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ABSTRACT: O-linked N-acetylglucosamine (O-GlcNAc) is a ubiquitous post-translational modification of proteins and is
essential for cell function. Quantifying the dynamics of O-GlcNAcylation in a proteome-wide level is critical for uncovering
cellular mechanisms and functional roles of O-GlcNAcylation in cells. Here, we develop an isotope-coded photocleavable probe
for profiling protein O-GlcNAcylation dynamics using quantitative mass spectrometry-based proteomics. This probe enables
selective tagging and isotopic labeling of O-GlcNAcylated proteins in one step from complex cellular mixtures. We demonstrate
the application of the probe to quantitatively profile O-GlcNAcylation sites in 293T cells upon chemical induction of O-GlcNAc
levels. We further applied the probe to quantitatively analyze the stoichiometry of O-GlcNAcylation between sorafenib-sensitive
and sorafenib-resistant liver cancer cells, which lays the foundation for mechanistic investigation of O-GlcNAcylation in
regulating cancer chemoresistance. Thus, this probe provides a powerful tool to profile O-GlcNAcylation dynamics in cells.

Numerous nuclear, mitochondrial, and cytoplasmic
proteins are found to be putative glycoproteins
containing O-GlcNAcylation on serine/threonine residues.
O-GlcNAcylation is dynamically recycled on proteins through
the action of O-GIcNAc transferase (OGT) that adds the
modification, and O-GlcNAcase (OGA) that removes the
modification.” Recent studies have shown that O-GlcNAcyla-
tion also occurs on epidermal growth factor (EGF)-like repeats
of some membrane and secreted proteins, catalyzed by the
EGF domain-speciic OGT (EOGT).>* 0-GlcNAcylation
plays a pivotal role in regulating diverse biological processes,
induding gene expression, neuronal activity, immune response,
and disease progression.” ® Importantly, analogous to
phosphorylation, O-GlcNAcylation is reversible and inducible
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in response to cellular stimuli.”'® Moreover, evidence suggests
that dynamic O-GlcNAcylation is a key mechanism for the
spatial and temporal control of the structure and function of
proteins.''~'* Site-specific O-GlcNAcylation has demonstrated
to govern the biological function of protein substrates. ™"
Thus, understanding the roles of O-GlcNAcylation in specific
physiological contexts requires the development of tools to
monitor and quantify the dynamics of O-GlcNAcylation in a
comprehensive manner.
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Figure 1. Quantitative profiling of protein O-GlcNAcylation using an isotope-coded photocleavable probe: (A) structural design of the isotope-
coded photocleavable probe, and (B) strategy for differential labeling and quantitative analysis of O-GlcNAcylated proteins.

Current methods for profiling protein O-GlcNAcylation
includes metabolic labeling of cells with a variety of synthetic
GlcNAc analogues,"®° and chemo-enzymatic tagging of O-
GlcNAc with unnatural uridine diphosphate (UDP) sug-

rs.”' ™ The chemo-enzymatic tagging method consists of
installation of an unnatural sugar containing a bio-orthogonal
functionality onto GIcNAc, and subsequent derivatization with
a reporter molecule using click chemistry. Notably, the concept
of chemo-enzymatic tagging has been applied in the specific
labeling and detection of many different glycan structures
besides O-GIcNAc.”*™**

Mass spectrometry-based quantitative proteomics have
recently emerged as a powerful tool to quantify phosphor-
ylation or protein expression levels in response to cellular
stimuli. Two of the most widely used quantitative proteomics
methods, SILAC (Stable Isotope Labeling with Amino Acids in
Cell Culture) and iTRAQ (isobaric tags for relative and
absolute quantification), coupled with established O-GlcNAc
peptide enrichment methods (metabolic labeling or chemo-
enzymatic tagging), have been successfully applied in the
quantification of protein O-GlcNAcylation in certain con-
texts.”®*” One of the key limitations of these methods is that
O-GlcNAcylated peptide enrichment and isotopic labeling are
separate processes, leading to lengthy sample preparation and
possible loss of detection signals.

Inspired by the isotope-targeted proteomics strategy
(IsoTaG) established by the Bertozzi group,”® and the isotopic
tandem orthogonal proteolysis-activity-based protein profiling
strategy,29 herein we designed an isotope-coded photo-
cleavable probe for quantitative profiling of O-GleNAcylation
(Figure 1A). This probe consists of a biotin affinity handle and
alkynl functional group for click chemistry-based affinity
enrichment of O-GlcNAcylated proteins, a photocleavable
linker for facile and efficient release of glycopeptides, and a
stable isotope-coded group for differential labeling and
quantification of glycosylation sites by mass spectrometry
(see the Supporting Information for detailed synthesis). We
envision that this probe enables selective tagging/enrichment
and isotopic labeling of O-GlcNAcylated proteins in one step
from complex cellular mixtures (Figure 1B). Specifically, O-
GlcNAcylated proteins from two cell states (e.g, stimulated
versus unstimulated) are chemo-enzymatically tagged with
GalNAz and subsequently derivatized with the isotope-coded
probes. Tagged glycoproteins are combined, proteolytically
digested in solution, and the glycopeptides are further captured
on streptavidin beads. The beads are then washed extensively
to remove nonspecifically bound peptides and exposed to UV
light (365 nm). This results in photocleavage of the linker and
obviates the need for a bulky biotin moiety. Recovered
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Figure 2. Quantitative profiling of O-GIcNAcylation sites in 293T cells upon chemical induction with TMG: (A) 293T cells were treated with or
without 50 pM TMG for 12 h, and the cell lysates were chemoenzymatically tagged with GalNAz and further reacted with the "H, coded and *D,
coded probes, respectively. The “light” and “heavy” samples were mixed, proteolytically digested, capture and analyzed by LC-MS/MS. (B)
Distribution of quantified O-GlcNAc peptides in 293T cells by CID and ETD. (C) Unambiguously identified O-GlcNAc sites in control and TMG-
treated 293T cells by ETD. (D) Overlapping of ETD-identified O-GlcNAc sites from three biological replicates.

glycopeptides are then analyzed by mass spectrometry for
glycosylation site identification and relative quantification.

We first investigated the labeling and quantification of a
model O-GlcNAcylated peptide. The commercially available
peptide TAPT (gS)TIAPG, where gS is O-GlcNAcylated, was
chemo-enzymatically tagged with GalNAz and the isotope-
coded probes. The isotopically labeled peptides were
combined, affinity captured, and subjected to UV photo-
cleavage (Figure SIA in the Supporting Information). We
monitored the reaction progress using liquid chromatography,
and performed relative quantification of O-GlcNAcylated
peptide pairs using mass spectrometry (Figures S1B and S1C
in the Supporting Information). Both deuterated and non-
deuterated peptides exhibited comparable signal intensities.
Glycopeptides were further analyzed with electron-transfer/
higher-energy collision dissociation (EThcD) fragmentation
tandem mass spectrometry (Figure S2 in the Supporting
Information). Higher-energy collision dissociation (HCD)
resulted in characteristic loss of tagged GlcNAc moiety and
the corresponding oxonium ions (349.2 Da, 427.2 Da for
“light” ('H,) labeled, and 356.2 Da, 434.3 Da for “heavy”
(®D,) labeled), which allowed for identification of O-
GlcNAcylated peptides with high confidence (Figure S2).
Electron transfer dissociation (ETD) preserved the labile O-
glycosidic linkage on peptides, thus allowing for the
unambiguous identification of the modification sites (Figure
S2). Thus, our strategy is validated using the purified
glycopeptide.

We next applied the strategy to profile O-GlcNAcylated
proteins in the cellular level. We modulated global O-
GlcNAcylation levels in 293T cells with ThiaMet-G (TMG),
which is a specific small-molecule inhibitor of OGA.”
Expectedly, TMG significantly enhanced the overall levels of
O-GlcNAcylation in cells, as shown by immunoblotting with a

pan-anti-O-GlcNAc antibody (Figure S3 in the Supporting
Information). Cells stimulated with or without TMG were
lysed and treated as outlined previously (Figure 2). We
analyzed the released peptides by both CID and ETD
fragmentation-based MS/MS. (For high confidence peptide
identification, we set a peptide score of >10 in CID
experiments, and a peptide score of >60 and a delta score of
>8 in ETD experiments). CID and ETD identified 406 and
620 O-GlcNAcylated peptides, respectively. When conducting
relative quantification, we noticed that deuterium could cause
small but noticeable shifts in the chromatography profile.
However, the elution difference did not convolute the
quantification, as shown in the example (Figure 3). The
normalized peak-area ratios of differentially mass-tagged
peptide pairs were used to measure the relative levels of
glycosylation on specific peptides. We quantified 142 and 198
glycopeptides from at least two replicate experiments using
CID- and ETD-based MS/MS, respectively (Table S1 in the
Supporting Information). More than 60% of the quantified
peptides were upregulated in O-GlcNAcylation upon TMG
treatment in both CID- and ETD-based mass spectra (Figure
2B). Taken together, 130 peptides (corresponding to 95
proteins) exhibited at least a 1.5-fold increase in O-
GlcNAcylation upon TMG treatment (Table S1). Interest-
ingly, we found that TMG treatment did not result in universal
upregulation of O-GlcNAcylation on peptides. Decreased
glycosylation was found on 65 peptides, and 71 peptides
showed no measurable changes in glycosylation (Table S1).
These results are in agreement with previous reports,
suggesting that regulation of O-GlcNAcylation dynamics is
dependent on protein and site.”’® This also highlights the
complex regulatory mechanism of O-GlcNAcylation in cells.
To further confirm the quantitative results from mass
spectrometry, we biochemically analyzed the changes of O-
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Figure 3. MS spectra and extracted ion chromatogram pair of 'H,-coded and *D_-coded peptide from 293T cells. (A) Representative ETD MS2
spectra of 'H,-coded (above) and ?D,-coded (below) O-GlcNAc peptide (QQEPVTSTSLVEGK, where s7 is O-GlcNAcylated). This O-GlcNAc
peptide belongs to Nup153. (B) MS1 spectra of 'H,-coded and *D.-coded O-GlcNAc peptide pair are shown. A mass shift of 7 Da between 'H,-
coded and ?D.-coded peptides was observed (z = 3). (C) Extracted ion chromatogram (XIC) of 'H,-coded (blue) and *D.-coded (red) peptides.

GlcNAcylation on a few selected proteins. Specifically, O-
GlcNAcylated proteins from cell lysates treated with or
without TMG were chemoenzymatically tagged and con-
jugated with traditional biotin-containing probes.'* Following
affinity capture and elution, the eluents were immunoblotted
with antibodies for specific proteins and the changes in O-
GlcNAcylation were quantified based on the relative amounts
of proteins released from the affinity beads (Figure S4 in the
Supporting Information). We observed that O-GlcNAcylation
was induced by ~5-fold on E3 ubiquitin-protein ligase (CBL),
~1.5-fold on lysine-specific demethylase 3B (KDM3B), and
~2-fold on Arf-GAP domain and FG repeat-containing protein
1 (AGFG1), consistent with the results obtained from the
proteomic approach (Figure S4).

With ETD fragmentation, we identified 452 and 513 O-
GlcNAcylation sites with high confidence from control and
TMG-treated 293T cells, respectively (Table S2 in the
Supporting Information). Among them, 238 sites contained
both “light” and “heavy” labels (Figure 2C), and 434 sites were
identified from at least two replicates (Figure 2D). When
compared with previous studies, we found that a total of 370
sites were newly identified in this work (Table S2). Tandem

mass spectra of two representative O-GlcNAcylated peptides
were shown (Figure S5 in the Supporting Information). In
order to further validate the site mapping results, we performed
site-directed mutagenesis on the putative glycosylation sites.
We observed that mutating the glycosylation site residues
(serine or threonine) to alanine significantly reduced the
glycosylation level of the mutant protein, compared to the
wild-type (Figure S$), confirming the site identification by MS.
However, site mutations did not totally abolish glycosylation,
suggesting the existence of other glycosylation sites not being
identified from the proteomic study. This is not unexpected,
because the complexity of peptide mixtures might compromise
the efficiency of peptide backbone fragmentation. Never-
theless, these results validated our approach in the identi-
fication of the glycosylation sites.

Having demonstrated the utility of our strategy to probe the
reversibility of O-GleNAcylation in cells, we next applied our
strategy to profile O-GlcNAcylation under a more physio-
logical context. Increasing evidence suggests that aberrant
expression of O-GlcNAcylation contributes to the develop-
ment and progression of a variety of diseases. 5:14,15,26,31 Drug
resistance developed during cancer chemotherapy constitutes

7 DOI: 10.1021/acschembio.8b01052
ACS Chem. Biol. 2019, 14, 4-10
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an important obstacle that compromises the treatment
effectiveness. O-GlcNAcylation has emerged as an important
mechanism in regulating gene transcription, cell proliferation,
apoptosis, and cell survival. However, its role in regulating drug
resistance has been largely unexplored. We aimed to apply our
quantitative proteomic strategy to identify key substrates of O-
GlcNAcylation that may play an important role in regulating
drug resistance in cancer cells. We showed that global O-
GlcNAcylation levels were dramatically different between
paired drug-sensitive and drug-resistant cell lines (Figure S6
in the Supporting Information). We chose to investigate the
liver cancer cell line HepG2 and the corresponding sorafenib-
resistant cell line. O-GlcNAcylated proteins from these two cell
populations were chemo-enzymatically labeled, conjugated
with the isotope-coded probes, and subjected to further
treatment as described previously (Figure 4). A total of 94 and
150 O-GlcNAcylated peptides were quantified from at least
two replicates, via CID and ETD, respectively (Table S3 in the
Supporting Information). A total of 55 peptides in the
sorafenib-resistant cells possessed at least a 1.2-fold increase
in O-GlcNAcylation stoichiometry, compared with the
sensitive cells. They were distributed on 47 proteins, which
were significantly enriched in biological processes, such as gene
transcription and regulation of transcription (Figure 4B). In
contrast, 136 peptides (corresponding to 105 proteins) in the
resistant cells possessed at least a 1.2-fold decrease in O-
GlcNAcylation stoichiometry, compared to the sensitive cells
(Table S3). From sorafenib-sensitive and sorafenib-resistant
HepG2 cells, we identified 419 and 276 O-GlcNAcylation sites
with high confidence using ETD fragmentation, respectively
(Table S4 in the Supporting Information). Among them, 166
sites were overlapped, and 262 sites were novel sites not

identified in previous studies (see Figure 4C, as well as Table
S4 in the Supporting Information). These data suggested that
protein O-GlcNAcylation underwent aberrant changes in
sorafenib-resistant liver cancer cells, when compared with its
sensitive counterparts. It also lays a foundation for uncovering
the molecular mechanisms underlying the chemoresistance in
liver cancer.

In summary, we have designed and synthesized an isotope-
coded photocleavable probe to profile protein O-GlcNAcyla-
tion sites and dynamics using quantitative proteomics. This
probe allows for selective tagging, enrichment, and isotopic
labeling of O-GlcNAcylated peptides in a facile manner from
complex cellular context. With this probe, we quantitatively
profile O-GlcNAcylation peptides/sites in 293T cells upon
chemical induction of O-GlcNAc levels, demonstrating that O-
GlcNAcylation is regulated site-specifically. We further applied
the probe to quantitatively analyze the stoichiometry of O-
GlcNAcylation between sorafenib-sensitive and sorafenib-
resistant liver cancer cells, which lays the foundation for
mechanistic investigation of O-GlcNAcylation in regulating
cancer chemoresistance. Thus, this probe provides a powerful
tool to profile the O-GlcNAcylation dynamics in cells.
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