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Strategies to dissect O-GlcNAc Transferase biochemistry in vitro and in cells

Abstract
In this dissertation, I develop tools to allow us to understand how O-GlcNAc Transferase
(OGT) recognizes its substrates and to separate OGT’s catalytic functions in a cellular
context. In the introduction, I introduce OGT’s multiple catalytic activities and examine
why they are necessary for mammalian cell survival. In the second chapter, I use targeted
and high-throughput methods to determine the role of OGT’s N-terminal tetratricopeptide
repeat (TPR) domain in substrate selection. I demonstrate that the majority of substrate are
bound in the lumen of this superhelical domain, with conserved Asn binding the peptide
backbone and key Asp residues playing a selectivity-determining role. In the third chapter, I
develop a system for replacing OGT with enzyme variants in living cells; this system allows
me to conclude that O-GlcNAc transfer to Ser/Thr, not HCF-1 cleavage, is essential for cell
viability. Together, these chapters present methods that can be applied for both further
biochemical studies of OGT substrate selection as well as future OGT structure-function
studies in cells. Last, I present an appendix on by-residue conservation of OGT that may
guide such future studies.
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Chapter 1

Introduction to O-GlcNAc
Transferase⇤
1.1

Protein modification expands the functionality of the human
proteome

The human genome contains approximately 20,000 protein-coding genes. 2–4 During the
process of transcribing and translating these genes from DNA to protein, 5 the genetic code
expands from the 4-letter chemical alphabet of DNA and RNA to the 20-letter alphabet of
canonical amino acids. This increase in alphabet size is accompanied by a much greater
variety in chemical functionality (Figure 1.1). 6 The expanded functionality allows proteins
to fold into a wide range of three-dimensional structures, interact with each other and other
cellular components in a specific manner, and move in dynamic ways to catalyze the chemical
reactions that make up life. With the chemical complexity afforded by rearranging these
20 building blocks, nature has built machines that range in size from single kilodaltons 7
to megadaltons, 8 and carry out functions that vary in scale from channels selectively
⇤ Note: substantial portions of this chapter were published as Levine, Z.G.; Walker, S.; Ann. Rev. Biochem.
“The Biochemistry of O-GlcNAc Transferase: Which Functions Make It Essential in Mammalian Cells?” (2016)
85, 631-657
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Figure 1.1: Amino acids have an expanded set of chemical functionality relative to nucleotides
A) DNA and RNA both consist of an anionic phosphate-sugar backbone that is used to display four
different nucleobases, adenine/guanine/cytidine/thymine in DNA, with thymine being replaced by
uracil in RNA. These bases present amide and heterocycle functionality but lack charge outside the
phosphate backbone at physiological pH.
B) The 20 canonical amino acids present a broad range of functionality compared to nucleotides,
with multiple positively and negatively charge groups, as well as both aromatic and non-aromatic
hydrophobic groups, amides, and nucleophiles such as thiols and hydroxyls. This array of functionality is presented off of a neutral amide backbone that takes up significantly less of a polypeptide’s
volume than the sugar-phosphate backbone of DNA and RNA.
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transporting sub-nanometer-sized ions and metabolites into cells to motors that allow the
muscle contractions necessary for a whale to swim through the ocean. 6
The sequence of amino acid residues that makes up a protein serves at least three distinct
functions: it encodes the chemical interactions necessary for a protein to fold into its mature
three-dimensional shape, 9,10 it encodes the interactions necessary for it to retain its final
structure, and it encodes the chemical functionality necessary for the protein to carry out its
role, whether that role is binding another macromolecule or catalyzing a chemical reaction. 11
Sometimes, the interactions necessary to fold into a stable three dimensional structure are at
odds with those required to carry out a function. 11 In order to satisfy both structural and
functional requirements, nature often turns to the use of protein modifications that are not
directly encoded within the genetic code for a given polypeptide.
One class of modifications are those involved in maturation of a polypeptide (Figure
1.2). These modifications happen either as the protein is being produced by the ribosome or
shortly thereafter, and are required in order for a protein to be functional. In some instances,
these modifications consist of adding chemical functionality; one example of this is the
cotranslational N-linked glycosylation of proteins in the endoplasmic reticulum (Figure
1.2A), which aids in the folding of the polypeptide both directly through glycan-protein
interactions and indirectly by acting as a modifiable code to sense whether a protein has
acheived a folded state. 12 Other modifications involve proteolysis of the peptide chain after a
certain degree of protein folding; 13,14 these events allow a protein to fold as a single peptide
chain, but then be cut to enable further degrees of freedom or functional conformations that
might not be achievable as a single polypeptide. 15–18 Both of these types of modifications
expand the chemical functionality of a protein beyond its encoded amino acids to partially
separate the constraints of folding and function.
Another class of modifications is those post-translational modifications (PTMs) that occur
on already mature proteins in order to alter their function. 19 Transcribing DNA into RNA
and translating RNA into proteins are often slow processes, requiring seconds to minutes to
transcribe a gene a single time and minutes to hours to translate it. 20 In order to coordinate

3

Figure 1.2: Modification of proteins can play a role in the maturation of a polypeptide
A) N-linked glycosylation is an example of a modification of proteins that occurs co-translationally,
and acts as both a sensor of folding status and a scaffold to aid in peptide folding. Glucose residues
are trimmed in response to folding status and act as a signal for chaperone interaction. Blue ovals in
cytosol are ribosomes, red represents, left to right, the nascent chain coming off of the ribosome, a
still-folding polypeptide, and a fully folded protein.
B) Proteolytic maturation of proteins allows a protein to act as its own tethered folding catalyst
before being split, allow both pieces to either separate or act in concert but with reduced topological
constraints. The two colors represent two halves of the same protein before and after proteolysis.

molecular functions across cellular, tissue, and organismal levels biology needs to be able
to modify these functions in ways that don’t require the synthesis of new proteins, thus
reducing energy costs and allowing large changes in seconds to minutes. 21 Post-translational
modification of a protein is one way to carry out rapid changes in protein function. Amino
acids can be modified in ways that append new groups to alter local chemical functionality
(Figure 1.3), 22,23 leading to conformational change, 24 protein activation, 21 degradation, 21
or shuttling to a new subcellular location. 25,26 The rates of these modifications can be on
the timescale of seconds, 21 allowing rapid response to changes in cellular status. Many of
these modifications are reversible (Figure 1.3A), 27 allowing a cell to recycle a protein to its
pre-modification state and thus give a key molecular function an "on/off” switch; others,
such as proteolysis, are irreversible (Figure 1.3B), allowing a permanent change in function
of a protein in response to a signal. 28 These PTMs can thus change the chemical letters that
make up a protein once it is already in a mature fold, imparting potentially drastic changes
in functionality using chemical groups that are often not available within the canonical 20
amino acids.
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Figure 1.3: Post-translational modifications alter chemical functionality in response to cellular status
A) Reversible PTMs, such as phosphorylation, methylation, ubiquitination (Ub), and acetylation all
alter the local chemical environment by altering charge or steric bulk. This change can be reversed
by a different enzyme, letting the protein can be recycled back to its prior state.
B) Irreversible PTMs, such as proteolysis or citrullination, change the local chemical environment of
a protein in a way that cannot change without replacing the protein.

1.2

OGT catalyzes two distinct post-translational modifications

One particularly common type of post-translational modification of proteins is glycosylation. 29 Canonically, glycosylation in eukaryotes is thought of as a modification that occurs
in the secretory pathway (Figure 1.4). 21,29 N-linked glycosylation on Asn residues occurs
co-translationally in the ER and the complex glycan structures are further tailored in the
Golgi apparatus en route to the lumenal sides of organelles or the extracellular side of the
plasma membrane, where glycoproteins are either secreted or remain bound to the cell as
part of the complex array of glycans that make up the glycocalyx. 29 O-linked glycosylation
on Ser or Thr residues also occurs in these compartments, with these modifications often
being tailored to produce elaborate, multisaccharide entities. 29
In contrast, glycosylation was long thought to be absent from the nucleus and cytoplasm.
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Figure 1.4: O-GlcNAc is distinct from cannonical secretory glycosylation
Glycosylation canonically occurs in the secretory pathway, with N-linked and O-linked glycans often
being elaborated into multi-sugar structures and destined for the extracellular face of the cell or the
lumenal side of organelles (represented by the branching colored circles and squares). In contrast,
O-GlcNAc is present on nuclear and cytoplasmic proteins (brown).

This changed in the mid 1980s with the discovery of O-linked N-acetylglucosamine, or OGlcNAc, on numerous nuclear and cytoplasmic proteins. 29–31 This modification, which was
initially found on the FG repeat nucleoporins that make up the permeability barrier of the
nuclear pore, was subsequently found on diverse nuclear and cytoplasmic proteins (Figure
1.5), the list of which has expanded to number in the thousands. 32,33 This modification
remained a monosaccharide, without elaboration into longer sugar structures, 29 and was
found to turn over within the lifetime of a protein, suggesting it was reversible. 34–36
In the late 1990s, the enzyme responsible for adding O-GlcNAc was isolated, and named
O-GlcNAc Transferase, or OGT for short. 37,38 OGT remains the sole enzyme known to
be responsible for all nucleocytoplasmic and mitochondrial O-GlcNAc, while there is a
single glycosylhydrolase, termed O-GlcNAcase or OGA, that is responsible for removing
the PTM. 39 Together, these enzymes control levels of O-GlcNAc on a hugely diverse array
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Figure 1.5: O-GlcNAc is on diverse proteins
O-GlcNAc is present on diverse proteins, including the FG repeat region of multiple nucleoporins,
numerous transcription factors, the regulatory C-terminal domain of RNA polymerase II, mitochondrial proteins both in the mitochondrial matrix and on the organelle surface, signalling and metabolic
enzymes, and cytoskeletal proteins including vimentin, cytokeratins, and actin.

of substrates (Figure 1.6A).
Recently, OGT was found to catalyze a second PTM: the proteolytic maturation of
the transcriptional co-regulator host cell factor 1 (HCF-1). 40–42 HCF-1 is synthesized as a
more than 200 kDa polypeptide that translocates to the nucleus where it is cleaved at a
series of conserved repeats, producing two distinct N and C-terminal polypeptides that are
thought to remain self-associated. 16,18,43–48 This cleavage is required for a subset of HCF-1’s
biochemical activities, whereby HCF-1 regulates chromatin structure, 49–51 transcription, 52–55 ,
and progression through the cell cycle. 56 This cleavage, therefore, is thought to be an
important part of producing mature HCF-1; however, for many years the protease was
unknown. Recently, it was discovered that OGT carried out this transformation 40,41 in the
same active site as Ser/Thr glycosylation 42 via a novel glutamate glycosylation mechanism
that led to net proteolysis (Figure 1.6B). 57 This discovery expanded OGT’s roles from acting
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Figure 1.6: Catalytic activities of O-GlcNAc Transferase
A) OGT (grey and purple cartoon) transfers GlcNAc from UDP to side chains of Ser and Thr residues
with inversion of configuration at the anomeric center from a linked to phosphate to b-linked to
the side chain hydroxyl. OGA can remove O-GlcNAc via hydrolysis, setting up dynamic cycling.
UDP-GlcNAc structure is shown in inset.
B) OGT also catalyzes the UDP-GlcNAc-dependent cleavage of HCF-1 (blue and orange) at one of
several centrally located proteolytic repeats (yellow). Cleavage occurs at the amide bond preceding
a conserved glutamate and results in formation of a C-terminal cleavage product containing an
N-terminal pyroglutamate. The cleaved fragments remain noncovalently associated.

as the sole "writer” of the reversible O-GlcNAc PTM to also serving as the originator of the
irreversible HCF-1 proteolysis modification.
OGT is essential for dividing mammalian cell proliferation 58–61 and highly conserved
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both across metazoans⇤ and within the human population. 62 Subtle mutations in OGT lead
to X-linked intellectual disability, 63–66 while perturbed O-GlcNAc levels are seen in a host of
human diseases including multiple forms of cancer, 67–74 type II diabetes, 75 cardiovascular
disease, 76 Parkinson’s disease, 77–79 and Alzheimer’s disease. 80 These correlations between OGlcNAc and disease have led to interest in manipulating this PTM for therapeutic benefit; 81,82
however, the precise roles of OGT in overall cellular physiology remain enigmatic, leading
to limited clarity as to whether these manipulations will alter disease biology.

1.3

Nuclear and cytoplasmic UDP-GlcNAc levels are sensitive to
nutrient levels

OGT biology cannot be understood without an overview of the hexosamine biosynthetic
pathway (HBP, Figure 1.7), which produces uridine-diphospho-GlcNAc (UDP-GlcNAc), 83,84
the substrate required for both O-GlcNAcylation 85 and HCF-1 cleavage 40 (Figure 1.7). Approximately 2–5% of cellular glucose enters the HBP via its rate-limiting enzyme, glutaminefructose amidotransferase (GFAT). 86 The final product, UDP-GlcNAc, combines elements
from glutamine and glucose with building blocks from fatty acid metabolism and nucleotide
biosynthesis. 39 UDP-GlcNAc levels are responsive to flux through these various areas of
metabolism. 87–89 It has thus been posited that levels of UDP-GlcNAc can act as a proxy
for overall nutrient availability in the cell. OGT is proposed to respond directly to UDPGlcNAc levels (via mechanisms discussed below, section 1.4.1), and the responsiveness of
the HBP pathway to glucose is thought to be an important component of OGT’s cellular
biochemistry. The responsiveness of the pathway was challenged, however, on the basis of
measurements showing that total cellular UDP-GlcNAc levels vary only twofold in response
to a physiologically relevant range of extracellular glucose concentrations (between 1 and 25
mM). 90 These measurements were of total cellular UDP-GlcNAc levels, and it is possible
that a larger dynamic range would be observed in the cytosol and/or nucleus. UDP-GlcNAc
⇤ See

Appendix A
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Figure 1.7: Hexosamine biosynthetic pathway
Glucose transported into the cell is phosphorylated by hexokinase (HK) to give glucose-6-phosphate,
which is isomerized to fructose-6-phosphate. Most of the glucose-6-phosphate enters the glycolytic
pathway or other biosynthetic pathways, but approximately 2% enters the hexosamine biosynthetic
pathway (HBP) and is transaminated by glutamine:fructose-6-phosphate amidotransferase (GFAT)
to produce glucosamine-6-phosphate (GlcN-6-P). GlcN-6-P is acetylated by the acetyltransferase
EMeg32 using fatty acid biosynthesis-derived acetyl coenzyme A (CoASAc; free CoA is CoASH) to
produce N-acetylglucosamine-6-phosphate (GlcNAc-6-P), which is isomerized by phosphoGlcNAc
mutase (PGM) to GlcNAc-1-phosphate (GlcNAc-1-P). UDP-GlcNAc pyrophosphorylase (UGPi)
transfers uridine diphosphate (UDP) from uridine triphosphate (UTP), producing UDP-GlcNAc
and inorganic pyrophosphate (PPi). UDP-GlcNAc is then transported (as is or after conversion to
other nucleotide sugars) to the endoplasmic reticulum (ER) and the Golgi apparatus to be used for
complex glycan biosynthesis, used for the cytoplasmic synthesis of precursors of N-linked glycans,
or used by OGT for O-GlcNAc addition to proteins. The O-GlcNAc moieties can be removed by
the glycosyl hydrolase OGA, whereupon the GlcNAc released can re-enter the HBP via a salvage
pathway using GlcNAc kinase (NAGK) and adenosine triphosphate (ATP).

does not freely pass through membranes (although it can diffuse through the nuclear pore),
and it is actively transported into the endoplasmic reticulum (ER) and Golgi apparatus for
10

use in glycan biosynthesis. Active transport is estimated to concentrate UDP-GlcNAc in
these compartments up to 30 times. The transporters have a Km for UDP-GlcNAc in the
1–3 micromolar range, use uridine monophosphate export from these compartments as a
driving force, and show saturable kinetics. 91 At low cellular concentrations of UDP-GlcNAc,
the majority of the metabolite should accumulate in the Golgi apparatus and ER, leaving
low cytosolic concentrations. At high cellular concentrations, the transporter may saturate,
leading to a larger proportion of the cellular pool of UDP-GlcNAc in the cytoplasm, with
the concentration limited by allosteric inhibition of GFAT by UDP-GlcNAc. 86 If correct, this
analysis would imply that nuclear and cytoplasmic levels of UDP-GlcNAc may vary more
widely than those of overall cellular pools, with estimates ranging from low single-digit
micromolar to as high as 30–40 micromolar concentrations. 92

1.4
1.4.1

Structure of OGT and mechanisms of catalysis
OGT is solely responsible for O-GlcNAc transfer

OGT was first isolated in 1992 from rat liver 95 and cloned half a decade later. 37,38 The gene,
located on the X chromosome, 96 encodes a protein consisting of two major domains (Figure
1.8). The N-terminal domain comprises a series of tetratricopeptide repeats (TPRs), which
vary in number depending on the organism. 37,38 TPRs are helix-turn-helix motifs that are
commonly involved in mediating protein–protein interactions. 97–99 Full-length human OGT
(termed ncOGT for nuclear and cytoplasmic OGT) has 13 complete TPR repeats, but 2 other
isoforms are produced, one with an alternatively spliced N-terminal mitochondrial-targeting
sequence and 9 complete TPRs, and a shorter isoform termed sOGT that only has 2.5 TPRs
(Figure 1.8). 96 A structure of the TPR domain containing 11.5 repeats was solved in 2004 and
showed that the individual repeats form an elegant right-handed superhelix (Figure 1.9A). 93
This superhelix was found to crystallize as a homodimer with extensive intermolecular
contacts between TPRs 6 and 7 (Figure 1.9A). Mutation of interfacial residues abrogated
OGT dimerization in solution. 93 The C terminus of OGT contains the catalytic domain,
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Figure 1.8: Domain organization of OGT
Schematic of O-linked N-acetylglucosamine transferase (OGT) showing the N-terminal tetratricopeptide repeats (TPR) domain and the C-terminal catalytic domain. The TPRs, shown in gray, consist of
a repeating antiparallel helix-turn-helix motif. There are three different isoforms of OGT (ncOGT,
mOGT, sOGT) that differ in the number of TPRs. ncOGT has 13 full TPRs, mOGT has 9, and sOGT
has 2; the N terminus of each isoform is labeled with a residue number corresponding to the number
in full-length OGT (ncOGT). The catalytic domain consists of three regions: an N-terminal catalytic
lobe (N-Cat, blue), a C-terminal catalytic region (C-Cat, red), and an intervening domain (Int-D,
green).

and the structure of a construct containing this domain as well as 4.5 TPRs was solved in
2011. 100 Consistent with early predictions based on sequence similarities between OGT and
a bacterial glycosyltransferase for which a structure had been reported, 101,102 the catalytic
domain of OGT was found to contain two lobes, each having a Rossmann fold (N-Cat and
C-Cat, Figure 1.9B). 103 A bacterial ortholog of OGT was found to have a catalytic domain
with a similar fold. 104,105 OGT belongs to what is now known as the GT-B superfamily of
glycosyltransferases, which have been well described elsewhere. 106,107 Compared with other
members of this vast family, OGT has some distinctive features. 100,108 The most striking is a
structurally unique intervening domain (Int-D) that packs against the C-terminal catalytic
lobe (Figure 1.9B). The function of Int-D is unknown, but it contains an unusually large
number of surface-exposed basic residues, suggesting a role in interacting with negatively
charged membranes or perhaps nucleic acids. 100 Indeed, it has been proposed that OGT
may be recruited to membranes via binding to phosphatidylinositol (3,4,5)–triphosphate
12

Figure 1.9: Structure of OGT
A) The structure of a dimer of the TPR domain of OGT from TPR 1 through TPR 11.5 with the helices
shown as cylinders (Protein Data Bank (PDB) 1W3B). 93 The gray monomer is shown with all 11.5
TPRs depicted, whereas 1.5 TPRs have been removed from the yellow monomer for clarity. The N
and C termini are labeled, and the dimer interface is indicated. The five C-terminal a-helices in the
monomer shown in gray are also part of the construct used for the catalytic domain crystal structure
(panel C), enabling a complete model of the OGT structure to be built.
B) The structure of the catalytic domain of OGT shown in ribbon representation with the domains
colored as in the schematic shown in panel a (PDB 4GYW). 94 Both catalytic lobes have Rossmann
folds, as is characteristic of GT-B type glycosyltransferases. The intervening domain (green) packs
against the C-terminal catalytic lobe. This domain is not found in other GT-B type glycosyltransferases
and its function is unknown. The catalytic domain contains bound uridine diphosphate (UDP, atoms
shown as purple spheres) and an O-GlcNAc peptide (glycoCKII, shown in yellow sticks).

(PIP3 ). 109 No structure-function studies have addressed the role of this domain either in
vitro or in cells.

1.4.2

Structural and biochemical determinants of O-GlcNAc transfer

OGT is best known for its role in glycosylating nuclear and cytoplasmic proteins. Structural studies of the catalytic domain bound to substrates, substrate analogs, and products 94,100,110,111 have provided a detailed view of the reaction trajectory. OGT is a metal
ion–independent glycosyltransferase. 106 As with other GT-B family members, the binding
site for the UDP portion of UDP-GlcNAc is located primarily in the C-terminal lobe, and
one of the phosphate oxygens is anchored near the N-terminus of an a-helix via a series of
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H-bonds from the exposed backbone amide nitrogens. The UDP binding mode is different
from that found in canonical GT-B family members because it is the anomeric b-phosphate
that is anchored in this manner 100 rather than the a-phosphate. 107 These interactions result in precise positioning of the phosphate group, and electrostatic interactions with the
helix dipole contribute favorably to binding (Figure 1.10A). The GlcNAc portion of the
substrate extends into the N-terminal catalytic domain. The peptide substrate binds over
the nucleotide sugar, forming an extensive interaction interface. Notably, a hydrogen bond
between one of the a-phosphate oxygens and the backbone amide hydrogen of the incoming
nucleophilic amino acid results in a close approach of the side chain to the anomeric carbon
(Figure 1.10A). Consistent with the structural picture, OGT operates via an ordered bi-bi
kinetic mechanism in which UDP-GlcNAc binds first and the peptide substrate binds next
before the reaction occurs. 100
OGT substrates lack a strong consensus motif for glycosylation, an observation readily
explained by the crystal structures. 100,111,112 The majority of direct OGT–peptide interactions
are with the peptide backbone: the amide nitrogen of Lys634 and the side chains of His496
and His558 form hydrogen-bonds with the peptide backbone carbonyls at residues +1, +3,
and –1 (relative to the acceptor serine or threonine). 100 Peptide side chains occupy large
pockets that contain crystallographically ordered water molecules that could be displaced to
accommodate larger substrates. Despite the lack of a strict consensus sequence, preferences
for particular amino acids have been identified for the –3 to +2 residues of the acceptor
peptide. 100,111–113 Some of these preferences, such as the bias for proline and b-branched
amino acids in the –2 and –1 sites, may partly be explained by the requirement for an
extended backbone conformation of the peptide in the active site. 100 The –3 residue sits
in a small pocket, one part of which is formed by the uracil ring of the sugar donor; this
position creates a bias toward medium-sized hydrophobic residues. Small amino acids such
as alanine or serine are preferred in the +2 site based on both crystallographic evidence and
biochemical data on the effects of residue substitutions in peptide activity assays. 100,111–113
As an inverting glycosyltransferase, OGT catalyzes the formation of a b-glycosidic bond
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Figure 1.10: Structural studies of O-GlcNAc transfer
A) A cropped view of a ternary complex of the catalytic domain of OGT UDP-5S-GlcNAc and the
CKII acceptor peptide. One of the oxygens of the anomeric (b)-phosphate of UDP-5S-GlcNAc forms
hydrogen bonds with the exposed amides at the N-terminus of the helix formed by 920–929 (green
ribbon; the peptide backbone at the N terminus is depicted). Another phosphate oxygen contacts
the side chain of Lys842 (purple). These contacts help anchor the substrate and activate the leaving
group. The peptide acceptor binds after the nucleotide sugar. The CKII acceptor peptide (carbon
atoms in yellow) binds above UDP-5S-GlcNAc (carbon atoms in cyan), forming a crucial, 2.8 Å
hydrogen bond with the amide of the acceptor residue (normally Ser or Thr, but Ala in the structure
to prevent reaction). Hydrogen bonds are depicted as black dashes (PDB 4GYY). 94
B) A cropped view showing the superposition of substrates (cyan/light blue; PDB 4GYY) and
products (yellow; PDB 4GZ3) 94 in two OGT crystal structures. A portion of helix 920–929 is shown
as a dark blue cylinder. The UDP moieties are almost perfectly superimposed and so the yellow
sticks of UDP from the product complex are not visible. The superposition emphasizes the point
that the largest changes occur in the GlcNAc sugar, which has rotated up toward the peptide. The
C2-N-acetyl group has also rotated so that the amide forms a hydrogen bond to the leaving group
oxygen, stabilizing the negative charge.

between the sugar and the peptide with displacement of the UDP leaving group. The
leaving group is stabilized by contacts between the phosphate oxygen to the N terminus of
an a-helix, as mentioned above, and also by an interaction with the side chain of Lys842.
Analysis of product complexes suggests that additional contacts form to a threonine side
chain of one of the helical residues during the reaction. Furthermore, the C2–N bond of
the sugar donor rotates during the reaction to form a hydrogen bond from the N–H to
the leaving group phosphate (Figure 1.10B), with the new acetamide rotamer stabilized by
a contact between the carbonyl oxygen and His498. Biochemical studies have confirmed
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the importance of the C2-amide in donor selectivity. 94 A computational study has also
suggested that this interaction makes an important contribution to catalysis, and similar
acetamide to b-phosphate contacts have been observed in ternary complexes of other
glycosyltransferases. 114,115 A notable feature of the OGT crystal structures is the presence
of an ordered water molecule directly above the sugar. Despite the proximity of this
water molecule to the anomeric carbon, glycosyltransfer to a peptide substrate is favored
over transfer to water. The H-bond between the amide of the reacting amino acid and
the a-phosphate of the donor sugar may promote glycosyltransfer in two ways: first, by
bringing the nucleophilic side chain of the reacting amino acid close to anomeric carbon so
that it is precisely aligned for reaction; and second, by further activating the UDP leaving
group. 94,100 A comparison of ternary substrate analog and ternary product complexes shows
that the UDP leaving group and the peptide move very little, whereas the sugar undergoes
a substantial displacement in forming the new glycosidic bond (Figure 1.10B). 94,110 These
observations suggest that OGT uses an electrophilic migration mechanism in which an
oxocarbenium ion–like intermediate moves away from the leaving group and up to the
nucleophile in the course of the reaction. 94
The crystal structures and computational studies have provided detailed information on
how the leaving group is stabilized but have not clarified how the incoming nucleophile is
activated. Before structural information of human OGT was available, His558 was proposed
to be the catalytic base, 104,105 but this hypothesis was ruled out after the first structures
of OGT revealed that this residue is involved in binding the backbone carbonyl of the
–1 residue. 100 His498 was then suggested to be the catalytic base because it was the only
residue that was reasonably close to the serine hydroxyl in a ternary complex containing
UDP and a peptide substrate. 100 Subsequent structures containing a UDP-GlcNAc analog
and a peptide substrate showed that His498 was not close to the serine hydroxyl when
the sugar was present; moreover, mutating His498 to a nonbasic residue resulted in only a
moderate loss in activity. 94,110 Because no protein side chains were reasonable candidates
for a catalytic base, two alternative mechanisms for how the nucleophile is activated have
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been proposed. In one, the a-phosphate of UDP is proposed to act as the catalytic base
(Figure 1.11A) on the basis of its unusual orientation relative to other sugar nucleotides
bound in GT-B crystal structures. 110 Nuclear magnetic resonance studies have shown a
pKa of approximately 6.4 for the UDP-GlcNAc pyrophosphoryl group in aqueous buffer,
making it a plausible catalytic base. 110,116 Furthermore, several lines of evidence suggest
that the anomeric b-phosphate can act as a base in the case of retaining glycosyltransferases
that use a S N i-like mechanism. 117–120 Studies on diastereomeric thiophosphate analogs of
UDP-GlcNAc have shown that only the SP diastereomer is capable of reacting; these results
were taken as evidence for the proposed mechanism. 110 However, because the relevant
oxygen also engages in a critical hydrogen bond with the acceptor serine amide, the effects
of its substitution with sulfur should be interpreted with caution.

Figure 1.11: Proposed mechanisms for proton removal in O-GlcNAc transfer
A) One proposed mechanism for deprotonation of the nucleophilic hydroxyl during OGT-catalyzed
glycosylation. In this mechanism, the a-phosphate acts as a catalytic base to remove the proton.
B) An alternative mechanism for deprotonation of the nucleophilic hydroxyl during OGT-catalyzed
glycosylation. In this mechanism, two ordered water molecules above the sugar translocate the
proton to the side chain of Asp554.

In an alternative mechanism, the a-phosphate was rejected as a catalytic base because the
hydrogen bond to the acceptor serine amide would be expected to attenuate the basicity of
the pyrophosphoryl group considerably. 94 Instead, a Grotthüss-type mechanism to shuttle
the proton out of the active site via a short network of ordered water molecules was
proposed; Asp554 was identified as the acceptor that facilitates proton transfer to bulk
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water (Figure 1.11B). Mutation of Asp554 to Asn reduced but did not abolish catalytic
activity, raising questions about whether this side chain acts as a catalytic base; 110 however,
reduced activity would be consistent with a mechanism whereby Asp554 facilitates proton
translocation. A computational study investigating these mechanisms concluded that the
a-phosphate acting as the base was the lowest energy path for catalysis, but it should be
noted that the hydrogen bond from the phosphate to the acceptor serine amide was not
included in the quantum mechanical calculation region. 121
Shedding some light on this question, a recent study using hybrid glycosylation substrates that position a Ser acceptor residue using the TPR-bound threonine-rich region of
the HCF-1 cleavage repeat (see below, Section 1.5.2) were glycosylated efficiently even in
the presence of either a mutated Asp554 residue or the thiophosphoate analog that had
inhibited glycosylation in earlier studies. 122 Notably, glycosylation was abolished when the
appropriate thiophosphate diastereomer was combined with a mutated Asp554 residue,
which the authors took to suggest both mechanisms playing a role in OGT catalysis. This
study does not address whether the observed effect could be due to impaired hydrogen
bonding to the substrate peptide backbone increasing the necessity for Asp554-mediated
proton shuttling rather than the simultaneous use of two mechanisms of basicity. Further
experiments are needed to clarify the mechanism by which the hydroxyl proton is removed
during glycosylation; nevertheless, the consensus is clear that there is no side chain base in
the immediate vicinity of the acceptor residue in the active site. 94,110
OGT is proposed to act as a nutrient sensor primarily via modulation of protein OGlcNAc levels in response to cellular concentrations of UDP-GlcNAc. In vitro studies have
shown that the Km for UDP-GlcNAc varies depending on the protein substrate, ranging
from approximately 1 µM for the highly glycosylated nuclear pore component Nup62 123,124
to approximately 25 µM for kinase CaMKIV and arginine methyltransferase CARM1. 124
The extensive contacts observed in the crystal structures between the sugar donor and the
peptide substrate may partly explain this phenomenon. 123–125 Notably, the Km s measured
in vitro span the approximate range of concentrations expected for cytosolic and nuclear
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UDP-GlcNAc, 88,92,126 which suggests that at low UDP-GlcNAc levels only the better OGT
substrates compete effectively for the sugar donor with N-linked glycosylation 127 and sugar
nucleotide transport, 91 for which the relevant Km s are in the low single-digit micromolar
concentrations. That other glycosylation pathways may outcompete all but the best OGlcNAc substrates at low UDP-GlcNAc concentrations is supported by studies in mouse
embryonic fibroblasts (MEFs) that lack EMeg32, which catalyzes a key step of the HBP (see
Figure 1.7). These MEFs can only make UDP-GlcNAc via sugar salvage pathways and have
5% of normal UDP-GlcNAc levels. 84 N-glycosylation levels appear unperturbed, whereas
total O-GlcNAc levels are greatly reduced, suggesting that OGT is more responsive than
N-glycosylation pathway enzymes to cellular pools of UDP-GlcNAc. OGT may also sense
UDP-GlcNAc levels by an alternate mechanism. A study on OGT purified from insect cells
with a peptide substrate reported three distinct Km s for UDP-GlcNAc, of approximately 6, 35,
and 217 µM, 125 indicating that OGT activity changes in an unexpected way with substrate
concentration. The explanation for this behavior is not readily apparent but could be due
to posttranslational modification of OGT itself. Although this study 125 and others 128–131
have found PTMs on OGT, including O-GlcNAc, 125 the effects of these PTMs on OGT’s
kinetic parameters have not been systematically investigated. Arguing against the odd
kinetic behavior being mediated by PTMs is the fact that similar behavior is observed with
recombinant OGT purified from E. coli that we would expect to lack native modifications. 100
As this behavior is related to OGT’s central role as a nutrient sensor, it is worth exploring in
greater mechanistic detail.
For OGT to serve as a nutrient sensor, cells must have a mechanism to remove O-GlcNAc
from proteins as nucleotide sugar levels decrease. The hexosaminidase O-GlcNAc hydrolase
(OGA) is responsible for O-GlcNAc removal. 132 OGT and OGA together allow for dynamic
cycling of O-GlcNAc on proteins. 34,35 An in vitro study investigating the kinetics of both
OGT and OGA on multiple substrates 124 showed that the catalytic efficiencies (k cat /Km ) of
different O-GlcNAcylated substrates for OGA were very similar, whereas k cat /Km values
for O-GlcNAcylation of different proteins by OGT were strikingly different. Therefore,
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OGT plays the dominant role in determining differences in steady-state levels of O-GlcNAc
on cellular proteins, although OGA enables rapid shifts in global O-GlcNAc levels as
conditions change. OGT and OGA levels are also regulated by global O-GlcNAcylation
and other nutrient sensing pathways. Pharmacologic inhibition of OGT leads to reduced
OGA levels 133–135 and increased OGT. 133,135,136 By contrast, pharmacologic inhibition of
OGA appears to decrease levels of OGT but has little effect on OGA. 137 Taken together,
these studies suggest that nutrient responsiveness at the extremes of O-GlcNAc levels is
tempered by feedback mechanisms. Meanwhile, there is evidence of crosstalk with the
nutrient-sensitive mammalian target of rapamycin complex 1 (mTORC1) 69,138 and adenosine
monophosphate-activated protein kinase (AMPK) 129,131 signaling pathways, which appear
to regulate OGT’s stability and subcellular localization, respectively.
OGT’s ability to differentially glycosylate different substrates is key to its role as a nutrient sensor. Although preferences for certain amino acids in the –3 to +2 positions may partly
explain the differences in catalytic efficiency for protein substrates, other interactions appear
to play a much larger role in substrate selection. The TPR domain of OGT has been implicated in substrate selection in a number of studies. 1,39,97 TPRs are known protein–protein
interaction motifs, and truncating the TPR domain of OGT greatly reduces O-GlcNAcylation
of protein substrates. 123 Peptides can still be glycosylated, but it is important to note that
peptide substrates are typically used at much higher concentrations than protein substrates
are used, making the comparison misleading. At the start of this work, only one peptide
that makes extensive contacts to the TPR domain had been crystallized with OGT, the
threonine-rich region of the HCF-1 cleavage repeat (see Section 1.5.2). 42 Although not a
glycosylation substrate, the binding interactions are likely relevant to understanding how
at least a subset of glycosylation substrates may interact with the TPR domain. During
the course of this work, a construct fusing the glycosylation site of the protein TAB1 to
the N-terminus of the OGT crystallographic construct was crystallized. 139 This structure
suggested glycosylation substrates might bind in a similar manner to HCF-1, however the
presence of density suggesting multiple sites of glycosylation on the target sequence and
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the unnatural fusion likely require further clarification if the observed positioning is truly
reflective of native substrate recognition.

1.5
1.5.1

OGT is responsible for proteolytic maturation of HCF-1
HCF-1 is a chromatin-associated transcriptional coregulator

In 2011, a new and unexpected biochemical activity was identified for OGT when it was
reported to promote the cleavage of HCF-1. 40,41 HCF-1 is a transcriptional coregulator
involved in cell cycle control and cellular proliferation. 56,140 HCF-1 is actually a family of
polypeptides encoded by a single gene as a >200 kDa precursor. 17,18 This protein was originally discovered as one of two host factors used by the Herpes simplex viral transactivator
VP16 to initiate immediate–early gene expression. The protein comprises an N-terminal half
(HCF-1N), which contains a protein interacting Kelch domain and a basic region important
for transactivation, and a C-terminal half (HCF-1C), which consists of an acidic region and
a series of fibronectin-like repeats (Figure 1.12A). 140,141 Separating these regions of HCF-1
are a series of six 26-residue amino acid proteolytic repeats, and cleavage of at least one
of these is required for full function even though HCF-1N and HCF-1C remain associated
after cleavage. 140,141 Expression of a noncleavable HCF-1 variant or only HCF-1N results in
cytokinesis defects, causing binucleation of cells. 142

1.5.2

Structural and biochemical determinants of HCF-1 cleavage

Although the importance of HCF-1 cleavage was recognized many years ago, the cellular
factor that promotes cleavage was not identified until 2011 when two groups reported
studies implicating OGT in the process. 40,41 One of these groups reported that recombinant
OGT and UDP-GlcNAc were necessary and sufficient for proteolysis. 40 A subsequent study
showed that OGT cleaved HCF-1 in the glycosyltransferase active site using UDP-GlcNAc
as a cofactor. 42 It has been suggested that a cleavage mechanism involving OGT and UDPGlcNAc links HCF-1 maturation, and thus cell cycle control, to nutrient status. 40 The kinetic
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Figure 1.12: HCF-1 is proteolytically processed by OGT
A) HCF-1 is synthesized as a single 2035 amino acid polypeptide with a Kelch domain and a basic
domain in the N-terminal half (blue) and an acidic domain and a fibronectin type III (Fn3) repeat
domain in the C-terminal half (orange). These domains are separated by a central region containing
6 proteolytic repeats (yellow), which consists of two parts: a cleavage region where bond hydrolysis
occurs at the amide preceding a conserved glutamate (red) and a threonine-rich region.
B) Structure of the OGT catalytic domain with UDP-5S-GlcNAc and a proteolytic repeat from HCF-1
bound in the active site (PDB 4N3B) 42 OGT is shown in a cartoon ribbon representation in gray;
the nucleotide sugar and HCF-1 peptide are shown in spacefilling representations colored yellow
and cyan, respectively. The threonine-rich region binds in the groove formed by the TPRs and the
cleavage region binds over the nucleotide sugar in a manner almost identical to a glycosylation
substrate.

Figure 1.13: The TPRs of OGT make extensive contacts to HCF-1’s threonine-rich region
Schematic showing the contacts formed from the threonine-rich region of the HCF-1 proteolytic
repeat that was crystallized with OGT and the side chains of OGT (gray). Five asparagines of OGT
form mono- or bi-dentate hydrogen bonds to the peptide backbone of the HCF-1 repeat. Other OGT
side chains form additional contacts to the HCF-1 backbone amides or to the side chains of HCF-1.
Note that there are several contacts from OGT aspartates to threonine side chains.

22

parameters for the cleavage reaction have not been investigated in detail, and it remains to be
established whether cleavage rates are responsive to physiologically relevant UDP-GlcNAc
levels. HCF-1 proteolytic repeats contain an N-terminal cleavage region; this region includes
a Cys-Glu-Thr sequence, which undergoes cleavage at the peptide bond between cysteine
and glutamate, and a threonine-rich region implicated in binding to the TPR domain of OGT
(Figure 1.12A). 42 Crystal structures of OGT complexed with a 26-residue peptide containing
a proteolytic repeat revealed that the threonine-rich region binds in the central groove
formed by the TPRs proximal to the catalytic domain (Figure 1.12B) via a series of monoand bidentate hydrogen bonds between the peptide backbone of the repeat and several
asparagine side chains of OGT (Figure 1.13). 42 The threonine side chains make additional
contacts to aspartate residues in the TPR domain, and good topological complementarity
exists between the peptide and the protein. A similar binding mode has been observed for
some other TPR–peptide interactions and for the structurally similar a-importin complexed
to a peptide. 93,143,144 The interactions between the TPR domain and the threonine-rich region
play a critical role in anchoring the cleavage region in the active site. A comparison of
different OGT structures has shown that the peptide backbone of the three-residue cleavage
sequence superimposes with the three-residue sequence containing the glycosylation site. In
other words, the side chain of the central glutamate in the cleavage sequence is in the same
position in the active site as the reactive serine/threonine is in a glycosylation sequence.
The glutamate in the cleavage sequence is absolutely required for cleavage, although
the flanking residues are not. 40,42 The finding that a pyroglutamate is produced at the N
terminus of the C-terminal fragment in the cleavage reaction 42 implies that the carboxylate
side chain of the glutamate residue is somehow activated so that it can react with the
glutamate nitrogen. Because UDP-GlcNAc is required for cleavage but an analog resistant
to glycosylation or hydrolysis does not support the reaction, it had been proposed that
the cleavage mechanism proceeds by the transient generation of a glutamyl-sugar ester in
the active site of OGT (Figure 1.14). 42 In 2016, the Walker lab provided direct evidence
of this intermediate via mass spectrometry using a peptide model system. 57 Furthermore,
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they demonstrated that this intermediate undergoes cyclization to an unstable internal
pyroglutamate, which undergoes spontaneous hydrolysis (Figure 1.14). Notably, it appears
that this reaction is not sequence-specific. Kötzler and Withers demonstrated this by
trapping a glutamate-sugar ester intermediate of a glycosylhydrolase. 145 Chaotropic or
thermal denaturation of this trapped glycosyl ester is sufficient to induce proteolysis,
suggesting the primary requirements for this chemistry are a sugar ester and an unfolded
peptide backbone. This implies not only that there might be other cleavage products that
could meet these requirements, but also that OGT is not necessarily the only enzyme that
could carry out this chemistry, as the formation of a sugar ester is sufficient to induce
cleavage. 57,145

Figure 1.14: Mechanism of HCF-1 cleavage via glutamate glycosylation
Proposed mechanism of HCF-1 cleavage by OGT. In this mechanism, the carboxylate of the conserved
glutamate attacks the anomeric carbon of OGT, displacing UDP and forming a glycosyl-glutamate
intermediate. This intermediate is decomposes to an internal pyroglutamate via attack of the
glutamate backbone amide nitrogen on the carbonyl of the glutamyl-sugar ester. The internal
pyroglutamate then hydrolyzes to yield the net proteolyzed product.
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The similarity in peptide orientation between cleavage and glycosylation substrates
suggests that the TPR binding mode may also be used to bind some glycosylation targets.
Studies of HCF-1 glycosylation support this theory. Mutation of several TPR Asn residues
to Ala, which prevents cleavage, 42 was also found to prevent O-GlcNAcylation of an HCF-1
glycosite N terminal to the proteolytic repeat. 146 However, these amino acid changes did
not prevent glycosylation at all the glycosites in the HCF-1 construct used in the study,
suggesting that not all sites are sensitive to this mutation and thus likely bind using alternate
contacts. 42,94,100,110,111

1.5.3

OGT potentially can catalyze isoaspartate formation

During the studies of the mechanism of HCF-1 cleavage, it was discovered that OGT
was capable of glycosylating on aspartate as well, and that this transformation led to
rearrangement to isoaspartate (Figure 1.15). 147 This was only shown on an unnatural, well-

Figure 1.15: Mechanism of isoaspartate formation from OGT or spontaneous deamidation
Isoaspartate is formed by the formation of a succinimide from the nucleophilic attack on the side
chain carbonyl of Asp or Asn by the amide nitrogen for the following amino acid. The leaving
group can be Asn, in the case of slow, non-enzymatic protein damage, or GlcNAc in the case of
OGT-mediated reaction. The intermediate then can spontaneously hydrolyze to either aspartate or
isoaspartate in either case.
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anchored substrate derived from the HCF-1 cleavage repeat, thus leaving it unclear if OGT
catalyzes this reaction on native substrates; however, the rate of the reaction was much
faster than that of glutamate-glycosylation leading to HCF-1 cleavage, suggesting that it was
mechanistically feasible. Furthermore, to our knowledge this was the first demonstration
that isoaspartate could be formed enzymatically; traditionally, isoaspartate is thought of as
the non-enzymatic product of spontaneous reaction at Asn or Asp residues, 148 a process
that proceeds through the same succinimide intermediate as OGT-mediated isoaspartate
formation. This is thought of as a form of chemical protein damage, but the ability to form it
enzymatically raises the intriguing possibility that this PTM could be induced controllably as
another way OGT could regulate protein function. However, in the absence of physiological
substrates, this remains a hypothetical function for OGT in a cellular context.

1.5.4

Stable interactors and putatitive adaptors of OGT

OGT interacts with a large number of protein partners 149,150 and is a member of a number of
stable complexes. 151–164 It has well-documented associations with HCF-1, 41,153 the ten-eleven
translocation methylcytosine dioxygenase (TET) family of DNA hydroxylases, 154–158 the
transcriptional corepressor mSin3A, 152 the nuclear-localized deubiquitinase BAP-1, 153 the
transcriptional coactivator PGC-1a, 161,165 the mitochondrial trafficking protein Milton (also
known as TRAK1), 150,162,163,166 and the mitogen-activated protein kinase (MAPK) p38-a. 159
Information on how these proteins associate with OGT is limited. As noted, structural and
biochemical data have provided insight into how the threonine-rich regions of HCF-1 repeats
bind to OGT and into how OGT itself homodimerizes through interactions between TPRs
6 and 7. In addition, interactions between OGT and several proteins have been mapped
to specific regions of OGT (Table 1.1) . 42,152,158,159,162,167 Most occur in the TPRs, with the
notable exception of p38-a MAPK, which interacts with the C terminus of OGT. 159 Detailed
information about binding interactions for any of these complexes is not yet available.
Most of the studies on OGT’s protein–protein interactions have focused on the potential
role of the interactions in influencing OGT’s substrate selectivity, 151,154,158,160 and because
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Table 1.1: OGT-interacting partner binding sites

Partner
mSin3A 152
Milton 162
HCF-1 42
TET2 158
TET3 167
p38-aMAPK 159
OGT 93

Binding location†
TPR 1–8
TPR 4–8
Peptide-binding groove of active site, TPR 10–13.5
TPR 5–6
TPR 1–8
C-terminal helices (residues 979–1036)
TPR 6 and 7, primarily Trp198, Leu201

the majority of stable interactions occur via portions of the TPRs that are distal from the
catalytic domain, they can form without blocking the active site. Many of the proteins
mentioned above are proposed to act as adaptors that recruit OGT substrates to the active
site. 154,155,158–160 Understanding the molecular details of how these binding partners alter
OGT’s selection of glycosylation targets would greatly enhance understanding of how OGT’s
substrate selectivity is regulated.
Although complex formation is a demonstrated means of regulating OGT substrate
selectivity, OGT may potentially play a noncatalytic role as a scaffolding protein that
stabilizes certain complexes. Even though evidence is limited, a scaffolding function for
OGT was suggested to explain the discrepancy between the proliferation arrest seen with
OGT null cells 59,60 and the lack of proliferation defects seen in cells treated with the inhibitor
Ac4-5S-GlcNAc, which is converted in cells to UDP-5S-GlcNAc, a substrate analog that
inhibits O-GlcNAcylation activity. 133 Further evidence for a noncatalytic role comes from
studies on an OGT construct that inhibited transcription of a reporter gene, putatively
through interactions with mSin3A. 152 In this study, recruitment of a construct consisting
solely of the TPR domain was sufficient for partial repression, suggesting that OGT was
able to repress transcription via noncatalytic biochemical interactions; however, given
that OGT dimerizes through the TPR domain, 93 it is also possible this was an artifact of
dimerization-mediated recruitment of endogenous OGT.
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1.6

What organisms and tissues require OGT?

For some organisms, OGT is either not required or required only at specific stages of
development. 168–171 For mammals, however, it appears to be essential throughout life 172 and
is required in tissue culture for the viability of dividing mammalian cells. 58–60 Assessing
what is known about OGT’s functions in organisms or cells in which it is not essential may
provide insight into why it is so important for mammalian cell viability.

1.6.1 Caenorhabditis elegans do not require OGT-1 for viability
The C. elegans homolog of OGT (OGT-1) is not essential for cellular viability or fertility
under normal growth conditions, 168 although it does appear to play a role in allowing
embryogenesis at elevated temperatures. 173 ogt-1 null nematodes are developmentally
normal, and despite showing no detectable O-GlcNAc on their nuclear pores, they appear
to have normal nuclear translocation of transcription factors. 168 The primary perturbations
seen in these knockouts relate to metabolism and longevity, with organisms showing a
reduced ability to enter the dauer state as well as reduced glycogen and lipid stores, 168
reduced life span, 174,175 and increased autophagy. 176,177 These phenotypes can all be linked
to changes in insulin signaling in mutant nematodes, 168,175 which suggest that regulating
insulin signaling is a conserved role for OGT from C. elegans to mammals. 178 OGT-1 removal
also appeared to affect genes involved in innate immunity 175,179 and stress response. 175

1.6.2 Drosophila require OGT for development
In Drosophila melanogaster, Ogt appears to be more important than in C. elegans. Organisms
that lack functional Ogt do not complete embryogenesis but die shortly before hatching
as larvae. 169 However, homozygous null embryos that have maternally supplied Ogt from
a heterozygous mother can survive past embryogenesis, through the larval stage to pupation, 169–171 but do not emerge as adults. 169,180 Given that maternally supplied Ogt is likely
depleted after a few cell divisions, these results imply that OGT is not essential in dividing
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Drosophila cells because developing flies are able to survive without a genetic copy of Ogt
up to the adult stage.
Ogt-null flies display alterations of body segment morphology, including an increased
number of legs with sex combs, which led to the naming of the gene as super sex combs
(sxc) and its classification as a polycomb gene. 169 In Drosophila, polycomb genes negatively
regulate genes involved in body patterning. 181 Extensive research has revealed that polycomb
genes operate by modifying chromatin to facilitate stable gene repression. 182 When studies
revealed that sxc was the Drosophila homolog of OGT, 170,171 it was considered a breakthrough
in understanding how OGT regulates transcription. 183 OGT had already been shown to
reduce transcription, 152 and this link between OGT and polycomb repression suggested
that OGT might mediate repression by altering chromatin structure, as had been shown for
other polycomb genes. 182
Studies on the sxc mutants revealed that one mutant encoded an Ogt variant was
expressed at wild-type levels but was catalytically inactive for glycosyltransfer. 170,171 This
variant, which contained an Asn-to-Ile mutation in the catalytic domain, resulted in the
same polycomb phenotype as the null alleles, suggesting that the phenotype was likely
dependent on O-GlcNAc modification and not on a scaffolding function. Chromatin
immunoprecipitation 170 and immunohistochemistry 171 demonstrated a high degree of
overlap between signals for O-GlcNAcylated proteins and polycomb repressive complex
1, which was modified by O-GlcNAc on the core complex member polyhomeotic (Ph). 170
In subsequent studies, a catalytically inactive Asp-to-Ala mutant of Ogt produced live
adults when wild-type maternal Ogt was present to get past embryogenesis. 184 This variant,
which eliminates a hydrogen bond between the ribose of UDP-GlcNAc and the active site,
displays no detectable activity in vitro. This finding supports the idea that O-GlcNAc may
be dispensable in the adult fly. However, other catalytically inactive OGT variants do
not produce live adults, and it has been speculated that the Asp-to-Ala mutant may have
residual catalytic activity. 170,171,184
Gambetta & Müller 185 have proposed a mechanism for how OGT mediates polycomb
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repression in flies. In the absence of O-GlcNAc modification, Ph was found to form large,
insoluble aggregates instead of the desired ordered oligomers, and aggregation was traced
to a region of the protein rich in serine and threonine residues. This region of the protein is
adjacent to the sterile alpha motif domain, which mediates oligomerization. Higher order
polymerization is apparently prevented by O-GlcNAcylation of the serine- and threoninerich region; 186 by contrast, deletion of the serine- and threonine-rich region replicates the
sxc developmental phenotype in embryos, providing a pattern of homeotic transformation
identical to Ogt-null flies. These findings provide evidence that the embryonic requirement
for functional Ogt, and possibly the overall polycomb phenotype, can be ascribed to Ogt’s
modification of Ph to prevent aggregation. Notably, the authors also demonstrated that this
mechanism is operative in the human Ph homologs 2 and 3 in vitro, suggesting that OGT
may play a role in polycomb inhibition in mammals by controlling aggregation. 187

1.6.3

Mice need OGT for cell viability

Unlike in Drosophila and C. elegans, experiments in mice largely indicate that OGT is
necessary for cellular viability. 58–60 Early experiments attempting to use homologous recombination to introduce a null OGT allele into male mouse embryonic stem cells (ESCs)
failed, 188 requiring the generation of stem cells with a floxed Ogt allele in which their only
copy of Ogt has loxP sites flanking exon 6 (comprising amino acids 206–232). 58 Expression
of Cre recombinase removes this exon, and the resulting gene product contains an open
reading frame of 233 amino acids that ends in a premature stop codon, leading to nonsensemediated decay of the mRNA. 189 When the recombinase was transfected into the ESCs, an
Ogt null allele was detected by polymerase chain reaction at 24 and 48 hours, but at 144
hours only cells that retained a normal (floxed) Ogt allele were present, suggesting that Ogt
knockout ESCs are not viable. Attempts to produce Ogt heterozygotes by germline deletion
of Ogt in females also failed, suggesting that a maternal copy of Ogt was needed. 58,59 A
follow-up study managed to generate female heterozygotes by conditional targeting of the
recombinase to late spermatogenesis. 59,190,191 However, in tissues from adult organisms, the
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paternal Ogt allele had been inactivated in all cells, arguing against the survival of Ogt null
cells. Notably, the requirement for a maternal copy of Ogt is consistent with the role of
OGT being critical in the placenta and extraembryonic tissue, 192,193 which preferentially
inactivate the paternal X chromosome 194 and thus would not have a functional copy of Ogt
in cases of maternal deletion.
The floxed Ogt mice allowed the deletion of Ogt in specific cellular lineages. Male floxed
Ogt mice expressing a T cell restricted Cre 195 showed greatly reduced numbers of mature T
cells and high levels of apoptosis in these cells. 59 Additionally, MEFs derived from floxed
animals were normal, but viral transduction with Cre recombinase led to senescence and
death of cells after three to four cell divisions. 59 These results were later confirmed by
inducing recombination in a MEF cell line expressing a tamoxifen-inducible Cre. 60 Hence,
at least in several cell types, OGT is required for survival of dividing mammalian cells.

1.6.4

Survival of postmitotic mammalian cells without OGT

Studies of multiple postmitotic mammalian cell types have suggested that nondividing cells
can survive the absence of OGT for extended time periods without undergoing apoptosis,
although they have highly perturbed physiology. 59,165,196 Ablation of Ogt in cardiomyocytes
led to increased cell size and signs of heart failure, with mice of this genotype rarely
surviving to weaning. 196 The postmitotic 197 cardiomyocytes showed increased markers of
apoptosis but were largely still viable, suggesting that they were capable of cellular survival
although not of properly performing their physiological role. The involvement of OGT in
normal cardiac function is supported by a study showing that O-GlcNAc levels change
significantly in a surgically induced heart failure model. 198 This study used inducible Cre
to remove OGT from cardiomyocytes and showed acceleration of pathologic degeneration,
emphasizing that OGT is important for a functioning heart; however, again, removal of OGT
by genetic ablation caused only a moderate increase in apoptosis, suggesting individual
cells can survive without the gene.
Studies in neurons support the idea that nondividing cells survive but function abnor-
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mally without OGT. A study by Marth and coworkers 59 used Cre recombinase to remove
OGT from all differentiated neurons. The neuronal Ogt knockout mice survived to term
but had reduced size, impaired locomotor activity, and all died within 10 days of birth. 59
Thus, their nervous systems had developed to be capable of partially supporting life but
were too dysfunctional to support prolonged organismal survival. More recent studies
have further investigated OGT’s role in specific neuron subsets. Studies showing a link
between OGT expression in AgRP+ neurons and brown fat used targeted Cre recombinase
expression to remove OGT from these neurons. 165 This neuron subset showed reduced rates
of firing, allowing the increased browning of white adipose tissue. However, the neurons
were still capable of expressing green fluorescent protein, suggesting that they survived
despite the removal of functional Ogt. Together, these studies suggest that neurons without
OGT survive and can perform some portion of their functions; however, they are highly
perturbed with attenuated functionality such that they fail to support normal organismal
physiology.
Both neurons and cardiomyocytes are postmitotic, restricting the above studies to genetic
knockout of cells that undergo little to no proliferation after Ogt removal. MEFs, by
contrast, survive for only a small number of cell divisions after Ogt knockout and then
undergo apparent senescence before dying. The inability to survive for more than a few cell
divisions suggests that OGT may only be required for viability in dividing cells. Indeed, this
conclusion is further supported by the ability to produce live animals from spermatogenesisspecific Ogt knockouts, 59 as the sperm would undergo only a small number of meiotic
divisions after induction of the Cre recombinase. 190,191 The evidence suggests that the need
for OGT is somehow coupled to progression through the cell cycle.
One interesting recent result is the finding that although Ogt deletion in pancreatic bcells (produced in mice with an insulin promoter–driven Cre recombinase) causes significant
reduction in b-cell mass, these effects can be rescued by simultaneous deletion of CHOP, a
transcription factor that can induce apoptosis in response to toxic accumulation of unfolded
proteins in the ER. 199 This finding has also been seen in breast cancer cells, in which
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apoptosis is decreased in response to CHOP deletion. 70 These findings may suggest that
OGT knockout leads to lethal perturbations in proteostasis; however, further work is needed
to see if this effect is cell-type specific and to further elucidate the mechanisms by which
OGT, a cytosolic and nuclear protein, communicates with CHOP, a factor thought to report
on proteostasis in the ER.

1.7

What do we know from evolutionary conservation of OGT
biochemistry?

The lesser importance of OGT in Drosophila and C. elegans compared with mammals suggests
that OGT has gained critical functions since the evolutionary divergence between these
organisms. However, which function has been gained to make OGT so important in
mammals remains unclear. In this section we explore this issue.

1.7.1

O-GlcNAc modification of cellular proteins

Large numbers of OGT targets across a number of biological processes have already been
discovered, 200 and the list of substrates continues to grow; 1,33 however, it is not clear
whether any O-GlcNAcylation targets explain OGT’s essential role in dividing mammalian
cells. Regulation of several biological processes, including autophagy, 176,177 insulin signaling, 109,174,175,201–204 stress response, 60,175,205,206 proteasomal degradation of proteins, 207–211
and polycomb repression, 185,212 is conserved across species. Although conserved targets
provide insight into the ancestral functions of OGT, they do not explain its greater importance in mammalian cells unless an essential function for glycosylation of one or more of
these targets has been gained since evolutionary divergence. Evidence that some biological
processes have seen an increased role of OGT in mammals relative to other organisms has
been found (e.g., see Gambetta & Müller’s review 212 on OGT’s role in regulating chromatin
structure).
O-GlcNAc cycling does not appear as necessary in mammals as the ability to add the
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mark in the first place, as Oga knockout mice can survive to 213 and occasionally past birth, 214
although they have highly perturbed metabolism. MEFs derived from these organisms
experience defects in mitosis and cytokinesis. 213 These findings suggest that the active
cycling of O-GlcNAc is important on a whole-organism level but not strictly required for
cellular viability.
Whether the sum total of OGT’s glycosyltransfer activity explains its importance in
mammalian cells also remains unclear. The metabolism-activated inhibitor Ac4 -5S-GlcNAc
greatly reduces global O-GlcNAc levels, but Chinese hamster ovary cells treated with the
inhibitor proliferated at seemingly normal levels. 133 The inhibitor accumulated in cells as
a nucleotide sugar analog and led to reduced UDP-GlcNAc levels, although not below
levels sufficient to maintain apparently normal N-glycosylation in EMeg32–/– MEFs. 84
Although OGT was capable of transferring the thiosugar to protein substrates, albeit at a
greatly reduced rate, 94,133 OGA removed it at a much faster relative rate and there appeared
to be no appreciable thiosugar labeling in cells. Only the best OGT substrates, such as
Nup62, 123,124 retained any appreciable degree of glycosylation. In contrast with these results,
growth inhibition was seen in EMeg32–/– cells having low levels of UDP-GlcNAc and OGlcNAc, 84 as well as in cells treated with other OGT inhibitors. 135 Further work is needed to
reconcile these contradictory results. Nevertheless, the high degree of proliferation seen by
Vocadlo and coworkers 133 at very low levels of O-GlcNAc raises the possibility that OGT’s
essential biochemical activity in dividing mammalian cells may not be O-GlcNAcylation.

1.7.2

Host Cell Factor 1 cleavage

The discovery that OGT is responsible for HCF-1 cleavage raises the possibility that this
activity, rather than glycosyltransfer, explains OGT’s essential role in dividing mammalian
cells. Notably, OGT is not responsible for cleavage of HCF-1 in C. elegans or Drosophila. 215
The C. elegans HCF-1 homolog does not undergo cleavage and has homology only to the
N-terminal Kelch repeat region and the C-terminal fibronectin repeats, with a noncleaving
linker in between. 52,216 In Drosophila, the protease Taspase is involved in the proteolytic
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maturation of both HCF-1 and the histone methyltransferase Trithorax. 215 Interestingly,
Taspase cleaves both of these proteins in flies, whereas Taspase cleaves the Trithorax homolog
MLL1 in mammals but has lost its HCF-1 cleavage activity in favor of OGT. 215
The primary function ascribed to the proteolytic cleavage of HCF-1 in mammals is not
survival but effective cytokinesis. 40,142 Mammalian cells undergo cell cycle arrest when HCF1 is depleted. Cleavage-incompetent HCF-1 or HCF-1N alone are sufficient to rescue the
observed G1-to-S cell cycle arrest, but cleaved HCF-1C is needed to prevent binucleation. 142
Replacing the proteolytic repeats in HCF-1 with a Taspase cleavage site has failed to rescue
the binucleation phenotype, 40 suggesting that OGT-mediated cleavage somehow activates
the mammalian C-terminal HCF-1C fragment in a way Taspase cannot. Whether this
activation is related to the formation of a pyroglutamate product is unclear. Notably,
complementation with the C. elegans homolog suppresses both the proliferation defect and
the binucleation phenotype resulting from HCF-1 knockdown. 216 Therefore, this shorter,
noncleaving homolog is somehow capable of performing functions that normally require
an OGT-cleaved copy of HCF-1. Further work is required to understand how this homolog
complements these defects.
HCF-1 cleavage appears to be an unlikely candidate for OGT’s essential activity in
mammalian cells because the phenotype resulting from a lack of HCF-1 cleavage is not
the senescence and death seen with genetic ablation of Ogt. 59,60 Further evidence against
HCF-1 cleavage being essential again comes from the lack of apparent proliferation defects
in 5-(S)-GlcNAc treated mammalian cells. 133 The cellular concentrations of this inhibitor
are very high, and it blocks cleavage as well as glycosylation, at least in vitro. 42 However,
HCF-1 cleavage is not reversible, so even a very low amount of cleavage could lead to
a sufficient amount of cleaved product for survival. Likewise, experiments designed to
remove HCF-1 or replace it with an alternate construct likely resulted in incomplete loss of
native HCF-1; 40,142,216 the low levels of remaining protein may have been adequate to carry
out some functions.
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1.7.3

Noncatalytic roles of OGT

Although very little is known about potential scaffolding activities of OGT, the available evidence suggests that this may be a fertile area investigation. The Ac4 -5-(S)-GlcNAc inhibitor
would prevent only catalytic functions and not scaffolding roles, so an essential scaffolding
role would be consistent with high cellular rates of proliferation in its presence. 133 This
inhibitor would not prevent access of glycosylation substrates into the active site, 42,94,110,111
and OGT should interact with its normal set of partners both at the active site and farther
away, although glycosyltransfer would be inhibited. As mentioned above, however, further
characterization of the inhibitor’s effects on cells is important for interpretation of the results.
Complementary approaches to determine the contribution of scaffolding effects to OGT’s
biological roles should also be explored.

1.8

Conclusion

Decades of study of OGT’s biological roles have left a large conundrum. We are in the
intriguing position of having numerous studies linking OGT and O-GlcNAc to a wide range
of cellular processes, and a diverse array of targets within those processes. Furthermore,
we know that OGT is critical for cell survival 58–60 and that it plays key roles in stress
response. 60,60 However, which targets are critical for survival remains unclear, as does how
OGT is regulated and what it recognizes in substrates. In order to address these questions,
we need methods that allow us to precisely manipulate OGT structure and biochemistry;
such methods would allow us to make precise alterations in OGT activity but then ask
broad questions regarding how these changes affect what substrates are modified by OGT
and how these modifications alter cell physiology.
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Chapter 2

OGT recognizes its substrates within
the lumen of the TPR domain
In this chapter, I took a biochemical and computational approach to understanding how OGT
recognizes its substrates, focusing on the largely un-elucidated role of the TPR domain. The
first part of this chapter was published in early 2018 as "O-GlcNAc Transferase Recognizes
Protein Substrates Using an Asparagine Ladder in the Tetratricopeptide Repeat (TPR)
Superhelix” by Levine, Fan, Melicher, Orman, Benjamin and Walker in the Journal of the
American Chemical Society, and is reproduced or modified with permission, Copyright 2018
American Chemical Society. 217 This work demonstrated that the majority of OGT substrates
appear to bind in the lumen of OGT’s TPR domain using a ladder of conserved Asn residues.
This work has since been continued in collaboration with postdoctoral fellow Dr. Cassie
Joiner, who has been the driving force of follow-up and carried out the bulk of the experimental work described from Section 2.1.8 onwards. My role in the ongoing work has been
helping to adapt existing experimental protocols and provide computational analysis of
data sets obtained in this work.

37

2.1

OGT recognizes protein substrates using an Asn ladder in the
TPR domain

2.1.1

OGT lacks a consensus sequence for glycosylation

Elucidating OGT’s role in cellular physiology requires understanding how it recognizes
protein substrates. Experimental and bioinformatic approaches have identified preferred
amino acids flanking the glycosylation site, including preferences for proline at positions
–3 and –2 positions, were the residue is thought to encourage the extended conformation
needed to interact in the OGT active site. 100,111 However, these preferences only explain
at most 20% of glycosylation sites 200 and despite extensive effort 100,111–113,218–220 we lack a
predictive motif for O-GlcNAc. This is consistent with structural characterization of the
OGT active site, 42,94,100,110,111 which has shown that the peptide sits in a broad, watery
cleft (Figure 2.1) with limited side-chain-specific contacts beyond the need for an extended
conformation.

2.1.2

Protein substrates require the TPR domain for glycosylation

Despite extensive effort focusing on sequence preferences directly at the site of glycosylation,
there is evidence that substrate recognition may require elements outside of the active site.
Previous studies have implicated the N-terminal superhelical tetratricopeptide repeat (TPR)
domain of OGT in substrate recognition. 38,42,93,104,125,139,150,221,222 This domain contains 13
tetratricopeptide repeats; truncating it to six repeats abrogates glycosylation of tested protein
substrates, 38,150,221 but does not prevent glycosylation of short peptides. 38,125,221 Therefore,
the TPR domain must contain structural features important for recognition of full-length
proteins.
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Figure 2.1: The OGT active site has a number of water molecules that can be displaced to accommodate diverse
sequences
The CK2 peptide substrate is shown in green above the UDP-GlcNAc (maroon sticks, crystallized
as the thiosugar analogue UDP-5S-GlcNAc), with modeled waters near the peptide highlighted
as red spheres (PDB 4GYY 94 ). Note the large number of waters near the side chains of peptide
substrates, demonstrating that there is room in the shallow peptide cleft at the site of glycosylation
to accommodate a wide variety of substrates in extended form.

2.1.3

Protein microarrays provide access to full protein substrates for
glycosylation

To investigate the role of the TPRs in substrate selection, we needed a method to compare the
activity of wild type and mutant OGT variants against a large number of protein substrates.
We reasoned that protein microarrays, which display thousands of recombinant proteins
on each array, would allow for such comparisons. We have previously used microarrays to
discover new OGT substrates by using a monoclonal antibody to detect O-GlcNAcylation. 1
We found, however, that antibody detection resulted in a background signal for some
proteins due to pre-existing O-GlcNAc modifications, and we were also concerned about
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detection bias due to epitope preferences of the antibody. 223 Therefore, we sought a strategy
that reported on OGT activity without using antibodies.

2.1.4

Glycosylation of protein microarrays with UDP-GlcNAz provides improved
sensitivity for de novo glycosylation

To detect only newly glycosylated proteins, we exploited OGT’s ability to use UDP-GlcNAz
as a sugar donor (Figures 2.2, 2.3A). 224 The azide on the N-acetyl moiety allows labeling of
newly glycosylated proteins with biotin via strain-promoted azide-alkyne click chemistry. 225
We compared this method to antibody-based detection by treating commercial protein
arrays with OGT and either UDP-GlcNAc or UDP-GlcNAz. Control arrays were treated
with the sugar donors without OGT. UDP-GlcNAc-treated arrays were stained with an
anti-O-GlcNAc antibody (CTD110.6) and a fluorescent secondary antibody as previously
reported. 1 The GlcNAz-treated arrays were reacted with ADIBO-biotin 226 and stained with
fluorescent streptavidin. As previously observed, the background signal on some proteins

Figure 2.2: OGT effectively uses UDP-GlcNAz in vitro with similar parameters to UDP-GlcNAc
OGT was used to glycosylate CK2 acceptor peptide for 6 minutes using a variety of UDP-GlcNAc
or UDP-GlcNAz concentrations. Activity was measured based upon UDP production using the
UDP-Glo detection assay R (Promega) and is reported in arbitrary units (AU) with n=2 data points
per concentration. Reactions were carried out using 100 µM CK2 acceptor peptide. Apparent
Michalis-Menten parameters are reported ± standard error

40

Figure 2.3: Chemoenzymatic biotin labeling reduces background signal and improves detection.
A) Use of sugar analogue GlcNAz allowslabeling with ADIBO-biotin and detection by fluorescent
streptavidin(blue).
B) Different sub-blocks from microarrays treated with or without OGT for antibody (CTD) or biotin
detection methods. Gray boxes show control spots.

was high for the antibody-treated control array; however, we found that a control array
treated with ADIBO-biotin did not show a high background signal (Figures 2.3B, 2.4).
We compared the two staining methods to assess how well each detected OGT biochemical activity. The ratio of signal intensity between OGT-treated and untreated arrays was
determined for each protein (Figure 2.5). The intensity ratios for each staining method
followed a log-normal distribution; both staining methods had a tail of positive outliers we
expected to be proteins glycosylated by OGT (Figure 2.6). Proteins with a log2 intensity
ratio more than two standard deviations above the mean were identified as hits for each
staining method (Figure 2.6). Out of 6747 unique proteins analyzed, 415 scored as hits by at
least one detection method (Figures 2.7A, 2.6), with 97 of these detected by both methods.
By data mining previous proteomics studies, 227,228 we identified 275 known O-GlcNAc
proteins on the arrays. In cells, adaptor proteins are thought to recruit OGT to an unknown
fraction of substrates, 61,151,155,158–160 but our assay system only interrogates direct recognition
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Figure 2.4: Chemoenzymatic biotin labeling reduces background signal compared to antibodies (full arrays)
Full-array images in contrast-adjusted color. Gray dashed boxes highlight regions of arrays that
correspond to images used in Figure 2.3. Arrays were treated with UDP-GlcNAc (or UDP-GlcNAz
for the biotin-labeling strategy) with or without OGT as labeled. Arrays are paired to show both
arrays analyzed for Figure 2.3 and Figure 2.4 for both the CTD110.6 antibody-based detection (left)
and chemoenzymatic biotin detection methods (right).

Figure 2.5: Fluorescent signal comparison between treated and untreated arrays for two detection methods
The x-axis is an even spacing of every protein on the array sorted by ratio of signal between
OGT treated arrays and untreated controls; the y-axis is average signal for a given protein on the
microarray. The proteins have been sorted for the given detection method, so there is different
ordering of proteins between the graphs. Selected signal ratios are shown below the x-axis to aid
comparison to Figure 2.6.
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Figure 2.6: Signal intensity ratio allows comparison of detection methods and determination of OGT activity
on single-replicate microarrays
A) On the left, non-standardized data is plotted as a histogram of the fluorescent signal ratio between
OGT treated and untreated arrays for both detection methods; the y-axis indicating the number of
proteins whose average signal falls in a given bin of signal intensity ratios. The signal intensity ratios
for biotin are in blue, while the ratios for CTD-treated arrays are in red. The data were standardized
as the log2 data, leading to the same center between the two detection methods and similar positions
at which the data tails off, allowing a similar cutoff to be drawn to determine hits for glycosylation.
This cutoff (standardized signal ratio of 4) is indicated by the vertical dashed line.
B) Comparison between a theoretical log-normal distribution and the actual standardized signal
ratio data suggests a cutoff of 4 as where the signal ratios appears to cease corresponding to the
expected distribution. All proteins are plotted in order, with their position on the x-axis giving the
value that would be expected if the data followed a log-normal distribution, while the Y-axis position
gives the actual signal ratio observed. The solid black line indicates where all data would fall if the
data was log-normally distributed. There is a clear inflection in the data for both detection methods
at a value of roughly 4, which is where the cutoff was set (indicated by the vertical dashed red line)
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of substrates by OGT. Given that we do not know which proteins on the array are directly
recognized by OGT, we were pleased to find that 60 of the known cellular O-GlcNAc
proteins (22%) were detected as glycosylated on the array by at least one method, with 51 of
these being detected by the biotinylation method (Figure 2.7B). The biotinylation method
also detected nine of ten previously validated microarray hits discovered using the antibody
method, 1 with the tenth not being glycosylated according to either staining method on this
batch of microarrays (Table 2.1).

Figure 2.7: Chemoenzymatic biotin labeling reduces background signal and improves detection.
A) Scatterplot comparing intensity ratios for the two detection methods for all proteins on the
microarrays. Dashed red lines indicate hit cutoffs.
B) Venn diagram of hits by each method compared to proteins on the microarray that are OGlcNAcylated in cells. 227,228

Table 2.1: Activity against in vitro substrates identified in Ortiz-Meoz et al. 1

Protein (Former Name 1 )
BAIAP2
DMTN (EPB49)
E2F8
HGS
MEF2D
MEF2A
NR3C1
NOL4L (C20orf112)
SSBP2
SSBP3

Hit by CTD110.6 in this study
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
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Hit by biotin
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes

We validated several additional microarray hits (Figure 2.8), of which four were detected
by both methods, two were solely detected by the antibody, and two were solely detected by
biotinylation (Table 2.2). Overall, the results show that both methods perform well, if not
identically, at detecting known and new substrates on the microarray. We opted to use the
biotinylation strategy for our microarray studies of the TPR asparagines due to its reduced
background signal and increased hit profile.

Figure 2.8: In vitro mass shift shows activity against new biochemical substrates of OGT
A) Schematic of mass-tagging method. A cDNA is translated by in vitro transcription/translation
(IVT) in the presence of 35 S methionine. The resulting radiolabeled protein is glycosylated by OGT
using the nucleotide sugar UDP-GlcNAz. The azide is used to add a 5 kDa polyethylene glycol
(PEG) to glycosylated proteins via strain-promoted azide-alkyne reaction, leading to a glycosylationdependent mass shift on SDS-PAGE.
B) Radioactive gels validating proteins (listed below gel) as substrates for OGT in the IVT assay.
Arrows to the right of each gel highlight bands that shift in an OGT-dependent manner; multiple
bands indicate the likely presence of multiple sites of glycosylation with differing levels of occupancy,
leading to different numbers of attached PEG per molecule.
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Table 2.2: Detection of newly validated substrates by different detection methods

Protein
ARNT2
HDAC4
HDAC7
MBNL3
RUNX1T1
SCEL
SKA3
TLE3

2.1.5

Hit by CTD110.6
Yes
Yes
Yes
Yes
Yes
No
No
Yes

Hit by biotin
No
Yes
Yes
No
Yes
Yes
Yes
Yes

TPR domain Asn residues are required for both HCF-1 cleavage and
glycosylation of model substrates

The lumen of OGT’s superhelical TPR domain contains a series of conserved asparagines 93,104
that contains a series of conserved Asn residues that have previously been were previously
shown to be important for binding the cleavage substrate HCF-1; structural studies revealed
that the asparagine side chains anchor these proteins in the TPR lumen through bidentate
hydrogen bonds to the peptide backbone (Figure 2.9). 42 However, at the start of this work it
remained unclear whether this binding mode was relevant for Ser/Thr glycosylation, and if
so how broadly it was used to recognize glycosylation substrates.

Figure 2.9: Conserved Asn in lumen of TPRs bind peptide backbone of Thr-rich region of HCF-1 proteolytic
repeat
Composite structure of OGT bound to an HCF-1 repeat (cyan), with an expanded view of the
conserved asparagines (magenta) on the right. Dotted orange lines show bidentate hydrogen bonds
to the HCF-1 peptide backbone. The composite was generated from PDB 4N3B 42 comprising the
catalytic lobes (purple) and 4.5 TPRs (dark gray), and TPR structure PDB 1W3B. 93
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Figure 2.10: 5N5A is catalytically active but cannot glycosylate a substrate that binds the TPR asparagines
A) and B) OGT wild-type and 5N5A mutant activity against (A) non-TPR-binding CK2 peptide or
(B) TPR-binding HCF-E10S peptide (RLU: relative luminescence units, measured using UDP-Glo
(Promega) 134 ), n = 3 replicates per peptide concentration. Apparent Km for peptide and apparent
Vmax at 100 µM UDP-GlcNAc are listed ± standard error.
C) Activity of wild-type or 5N5A mutant OGT against short CK2 acceptor peptide at 6 minutes. Data
is a zoom in of lower concentrations from A. n= 3 replicates per peptide concentration. Activity is
measured in relative luciferase units (RLU)
D) Activity over time against CK2 peptide at 200 µM peptide. Both wild-type and 5N5A mutant
OGT were used to glycosylate this peptide for varying lengths of time and RLU from UDP-Glo assay
is reported. n=1 per time point per mutant.

To assess how broadly OGT uses the TPR domain asparagine ladder for substrate
recognition, we wanted to compare microarrays treated with either wild-type (WT) OGT or
a mutant in which the five aparagines closest to the active site were replaced with alanines
(5N5A), a mutant that had previously been shown to be unable to cleave HCF-1 constructs. 42
Prior to treating microarrays with these OGT variants, we examined in vitro glycosylation of
two peptides: a 17mer derived from casein kinase 2 (CK2) that does not contact the TPR
domain, 100 and a 35mer containing a C-terminal region that binds in the TPR lumen where
it is anchored by the asparagine ladder (HCF-E10S, Figure 2.9). 147 The 5N5A mutant showed
similar activity to WT against the CK2 peptide, especially at low peptide concentrations, but
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Figure 2.11: Characterization of 5N5A mutant suggests it is properly folded
A) Size exclusion chromatography on a Superdex 200 Increase 10/300 GL column shows similar
elution profiles for WT and 5N5A OGT during purification. Note the trace for 5N5A is offset from
WT by 0.11 AU for visibility.
B) Circular dichroism spectra (CD) show near identical spectra for WT OGT (left) and the 5N5A
mutant (middle, with overlay of both on right). Spectra is reported in mean residue ellipticity versus
wavelength, and is consistent with proper folding of the alpha-helical TPR domain. 229

it did not glycosylate the HCF-E10S substrate (Figure 2.10). Size exclusion chromatography
and circular dichroism showed that there were no gross structural changes in the mutant
(Figure 2.11). The catalytic site of the 5N5A mutant appears intact based upon the CK2
results, yet the substrate recognized by the asparagine ladder is not glycosylated by this
mutant. Therefore, we reasoned that we could use the dramatic decrease in activity with
the 5N5A mutant to report on substrate binding in the lumen of the TPR domain.

2.1.6

Conserved Asn proximal to the active site are globally required for
glycosylation substrate recognition

To compare the activity of the 5N5A mutant to WT OGT across a large number of substrates,
we treated microarrays with UDP-GlcNAz and either no enzyme or one of the two forms of
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OGT. Multiple arrays were treated per condition to allow us to distinguish effects due to the
enzyme variant used on the array from noise between array replicates (Figures 2.12, 2.13A).
Biotinylated control proteins spatially distributed across each array allowed us to normalize
for variation in staining (Figure 2.13), and we corrected for variation in OGT activity using
a known substrate present as a frequent control on all arrays (Figure 2.14). 230,231

Figure 2.12: Workflow diagram of how data was analyzed for comparing replicates of 5N5A, wild- type, and
no OGT control arrays

We noted that, after these normalizations, almost all proteins had a higher signal on

49

Figure 2.13: Normalization for staining reduces variation between arrays not treated with OGT
A) Boxplots show fluorescent signal levels before correction for staining for all non-control spots
on each microarray. Each boxplot is one array, and the replicates are colored by the treatment used.
Dark bar in middle of box indicates median fluorescent signal, while black dots indicate outliers
(more than 1.5 times the interquartile range outside of the 1st or 3rd quartile, in log scale).
B) Selected biotin control protein spots from 6 blocks (two per array, with three microarrays represented) are shown. The line of best fit based upon robust linear regression is shown for each
individual block. On the left is the fit of the raw data, while on the right is the resulting data after
correcting by the slope.
C) Boxplots show fluorescent signal levels for microarrays before and after correction for staining.
The staining normalization led to improved overlap between control arrays (top) but highlighted
differences in OGT activity between replicates (bottom).

the OGT-treated arrays than control arrays (Figures 2.15). This suggested that OGT has
nonspecific glycosyltransferase activity; however, the wild-type OGT-treated arrays also had
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Figure 2.14: Use of estrogen receptor a allows normalization of differences in OGT activity
A) in vitro glycosylation of recombinant estrogen receptor a (ER) by WT OGT and 5N5A
B) Boxplots of individual arrays after activity correction (on the basis of the ERa control signal on
each block) show similar signal ranges between OGT-treated arrays.

a tail of positive outliers that we expected to be specifically-recognized substrates (Figure
2.15C). To focus only on these specific targets, we median normalized between the control,
5N5A, and wild-type OGT-treated array groups (Figure 2.15D).

51

Figure 2.15: Activity-corrected microarrays have higher global signal than control microarrays
A) Violin plots of activity-corrected microarrays. Each microarray is a separate shape, with number
of proteins at a given signal represented by the width of the shape at a given y-position. Arrays
are colored by treatment, and the boxplot inside each shape indicates the median, first, and third
quartiles of each microarray signal, as represented in Figure 2.13B. The overall median of each group
of arrays is indicated by the dashed colored lines.
B) For every protein on the microarray the median value was taken for a given treatment (WT, 5N5A,
or control), then the histogram of signals is plotted together on the same log scale axis.
C) Comparing the ratio of median wild-type signals to median control signal is approximately
log-normally distributed. The y-axis is the actual distribution of median wild-type signal divided
by median control signal for each protein; the x-axis is the value expected if the data followed
a log-normal distribution, with the solid diagonal line showing where the theoretical and actual
data match perfectly. At high signal ratio the data diverges from log-normal, suggesting a tail of
specifically glycosylated substrates.
D) Each group of arrays (control, WT, and 5N5A) was median-normalized relative to one another,
and re-plotted as in A.
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A permutation test approach 232–234 determined which proteins were glycosylated by
WT and 5N5A OGT variants. Those proteins with a greater than 2-fold change in median
signal between array treatments at a false-discovery rate of less than 5% were considered
hits. When WT OGT-treated arrays were compared to controls, 739 proteins scored as hits
(Figures 2.16, 2.17, 2.19), suggesting these proteins are specific OGT targets. Out of these
739 hits, 736 had a higher signal for WT OGT than 5N5A, with 555 of these meeting FDR
cutoffs to be hits in a direct comparison between the 5N5A mutant and WT OGT. Notably,
the loss of 5N5A activity relative to wild-type OGT against TAB1, a substrate against which
the 5N5A mutant is known to have impaired glycosylation, 139 had an average loss of signal
relative to all substrates of WT OGT (Figures 2.16 green circle, 2.18). This observation
implies that TAB1 is not a special case; most OGT targets are poor substrates for 5N5A.
Based on these results, we concluded that the Asn ladder is broadly used in substrate
recognition.

Figure 2.16: Asparagine ladder in the TPR lumen is critical for recognition of OGT substrates on microarray
Fold signal above control for every protein for wild-type OGT (x-axis) and 5N5A (y-axis) based upon
median normalized data. The dashed line represents equivalent activity between wild-type and
5N5A enzymes. Red circles are hits for wild-type enzyme; black circles are proteins that do not score
as glycosylated. TAB1, a known poor 5N5A substrate, is highlighted in green.
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Figure 2.17: 5N5A has less activity than WT OGT
A) Venn diagram shows how many proteins score as hits at 5% FDR and 2-fold change cutoffs. Blue
circle: proteins glycosylated by WT; red circle: proteins that lose glycosylation upon 5N5A mutation;
green circle: proteins known to be glycosylated in cells from proteomics. 227,235
B) Proteins are plotted along the x-axis arranged by fold signal above control in a waterfall plot; the
fold signal above control arrays is plotted on the y-axis for arrays treated with WT OGT (blue) and
with 5N5A (red). On the right, the overall probability density is shown, allowing a comparison of
distribution of signal from each mutant. Fold signal is the ratio of median activity-corrected signal
to the same protein’s median signal on control arrays. Plotted data is not median-normalized.

Figure 2.18: TAB1 is a representative protein in terms of loss of activity upon 5N5A mutation
Histogram of ratios of WT to 5N5A median activity-corrected signal on the microarrays. TAB1 (red
vertical line), which is known to not to be glycosylated effectively by 5N5A, 139 has an average change
in signal relative to other proteins. The 2.3-fold change is consistent with the 50% loss of activity
upon mutation seen in the literature.
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Figure 2.19: 5N5A has limited glycosylation above background on microarray
A) A volcano plot comparing median fold signal above control to FDR as quantified by a Storey’s
q value 234,236 for both WT (blue) and 5N5A mutant (red) OGT. The black dashed lines show the
cutoffs for being considered a hits: 2 fold change and <5% FDR. Note that no proteins meet the FDR
criteria for glycosylation by 5N5A, suggesting a failure to consistently glycosylate above background.
B) Histograms of moderated t-statistics for each protein in each comparison (WT vs. control: red;
5N5A vs. control: green; WT vs. 5N5A, blue). These t-values were compared to values generated
by random permutation as described by Yang and Churchill 233 to determine statistical significance.
Note that WT vs. control has a large positive tail, while the overall distribution of 5N5A vs. wild-type
is offset from 0. The 5N5A vs. control comparison lacks any clear positive tail, explaining the lack of
significance of proteins at 5% FDR.
C) Volcano plot of a direct comparison between WT and 5N5A mutant OGT. The x-axis is the ratio of
median activity-corrected signal for WTe OGT to the 5N5A mutant on a per-protein basis. The y-axis
is a negative log scale of FDR. The dotted red line are the 5% FDR and 2-fold change cutoffs.

2.1.7

Glycosylation of HeLa S3 extracts confirms that Asn ladder proximal to
active site is required for efficient glycosylation

We next wondered if the presence of cellular adaptor proteins might overcome the glycosylation defect seen on the microarrays by recruiting the 5N5A mutant to substrates
independent of the mutated residues. To test this, we glycosylated HeLa cell extracts using
exogenous wild-type or 5N5A mutant OGT (Figure 2.20). When UDP-GlcNAc but no OGT
was added, minimal additional glycosylation was observed. Adding UDP-GlcNAc and
wild-type enzyme led to robust glycosylation over time; in contrast, adding the 5N5A mutant resulted in a modest increase in glycosylation over time. This result demonstrated that
the 5N5A mutant was defective for glycosylation in solution as well as on the microarrays.
Furthermore, it showed that even in extracts that are presumed to contain adaptor proteins,
the 5N5A mutant is globally impaired for glycosylation. Given the agreement between
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the microarray and cell extract results, we have concluded that the asparagines in the TPR
lumen proximal to the catalytic domain play a critical role in recognition of most substrates.

Figure 2.20: Western blot of HeLa cell extracts glycosylated with recombinant OGT
Two replicates of HeLa S3 cell extracts incubated with UDP-GlcNAc for indicated times with or
without added WT or 5N5A mutant OGT. OGT and GAPDH blots show enzyme and extract
loading; CTD110.6 stains for O-GlcNAc. Molecular weight markers are indicated on the left. Note
both experiments were carried out with independent batches of extracts and independent enzyme
preparations.

2.1.8

Asn ladder residues throughout the TPRs are required for efficient glycosylation⇤

The recognition that the conserved active site-proximal Asn are critical for efficient glycosylation by OGT naturally leads to the hypothesis that glycosylation substrates are recognized
⇤ The previous section was the end of the initial paper on the Asn ladder, and the work that follows was
largely experimentally carried out by Dr. Cassie M. Joiner, on which I’ve provided experimental design advice
and have aided in the computational analysis of data. Further work has been done by Dr. Joiner characterizing
these mutants; I have focused on the studies leading up to the substrate selection model and the computational
analysis of sequence preferences I contributed.
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by these residues in a similar manner to HCF-1: that glycosylation substrates bind in an
extended conformation within the lumen of the TPRs and the conserved Asn provide
peptide backbone contacts to anchor substrates in this extended conformation. Consistent
with this, during this study the first structural study of a glycosylation substrate binding in
the TPRs was published on TAB1. 139 While an artificial fusion construct of the substrate and
OGT catalytic domain was required to obtain co-crystallization, the structure largely lined
up with the binding mode observed for HCF-1, supporting our conclusion that binding in
the TPR domain may be a general feature of OGT substrate recognition.

Figure 2.21: OGT has conserved Asn throughout the TPRs
Shown is an overlap model of two crystal stuctures, PDB 4N3B 42 and 1W3B. 93 The catalytic domain
is shown in purple, and the TPR domain is shown in grey. In red are the TPRs mutated in the initial
5N5A mutant, which are contained within the active site crystallographic construct. In orange are
conserved Asn outside of this region that follow the pattern of occuring in the same position in every
TPR repeat (every 34 amino acids). The green spheres show UDP-GlcNA in the active site.

One limitation of the structural studies of substrate recogntion and mutagenesis derived
from these studies is that the catalytic domain crystallographic construct significantly
truncates the TPR domain. The TPR domain consists of 13 TPR repeats; however, only 4 of
these are present in the crystallographic construct. The Asn ladder continues beyond the 5
Asn mutated in our initial studies to include a total 11 conserved Asn placed every 34 amino
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acids (Figure 2.21) .† 93 We wondered if these more distal Asn might also be important for
substrate recognition.

Figure 2.22: Consereved Asn play a role in substrate recognition throughout the TPRs
Top: Schematic of OGT with positions of conserved Asn residues. Lines show region of sequential
Asn mutated to Ala in listed 5N5A mutation.
Bottom: HeLa S3 extract glycosylation with recombinant OGT and UDP-GlcNAc added for indicated
times

To answer these questions, we took a similar tiling mutagenesis approach, generating
new, alternate "5N5A” constructs. We mutated 5 Asn residues at a time, at 2 Asn further
out each construct. We numbered these constructs 5N5A_1 through 5N5A_4, with 5N5A_1
being the original 5N5A constuct initially studied on the microarray (Figure 2.22, top).
We tested these constructs in the HeLa extract glycosylation system to determine broad
selectivity; surprisingly, we found that all 5N5A mutations resulted in reduced activity
against a broad array of substrates. This suggests that Asn residues 70–100 Å away from
† There

are 12 conserved amino acids arrayed every 34 amino acids in the TPRs; however, residue 152 is Asp
in human OGT (for analysis see Appendix A). A nearby Asn, Asn155, was mutated in the tiling mutagenesis in
this section despite the offset from the ladder position; in the absence of structural information on substrate
binding it remains unclear which residue serves a backbone-binding role, if substrate binding is similar in this
more distal region of the TPR superhelix
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the active site appear to influence whether or not substrates are glycosylated. Continuing
with the existing model, this suggests that the TPR may engulf stretches of substrate as long
as 30 amino acids by our estimates and recognize the peptide backbone using conserved
Asn throughout. While further work is required to confirm these results, this surprising
result suggests not only that the conserved Asn residues are important throughout the TPR
domain, but also that OGT recognizes substrates across a large interaction interface.

2.2

Asp residues in the TPR domain play a role in substrate sequence selectivity

The finding that OGT needs the full complement of TPR Asn to effectively recognize
substrates for glycosylation lends further support to this domain being a critical determinant
of substrate recognition. However, if the interaction mode seen with HCF-1 42 and TAB1 139
continues throughout the lumen of the TPRs, then these Asn provide anchoring contacts to
the peptide backbone; thus, they can provide significant stabilization of peptide binding,
but cannot discriminate which Ser or Thr is glycosylated in a peptide chain. However, the
HCF-1 structure does provide some indication of side-chain-contacting residues within
the TPR domain that might drive the recognition of particular substrates and specific sites
within these substrates (see Figure 1.13 for a complete summary). We noted, in particular,
that a pocket of 3 Asp residues (Asp386, Asp420, and Asp454) formed side chain contacts to
Thr in the HCF-1 stucture (Figure 2.23). We wondered how conserved these contacts were,
so set about using the tools initially developed to study the 5N5A construct to look into the
role of these residues.

2.2.1

Mutating conserved Asp residues in TPR domain leads to increased glycosylation of HeLa extracts

We initially mutated all 3 residues to alanine, and performed glycosylation of HeLa cell
extracts. Surprisingly, unlike with the conserved Asn, mutating these residues that contact
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Figure 2.23: Patch of side chain-binding aspartates that anchor HCF-1 in TPR lumen
View of the three Asp residues of interest (Asp386, Asp420, Asp454) bound to the HCF-1 Thr-rich
region (positions 7, 9, and 11 numbered, from site of the cleavage Glu as residue 0) (PDB 4N3B). 42

HCF-1 appeared to increase glycosylation by Western blot (Figures 2.24, 2.25). Reducing the
number of mutations, we found that mutating both Asp386 and Asp420, but not Asp454,
to alanine was sufficient for the gain in glycosylation; however, neither single mutation
increased glycosylation on its own. Intriguingly, this was not the case with combined
Asp454 and Asp420 mutation, which are closer to the active site. Due to increased ease
of purification, we decided to focus further investigations on the Asp386/Asp420 mutant,

Figure 2.24: Aspartate-to-alanine multiple mutants increase glycosylation of HeLa extracts
Extract glycosylation by recombinant OGT (1 µM) and exogenous UDP-GlcNAc (1 mM) using
indicated OGT variants.
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Figure 2.25: Aspartate-to-alanine single mutants do not replicate multiple mutation increase in glycosylation
Extract glycosylation by recombinant OGT (1 µM) and exogenous UDP-GlcNAc (1 mM) using
indicated OGT variants.

which we named "D2A”.
We first wondered if this increase in extract glycosylation was due to an intrinsically
more active catalytic center; to probe this, we tested glycosylation of the the short, non-TPRbinding CKII peptide that crystallizes in the active site. 100 The D2A mutant and WT OGT
showed near-identical activity (Figure 2.26), suggesting that the increase in glycosylation is

Figure 2.26: CKII peptide glycosylation by WT and D2A mutant
The short CKII peptide is equally glycosylated by the D2A mutant and WT OGT in a kinetic assay
using the UDP-Glo detection method.
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not due to an increase in the rate of the chemical step, but instead due to increased turnover
of full-length protein substrates that likely interact with the TPRs.

2.2.2

Proteomic profiling show changes in glycosylation profile when key Asp
residues are mutated

The increase in global glycosylation in a cell extract glycosylation could be due to a consistent
increase in glycosylation at the same sites, a gain of new sites, or a change in sites coupled
with increased turnover. In order to distinguish between these possibilities, we needed a
higher resolution assay. To gain site-of-glycosylation information, we collaborated with
Prof. Christina Woo’s group to take advantage of the newly developed IsoTaG technology

Figure 2.27: Use of IsoTaG technology to enrich from HeLa extracts
Sites of de novo glycosylation in HeLa extracts can be labeled using UDP-GlcNAz. The azide on the Nacetyl can be reacted with the alkyne on the IsoTaG probe, linking sites of glycosylation via a triazole
to biotin and the isotope-label. The glycosylated proteins can be enriched using streptavidin beads,
then digested on-bead to release non-glcyosylated peptides. The glycoyslated peptides are release
via acid-mediated cleavage at the silane of the IsoTaG. The resultant peptides are then subjected to
LC/MS/MS, in which an initial scouting run is used to detect sites of isotope-labeling, followed by a
data-dependent acquisition specifically of glycosylated peptides for MS2 fragmentation. 237
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for mapping site of glycosylation using mass spectrometry (Figure 2.27). 33,237 To use this
method, we glycosylated cell extracts with UDP-GlcNAz, then labeled with an isotopelabeled biotinylated probe. The probe is acid-cleavable after trypsin digestion to enrich
glycosylated peptides, which can also be isolated in the mass spectrometer via searching
for the unnatural isotopic ratio left on the post-cleavage remnant. By combining this with
treatment of extracts with either the D2A mutant or WT OGT, we can map what sites
are glycosylated and try to determine differences in sites of modification between the two
extract treatments.
Two replicates of IsoTaG proteomics were performed on both D2A-treated and WTtreated HeLa extracts from the same batch, limiting variability from sources other than
enzyme variation. We mapped isolated peptides to sites on specific proteins, allowing us
to analyze the sequences surrounding the site of glycosylation. The two replicates had
different levels of coverage, with about 3 times the number of sites isolated from the second
replicate of both treatments; however, about a third of those from the smaller replicate were
picked up in the second replicate, providing some confidence that the peptide mapping
results were reproducible (Table 2.3).
Table 2.3: Number of sites overlapping between HeLa extract replicates

Replicate
Replicate 1
Both Replicates
Replicate 2

Number of Glycosites
63
34
280

We combined the data from both replicates and analyzed it at the site level to compare
the sites glycosylated by WT and the D2A mutant (Figure 2.28). We looked to determine
whether a given protein was uniquely glycosylated by WT, the D2A mutant, or both variants,
and also looked for differences at the level of the site of glycosylation. We found that the
majority of sites were unique to one enzyme variant or the other, with an even split between
sites on the same protein or on different proteins. Among sites shared by both enzyme
variants, we found some sites that had a higher rate of peptide identification for one or
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another enzyme variant (which we term as "biased” in favor of WT or D2A). Taken together,
these results suggest that the D2A mutant does not glycosylate the same sites as WT. This
suggests that the gain in signal on the extract western blots is representative of a change in
sites with higher net signal by western blot.

Figure 2.28: Degree of overlap between sites of glycosylation in HeLa extracts
Glycosylation at the glycosite-level based upon which protein is glycosylated. Categories on the left
indicate whether WT OGT, the D2A mutant, or both glycosylate protein; number in parentheses
indicate number of proteins. Bars indicate number of glycosites, with numbers marked. WT-biased
sites and D2A-biased sites are sites with a higher rate of peptide identification for one enzyme
variant versus the other.

2.2.3

Comparative analysis of glycosites from HeLa extracts reveals sequence
preferences driven by Asp386 and Asp420

The fact that we see differences between D2A mutant-treated and WT-treated HeLa extracts
at both the protein and site level suggests that these OGT variants differ in substrate
recognition at the glycosite level. Because Asp386 and Asp420 both interact with sidechains
in HCF-1, we wondered if these differences in selectivity for Ser/Thr glycosylation might
reflect sequence features recognized by these residues.
The simplest analysis was to compare the sequences surrounding the sites of glycosylation. For initial analysis, we generated sequence frequency plots 238 for an extended
region consisting of the 3 amino acids N-terminal of the site of glycosylation and the 19
amino acids C-terminal of the site of glycosylation. For this analysis, we excluded all sites of
glycosylation on the protein AHNAK; 48 uniquely mapping glycosites were discovered in
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this protein of almost 6000 amino acids, and they mapped within highly repetitive regions
of the protein (Figure 2.29) . Furthermore, 41/48 of these sequences were glycosylated by
WT enzyme (Table 2.4), suggesting that including this protein would heavily bias sequence
analysis to reflect the features inherent in the AHNAK repeat rather than broader trends
that reflect the contribution of the aspartate residues to substrate selection.
Table 2.4: AHNAK unique sites (48 total) and degree of glycosylation between conditions

Sites unique to
WT-treated
extracts

Sites biased
towards
WT-treated
extracts

22

10

Sites with equal
numbers of
detected
peptides
between
treatments
9

Sites biased
towards
D2A-treated
extracts

Sites unique to
D2A-treated
extracts

3

4

Figure 2.29: Amino acid frequency of all AHNAK Sites of Glycosylation

Note the highly repetitive nature of these sites leads to strong sequence bias compared to
general glycosylation sites seen in Figures 2.30–2.32
When we look at the amino acid frequency of all sequences glycosylated by either
OGT variant in HeLa extracts (Figures 2.30, second line), we see that, similar to past
studies, 33,111,113,200 there is a high degree of degeneracy in OGT target sites. We reasoned
that we could use comparative analysis of subsets of glycosites to try to see if there might
be subtle patterns of difference in amino acids between sites glycosylated by WT and those
glycosylated by the D2A mutant; we though that this comparison might reveal differentially
enriched amino acid "patterns” that represent features recognized by Asp386 and Asp420.
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In our first comparison, we considered all sites glycosylated by WT OGT versus those
uniquely glycosylated by the D2A mutant (Figure 2.30). We reasoned that any features
for the D2A-specific amino acid features might reflect gain of function in the mutant.
Unexpectedly, we did not see a pattern in the D2A mutant, but thought that there appeared
to be an increase in positively charged residues in the region of WT glycosites we’d expect
to be near where the mutated aspartates interact with HCF-1 (shown at top of figure). This

Figure 2.30: Comparative analysis of glycosylation sites from HeLa extracts (all WT vs all D2A-only)
Comparison of amino acid probability logos for all sites glycosylated in either treatment versus
HCF-1 repeat. (at the top; the threonines that are hydrogen bonded to aspartates 386, 420, and
454 are marked) The amino acids are ordered top to bottom in order of most frequent, with height
representing frequency of an amino acid. Note: D2A mutant is Asp386Ala and Asp420Ala; Asp454
is included for completeness. "All” represents all glycosites glycosylated by either mutant. "WT” is
all glycosites glycosylated in WT OGT-treated extracts regardless of whether they were detected in
D2A-mutant extracts, and "D2A only” are glycosites uniquely glycosylated in D2A-treated extracts.
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slight enrichment of positive charges appears to disappear in the D2A treated samples. To
further look if this was a WT glycosylation pattern, we compared sites that appear to be
more glycosylated by WT (WT biased) based upon number of peptides identified to those
more glycosylated by the D2A mutant (D2A biased) (Figure 2.31). Here, the WT biased
glycosites show stronger signs of enriched positive charge in the region of the mutated
aspartates than the D2A biased sites. This pattern appears to continue if we compare sites
glycosylated only by WT OGT versus any sites glycosylated by D2A (Figure 2.32). Overall,
this suggests that there may be a preference for positively charged amino acids enforced by
Asp386 and Asp420 that is lost in the D2A mutant.
While this set of patterns seemed somewhat consistent across comparisons, the pattern
appears to not represent a site-specific interaction, but instead a trend spread across a
region of amino acids. To determine if this trend is significant, we developed an approach

Figure 2.31: Comparative analysis of glycosylation sites from HeLa extracts (WT-biased vs all D2A-biased)
Figure is arranged as in Figure 2.30. "WT-biased” glycosites have more corresponding peptides
detected between both replicates from WT OGT-treated extracts (includign those unique to those
samples), and "D2A-biased” indicates glycosites with more peptides detected for D2A-treated extracts
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Figure 2.32: Comparative analysis of glycosylation sites from HeLa extracts (WT-only vs all D2A)
Figure is arranged as in Figure 2.30. "WT-only” glycosites were only detected in extracts treated with
WT OGT, while "D2A” indicates glycosites detected from D2A-treated extracts regardless of whether
the were also detected in WT-treated extracts.

to determine whether certain amino acids are enriched in a region relative to the site of
glycosylation. The protocol counts the number of occurences of a certain amino acid in a
specific range of amino acids relative to the site of glycosylation (for example, the 1st, 2nd,
and 3rd amino acid C-terminal of the site of glycosylation, Figure 2.33A). Each site from the
proteomics data thus gets a "score” for an amino acid in a given window, numbered from
the site of glycosylation. We then compare the scores for sites in one group (for example,
those sites only glycosylated in WT OGT-treated extracts) to those for another group (those
sites glycosylated in D2A-OGT treated extracts). The average score between each group
is used to calculate a fold change and a Mann Whitney U test is carried out to determine
the statistical significance of any differences. We performed this analysis for every single
amino acid for all 3 amino-acid windows from positions 1 to 19 C-terminal of the site of
glycosylation. We performed the same three comparisons using this method as we did for
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Figure 2.33: Enrichment analysis on 3 amino acid windows
Comparison of amino acids occurrence in three amino acid windows relative to sites of glycosylation.
A) The protocol looks for number of occurrences of a given amino acid in a 3 amino acid window in
each sequence in a list, then compares the number of occurrences in each
B) Comparison of sites only glycosylated in WT-treated extracts versus all those glycosylated in
D2A-treated extracts. Each dot represents the enrichment of a single type of amino acid in a 3-amino
acid window between 1 and 19 amino acids C-terminal of the site of glycosylation. Colored dots
meet cutoff criteria of 1.5-fold enrichment and a p-value of less than 0.05 in a Mann Whitney U test.
The panels are (from left to right):
–all sites glycosylated in WT OGT-treated extracts versus sites specific to D2A mutant-treated extracts
–sites with higher peptide identification rates for WT treated extracts versus sites with higher peptide
identification rates for D2A extracts
–WT-treated extract specific sites versus all sites from D2A-treated extracts

looking at amino acid frequencies at individual positions (Figure 2.33B). We set cutoffs of a
p-value of less than 0.05 and a fold change of at least 1.5 (log2 (1.5) = 0.58) for an amino acid
to count as enriched. Based upon this, we had several amino acid windows that showed up
as enriched (Figure 2.33, Tables 2.5–2.7).
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Table 2.5: All WT sites versus D2A-specific sites
Amino Acid
T
L
V
D
T
S
S
S
R
V
K
R
R
R

Window (Site = 0)
6–8
10–12
2–4
7–9
5–7
3–5
2–4
5–7
6–8
6–8
17–19
9–11
7–9
8–10

log2 (Fold Change WT/D2A)
-1.20
-0.99
-0.97
-0.96
-0.69
-0.57
-0.56
-0.52
0.82
0.93
0.99
1.02
1.15
1.52

p-value
0.0037
0.031
0.021
0.031
0.027
0.017
0.0045
0.047
0.015
0.036
0.019
0.034
0.0015
0.00089

Table 2.6: WT-biased versus D2A-biased sites
Amino Acid
T
V
V
S
L
T
A
T
A
T
S
A
S
S
R
R
K
R
R

Window (Site = 0)
6–8
8–10
2–4
12–14
10–12
5–7
16–18
11–13
11–13
10–12
11–13
17–19
5–7
4–6
7–9
10–12
17–19
9–11
8–10

log2 (Fold Change WT/D2A)
-1.39
-1.30
-1.28
-1.15
-1.11
-1.10
-1.06
-0.92
-0.87
-0.83
-0.77
-0.73
-0.71
-0.64
0.90
0.96
0.96
1.28
1.44
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p-value
0.0090
0.0054
0.025
0.0014
0.046
0.019
0.014
0.040
0.039
0.033
0.023
0.018
0.033
0.037
0.021
0.027
0.036
0.011
0.0011

Table 2.7: WT-specific versus all D2A sites
Amino Acid
T
T
V
S
A
A
V
P
S
P
A
P
L
L
K
K
K
R
E

Window (Site = 0)
6–8
5–7
8–10
12–14
11–13
16–18
10–12
16–18
11–13
15–17
17–19
17–19
5–7
6–8
9–11
7–9
11–13
8–10
16–18

log2 (Fold Change WT/D2A)
-1.53
-1.49
-1.48
-1.32
-1.15
-1.15
-1.03
-0.93
-0.92
-0.89
-0.68
-0.66
0.69
0.71
0.75
0.87
0.89
0.98
1.12

p-value
0.0090
0.0098
0.014
0.0047
0.0085
0.010
0.041
0.0020
0.0069
0.018
0.044
0.028
0.025
0.046
0.046
0.035
0.024
0.013
0.039

Analyzing enrichment shows several amino acids as enriched in certain regions between
the mutant and WT enzyme treatments. Notably, in various comparisons, multiple 3 amino
acid windows show up enriched for WT that match our observations from looking at amino
acid frequencies (Tables 2.5–2.7). Lys and Arg show up enriched for WT-glycosylated sites
relative to D2A-glycosylated sites in mutiple 3 amino acid windows, overlapping the region
where the mutated aspartates likely contact the substrate. Furthermore, we note that the
D2A mutant appears to show enrichment of Ser and Thr in multiple windows, along with
multiple enriched regions of Ala, Pro, Leu, and Val.
Noting that the enriched windows of the same amino acids often overlapped, we tried
either expanding or contracting the windows that met our cutoffs, to see if the enrichment
is due to a smaller or larger window of amino acids. We set a p-value cutoff of <0.001 in
at least one comparison for analyzing these windows; those regions that met these cutoffs
are displayed in Table 2.8. Intriguingly, only two classes of amino acids showed up in these
more stringent cutoff- Arg/Lys and Ser/Thr, with the Arg/Lys uniformly favoring the WT
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Table 2.8: Top-enriched amino acids after expanding or contracting 3 amino acid windows (p < 0.001)

Amino
Acid

Window

S
12–14
S
13–14
ST
5–7
ST
6–7
ST
11–13
ST 5–7 and S 13–14
R
7–10
R
7–11
R
7–12
R
8–10
R
8–11
R
8–12
RK
7–8
RK
7–9
RK
7–10
RK
7–11
RK
7–12
RK
8
RK
8–10
RK
8–11
RK
8–12
RK
9–12

all WT v.
D2A-specific sites

WT-biased v.
D2A-biased sites

WT-specific v.
all D2A sites

log2 fold
change

p-value

log2 fold
change

p-value

log2 fold
change

p-value

-0.45
-0.85
-0.58
-0.83
-0.31
-0.65
1.23
1.18
0.93
1.52
1.36
1.01
1.23
1.00
0.98
0.88
0.78
1.56
1.01
0.87
0.76
0.54

0.12
0.010
0.00095
0.00019
0.22
0.000032
0.00044
0.00018
0.00082
0.00089
0.00040
0.0023
0.000072
0.00011
0.000041
0.000030
0.000047
0.00090
0.0011
0.00098
0.00083
0.037

-1.15
-1.79
-0.83
-0.98
-0.83
-1.05
0.97
1.014
0.93
1.44
1.37
1.185
0.83
0.88
0.92
0.89
0.88
1.08
1.06
0.99
0.94
0.90

0.0014
0.00046
0.00058
0.00052
0.0016
0.000003
0.0083
0.0035
0.0033
0.0011
0.00061
0.00082
0.013
0.0024
0.00024
0.000063
0.000020
0.013
0.00089
0.00046
0.000065
0.00062

-1.32
-1.93
-0.73
-0.75
-0.86
-1.00
0.55
0.58
0.56
0.98
0.90
0.81
0.55
0.73
0.67
0.69
0.68
0.77
0.80
0.800
0.77
0.77

0.00047
0.00047
0.0046
0.0092
0.0072
0.000027
0.11
0.11
0.13
0.013
0.025
0.038
0.063
0.0046
0.0017
0.00070
0.00042
0.046
0.0028
0.0021
0.00057
0.0037

average number of amino acids in said position for set of WT Sites

Fold change is average number of amino acids in said position for set of D2A Sites
Underlined entries indicate the most significant pattern for that amino acid type in that region based
upon average p-value. "ST 5–7 and S 13–14" represents the combined enrichment from both positions
simultaneously. WT-biased and D2A-biased refer to sites for which a greater number of peptides
were discovered in one treatment versus another, while WT-specific and D2A-specific refer to sites
only identified in the corresponding treatment.

enzyme and the Ser/Thr enrichment uniformly favoring the D2A mutant. It appeared to
us that all of the Arg/Lys patterns appeared to represent the same underlying trend, as
the windows all overlapped. We thus focused on the "pattern” with the lowest average
p-value, Lys or Arg in positions 7–12 (Table 2.8, underline). By contrast, we observed what
appeared to be two distinct regions for enrichment of Ser and Thr; one N-terminal of the
site of aspartate interaction, best represented (based upon lowest average p-value) by Ser or
Thr in positions 5–7 as well as a seemingly Ser-specific enrichment at positions 13 and/or
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14 (Table 2.8, underline). As both Ser/Thr patterns favored the D2A mutant, we combined
these, and found that this combined Ser/Thr pattern was more significantly enriched for
the mutant than the individual patterns alone (Table 2.8).
If these patterns of amino acids on substrates are truly playing a role in selecting which
substrates and which glycosites get glycosylated by OGT, it would be expected that these
patterns of amino acids would be increased not only between glycosites, but also relative to
other Ser/Thr residues on the same protein. To test this, we determined the degree of amino
acid pattern-matching for every Ser and Thr on each glycosylated protein, and obtained
an average degree of pattern-matching for that protein across all Ser/Thr. We subtracted
this average from every site on that protein to obtain a "background-corrected amino acid
count” for each pattern at each glycosite. This analysis (Figure 2.34) demonstrated a clear
trend consistent with our enrichment analysis. For the Arg/Lys 7–12 pattern, there are a
significantly greater percentage of glycosites with background-corrected counts above 0 for
WT-biased sites than the other two groups, with a clear decrease as we look at reduced
relative WT activity. There are still Arg/Lys at these positions for a number of D2A-biased
glycosites, suggesting that the D2A mutation does not select against Arg or Lys in these
positions, but rather that Asp386 and Asp420 select for these positively charged residues.
Here, we should note that the AHNAK repeats (Figure 2.29) that were excluded from
sequence analysis have a high likelihood of Lys in this region, and are heavily biased in
favor of the WT enzyme, consitent with the conclusions made without including these
sequences.
The trend towards the D2A mutant favoring the combined Ser/Thr patterns at positions
5–7 and 13–14 is equally clear, with the median count being above background only for
D2A-biased sites (Figure 2.34). When we look at the patterns individually, we see that this
trend is driven by the increase in Ser or Thr in positions 5–7 in favor of D2A-biased sites
(Figure 2.35); although there is a clear trend towards an increased number of sites with
Ser at position 13 or 14 among D2A-biased sites relative to WT-biased sites, this amino
acid pattern is dominated by the majority of glycosites with no Ser or Thr at this position,
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Figure 2.34: Amino acid matches for top patterns enriched between WT and D2A-treated extracts
Count of amino acids matching patterns for each glycosite, corrected for baseline degree of pattern
matching at "average” Ser/Thr residues on the same protein. Each box represents a different set
of glycosites, with the upper and lower boundaries showing first and third quartile, and the white
line showing the median. Each dot represents a single glycosite. Numbers in parentheses indicate
how many unique sites are represented for each class. On the left are how many Arg or Lys are
in positions 7–12 C-terminal of the site of glycosylation; on the right is the combination of number
of Ser/Thr at positions 5–7 and/or Ser at positions 13–14 C-terminal of the site of glycosylation.
"Neutral” glycosites are those sites with equal rates of peptide identification between treatments;
any difference in rate of peptide identification was counted as bias in favor of one of the two OGT
variant treatments.

leading to a median background-corrected count slightly below zero.
We noted that these D2A-favoring patterns were at positions outside of positions 9 and
11, where Asp386 and Asp420 contact HCF-1 42 (and Tab1) 139 at at Thr (and Ser) side chains.
We wanted to determine if there was an impact on Ser and Thr in the region surrounding
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Figure 2.35: Amino acid matches for individual Ser/Thr patterns enriched between WT and D2a-treated
extracts or in the region of Asp386/Asp420
Count of amino acids matching patterns for each glycosite, corrected for degree of pattern matching
at "average” Ser/Thr residues on the same protein. Each box represents a different set of glycosites,
with the upper and lower boundaries showing first and third quartile, and the white line showing
the median. Each dot represents a single glycosite. Numbers in parentheses indicate how many
unique sites are represented for each class. On the left are how many Ser or Thr are in positions 5–7
C-terminal of the site of glycosylation; the middle shows the number of Ser at positions 13 or 14,
and the right shows the number of Ser or Thr at positions 8–12 in the region contact by Asp386 and
Asp420.

these aspartate contact sites; we therefore analyzed the background-corrected count of Ser
or Thr at positions 8–12 (Figure 2.35 right). There was very little overall difference between
the three groups of glycosites, with at most a subtle decrease for WT-biased glycosites,
the opposite of what one would expect from the limited structural information suggesting
interaction at these sites. Thus, it appears that D2A mutation enriches sites that have Ser
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and Thr that could interact with the TPRs outside of the region containing Asp386 and
Asp420, but has limited effect on the degree of Ser/Thr in the region that could contact
these mutated residues.
These two trends in amino acid composition in the region C-terminal of the site of
glycosylation are the first sequence-specific information regarding a broad role for TPR
residues in determining site of glycosylation. While we don’t see the enriched amino acid
patterns uniformly defining any of the classes of glycosites, the degree of enrichment is
suggestive that there is a genuine effect whereby Asp residues 386 and 420 favor positive
charges in some substrates, and the presence of Ser/Thr outside of this region appears to
become favored in the absence of these residues.
To determine if these trends appeared to be relevant in the context of cellular glycosylation, we consulted data regarding proteins natively modified with O-GlcNAc in cells. 227
For this, we used data from the curated PhosphoSitePlus database, which includes 1817
O-GlcNAc glycosites based upon curation combining literature and unpublished mass spectrometric characterization. 227 We performed the same background-corrected count analysis
for each of the high-confidence patterns identified (Arg/Lys 7–12, Ser/Thr 5–7, and Ser
13–14) as well as Ser or Thr within positions 8–12. We found that 50% or more of glycosites
in the PhosphoSitePlus database had a background-corrected count of more than 0 for the
Arg/Lys 7–12 as well as for Ser/Thr 5–7 patterns, but Ser at positions 13 or 14 was relatively
rare (Figure 2.36). Notably, having Ser or Thr was found in positions 8–12 relative to more
than 50% of the glycosites, suggesting this is favored by OGT even if there is little effect of
D2A mutation on this pattern.
We considered how likely these percentages of amino-acid matching were compared to a
random sets of 1817 Ser or Thr from the same proteins by randomly drawing 1817 Ser/Thr, a
process we repeated 100,000 times (Figure 2.36). For each set, we determined the percentage
of Ser or Thr residues out of 1817 that had background-corrected amino acid counts above
zero; we then compared the percentage of such residues observed from the actual glycosites
to those percentages arising from our 100,000 random draws. For both Arg/Lys 7–12 and
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Figure 2.36: Degree of glycosites from PhosphoSitePlus matching patterns discovered from comparative
profiling of D2A mutant
Degree to which amino acid patterns discovered in HeLa cell extracts match the 1817 O-GlcNAc
sites from cells cataloged in the PhosphoSitePlus database.
A) Count of amino acids matching patterns for each glycosite, corrected for baseline degree of pattern
matching at "average” Ser/Thr residues on the same protein. For each pattern, the thickness of the
plot represents the percentage of observations at a given background-corrected amino acid count.
Central white lines show the median background corrected count and dashed white lines provide
the first and third quartile.
B) Comparison of O-GlcNAc sites to random draws of 1817 Ser or Thr from the same proteins.
1817 random Ser or Thr were chosen from the proteins glycosylated in PhosphoSitePlus and the
percentage of Ser/Thr with a background-corrected count above 0 for each pattern was determined.
100,000 random draws were performed, and the resulting percentage of Ser/Thr matching each
amino acid pattern (blue, y-axis 1 unit=1000 sets of randomly drawn Ser/Thr) are compared to the
values from the O-GlcNAc sites in the database (red).

Ser/Thr 5–7, the number of glycosites with a background-corrected count above zero is
significantly higher than expected by chance; this is also true for Ser or Thr at positions
8–12, but not for Ser at positions 13 or 14. These results provide further evidence that the
substrate amino acid patterns enriched between HeLa extract treatments likely reflect true
substrate selection mechanisms used by OGT in a cellular context. Furthermore, we note
statistically significant enrichment of amino acid patterns enriched both in favor of WT OGT
and and some of those in favor of the D2A mutant. This suggests that the D2A mutant
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both became more reliant on specific, pre-existing modes of substrate recognition as well as
partially developing new substrate preferences. Thus, while those patterns favoring the D2A
mutant ultimately led to glycosylation of sites not recognized by WT OGT, the underlying
substrate preferences leading to recognizing these sites are potentially informative about
how native OGT recognizes substrates.

2.2.4

Structural hypotheses for substrate recognition by Asp residues in TPR
domain

While the study of enrichment of certain classes of amino acid residues at positions relative
to the site of glycosylation provides some starting points for understanding how OGT
recognizes substrates, it has clear limitations. None of the enriched patterns have large effect
sizes, and none are present in all glycosites; OGT still lacks a consensus recognition sequence.
However, the limited structural information regarding TPR-based substrate recognition 42,139
allows us to hypothesize how the enriched residues may play a role in substrate selection,
and what role Asp386 and Asp420 may play in interacting with these residues.
The hypothesis for how Asp386 and Asp420 interact with Lys or Arg is relatively straightforward: the positive charge of the Lys or Arg residues interact with the negative charge
of the aspartates mutated in the D2A mutant. The loss of these electrostatic interactions
leads to lower rates of glycosylation at sites having these positively charged interactions,
with some sites being reliant on these interactions for positioning, and thus not being
glycosylated by the D2A mutant.
We note that the well-studied substrate Tab1 has a lysine at position 7 C-terminal of
the site of glycosylation. We have some structural information regarding TPR-binding
based on a construct in which the substrate sequence near the glycosite was fused to the
N-terminus of the OGT crystallographic construct. 139 We posited inspection of this site in the
fused structure might give us clues as to how OGT recognizes the Arg/Lys pattern (Figure
2.37). We note that this residue points roughly between Asp454 and Asp420, although
at approximately 5 Å distance (Figure 2.37A). This positioning suggests that the negative

78

charges of the flanking Asp residues might aid in positioning the substrate; however, the
long distance is near the limit of what is expected to be stabilizing for ion pair interactions. 239
This is in contrast to the Thr residue in the same position relative to the site of catalysis for
HCF-1 (Figure 2.37B), which is likely hydrogen bonded to Asp454 with an O–O distance
of 2.7 Å. The interactions in the HCF-1 structure between the substrate and the TPRs are
at < 3Å suggestive of hydrogen bonding for both the Asp–side chain and Asn–peptide
backbone interactions. By contrast, the Tab1 structure has both Asn and Asp interaction
distances over 3 Å for residues further from the active site, suggestive of a worse fit with the
array of TPR interactors (although we cannot rule out this being an artifact of the substrate
being fused to the enzyme).
Given this greater distance and the appealing nature of a model that has Lys or Arg
intercalating between arrayed TPR Asp residues, we looked into the uncertainty in the
position of the Tab1 lysine (Figure 2.37C). Examining the B-factors on atoms of the lysine
as well as the flanking Asp residues discovered that the end of the lysine had a higher
degree of local disorder than the surrounding protein. While this is far from direct evidence
of an interaction between these residues and the lysine, it may suggest there are multiple
conformations of this side chain, some of which may contribute to substrate binding more
highly than the modelled conformation. Furthermore, it is possible that the charge-charge
interaction may not be geometrically compatible with peptide backbone binding to the TPR
Asn ladder, but may contribute to the initial binding or preventing of substrate release
before catalysis in transient conformations.
In contrast to these electrostatic interactions, the role of Ser and Thr in substrate recognition by the TPRs is less straightforward; however, the evidence does suggest a potential
hypothesis. Asp386 and Asp420 are known to contact Ser or Thr residues in the existing
structures of substrates bound to the TPRs, providing a mode by which OGT may make
specific contacts. Indeed, Ser and Thr are more common than expected by chance at the
appropriate positions C-terminal of known O-GlcNAc sites to interact with these residues
(Figure 2.36). Intriguingly, mutating these two aspartates has limited effects on the frequency
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Figure 2.37: Structural information on Tab1 binding in TPRs may suggest mode of Lys interaction with TPR
Asp residues
A) TPR-substrate interaction in structure of OGT crystallographic construct with N-terminal fusion
to Tab1 glycosylation sequence. 139 Backbone-binding Asn and side-chain interacting Asp are highlighted, as are key residues of Tab1 (numbered from 0 at site of glycosylation, to correspond to
pattern-finding). TPRs are in yellow, while Tab1 residues are in blue.
B) Same region as A), showing structure of OGT crystallographic construct co-crystallized with
peptide of HCF-1 cleavage region. 42 TPRs are in grey, with HCF-1 peptide in green (numbered from
0 at site of cleavage glutamate).
C) Same structure as A), but colored by B-factor to represent degree of uncertainty in atomic
position. 240 (B factors of 100 Å2 correspond to a root-mean-square displacement ⇡ 1.13 Å)

of Ser or Thr at positions 8–12 (relative to the site of glycosylation) for sites glycosylated in
HeLa extracts; it does, however, increase the prevalence of Ser or Thr N-terminal of these
positions, along with increasing the rate of Ser at positions C-terminal (Figure 2.35). We
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Figure 2.38: Asp318 may allow more distal contacts in absence of Asp386 and Asp420
A) Positioning on Tab1 portion of construct (numbered from 0 at site of glycosylation) relative to
Asp318 in OGT crystallographic construct fused to Tab1 glycosylation sequence. 139 TPRs are in
yellow, while Tab1 residues are in blue.
B) Position of Ala14 of HCF-1 peptide (numbered from 0 at site of cleavage glutamate) places it
close to Asp318 showing structure of OGT crystallographic construct co-crystallized with peptide of
HCF-1 cleavage region. 42 TPRs are in grey, with HCF-1 peptide in green.

reason that this may be due to the need to compensate for lost interaction energy from
the loss of Asp386 and Asp420 as anchoring contacts. In the D2A mutant, Asp454 could
likely still interact with Ser or Thr sidechains appropriately positioned on substrates, and
this interaction may become more important without Asp386 and Asp420 as alternative
stabilizing contacts. The increased reliance on native contacts already used to target a
subset of glyosites could also explain why Ser or Thr at positions 5–7, which favored the
D2A mutant over the WT enzyme, is enriched relative to chance among native O-GlcNAc
sites from cells (Figure 2.36). At the C-terminal end, it is possible that contacts that play
relatively in the WT enzyme take on an increased importance; indeed, examining structural
information shows that there is a close proximity between the side chain at position 14 and
Asp318 (Figure 2.38), which could become an important contact in the context of lacking
Asp386 and Asp420 even though it is not critical for substrate recognition by the wild-type
enzyme. Consistent with this, there is no enrichment of Ser at this distal position in data
from cellular substrates (Figure 2.36).
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One unanswered question that is brought up by this statistical enrichment is why it
appears that enriched amino acids are spread across several residues, as the structural
arguments put forth based on Tab1 and HCF-1 structures would suggest specific sites of
interaction. One possibility is that there is some flexibility in the positioning of the active site
sequence relative to the TPR-bound sequence. While the Asn ladder likely provides precise
positioning of amino acids relative to one another within the TPRs, it appears feasible that
alternative conformations could allow a 1-2 amino acid shift in site of glycosylation in
either direction, as there are limited contacts between the site of glycosylation and TPR bind
starting at residues 4 or 5, and ample room for alternate conformations (Figure 2.39) in
the cleft below the TPRs. This could allow effectively 2 binding sites, one at the active site
with preferences for proline and valine at the –2 position, 100,111 and another set of contacts
spread across the binding interface into the TPRs. This degree of flexibility, along with
multiple binding sites spread across the entire TPR lumen that can each share the role of
defining substrate preference, could explain why OGT target sequence preferences have
been so difficult to predict.

Figure 2.39: Broad cavity between TPRs and catalytic domain could accommodate conformational flexibility
Two views of HCF-1 peptide, green (PDB 4N3B 42 ) sitting below the TPRs, grey, and above the
catalytic domain, purple. Note the space in the cavity below the TPRs. The edge of UDP-GlcNAc is
in the bottom left of both views; in right view, surface of lysine from catalytic domain removed to
allow viewing into cleft below TPRs (center)
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2.3

Conclusions and model of substrate recognition by the TPR
domain

Prior to the work presented in this chapter, there had been two prevailing hypotheses
regarding how OGT could recognize such a diverse array of proteins. OGT clearly has
significant capability to directly recognize substrates as demonstrated by the ability to
glycosylate model proteins with recombinant OGT. 124 However, the lack of a predictive
consensus sequence in both biochemical 100,111–113,218–220 and cellular 33,200 studies suggested
that some key details were missing in our understanding of how OGT recognized substrates.
One reason suggested to explain this ambiguity is the proposal that many of OGT’s
substrates are recognized not by OGT itself but by adaptor proteins, i.e. alternate proteins
that feed substrates to the OGT active site. 154,155,158–160 By working with a diverse set of
adaptors, OGT could recognize diverse proteins. Indeed, there have been instances of
proteins that, when overexpressed, altered OGT’s substrate profile in cells; 154,155,158–160
however, there has been limited direct characterization of the mechanisms by which this
alteration in substrate profile occurs. Alternatively, it is possible that we are missing intrinsic
biochemical features involved in OGT’s substrate recognition mechanisms.
In the work presented in this chapter, we have revealed some missing biochemical
features of OGT that play key roles in substrate selection. Building on structural studies
of the non-canonical substrate HCF-1, 42 we demonstrated that conserved Asn residues
within the lumen of the TPR superhelix were important for recognition of the majority of
Ser/Thr glycosylation substrates. The importance of these TPR lumen Asn ladder continues
throughout the TPR domain, suggesting that residues as far as 70–100 Å from the active site
are involved in substrate recognition. Furthermore, we have demonstrated that by mutating
Asp residues within the TPR lumen that interact with side chains of HCF-1, we can alter
OGT’s global substrate specificity as well as increasing its net turnover rate against a broad
range of substrates. Taken together, these pieces of data suggest that the TPR domain plays
a major role in driving substrate selection and contains a large binding interface that likely
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drives a number of previously unexplored direct mechanisms of substrate binding.
By analogy to the mechanisms of HCF-1 binding, that have also been shown to be
operative for recognition of the Ser/Thr glycosylation substrate Tab1, 139 we predict that the
conserved Asn ladder forms bidentate hydrogen bonds to the peptide backbone of protein
substrates, which is supported by the global, non-specific reduction in glycosylation seen
from 5N5A mutants in both microarray and cell extract experiments. Extending this binding
mode up the TPR suggests that the TPR superhelix wraps around significant proportions of
substrates, likely providing significant binding energy to anchor substrates to the active site
(Figure 2.40). Along the TPR lumen are a number of residues that could provide side-chainspecific contacts, thus aiding to set the "register” of glycosylation and discriminate which
Ser/Thr residues are targeted by OGT. The Asp residues studied here are likely only a
subset of a number of residues driving substrate selection throughout the length of the TPR
lumen, which each could provide different components of substrate specificity. Thus, part
of the reason we lack the ability to clearly predict site of glycosylation is that we’ve been
focusing on residues immediately surrounding the site of glycosylation; however, OGT may
spread its substrate recognition duty across up to 30-40 amino acid stretches, with multiple
possible patterns of amino acids being recognized by different sets of TPR residues and no
need for perfect matching to all potential substrate-binding sites in order to have appreciable
glycosylation. Furthermore, both the available structural information and our sequence
analysis suggest that substrate-recognizing residues, such as Asp386 and Asp420, may be
able to select for multiple different types of residues, in this case both Ser/Thr or Arg/Lys,
and we posit there may be flexibility in binding location. If this also occurs at numerous
sites throughout the region C-terminal of the site of glycosylation, it is unsurprising initial
analyses did not clearly delineate a predictive "OGT glycosylation motif”, and methods
such as those developed in this chapter will likely be necessary in order to understand the
factors that play a role in selecting for or against TPR binding.
Notably, this model is not mutually exclusive with adaptor-mediated binding. It is
possible that extended binding in the TPR lumen is a feature of a large number of OGT
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Figure 2.40: Model of TPRs interacting with substrates, with proposed modes of Asp binding
In our model, OGT uses its Asn ladder to bind disorder regions of the peptide backbone of substrates
in the TPR lumen. The Asp residues can bind substrates using either hydrogen bonding or charge
charge interactions, selecting for either Ser/Thr residues or Arg/Lys

substrates but some are fed to OGT by adaptor proteins. Alternatively, there are also
multiple mixed models in which adaptors may play a role in a cellular context but not in
a fully in vitro system. An adaptor could drive OGT localization, thus biasing it towards
only glycosylating proteins at its site of localization, but in a fully TPR-binding-dependent
manner (Figure 2.41). An adaptor protein might provide some of the binding energy for
substrate recognition and thus be less dependent on pattern-recognition by the TPR domain;
however, all adaptor-based substrate recognition mechanisms remain to be investigated.
The increased signal observed in extract glycosylation experiments with the D2A mutant
is intriguing, as it suggests that mutating substrate recognizing residues increases glycosyla85

Figure 2.41: Adaptors could cooperate with TPR lumen to recognize substrates
If OGT cooperates with adaptors, it could do so by feeding substrates to the TPR lumen (TPRdependent recruitment, left), or directly feed substrates to the OGT active site (TPR-independent
recruitment, right)

tion. This is in contrast with the 5N5A mutant, where the mutation of substrate-recognition
residues led to decreased glycosylation. One possible model for this is based upon the
different roles played by these residues. The conserved Asn ladder appears to bind the
peptide backbone of substrates, a feature invariant across all proteins. The large number of
conserved Asn could provide ample binding energy to allow substrate recognition; however, any "register” of peptide backbone that can access the TPR lumen should be able
to satisfy this hydrogen bonding. If the TPR Asn anchor substrates, but allow them to
shift their position along the peptide chain, then Asp386 and Asp420, along with other
side-chain-interacting residues, could instead play a role in locking the register to encourage
glycosylation of specific Ser or Thr residues. By mutating these residues, we may have
increased the rate of this shifting and reduced the time OGT spends in non-productive
substrate registers that cannot lead to Ser/Thr glycosylation. Alternatively, the reduction
in strength of binding might lead to increased rate of substrate release, if this step is ratelimiting in glycosylation. Further studies are needed to distinguish these possibilities, both
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of which are related to the unsolved question of how substrates gain access to the lumen of
the TPR domain.
One key aspect of these studies of OGT substrate selection has been the development
of approaches to allow us to biochemically investigate OGT activity against a broad range
of intact proteins. In our initial work we optimized a protein microarray assay, which has
the advantage of spatially segregating substrates so that we can guarantee all activity is
due to direct OGT-substrate interactions. We also used HeLa cell extract glycosylation as
another tool to study a broad array of pooled protein substrates. The use of extracts not
only allowed us to confirm microarray results but also, when combined with glycositemapping proteomics, provided a way to profile of what sites are glycosylated. These assays
provide us with complementary information (Table 2.9). Unlike the protein microarrays,
treatments of cell extracts are potentially confounded by the presence of glycosylhydrolases,
endogenous WT OGT, and protein factors that may act as "adaptors” to recruit OGT to
substrates. However, while these factors likely contribute noise to this assay, we expect
the use of large excesses of recombinant OGT likely overpowers the influence of these
Table 2.9: Comparison of broad OGT substrate-profiling techniques

Method

Protein Microarray

HeLa Extract
(Western Blot)

Cost ($)
Specialized
Equipment
Data Resolution

High
Microarray Scanner

Low
None

Per-protein
Glycosylation

Limited;

(band intensity is
a complex mix of
epitope-match,
protein abundance,
degree of
glycosylation,
and number
of glycosylated
proteins at a given
molecular weight)
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HeLa Extract
(IsoTag
Proteomics)
Moderate
ETD-linked Mass
Spectrometer
Site of Glycosylation

factors to provide information primarily derived from direct biochemical effects of OGT
on substrates or substrate complexes (Figure 2.42). These limitations are accompanied by
a gain in resolution from protein-level glycosylation derived from protein microarrays to
the site-level glycosylation we can gain from proteomics on extracts, which allowed us
to tentatively determine sequence-specific roles for features on OGT. We expect we could
further extend this ability to use extracts as a site-specific tool by using alternate proteases
such as chymotrypsin to alter sequence coverage and using quantitative proteomics, rather
than the semi-quantitative methods employed in this analysis. 33,228 Moving forward, we
believe that both the microarray and extract-proteomics experiments will provide valuable
tools to further map out OGT’s mechanisms of substrate recognition. Notably, both of these
methods are enabled by the use of UDP-GlcNAz. While azide sugars have long been used
as tools to metabolically label substrates of OGT in cells, 224 we believe that the use of these
labeled sugars for mechanistic biochemistry is a powerful and currently under-utilized tool.

Figure 2.42: Use of recombinant OGT in HeLa cell extracts likely overwhelms endogenous adaptor binding
HeLa cell extracts contain endogenous OGT and potential OGT adaptor proteins. However, we add
approximately an order of magnitude more OGT than is endogenously present. This means that
unless there is a very large excess of a given adaptor present relative to endogenous OGT, we expect
the majority of signal will be due to the direct recognition of a substrate element by OGT rather than
through adaptor mediated or endogenous-OGT mediated glycosylation.
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2.4
2.4.1

Methods
General Methods

Reagents
UDP-Glo assay reagents, including detection reagents, nucleotides, and nucleotide sugars
were purchased from Promega. DMEM media for growing HeLa S3 cells was purchased
from Thermo Fisher (1 g/L glucose). HeLa S3 was purchased from ATCC. The chemicals
used in synthesizing UDP-GlcNAz were either purchased from Sigma Aldrich or Alfa Aesar.
UDP-GlcNAz was synthesized according to reported procedures. 224
Preparation of HeLa cell extract
HeLa cell extract was prepared as previously described 232,241 with some modifications.
HeLa S3 cells were not synchronized, but instead grown to 2 x 106 cells/mL in a 1 L spinner
flask then pelleted and flash frozen for later lysis. The cell pellet was partially thawed on
ice at which point it was resuspended in swelling buffer (pH 7.5, 40 mM HEPES, 5 mM
KCl, 1.5 mM MgCl2 , 1 mM DTT, 1 EDTA-free protease inhibitor cocktail tablet (Roche) per
25 mL) of approximately 80% the volume of the pelleted cell mass. Energy mix (7.5 mM
creatine phosphate, 1 mM ATP, 0.1 mM EGTA, pH 7.7, 1 mM MgCl2 ) was added, and the
resuspended cell mass was stirred at 4 C under 1000 psi nitrogen gas for 30 minutes, after
which the pressure was release and the cellular lysate collected, followed by a second round
of pressurization and pressure release to ensure complete lysis. Precipitates were pelleted at
15000 rcf for 30 minutes and cell extracts were aliquoted and flash frozen.
Glycosylation of HeLa cell extract by OGT
HeLa cell extract was thawed on ice and any remaining precipitate was removed by centrifuging at 4 C for 20 minutes at 45000 rcf. Extract was aliquoted and UDP-GlcNAc was
added to a final concentration of 1 mM followed by the addition of recombinant OGT of
the listed isoform to 2.5 µM final concentration unless otherwise noted. An equal amount
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of buffer (50 mM Tris, 150 mM NaCl, pH 7.4) was added to the no-added-OGT control to
correct for extract dilution due to OGT addition. These aliquots were incubated at 37 C for
the listed time after OGT addition, followed by quenching via dilution in 2x Laemmli buffer
and incubation at 95 C for 5 minutes. Reactions were analyzed by immunoblotting after
SDS-PAGE and transfer to nitrocellulose.
Purification of recombinant OGT
Purification of both wild-type and mutant ncOGT was carried out as previously described. 242
Before use, OGT aliquots were thawed on ice, and centrifuged at 15000 rpm at 4 C for 20
minutes to pellet any aggregated protein. The supernatant was removed and stored on ice
until use, with the concentration measured based upon A280 with an extinction coefficient
of 117580 M

2.4.2

1

cm

1.

Methods for development of protein microarray technology and initial
5N5A analysis

Reagents
2,9-dimethyl-5,6,11,12-tetrahydro-dibenzocyclooctene was purchased from Sigma Aldrich.
UDP-GlcNAc and anti-O-GlcNAc antibody CTD110.6 were purchased from Sigma Aldrich.
Immunoblotting reagents were purchased from Life Technologies. Human ProtoArray
protein microarrays were purchased from Life Technologies. Microarray four-well incubation plates were purchased from Greiner Bio-One. Lifterslip slides were purchased from
Thermo Scientific. Microarray blocking buffer was purchased from ArrayIt. Anti-mouse
IgG, Alexa-fluor 647 conjugate and streptavidin-Alexa-fluor 647 were purchased from Life
Technologies. Azadibenzocyclooctyne-biotin (ADIBO-biotin) and Azadibenzocyclooctyne5kDa-PEG (ADIBO-PEG) were purchased from Alfa Aesar. Human cDNA clones were
obtained from the National Institutes of Health (NIH) mammalian gene collection (MGC).
Recombinant estrogen receptor a was purchased from Thermo Fisher Scientific. Rabbit
reticulocyte lysate in vitro transcription/translation system (TNT SP6 or T7) was purchased
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from Promega.

35 S-Methionine

was purchased from Perkin Elmer. All materials for imag-

ing radioactive gels were purchased from GE. Bio-Spin P6 size exclusion columns were
purchased from BioRad.
Generation of 5N5A mutant OGT
All OGT in this research refers to the 1036 amino acid ‘ncOGT’ isoform. OGT mutant 5N5A expression vector was constructed by PCR-amplifying the ncOGT containing pET24b expression vector 242 using primers 5’-CGTTTGCGACTGGACCGAC-3’ and
5’-CGGGCACAGACGCAGAGC-3’. The PCR product was gel purified and the dsDNA
fragment shown in Table 2.10 (purchased from Integrated DNA Technologies as a gBlock)
was inserted using isothermal assembly. 243 The construct identity was confirmed using
Sanger sequencing of the insert before transformation into BL21(DE3) for expression.
Table 2.10: dsDNA and peptides used in study of 5N5A mutants

Construct
dsDNA fragment for 5N5A
mutant

HCF-E10S peptide
CK2 peptide

Sequence
5’-CCGCTCTGCGTCTGTGCCCGACCCACGCTGACTCT
CTGAACGCACTGGCTAACATCAAACGTGAACAGG
GTAACATCGAAGAAGCTGTTCGTCTGTACCGTAAA
GCTCTGGAAGTTTTCCCGGAATTCGCTGCTGCTCA
CTCTGCACTGGCTTCTGTTCTGCAGCAGCAGGGTA
AACTGCAGGAAGCTCTGATGCACTACAAAGAAGCT
ATCCGTATCTCTCCGACCTTCGCTGACGCTTACTCT
GCAATGGGTAACACCCTGAAAGAAATGCAGGACGT
TCAGGGTGCTCTGCAGTGCTACACCCGTGCTATCC
AGATCAACCCGGCTTTCGCTGACGCTCACTCTGCA
CTGGCTTCTATCCACAAAGACTCTGGTAACATCCCG
GAAGCTATCGCTTCTTACCGTACCGCTCTGAAACTG
AAACCGGACTTCCCGGACGCCTACTGCGCACTGGCT
CACTGCCTGCAGATCGTTTGCGACTGGACCGACT-3’
NH2 – KKKYVRVCSNPPCSTHQTGTTNTATTATSNMAGQH
– CONH2
NH2 – KKKYPGGSTPVSSANMM – CONH2
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Peptides for reactions
All peptides (sequences shown in Table 2.10) were purchased from Biomatik, and dissolved
as concentrated stocks in ultrapure water. pH of stocks was adjusted to 7 with dilute
sodium hydroxide. Concentration of peptides was determined by UV spectroscopy based
upon measuring the A274 (lmax , tyrosine) in water using an extinction coefficient of 1400
M

1

cm

1.

General data analysis
All data was analyzed using the R statistical computing package 244 in the RStudio development environment (2016). 245 Plots were produced using the package ggplot2. 246
Array analysis was performed using the package limma. 247 Robust linear regression for
staining correction was performed using the MASS package. 248 General data analysis
was aided by the data manipulation packages dplyr 249 and reshape2. 250 The majority of
plots were made on the basis of accession number, so that any isoforms that differed
on the array were handled separately. All analysis scripts are available on GitHub at
https://github.com/SuzanneWalkerLab/GlcNAzMicroarrayTPR.
Array Glycosylation and O-GlcNAc Detection via Monoclonal Antibody
Human ProtoArray microarrays were warmed from -20 C to 4 C for 20 min and washed
twice (5 mL ⇥ 5 min/wash) with tris-buffered saline, pH 7.4, (TBS) containing 0.04% Tween
20 (TBST) in a four-well array incubation plate on a circular shaker at 50 rpm. Microarrays
were blocked for 1.5 hours at 4 C with Microarray Blocking buffer (ArrayIt) and washed
again with TBST buffer (5 mL ⇥ 5 min/wash) three times. Microarrays were incubated with
200 µL 3 µM OGT and 40 µM UDP-GlcNAc in PBS buffer (pH 7.4) under a coverslip for 2
hours at room temperature. OGT was omitted in the control arrays in the incubation step.
Following that, the arrays were washed four times with TBST (5 mL ⇥ 5 min/wash) plus a
middle wash with 0.5% SDS in TBS. Microarrays were incubated with primary antibody
(anti-O-GlcNAc, CTD110.6; 1:250 dilution in TBST) overnight in a moistened ziplock bag
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at 4 C. To label modified proteins, an anti-mouse Alexa Fluor 647 conjugated secondary
antibody (1:250 dilution in TBST) was incubated for 1 hour at room temperature. The arrays
were washed again as above and dipped in water three times, spin-dried (200 ⇥ g, 5 min),
and scanned with a GenePix 4000B scanner.
Array Glycosylation with UDP-GlcNAz and detection via biotin-streptavidin
Human ProtoArray microarrays were first washed, blocked, and re-washed similarly to
the antibody detection method. The microarrays were then incubated with 200 µL 3 µM
OGT and 290 µM UDP- GlcNAz in PBS (pH 7.4) buffer under a coverslip for 2 hours at
room temperature. Control arrays lacked OGT, while 5N5A arrays had the mutant enzyme
at 3 µM instead of wild-type OGT. Following the two hour incubation, the arrays were
washed four times with TBST (5 mL ⇥ 5 min/wash) and incubated with 200 µL 270 µM
iodoacetoamide and 1 µM 2,9-dimethyl-5,6,11,12-tetrahydro-dibenzocyclooctene in PBS
buffer under a coverslip for 30 min. After the incubation, the arrays were washed again and
incubated with 200 µL 1 µM ADIBO-biotin in PBS buffer under a coverslip for 30 min. The
arrays were washed with TBS containing 0.5% SDS three times (5 mL ⇥ 5 min/wash) and
twice with TBST (5 mL ⇥ 5 min/wash). The arrays were incubated with 200 µL 0.5 µg/mL
streptavidin- Alexa Fluor 647 for 30 min at 4 C. Finally, the arrays were washed again as
above and dipped in water three times, spin-dried (200 ⇥ g, 5 min), and scanned with a
GenePix 4000B scanner.
Analysis of array images
Images of arrays were manually aligned to grid for analysis in GenePix 5.0 software, with
the batch-appropriate .gal control files downloaded from the Invitrogen website for each
array. Data was saved as a .gpr file, and a .tiff of each channel was saved. Raw .gpr
files as well as final normalized data is available on the NIH’s gene expression omnibus
(GEO) at the accession code GSE107911. Array data was loaded into R using the limma
package 247 as median spot values. Background correction was performed by fitting a
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normal-exponential mixed model as implemented in the “normexp” method of limma
command backgroundCorrect. 251,252
Data Mining for Known O-GlcNAc Proteins on Microarray
The O-GlcNAc dataset was downloaded from the PhosphoSitePlus website (accessed June
2017). 227 BioMart 253,254 was used to convert gene names to human orthologues, and any
genes that failed automatic assignment had orthologues manually assigned based on
reference to NCBI RefSeq 255 or UniProt. 235 This dataset of human genes, along with the
list of genes corresponding to O-GlcNAc modified proteins discovered by Wang et al. 228
and the list of protein contents of the Human ProtoArray (v. 5.0, accessed April 2017)
were converted to Human Genome Organization Gene Nomenclature Committee (HGNC)
symbols 256 using the limma command alias2Symbol(). Any genes not converted by this
command or for which there were ambiguities were manually annotated based upon
consultation of RefSeq, Uniprot, or BLAST search of the sequence listed for the microarray.
The list of HGNC symbols for the protein microarray spots were compared to those found
from PhosphoSitePlus 227 or Wang et al., 228 and these proteins where annotated as "Known
O-GlcNAc Proteins". The list of gene names provided by Invitrogen, Invitrogen descriptions,
HGNC symbols, and whether it is present in PhosphoSitePlus, 227 Wang et al., 228 or both
is reported in an excel file available with the supplemental version of the published paper
(Table S4, part of supplemental information available at DOI:10.1021/jacs.7b13546).
Analysis for comparison of detection methods
For each of the detection methods (CTD110.6 monoclonal antibody and GlcNAz-biotin
labeling method), two arrays were run and analyzed, one that had been treated with WT
ncOGT and one that had been treated without enzyme as a control (see Table 2.11 for arrays
used).
For the images of arrays shown in Figures 2.3, 2.4 the red channel of each array scan
was converted to false color using the same color lookup table for each image using Adobe
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Table 2.11: Microarrays used in study

Microarray Name
CTDcont1
CTDwt1

Barcode
52641
52630

Biotin_cont1

74577

Biotin_wt1

74576

Biotin_cont2

74584

Biotin_cont3

91412

Biotin_cont4

74618

Biotin_cont5

74616

Biotin_cont6

74581

Biotin_cont7

74582

Biotin_wt2

74585

Biotin_wt3

74586

Biotin_wt4

74617

Biotin_wt5

74619

Biotin_wt6

74583

Biotin_wt7

74579

Biotin_wt8

74578

Biotin_5N5A1

74600

Biotin_5N5A2

91384

Biotin_5N5A3

91454

Description
Array Batch
CTD-stained array, no enzyme
HA20301
CTD-stained array, wild-type OGTHA20301
treated
Biotinylated array, no enzyme (repliHA20358
cate 1)
Biotinylated array, wild-type OGTHA20358
treated (replicate 1)
Biotinylated array, no enzyme (repliHA20358
cate 2)
Biotinylated array, no enzyme (repliHA20446
cate 3)
Biotinylated array, no enzyme (repliHA20358
cate 4)
Biotinylated array, no enzyme (repliHA20358
cate 5)
Biotinylated array, no enzyme (repliHA20358
cate 6)
Biotinylated array, no enzyme (repliHA20358
cate 7)
Biotinylated array, WT OGT-treated
HA20358
(replicate 2)
Biotinylated array, WT OGT-treated
HA20358
(replicate 3)
Biotinylated array, WT OGT-treated
HA20358
(replicate 4)
Biotinylated array, WT OGT-treated
HA20358
(replicate 5)
Biotinylated array, WT OGT-treated
HA20358
(replicate 6)
Biotinylated array, WT OGT-treated
HA20358
(replicate 7)
Biotinylated array, WT OGT-treated
HA20358
(replicate 8)
Biotinylated array, 5N5A OGT-treated
HA20358
(replicate 1)
Biotinylated array, 5N5A OGT-treated
HA20446
(replicate 2)
Biotinylated array, 5N5A OGT-treated
HA20446
(replicate 3)

data available on NIH GEO, series GSE107911
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PhotoShop 2017. The false coloration provided enhanced contrast to allow viewing of the
signal, but maintains a similar gradient to that observed in the original channel. To account
for batch-to-batch variation in protein content of the arrays between detection methods, any
proteins not present on all arrays were excluded from analysis. For each array, the average
intensity value was calculated among all spots representing a single accession number. Note
that all control spots were excluded from this analysis, as were spots corresponding to
accession numbers that lacked a corresponding HGNC symbol, had a corresponding HGNC
symbol that encoded a long intergenic noncoding RNA, or had a HGNC symbol encoding
an antisense RNA. This yielded 7926 unique accession numbers representing 6747 unique
HGNC symbols.
The intensity values for OGT-treated arrays were divided by the corresponding control
array incubated without OGT to give an intensity ratio. The base-2 logarithmic transform of
these ratios was taken, and the corresponding z-score of this logarithm-transformed data
was generated by subtracting the mean of all proteins and dividing this subtracted data by
the standard deviation (Figure 2.6A). Based upon a comparison of these z-scores to those
expected under a standard normal distribution we determined a cutoff of a z-score of 2
for considering any protein a hit (Figure 2.6B). The standardized data was raised to the
second power to reverse the log transform for plotting (Figure 2.7) and reporting in Table S1,
available at DOI:10.1021/jacs.7b13546. Note that Figure 2.7B, as well as numbers in the main
text, analyze the results on a per-HGNC symbol basis to prevent skewing of the data based
upon over-representation of proteins for which there are multiple accession numbers on the
array from single genes. If an HGNC symbol is represented by multiple accession numbers
on the array, it is considered a hit if any of the accession numbers are a hit. Data for all
genes including HGNC symbols is available in Table S1 with the published manuscript
(DOI:10.1021/jacs.7b13546).
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In vitro validation of OGT substrates using IVT-mass tagging
The procedure was based on the previously reported method 1 with modifications. The 35 SMet labeled proteins were obtained by in vitro transcription and translation (IVT) following
the manufacturer’s instructions. Following the IVT reaction, 10 µM OGT and 100 µM UDPGlcNAz or UDP-GlcNAz alone were added into the mixture and incubated at 30 C for 1.5
hours. 500 µM iodoacetomide was added and incubated at room temperature for 30 min.
Subsequently, azadibenzocyclooctyne-5 kDa-PEG (ADIBO-PEG) was added to the mixture
at a final concentration of 2 mM and the mixture was incubated at room temperature for
30 min. After the incubation, SDS loading buffer was added to each sample, which was
subjected to SDS-PAGE. The gel was then dried and exposed to a Phosphor-storage screen
for 24 hours and imaged with a Typhoon scanner. The gels are shown in Figure 2.8.
Comparison of circular dichroism of WT and mutant OGT
Recombinant OGT was buffer exchanged in CD buffer (10 mM sodium phosphate, 1 mM
DTT, pH 7.5) using Bio-Spin P6 columns according to the manufacturer’s instructions.
Protein was diluted to 1 µM for both proteins and a circular dichroism spectrum was
measured on a Jasco J-815 spectropolarimeter using a 1 mm path length quartz cuvette
(Hellma Analytics, type 110-QS). Buffer-corrected spectra were recorded from 260 nm to
190 nm as the average of 5 accumulations at 20 C with a 1 nm bandwidth at a scanning
speed of 50 nm/min and a data integration time of 1 second. Data were converted to mean
residue ellipticity [q] according to the formula: 257

[q ] =

q (mdeg)
10 ⇤ Cprotein ( mol
L ) ⇤ Length(#

of aa) ⇤ l (cm)

using a protein length of 1055 for tagged, recombinant OGT.
In vitro activity assay of OGT against CK2 and HCF-E10S peptide substrates
Reactions between OGT and peptide substrates CK2 or HCF-E10S were carried out at 37
C at a variety of peptide concentrations (as shown in Figure2.10), with 100 nM OGT in a
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20 µL final reaction volume in a buffer containing 1 mM trishydroxypropylphosphine, 20
mM MgCl2 , 20 mM Tris, and 150 mM NaCl at pH 7.4. Reactions were initiated by addition
of OGT and quenched with UDP-Glo detection reagent 134 after 6 minute reactions, a time
point at which the reaction was still under initial rate (Figure 2.10D). After quenching,
plates were incubated for 1 hour at room temperature before reading luminescence using a
Promega GloMax Explorer plate reader. All points were measured in triplicate, and 5N5A
and WT OGT were measured simultaneously. Data was fit to a Michaelis-Menten equation
to provide the curves shown in Figure 2.10, with parameters as shown in the figure.
For UDP-Glo testing of UDP-GlcNAc and UDP-GlcNAz, reactions were carried out as
above, but with 100 µM final concentration of CK2 peptide and sugar donor concentrations
reported in Figure 2.2. Time course data reported against CK2 peptide in Figure 2.10D
was carried out at 200 µM CK2 peptide acceptor concentration as described above, but
was quenched at the indicated time rather than 6 minutes, and only single replicates were
measured for each time point.
In vitro activity assay of OGT against Estrogen Receptor a
Reactions between OGT and estrogen receptor a (ER) were carried out at 37 C at a final
concentration of 1 µM ER, 75 nM OGT, in a buffer containing 1 mM trishydroxypropylphosphine, 20 mM MgCl2, 20 mM Tris, 150 mM NaCl at pH 7.4 in 25 µL final reaction volume.
Reactions were initiated by addition of OGT and quenched with UDP-Glo detection reagent
every two minutes from 2 to 12 minutes. After quenching, plates were incubated for 1 hour
at room temperature before reading luminescence. All points were measured in triplicate,
and 5N5A and WT OGT were measured simultaneously. A linear fit was used to determine
the rate of glycosylation, with the y intercept fixed to be the same for both enzyme variants.
The slope for the fit of the 5N5A data was divided by the slope of the fit for WT data to
obtain the factor for adjusting microarrays treated with 5N5A relative to WT OGT. The
results of this experiment are shown in Figure 2.14A.
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Normalization and comparison of array replicates
The data analysis process used to compare array replicates is outlined in Figure 2.12. Arrays
were read into R, background-corrected, and together normalized for staining. OGT treated
arrays were normalized for activity with 5N5A versus wild-type OGT differences in activity
being corrected for based upon in vitro kinetics on estrogen receptor a (ER). For comparisons
to control, the OGT-treated arrays were median-normalized for the log2 -transformed data.
A permutation test 232 was carried out to determine statistical significance, and a Storey’s q
value procedure 234,236 was used to determine false discovery rate (FDR). Hits for any given
comparison were proteins with a less than 5% FDR and a greater than 2-fold change in
median values between groups. The details of each step are described below.
Normalization of arrays for differences in streptavidin staining
For each block on microarrays of interest, robust linear regression was used to perform a linear fit between reported concentrations of biotinylated control proteins and the backgroundcorrected fluorescent signal using iteratively re-weighted least squares as implemented in
the rlm function in the R MASS package. 248 This robust variation of linear regression was
used in order to prevent skewing by outliers. All background-corrected spot fluorescence
intensity values on a given block were then divided by the slope obtained from this fit to
correct for staining differences between blocks. If the fit either failed to converge for a given
block during the iterative re-weighting procedure, indicating poor correlation, or it showed
a negative relationship between control concentration and fluorescent signal, then the fit
for that block was rejected. To still scale the values on these blocks appropriately, signal
values were instead divided by the average of slopes obtained for all other blocks on a given
array, thus treating these blocks as the average of all other blocks in terms of degree of
staining. This process is repeated for every array analyzed, thus normalizing the slope of all
biotinylated control series spots to 1 on every block (Figure 2.13B–D).
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Normalization of arrays for differences in activity
Overall, the activity-normalization procedure scales the difference between a given protein’s
signal on an OGT-treated microarray and the corresponding signal on untreated control
microarrays based upon the degree of OGT activity seen on spots of the control OGT
substrate estrogen receptor a (ER) on the same microarray block as any given protein.
The activity scaling takes into account both spatial and array-to-array differences in OGT
activity based upon ER signal and scales the different OGT mutant activities based upon
the difference in biochemical activity against recombinant ER measured as described above.
In order to do so, the following procedure was carried out:
First, the median staining-corrected signal of all control ER spots across all microarrays
not treated with OGT, termed C ERa , was found. The median staining-corrected signal level
C j for every non-control protein j on the untreated arrays was also calculated. The median
value of all ER spots across all of the microarrays treated with wild-type OGT, W ERa , was
calculated, and the difference in these two values, S ERa , was used as a scaling factor for
activity:
S ERa = W ERa

S ERa

In addition, the following correction VERa,m based on which OGT form, m, was used to treat
an a given microarray was defined as follow:
8
>
>
<1
where m = WT
VERa,m =
>
>
:0.434 where m = 5N5A

The value of VERa,m is set based upon the difference in activity measured in biochemical
tests of recombinant ERa.
For each block i on a microarray treated with an OGT variant, the median value
E ERa,i was calculated based upon staining-corrected signal for all six individual ER spots
in block i. Block median E ERa,i was then compared to C ERa , and only those blocks i where
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E ERa,i > C ERa were corrected for activity. For blocks where E ERa,i > C ERa , the difference
DERa,i = E ERa,i

C ERa

is calculated, as are the differences
D j,i = E j,i

Cj

for all proteins j on block i for which E j,i > C j , where E j,i is the average of staining-corrected
signal for spots of protein j in block i.
Dcorrected
=
j,i

D j,i
⇥ S ERa
DERa,i

VERa,m

whereby the difference is scaled based upon the block-specific activity against ERa to a
constant value (S ERa ) and then scaled by whether the microarray was treated with wild-type
or mutant enzyme.
The staining-corrected value of every individual spot on blocks where E ERa,i > C ERa
were adjust as follows:
activity-corrected

Spot Signal j,i

activity-corrected

where Spot Signal j,i

staining-corrected

= Spot Signal j,i

staining-corrected

and Spot Signal j,i

D j,i + Dcorrected
j,i

represent the signal at each

individual spot for protein j on block i before and after activity correction, respectively.
After activity correction, all data is converted from being on a per-spot basis to a
per-accession number basis, meaning that for every array, the average activity-corrected
signal was taken for each individual non-control protein, leading to one value per array
per accession number being used in all further analysis. As with method comparison, all
accession numbers corresponding to antisense RNAs, LINC RNAs or accession numbers that
lack an associated HGNC symbol were removed from further analysis, yielding 8968 unique
proteins corresponding to 7427 HGNC symbols. Note that this list is longer than the list
involved in comparison between detection methods due to greater overlap in array contents
between batches of arrays used for these studies versus studies of detection methods.
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Median normalization of different array treatments
To compare between untreated control microarrays and OGT-treated arrays to determine
degree of specific glycosylation, the OGT-treated arrays needed to be corrected for nonspecific glycosylation. To do so, all arrays of a given type (ie, not treated with OGT, treated
with WT OGT, or treated with 5N5A mutant) were separately grouped, and the logarithm
base 2 of all averaged signal values was taken. The median of these log2 -transformed
signals was taken for each group, and each group’s median log2 signal was subtracted from
all individual signals, followed by adding the median for the control group to all values
regardless of treatment. These median-corrected log2 values were then converted back to
non-logarithmic values for further analysis. Note that these median-normalized values
were only used for comparisons between OGT-treated and untreated arrays- any direct
comparisons between WT and 5N5A OGT used data that had not been median normalized
as the degree of background glycosylation was expected to be corrected for similarly based
upon the ER-based activity correction above.
Statistical comparison of different array treatments for multiple replicates
Comparisons between different groups of arrays (not treated with OGT, treated with wildtype OGT, or treated with 5N5A mutant) were carried out as described by Merbl and
Kirschner, with some modifications. 232 Briefly, the base 2 logarithm of all data was taken
for statistical comparison. For control-WT and control-5N5A comparisons, moderated
t-statistics 258,259 were generated for each protein based on accession number; for tests
between control arrays and either 5N5A or wild-type-treated arrays, this was carried out
on activity-corrected and median normalized data, while for WT OGT-5N5A comparison
this was carried out on activity-corrected data that had not been median normalized. Those
proteins whose moderated t values suggested no difference between the tested groups were
used to generate a null distribution of t-statistics as described by Yang and Churchill. 259 For
the comparisons between control and OGT-treated arrays, a one-tailed t-test for OGT-treated
arrays having greater signal than controls selected which accession numbers were used to
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generate the null distribution, while for the direct comparison between wild-type and 5N5A
OGT, a two-tailed t-test was used. The null distributions generated this way were used in to
generate a p-value for all proteins, and the distribution of p-values was used to determine
false-discovery rate and generate a q-value as described by Storey. 234,236
Determination of which proteins were “hits” for differences in glycosylation between two
different groups were carried out using both false-discovery rate and effect-size cutoffs. For
false-discovery based cutoffs, proteins (on a per-accession number basis) were considered
significantly different between two conditions (ie “hits”) if they had a q-value less than 0.05,
representing a 5% false discovery rate. In addition, they needed to meet an effect size cutoff.
For the effect-size cutoffs, median values for each protein within a group of arrays (no
OGT control, WT OGT, or 5N5A mutant-treated) were calculated, giving a median for each
protein in each group. For comparisons between OGT-treated groups and control this was
done using median-corrected data, while activity-corrected data without median correction
was used for direct comparison between wild-type OGT and 5N5A (see Figure 2.15).
The ratios between groups (

WT treated arrays (median-corrected) 5N5A treated arrays (median-corrected)
,
,
control arrays
control arrays

WT treated arrays (activity-corrected)
5N5A treated arrays (activity-corrected) )

or

upon the median values of all similarly treated arrays for

each protein. Proteins needed to have a minimum two-fold difference in activity based upon
this ratio to be considered a hit. For the direct comparison between wild-type and 5N5A
OGT, only those proteins that had scored as hits for glycosylation by wild-type or 5N5A
OGT were considered as possible hits, as we considered differences in degree of nonspecific
glycosylation by the two variants as unlikely to be enlightening regarding OGT’s biochemical
behavior, and no proteins had scored as hits for the 5N5A mutant (Figure2.19A,B).

2.4.3

Methods for studies of extended Asn mutants distal to active site and Asp
mutants

Plasmid construction
All plasmids were constructed using standard molecular biology techniques and confirmed
by sequencing. 5N5A mutations were introduced using isothermal assembly 243 with gBlocks
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purchased from Integrated DNA Technologies. Point mutants for aspartate analysis were
introduced using QuickChange site-directed mutagenesis. All mutations were derived from
the pEt24b-8xHis-HRV3C-ncOGT WT plasmid previously reported. Clones were propogated
in STELLAR competent cells (Clontech), and transformed into BL21 (DE3) for expression.
HeLa Extract Glycosylation with UDP-GlcNAz for Proteomics
Extracts were thawed on ice and centrifuged at 4 C at 45000 rpm to pellet remaining debris.
Supernatant was aliquoted into 400 µL aliquots of 5 mg/mL extract. UDP-GlcNAz was
added to 1 mM, with 2.5 µM OGT of the indicated variant (WT or D2A). Extracts were
incubated at 37 C for 15 minutes, then flash frozen with liquid nitrogen. Reactions were
stored at -80 C until peptide enrichment.
Chemical enrichment of glycoproteins and sample preparation for mass spectrometry‡ 237
In vitro glycosylated HeLa cell extracts (5 mg) were precipitated with methanol (3 mL) for 1
hour at -80 C. The precipitated proteins were pelleted by centrifugation (10 min, 21,130 ⇥
g) at 4 C and the supernatant was discarded. The resulting protein pellet was resuspended
by probe tip sonication in 2% RapiGest inPBS (600 µL). 200 µL of pre-mixed solution of the
click chemistry reagents (200 µM IsoTaG silane probe, 500 µM CuSO4 , 100 µM THPTA, 2
mM sodium ascorbate in PBS) was added to the resuspended proteins and the reaction was
incubated with rotation for 3 hours at room temperature. Methanol (3.0 mL) was added to
quench the reaction and the proteins were precipitated for 1 hour at -80 C. Precipitated
proteins were pelleted by centrifugation (10 min, 21,130 ⇥ g) at 4 C and the supernatant
was discarded. Pelleted proteins were air-dried for 10 min at room temperature. Dried
protein pellets were resuspended in 2% RapiGest/PBS (400 µL) and solubilized by probe
sonication in an ice bath until the proteins were resuspended. The resuspended proteins
were diluted with an additional aliquot of PBS (400 µL). Streptavidin–agarose resin [300
µL of the slurry, washed with PBS (3 ⇥ 1 mL)] was added to the protein solution, and
‡ All

enrichment and mass spectrometry performed by Dr. Chanat Jay Aonbangkhen
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the resulting mixture was incubated for 12 hours at room temperature with rotation. The
beads were pelleted by centrifugation (3000 ⇥ g, 3 min) and the supernatant containing
uncaptured proteins was separated. The beads were washed with 1% RapiGest/PBS (1 mL),
6 M urea (2 ⇥ 1 mL), and PBS (5 ⇥ 1 mL), and the beads were pelleted by centrifugation
(3000 ⇥ g, 3 min) between washes. Washed beads were resuspended in 5 mM DTT/PBS
(200 µL) and incubated for 30 min at 24 C with rotation. Iodoacetamide (10 mM final
concentration) was added to the reduced proteins and allowed to react for 30 min at 24
C with rotation in the dark. The beads were pelleted by centrifugation (3000 ⇥ g, 3 min),
washed once with PBS (1 mL) and resuspended in 0.5 M urea/PBS (200 µL). Trypsin (3 µL,
1.5 µg) was added to the resuspended beads, and the digestion proceeded for 16 hours at
37 C with rotation. The beads were pelleted by centrifugation (3000 ⇥ g, 3 min), and the
supernatant digest was discarded. The beads were washed with PBS (1 ⇥ 200 µL) and water
(2 ⇥ 200 µL). The IsoTaG silane probe was cleaved with 2% formic acid/water (2 ⇥ 200 µL)
for 30 min at 24 C with rotation and the eluent was collected. The beads were washed with
50% acetonitrile–water + 1% formic acid (2 ⇥ 500 µL), and the washes were combined with
the eluent to obtain the cleavage fraction. The cleavage fraction was concentrated using a
vacuum centrifuge (40 C) to dryness and then resuspended with 2% formic acid/water (50
µL). Samples were desalted with a ZipTip P10 and stored at –20 C until analysis.
Mass spectrometry acquisition procedures 33
Desalted samples were reconstituted in 0.1% formic acid in water (20 µL), and half of the
sample (10 µL) was injected onto a C18 trap column (WATERS cat #186008821 nanoEase
MZ Symmetry C18 Trap Column, 100 Å, 5 µm ⇥ 180 µm ⇥ 20 mm) and separated on an
analytical column (WATERS cat #186008795 nanoEase MZ Peptide BEH C18 Column, 130
Å, 1.7 µm ⇥ 75 µm ⇥ 250 mm) with a Waters nanoAcquity system connected in line to a
ThermoScientific Orbitrap Fusion Tribrid. The column temperature was maintained at 50
C. Peptides were eluted using a multi-step gradient at a flow rate of 0.15 µL/min over
120 min (0–5 min, 2–5% acetonitrile in 0.1% formic acid in water; 5–95 min, 5–50%; 95–105
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min, 50–98%; 105–115 min, 98%; 115–116 min, 98–2%; 116–120 min, 2%). The electrospray
ionization voltage was set to 2 kV and the capillary temperature was set to 275 C. Dynamic
exclusion was enabled with a repeat count of 2, repeat duration of 30 s, exclusion list size
of 400, and exclusion duration of 30 s. MS1 scans were performed over 400–2000 m/z
at resolution 120,000 and the top twenty most intense ions (+2 to +6 charge states) were
subjected to MS2 HCD fragmentation at 27%, for 75 ms, at resolution 50,000. Other relevant
parameters of HCD include: isolation window (3 m/z), first mass (100 m/z), and inject
ions for all available parallelizable time (True). If oxonium product ions (138.0545, 204.0867,
345.1400, 347.1530, 366.1396, 507.1930, or 509.2060 m/z) were observed in the HCD spectra,
ETD (250 ms) with supplemental activation (35%) was performed in a subsequent scan on
the same precursor ion selected for HCD. Other relevant parameters of ETHCD include:
isolation window (3 m/z), use calibrated charge-dependent ETD parameters (True), Orbitrap
resolution (50k), first mass (100 m/z), and inject ions for all available parallelizable time
(True).
Mass spectrometry data analysis for site of peptide glycosylation
The raw data was processed using Proteome Discoverer 2.3 (Thermo Fisher Scientific). For
glycopeptide searches, the data was searched against the human-specific SwissProt-reviewed
database 2016 (20,152 proteins, downloaded on Aug. 19, 2016) using Byonic v3.0.0 as a node
in Proteome Discoverer 2.3 for. Indexed databases for tryptic digests were created with full
cleavage specificity. The database allowed for up to three missed cleavages with variable
modifications (methionine oxidation, +15.9949 Da; carbamidomethylcysteine, +57.0215 Da;
deamidation of asparagine and glutamine, +0.984016 Da; and others as described below).
Precursor ion mass tolerances for spectra acquired using the Orbitrap were set to 10 ppm.
The fragment ion mass tolerance for spectra acquired using the Orbitrap were set to 20 ppm.
Glycopeptide searches allowed for tagged O-glycan variable modifications (HexNAz2Si
+346.1458 Da; HexNAz0Si +344.1332 Da; HexNAc +203.0794 Da; HexNAz +244.0802 Da, on
serine or threonine). Glycopeptide spectral assignments passing a false discovery rate (FDR)
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of 1% at the spectrum peptide match level based on a target decoy database were filtered.
O-Glycosites were considered a confidently localized glycosite if there is only one serine
or threonine in the peptide, or if the spectral match derives from an EThcD spectrum with
Byonic delta modification score larger than 10.
Analysis of protein site of glycosylation
All protein site analysis was performed using custom python scripts, using the numpy,
pandas, requests, matplotlib, re, scipy, and seaborn libraries.
Number of peptides with a confidently localized glycosite was counted for each replicateeach confident glycosite mapping was counted individually, allowing multiple glycosite
matches per mass spectrometer run (HCD or ETD site mapping, peptides identified multiple
times in broad peaks due to high abundance). For each peptide, the corresponding protein
sequence was downloaded from Uniprot and the peptide mapped to the overall protein
sequence- all peptides that did not map to a unique site within a protein were discarded.
Multiple peptides mapping to the same site were added together for a final "site count” of
each site of glycosylation. For analysis of overlap between replicates we determined if a
site on a given protein was detected in a given replicate. After this we combined replicates,
adding site counts for the same site together to give a total degree of detection between
replicates; these underlying numbers were used for all subsequent analysis. Higher site
counts for a site for one treatment (WT or D2A mutant) were considered "biased” in favor of
that mutant. Accessions, proteins, sites, site counts, and replicates are available in Table B.1.
Sequence analysis of proteomic data
The WebLogo3 interface was used to generate sequence frequency plots for AHNAK and
site analysis. 238 Sites were aligned on the basis of site of glycosylation and numbered from
this site (the site of glycosylation was number "0”) for all analysis.
For analysis of 3-amino acid windows in the regions 1–19 amino acids C-terminal of
the site of glycosylation, we looped through each canonical amino acid and each 3 amino
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acid region within this window for every site discovered in the proteomics analysis. The
number of occurrences of an amino acid in that 3-amino acid window was counted for each
site-window-amino acid group. After completing this initial counting, we used these counts
to perform Mann-Whitney U analysis, comparing those the amino acid counts between
groups of sites discovered from WT or D2A-treated extracts. The site groupings for this
comparison were as follows. "WT-specific” and "D2A-specific” are sites where the combined
site count across both replicates is > 0 for one treatment and 0 for the other treatment
(for example, a WT-specific site has a WT site count > 0 and D2A site count of 0). "WT
biased” and "D2A biased” refer to sites where the site count is higher for one treatment than
another; in the 3-amino acid window analysis, this included treatment-specific sites. "All
WT” or "All D2A” sites refer to any site with a count > 0 for that treatment, regardless of
the status of the other treatments. By comparing "All WT” to "D2A-specific”, "WT-specific”
to "all D2A”, and "WT-biased” to "D2A-biased”, we create groupings that do not share sites
between them. For this analysis, we excluded any comparison where fewer than 20 sites in
a group had at least one amino acid match in the region of interest, so as to try to prevent
drawing conclusions from small sample sizes that might reflect statistical noise rather than
true amino acid preferences. For each group, we also determined the "mean amino acid
count” for each amino acid-window pair across all sequences in a group, and used this to
determine fold change by dividing the WT-treated group average by the D2A-treated group
average. The p-values obtained from the Mann-Whitney U analysis and the fold change
were used to produce the scatterplots in Figure 2.33 and are referenced in Tables 2.5–2.7.
Cutoffs of a p value < 0.05 and a fold change > 1.5 was used to select hits
To further analyze hits in alternate window sizes discovered by analyzing 3 amino acid
regions, we expanded or contracted windows that had been hits in the previous analysis.
We tried all single amino acid enrichments or 2 amino acid windows contained within
those 3 amino acid windows that had been hits in the prior analysis. We also combined
overlapping or adjacent amino acid windows to create larger windows for single amino
acids. Based upon the high frequency, we combined overlapping Ser or Thr windows, or
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overlapping Arg or Lys windows to analyze number of either amino acid. The same analysis
was carried out as above, with the same group comparisons. However, we removed the
limitation regarding at least 20 sites in each group, and set a Mann Whitney U p-value cutoff
of < 0.001, leading to the hits in Table 2.8. The top hits were those with the smallest average
p-value. For this analysis no fold-change cutoffs were set; we expected larger windows to
have higher averages in general due to the large number of positions checked, and thus we
did not feel fold-change could be effectively compared between differently sized amino acid
windows.
Background-corrected amino acid count was generated as follows. For each site of
glycosylation and each pattern of amino acids of interest, we obtained a count of amino
acids matching that pattern. We then considered the number of amino acids matching
the pattern of interest relative to every Ser or Thr residue in the same protein, and took
the average; this allows us to correct for high numbers due to, for example, an Arg and
Lys-rich protein. We subtracted this average from the pattern matching count. This data
was used for Figures 2.34 and 2.35. We performed this same analysis on sites derived from
the PhosphoSitePlus O-GlcNAc dataset 227 to obtain the results shown in Figure 2.36A. To
determine if the observed amino acid counts differed from those obtained by chance, we
randomly drew the same number of Ser/Thr residues from proteins listed as O-GlcNAc
modified in PhosphoSitePlus, and determined the percentage of sites with a backgroundcorrected amino acid count above 0. We obtained a histogram of these percentages, and
compared to the actual percentages seen for PhosphoSitePlus O-GlcNAc sites.
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Chapter 3

Separation of OGT biochemical
activity in living cells
3.1

Which biochemical activity of OGT is required for mammalian
cell survival?

In this chapter, I develop tools to replace OGT with living cells and combine this technology
with separation-of-function variants that allow me to determine which OGT biochemical
activities are essential. I further adapted this system to allow rapid replacement using a
chemical degradation technology, allowing study of individual biochemical functions with
high temporal resolution. Significant effort has gone into system optimization to allow
this separation-of-function to give unambiguous results, and studies are ongoing toward
publication. The data presented here represents the best available data given the ongoing
nature of the work. Dr. Cassie Joiner carried out the separation-of-function cell extract
glycosylation experiments presented in Figures 3.2 and 3.3; I generated all other presented
data. George Fei provided some aid in cloning of mKate2-OGT constructs.
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3.2

Replacement of cellular OGT with separation-of-function mutants allows splitting of biochemical activity in cells

Separating OGT’s biochemical activities in cells would provide a definitive answer as to
which biochemical function of OGT is essential; furthermore, it would provide a tool to
better understand the respective roles of both HCF-1 cleavage and O-GlcNAc in controlling
cell physiology. One way to acheive this would be to replace endogenous OGT with
separation of function mutants in cells.

3.2.1

Mutating key residues allows biochemical separation of function

Fortunately, we have sufficient biochemical knowledge regarding OGT’s mechanisms of
catalysis to choose separation-of-function mutants without extensive further study. We
know residues critical for OGT’s catalytic activities. Furthermore, there is a key difference
between HCF-1 cleavage and O-GlcNAc transfer to Ser/Thr residues: the need for proton
removal from the sugar acceptor residue. Ser and Thr are protonated at physiological pH
while Glu is depronated; this means that proton transfer out of the active site is critical for
Ser/Thr glycosylation, but the Glu glycosylation that leads to HCF-1 cleavage is dispensable
for HCF-1 cleavage. Consistent with this, mutating the Asp554 residue of OGT to Asn (a
"D554N” mutation) greatly reduces glycosylation, but not cleavage; in fact, it was shown
in mechanistic studies of HCF-1 cleavage that the D554N mutant enhanced the initial
glutamate glycosylation step (although the slow nature of the pyroglutamate rearrangement
and cleavage steps led to limited enhancement in overall rate of reaction). 57
While the D554N provides a mutant that is impaired for glycosylation but not cleavage,
we wondered if we our prior results might lead us to mutants that provide the opposite
separation of function: the ability to glycosylate but not cleave. Research on substratebinding residues provides some clues. 42,260 Kapuria et al. 260 found that mutating Lys396
to alanine, which removes a hydrogen bond from the TPRs to the peptide backbone of
HCF-1, 42 leads to diminished HCF-1 cleavage on an in vitro contruct with no apparent
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reduction in O-GlcNAc transfer. We had previously noted that mutating five conserved Asn
in the TPRs to Ala (5N5A) leads to loss of HCF-1 cleavage. 42 While our work on the role of
the TPRs in O-GlcNAc transfer had noted that binding using these five active-site-proximal
Asn was a general feature of glycosylation substrate recognition, this 5N5A mutant was
impaired for O-GlcNAc transfer but not completely dead. 217 Thus, we suspected that the
mild binding impairment provided by the K396A mutant would provide an OGT variant
that was fully competent for glycosylation but impaired for HCF-1 cleavage, while the 5N5A
mutant would be completely dead for HCF-1 cleavage due to the extensive loss of binding
energy, while impaired but not dead for glycosylation.

Figure 3.1: Targeted mutations allow separation of OGT catalytic functions
Table at top shows mutants with effect on Ser/Thr glycosylation and HCF-1 cleavage, with green
plus indicating activity and red minus indicating no detectable activity. "impaired” indicates reduced
but detectable activity.
The diagrams on the bottom show the mechanisms of GlcNAc transfer to Ser/Thr or to Glu for HCF-1
cleavage. The residues in the top panel are highlighted, with their roles in leaving group stabilization
(K842), substrate binding (K396 and conserved Asn mutated in 5N5A), or proton removal from
hydroxyl residues (D554).
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We thus could use this prior work to provide mutants impaired in cleavage or glycosylation, but not the other activity (Figure 3.1) A D554 mutant (D554N 57 or D554A 261 )
would provide a mutant that could cleave but not glycosylate, while K396A or 5N5A mutants would provide non-HCF-1-cleaving variants with varying levels of glycosyltransfer
activity against Ser/Thr substrates. By mutating the key leaving-group-stabilizing Lys842
residue (K842M 42,110 or K842A 262 ), we could impair both activities to investigate the role of
non-catalytic activities of OGT.
To confirm the expected effect on glycosylation against a broad range of substrates, we
treated HeLa S3 extracts with recombinant OGT and UDP-GlcNAc (Figures 3.2, 3.3). Compared to WT OGT, all mutants except the K396A mutant showed decreased glycosylation
(Figure 3.2). For the D554N, K842M, and 5N5A variants, we also increased OGT levels 5-fold,
to determine if this loss in activity reflected a lower turnover rate that could be rescued by

Figure 3.2: Extract glycosylation shows broadly impaired glycosylation for K842M, D554A, 5N5A mutants
HeLa extracts were treated with 2.5 µM recombinant OGT of the indicated variant with 1 mM added
UDP-GlcNAc for indicated lengths of time at 37 C. Western blotting was used to detect degree of
glycosylation as well as OGT loading and ensure equal extract loading (GAPDH)
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increased catalyst loading or if it was due to an inability to carry out the reaction (Figures
3.3). We found that K842M had no increase in activity regardless of increased turnover,
whereas, consistent with expectation, the 5N5A mutant showed a significant increase in
glycosylation, consistent with an impairment in this activity but not complete blockage of
turnover. The D554N mutant did show an increase in glycosylation, but the signal remained
very low, suggesting that while this mutant is not completely dead it is significantly impaired. Thus, consistent with prior targeted studies, D554 and K842 mutations appear to
strongly impact glycosylation, while the 5N5A shows a strong global impact that can be
overcome by increased total enzyme. The K396A mutant shows similar-to-WT levels of
Ser/Thr glycosylation.

Figure 3.3: Increased loading of 5N5A mutant leads to increased extract glycosylation
HeLa extracts were treated with recombinant OGT at the indicated concentrations of the indicated
variant with 1 mM added UDP-GlcNAc for indicated lengths of time at 37 C. Western blotting was
used to detect degree of glycosylation as well as OGT loading and ensure equal extract loading
(GAPDH). Lanes to the right are 5-fold increased OGT loading of mutants.

HCF-1 cleavage had been investigated in multiple papers using mutants at these residues.
Lazarus et al. 42 that K842 mutants cannot cleave HCF-1 biochemical constructs, a finding
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confirmed by Kapuria et al. 260 D554 mutants mildly accelerate HCF-1 cleavage. 57,260 The
5N5A mutant shows both abrogated cleavage 42 and impaired binding to the cleavage region
of HCF-1, 260 while K396A still binds the cleavage repeat but is biochemically impaired for
the cleavage reaction. 260 Notably, cotransfection of an HCF-1 reporter construct with OGT
mutants K842M, K396A, and D554H H558D (an alternate D554 mutant) showed similar
reductions in reporter cleavage for K842M and K396A-transfected cells, while reported
cleavage was accelerated for the D554 mutant and WT OGT, preliminarily suggesting that
this separation of function holds in cells. 260

3.2.2

Lentiviral replacement allows complementation of OGT loss in mouse
embryonic fibroblasts

Having a set of mutants able to separate the functions of OGT, we needed a system introduce
these variants into cells in the absence of WT OGT. As we did not know if these variants
would support cell survival, we ruled out introducing these variants at the native locus using
gene-editing technology, 263 as the necessary screening of clones would prevent us from
studying variants that could not surivive. We instead decided to build on earlier work by
Zachara and co-workers that had developed a cellular system in which the endogenous copy
of OGT could inducibly be knocked out using Cre-Lox technology. 59,60 This system used
immortalized mouse embryonic fibroblasts (MEFs) from a mouse with Ogt exon 6 flanked
by LoxP sites. An estrogen-receptor-Cre recombinase fusion had been introduced into these
cells by a lentiviral vector; this construct is unable to enter the nucleus until treatment with
4-hydroxytamoxifen (4HT), at which point the recombinase translocates and excises the
exon, leading to a truncated product that is likely degraded by nonsense-mediated decay
(Figure 3.4A).
We reasoned that we could introduce a second copy of OGT at a separate locus, then
induce OGT knockout, thus removing the WT copy (Figure 3.4B). The net effect would
be OGT replacement upon knockout. We could accomplish this by introducing OGT on
a lentiviral vector, which would integrate OGT into a cell’s genome under control of a
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Figure 3.4: Expression of OGT from a lentiviral vector allows replacement upon inducible OGT knockout in
MEFs
A) Upon treatment of immortalized Ogt f /Y MEFs containing mER-Cre with 4HT, the recombinase
translocates to the nucleus and excises Ogt exon 6, leading to loss of OGT from cells. (mER refers to
mutated estrogen receptor, mutated to preferentially bind 4HT better than estrogen)
B) Replacing OGT with a lentiviral cDNA could complement OGT loss, allowing the only copy of
OGT in the cell to be that contained on the lentivirus.

promoter introduced on the vector. By placing OGT under control of non-endogenous
transciptional elements, we remove feedback-control of our replaced copy on the transcript
level and therefore ensure that variation in cellular processes between different OGT variants
replacing OGT is due to the mutation and not changes in dosage. This strategy should
be easily adaptable to any OGT variant without the need of developing new reagents, as
needed for CRISPR-based gene editing. 263
This strategy will introduce a single isoform of OGT, allowing us to not worry about
isoform effects from the native locus. OGT is purported to have 3 major isoforms, with
13.5, 9, and 3 TPRs each, termed ncOGT, mOGT and sOGT. 96,264,265 The long isoform has
been extensively studied biochemically; however, little is known about the shorter isoforms.
sOGT is not known to be biochemically active except for autoglycosylation in cell extract
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glycosylation assays, 1 and mOGT, so named due to an N-terminal mitochondrial targeting
sequence, has been proven to be uneccesary for mitochondrial O-GlcNAc 266 and is not
conserved in mice.
We found that a lentiviral vector expressing OGT off of a human phosphoglucokinase
(PGK) promoter was able to drive transgene expression in this MEF line (data not shown).
Upon inducing knockout, we found that while cells failed to proliferate in the absence
of a second copy of OGT; when WT ncOGT was introduced, we rescued both cellular
proliferation as well as both of OGT’s biochemical activities (Figure 3.5). This provides a
demonstration both that we have a system to replace OGT and that cells can proliferate with
only the ncOGT isoform.

Figure 3.5: Replacing OGT with a single cDNA rescues growth and OGT catalytic activity
A) Tracking cell growth using live cell imaging reveals that OGT replacement rescues growth. 4HT
treatment occured at t=0; error bars are standard error of the mean. n= 3 technical replicates per
mutant per time point, with 4 fields of view per replicate.
B) Western blot shows that without replacing OGT, O-GlcNAc is lost and HCF-1 begins to shift from
uncleaved to cleaved (– : cleaved HCF-1, *: uncleaved HCF-1). With replacement, O-GlcNAc does
not change and HCF-1 cleavage continues.
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3.2.3

O-GlcNAc transfer, but not HCF-1 cleavage, is required for cellular survival

With a strategy for replacing OGT in hand, we introduced the K842M, D554N, K396A, and
5N5A mutants into the MEF cells and knocked out the endogenous copy using 4HT. We
found that, at 4 or 7 day time points where all residual O-GlcNAc and HCF-1 cleavage was
lost without OGT replacement, we had the expected biochemical phenotype for each mutant
(Figure 3.6). O-GlcNAc signal is lost completely when we’ve replaced OGT with K842M
or D554N mutants, while C-terminal HCF-1 staining shifts from cleaved bands at roughly
100 kDa to an uncleaved band of >200 kDa for K842M, K396A, and 5N5A mutants. This
confirmed that the separation-of-function worked as desired in a cellular context; however,
we did note that there was highly variable expression of the OGT variants.

Figure 3.6: Mutants are able to separate functions in cells
Western blot shows the expected separation of function at the indicated timepoints. 5N5A was run
on separate blot; non-5N5A variants have a C-terminal FLAG tag, which does not alter behavior in
these assays (data not shown)
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When we tracked cell growth after OGT knockout, we found that cells lacking appreciable
O-GlcNAc, as observed without OGT or with the D554N or K842M variants, failed to
proliferate (Figure 3.7). However, we found the K396A and 5N5A mutants continued to
grow. Combined with the biochemical results, this suggested that O-GlcNAc is essential for
MEF cell survival, but HCF-1 cleavage is dispensable.

Figure 3.7: Growth curves reveal O-GlcNAc is required for cell survival, while HCF-1 cleavage is dispensable
Tracking cell growth using live cell imaging reveals that cells can survive without HCF-1 cleavage,
but can without O-GlcNAc. 4HT treatment occured at t=0; error bars are standard error of the mean.
n= 3 technical replicates per mutant per time point, with 4 fields of view per replicate.

The 5N5A mutant, which is known to be impaired in O-GlcNAc transfer (Figures 3.2,
3.3), shows similar levels of O-GlcNAc to WT OGT and the K396A mutant. 5N5A appeared
to, at long time points, have been selected for high-expressing clones relative to K396A,
as evidenced by higher OGT levels for 5N5A on western blot (Figure 3.6). This suggests
that not only is O-GlcNAc essential, but there is a minimum level of flux through Ser/Thr
O-GlcNAcylation required to support cell survival (Figure 3.6).
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3.3

Tagged OGT variants improve synchronization of OGT replacement assays

While the initial MEF system allows us to determine which OGT catalytic activity supports
survival, it suffers from several limitations if we want to use cellular replacement as a
strategy to dissect the physiological roles of each of OGT’s catalytic activities. First, under
the current system, we need to wait for OGT depletion, which can take up to 2 days. 60
Depletion of OGT in this time period is likely equal parts OGT degradation and protein
dilution, given the fast growth rates of the MEF cells (Figure 3.5). We would expect loss
of the endogenous copy of OGT to be highly heterogenous between cells during the first
2 days. Furthermore, based upon the selection for minimal OGT activity, we believe that
cells vary in their level of OGT transgene expression. Taken together, this suggests that any
population-level studies of OGT function replacement would suffer from both a significant
number of cells that had insufficient transgene expression and were more similar to cells
lacking OGT as well as cells with differing degrees of WT OGT loss.

3.3.1

dTAG system allows rapid OGT depletion

We first sought to address the slow and variable rate of depletion of OGT. We thought
we could modify the MEF system using chemical-induced degradation approaches. We
modified our OGT-expression vector to add a FKBP12(F36V) protein tag, which serves as a
binding handle for the dTAG inducible protein degradation system developed by the Bradner
and Gray labs (Figure 3.8). 267 Utilizing the MEF system, we replaced the endogenous copy of
OGT with a FKBP12(F36V) -labeled copy, trying replacement at both the N- and C-termini. We
found both cell lines survived, and at 10 days after knockout there was higher expression of
variants bearing the tag at the N-terminus (Figure 3.8C), a construct we refer to as dTag-OGT.
We note that this construct also contains a 2xHA tag as part of its linker to OGT, allowing
us to directly assay the dTAG-labeled copy of OGT.
We isolated single clones expressing dTAG-OGT without the native copy of OGT (Figure
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3.9A), as at long time points we saw rare cells where the endogenous copy of OGT had not
been knocked out outgrow the population. We selected 3 clones to use for further study.
and treated them with multiple concentrations of the dTAG-13 molecule that recruits the
CRBN E3 ligase to degrade the dTAG-OGT copy. 267 We selected 3 clones and treated them

Figure 3.8: dTAG-OGT supports cell survival
A) The dTAG system consists of FKBP12F36V fused to the protein of interest (OGT). Bifunctional
small molecules, such as the optimized dTAG-13 molecule, recruit a CRBN-containing E3-ligase
complex to polyubiquitinate the fusion protein, leading to protein degradation.
B) Two dTAG constructs were tested, with the 12 kDa fusion on the N or C terminus.
C) Western blots of OGT expression. For cells with endogenous OGT genotype D, MEFs were
collected 10 days after knockout.
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with this inhibitor at multiple concentrations, tracking cell growth as well as OGT levels. We
found rapid OGT degradation in less than 1 hour and that doses down to 250 nM (Figure
3.9B) led to minimal growth of dTAG-OGT cells (Figure 3.9C), with dose-responsive growth
inhibtion at lower doses of dTAG-13.
We noted during characterization of this system that at 2–3 days after treatment cells
appeared to synchronously round up (Figure 3.10), a far earlier and more consistent time

Figure 3.9: Mutants are able to separate functions in cells
A) Due to emergence of population with remaining endogenous OGT in polyclonal MEFs, single
clones were isolated, the majority of which only showed dTAG-OGT expression (upper band, OGT
western blot). The clones in the boxed area were used for further studies.
B) dTAG-OGT loss upon dTAG-13 treatment at early timepoints, multiple doses. dTAG-OGT clones
were treated with the indicated dose of small molecule for the indicated times, and lysed for western
blot. Western blots are from dTAG-OGT clone 10, which is representative of tested clones.
C) Growth curves by live cell imaging show growth arrest at early time points using dTAG-13
treatment down to low dose. All points are average of 3 dTAG clones (clones 8, 9, and 10), with 3
technical replicates each. Error bars are standard error of the mean (n = 9). All wells were imaged in
4 fields of view using a 10x objective.
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Figure 3.10: Cells round up and undergo morphological changes at 2–3 days in response to dTAG-13 treatment

point for cell death than had previously been observed using the Cre-based OGT knockout
system. To further characterize this we tested degree of DNA content, to see if their was a
clear cell-cycle effect in the lead up to cell death, as both O-GlcNAc 164,213,268,269 and HCF-1
cleavage 40,56,142 have been associated with cell cycle progression. We measured DNA content
of cells using the DNA dye propidium iodide combined with flow cytometery, allowing
us to determine stage of the cell cycle based upon the amount of DNA present (Figure
3.11). The rapidly-dividing MEFs, when not treated with the dTAG molecule, show robust
growth. However, at the two day time point where we begin to see cell rounding, we see
significant reduction of cells in S-phase, consistent with the reduced growth rate see by live
cell imaging. This remains consistent across the third day, while we see a spike in sub-G0
DNA at 4 days, a known marker for late-stage apoptosis. 270 This suggests that cell death
occurs synchronously in the dTAG system after OGT treatment, enabling us to study the
changes in cell physiology immediately prior to the induction of cell death that lead to loss
of cell viability.
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Figure 3.11: DNA content flow cytometry reveals reduced proliferation and apoptosis at 2–4 days after
dTAG-13 treatment
Histogram of fluorescence from propidium iodide (PI), indicating DNA content, from 10,000 cells
per condition. At 2 days of dTAG-13 treatment you see a marked reduction in S-phase cells followed
at 4 days by an accumulation of sub-G1 DNA, indicating apoptotic DNA shearing. Filled colors
indicate computional fit for cell cycle analysis.

3.3.2

mKate2-tagged vectors allow normalization of OGT expression levels

To solve our second synchronization issue, that of significant variation in transgene expression after OGT replacement, we turned to using a fluorophore-linked copy of OGT,
reasoning that we could use FACS sorting to select only those cells with sufficient OGT
expression. Having established that we could obtain functional expression of an OGT
variant with a large N-terminal tag from our efforts to generate the dTAG-OGT variant, we
modified this construct, replacing FKBP12F36V with monomeric far red fluorophore mKate2
and the 2xHA tag linker with 2xFLAG tag to enable differential detection of degradable and
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non-degradable OGT copies (Figure 3.12). We introduced these constructs into a lentiviral
vector using puromycin resistance, allowing orthogonal selection for the dTAG-OGT variants
(neomycin resistant) to set the stage for inducible replacement. We generated this construct
for each of our OGT separation of function variants, and introduced these vectors into both
MEFs where the endogenous copy of OGT had been replaced by the dTAG-OGT variant as
well as Cre-based inducible-knockout MEFs.

Figure 3.12: mKate2-containing OGT variant will allow sorting on level of red fluorescence
Architecture of mKate2-containing OGT variant used to normalize expression levels between variants
in MEFs. FLAG tag linker will enable pulldown and detection studies in the future.

We initially tested whether the fluorophore-based sorting of OGT constructs had provided improved expression of OGT variants. We collected cell lysates at various time points
after dTAG-13 treatment and tracked levels of OGT, HCF-1 cleavage, and O-GlcNAc in cells
with both dTAG-OGT as well as either WT or K842M variants of mKate2-OGT (Figure 3.13).
We found that cells with mKate2-K842M present in addition to dTAG-OGT lose OGT after
1–2 hours, the majority of O-GlcNAc by 8 hours with complete loss at 24 hours, and lose
cleaved HCF-1 at 24–48 hours. Notably, FLAG-OGT levels appear consistent across this time
period after the initial knockout. This suggests that tagged OGT variants can be used to
normalize for expression level variation.
We also tracked cell growth after OGT knockout using WT and K842M mKate2-OGT in
both the Cre and dTAG systems (Figure 3.14). As expected, WT mKate2-OGT supported
cell growth, but the K842M variant did not, confirming the need for OGT catalytic activity
and the ability to study its loss in both recombination and inducible degradation systems.
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Figure 3.13: OGT expression is normalized using mKate2-OGT to allow dTAG-based separation of function
mKate2-OGT variants indicated was introduced to MEFs where the endogenous copy of OGT was
replaced with dTAG-OGT (clone 9). After selection and FACS sorting for mKate2 expression, cells
were treated with 500 nM dTAG-13 for indicated time to remove dTAG-OGT. Blots show rapid
removal of dTAG-OGT (HA tag) but consistent mKate2-OGT (FLAG tag). Removing dTAG-OGT
in the presence of mKate2-OGT with K842M mutation leads to accumulation of uncleaved HCF-1
and loss of O-GlcNAc (CTD antibody). Replacement with WT mKate2-OGT leads to continued
O-GlcNAc signal and HCF-1 cleavage.

Figure 3.14: mKate2-OGT construct can rescue growth for both Cre-based OGT knockout and dTAG-OGT
degradation
A) Live cell imaging tracked growth of cells with indicated mKate2-OGT variant after 4HT treatment
(500 nM 4HT added at time 0, removed with daily media changes). Error bars are standard error of
the mean (n = 12; 6 technical replicates per clone for 2 clones of OGT f /Y with Cre recombinase).
B) Live cell imaging tracked growth of cells with indicated mKate2-OGT variant after initial treatment
with 500 nM dTAG-13.. Error bars are standard error of the mean (n = 6 technical replicates; mKate2OGT was added to dTAG-OGT replaced clone 9).
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3.3.3

K396A mutant provides incomplete separation of function

We next tried combining the mKate2-sorted separation of function D55N and K396A mutants
with the dTAG system to provide a synchronous removal of subsets of OGT activity. Western
blots at 0, 24, and 48 hours showed that HCF-1 cleavage was maintained while O-GlcNAc
signal was lost with the mKate2-D554N OGT variant (Figure 3.15). However, unlike prior
trials where we had not selected for robust mutant expression, cells that had been FACSsorted for the mKate2-K396A variant still had clear HCF-1 cleavage (Figure 3.15), suggesting
that the biochemical impairment in this mutant is insufficient to block HCF-1 cleavage in
cells. This suggests that this mutant will not be able to serve as a manner to determine the
role of HCF-1 cleavage; however, the 5N5A-mutant’s survival suggests that this mutant may
provide a clearer separation of function when combined with mKate2-based normalization.
This experiment remains to be carried out.

Figure 3.15: mKate2-K396A still cleaves HCF-1, but mKate2-D554N lacks appreciable O-GlcNAc transfer
activity
dTAG-OGT containing clone 9 (lacking endogenous OGT) was used to add mKate2-OGT variants
with separation-of-function mutations. O-GlcNAc blot shows loss of signal for D554N mKate2-OGT
at multiple days, but not for WT mKate2-OGT or K396A. HCF-1 accumulates as an uncleaved band
when no mKate2-OGT variant is added to complement dTAG-OGT degradation. Strong signal
remains for HCF-1 cleavage for WT, D554N, and K396A mKate2-OGT, suggesting K396A, at high
enough levels, still cleaves HCF-1.
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3.4

Conclusions

Overall, we have developed a system for replacing OGT in cells, and used it to study the
roles of OGT’s two catalytic activities, HCF-1 cleavage and Ser/Thr O-GlcNAc transfer. Our
initial results demonstrated that cells can survive with only a single OGT isoform, and
suggest that O-GlcNAc transfer, but not HCF-1 cleavage, is required for cell survival. We
further optimized our system for synchronous replacement of OGT activities by combining
chemical degradation with fluorophore-sorted OGT variants to ensure consistent expression
of OGT variants. These preliminary experiments suggest this optimized system will enable
a detailed study of the roles of OGT’s separate catalytic activities in cells; however, it also
demonstrated that the K396A OGT mutant that had been reported to lack HCF-1 cleavage
activity retains sufficient activity to drive appreciable HCF-1 cleavage in cells. While we
have an alternate variant, the 5N5A mutant, that is further impaired for HCF-1 binding
and thus provides a more complete separation of function, work is ongoing to introduce
the mKate2-5N5A variant into cells to ensure that at high expression levels this mutant
maintains the expected separation-of-function, thus confirming our results stating that
HCF-1 cleavage is not required for cell viability.
We expect that this system will open multiple avenues of structure-function studies
for the role of OGT in cells. Much of the OGT literature has focused on whether a single
O-GlcNAc site of a specific protein plays a role in a biological process; however, mutating
Ser or Thr to Ala may change binding epitopes or phosphorylation sites. A more top-down,
OGT-centric approach provides complementary data, but in previous work has relied on
inhibition or genetic manipulation, which will block all catalytic OGT activities or both
catalytic and non-catalytic activities respectively. Our system to remove subsets of OGT
activity will allow determination of the role of particular OGT activities. Once we have fully
validated the current system, we intend to explore how OGT alters the cellular proteome,
providing a global clue as to what major roles OGT plays in a cell. Furthermore, as we learn
more about how OGT is targeted in cells, mutants that alter OGT targeting may allow us to
better fine-tune our understanding of O-GlcNAc by subsetting OGT substrates.
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One major limitation of the system that has been developed here is the lack of an ability
to replace OGT in alternate cell lines. However, efforts are ongoing to develop CRISPR/Cas9based methods to introduce the dTAG-OGT variant into cells to allow us to remove the
native copy and perform similar studies to those we have performed in the MEFs. 267,271
We could also place this tag at the native locus; 272 however, this would likely require more
extensive screening of clones in cell culture, and thus we don’t intend it as a first pass.
Furthermore, a strategy such as this would not necessarily tag all OGT isoforms due to the
different N-termini, so may need to be adjusted to move the tag to the C-terminus.

3.5
3.5.1

Methods
General Methods

Reagents
Media (Dulbecco’s modified eagle’s medium, DMEM) containing sodium pyruvate, glutamax, and 1 g/L glucose was purchased from Thermo Fisher Scientific, as was fetal
bovine serum (FBS), geneticin, and puromycin. 100x Penicillin/Streptomycin (Pen/Strep)
solution was purchased from Corning, as were all flasks and plates for cell culture. 4hydroxytamoxifen was purchased from Abcam. Restriction enzymes and Q5 DNA polymerase were purchased from New England Biolabs. LR recombinase II was purchased from
Thermo Fisher Scientific. Kits for endotoxin-free midiprep were purchased from Machery
Nagel. Chemicals were purchased from Sigma Aldrich. dTAG-13 was kindly provided by
Dr. Behnam Nabet and Dr. Nathanael Gray of Dana Farber Cancer Institute. 267
Molecular biology and cloning
pENTR1A no ccDB (w48-1) was a gift from Eric Campeau & Paul Kaufman (Addgene
plasmid #17398; http://n2t.net/addgene:17398; RRID:Addgene_17398). 273 pLenti PGK
Neo DEST (w531-1) was a gift from Eric Campeau & Paul Kaufman (Addgene plasmid #19067; http://n2t.net/addgene:19067; RRID:Addgene_19067). 273 pLenti PGK Puro
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DEST (w529-2) was a gift from Eric Campeau & Paul Kaufman (Addgene plasmid #19068;
http://n2t.net/addgene:19068; RRID:Addgene_19068). 273 pCMV-VSV-G was a gift from Bob
Weinberg (Addgene plasmid #8454; http://n2t.net/addgene:8454; RRID:Addgene_8454). 274
psPAX2 was a gift from Didier Trono (Addgene plasmid #12260; http://n2t.net/addgene:12260;
RRID:Addgene_12260). All primers and dsDNA gBlocks were purchased from Integrated
DNA Technologies. pLEX_305-C-dTAG was a gift from James Bradner (Addgene plasmid #91798; http://n2t.net/addgene:91798 ; RRID:Addgene_91798). pLEX_305-N-dTAG
was a gift from James Bradner (Addgene plasmid #91797; http://n2t.net/addgene:91797 ;
RRID:Addgene_91797)
Human OGT cDNA (1036 amino acid isoform, hu_ncOGT) was subcloned into pENTR1A
no ccDB (w48-1) between the BamHI and XhoI sites. Point mutants were introduced using
Q5 site-directed mutagenesis (New England Biolabs) according to the manufacturer’s
instructions. The C-terminal FLAG tag was introduced using Q5 mutagenesis. The 5N5A
mutant was introduced as a dsDNA gBlock using isothermal assembly. 243 To produce
dTAG-OGT and OGT-dTAG constructs, Q5 site-directed mutagenesis was use to remove
the start methionine or stop codon, respectively, and ensure the protein was in frame with
the LR recombination site as described in the Gateway cloning manual (Thermo Fisher
Scientific). 275 LR recombination was used to clone these respective plasmids into pLEX_305N-dTAG and pLEX_305-C-dTAG; however, due to lack of expression in MEFs, the full
protein was subcloned into pENTR1A between the BamHI and XhoI sites, generating the
final pENTR1A dTAG-OGT and OGT-dTAG constructs (Table 3.1). mKate2-2xFLAG was
purchased as a dsDNA gBlock containing the mKate2 fluorophore 276 and 2xFLAG tag and
subcloned in place of dTAG-OGT in appropriate plasmids using isothermal assembly (vector
was linearized via PCR with Q5 polymerase). 243 All OGT constructs except mKate2-OGT
constructs were inserted into pLenti PGK Neo DEST (w531-1) from pENTR1A vectors using
LR recombination; 275 mKate2-OGT constructs were moved into pLenti PGK Puro DEST
(w529-2) using LR recombination. 275 Plasmids produced in this study are list in Table 3.1.
All LR recombination reactions were carried out using 75-200 ng of both entry and
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destination vectors in 4 µL TE with 1 µL LR recombinase II (Thermo Fisher Scientific).
Reactions were allowed to proceed overnight at room temperature, then quenched by the
addition of 0.5 µL proteinase K (provided with recombinase) at 37 C for 10 minutes, then
transformed into NEBStable cloning strain (New England Biolabs), which were grown at 30
C and otherwise used according the manufacturer instructions.
D554N, K842M, 5N5A, and WT OGT for bacterial expression have been previously
described. 57,147,217,242 K396A OGT was produced by Q5 mutagenesis.
pENTR1A vectors and vectors for recombinant OGT production were propogated and
maintained in the STELLAR cloning strain (Clontech). Recombinant protein production was
carried out in BL21 (DE3) or LOBSTR 277 (Kerafast, Inc) E. coli strains.
Table 3.1: Plasmids produced in study

Plasmid Name

Insert

Backbone

pENTR1A hu_ncOGT WT

hu_ncOGT

pENTR1A

pENTR1A hu_ncOGT K842M

hu_ncOGT K842M

pENTR1A

pENTR1A hu_ncOGT D554N

hu_ncOGT D554N

pENTR1A

pENTR1A hu_ncOGT K396A

hu_ncOGT

pENTR1A

pENTR1A hu_ncOGT 5N5A

hu_ncOGT

pENTR1A

pENTR1A hu_ncOGT-FLAG WT

hu_ncOG-FLAG

pENTR1A

pENTR1A hu_ncOGT-FLAG K842M

hu_ncOGT-FLAG K842M

pENTR1A

pENTR1A hu_ncOGT-FLAG D554N

hu_ncOGT-FLAG D554N

pENTR1A

pENTR1A hu_ncOGT-FLAG K396A

hu_ncOGT-FLAG K396A

pENTR1A

pENTR1A hu_ncOGT WT (open N- hu_ncOGT (open N-terminus,
terminus)
no start codon)

pENTR1A

pENTR1A hu_ncOGT WT (open C- hu_ncOGT (open C-terminus,
terminus)
no stop codon)

pENTR1A

pENTR1A OGT-dTAG

OGT-dTAG

pENTR1A

pENTR1A dTAG-OGT

dTAG-OGT

pENTR1A

pENTR1A mKate2-OGT WT

mKate2-OGT WT

pENTR1A

pENTR1A mKate2-OGT K842M

mKate2-OGT K842M

pENTR1A

Continued on next page
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Table 3.1: Plasmids produced in study (continued)

Plasmid Name

Insert

Backbone

pENTR1A mKate2-OGT D554N

mKate2-OGT D554N

pENTR1A

pENTR1A mKate2-OGT K396A

mKate2-OGT K396A

pENTR1A

pLEX_305-OGT-dTAG

OGT-dTAG

pLEX_305-C-dTAG

pLEX_305-dTAG-OGT

dTAG-OGT

pLEX_305-N-dTAG

pLenti PGK hu_ncOGT WT Neo

hu_ncOGT

pLenti PGK Neo

pLenti PGK hu_ncOGT K842M Neo

hu_ncOGT K842M

pLenti PGK Neo

pLenti PGK hu_ncOGT D554N Neo

hu_ncOGT D554N

pLenti PGK Neo

pLenti PGK hu_ncOGT K396A Neo

hu_ncOGT K396A

pLenti PGK Neo

pLenti PGK hu_ncOGT 5N5A Neo

hu_ncOGT 5N5A

pLenti PGK Neo

pLenti PGK hu_ncOGT-FLAG WT
Neo

hu_ncOGT-FLAG

pLenti PGK Neo

pLenti PGK
K842M Neo

hu_ncOGT-FLAG

hu_ncOGT-FLAG K842M

pLenti PGK Neo

pLenti PGK
D554N Neo

hu_ncOGT-FLAG

hu_ncOGT-FLAG D554N

pLenti PGK Neo

pLenti PGK
K396A Neo

hu_ncOGT-FLAG

hu_ncOGT-FLAG K396A

pLenti PGK Neo

pLenti PGK OGT-dTAG Neo

OGT-dTAG Neo

pLenti PGK Neo

pLenti PGK dTAG-OGT Neo

dTAG-OGT Neo

pLenti PGK Neo

pLenti PGK mKate2-OGT WT Puro

mKate2-OGT WT

pLenti PGK Puro

pLenti PGK mKate2-OGT K842M
Puro

mKate2-OGT K842M

pLenti PGK Puro

ppLenti PGK mKate2-OGT D554N
Puro

mKate2-OGT D554N

pLenti PGK Puro

pLenti PGK mKate2-OGT K396A
Puro

mKate2-OGT K396A

pLenti PGK Puro

Recombinant protein production and biochemistry
Recombinant protein production and extract glycosylation was carried out as described in
Section 2.4.1.
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General tissue culture
MEF Ogt f /Y containing mER-Cre-T2A-GFP was a kind gift from Natasha Zachara and the
CardioPEG CoreC4 (NHLBI P01 HL107153) 59,60 Cells were maintained in DMEM with 10%
fetal bovine serum. Cells were maintained in a humidified incubator at 5% CO2 and 37
C, with media changing or splitting every 2–3 days. Frozen stocks were made in complete
growth medium with 10% DMSO and cooled in styrofoam contains in a -80 C freezer,
after which they were stored long term in liquid nitrogen. All modified MEF variants
were maintained similarly after selection. Cells were periodically checked for mycoplasma
contamination using DNA content fluorescence microscopy. Cells were maintained without
pen/strep antibiotics except when used for 96 well assays, single cell cloning, or being
sorted by FACS.
Immunoblotting and antibodies
All antibodies were using diluted in TBS-Tween 20 with 5% Bovine Serum Albumin (Sigma
Aldrich # A7906); non-horse radish peroxidase (HRP)-linked antibodies had 0.02% sodium
azide added to prevent microbial contamination. OGT (D1D8Q) monoclonal antibody was
purchased from Cell Signaling Technologies (24083S) and used at 1:1000 dilution. AntiHA monoclonal antibody (HA.C5) was purchased from Abcam (ab18181) and used at
1:1000 dilution. M2 anti-FLAG antibody was purchased as HRP conjugate from Sigma
Aldrich (A8592) and used at 1:10,000 dilution. Anti-actin monoclonal antibody (AC-15) was
purchased from Abcam as an HRP-conjugate (ab49900) and used at a dilution of 1:20,000.
Anti-GAPDH monoclonal antibody was purchase from Abcam (ab9484) and used at a
dilution of 1:1000. RL2 anti-O-GlcNAc monoclonal antibody was purchased from Abcam
(ab2739) and used at a dilution of 1:1000. CTD110.6 anti-O-GlcNAc antibody was purchased
from Cell Signaling Technologies (9875S) and used at a 1:1000 dilution. Anti-HCF-1 antibody
was purchased from Bethyl Laboratories (A301-399A) and used at a dilution of 1:2000. Antimouse and anti-rabbit HRP-conjugated secondary antibodies were purchased from Cell
Signaling Technologies and used at dilutions of 1:2000.
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All immunoblotting was carried out using standard procedures. Cells were collected by
scraping, pelleted and washed in ice-cold PBS, and flash frozen with liquid nitrogen. Frozen
cell pellets were lysed on ice using flash-frozen cell pellets lysed in RIPA lysis buffer 278
supplemented with PUGNAc hexosaminidase inhibitor to 50 µM, 1x PhosSTOP phosphatase
inhbitor, and EDTA-free HALT protease inhibitor (Roche). Non-dissolved material was
pelleted with 20 minutes centrifugation at 4 C and the supernatant normalized based upon
BCA protein concentration assay (Thermo Fisher Scientific). SDS-PAGE gels were 4-20% TrisGlycine gels (Bio-Rad) run at 180 V for 1 hour, before transfer using the BioRad TransBlot
Turbo semi-dry transfer system. Cell extract experiments, initial testing of replacement
with untagged WT hu_ncOGT, testing of hu_ncOGT 5N5A mutant, and testing of dTAG
clones was carried out on nitrocellulose membranes. Due to increased retention of high-MW
uncleaved HCF-1, all other blots were carried out using PVDF membranes (Immun-Blot,
Bio-Rad).
Tracking cell growth using live cell imaging
Live cell imaging was performed in 96 well plates using the Incucyte Zoom imaging platform
(Essen biosciences). MEF cells were plated at 500 cells/well for Cre recombinase-based
knockout studies and 250 cells/well for dTAG-based OGT degradation studies. Cells were
plated the day before initial treatment and beginning imaging. All cells were plated in 100
µL DMEM with 1x Pen/Strep. The outer wells of each plate were filled with 200 µL PBS
to reduce cell drying. Media was changed every 1–2 days between scans, with scans every
4 hours. For Cre-based knockout experiments, all media changes were DMEM with 1x
Pen/Strep and 10% FBS and no compounds. dTAG-degradation experiments supplemented
media with 500 nM dTAG-13 (unless otherwise noted).
DNA content flow cytometry
For cell cycle analysis, media was collected from plated cells, cells were washed with PBS,
then TrypLE (Thermo Fisher Scientific) was used to dislodge cells. The initial media and
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washings were used to quench TrypLE and cells were pelleted and washed with ice-cold
PBS. Cells were re-pelleted and slowly ice-cold ethanol was added to 70%. Cells were
stored at 4 C overnight. The next day, cells were washed 2x with ice-cold PBS, then treated
with propidium iodide solution with ribonuclease I (10 µg/mL ribonuclease, 40 µg/mL
propidium iodide) for 30 minutes at 37 C. Cells were analyzed on a Becton Dickinson
FACS-Canto using a 488 nm laser and 670 nm LP filter. FlowJo software package was used
for cell cycle analysis, after gating on forward scatter and side scatter to remove doublets.

3.5.2

OGT replacement methods

Lentivirus production
Lentivirus was produced using HEK 293T cells. Cells were plated on poly-D-lysine coated
plates at 7 ⇥ 106 cells per plate. The next day, cells were transfected using polyethyleneimine
(PEI). PEI (Polyscience # 23966) was previously dissolved to 1 mg/mL in water, neutralized,
filter sterilized, and stored in solution at -80 C; it was thawed prior to use. Each 10 cm
plate of HEK cells was transfected with 1 µg VSVg plasmid, 3.5 µg psPAX2, and viral vector
plasmids at 0.75 µg/kb (⇡8 µg). DNA was dissolved in serum-free DMEM, then PEI was
added to 4x total DNA concentration (4 µg PEI/mug DNA, ⇡ 50 µg). Final volume was
100 µL. PEI-DNA mixture was triturated and allowed to sit for 10-15 minutes before being
added dropwise to 10 cm plate of 293T with freshly changed media (10 mL). The next
day, complete media was changed to 5 mL; 24 hours later, media was collected for virus,
pelleted at 500 ⇥ g, and supernatant was aliquoted and flash-frozen for infection. 5 mL
more complete media was added and a second collection was obtained, yielding 10 mL
virus per plate across two collections.
Lentivirus infection and selection
For lentiviral infection, MEF cells were plated at 5 ⇥ 104 cells per well in 6-well plates. 2 mL
lentivirus aliquots were thawed and warmed to room temperature, and polybrene (Santa
Cruz Biotechnology) was added to 8 µg/mL. Media was removed from each well and 2
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mL virus aliquot was added to each well. Plates were spun at 1000 ⇥ g for 90 minutes in
an centrifuge pre-warmed to 30 C. 1 mL virus-containing media was removed from each
well and another 1 mL DMEM containing 10% FBS and 8 µg/mL polybrene was added and
infected cells were allowed to recover overnight. Media was changed the next day.
At 48 hours after infection, cells were selected with appropriate antibiotic (1 mg/mL
geneticin or 2 µg/mL puromycin) in DMEM with 10% FBS. Once cells grew to confluence
in 6-well, they were expanded to 10 cm dish before freezing aliquots after growth under
selection. Puromycin selected cells were subsequently selected with 10 µg/mL Puromycin
after initial 2 µg/mL selection to increase likelihood of selecting high expressors.
OGT knockout using Cre recombinase
To remove the endogenous copy of OGT from MEF Ogt f /Y cells, we treated with 500 nM
4-hydroxytamoxifen (4HT) from a 10 mM stock in 100% ethanol. Media was changed to
complete DMEM (with 10% FBS) containing 4HT; this was time = 0 for all timecourse
experiments. Media was returned to non-4HT-containing medium at 16-30 hours after initial
treatment. For western blot studies, cells were grown in 6 well tissue culture plates and
collected at 70–90% confluence by scraping in PBS.
Clonal isolation
Clonal isolation was carried out either by limiting dilution in 96 well plates. Once plated,
cells were allowed to recover for 1 week, then were analyzed under light microscopy and
wells containing single colonies were marked, expanded, and frozen for storage and testing
by western blot. Clones were isolated both for Cre MEFs to ensure faithful knockout
efficiency as well as MEFs where the endogenous OGT had been replaced with dTAG-OGT.
OGT degradation using dTAG-13
dTAG-13 was diluted from a 10 mM stock in DMSO into complete DMEM with 10% FBS;
it was used at 500 nM unless otherwise noted, via serial dilution in DMEM. To treat cells,
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media was removed from pre-plated cells and new media was added containing compound;
the addition of media was time = 0. All western blotting studies were performed on 3-wells
of a 6-well plate, with 105 cells plated the day prior. All 3 wells were collected together via
scraping in PBS, then pelleted and flash frozen.
FACS sorting for mKate2 expression
FACS sorting for mKate2 expression was carried out at the Microbiology and Immunobiology
Flow Cytometry core with assistance of Chad Araneo using a Beckman MoFlo Astrios EQ
(592 nm laser, 620/29 nm bandpass filter) or Becton Dickinson FACS Aria (594 nm laser,
610/20 nm bandpass filter), both with 100 µm nozzle. Cells were sorted at a level such as to
expect no false positives based upon testing mKate2-free cells, so as to ensure high levels of
mKate2-OGT expression. 10,000–100,000 cells were sorted into pre-warmed DMEM with
10% FBS and Pen/Strep, which were recovered at 37 C and cultured normally thereafter as
a polyclonal, sorted population.
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Chapter 4

Conclusion
In many ways, despite decades of study, 30,66 the precise roles of OGT remain enigmatic.
Substantial recent progress has led to insights in the mechanisms of OGT’s catalysis, as well
as the ability to map sites of O-GlcNAc in the proteome; however, numerous fundamental
questions remain unanswered. How does OGT recognize substrates? Why is OGT critical
for cell survival? Why is there only one OGT responsible for modifying such a wide range
of substrates? How does O-GlcNAc modification or HCF-1 cleavage alter cellular function,
both on the level of the modified protein and on the broader level of cellular physiology?
The work described here has taken the approach of both developing new tools to answer
these questions, and used these tools to begin to chip away at these larger questions. The
work described in Chapter 2 developed new high-throughput technologies and analytical
approaches to study how OGT recognizes its substrates. There is an expanding body of
data to reveal ever larger lists of cellular substrates of OGT; 32,33 however, we don’t truly
understand the factors that allow OGT to modify such a diverse array of proteins, or
how it chooses which residues to modify. Previous studies looking at OGT’s intrinsic
reactivity have primarily focused on single model substrates or arrays of short peptides.
Using both cell extracts and protein microarrays as sources of large numbers of intact
proteins, we demonstrate that the TPR domain of OGT plays a major role in recognizing
protein substrates, and in particular showed that a series of conserved Asn residues that
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are known to interact with the peptide backbone of HCF-1 are broadly used to recognize
O-GlcNAc modification substrates. 217 This role was not noted when studying reactivity of
short peptide substrates, suggesting that prior studies using short peptides may be missing
key recognition features, and that much of OGT’s substrate recognition is driven by residues
distal to the site of glycosylation. Consistent with this, OGT recognizes model proteins with
Km s in the low micromolar range, 124 while short peptides that don’t bind the TPRs that are
recognized much more weakly with Km s in the hundreds of micromolar. 125,217 This suggests
that much of the binding energy used to recognize substrates comes not from the active site
itself, but from binding in the TPR domain, and in particular within the lumen of the TPR
superhelix.
Continuing this work, we demonstrated that the TPR domain lumen continued to be
critical far from the active site, with OGT appearing to use the full Asn ladder to recognize
substrates. This surprising result leads to a topological question: how do substrates
gain access to the TPR domain? It is possible that substrates thread through either end
of the TPRs, and indeed we can find numerous substrates that are glycosylated near
either terminus of the protein; 139,227 however, numerous proteins, including HCF-1, are
glycosylated in the middle of the polypeptide chain between folded domains. 40 This suggests
that proteins must have some way to gain access to the TPRs. We know the TPR domain is
flexible based upon molecular dynamics simulations 100 as well as multiple conformations
observed in crystallography. 93 This suggests that the TPR domain might be able to "open”
to accommodate peptide substrates, and thus survey short peptide stretches and "bite” onto
those that match binding patterns (Figure 4.1). At present, this is fully hypothetical, but
worth exploring, as it appears to be a key aspect of OGT biochemical function.
Another question left by this work is how OGT can glycosylate folded domains. All
structural and biochemical data points to OGT recognizing substrates to be in an extended
conformation. However, there are reports of O-GlcNAc on folded domains, 227,279 although
there is no data to support that idea that the glycosylation occurs while the protein is
in its folded state. Indeed, given the discovery during this work that OGT is capable of
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Figure 4.1: TPR dynamics might provide a way for substrates to access TPR lumen
The TPR domain is known to be dynamic, so may be able to unfurl part of the TPR helix, exposing
the conserved Asn residues to passing substrates. Once bound, the TPRs could wrap around the
substrate to engulf it in the full TPR helix. Additionally, the TPRs and catalytic domains are know to
be able to "hinge” relative to one another, allowing the catalytic domain to act like a "lid” to bite onto
TPR-bound substrates. This hypothetical dynamic remodeling of the TPR superhelix could explain
how substrates gain access in the middle of proteins, and would be consistent with a hypothesis of
substrate binding and unbinding being partially rate-limiting for OGT.

glycosylating substrates co-translationally 209 it is tempting to suggest that the O-GlcNAc on
these proteins is added when they are not in their fully folded state.
The picture of an extended substrate recognition interface provided by the TPR domain,
while it provides mechanistic insight, also leads to a question of its own: why is substrate
recognition spread across such a broad interface? The TPR domain is as conserved as the
catalytic region of OGT, if not more so (see Appendix A), suggesting that the sequence
features it recognizes are a critical component of OGT function. Might OGT perform a
housekeeping function important for the sequences it recognizes? OGT is able to glycosylate
proteins involved in a wide array of cellular functions, and thus has been implicated
as critical for numerous processes; however, it remains unclear why these proteins are
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glycosylated, and better understanding both how OGT recognizes substrates and what
are the features of glycosylated proteins pre- and post-glycosylation may lead to better
understanding of OGT’s cellular roles.
While our work on substrate recognition adds to our understanding of OGT’s biochemical mechanism, ultimately the most important question is how OGT acts in cells. Due to the
broad range of substrates and apparent role in diverse aspects of biology, it is important to
be able to isolate aspects of OGT biochemistry and determine how they act in cells; however,
because the diverse functions of OGT appear to be thoroughly linked, previous perturbations
to OGT have been global, either using inhibitors to block all OGT catalytic activities 133,135 or
genetic manipulation to increase or decrease OGT levels. 58–60,268 In Chapter 3, we developed
tools to provide a more targeted approach to manipulating OGT, allowing us to replace
OGT in cells with mutants that take advantage of our knowledge of OGT biochemistry.
Using this approach, we have tentatively determined that HCF-1 cleavage is not required
for mammalian cell survival, leaving O-GlcNAc transfer to Ser/Thr residues as the activity
through which OGT supports cellular proliferation. Our adaptation of this system using
both fluorophore-tagged and degron-tagged versions of OGT will extend this replacement
technique to allow studies of the role of different catalytic activities in controlling a wide
range of cellular processes. The ongoing nature of these studies leaves a number of open
questions- does 5N5A truly provide complete blockage of HCF-1 cleavage, thus confirming
that we don’t need HCF-1? Why do cells die without O-GlcNAc?
The ability to replace OGT with biochemically-characterized variants will be a powerful
tool to extend beyond separating catalytic activities. Mutants derived from our studies of
substrate selection can be introduced into cells to alter the sequences glycosylated by OGT,
allowing us to test the degree to which the particular sequences glycosylated are critical. In
addition, we could use this tool to introduce larger changes to OGT than point mutations,
that may allow us to localize what regions of OGT are involved in specific cellular processes.
We could truncate the TPR domain to determine a minimal construct required for cell
viability; alternatively, we could introduce OGT variants from other species (see Appendix
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A) in order to determine if functions are conserved. This may be an interesting way to
approach trying to determine the role of the IntD domain, as this domain is not broadly
conserved beyond metazoans.
The recent progress in developing tools to understand OGT has led to substantial biochemical knowledge as well as a wide substrate list. The work presented here was less aimed
at extending this list than in trying to connect the dots between physiology and biochemical
mechanism. Understanding how OGT recognizes its substrates may lead to avenues to altering O-GlcNAc for sets of substrates. Furthermore, understanding mechanisms of O-GlcNAc
substrate selection may aid in the determining if OGT is involved in proteolyzing alternate
proteins or has physiological substrates for which it forms isoaspartate by providing a the
ability to predict appropriately positioned aspartate or glutamate residues. The ability to
replace OGT in a cellular context aids in bridging the gap between cellular roles of OGT and
its biochemical mechanism. This ability, once extended to other cell lines and potentially to
animal models, will help to narrow down how OGT alters cellular function. At the end of
this work, it feels like we are at the cusp of reaching a clearer picture of what OGT is doing
in cells, which may ultimately aid in determining whether the correlations seen between
O-GlcNAc and disease pathology are markers of altered cell state or targetable drivers of
disease biology.
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Appendix A

Appendix: By-Residue Conservation
of OGT
A.1

Conservation of OGT across multiple phyla

OGT is broadly conserved in metazoans 280 and present in a number of eukaryotes; homologues are also present in a number of prokaryotes. 104 Degree of evolutionary conservation
of regions and individual residues of a protein is a rich source of information regarding the
functional importance of those residues, 281–283 and the increasing availability of genomic
information about a number of species allows more detailed analyses than were possible
in the past. To guide biochemical dissection of OGT, we used bioinformatic tools to try to
determine a range of OGT homologues. We used PSI-BLAST 284,285 to search the UniRef90
database 286 for homologues of the human ncOGT (1046 amino acids) isoform. PSI-BLAST is
an iterative algorithm that generates a position-specific scoring matrix based upon homologs
detected in an initial BLAST, then runs the BLAST based upon this scoring algorithm,
iteratively updating the matrix, thus allowing it to detect evolutionarily distant homologs
based upon local regions of alignment. 284,285 We found 296 proteins that show homology
to OGT, and we generated an evolutionary tree from the multiple sequence alignment of
full-length sequences (Figure A.1). We note that metazoan OGTs cluster together with
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significant evolutionary space from bacterial and plant homologs. We note that two types of
plant homologs of OGT, termed SECRET AGENT (SEC) and SPINDLY (SPY), both appear
to be represented, suggesting that our sequences capture a broad range of known OGT
homologs. 287

Figure A.1: OGT homologues exist across broad evolutionary phyla
Tree shows 296 OGT homologues across diverse phyla based upon PSI-BLAST results and ClustalW
alignment using Geneious bioinformatics suite. Blue arcs are used to highlight select groupings of
OGT homologs that are labeled. Bacteria (A) and Bacteria (B) are references for clustering in later
figures.

To look at degree of conservation in an alternate manner, we generated a heatmap
showing how many amino acids that align to the 1046 amino acid human OGT isoform
are similar (as measured by a score above zero based upon the BLOSUM45 matrix). 288 We
looked at both all homologs and zoomed in on metazoans (Figure A.2). By imaging the data
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in this way, we can begin to not substucture, such as that metazoans appear to have three
major groupings of OGT homologs, split into vertebrates, insects, and nematodes.

Figure A.2: Sequence similarity between OGT homologs
Symmetric heatmaps show degree of similarity, based upon percent amino acids with a BLOSUM45
score > 0 (note only residues aligning to human ncOGT were considered). Due to the presence
of 296 homologs (145 within metazoans), individual sequences are not marked, but phylogeny is
labeled. Bacteria (A) and Bacteria (B) refer to groupings shown in Figure A.1.

A.2

Conservation of specific regions of OGT

We wanted to know how conserved different regions of OGT were; to do so, we looked at
only the residues homologous to human OGT, and looked at degree of position-specific
information for OGT homologs both within metazoans (145 homologs) and across all
homologs (Figure A.3). Examining the degree of conservation, we note high conservation
across the TPRs throughout metazoans, except for the region surround TPRs 6 and 7, which
notably is the region containing the human OGT dimerization inteface. 93 Surprisingly, the
N-terminal region of the TPRs (TPRs 1–5) are more highly conserved than TPRs 6 and 7,
although this region is less conserved beyond metazoans.
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Figure A.3: Degree of evolutionary conservation at specific positions within OGT
Residues aligned to OGT (1046 amino acid ncOGT isoform) with degree of conservation in bits
(see methods- 4.3 bits = 100% conservation). Note main text residue numbering is based on 1036
amino acid homolog, which has 10 fewer amino acids at the extreme N-terminus and is otherwise
identical. The labels across the top indicate which domain, with individual TPR repeats labeled.
N-Cat: N-terminal Rossman fold of catalytic domain; C-Cat: C-terminal Rossman fold of catalytic
domain; IntD: intervening domain.

A.2.1

Conservation of IntD

To look into these domain trends further, we looked at degree of conservation between
homologs solely within certain regions of the protein. We first looked into the intervening
domain of OGT (Figure A.4). This analysis shows, as might be expected from the low
overall conservation, that this region of OGT shows significant differences between different
homologs. Notably, SEC-type plant OGT homologs appear to have a high degree of
conservation in this region of the protein within the group, as do the major bacterial
homolog groupings; however, there is little between-group conservation. The metazoan
OGTs show greater diversity than plants, with vertebrates having high degrees of similarity,
as do nematodes and insects, but this similarity rapidly drops between these groups,
suggesting that whatever role the intervening domain plays it is likely not highly conserved
across phylogeny.
We wondered about the degree of conservation of the surface exposed patch of lysines
noted in the crystal structure of human OGT. 100 We extracted the key residues and looked
at frequency of amino acids across all 296 homologs, all 145 metazoan homologs, and all 19
vertebrates in our data (Figure A.5). We found limited conservation of thse lysines outside
of vertebrates- in fact, two of the residues were more frequently negatively charged, both
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Figure A.4: Sequence similarity within the intervening domain (IntD) of OGT
Comparison of percent similar amino acids from those aligning to the intervening domain region of
human OGT (only residues directly aligning to human OGT were analyzed). Similarity is measured
as percentage of amino acids with a BLOSUM45 score of > 0 for a given comparison; matrix is
symmetric. Color coding differs slightly as indicated on the right of each heatmap.

Figure A.5: Amino acid composition of surface lysines observed in human OGT’s IntD domain
WebLogo 238 was used to construct amino acid frequencies at key positions of surface-exposed lysines
in the human form of OGT. Sequences are subset into all 296 studied homologs, metazoans (145),
and vertebrates (19). Amino acids are not consecutive, but numbered in human ncOGT as listed at
the bottom. All residues are lysine in human OGT.

in metazoans as well as all homologs. The lack of conservation suggests that this positive
charge is not key to an ancestral role of OGT; furthermore, it suggests that replacing OGT
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in cells (see Chapter 3) with more distant homologs may be a way to test the roles of this
domain.

A.2.2

Conservation of TPR domain and sub-regions

Given the importance of the TPR domain in substrate selection, we wondering how conserved this domain is across phyla. Initially looking at conservation of the whole domain
(Figure A.6), we note that it appears to be more highly conserved than OGT as a whole (compare Figures A.2, A.6), especially within metazoans with percentage similarity exceeding
70% across much of the lineage. We note similar substructure to that previously observed,
although there does appear to be much higher cross-invertebrate conservation (outside of
nematodes, which appear to be somewhat of an outlier).

Figure A.6: Sequence similarity between homologs within the TPR domain
Comparison of percent similar amino acids from those aligning to the full TPR domain region of
human OGT (only residues directly aligning to human OGT were analyzed). Similarity is measured
as percentage of amino acids with a BLOSUM45 score of > 0 for a given comparison; matrix is
symmetric. Color coding differs slightly, with codinging indicated on the right of each heatmap.

Looking at the Asn ladder, we note this feature is near-perfectly conserved across the
phylogeny (Figure A.7). The only positions that are not more than 90% conserved within
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Figure A.7: Residues of Asn ladder are broadly conserved
WebLogo 238 was used to construct amino acid frequencies at key positions of residues of the Asn
ladder. Both positions 152 (Asp in human OGT, but matches the "every 34 amino acids at the same
position in the TPR repeat” pattern) and 155 (Asn in human OGT, conserved and near position 152)
are included. Sequences are subset into all 296 studied homologs as well metazoans (145 homologs).
Amino acids are not consecutive, but numbered in human ncOGT as listed at the bottom.

metazoans are those at residues 186 and 220 which are part of the region of TPRs 6 and 7 that
have limited conservation (see below); it is possible that this reflects poor alignment in this
region. Notably, while conservation remains high, residue 458’s conservation considerably
drops when looking at all homologs. Asn258 is notably much farther from the peptide
backbone in the structure of HCF-1 than the other Asns of the TPR-proximal ladder 42 (see
Figure 2.9); thus, it is surprising that it is as conserved as it is, suggesting it is still key, but
may be less key in more distant homologs.
Residues 152 and 155 are both highly conserved, which is intriguing as it suggests that
the Asp residue that interrupts the Asn ladder pattern may play a key role. It is intriguing
that Asp is also a common residue at residue 220 in comparing all homologs outside
metazoans; metazoans tend to have a longer TPR domain, thus it is possible that these two
Asp residues may play similar roles at differing TPR lengths. However, the functional role
of these residues distal to the active site remains to be resolved.
Noting that sequence conservation differed depending on region of the TPRs, we
examined specific sub-regions of the TPRs: TPRs 1–5, 6–8.5, and 8.5–13.5 (Figure A.8).
We see substantial differences in degree of conservation, and in number of homologs that
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Figure A.8: Sequence similarity within specific sub-regions of the TPR domain
Residues aligned to OGT (1046 amino acid ncOGT isoform) with degree of conservation in bits
(see methods- 4.3 bits = 100% conservation). Note main text residue numbering is based on 1036
amino acid homolog, which has 10 fewer amino acids at the extreme N-terminus and is otherwise
identical. The labels across the top indicate which domain, with individual TPR repeats labeled.
N-Cat: N-terminal Rossman fold of catalytic domain; C-Cat: C-terminal Rossman fold of catalytic
domain; IntD: intervening domain.

contain aligning residues. The first five TPRs (Figure A.8, left) are highly conserved in
metazoans, with intermediate conservation in SEC-type OGT homologs in plants; however,
few prokaryotic homologs had TPR domains with homology to this domain and those that
did had limited broader homology.
TPRs 6–8.5, which had a notably lower by-residue conservation, showed low conservation
across phylogeny. There seemed to be conservation within plants, but metazoans in
particular showed very low overlap in this region, with seemingly little to know similarity
between groups such as vertebrates, insects, and nematodes. This is intriguing, as this region
contains the residues known to be involved in dimerization of human OGT. We examined
conservation of dimer interface residues in all OGT homologs (173, as many lacked aligning
residues altogether), metazoans (67, again due to lack of aligning residues), and vertebrates
(18/19 in the study) (Figure A.9). We find that the residues reported to be involved in the
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Figure A.9: Residues at the human OGT dimerization interface are only conserved within vertebrates
WebLogo 238 was used to construct amino acid frequencies at key positions of residues used for
dimerization in human OGT. Sequences are subset into all 296 studied homologs as well metazoans
(145 homologs). Amino acids are not consecutive, but numbered in human ncOGT as listed at the
bottom.

dimerization interface only appear to be conserved within vertebrates, suggesting that OGT
dimerization is not a key ancestral feature of the protein.
Notably, TPRs 8.5–13.5 are highly conserved across phylogeny, with aligning residues
in all homologs. This region, which is approximately the region of OGT contained in the
OGT catalytic domain crystallographic construct, 100 has more than 80% similarity across
the majority of metazoans, and more than 50% similarity across the bulk of phylogeny
excluding some bacterial homologs. This suggests critical and conserved functions for this
region of the TPR domain. Notably, this region was the focus of the bulk of Chapter 2, and
contains the TPR-lumen residues known to interact with side chains. Seeking to determine
if these residues were highly conserved, we extracted sequence logos for those residues
that interact with HCF-1 in the crystal structure 42 (Figure A.10, see Figure 1.13 for how
bound to HCF-1). We noted that these residues were near-perfectly conserved in metazoans,
suggesting critical functions. Looking beyond metazoans, we see highly similar amino
acids emerging, particularly at Asp386 and Asp420, those that had been mutated to change
substrate specificity in Chapter 2. Notably, Asp431, which interacts with a Thr of HCF-1 as
well (Figure 1.13), 42 shows similarly high conservation, suggesting it is a candidate alternate
residue used in substrate binding.
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Figure A.10: Residues at HCF-1 Thr-rich region interface are highly conserved
WebLogo 238 was used to construct amino acid frequencies at key positions of residues that interact
with the HCF-1 Thr-rich region. Sequences are subset into all 296 studied homologs as well metazoans
(145 homologs). Amino acids are not consecutive, but numbered in human ncOGT as listed at the
bottom.

It is intriguing that Lys396 is so highly conserved, given that it appears to be dispensable
for glycosylation (see Chapter 3); this suggests that it may play important but subtle roles,
and may warrant more fine-grained study of this homolog in cells and in vitro. Alternatively,
it is possible that this residue acts in concert with a number of other residues such that
combined mutagenesis is necessary for a phenotype to be observed biochemically or in cells.

A.3

Conclusions

The analysis of by-residue conservation of OGT helps to elucidate what residues may play
critical roles. The use of a broad sequence alignment to look at residues of interest may help
to guide future dissection of OGT, especially within the large and important TPR domain.
Looking at evolutionary trends may provide a powerful tool when combined with cellular
replacement (Chapter 3). Inserting distant OGT homologs into human cells might separate
out evolutionarily distant versus more recent functions and determine how OGT developed
into an essential enzyme in mammalian cells.
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A.4

Methods

Sequences were discovered using PSI-BLAST, 284,285 and 300 homologs were selected with
a minimum identity of 20% and maximum identity of 95% to prevent only discovering
close homologs using the Consurf conservation analysis web inteface. 283 4 homologs were
rejected due to lack of active sequences in the UniRef90 database, 286 leaving 296 sequences.
Full sequences were extracted and aligned using Geneious software package (version
9.0.4) (BLOSUM cost matrix, gap open cost 30, gap extend cost 10). Evolutionary tree
was constructed using Jukes-Cantor neighbor-joining with no outgroup (1000 replicates
bootstrapped). Note that the input isoform was the 1046 amino acid reference isoform; there
are two reference human ncOGT isoforms, that differ by 10 amino acids in the first 20 amino
acids. Numbering throughout the thesis typically refers to the shorter, 1036 amino acid
isoform. Numbering for all figures except Figure A.3 use the same numbering as the rest of
the thesis (1036 amino acid isoform) for clarity; Figure A.3 is offset by 10 amino acids, and
domains appropriately adjusted.
Heatmaps were generated in python using the seaborn library. Other figures were made
with Geneious, WebLogo web interface, 238 and Adobe Illustrator.
Conservation line graph is based upon sequence logo output generated using Geneious.
The measure at any given position is given in units of bits, a measure of information equal
to

I = log2 (20)

i20

Â pi (log2 pi )
i1

where i1 – i20 are the amino acids and frequency of a given amino acid is pi . The
maximum value is log2 (20) ⇡ 4.32.
List of accessions of sequences used
Below sequences are listed as UniProt Accession (organism). Note order is the same as
used in heatmaps, with exceptions of those sequences excluded for lack of overlap in TPR
sub-region heatmaps with reduced sequence list.
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Metazoans (non-vertebrate): E3LSV1 (Caenorhabditis remanei), O18158 (Caenorhabditis elegans), A8XPK5
(Caenorhabditis briggsae), A0A2H2HW33 (Caenorhabditis japonica), A0A1I7S9H0 (Bursaphelenchus xylophilus, pine wood nematode), A0A1I8BBA5 (Meloidogyne hapla, Northern root-knot nematode),
A0A183CIB (Globodera pallida, potato cyst nematode), A0A1I8C666 (Rhabditophanes sp. KR3021),
A0A0N4Z720 (Parastrongyloides trichosuri), A0A0K0E884 (Strongyloides stercoralis, threadworm),
A0A090L953 (Strongyloides ratti), A0A1I7YCS2 (Steinernema glaseri), A0A0N4U9V0 (Dracunculus
medinensis, guinea worm), A0A0N4VCB1 (Enterobius vermicularis, human pinworm), A0A0M3K2K4
(Anisakis simplex), A0A0B2UTB1 (Toxocara canis, helminth), A0A0M3HTK8 (Ascaris lumbricoides, giant roundworm), A0A044V710 (Onchocerca volvulus), A0A0R3RIK8 (Elaeophora elaphi), A0A1I8EJI6
(Wuchereria bancrofti), A0A158PZX3 (Brugia malayi), A0A1P6C2G6 (Brugia malayi), A0A2A6BJA9
(Pristionchus pacificus), H3E0H0 (Pristionchus pacificus), A0A158P6B3 (Angiostrongylus cantonensis),
A0A0C2CSD2 (Ancylostoma duodenale), A0A0N4YTT2 (Nippostrongylus brasiliensis), A0A0D8XQR3
(Dictyocaulus viviparus), A0A016V035 (Ancylostoma ceylanicum), W2T790 (Necator americanus), A0A183IB57
(Soboliphyme baturini), A0A0N5DE57 (Trichuris muris), A0A085MJQ1 (Trichuris suis, whipworm),
A0A0V0YDE2 (Trichinella pseudospiralis), A0A0V1JIC0 (Trichinella pseudospiralis), E5SCS6 (Trichinella spiralis), A0A0V1JI65 (Trichinella pseudospiralis), A0A1I8H1S4 (Macrostomum lignano), H2KPU9 (Clonorchis
sinensis, Chinese liver fluke), A0A094ZVW5 (Schistosoma haematobium, blood flukes), C1LKX0 (Schistosoma japonicum), A0A0X3NR30 (Schistocephalus solidus), A0A183SFM8 (Schistocephalus solidus),
A0A068XDI9 (Hymenolepis microstoma, rodent tapeworm), A0A068W6R0 (Echinococcus granulosus,
hydatid worm), W6U6C9 (Echinococcus granulosus, hydatid worm), A0A1D1VK50 (Ramazzottius
varieornatus, tardigrade), A0A1W0WUB0 (Hypsibius dujardini, tardigrade), A0A1D2NDA (Orchesella
cincta, springtail), A0A1S3HMU6 (Lingula unguis, brachiopod), R7UC60 (Capitella teleta, annelid
worm), T1EDJ0 (Helobdella robusta, leech), A0A0L8GNS5 (Octopus bimaculoides), K1RTL (Crassostrea
gigas, pacific oyster), V4AX56 (Lottia gigantea, owl limpet), UPI00065B7A18 (Aplysia californica, California sea hare), A0A0D5X2K0 (Trichoplax adhaerens), T2MIE6 (Hydra vulgaris, fresh-water polyp),
A0A1X7UR89 (Amphimedon queenslandica, sponge), UPI00077AA405 (Acropora digitifera, Staghorn
coral), A7RN4 (Nematostella vectensis, starlet sea anenome), UPI000A2A95B8 (Exaiptasia pallida, pale
anemone), W4Z3E9 (Strongylocentrotus purpuratus, purple sea urchin), UPI0003F0A576 (Saccoglossus
kowalevskii, Acorn worm), C3XXM6 (Branchiostoma floridae, lancelet), UPI0009482095 (Branchiostoma
belcheri, lancelet), F6V0M2 (Ciona intestinalis, sea vase), F6PXA1 (Ciona intestinalis, sea vase), H2Y6P4
(Ciona savignyi, sea squirt), S4RUA6 (Petromyzon marinus, sea lamprey)
Vertebrates: A0A0P7WHW6 (Scleropages formosus, Asian bonytongue), H2LPF2 (Oryzias latipes,
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Japanese rice fish), A0A1A8H6X0 (Nothobranchius korthausae, fish), Q4SJS9 (Tetraodon nigroviridis,
spotted green pufferfish), B3DKP3 (Danio rerio, zebrafish), A0A146ZAW7 (Fundulus heteroclitus,
mummichog), A0A1S3RPL0 (Salmo salar, Atlantic salmon), UPI0009A0131A (Oncorhynchus kisutch,
Coho salmon), A0A384BBW1 (Balaenoptera acutorostrata scammoni, North Pacific minke whale),
UPI0003C11F65 (Latimeria chalumnae, West Indian ocean coelacanth), A0A0Q3X2L2 (Amazona aestiva
blue-fronted Amazon parrot), UPI00084770BE (Xenopus tropicalis, Western clawed frog), A0A151NTB2
(Alligator mississippiensis), S9WMA7 (Camelus ferus, wild Bactrian camel), L9JDG4 (Tupaia chinensis,
tree shrew), O15294-1 (Homo sapiens), A0A1A6HYZ4 (Neotoma lepida, desert woodrat), UPI0003F15B77
(Chrysochloris asiatica, Cape golden mole), UPI00072E9B0A (Acinonyx jubatus, cheetah)
Metazoans (non-vertebrate, continued): A0A023FNI2 (Amblyomma cajennense, Cayenne tick), V5HQX5
(Ixodes ricinus, castor bean tick), X1WJ62 (Acyrthosiphon pisum, pea aphid), UPI0007637E39 (Diuraphis
noxia, Russian wheat aphid), A0A1J1ITK9 (Clunio marinus, midge), A0A1V9X296 (Tropilaelaps mercedesae, bee mites), UPI000870ADE6 (Galendromus occidentalis, western predatory mite), A0A087UUV5
(Stegodyphus mimosarum, African social velvet spider), UPI0006B099F8 (Limulus polyphemus, Atlantic
horseshoe crab), T1JPL7 (Tetranychus urticae, red spider mite), A0A132AJD4 (Sarcoptes scabiei, itch
mite), UPI0008115A02 (Rhagoletis zephyria, snowberry fruit fly), A0A0P5TS64 (Daphnia magna, water
flea), A0A0P4Z552 (Daphnia magna, water flea), A0A0P6GBR1 (Daphnia magna, water flea), T1JCD7
(Strigamia maritima, centipede), A0A0P4VSK1 (Scylla olivacea, orange mud crab), UPI00084A66EE
(Hyalella azteca, amphipod), E0W1P3 (Pediculus humanus subsp. corporis, body louse), A0A1B6JPC7
(Homalodisca liturata, smoketree sharpshooter), A0A0A9Z4Y3 (Lygus hesperus, western tarnished
plant bug), T1HIN0 (Rhodnius prolixus, kissing bug), UPI00046CE744 (Nasonia vitripennis, parasitic
wasp), A0A026WWW3 (Ooceraea biroi, clonal raider ant), A0A195CB35 (Cyphomyrmex costatus, ant),
E2C6I4 (Harpegnathos saltator, Indian jumping ant), UPI00058ACF6E (Harpegnathos saltator, Indian
jumping ant), A0A1W4WZX6 (Agrilus planipennis, emerald ash borer), UPI0008758828 (Anoplophora
glabripennis, Asian longhorn beetle), UPI00094F288D (Dendroctonus ponderosae, mountain pine beetle),
A0A0L7L8G3 (Operophtera brumata, winter moth), UPI0005D09417 (Plutella xylostella, Diamondback moth), A0A212ETF9 (Danaus plexippus plexippus, monarch butterfly), H9JND0 (Bombyx mori,
silkmoth), A0A0K8WCN3 (Bactrocera latifrons, Malaysian fruit fly), B4KLX3 (Drosophila mojavensis), A0A0K8TL29 (Tabanus bromius, band-eyed brown horsefly), B4HCC1 (Drosophila persimilis),
A0A1Q3FUS6 (Culex tarsalis, mosquito), A0A1L8E217 (Nyssomyia neivai, sand fly), A0A182F9R4
(Anopheles albimanus, mosquito), A0A182NH31 (Anopheles dirus, mosquito), A0A182RDG3 (Anopheles
funestus, mosquito), Q7Q5R0 (Anopheles gambiae, mosquito), A0A0K2T718 (Lepeophtheirus salmonis,
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salmon louse), UPI000719E26F (Priapulus caudatus, Priapulid worm), A0A1D2MM27 (Orchesella cincta,
springtail), Q676A0 (Oikopleura dioica, tunicate), UPI0005D0B731 (Plutella xylostella, Diamondback
moth), A0A194QW03 (Papilio machaon, old world swallowtail), A0A0L7LHL4 (Operophtera brumata,
winter moth), UPI000640A92B (Bombyx mori, silk moth), A0A2W1BQL6 (Helicoverpa armigera, cotton
bollworm), UPI00067E0880 (Amyelois transitella, navel orangeworm moth), A0A0C2MI47 (Thelohanellus kitauei, myxosporean), A0A177AUL5 (Intoshia linei, orthonectid)
Non-metazoans: A0A1G0AX68 (Gallionellales bacterium), A0A1W9X9J7 (Desulfobacteraceae bacterium),
A0A1U7I3P8 (Nostoc calcicola), L0DP77 (Singulisphaera acidiphila), I1I9H7 (Brachypodium distachyon,
purple false brome SPINDLY), Q8RVB2 (Solanum lycopersicum, tomatoes SPINDLY), A0A0B2S798
(Glycine soja, soybean SPINDLY), A0A1J5S6N5 (mine drainage metagenome), A0A1F4DC21 (Betaproteobacteria bacterium), A0A0B6RUK6 (Burkholderia glumae), A0A1H1DW80 (Paraburkholderia fungorum),
A0A1N6I665 (Burkholderia sp. GAS332), A0A158KTJ5 (Caballeronia arvi), A0A0C2CJF6 (Burkholderia
sp. MR1), A0A0L0M8J8 (Candidatus Burkholderia verschuerenii), A0A0S4K3W7 (Janthinobacterium
sp. CG23_2), W6LTV (Candidatus Contendobacter odensis), A0A1G0EKM8 (Gallionellales bacterium),
A0A1S8FNT7 (Polaromonas sp. A23), A0A1H0ECS4 (Polaromonas sp. (strain JS666 / ATCC BAA-500)),
J3D1D1 (Polaromonas sp. CF318), A0A1E7W5W9 (Janthinobacterium sp. HH106), W0V187 (Janthinobacterium agaricidamnosum), A0A1G3YB09 (Thiobacillus sp. GWE1_62_9), A0A1E4NU93 (Thiobacillus sp. SCN 63-57), A0A1E4PXI3 (Thiobacillus sp. SCN 64-317), B4D9Q4 (Chthoniobacter flavus),
A0A1F3ZXV6 (Betaproteobacteria bacterium), A0A1G0DKQ0 (Gallionellales bacterium), A0A149VWC9
(Ferrovum sp. Z-31), A0A1W9MSM3 (Desulfobacteraceae bacterium), A0A1W9N5D7 (Desulfobacteraceae bacterium), A0A1W9X9N0 (Desulfobacteraceae bacterium), A0A1G0CUK6 (Gallionellales bacterium
GWA2_60_18), J9JUT4 (Acyrthosiphon pisum, pea aphid), UPI00076370A4 (Diuraphis noxia, Russian wheat aphid), UPI0006B8B7A2 (Novosphingobium sp. AAP83), UPI0006879E7F (Desulfosarcina
sp. BuS5), UPI000347D1F0 (Synechococcus sp. PCC 7336), A0A1H0CL0 (Afipia sp. GAS231),
UPI0004663DEF (Bradyrhizobium sp. ARR65), A0A1M5UDY5 (Bradyrhizobium erythrophlei), A0A1N6F4C4
(Bradyrhizobium erythrophlei), A0A1W1HEA5 (Desulfamplus magnetovallimortis), A0A089PD40 (Prochlorococcus sp. MIT 0801), A2BZH7 (Prochlorococcus marinus, strain NATL1A), Q46IF5 (Prochlorococcus
marinus, strain NATL2A), A0A1C3RD44 (Candidatus Terasakiella magnetica), A0A1W9N456 (Desulfobacteraceae bacterium IS3), A0A1W9LS47 (Desulfobacteraceae bacterium IS3), A0A1W9MYI7 (Desulfobacteraceae bacterium IS3), A0A0F9LIU9 (marine sediment metagenome), A0A1W9MQX0 (Desulfobacteraceae
bacterium), M2ZR45 (Magnetospirillum caucaseum), A0A0C2V152 (Magnetospirillum magnetotacticum),
Q2W4R4 (Magnetospirillum magneticum (strain AMB-1 / ATCC 700264)), Q6SGE6 (uncultured marine
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bacterium 560), A0A1F3YI66 (Betaproteobacteria bacterium), UPI000691284D (Methylotenera sp. G11),
A0A1Q5S0P3 (Bradyrhizobium sp. NAS96.2), A0A1G3H0N6 (Rhodocyclales bacterium), B4SDJ7 (Pelodictyon phaeoclathratiforme, strain DSM 5477 / BU-1), F0Y9M5 (Aureococcus anophagefferens, algae), F0YI84
(Aureococcus anophagefferens), F0YM75 (Aureococcus anophagefferens), A0A024TT15 (Aphanomyces invadans, water mould), A0A067CJ54 (Saprolegnia parasitica, strain CBS 223.65), A0A1V9ZPM8 (Achlya
hypogyna), A0A1W0A6E6 (Thraustotheca clavata), D7FX68 (Ectocarpus siliculosus, filamentus brown
algae), A0A0P1B620 (Plasmopara halstedii), D0NXA5 (Phytophthora infestans strain T30-4), M4BYK0
(Hyaloperonospora arabidopsidis, fungal parasite), A0A024GGP2 (Albugo candida), F0WMK0 (Albugo
laibachii), A0A061RFK4 (Tetraselmis sp. GSL018, phytoplankton), A9T7C6 (Physcomitrella patens
subsp. patens), A0A176VYV1 (Marchantia polymorpha subsp. ruderalis), D8R5W3 (Selaginella moellendorffii, ancient plant), K3XEE8 (Setaria italica), A0A0D9V9G8 (Leersia perrieri), A0A0E0CC33 (Oryza
meridionalis), A0A0E0JSQ4 (Oryza punctata), A0A0E0JSQ5 (Oryza punctata), A0A0E0FXJ0 (Oryza
nivara), A0A0D9YJ47 (Oryza glumipatula), I1NUM3 (Oryza glaberrima), A0A0K9PC22 (Zostera marina),
A0A0J8FG52 (Beta vulgaris subsp. vulgaris), A0A0K9RFY5 (Spinacia oleracea SEC), A0A175YS03 (Daucus
carota subsp. sativus SEC), A0A1U8K9T8 (Gossypium hirsutum, upland cotton SEC), A0A1R3GBK8
(Corchorus olitorius SEC), A0A1R3I011 (Corchorus capsularis SEC), A0A2I4F9B2 (Juglans regia, persian walnut SEC), A0A058ZVW9 (Eucalyptus grandis SEC), A0A103YF42 (Cynara cardunculus var.
scolymus SEC), A0A118JZT7 (Cynara cardunculus var. scolymus SEC), UPI00090085EB (Ipomoea
nil, Japanese morning glory SEC), UPI00090098C8 (Ipomoea nil, Japanese morning glory SEC),
UPI000900B961 (Ipomoea nil,Japanese morning glory SEC), A0A1S4AZE1 (Nicotiana tabacum, tobacco
SEC), K4CWV5 (Solanum lycopersicum, tomato SEC), A0A068URN9 (Coffea canephora, robusta coffee
SEC), A0A022QPV4 (Erythranthe guttata, yellow monkeyflower), UPI00053C7969 (Tarenaya hassleriana,
spider flower SEC), Q9M8Y0 (Arabidopsis thaliana SEC), UPI00053C1B23 (Tarenaya hassleriana, spider
flower SEC), A0A0B0MVL0 (Gossypium arboreum, tree cotton SEC), A0A1U8PVI6 (Gossypium hirsutum,
upland cotton SEC), A0A1U8I5S1 (Gossypium hirsutum, upland cotton SEC), A0A1U8MEI7 (Gossypium
hirsutum, upland cotton SEC), A0A0B0MXB3 (Gossypium arboreum, tree cotton SEC), V4U2Z5 (Citrus
clementina, clementine SEC), A0A0L9THX3 (Phaseolus angularis, adzuki bean SEC), UPI0007874AE4
(Arachis duranensis, Wild peanut SEC), D7TDT9 (Vitis vinifera, common grape vine SEC), A0A1S3B897
(Cucumis melo, muskmelon SEC), A0A1Q3BNY0 (Cephalotus follicularis, Albany pitcher plant SEC),
B9I5S5 (Populus trichocarpa, black cottonwood SEC), B9S7R2 (Ricinus communis, castor bean SEC),
UPI0002C3011A (Fragaria vesca subsp. vesca, wild strawberry SEC), UPI00077EBF6B (Ziziphus jujuba,
Chinese jujube), W9S6L1(Morus notabilis, mulberry tree SEC), M5W797 (Prunus persica, peach SEC),
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UPI0007EC40FE (Malus domestica, apple SEC), A0A1D5UPA9 (Triticum aestivum, common wheat
SEC), M8A4Y0 (Triticum urartu, red wild einkorn wheat SEC), A0A1D6H8C0 (Zea mays, corn SEC),
A0A1E5V0D5 (Dichanthelium oligosanthes), A0A1D6H8A9 (Zea mays, corn SEC), UPI0009A9DE5A
(Zea mays, corn SEC), I1I9R3 (Brachypodium distachyon, purple false brome SEC), A0A0E0CKN1
(Oryza meridionalis, Australian wild rice), A0A0E0CKM9 (Oryza meridionalis, Australian wild rice),
A0A0E0J1N2 (Oryza nivara), Q6K769 (Oryza sativa subsp. japonica), UPI00098DFD33 (Asparagus officinalis, garden asparagus SEC), UPI0009F4CD7C (Dendrobium catenatum), UPI0009F56394 (Dendrobium
catenatum), A0A1D1XM55 (Anthurium amnicola), A0A1D1Y314 (Anthurium amnicola), UPI0005124011
(Musa acuminata subsp. malaccensis, wild banana SEC), A0A1U7Z432 (Nelumbo nucifera, Indian lotus
SEC), W1PQQ1 (Amborella trichopoda), UPI000981947B (Ananas comosus, pineapple), M0SFE4 (Musa
acuminata subsp. malaccensis), UPI0004E5616D (Phoenix dactylifera, date palm SEC), UPI000579E579
(Elaeis guineensis var. tenera, oil palm SEC), UPI0004E5847E (Phoenix dactylifera, date palm SEC),
A0A2H3YJ45 (Phoenix dactylifera, date palm SEC)
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Appendix B

Glycosylation Sites from HeLa
Extracts (Table)
The below table (Table B.1) lists the sites obtained from O-GlcNAc proteomics using the IsoTag
system as described in Chapter 2.
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Table B.1: Sites of glycosylation from HeLa extract proteomics

Description
Shootin-1
Protein unc-119 homolog B

Accession
A0MZ66
A6NIH7
A8CG34;
Q96HA1

Site
562
13

Both Replicates
WT
D2A
1
1
2
2

Site Count
Replicate 1
WT D2A
1
0
0
0

Replicate 2
WT D2A
0
1
2
2

Site Sequence
PPSsIGCRKKYIDGEKQAEPVVVL
AAAsAAGPGGLVAGKEEKKKAGGG

160

Nuclear envelope pore
392
0
1
0
0
0
1
AITsSYSSTRGISQLWKRNGPSSS
membrane protein POM
121C
Protein phosphatase 1
O14974
585
0
1
0
0
0
1
LQKsLLSSTSTTTKITTGSSSAGT
regulatory subunit 12A
Protein transport protein
O15027
2158
0
1
0
0
0
1
PPPtSMPKTVQAAPPALPGPPGAP
Sec16A
Protein transport protein
O15027
1244
0
1
0
0
0
1
GYYsSKSGWSSQSDYYASYYSSQY
Sec16A
Pre-mRNA-splicing factor
O43143
64
0
1
0
0
0
1
LRAsTNAMLISAGLPPLKASHSAH
ATP-dependent RNA
helicase DHX15
Tumor protein D54
O43399
134
0
1
0
0
0
1
ETLsQAGQKTSAALSTVGSAISRK
Tumor protein D54
O43399
104
0
3
0
0
0
3
QVSsAYVKTSEKLGEWNEKVTQSD
Alpha-endosulfine
O43768
93
0
1
0
0
0
1
NLVtGDHIPTPQDLPQRKSSLVTS
Perilipin-3
O60664
76
1
1
0
0
1
1
AAVsGAQPILSKLEPQIASASEYA
6-phosphofructo-2O60825
472
1
1
0
0
1
1
PLSsSNTIRRPRNYSVGSRPLKPL
kinase/fructose-2,6bisphosphatase 2
Sperm-associated antigen 7
O75391
227
1
0
0
0
1
0
PPTs——————–
Geminin
O75496
36
0
1
0
0
0
1
ASGsLVGRENELSAGLSKRKHRND
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
1

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
1
1

161

Description
Accession Site
Site Sequence
WW domain-binding
O75554
343
KTVtSLGVMADGVAPVFKKRRTEN
protein 4
Signal transducing adapter
O75886
375
0
1
0
0
0
1
SVYsKLHPPAHYPPASSGVPMQTY
molecule 2
Protein HEXIM1
O94992
355
2
0
0
0
2
0
APLsKFGD—————CCR4-NOT
transcription
O95628
316
0
1
0
0
0
1
IPIsSSNHSARSPFEGAVTESQSL
complex subunit 4
BAG family molecular chapO95817
144
0
1
0
0
0
1
MPEtTQPDKQCGQVAAAAAAQPPA
erone regulator 3
BAG family molecular chapO95817
124
2
0
0
0
2
0
RFRtEAAAAAPQRSQSPLRGMPET
erone regulator 3
L-lactate dehydrogenase A
P00338
69
1
0
0
0
1
0
QHGsLFLRTPKIVSGKDYNVTANS
chain
Prelamin-A/C
P02545
643
0
1
0
0
0
1
NLVtRSYLLGNSSPRTQSPQNCSI
3-hydroxy-3-methylglutarylP04035
705
1
1
0
0
1
1
RGKsVVCEAVIPAKVVREVLKTTT
coenzyme A reductase
Heat shock protein beta-1
P04792
74
0
2
0
1
0
1
PAYsRALSRQLSSGVSEIRHTADR
Heat shock protein beta-1
P04792
184
0
4
0
2
0
2
IPVtFESRAQLGGPEAAKSDETAA
Heat shock protein beta-1
P04792
199
1
0
0
0
1
0
AAKsDETAAK————–
60S acidic ribosomal protein
P05387
79
0
1
0
0
0
1
APGsAAPAAGSAPAAAEEKKDEKK
P2
Keratin, type I cytoskeletal
P05783
23
2
2
0
0
2
2
QAPsYGARPVSSAASVYAGAGGSG
18
Keratin, type I cytoskeletal
P05783
49
1
2
0
0
1
2
ISVsRSTSFRGGMGSGGLATGIAG
18
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
2
4

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
2
4

162

Description
Accession Site
Site Sequence
Keratin, type I cytoskeletal
P05783
42
AGGsGSRISVSRSTSFRGGMGSGG
18
Keratin, type I cytoskeletal
P05783
10
1
1
0
0
1
1
STFsTNYRSLGSVQAPSYGARPVS
18
Keratin, type II cytoskeletal
P05787
475
3
3
2
3
1
0
KLVsESSDVLPK————
8
Keratin, type II cytoskeletal
P05787
74
0
1
0
0
0
1
SLLsPLVLEVDPNIQAVRTQEKEQ
8
Keratin, type II cytoskeletal
P05787
39
2
2
0
0
2
2
SSFsRVGSSNFRGGLGGGYGGASG
8
Nucleophosmin
P06748
88
0
1
0
0
0
1
PTVsLGGFEITPPVVLRLKCGSGP
Nucleophosmin
P06748
75
0
1
0
0
0
1
IKVtLATLKMSVQPTVSLGGFEIT
Tubulin beta chain
P07437
274
1
2
1
1
0
1
APLtSRGSQQYRALTVPELTQQVF
Tubulin beta chain
P07437
168
0
2
0
0
0
2
NTFsVVPSPKVSDTVVEPYNATLS
Vimentin
P08670
47
2
2
0
0
2
2
LRPsTSRSLYASSPGGVYATRSSA
Vimentin
P08670
63
1
0
0
0
1
0
VYAtRSSAVRLRSSVPGVRLLQDS
U1 small nuclear
P09012
148
1
0
0
0
1
0
PPMtQAPRIMHHMPGQPPYMPPPG
ribonucleoprotein A
Heterogeneous nuclear
P09651
365
0
1
0
0
0
1
SSSsYGSGRRF————ribonucleoprotein A1
60 kDa heat shock protein,
P10809
232
1
1
0
0
1
1
INTsKGQKCEFQDAYVLLSEKKIS
mitochondrial
60 kDa heat shock protein,
P10809
54
0
5
0
0
0
5
VAVtMGPKGRTVIIEQSWGSPKVT
mitochondrial
Nucleoprotein TPR
P12270
1691
1
2
0
0
1
2
GNKsTPRASIRPMVTPATVTNPTT
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1
1
0
1
0
1
0
1
0
1
0

Site Count
Replicate 1
WT D2A
0
0
0
0
0
0
0
0
0
0
0
0

Replicate 2
WT D2A
0
1
1
0
1
0
1
0
1
0
1
0

163

Description
Accession Site
Site Sequence
Nucleoprotein TPR
P12270
1676
PVVsTPSKVTAAAMAGNKSTPRAS
Nucleoprotein TPR
P12270
2330
RLQtTLRQGVRGRQFNRQRGVSHA
40S ribosomal protein S2
P15880
293
VATt——————–
Stathmin
P16949
31
SKEsVPEFPLSPPKKKDLSLEEIQ
Y-box-binding protein 3
P16989
366
APPtQQSSAE————–
Cysteine and glycine-rich
P21291
192
LVHsE——————protein 1
E3 ubiquitin-protein ligase
P22681
626
0
1
0
0
0
1
SLPsQMEPRPDVPRLGSTFSLDTS
CBL
Eukaryotic translation
P23588
359
0
1
0
0
0
1
RAAsIFGGAKPVDTAAREREVEER
initiation factor 4B
Eukaryotic translation
P23588
495
1
0
0
0
1
0
PARsQSSDTEQQSPTSGGGKVAPA
initiation factor 4B
Eukaryotic translation
P23588
591
1
0
0
0
1
0
SSAsKYAALSVDGEDENEGEDYAE
initiation factor 4B
Microtubule-associated proP27816
928
2
1
0
0
2
1
TNTsAPDLKNVRSKVGSTENIKHQ
tein 4
Microtubule-associated proP27816
742
2
2
1
0
1
2
KPMsLASGLVPAAPPKRPAVASAR
tein 4
Microtubule-associated proP27816
811
0
1
0
0
0
1
AKTtTAAAVASTGPSSRSPSTLLP
tein 4
Microtubule-associated proP27816
707
1
1
0
0
1
1
LATtQPAKTSTSKAKTQPTSLPKQ
tein 4
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
4
3

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
4
3

164

Description
Accession Site
Site Sequence
Microtubule-associated proP27816
787
KRAsPSKPASAPASRSGSKSTQTV
tein 4
Microtubule-associated proP27816
760
1
0
0
0
1
0
AVAsARPSILPSKDVKPKPIADAK
tein 4
Microtubule-associated proP27816
853
0
1
0
0
0
1
TAKsVPADLSRPKSTSTSSMKKTT
tein 4
Transcription initiation factor
P29084
285
0
1
0
0
0
1
KDYsDITSSK————–
IIE subunit beta
CAP-Gly domain-containing
P30622
304
0
3
0
0
0
3
ATTsASLKRSPSASSLSSMSSVAS
linker protein 1
CAP-Gly domain-containing
P30622
302
1
1
0
0
1
1
VMAtTSASLKRSPSASSLSSMSSV
linker protein 1
CAP-Gly domain-containing
P30622
20
2
1
0
0
2
1
KPGsTALKTPTAVVAPVEKTISSE
linker protein 1
CAP-Gly domain-containing
P30622
36
1
0
0
0
1
0
VEKtISSEKASSTPSSETQEEFVD
linker protein 1
CAP-Gly domain-containing
P30622
189
1
0
0
0
1
0
SNLtKTASESISNLSEAGSIKKGE
linker protein 1
CAP-Gly domain-containing
P30622
143
0
1
0
0
0
1
TPAsRATSPLCTSTASMVSSSPST
linker protein 1
Kinesin-1 heavy chain
P33176
950
0
2
0
0
0
2
VQNsQPVAVRGGGGKQV——DNA replication licensing
P33991
19
1
0
0
0
1
0
GRAtPAQTPRSEDARSSPSQRRRG
factor MCM4
Nuclear pore complex
P35658
526
1
1
0
0
1
1
VPPsKASLAPTPAASPVAPSAASF
protein Nup214
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
0
1

165

Description
Accession Site
Site Sequence
Nuclear pore complex
P35658
651
SGRsAQGSSSPVPSMVQKSPRITP
protein Nup214
Transgelin-2
P37802
190
4
4
0
0
4
4
AGMtGYGMPRQIL———–
Transgelin-2
P37802
83
0
1
0
0
0
1
IQAsTMAFKQMEQISQFLQAAERY
Transgelin-2
P37802
163
6
20
0
9
6
11
RNFsDNQLQEGKNVIGLQMGTNRG
Electron transfer flavoprotein
P38117
65
0
1
0
0
0
1
IAVsCGPAQCQETIRTALAMGADR
subunit beta
RNA-binding motif protein,
P38159
165
1
0
0
0
1
0
PKRsAPSGPVRSSSGMGGRAPVSR
X chromosome
Protein phosphatase inP41236
22
1
1
0
0
1
1
TSTtSSMVASAEQPRGNVDEELSK
hibitor 2
Protein phosphatase inP41236
23
1
0
0
0
1
0
STTsSMVASAEQPRGNVDEELSKK
hibitor 2
Matrin-3
P43243
33
1
0
0
0
1
0
AAAtQSLSMPASLGRMNQGTARLA
Probable
28S
rRNA
P46087
668
0
1
0
0
0
1
PSVtKTQASSSFQDSSQPAGKAEG
(cytosine(4447)-C(5))methyltransferase
E3 ubiquitin-protein ligase
P46934
738
1
0
0
0
1
0
PASsSNHSSRRGSLQAYTFEEQPT
NEDD4
Transcriptional coactivator
P46937
83
1
0
0
0
1
0
VPQtVPMRLRKLPDSFFKPPEPKS
YAP1
Transcriptional coactivator
P46937
336
0
1
0
0
0
1
INPsTANSPKCQELALRSQLPTLE
YAP1
60S ribosomal protein L29
P47914
142
4
2
2
0
2
2
APAsVPAQAPKRTQAPTKASE—
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
0

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
1
0

166

Description
Accession Site
Site Sequence
26S proteasome non-ATPase
P48556
155
AQWsILRKDIPSFERYMAQLKCYY
regulatory subunit 8
Nuclear pore complex
P49790
947
2
0
0
0
2
0
NPMsEGFKFSKPIGDFKFGVSSES
protein Nup153
Nuclear pore complex
P49790
1114
0
1
0
0
0
1
VTStSLVFGKKADNEEPKCQPVFS
protein Nup153
Nuclear pore complex
P49790
1456
0
1
0
0
0
1
NVFsSSGTSFSGRKIKTAVRRRKprotein Nup153
E3 SUMO-protein ligase
P49792
1894
1
1
0
0
1
1
IPVsADGFKFGISEPGNQEKKSEK
RanBP2
Serpin H1
P50454
53
0
1
0
0
0
1
LAFsLYQAMAKDQAVENILVSPVV
Ras-related protein Rab-5C
P51148
209
4
0
2
0
2
0
NPAsRSQCCSN————Host cell factor 1
P51610
1150
1
1
0
0
1
1
IRIsVATGALEAAQGSKSQCQTRQ
Host cell factor 1
P51610
603
1
0
0
0
1
0
VMVsNPATRMLKTAAAQVGTSVSS
Ribosomal protein S6 kinase
P51812
737
1
1
0
0
1
1
KITsTAL—————–
alpha-3
Cysteine-rich protein 2
P52943
88
1
1
0
0
1
1
PQVtGPIEVPAARAEERKASGPPK
Ubiquitin carboxyl-terminal
P54578
222
1
1
0
0
1
1
EDDsVKETDSSSASAATPSKKKSL
hydrolase 14
Eukaryotic translation initiaP56537
230
1
2
0
1
1
1
AQPsTIATSMRDSLIDSLT—–
tion factor 6
60S ribosomal protein L37
P61927
96
0
1
0
0
0
1
ASSsS——————40S ribosomal protein S30
P62861
5
2
0
0
0
2
0
VHGsLARAGKVRGQTPKVAKQEKK
Nuclease-sensitive
P67809
271
1
0
0
0
1
0
GDEtQGQQPPQRRYRRNFNYRRRR
element-binding protein 1
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
2
0
7
2
5
2
1
2
2

Site Count
Replicate 1
WT D2A
0
0
0
4
2
3
1
0
0
0

Replicate 2
WT D2A
0
2
0
3
0
2
1
1
2
2

167

Description
Accession Site
Site Sequence
Elongation factor 1-alpha 1
P68104
261
GIGtVPVGRVETGVLKPGMVVTFA
Elongation factor 1-alpha 1
P68104
279
MVVtFAPVNVTTEVKSVEMHHEAL
Tubulin alpha-1B chain
P68363
277
PVIsAEKAYHEQLSVAEITNACFE
Tubulin alpha-1B chain
P68363
54
TFFsETGAGKHVPRAVFVDLEPTV
28S ribosomal protein S36,
P82909
37
PNVsEALRSAGLPSHSSVISQHSK
mitochondrial
SAP domain-containing
P82979
196
1
1
0
0
1
1
TEDtEAKKRKRAERFGIA——
ribonucleoprotein
SAP domain-containing
P82979
115
2
0
1
0
1
0
VPVsLESKKAARAARFGISSVPTK
ribonucleoprotein
Disabled homolog 2
P98082
678
0
1
0
0
0
1
SSGtLSAFASYFNSKVGIPQENAD
Disabled homolog 2
P98082
727
1
0
0
0
1
0
LPVtKSTDNAFENPFFKDSFGSSQ
Disabled homolog 2
P98082
407
2
1
0
0
2
1
KGLsIQNGVKQDLESSVQSSPHDS
Cdc42 effector protein 1
Q00587
132
0
1
0
0
0
1
AYDsLVVGKLSFDSSPTSSTDGHS
Heterogeneous nuclear riQ00839
197
4
3
0
0
4
3
FAVtVAPPGARQGQQQAGGKKKAE
bonucleoprotein U
RNA-binding protein EWS
Q01844
274
1
1
0
0
1
1
HPSsMGVYGQESGGFSGPGENRSM
Transgelin
Q01995
191
1
3
0
0
1
3
AGMtGYGRPRQIIS———Transgelin
Q01995
166
0
1
0
0
0
1
FTEsQLQEGKHVIGLQMGSNRGAS
Eukaryotic translation
Q04637
61
1
1
0
0
1
1
PPSsAASRVQSAAPARPGPAAHVY
initiation factor 4 gamma 1
Eukaryotic translation
Q04637
1118
0
2
0
1
0
1
PATsTLNRFSALQQAVPTESTDNR
initiation factor 4 gamma 1
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
2

Site Count
Replicate 1
WT D2A
0
1

Replicate 2
WT D2A
0
1

168

Description
Accession Site
Site Sequence
Eukaryotic translation
Q04637
198
EIMsGARTASTPTPPQTGGGLEPQ
initiation factor 4 gamma 1
Eukaryotic translation initiaQ04637
1119
1
0
0
0
1
0
ATStLNRFSALQQAVPTESTDNRR
tion factor 4 gamma 1
Eukaryotic translation
Q04637
1073
1
1
0
0
1
1
TKItKPGSIDSNNQLFAPGGRLSW
initiation factor 4 gamma 1
Eukaryotic translation
Q04637
1041
2
2
0
0
2
2
PPIsRGLPLVDDGGWNTVPISKGS
initiation factor 4 gamma 1
Keratin, type I cytoskeletal
Q04695
44
1
0
0
0
1
0
RLGsAGGLGSTLGGSSYSSCYSFG
17
Son of sevenless homolog 1
Q07889
1132
0
1
0
0
0
1
GPRsASVSSISLTKGTDEVPVPPP
Neuroblast
Q09666
3672
4
4
0
0
4
4
PKIsMPDFDLNLKGPKMKGDVVVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3416
6
5
2
1
4
4
PKVsMPDVELNLKSPKVKGDLDIA
differentiation-associated
protein AHNAK
Neuroblast
Q09666
5377
1
0
0
0
1
0
LAVsGDIKCPKVSVGAPDLSLEAS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
5603
1
1
0
0
1
1
PQVsSALNLDTSKFAGGLHFSGPK
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3360
1
0
0
0
1
0
FNFsGSKVQTPEVDVKGKKPDIDI
differentiation-associated
protein AHNAK
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
2
2

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
2
2

169

Description
Accession Site
Site Sequence
Neuroblast
Q09666
3337
VDVsGPKLNIEGKSKKSRFKLPKF
differentiation-associated
protein AHNAK
Neuroblast
Q09666
5397
1
0
0
0
1
0
LEAsEGSIKLPKMKLPQFGISTPG
differentiation-associated
protein AHNAK
Neuroblast
Q09666
2647
2
0
0
0
2
0
PKFsMPGFKGEGPDGDVKLPKADI
differentiation-associated
protein AHNAK
Neuroblast
Q09666
4325
1
0
0
0
1
0
PKFsMPGFKGEGPDVDVTLPKADI
differentiation-associated
protein AHNAK
Neuroblast
Q09666
1519
2
0
0
0
2
0
PKFsMPGFKGEGPEVDMNLPKADL
differentiation-associated
protein AHNAK
Neuroblast
Q09666
1391
2
0
0
0
2
0
PKFsMPGFKGEGPEVDVKLPKADV
differentiation-associated
protein AHNAK
Neuroblast
Q09666
5643
1
1
0
0
1
1
LSVsGPQGHLESGSGKVTFPKMKI
differentiation-associated
protein AHNAK
Neuroblast
Q09666
1263
2
0
0
0
2
0
PKFsMPGFKGEGREVDVNLPKADI
differentiation-associated
protein AHNAK
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
0

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
1
0

170

Description
Accession Site
Site Sequence
Neuroblast
Q09666
1135
PKFsMPSLKGEGPEVDVNLPKADV
differentiation-associated
protein AHNAK
Neuroblast
Q09666
442
0
1
0
0
0
1
FSVsGAKGEETGIDVTLPTGEVTV
differentiation-associated
protein AHNAK
Neuroblast
Q09666
638
1
0
0
0
1
0
TFStPGAKGEGPDVHMTLPKGDIS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3692
4
1
0
0
4
1
VVVsLPKVEGDLKGPEVDIKGPKV
differentiation-associated
protein AHNAK
Neuroblast
Q09666
1023
2
4
0
2
2
2
VNLsKANVDISAPKVDTNAPDLSL
differentiation-associated
protein AHNAK
Neuroblast
Q09666
247
4
4
0
0
4
4
LQVtMPGIKVGGSGVNVNAKGLDL
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3625
2
1
0
0
2
1
VDVtLPKADIDISGPNVDVDVPDV
differentiation-associated
protein AHNAK
Neuroblast
Q09666
4803
2
0
0
0
2
0
VDVsLPKADIDVSGPKVDVDIPDV
differentiation-associated
protein AHNAK
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
2
2

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
2
2

171

Description
Accession Site
Site Sequence
Neuroblast
Q09666
1782
PKVsMPDVDLNLKGPKLKGEIDAS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
5298
2
4
0
2
2
2
PKVsGPDLDLNLKGPSLKGDLDAS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
4386
6
2
2
0
4
2
PKIsMPDIDFNLKGPKVKGDVDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
2845
4
1
2
0
2
1
LNLtGPKIKGDVDVTGPKVEGDLK
differentiation-associated
protein AHNAK
Neuroblast
Q09666
2387
1
0
0
0
1
0
PKIsMPDLDLHLKSPKAKGEVDVD
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3220
13
5
1
0
12
5
PKIsMPDLDLNLKGPKMKGEVDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
2313
4
2
0
0
4
2
PKIsMPDVDFNLKGPKIKGDVDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
947
5
0
1
0
4
0
PKIsMPDVDLHMKGPKVKGEYDMT
differentiation-associated
protein AHNAK
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
4
0

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
4
0

172

Description
Accession Site
Site Sequence
Neuroblast
Q09666
698
PKIsMPDVDLHVKGTKVKGEYDVT
differentiation-associated
protein AHNAK
Neuroblast
Q09666
1580
4
0
0
0
4
0
HKIsMPDVGLNLKAPKLKTDVDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3294
8
7
3
2
5
5
PKIsMPEIDLNLKGSKLKGDVDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
788
1
0
0
0
1
0
IDVtAPDVSIEEPEGKLKGPKFKM
differentiation-associated
protein AHNAK
Neuroblast
Q09666
2775
4
4
0
0
4
4
PKIsMPGFKGEGPDVDVNLPKADI
differentiation-associated
protein AHNAK
Neuroblast
Q09666
572
3
1
1
0
2
1
ISMsEVDLNVAAPKVKGGVDVTLP
differentiation-associated
protein AHNAK
Neuroblast
Q09666
983
2
0
0
0
2
0
VDVsAPDVEMQGPDWNLKMPKIKM
differentiation-associated
protein AHNAK
Neuroblast
Q09666
5448
2
0
0
0
2
0
PRIsAPNVDFNLEGPKVKGSLGAT
differentiation-associated
protein AHNAK
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
2
0

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
2
0

173

Description
Accession Site
Site Sequence
Neuroblast
Q09666
613
VDVsAPDVEAHGPEWNLKMPKMKM
differentiation-associated
protein AHNAK
Neuroblast
Q09666
2454
8
2
2
0
6
2
PNIsMPDVDLNLKGPKIKGDVDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
337
2
3
0
0
2
3
PEVsVGHKGGKPGLTIQAPQLEVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
521
2
2
0
0
2
2
IKVsAPGVQGDVKGPQVALKGSRV
differentiation-associated
protein AHNAK
Neuroblast
Q09666
4522
0
1
0
0
0
1
ISMsDIDLNLKGPKIKGDMDISVP
differentiation-associated
protein AHNAK
Neuroblast
Q09666
501
0
2
0
1
0
1
PKIsMQDVDLSLGSPKLKGDIKVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3483
1
1
0
0
1
1
PKFsVSGLKAEGPDVAVDLPKGDI
differentiation-associated
protein AHNAK
Ras
GTPase-activating
Q13283
268
3
5
0
1
3
4
VPVtGIPPHVVKVPASQPRPESKP
protein-binding protein 1
Polyadenylate-binding proQ13310
644
1
0
0
0
1
0
AATs——————–
tein 4
Treacle protein
Q13428
814
2
2
0
0
2
2
KVVtAAAQAKQRSPSKVKPPVRNP
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
1
2
0
2
2
1
0

Site Count
Replicate 1
WT D2A
0
0
0
0
0
0
0
0

Replicate 2
WT D2A
1
1
2
0
2
2
1
0

174

Description
Accession Site
Site Sequence
Treacle protein
Q13428
807
GTIsAPGKVVTAAAQAKQRSPSKV
Treacle protein
Q13428
510
KPAsTMGMGPLGKGAGPVPPGKVG
Treacle protein
Q13428
1085
QKAsEAQPPVARTQPSSGVDSAVG
Eukaryotic translation
Q13541
68
SPVtKTPPRDLPTIPGVTSPSSDE
initiation factor 4E-binding
protein 1
Ubiquitin-associated protein
Q14157
445
0
1
0
0
0
1
VATsTAAPPPPSSPLPSKSTSAPQ
2-like
Ensconsin
Q14244
181
1
0
0
0
1
0
DRRsVSTMNLSKYVDPVISKRLSS
Src substrate cortactin
Q14247
345
0
1
0
0
0
1
AVTsKTSNIRANFENLAKEKEQED
Src substrate cortactin
Q14247
332
1
1
0
0
1
1
QVSsAYQKTVPVEAVTSKTSNIRA
Src substrate cortactin
Q14247
240
2
1
0
0
2
1
GVQtDRQDKCALGWDHQEKLQLHE
Src substrate cortactin
Q14247
11
1
0
0
0
1
0
HAVsIAQDDAGADDWETDPDFVND
Src substrate cortactin
Q14247
277
0
1
0
0
0
1
GVQsERQDSAAVGFDYKEKLAKHE
cGMP-inhibited 3’,5’-cyclic
Q14432
554
0
1
0
0
0
1
ADTtAKQSLGSHRALTYTQSAPDL
phosphodiesterase A
EKC/KEOPS complex subQ14657
142
2
2
0
0
2
2
PPVsR——————unit LAGE3
Pumilio homolog 1
Q14671
180
0
1
0
0
0
1
WGTsDHSVSQPIMVQRRPGQSFHV
Clathrin interactor 1
Q14677
312
0
1
0
0
0
1
PQSsVKTSVPSSKSSGDLVDLFDG
Nucleolar and coiled-body
Q14978
578
2
0
0
0
2
0
VVVsKSGSLKKRKQNEAAKEAETP
phosphoprotein 1
DNA polymerase delta subQ15054
458
0
1
0
0
0
1
RQVsITGFFQRK————
unit 3
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
0
1

175

Description
Accession Site
Site Sequence
Eukaryotic translation initiaQ15056
217
KPRtVATPLNQVANPNSAIFGGAR
tion factor 4H
Microtubule-associated proQ15691
157
1
3
0
0
1
3
TSSsAAPQRPISTQRTAAAPKAGP
tein RP/EB family member
1
Zyxin
Q15942
182
2
2
0
0
2
2
TPFsSKSSTKPAAGGTAPLPPWKS
Zyxin
Q15942
15
1
1
0
0
1
1
VSVsAPAFYAPQKKFGPVVAPKPK
Zyxin
Q15942
259
1
2
0
0
1
2
PASsPAPAPKFSPVTPKFTPVASK
Zyxin
Q15942
278
1
1
0
0
1
1
PVAsKFSPGAPGGSGSQPNQKLGH
DihydropyrimidinaseQ16555
570
1
1
0
0
1
1
NITsLG——————
related protein 2
Glutamine-rich protein 1
Q2TAL8
364
0
1
0
0
0
1
MVGtTSVVKNSHEEVVQTLANSLF
MAP7 domain-containing
Q3KQU3
460
0
1
0
0
0
1
SELsPKSKARPSSPSTSWHRPASP
protein 1
Rab-like protein 6
Q3YEC7
525
1
0
0
0
1
0
GGVsVRTGPEKRSSTRPPAEMEPG
Torsin-1A-interacting proQ5JTV8
186
1
0
0
0
1
0
APVsEDLVIRLRRPPLRYPRYEAT
tein 1
Centrosomal protein of 170
Q5SW79
1165
1
1
0
0
1
1
SARsDSEATISRSSASSRTAEAII
kDa
Centrosomal protein of 170
Q5SW79
628
0
1
0
0
0
1
VRStGSATSLASQGERRRRTLPQL
kDa
Putative
coiled-coilQ5T1J5
17
3
2
1
0
2
2
PPAsRAPQMRAAPRPAPVAQPPAA
helix-coiled-coil-helix
domain-containing protein
CHCHD2P9, mitochondrial
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
0
1

176

Description
Accession Site
Site Sequence
Ubiquitin-associated protein
Q5T6F2
987
YAGsSQAPNKSAGSGPGKGVSVSS
2
Zinc finger CCCH domainQ6PJT7
360
1
1
0
0
1
1
KAIsEAQESVTKTTNYSTVPQKQT
containing protein 14
La-related protein 1
Q6PKG0
148
1
0
0
0
1
0
PEHsAPAKVVRAAVPKQRKGSKVG
Activating transcription
Q6VMQ6
926
1
0
0
0
1
0
EQNsNTTPRIENQTNKTIDASVSK
factor 7-interacting protein 1
Uncharacterized
protein
Q6ZSR9
150
0
2
0
0
0
2
PFVsKSSMAPSQPEESDVFLRAPF
FLJ45252
Protein FAM122B
Q7Z309
132
0
1
0
0
0
1
VSSsGLPPSPVPSPRRFSRRSQSP
SUZ domain-containing proQ7Z422
73
1
1
0
0
1
1
GVVsSPNSTSRPTLPVKSLAQREA
tein 1
Interferon regulatory factor
Q7Z5L9
392
0
1
0
0
0
1
IPMtPTSSFVSPPPPTASPHSNRT
2-binding protein 2
YTH domain-containing famQ7Z739
205
0
1
0
0
0
1
AAVtKTVGTALSSSGMTSIATNSV
ily protein 3
Myopalladin
Q86TC9
714
1
0
0
0
1
0
KAPsSQTFSLARPKYFFPSTNTTA
YrdC
domain-containing
Q86U90
21
1
1
0
0
1
1
VGLsEGPAGSRSGRLFRPPSPAPA
protein, mitochondrial
Protein LYRIC
Q86UE4
496
1
0
0
0
1
0
ISTsDPAEVLVKNSQPIKTLPPAT
ATP-dependent RNA
Q86XP3
43
1
0
0
0
1
0
GATsSSSGFGKSAPPQLPSFYKIG
helicase DDX42
Protein AHNAK2
Q8IVF2
1567
3
0
2
0
1
0
GPVsEGAGLKGHLPKVQMPSFKMP
Protein AHNAK2
Q8IVF2
4710
0
1
0
0
0
1
PKVsFSSTKTPKDSLVPGAKSSIG
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
2
2

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
2
2

177

Description
Accession Site
Site Sequence
Cell division cycle and
Q8IX12
287
RIVsQPQPARRLDPPSRFSGRNDR
apoptosis regulator protein 1
Phosphatase and actin
Q8IZ21
244
0
1
0
0
0
1
TNTtATPSLTHMVPAKQPPIPPPK
regulator 4
Formin-binding protein 4
Q8N3X1
798
1
1
0
0
1
1
EIStAVVQRSATIGSSPVLYSQSA
Late secretory pathway proQ8NBF6
619
0
1
0
0
0
1
GAFsSAKTAMSSWLSTFTTSTSQS
tein AVL9 homolog
Plasminogen activator
Q8NC51
61
1
2
0
0
1
2
AAQtNSNAAGKQLRKESQKDRKNP
inhibitor 1 RNA-binding
protein
Protein LSM14 homolog A
Q8ND56
245
3
2
0
0
3
2
HKVsRPENEQLRNDNKRQVAPGAP
Alstrom syndrome protein 1
Q8TCU4
1645
1
0
0
0
1
0
VKVsAAPGPADQKTETLPVHSTSY
Rap guanine nucleotide exQ8TEU7
1556
1
1
0
0
1
1
SLSsNLVACVPSKIVTQPQRHNLQ
change factor 6
WAS/WASL-interacting proQ8TF74
117
1
1
0
0
1
1
QIPsSRAAAPRPPVSAASGRPQDD
tein family member 2
WAS/WASL-interacting proQ8TF74
131
0
2
0
0
0
2
SAAsGRPQDDTDSSRASLPELPRM
tein family member 2
WAS/WASL-interacting proQ8TF74
301
0
1
0
0
0
1
PPTsASPSLLSNRPPPPARDPPSR
tein family member 2
Transmembrane protein 263
Q8WUH6
64
0
1
0
0
0
1
GGKsLEVTKTAVTTVPSMGIGLVK
AN1-type zinc finger protein
Q8WV99
150
2
0
0
0
2
0
AAIsRAQAVASTSTVPSPSQTMPS
2B
PEST proteolytic signal- Q8WW12
142
2
0
0
0
2
0
TPTsAGPNSFNKGKHGFSDNQKLW
containing nuclear protein
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
Continued on next page

Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
0

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
1
0

178

Description
Accession Site
Site Sequence
PEST proteolytic signal- Q8WW12
84
KKAsAISIKLGSSKPKETVPTLAP
containing nuclear protein
SPRY
domain-containing
Q8WW59
23
1
0
0
0
1
0
GVAsTEAQRGVSFKLEEKTAHSSL
protein 4
LIM domain only protein 7
Q8WWI1
1500
2
2
0
0
2
2
EPVsLPGIMRRGESLDNLDSPRSN
LIM domain only protein 7
Q8WWI1
1185
1
0
0
0
1
0
SKAsESISLKNLKRRSQFFEQGSS
LIM domain only protein 7
Q8WWI1
895
0
2
0
0
0
2
VSAsLPRSYRKTDTVRLTSVVTPR
LIM domain only protein 7
Q8WWI1
318
1
1
0
0
1
1
PNKsRQPSYVPAPLRKKKPDKHED
LIM domain only protein 7
Q8WWI1
818
0
1
0
0
0
1
RPPtMTVSEASYQSERVEEKGATY
LIM domain only protein 7
Q8WWI1
876
0
1
0
0
0
1
SPAsLSSLRSRSTQMESTRVSASL
LIM domain only protein 7
Q8WWI1
1565
1
1
0
0
1
1
PSSsVPPPSAGSVKTSTTGVATTQ
LIM domain only protein 7
Q8WWI1
1406
0
1
0
0
0
1
IPKtEEASSGFLPGDRNKSRSTTE
Ataxin-2-like protein
Q8WWM7
500
1
0
0
0
1
0
PKIsLAPTDVKELSTKEPGRTLEP
Ataxin-2-like protein
Q8WWM7
684
0
1
0
0
0
1
TPTsPGPRTHSTPSIPVLTAGQSG
Ataxin-2-like protein
Q8WWM7
563
0
1
0
0
0
1
PENsLDPFPPRILKEEPKGKEKEV
Transcriptional
repressor
Q8WXI9
525
0
1
0
0
0
1
IPTsARSMLSNFAQAPQLSVPGGL
p66-beta
Probable
ATP-dependent
Q92841
676
1
0
0
0
1
0
QSSsQQFSGIGRSGQQPQPLMSQQ
RNA helicase DDX17
G patch domain and KOW
Q92917
20
1
0
0
0
1
0
APIsFGFTRTSARRRLADSGDGAG
motifs-containing protein
Far
upstream
elementQ92945
99
1
0
0
0
1
0
VNNsTPDFGFGGQKRQLEDGDQPE
binding protein 2
Lipoma-preferred partner
Q93052
11
1
0
0
0
1
0
PPKsTGEPLGHVPARMETTHSFGN
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1
0
1

Site Count
Replicate 1
WT D2A
0
0
0
0

Replicate 2
WT D2A
0
1
0
1

179

Description
Accession Site
Site Sequence
Lipoma-preferred partner
Q93052
175
LTAtKKSTLKPQPAPQAGPIPVAP
Uncharacterized
protein
Q96B23
355
QSVsSWKHGSGTQYVSTRQTQSWT
C18orf25
SH3
domain-containing
Q96B97
472
1
1
0
0
1
1
VVSsTEKLSHPTTSRPKATGRRPP
kinase-binding protein 1
SH3
domain-containing
Q96B97
567
0
1
0
0
0
1
APLsSAAPSPLSSSLGTAGHRANS
kinase-binding protein 1
FLYWCH family member 2
Q96CP2
133
0
1
0
0
0
1
APCsVAPGKSL————Zinc finger C2HC domainQ96GY0
247
0
1
0
0
0
1
TPPsLARNPAPGVLTNKRKTYTES
containing protein 1A
Zinc finger C2HC domainQ96GY0
194
2
0
0
0
2
0
PQPsGAGKTVVGVPSGKVSSSSSS
containing protein 1A
PDZ and LIM domain
Q96HC4
111
3
2
0
0
3
2
PITsPAVSKVTSTNNMAYNKAPRP
protein 5
PDZ and LIM domain
Q96HC4
136
1
2
0
0
1
2
GSVsSPKVTSIPSPSSAFTPAHAT
protein 5
PDZ and LIM domain
Q96HC4
134
0
1
0
0
0
1
PFGsVSSPKVTSIPSPSSAFTPAH
protein 5
PRKC apoptosis WT1
Q96IZ0
238
0
1
0
0
0
1
EDVsSRYSRTDRSGFPRYNRDANV
regulator protein
Abscission/NoCut
Q96K21
163
1
0
0
0
1
0
QKPsTSQSQGLTRQDQMIAERLAR
checkpoint regulator
RNA-binding protein 14
Q96PK6
256
0
2
0
1
0
1
PSAsLGVGYRTQPMTAQAASYRAQ
RNA-binding protein 14
Q96PK6
280
1
1
0
0
1
1
PSVsLGAPYRGQLASPSSQSAAAS
RNA-binding protein 14
Q96PK6
244
1
1
0
0
1
1
PSVsLGAAYRAQPSASLGVGYRTQ
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
0

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
1
0

180

Description
Accession Site
Site Sequence
Ribonucleases P/MRP proQ99575
21
TNVtLSSGFVADRGVKHHSGGEKP
tein subunit POP1
Diphthamide biosynthesis
Q9BQC3
470
0
1
0
0
0
1
TPVtEAVSGRRGIAIAYEDEGSGprotein 2
PAXIP1-associated
Q9BTK6
242
1
0
0
0
1
0
PLRsSGSSLFPRQRKY——–
glutamate-rich
protein
1
Heterogeneous nuclear riQ9BUJ2
727
1
1
0
0
1
1
PGAsTYNKNSNIPGSSANTSTPTV
bonucleoprotein U-like protein 1
RNA-binding protein 4
Q9BWF3
331
0
1
0
0
0
1
GHEsELSQASAAARNSLYDMARYE
Nucleolar and spindleQ9BXS6
243
1
1
0
0
1
1
SVAsTPISQRRSQGRSCGPASQST
associated protein 1
Nucleolar and spindleQ9BXS6
305
1
0
0
0
1
0
ARKsAHVTVSGGTPKGEAVLGTHK
associated protein 1
Tether containing UBX doQ9BZE9
246
1
1
0
0
1
1
VPFsGGGQRLGGPPGPTRPLTSSS
main for GLUT4
Serine/threonine-protein kiQ9H4A3
2370
1
1
0
0
1
1
LQKsISNPPGSNLRTT——–
nase WNK1
Serine/threonine-protein kiQ9H4A3
1849
1
1
0
0
1
1
LATsSGAGVFKMGRFQVSVAADGA
nase WNK1
Serine/threonine-protein kiQ9H4A3
1863
2
0
0
0
2
0
FQVsVAADGAQKEGKNKSEDAKSV
nase WNK1
Serine/threonine-protein kiQ9H4A3
1950
1
1
0
0
1
1
QVTtTANKVGRFSVSKTEDKITDT
nase WNK1
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
2

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
0
2

181

Description
Accession Site
Site Sequence
Splicing factor,
Q9H7N4
357
VVGtEAEACREGKVSVEVVTAGGA
arginine/serine-rich 19
Hematological and
Q9H910
132
2
2
0
0
2
2
AARsIPAGAEPGEKGSARKAGPAK
neurological expressed
1-like protein
Hematological and
Q9H910
92
2
1
0
0
2
1
GKTsDIFGSPVTATSRLAHPNKPK
neurological expressed
1-like protein
Protein TANC2
Q9HCD6
1952
1
0
0
0
1
0
VARtLPVAQAYQDNLYRQLSRDSR
Steroid receptor RNA
Q9HD15
69
0
1
0
0
0
1
SETsPGPPPMGPPPPSSKAPRSPP
activator 1
mRNA-decapping enzyme
Q9NPI6
388
0
1
0
0
0
1
AGTsLPSVDLLQKLRLTPQHDQIQ
1A
Gephyrin
Q9NQX3
260
0
1
0
0
0
1
PRDtASLSTTPSESPRAQATSRLS
Kinesin light chain 4
Q9NSK0
605
0
1
0
0
0
1
LQVsRGLSASTMDLSSSS——
Abl interactor 2
Q9NYB9
218
1
0
0
0
1
0
PSPtRNMAPSQQSPVRTASVNQRN
Ubiquitin-associated protein
Q9NZ09
261
0
1
0
0
0
1
PAVsNIKSLSFPKLDSDDSNQKTA
1
Death domain-associated
Q9UER7
697
1
0
0
0
1
0
VTSsLCIPSPARLSQTPHSQPPRP
protein 6
LIM domain-containing proQ9UGP4
304
1
0
0
0
1
0
LALsCPRQGGLPRSNSGLGGEVSG
tein 1
SAP30-binding protein
Q9UHR5
301
0
1
0
0
0
1
AVGtIVKKAKQ————Drebrin-like protein
Q9UJU6
272
2
2
0
0
2
2
STTsISSPQPGKLRSPFLQKQLTQ
Drebrin-like protein
Q9UJU6
295
3
0
1
0
2
0
QPEtHFGREPAAAISRPRADLPAE
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1
0
1

Site Count
Replicate 1
WT D2A
0
0
0
0

Replicate 2
WT D2A
0
1
0
1

182

Description
Accession Site
Site Sequence
Protein CDV3 homolog
Q9UKY7
56
GAGtRPGDGGTASAGAAGPGAATK
Melanoma-associated
Q9UNF1
90
TQLtDTQVLAAENKSLAADTKKQN
antigen D2
LIM and calponin homology
Q9UPQ0
506
0
2
0
1
0
1
VETtIARASVLDTSMSAGSGSPSK
domains-containing protein
1
LIM and calponin homology
Q9UPQ0
493
0
4
0
0
0
4
RQQsLPPPKFTATVETTIARASVL
domains-containing protein
1
Serine/arginine repetitive
Q9UQ35
2335
1
2
0
0
1
2
APAsANLVGPRSAHATAPVNIAGS
matrix protein 2
Serine/arginine repetitive
Q9UQ35
2244
2
4
0
1
2
3
NLAsARTPAIPTAVNLADSRTPAA
matrix protein 2
Serine/arginine repetitive
Q9UQ35
2381
2
2
0
0
2
2
ANLtSPRVPLSAYERVSGRTSPPL
matrix protein 2
Serine/arginine repetitive
Q9UQ35
2343
1
3
0
0
1
3
GPRsAHATAPVNIAGSRTAAALAP
matrix protein 2
Serine/arginine repetitive
Q9UQ35
2459
0
1
0
0
0
1
SDQsRCLIAQTTPVAGSQSLSSGA
matrix protein 2
Serine/arginine repetitive
Q9UQ35
2690
1
1
0
0
1
1
DSRsLSYSPVERRRPSPQPSPRDQ
matrix protein 2
Serine/arginine repetitive
Q9UQ35
2367
2
1
0
0
2
1
ASLtSARMAPALSGANLTSPRVPL
matrix protein 2
Serine/arginine repetitive
Q9UQ35
2388
2
4
0
0
2
4
VPLsAYERVSGRTSPPLLDRARSR
matrix protein 2
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
1

Site Count
Replicate 1
WT D2A
0
0

Replicate 2
WT D2A
1
1

183

Description
Accession Site
Site Sequence
Serine/arginine repetitive
Q9UQ35
2407
RARsRTPPSAPSQSRMTSERAPSP
matrix protein 2
Microtubule cross-linking
Q9Y4B5
142
2
0
0
0
2
0
EPLsRAGKPPGAEPPSAAAKGRKA
factor 1
Insulin receptor substrate 2
Q9Y4H2
527
0
1
0
0
0
1
IAEtPPARDGGGGGEFYGYMTMDR
Insulin receptor substrate 2
Q9Y4H2
391
1
0
0
0
1
0
SPLsPGPVRAPLSRSHTLSGGCGG
Protein PRRC2C
Q9Y520
2686
1
1
0
0
1
1
PTSsPFRATSTSPNSQSSKMNSIV
Protein PRRC2C
Q9Y520
2633
0
2
0
0
0
2
AQVsQPFRGLIPAGTQHSMIATTG
RNA-binding protein 7
Q9Y580
127
0
1
0
0
0
1
MTSsAQIIQRSFSSPENFQRQAVM
Glucocorticoid modulatory
Q9Y692
453
0
1
0
0
0
1
TVVsSAKSSSPDTVTIHPSSSLAL
element-binding protein 1
Transforming acidic coiledQ9Y6A5
424
0
1
0
0
0
1
DTKsGCSEAQPPESPETRLGQPAA
coil-containing protein 3
Cytoplasmic dynein 1 light
Q9Y6G9
412
1
0
0
0
1
0
PNRsVSSNVASVSPIPAGSKKIDP
intermediate chain 1
Transcription elongation facO00267
658
0
1
0
1
0
0
TNFtVGGFAPMSPRISSPMHPSAG
tor SPT5
Protein transport protein
O15027
2159
0
1
0
1
0
0
PPTsMPKTVQAAPPALPGPPGAPV
Sec16A
Tumor protein D54
O43399
96
0
1
0
1
0
0
LSRsWHDVQVSSAYVKTSEKLGEW
CCR4-NOT
transcription
O95628
331
0
1
0
1
0
0
GAVtESQSLFSDNFRHPNPIPSGL
complex subunit 4
Keratin, type I cytoskeletal
P05783
31
0
2
0
2
0
0
PVSsAASVYAGAGGSGSRISVSRS
18
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1

Site Count
Replicate 1
WT D2A
0
1

Replicate 2
WT D2A
0
0

184

Description
Accession Site
Site Sequence
Keratin, type I cytoskeletal
P05783
420
KVVsETNDTKVLRH———18
Keratin, type I cytoskeletal
P05783
15
1
0
1
0
0
0
NYRsLGSVQAPSYGARPVSSAASV
18
Keratin, type II cytoskeletal
P05787
58
1
1
1
1
0
0
GGAsGMGGITAVTVNQSLLSPLVL
8
Tubulin beta chain
P07437
78
1
0
1
0
0
0
SVRsGPFGQIFRPDNFVFGQSGAG
Vimentin
P08670
56
1
1
1
1
0
0
YASsPGGVYATRSSAVRLRSSVPG
Vimentin
P08670
37
0
1
0
1
0
0
STRtYSLGSALRPSTSRSLYASSP
Nucleoprotein TPR
P12270
1660
0
1
0
1
0
0
GIAsTSDPPTANIKPTPVVSTPSK
Nucleoprotein TPR
P12270
2063
1
1
1
1
0
0
SSAsERQAPRAPQSPRRPPHPLPP
Stathmin
P16949
28
3
0
3
0
0
0
SPRsKESVPEFPLSPPKKKDLSLE
Eukaryotic translation initiaP23588
355
1
0
1
0
0
0
SQStRAASIFGGAKPVDTAARERE
tion factor 4B
Eukaryotic translation initiaP23588
433
0
1
0
1
0
0
STTsSRNARRRESEKSLENETLNK
tion factor 4B
Microtubule-associated proP27816
914
0
1
0
1
0
0
AKPsSTTPRLSRLATNTSAPDLKN
tein 4
Microtubule-associated proP27816
975
1
0
1
0
0
0
NAVtKTAGPIASAQKQPAGKVQIV
tein 4
Microtubule-associated proP27816
580
1
1
1
1
0
0
PPLsETEATPVPIKDMEIAQTQKG
tein 4
Transgelin-2
P37802
185
2
1
2
1
0
0
RGAsQAGMTGYGMPRQIL——
Protein phosphatase
P41236
19
1
0
1
0
0
0
KNKtSTTSSMVASAEQPRGNVDEE
inhibitor 2
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
0
0
1
1
0
1
0

Site Count
Replicate 1
WT D2A
1
0
0
1
1
0
1
0

Replicate 2
WT D2A
0
0
0
0
0
0
0
0

185

Description
Accession Site
Site Sequence
60S ribosomal protein L29
P47914
151
PKRtQAPTKASE————
Coatomer subunit delta
P48444
203
ITEtIIETDKPKVAPAPARPSGPS
Host cell factor 1
P51610
1162
AQGsKSQCQTRQTSATSTTMTVMA
Nuclease-sensitive
P67809
303
GKEtKAADPPAENSSAPEAEQGGA
element-binding protein 1
Heterogeneous nuclear
Q00839
188
0
2
0
2
0
0
GKSsGPTSLFAVTVAPPGARQGQQ
ribonucleoprotein U
OTU domain-containing proQ01804
1000
0
1
0
1
0
0
DPKtAADVVSPGANSVDSRVQRPK
tein 4
Keratin, type I cytoskeletal
Q04695
431
1
1
1
1
0
0
HQTtR——————17
Neuroblast
Q09666
4360
1
0
1
0
0
0
PDVsIEGPDAKLKGPKFKMPEMNI
differentiation-associated
protein AHNAK
Neuroblast
Q09666
2185
2
0
2
0
0
0
PKIsMPDVNLNLKGPKVKGDMDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
4850
2
0
2
0
0
0
PKIsIPDVDLDLKGPKVKGDFDVS
differentiation-associated
protein AHNAK
Neuroblast
Q09666
3240
0
2
0
2
0
0
VDVsLANVEGDLKGPALDIKGPKI
differentiation-associated
protein AHNAK
Transcription intermediary
Q13263
415
0
1
0
1
0
0
RPGtNSTGPAPMAPPRAPGPLSKQ
factor 1-beta
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
1
1

Site Count
Replicate 1
WT D2A
1
1

Replicate 2
WT D2A
0
0

186

Description
Accession Site
Site Sequence
Ras
GTPase-activating
Q13283
256
SVTsKNLPPSGAVPVTGIPPHVVK
protein-binding protein 1
Ras
GTPase-activating
Q13283
280
1
0
1
0
0
0
VPAsQPRPESKPESQIPPQRPQRD
protein-binding protein 1
Core-binding factor subunit
Q13951
169
1
1
1
1
0
0
VRVsQLLAVTGKKTTRP——beta
Src substrate cortactin
Q14247
401
0
1
0
1
0
0
KTQtPPVSPAPQPTEERLPSSPVY
LIM and SH3 domain
Q14847
194
0
1
0
1
0
0
APVsIQRSAPGGGGKRYRAVYDYS
protein 1
BRISC complex subunit
Q15018
345
0
1
0
1
0
0
YAStSAGLKYPGSGADLPPPQRAA
Abro1
DNA polymerase delta subQ15054
269
1
0
1
0
0
0
PTVsVTEPKLATPAGLKKSSKKAE
unit 3
Microtubule-associated proQ15691
154
0
1
0
1
0
0
KPLtSSSAAPQRPISTQRTAAAPK
tein RP/EB family member
1
Microtubule-associated proQ15691
156
2
1
2
1
0
0
LTSsSAAPQRPISTQRTAAAPKAG
tein RP/EB family member
1
Zyxin
Q15942
13
0
1
0
1
0
0
ISVsVSAPAFYAPQKKFGPVVAPK
Zyxin
Q15942
258
1
1
1
1
0
0
PPAsSPAPAPKFSPVTPKFTPVAS
Proteasomal ubiquitin
Q16186
221
0
1
0
1
0
0
PSStTSSTRATPAPSAPAAASATS
receptor ADRM1
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Both Replicates
WT
D2A
0
1

Site Count
Replicate 1
WT D2A
0
1

Replicate 2
WT D2A
0
0

187

Description
Accession Site
Site Sequence
Leucine-rich
repeat,
Q3SXY7
613
QCKsEPFWEDDLAKETYIQFETLF
immunoglobulin-like
domain and transmembrane
domain-containing protein 3
Protein FAM122B
Q7Z309
141
1
1
1
1
0
0
PVPsPRRFSRRSQSPVKCIRPSVL
Pleckstrin homology-like doQ86SQ0
557
1
1
1
1
0
0
PSStFPKASSESSYLSILPKTPEG
main family B member 2
LIM domain only protein 7
Q8WWI1
1573
1
2
1
2
0
0
SAGsVKTSTTGVATTQSPTPRSHS
LIM domain only protein 7
Q8WWI1
822
1
2
1
2
0
0
MTVsEASYQSERVEEKGATYPSEI
SH3
domain-containing
Q96B97
471
1
0
1
0
0
0
SVVsSTEKLSHPTTSRPKATGRRP
kinase-binding protein 1
PRKC apoptosis WT1 regulaQ96IZ0
108
0
1
0
1
0
0
PRRsEDEPPAASASAAPPPQRDEE
tor protein
Zinc finger protein 830
Q96NB3
129
0
1
0
1
0
0
PSTsAWTTNFDKIGKEFIRATPSK
Diphthamide biosynthesis
Q9BQC3
474
1
1
1
1
0
0
EAVsGRRGIAIAYEDEGSG—–
protein 2
Protein RTF2 homolog
Q9BY42
268
1
0
1
0
0
0
TKRsIADSEESEAYKSLFTTHSSA
182 kDa tankyrase-1-binding
Q9C0C2
819
1
0
1
0
0
0
GVLtAQDRVVGKPAQLGTQRSQEA
protein
Hematological and
Q9H910
30
1
0
1
0
0
0
LFGsPEEATPSSRPNRMASNIFGP
neurological expressed
1-like protein
Abl interactor 2
Q9NYB9
368
0
1
0
1
0
0
IGGsLPYRRPPSITSQTSLQNQMN
Hsp70-binding protein 1
Q9NZL4
8
0
1
0
1
0
0
GSRgSRLPLALPPASQGCSSGGGG
Nuclear RNA export factor 1
Q9UBU9
62
0
1
0
1
0
0
VAMsDAQDGPRVRYNPYTTRPNRR
Lowercase letter indicates site of glycosylation; ’—’ indicates end of protein; Accession is UniProt identifier
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Table B.1: Sites of glycosylation from HeLa extract proteomics (continued)

Description
Tight junction protein ZO-2
Vimentin
Protein CDV3 homolog

Site Count
Both Replicates
Replicate 1
Replicate 2
Accession Site WT
D2A
WT D2A WT D2A Site Sequence
Q9UDY2
1032
1
0
1
0
0
0
GAStKGYPPPVAAKPTFGRSILKP
Q9UJU6
274
1
0
1
0
0
0
TSIsSPQPGKLRSPFLQKQLTQPE
Q9UKY7
137
0
1
0
1
0
0
MEKsSGPWNKTAPVQAPPAPVIVT
Lowercase letter indicates site of glycosylation, ’-’ indicates end of protein
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