
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and co-workers demonstrated through kinetic analysis that OGT and OGA have

different enzyme efficiency towards different O-GIcNAc-modified protein substrates
(126). There is still troubleshooting to be considered before this chemo-enzymatic route
to glycosylate peptides can be utilized for the cell free O-GIcNDAz crosslinking

approach.

DISCUSSION

Chemo-enzymatic Studies for UDP-GIcNDAZ production

The development of a chemo-enzymatic synthesis for O-GIcNDAz-modified
biotin-tagged peptides addresses several challenges surfaced in the cell-based O-
GIcNDAz crosslinking assay. The use of UDP-GIcNDAz was the first setback, as a large
amount was needed for this project. Generally an eight-step chemical synthesis (Fig.
5.2) has been a standard way to generate nucleotide donor sugars, such as UDP-
GIcNDAz (47, 110). In efforts to bypass the severe synthesis route, | employed the
bifunctional enzyme, NahK/GImU involved in UDP-GIcNAc production. The data
revealed wild-type NahK/GImU generated higher amounts of UDP-GIcNDAz compared
to the NahK/GImU(Y197A) (Fig. 5.3E). The tyrosine residue may provide structural
integrity to GImU or be involved in the enzyme’s activity. Circular dichroism can use
employed to determine if wild-type and mutant GImU share the same protein structure

and fold characteristics.
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Generation of O-GIcNDAz-modified peptides via cell free synthesis

NahK/GImU and OGT(C917A), a form of OGT that preferred GIcNDAz, were
examined in a two-step process to test their abilities on GIcNDAz. The chemo-
enzymatic reaction was exploited with synthesized GIcNDAz, ATP, UTP, and
NahK/GImU, and the production of UDP-GIcNDAz was confirmed by HPAEC and UV
irradiation (Fig. 5.4A). The irradiation of samples with and without NahK/GImU
confirmed the peak contained a diazirine modification. The filtrate from the NahK/GImU
reaction, OGT(C917A) and CKII demonstrated ability to glycosylate CKIl with the crude
filtrate of about 20% (Fig. 5.4B). The data suggested that the leftover starting materials
or impurities from the NahK/GImU did not fully interfere with OGT(C917A)’s activity.

A method to generate O-GIcNDAz-ylated peptides was to establish a one-pot
reaction. First, | examined if both NahK/GImU and OGT were functionally in a one-pot
reaction and active toward the natural substrate GIcNAc. Both enzymes demonstrated
the ability to generate their respective product, UDP-GIcNAc and O-GIcNAc in several
different buffer conditions (Fig. 5.5B). The buffer with 0 mM B-mercaptoethanol revealed
the highest production of O-GIcNAc modification about 40 — 50%, while the other
concentrations of B-mercaptoethanol (2.5, 5, 10 and 20 mM) experienced lower
glycosylation activities. NahK/GImU generated enough UDP-GIcNAc from the one-pot
reaction to glycosylate CKIl peptide with OGT. Future work to increase O-GIcNAc-
ylation would be to add inorganic pyrophosphatase to increase the amount of UDP-

GIcNAc generated.
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Based on the positive findings from the O-GlcNAc-ylation one-pot reaction, |

attempted to construct an O-GIcNDAz-ylation one-pot reaction. The one-pot reaction
was conducted with free GICNDAz under increasing 3-mercaptoethanol concentration,
and without (Fig. 5.6A) or with (Fig. 5.6D) inorganic pyrophosphatase. By HPLC, none
of the reaction conditions appeared to transfer GIcCNDAz onto CKII. The production of
UDP-GIcNDAz was analyzed by HPAEC and revealed 250 yM UDP-GIcNDAz
consumption (Fig. 5.6B). | believed there was not enough UDP-GIcNDAz generated in
the one-pot reaction. Therefore, | expected NahK/GImU would need more time to
generate UDP-GIcNDAz. In sequential process without (Fig. 5.6C) and with (Fig. 5.6E)
inorganic pyrophosphatase, | explored the ability of OGT to transfer O-GIcNDAz to CKII.
However under several different reaction conditions, OGT(C917A) was unable to
transfer GIcNDAz (Fig. 5.6B). In the one-pot reaction, NahK/GImU proved to be active
and generated half of the amount of UDP-GIcNDAz (250 uM) of a typical OGT reaction.
The addition of inorganic pyrophosphatase did not assist in the production of O-
GIcNDAz-ylation of CKIl. Removal of NahK/GImU, ATP, and UTP may be necessary
before the OGT reaction to overcome OGT inactivity.

From the positive findings of the two-step methodology, | further explored the
variability of this methodology on other O-GlcNAc-modified peptides. | examined the
efficiency of O-GIcNDAz-ylation with NahK/GImU reacting under different time duration
(1d,2d, and 3 d) (Fig. 5.7). All of the two-step reactions exhibited variable low range of
4 — 37 % glycosylation independent of the NahK/GImU time duration. It might be

necessary to examine the production of UDP-GIcNDAz by HPAEC analysis to determine
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how much is generated before continuing onto the transferase reaction. If UDP-

GIcNDAz production is lower than 200 uM, | believe the transferase reaction would not
work because there is not enough nucleotide donor sugar compared to the GIcNDAz
and nucleotide starting materials. If more UDP-GIcNDAz is required, | suggest the
employment of inorganic pyrophosphatase to increase production.

Other O-GIcNAc-modified peptides, such as +P2 and IRS1, were studied for
further versatility of the two-step process for O-GIcNDAz-ylation. While +P2 revealed
1% O-GIcNDAz-ylation, IRS1 exhibited no glycosylation. When OGT(C917A) was given
synthesized UDP-GIcNDAz and peptide, it demonstrated ability to glycosylate 85% CKII
(Fig. 4.5B), 55% +P2 (Fig. 5.8A), and 10 — 70% IRS1 (Fig. 5.8B). However, the two-step
process revealed low glycosylation for all three peptides, which may be due to low
levels of UDP-GICNDAz. As stated earlier, there are several methods to increase O-
GIcNDAz-ylation, more NahK/GImU and inorganic pyrophosphatase, as well as
purification of UDP-GICNDAz may assist in increasing OGT activity. Since OGT exhibits
diverse enzyme efficiency on different substrates, | would believe not every O-GIcNAc-
modified peptide would be fully O-GIcNDAz-modified. | suggest adjustment of the
peptide, OGT(C917A) or UDP-GIcNDAz concentrations may assist to increase O-

GIcNDAz-ylation production.
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Future work for the development towards a versatile GIcNDAZz technology

Once the glycosylation reaction is optimized to produce at least a 50% yield of O-
GIcNDAz-ylated peptide, the complementary cell free O-GIcNDAz crosslinking method
can be employed to identify binding partners of O-GlcNAc-modified proteins. The cell
free O-GIcNDAZz crosslinking assay will be conducted as follows (Fig. 5.9). Biotin-tagged
peptides will be incubated with UDP-GIcNDAz and OGT(C917A) to create high yields of
O-GIcNDAz-modified peptides. These glycosylated peptides will be incubated with

mammalian cell lysate and crosslinked to capture potential binding partners.
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Figure 5.9. Methodology to improve O-GlcNDAz-ylation technology via cell free
approach. Biotinylated peptides derived from O-GlcNAc modified proteins are
glycosylated with O-GIcNDAz using OGT or no enzyme for control. The unmodified
and modified peptides are incubated with lysate and crosslinked. Crosslinking of the
peptide to proteins is confirmed by immunoblot for biotin. A new band in the
glycosylated peptide-treated sample would appear which corresponds to the
crosslinking of the peptide to an unknown protein. The crosslinked complex is
enriched using streptavidin purification. The binding partners are released and
identified by proteomics analysis. These potential candidates are confirmed through
the cell-based assay.
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Streptavidin purification will be employed to purify the crosslinked complexes containing

the biotin-tagged, O-GIcNDAz-modified peptide. Analysis of crosslinking will be
examined by immunoblot probing for biotin, which recognizes the tag on the peptide.
Samples treated with glycosylated peptides compared to unmodified peptides will reveal
a higher molecular weight band, which corresponds to crosslinking of the O-GIcNDAz-
modified peptide to an unknown binding partner. This new band will be intensified in the
streptavidin treated sample to demonstrate an enrichment of crosslinking. After
enrichment of the purification, OGA(C215A) is incubated with the enriched material to
hydrolyze GIcNDAz crosslinked to binding partners. The released samples will be
digested and submitted for proteomic analysis to identify the potential binding partners
of the O-GIcNAc-ylated peptide. These candidates corresponding to potential binding
partners will be confirmed using the cell-based O-GIcNDAz crosslinking assay and
studied for their functional importance in homeostasis or disease settings.

As mentioned in previous chapters, NUP98 and leukemogenic NUP98 fusions
are an interesting set of proteins to study, as the functional importance of O-GlcNAc on
these proteins has not been exclusively determined in protein-protein interactions. To
study this problem, | suggest identifying O-GIcNAc-modified residues on both NUP98
and NUP98 fusions through proteomics and confirming by the GIcNAz labeling. Once
the sequence is confirmed, biotin-tagged peptides will be generated and employed into
the cell free O-GIcNDAz crosslinking assay. There may be similar binding partners
identified because both proteins encoded the N-terminus FG repeat regions that are

known to be heavily O-GlcNAc-modified. However, there may also be different partners
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due to the locations of nuclear pore based NUP98 and the nuclei based NUP98 fusions.

The study of these interactions may provide insight into the transformation of normal

state to leukemia state of the cell.
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