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30 ABSTRACT

34 The dynamic posttranslational modification O-linked -N-acetylglucosamine glycosylation (O-
36 GlcNAcylation) is present on thousands of intracellular proteins in the brain. Like
phosphorylation, O-GlcNAcylation is inducible and plays important functional roles in both
41 physiology and disease. Recent advances in mass spectrometry (MS) and bioconjugation methods
43 are now enabling the mapping of O-GlcNAcylation events to individual sites in proteins. However,
45 our understanding of which glycosylation events are necessary for regulating protein function and
controlling specific processes, phenotypes, or diseases remains in its infancy. Given the sheer
50 number of O-GIcNAc sites, methods are greatly needed to identify promising sites and prioritize
52 them for time- and resource-intensive functional studies. Revealing sites that are dynamically

altered by different stimuli or disease states will likely to go a long way in this regard. Here, we
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describe advanced methods for identifying O-GlcNAc sites on individual proteins and across the
proteome, and for determining their stoichiometry in vivo. We also highlight emerging
technologies for quantitative, site-specific MS-based O-GlcNAc proteomics (O-GlcNAcomics),
which allow proteome-wide tracking of O-GlcNAcylation dynamics at individual sites. These
cutting-edge technologies are beginning to bridge the gap between the high-throughput cataloging
of O-GlcNAcylated proteins and the relatively low-throughput study of individual proteins. By
uncovering the O-GlcNAcylation events that change in specific physiological and disease
contexts, these new approaches are providing key insights into the regulatory functions of O-
GlcNAc in the brain, including their roles in neuroprotection, neuronal signaling, learning and

memory, and neurodegenerative diseases.
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The addition of [-N-acetyl glucosamine to serine or threonine residues of proteins (O-
GlcNAcylation) is a dynamic, inducible posttranslational modification (PTM) that is highly
abundant in the brain. Unlike other forms of glycosylation, O-GlcNAcylation is found primarily
on intracellular proteins and is not elaborated beyond the single GlcNAc residue. Two enzymes
are responsible for O-GlcNAc cycling in higher mammals: the glycosyltransferase O-GlcNAc
transferase (OGT) and the glycosidase O-GlcNAcase (OGA). To date, thousands of O-GIcNAc-
modified proteins have been identified in the mammalian brain,* and O-GlcNAc has been shown
to regulate many important neuronal functions, such as activity-dependent gene expression, O.-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) trafficking, calcium
signaling, and metabolism.: Notably, the modification may also contribute to higher-order brain
functions. For instance, manipulating global O-GlcNAcylation levels profoundly alters synaptic
plasticity, as well as learning and memory in vivo..> Moreover, O-GlcNAc regulates the function
of numerous proteins critical for learning and memory, including AMPAR subunit 2, protein
kinase A, and cAMP response element-binding protein (CREB).” Remarkably, mutation of only a
single O-GlcNAcylation site on CREB increased its transcriptional activity and accelerated long-
term memory consolidation in mice.”

In addition to its physiological roles in the brain, aberrant O-GlcNAcylation and
OGT/OGA expression have been linked to several neurodegenerative disorders such as
Alzheimer’s, Huntington’s, and Parkinson’s disease." ** For instance, global levels of O-
GlcNAcylation and neuronal OGT are significantly decreased in Alzheimer’s disease (AD)
brains.""* Moreover, conditional genetic deletion of OGT in excitatory neurons of the mouse
forebrain recapitulates many of the pathological and behavioral hallmarks of AD, including

progressive neuronal loss, increased production of hyperphosphorylated tau and amyloidogenic
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amyloid 3 peptides, macroscopic plaque and tangle formation, and memory loss." Globally
increasing O-GlcNAcylation has also been demonstrated to limit cognitive decline and neuronal
pathology in mouse models of neurodegeneration.«»» Overall, it is becoming increasingly clear
that O-GIcNAcylation plays a pivotal role in neuronal health and function, and modulating O-
GlcNAc signaling may represent a promising neuroprotective strategy for neurodegenerative
diseases."*

Over the past decade, growing interest in O-GlcNAcylation has led to the discovery of
many new functions for the modification and revealed its central importance for both brain
physiology and pathology. However, the huge diversity of functions and substrates has created a
major challenge for the field — namely, the prioritization of O-GlcNAcylation events for follow-
up studies. Given the sheer number of O-GlcNAc modification sites, methods are greatly needed
to identify promising sites and prioritize them for time- and resource-intensive functional studies.
To address this challenge, it will be critical to move from a static picture of whether a protein is
O-GlcNAcylated to a more dynamic view and identify context-specific changes in O-
GlcNAcylation, such as sites that are induced by specific stimuli or altered during development or
disease progression. Identifying these key sites and developing methods to selectively modulate
their glycosylation status may also prove critical for therapeutic intervention in neurodegenerative
disease, as globally altering O-GlcNAcylation levels could have deleterious, compensatory, or
potentially unforeseen off-target effects.»»

The importance of monitoring the dynamics of O-GlcNAcylation at specific sites is further
underscored by the observation that OGT and OGA exhibit exquisite selectivity for particular
substrates, depending on the cellular context.#* For instance, early quantitative proteomics studies

by our laboratory showed that robust excitatory stimulation of the brain in vivo induces O-
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1

2

i GlcNAcylation on only a subset of OGT substrates, while pharmacological inhibition of OGA
6 affects almost an entirely different subset.” This suggests that OGT can discriminate among its
7

8 various substrates in response to specific cellular signals. OGT can also exhibit exquisite
9

1? selectivity for different sites within the same protein. For example, neuronal depolarization induces
12 . . . . . . . .
13 CREB glycosylation at only a single site, Ser40, while other glycosylation sites in CREB remain
14

15 unchanged.” Thus, different sites within the same protein can show distinct temporal dynamics,
16

17 which may enable O-GlcNAc to regulate various aspects of a protein’s function. Finally, several
18
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41 Figure 1. O-GlcNAcylation undergoes complex regulation and site-specific dynamics in the

o

brain. (A) Inhibition of OGA increases O-GIlcNAcylation on a subset of OGT substrates (in
46 red), whereas excitatory neuronal stimulation with kainic acid increases O-GIcNAcylation on
48 a different subset (in blue). (B) Neuronal stimulation increases O-GIlcNAcylation of CREB at
>0 S40, while the other two sites remain unchanged. (C) Overall O-GlcNAcylation of MeCP2
53 decreases upon neuronal depolarization; however, for a subset of phosphorylated MeCP2, O-

55 GlcNAcylation increases.
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studies have observed that changes in O-GlcNAcylation at the protein level often do not correlate
with changes at individual sites. This is exemplified by the transcriptional repressor methyl CpG
binding protein 2 (MeCP2), whose loss of function underlies Rett syndrome.” Although the O-
GlcNAcylation level on the total MeCP2 population decreases upon neuronal depolarization, the
O-GlcNAcylation level on the Ser80-phosphorylated subpopulation of MeCP2 significantly
increases.” These examples clearly demonstrate that O-GIcNAcylation undergoes complex
regulation and site-specific dynamics in the brain (Figure 1).

In this perspective, we will highlight state-of-the art technologies for identifying O-
GlcNACc sites and tracking their context-specific dynamics. We will first focus on methods for
mapping glycosylation sites within proteins and for quantifying site occupancy or stoichiometry.
We will then describe emerging technologies for quantitative, mass spectrometry (MS)-based O-
GlcNAc proteomics (O-GlcNAcomics) and discuss how such approaches are providing new,
systems-level insights into the site-specific dynamics of O-GlcNAc in response to different cellular
or disease states. Our intention is to provide an overview of these technologies with an emphasis
on their potential impact on the field of neurobiology. Overall, the development and
implementation of quantitative O-GlcNAcomics methods should greatly accelerate the
prioritization of O-GlcNAcylation sites for further study and are a critical next step toward

advancing our understanding of the functions of O-GlcNAc in the brain.

O-GLCNAC SITE IDENTIFICATION ON INDIVIDUAL PROTEINS
The identification of O-GIcNAc sites is often crucial for elucidating the function of the
modification in the context of specific proteins. However, this task can be challenging as there is

no known consensus sequence for OGT, and the O-GIcNAc modification occurs
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substoichiometrically on many proteins. Moreover, the O-GIcNAc moiety is frequently found
within a stretch of serine or threonine residues and is readily lost upon collision-induced
dissociation (CID) MS due to the lability of the O-glycosidic linkage.»* As a result, O-
GlcNAcylation sites are often ambiguous, difficult to localize to a single serine or threonine
residue, or require confirmation with time-consuming site-directed mutagenesis studies.”*

In response to these challenges, Hart and coworkers developed the BEMAD ([-elimination
followed by Michael addition with dithiothreitol) approach,” which chemically converts O-
GlcNAcylated serine and threonine residues to thiol-containing derivatives that are stable during
CID. As other O-linked modifications such as phosphorylation are also derivatized in the process,
this technique is not well suited for the selective mapping of O-GIcNAc sites unless it is combined
with some form of enrichment for O-GlcNAcylated peptides.=** Our laboratory has developed a
chemoenzymatic labeling strategy that accomplishes this task.« << The approach allows for
selective, quantitative labeling of O-GlcNAcylated peptides or proteins with an unnatural azido-
or ketone-containing galactose sugar (N-azidoacetylgalactosamine (GalNAz)» or 2-acetonyl-2-
deoxy-a-D-galactose (ketogal)*) using an engineered f3-1,4-galactosyltransferase (Y289L GalT).»
The azide or ketone functionality enables the attachment of different reporter groups (e.g., biotin,
fluorescent dyes) using bioorthogonal chemistry.«« =+ Thus, following labeling with biotin, O-
GlcNAcylated proteins can be captured using streptavidin resin and then simultaneously
derivatized and eluted using BEMAD (Figure 2A). This dual chemoenzymatic labeling/BEMAD
strategy has proven effective for mapping O-GlcNAcylation sites on individual proteins***++ and
has been applied on a proteome-wide level,*«+ albeit with less success in site identification
compared to the methods discussed below. Using this approach, several residues near the active

site of calcium/calmodulin-dependent protein kinase type IV (CaMKIV), an important kinase
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Figure 2. Strategies for mapping O-GIcNAc sites. (A) Chemoenzymatic labeling/BEMAD
strategy. O-GlcNAcylated peptides are chemoenzymatically labeled with a biotin moiety,
enriched by streptavidin capture, and then eluted using BEMAD prior to LC-MS/MS analysis.
(B) Cleavable biotin-Dde-alkyne strategy. O-GlcNAcylated peptides are chemoenzymatically
labeled with a biotin-Dde-alkyne derivative and enriched by streptavidin capture. Quantitative
release of O-GlcNAcylated peptides is then achieved using hydroxylamine or hydrazine, which
imparts an additional positive charge on the peptide and thereby facilitates LC-MS/MS

analysis.

whose signaling functions have been linked to learning, memory, and neurodegeneration,”* were
identified.” Site-directed mutagenesis studies demonstrated that O-GlcNAcylation of these sites
modulates the phosphorylation and subsequent activation of CaMKIV.»= Overall, although
BEMAD has some limitations (such as being prone to false positives and causing peptide
degradation*), it remains a useful method for mapping O-GlcNAc sites and is amenable to
traditional MS workflows.

With advances in MS instrumentation, the direct mapping of O-GIcNAc sites, without

chemical conversion of the labile O-GIcNAc moiety, has also become possible in some cases.
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Electron-transfer dissociation (ETD) enables the observation of O-GlcNAcylated serine and
threonine fragment ions in MS/MS spectra without O-glycosidic bond cleavage,”* thereby
localizing the exact modification site. Typically, O-GlcNAcylated proteins of interest are
overexpressed, immunoprecipitated, and analyzed directly by liquid chromatography (LC)-
MS/MS following in-gel digestion."* We and others have successfully employed this approach to
identify crucial, regulatory O-GlcNAcylation sites on neuronal proteins involved in learning and
memory, signal transduction, and metabolism, including CREB and the mitochondrial motor-
adaptor protein Milton.** Given the limitations of the BEMAD approach discussed above, the use
of ETD-MS/MS to map exact O-GIcNAc sites is generally preferred if appropriate instrumentation
is available.

Difficult-to-detect or low-abundance O-GIcNAc sites on proteins require techniques for
the highly efficient enrichment and release of O-GlcNAcylated peptides. While labeling O-
GlcNAcylated peptides with a biotin tag provides an effective enrichment strategy,”* the strength
of the biotin-streptavidin interaction can hinder efficient release of the peptides from the resin. To
overcome this problem, we recently developed a biotin tag containing a chemically cleavable 1-
(4 ,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) functionality to selectively capture O-
GlcNAcylated peptides after chemoenzymatic labeling.» The O-GlcNAcylated peptides are then
quantitatively released from streptavidin resin using hydrazine or hydroxylamine (Figure 2B).*
Importantly, this cleavage event leaves O-GlcNAcylated peptides with an additional positive
charge that significantly improves their ETD fragmentation efficiency. Ultimately, this approach
greatly increases the likelihood of successful identification and sequencing of O-GlcNAcylated
peptides.«=* It is worth noting that an additional advantage of the biotin-Dde tag is that produces

three signature ions upon fragmentation by higher-energy collisional dissociation (HCD), which
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result from cleavage of the glycosidic bond between GlcNAc and GalNAz (300.1 m/z), the water
adduct of the previous fragment (318.1 m/z), and cleavage between GIcNAc and the
serine/threonine residue (503.2 m/z).» These signature ions enable unambiguous assignment of the
modification at the peptide level, and the increased ETD fragmentation efficiency (due to the
additional positive charge) increases the likelihood that an O-GlcNAcylation event can be
definitively localized to a single residue. In fact, using this strategy, we identified four new O-
GlcNAc sites on OGT that were previously undetectable by other methods, all of which were on
tryptic peptides spanning multiple sites of O-GlcNAcylation.© We believe that this improved
enrichment/release workflow will be widely applicable for discovering low-abundance sites or
sites that were previously ambiguous due to the lability of O-GIcNAc or poor glycopeptide
ionization/fragmentation. Thus, the development of new chemoenzymatic labeling tags coupled
with cutting-edge MS technologies has significantly reduced the barriers to the unambiguous
assignment of O-GIcNAc sites, and in the future, the complete mapping of sites on nearly any

protein of interest should become increasingly routine.

O-GLCNAC SITE MAPPING ACROSS THE PROTEOME

The identification of O-GlcNAc sites across the proteome requires effective methods for
the enrichment of O-GlcNAcylated proteins or peptides from complex biological samples. One
powerful, widely used approach involves the chemoenzymatic tagging strategy described above.
In early studies, we applied this strategy to enrich O-GlcNAcylated proteins from the mammalian
brain and identified 34 O-GlcNAcylated peptides corresponding to 25 proteins. These proteins had
a wide range of important neuronal functions, including the regulation of gene expression,

neurotransmission, and synaptic plasticity.* Similar to the biotin-Dde tag described above, the
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biotin tag in this case also provided a unique fragmentation pattern upon MS/MS analysis that
enabled us to conclusively identify the modification. This approach was subsequently improved
through the development of a photocleavable biotin tag (biotin-PC)» and the chemically cleavable
biotin-Dde tag described above (Figure 2B).~ Using the biotin-PC tag, Hart and colleagues
identified 458 O-GIcNAc sites on 195 proteins in the brains of WT and 3xTg (a common mouse
model of AD*) mice. Impressively, 168 of the identified O-GlcNAcylated proteins had not been
previously described and included multiple proteins involved in synaptic plasticity and neuronal
signaling, cytoskeletal organization, and neuronal gene expression.’ More recently, the chemically
cleavable biotin-Dde tag has significantly improved our ability to comprehensively map O-
GlcNAc sites across the proteome. In a direct side-by-side comparison, the biotin-Dde tag
outperformed the biotin-PC tag, enabling the identification of 414 unique O-GIlcNAcylated
peptides from human embryonic kidney 293T cells, as compared to the 227 unique O-
GlcNAcylated peptides identified using the biotin-PC tag (unpublished). Building further on this
approach, we have designed a next-generation, chemically cleavable tag that has greater thermal
stability compared to biotin-Dde and has enabled the mapping of over 1,300 O-GlcNAc sites
across ~600 proteins in 293T cells (manuscript in preparation).

An alternative to chemoenzymatic labeling strategies involves the use of lectin weak
affinity chromatography with wheat germ agglutinin to enrich O-GlcNAcylated peptides. Using
this approach combined with high-pH reversed-phase fractionation and ETD-MS/MS, Burlingame
and coworkers identified 1,750 unique sites of O-GIcNAcylation from fractionated mouse
synaptosomes, the most sites described thus far in a single experiment.: This study also interrogated
the phosphoproteome on these same samples given the precedent for a high degree of crosstalk

between these two modifications. * Interestingly, all but one of the extensively O-GlcNAcylated
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proteins were extensively phosphorylated. Moreover, protein kinases as a class were found to be
more extensively O-GlcNAcylated in synaptosomes, suggesting an intriguing potential for
crosstalk at the level of enzyme activity. However, at the site level, the number of O-GlcNAc sites
that were also phosphorylation sites did not exceed what would be expected by chance, and there
was no propensity for O-GlcNAc and phosphorylation sites to cluster in primary sequence or three-
dimensional space.

Collectively, studies of the O-GlcNAcylated proteome have provided critical insights into
the physiological functions of O-GlcNAc in the brain. For instance, these analyses have revealed
a large number of pre- and postsynaptic scaffolding proteins, suggesting important roles for the
modification in synaptic communication and function. Moreover, the unbiased identification of
O-GIcNAc sites has facilitated follow-up studies to understand the function of O-GIlcNAc in the
context of specific proteins, as demonstrated by a recent study by Pratt and coworkers on the
effects of site-specific O-GlcNAcylation on a-synuclein aggregation.=~ However, despite the
power of O-GlcNAcomic approaches, these technologies provide only a static snapshot of the O-
GlcNAcome, without regard for the stoichiometry or dynamics of specific sites. As described
below, knowledge of the site occupancy and inducibility of specific sites can provide insights into

the importance of specific glycosylation events and the cellular contexts in which they function.

METHODS FOR MEASURING DYNAMIC O-GLCNAC STOICHIOMETRY

Determining the stoichiometry of glycosylation on a protein, or at a specific site, is critical
for assessing whether that glycosylation event is likely important. The modification is more likely
to be functionally relevant and to operate in a regulatory capacity if a significant population of the

protein is modified and the modification is dynamically cycled. Glycosylation stoichiometries can
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be challenging to quantify and thus are known for only a small fraction of the O-GlcNAcome. To
quantify O-GlcNAc stoichiometries, large amounts of purified protein (e.g., for high-pH anion-
exchange chromatography with pulsed amperometric detection)=” or synthetic O-GlcNAcylated
peptide standards encompassing the sites of interest are typically required. In order to overcome
these challenges, we have developed two methods to detect and quantify the O-GlcNAc-modified
subpopulation. The first approach employs the chemoenzymatic biotin/streptavidin enrichment
strategy described above, in combination with immunoblotting to detect the protein of interest.
The amount of a captured (i.e. O-GlcNAcylated) protein is quantified relative to the total amount
of that protein to give an approximate measure of stoichiometry .« The second approach allows
for direct visualization and quantification of the O-GlcNAc-modified subpopulation via
chemoenzymatic labeling of the proteins with resolvable polyethylene glycol (PEG) tags (Figure
3A). Specifically, O-GlcNAcylated proteins from cell lysates are labeled with a keto-galactose or
azido-galactose sugar as described above and then reacted with an aminooxy-, alkyne-, or
dibenzocyclooctyne-functionalized PEG tag of defined molecular mass (typically 2-kDa or 5-
kDa). Importantly, the PEG tag shifts the molecular weight of the glycosylated species and allows
them to be resolved from the non-glycosylated species by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE).-»=+ After immunoblotting to detect the protein(s) of interest,
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Figure 3. Chemoenzymatic labeling with PEG tags to determine O-GlcNAcylation
stoichiometry. (A) A PEG tag of defined mass (2-kDa or 5-kDa) is installed on O-
GlcNAcylated proteins in cell lysates using Y289L GalT and copper (I)-catalyzed azide-alkyne
cycloaddition (CuAAC) chemistry. (B) Neurons expressing either WT or S40A CREB fused to
a FLAG tag were depolarized with KCl for the times indicated before lysis and
chemoenzymatic labeling with PEG. Labeled proteins were then subjected to SDS-PAGE and
Western blotting for CREB or FLAG. Note the presence of two major CREB glycoforms,
mono- and di-glycosylated, and the loss of KCl-induced O-GlcNAcylation upon mutation of

Ser40.

simple inspection of the mass-shifted bands can rapidly establish whether a protein is singly,
doubly or multiply glycosylated. Moreover, in vivo glycosylation stoichiometries can be readily
calculated by quantifying the relative intensities of each band. One caveat with chemoenzymatic
labeling, however, is that GalT can also label complex glycans that contain a terminal GIcNAc
sugar. For known membrane proteins, complex N-linked glycans can be removed using Peptide:N-
glycosidase F.» In addition, it is possible that chemoenzymatic labeling may differ in efficiency

for different sites, although the use of excess reagents ensures highly efficient labeling, and both
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of these methods have been consistently demonstrated to provide accurate measurements of the O-
GlcNAcylation stoichiometry on a range of peptide and protein substrates.= -+

When used in combination with site-directed mutagenesis, this approach allows for rapid
interrogation of O-GIcNAc stoichiometry at specific sites and across multiple conditions. For
instance, we found that approximately 30% of CREB was mono-glycosylated in resting neurons.
Upon KCl-mediated depolarization, glycosylation was induced specifically at a single site, Ser40
(Figure 3B)."» Strikingly, mutation of Ser40 to alanine resulted in increased CREB-dependent
gene transcription, and significantly accelerated long-term memory formation in mice.” Overall,
this powerful method enables the measurement of O-GlcNAcylation stoichiometries on
endogenous proteins of interest without the need for protein purification, advanced

instrumentation, or expensive radiolabels.

QUANTITATIVE O-GLCNACOMICS

Systems-level approaches to quantify site-specific changes in O-GlcNAcylation across the
proteome can help find the ‘needle in the haystack’ — namely, the glycosylation events that are
functionally important in a specific cellular or disease context. We will describe here three
promising technologies for quantitative site-specific O-GlcNAcomics: QUIC-Tag, quantitative
CEPC, and quantitative IsoTaG.

The quantitative isotopic and chemoenzymatic tag (QUIC-Tag) method, developed in
2007, was the first quantitative O-GIcNAcomics approach.” This approach combines
chemoenzymatic biotin tagging for O-GlcNAcylated peptide enrichment with stable isotope
dimethyl labeling for quantitative proteomics (Figure 4A). Using QUIC-Tag, we observed changes

in O-GIcNAcylation at specific sites following stimulation of rats with kainic acid, a kainate-type
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Figure 4. Strategies for quantitative O-GlcNAcomics. (A) QUIC-Tag strategy. O-
GlcNAcylated proteins are chemoenzymatically labeled with biotin, digested, captured, and
subjected to isotopic dimethyl labeling before LC-MS/MS analysis. (B) Quantitative CEPC. O-
GlcNAcylated proteins are digested, TMT labeled, and fractionated before chemoenzymatic
labeling with a biotin-PC tag. The labeled peptides are then enriched, eluted from the beads by
UV cleavage, and subjected to LC-MS/MS analysis. (C) Quantitative IsoTaG. Metabolically
labeled O-GlcNAzylated proteins are functionalized with an acid-cleavable biotin linker
containing an isotopic label (IsoTaG Probe) using CuAAC. Labeled proteins are then enriched,
digested, eluted from the beads, and analyzed by LC-MS/MS. Importantly, glycopeptides can
then be readily identified by their unique isotopic signature in MS1. In all cases, the relative O-
GlcNAcylation levels on peptides derived from two or more samples can be calculated from
the ratio between light and heavy isotopically-labeled peptides (QUIC-Tag and CEPC) or the

ratio of intensities after label-free quantification (IsoTaG).

glutamate receptor agonist that produces widespread excitatory stimulation of the brain.” These
studies provided the first evidence that O-GlcNAcylation is dynamically modulated in vivo by

neuronal activity. Moreover, we found that different subsets of O-GlcNAc sites respond to
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different neuronal stimuli, with kainic acid affecting a distinct set of sites compared to the OGA
inhibitor O-(2-acetamido-2deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate (PUGNAC).
Overall, our findings highlight key differences in the occupancy and temporal dynamics of specific
sites in response to different stimuli and demonstrate the complex regulation of O-GIlcNAcylation
in neurons. With recent advances in MS instrumentation and the new chemoenzymatic tags
described above, this strategy can now be adapted to enable more comprehensive, quantitative
comparisons across many different functional states.

The quantitative chemical/enzymatic photochemical cleavage (CEPC) strategy relies on
isotopic labeling (e.g., stable isotope labeling using amino acids in cell culture (SILAC)) or
isobaric labeling (e.g., tandem mass tags (TMTs)) of peptides derived from cell lysates, followed
by chemoenzymatic labeling using Y289L GalT and biotin-PC to enrich O-GlcNAcylated peptides
(Figure 4B).» Recently, Liu and coworkers exploited this technique to quantify site-specific
differences in O-GlcNAcylation between AD and non-diseased brain tissue.: After TMT labeling
followed by chemoenzymatic labeling, enrichment, and photochemical cleavage, they determined
623 ratios at the O-GlcNAcylated peptide level and mapped 1,094 sites. Twenty-four of these sites
showed significant differences in O-GlcNAcylation between AD and control tissues that were not
due to changes in protein expression. Most of the sites were found on proteins involved in pre- and
post-synaptic organization and structure, such as synaptopodin, ankyrin-3, integrin beta-4, and
neurofascin.s Overall, these quantitative O-GIcNAcomics studies show that dysregulated O-
GlcNAcylation occurs on multiple, select neuronal proteins during the development of sporadic
AD and identify several novel candidates for in-depth investigations into the mechanisms

underlying AD pathogenesis.
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Finally, Pitteri and colleagues have recently reported combining the isotope-targeted
glycoproteomics (IsoTaG)" » strategy with label-free quantification to profile changes in O-
GlcNAcylation (Figure 4C)» This approach relies on metabolic incorporation of N-
azidoacetylglucosamine (GIcNAz) into O-GlcNAcylated proteins. Briefly, cells are incubated
with peracetylated GalNAz, which is converted to uridine diphosphate (UDP)-GIcNAz by the
UDP-galactose 4-epimerase pathway.” As OGT tolerates UDP-GIcNAz as a substrate, O-
GlcNAcylated proteins can be labeled with GIcNAz and then conjugated to an acid-cleavable
biotin-alkyne linker containing an isotopic label (IsoTaG Probe) using CuAAC. It is important to
note, however, that other GIcNAc- and N-acetylgalactosamine-containing complex glycans will
also be metabolically labeled,>” and the incorporation of GIcNAz is substoichiometric, reducing
the labeling efficiency compared to chemoenzymatic strategies. The labeled glycoproteins are
enriched by streptavidin capture, proteolytically digested, and the resulting glycopeptides are
released by cleavage of the linker and analyzed by LC-MS/MS. Importantly, the cleaved IsoTaG
Probe imparts a readily detectable isotope pattern to the glycopeptides which allows them to be
definitively identified and targeted in subsequent LC-MS/MS runs.”» Using this strategy, Woo et
al. mapped 851 O-GlcNAc sites in primary human T cells across 77 MS runs.” They also quantified
changes in O-GlcNAcylation in response to T cell activation using label-free quantification and
identified differences in the levels of 518 O-linked glycopeptides, corresponding to 227 proteins,
between resting and activated T cells. One caveat with such comparisons is that the non-natural
GlcNAz sugar may or may not be incorporated into proteins with the same relative ratios as the
endogenous O-GlcNAc modification and thus the differences in O-GlcNAcylation at specific sites
may not reflect physiological conditions. Nonetheless, diverse site-specific dynamics were

observed on several highly O-GlcNAcylated proteins, including CREB, nuclear pore complex
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protein Nup98, transcription factor jun-B, and protein phosphatase 1 regulatory subunit 12A.
Given the interesting parallels between T cell and neuronal activation,* these results may have
important implications for neurons and shed light on common pathways and mechanisms shared

by both cell types.

CONCLUSIONS AND FUTURE DIRECTIONS

Significant advances in O-GlcNAc detection, site mapping, and quantitative MS-based O-
GlcNAcomics are uncovering key regulatory roles for O-GlcNAcylation in neuronal maintenance
and health, learning and memory, and neurodegeneration. As these advanced methods develop and
become widely available, the number of important discoveries will continue to grow and impact
our understanding of many aspects of brain function. We have focused here on the emergence of
new MS-based O-GlcNAcomics technologies for profiling and monitoring the dynamics of O-
GlcNAc at thousands of sites simultaneously. These technologies have the potential to
revolutionize our understanding of the modification by providing unprecedented insight into the
specificity and kinetics of glycosylation at particular sites, by facilitating the much-needed
prioritization of O-GlcNAcylation sites for functional studies, and by revealing those sites that are
important in specific physiological and disease contexts.

Chemoenzymatic labeling strategies are particularly well-suited for quantitative, site-
specific O-GlcNAcomics because they provide highly specific, nearly quantitative labeling and
enrichment of low-abundance O-GlcNAcylated proteins or peptides. Bringing other advanced
techniques for PTM profiling and quantitative proteomics to bear on the O-GlcNAc field would
also open up even more exciting experimental possibilities. Moreover, with additional

improvements in the design of new chemical tags and MS analysis workflows specially tuned for

ACS Paragon Plus Environment

19



oNOYTULT D WN =

Biochemistry

glycopeptides, we may soon find that the long-standing challenge of quantitative ‘shotgun O-
GlcNAcomics’ has become a thing of the past.

The continued development of quantitative, site-specific O-GlcNAcomics methods will
also help to overcome key gaps in our understanding of O-GlcNAcylation. For instance, the ability
to compare O-GlcNAcylation levels across different cell populations or regions of the brain should
provide new insights into cell-specific roles for the modification and how aberrant O-
GlcNAcylation at the cellular level may give rise to macroscopic, tissue-level pathology.
Quantitative O-GlcNAcomics should also enable specific O-GlcNAcylation events to be
monitored with unprecedented temporal resolution. As such, they could be used to track dynamic
O-GIcNAc cycling at specific sites under a limitless set of important physiological and disease-
relevant conditions. For example, while global changes in O-GlcNAcylation and expression of
OGT/OGA are observed during development, aging,* and disease progression," " * the site-
specific changes in O-GlcNAcylation associated with these processes are largely uncharacterized.

In the future, the integration of quantitative O-GlcNAcomics data with other state-of-the-
art ‘-omics’ techniques (e.g., interactomics, phosphoproteomics, transcriptomics, proteomics) will
help uncover important correlations across biological systems and crosstalk between O-
GlcNAcylation and other networks. We expect that such multimodal approaches will prove
particularly powerful for addressing questions such as how O-GlcNAcylation regulates protein-
protein interactions, kinase signaling, and gene expression. In addition to revealing new regulatory
roles for O-GIcNAc, these efforts may shed light on long-standing questions regarding the
complex regulation of OGT and OGA. Together, we believe that multimodal, systems-level
approaches, coupled with rapidly emerging technologies for quantitative O-GlcNAcomics, will

usher in a new era in our understanding of the functional roles of O-GlcNAc in the brain.
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