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GlcNAc through bioorthogonal conjugation of affinity tags. We
demonstrated the application of the isoTCL in mapping and
quantification of O-GlcNAcylation sites in HeLa cells.
Furthermore, we investigated the O-GlcNAcylation sensitivity
to the sugar donor by quantifying the levels of modification
under different concentrations of the O-GIcNAc labeling probe

isotopic part

in a site-specific manner. In addition, we applied isoTCL to compare the O-GlcNAcylation stoichiometry levels of more than
100 modification sites between placenta samples from male and female mice and confirmed site-specifically that female placenta
has a higher O-GlcNAcylation than its male counterpart. The isoTCL platform provides a powerful tool for quantitative

profiling of O-GIcNAc modification.

he O-linked f-N-acetylglucosamine (O-GIcNAc) mod-

ification on the serine and threonine residues is a
ubiquitous protein glycosylation that occurs intracellularly.'
More than a thousand of cytosolic, nuclear, and mitochondrial
proteins are reported to be O-GlcNAcylated, which play
important roles in various biological processes, such as stress
response, transcription regulation, and signal transduction.””"
O-GlcNAc is dynamically regulated by a pair of enzymes—O-
GIcNAc transferase (OGT) and O-GIcNAcase (OGA)—for
installing and removing O-GIcNAc, respectively.”~’ Aberrant
regulation of O-GIcNAc homeostasis has been implicated in
various diseases, including diabetes, cancers, and neurological
disorders.”*~'% Selective enrichment and proteomic identi-
fication of O-GlcNAcylated proteins have greatly advanced our
understanding of O-GlcNAc biology and pathology.” However,
site-specific mapping and quantification of O-GlcNAc
modification at the proteome level remains challenging, mainly
because O-GlcNAcylation is usually substoichiometric and the
glycosidic linkage is highly labile.

To address this challenge, two indispensable technical
components must be developed and implemented simulta-
neously: an efficient method for enrichment of O-GIcNAcy-
lated peptides and a mass spectrometry (MS)-based strategy
for large-scale identification and quantification of the
modification sites. O-GlcNAc-recognizing lectins and chemical
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labeling methods have been developed to enrich O-
GlcNAcylated peptides.'' ™' Tandem MS with electron
transfer dissociation (ETD) fragmentation can be employed
to preserve the labile glycosidic linkage for site identification."*
In combination with quantitative proteomic techniques such as
isotope dimethyl labeling, stable isotope labeling by amino
acids in cell culture (SILAC), isobaric tags for relative and
absolute quantification (iTRAQ), or label-free quantification, it
enables quantitative profiling of modification sites."®™"* For
example, employing chemoenzymatic labeling of O-GlcNAc
with azides using a mutant galactosyltransferase (Y289L
GalT), which enabled chemoselective reaction with the
alkyne-containing affinity tag via copper(I)-catalyzed azide—
alkyne cycloaddition (CuAAC or click chemistry),”® Liu and
co-workers recently mapped O-GlcNAcylation sites in the
human brain.'® By integrating iTRAQ, they identified ~1000
O-GlcNAcylation sites, and the abundance of 131 O-
GlcNAcylated peptides was found to be altered in Alzheimer’s
disease (AD) brains.'® Woo, Bertozzi, and co-workers
metabolically labeled O-GIcNAc with azides, and used label-
free quantification to investigate O-GIcNAcylation changes
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Figure 1. isoTCL for quantitative and site-specific profiling of protein O-GIcNAc modification. (A) Structures of alkyne-L-AC-biotin and alkyne-H-
AC-biotin. (B) Workflow of isoTCL enrichment and LC-MS/MS analysis of O-GlcNAcylated peptides. (C) Lysates of HeLa cells treated with 200
UM GalNAz or vehicle were reacted with alkyne-AC-biotin, alkyne-L-AC-biotin, or alkyne-H-AC-biotin via copper(I)-catalyzed azide—alkyne
cycloaddition (CuAAC), followed by incubation with streptavidin beads. The beads were then incubated in 2% formic acid (FA) for 2 h or heated
in a 10% SDS loading buffer for 10 min. The released proteins were resolved by SDS-PAGE and stained by silver staining.

during T-cell activation.” For mapping the O-GIcNAc sites,
they employed Isotope Targeted Glycoproteomics (IsoTaG), a
method developed by the same group, which installed an
isotopic tag onto O-GlcNAc as a mass-independent signature
for improving the selection and identification of glycopeptides
in MS.”'~**

Herein, we report an O-GlcNAc identification and
quantification method based on an isotope-tagged cleavable
linker (isoTCL) strategy, which introduces isotopic labeling of
O-GlcNAc through bioorthogonal conjugation of affinity tags
(see Figure 1). The isoTCL method was inspired by the
isotopic tandem orthogonal proteolysis—activity-based protein
profiling (isoTOP-ABPP) strategy, which labels specific
protein residues in an activity-dependent manner with
chemical probe affinity tags, followed by conjugation with
isotopically labeled affinity tags for proteomic quantifica-
tion.”"** To quantify O-GlcNAcylation, we designed and
synthesized a pair of alkyne-biotin tags containin% an acid-
cleavable dialkoxydiphenylsilane (DADPS) linker” that are
isotopically labeled, respectively (“light” alkyne-L-AC-biotin
and “heavy” alkyne-H-AC-biotin; see Figure 1A). The O-
GIcNAc proteins can be metabolically or chemoenzymatically
labeled with azides, followed by reaction with alkyne-L-AC-
biotin and alkyne-H-AC-biotin and enrichment with strepta-
vidin beads. After cleavage of DADPS by acid, a “heavy” 4-(1-
hydroxymethylisobutylamino)-4-oxobuyltriazolyl (HOT)
group with five *C and one N or a “light” counterpart
with a molecular weight difference of 6.0138 Da remains on
the O-GIcNAc moiety (Figure 1B). ETD-based tandem mass
spectroscopy (MS) is then used to quantify the modification
sites by comparing the light/heavy ratios (Figure 1B).
Comparing to the previous methods, in which quantification
at the peptide level were used for O-GlcNAc quantifica-
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tion,"®™"* isoTCL installs isotopic tags directly onto the O-

GlcNAc moiety for quantification. In addition, the isotopic tags
can serve a dual function as a MSI1 filter for improving
identification confidence by generating a characteristic isotopic
pattern.

To synthesize alkyne-L-AC-biotin and alkyne-H-AC-biotin,
we used “light” and “heavy” valine to generate the “light” and
“heavy” alkynyl alcohol, SL and SH, respectively (see Scheme
S1A in the Supporting Information). A tertiary alcohol-
containing biotin, 6, was synthesized as previously reported,”
which was first reacted with excess dichlorodiphenylsilane and
then with SL or 5H to afford alkyne-L-AC-biotin (7L) and
alkyne-H-AC-biotin (7H). An alkyne-AC-biotin (8) without
the HOT moiety was synthesized as a control (see Scheme
S1B in the Supporting Information).

The labeling and cleavage efliciency of the three biotin
probes were evaluated by reacting with lysates of HeLa cells
treated with 200 M N-azidoacetylgalactosamine (GalNAz),
which is a chemical reporter for metabolic labeling of O-
GIcNAc.” Through the GalNAc salvage pathway, GalNAz is
metabolized to UDP-GalNAz, which is interconverted with
UDP-GIcNAz by UDP-galactose-4-epimerase (GALE). As a
result, mucin-type O-linked glycoproteins, N-linked glycopro-
teins, and O-GlcNAcylated proteins are all metabolically
labeled with azides.'”*"***° GalNAz was chosen in order to
avoid artificial S-glycosylation induced by per-O-acetylated
GalNAz (Ac,GalNAz).”' The biotinylated lysates were
captured with streptavidin beads and eluted by a mild acid
cleavage (ie, 2% formic acid) or heating the beads in
denaturing SDS loading buffer (see Figure S1A in the
Supporting Information). Denaturation ensures the complete
release of captured O-GlcNAcylated proteins, but is often
contaminated with proteins nonspecifically absorbed by
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Figure 2. Site-specific identification of O-GlcNAc in HeLa cells with isotopic filtering. (A) Representative ETD MS2 spectra of “light” HOT-
GlcNAz-peptide and “heavy” HOT-GIcNAz-peptide. An O-GIcNAc peptide from Nup153 is shown. (B) MS1 spectra of the “light” (red lines) and
“heavy” (blue lines) ion pair of the HOT-GlcNAz-peptide from Nup153. A mass shift of 6 Da between “light” and “heavy” peptides was observed
for the mass envelope, corresponding to the isotopic pattern encoded by isoTCL. (C) Extracted ion chromatogram (XIC) and isotopic envelope of
a HOT-GIcNAz-peptide from KRTS which is generally marked as a contaminant from sample preparation. (D) Number of identified O-HexNAc
sites in GalNAz-treated HeLa cells from three biological replicates. The list was filtered based on the existence of a “doublet” MS1 isotopic
envelope. The subcellular location was used to differentiate intracellular O-GIcNAc and cell-surface O-GalNAc modifications. (E) Number of
identified O-GlcNAc sites in HeLa cells labeled by the Y289L GalT-based chemoenzymatic method from three biological replicates. (F)
Comparison of identified O-GIcNAc sites between metabolic labeling and chemoenzymatic labeling.

streptavidin beads. SDS-PAGE with silver staining demon-
strated that all three alkyne-AC-biotin probes reacted with
azide-labeled glycoproteins with high efficiency and selectively
enriched the labeled proteins with high recovery rate (Figure
1C).

For chemical proteomic analysis, we first attempted a
“protein-centric” strategy in which probe-labeled proteins were
enriched by streptavidin and subjected to a standard tandem
orthogonal proteolysis strategy’” with on-bead trypsin
digestion and acid cleavage to release the modified peptides
(see Figure S1A). We first analyzed the released peptides by
LC-MS/MS with collision-induced dissociation (CID) frag-
mentation, which has been reported to break the labile O-
GIcNACc glycosidic linkage.*>** This resulted in signature ions
in the MS2 spectra, including a peptide ion with neutral loss
and a serial of oxonium ions from the O-GIcNAc moiety,
which confirmed the chemical structure of the GIcNAz-
modified peptides after bioorthogonal conjugation and acid
cleavage (Figure S2 in the Supporting Information). Next, we
employed ETD for fragmentation of the modified peptides so
that the glycosidic linkage could be preserved and the
modification sites could be unambiguously identified (Figure
2A). Notably, the isoTCL encoded a doublet signature (M, M
+6) to the mass envelope of any modified peptide in the full
MS spectrum, which significantly improves the confidence of
O-GlcNAc identification through MS isotopic envelope
filtering (Figure 2B, as well as Figure S3 in the Supporting
Information). For example, a modification site on keratin 8,
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which otherwise would have been excluded as one of the
common protein contaminants, was identified with high
confidence by the unique isotopic envelope (Figure 2C). Of
these two fragmentation methods, CID identified fewer
numbers of O-GlcNAcylated peptides, probably because the
generation of oxonium ions compromised the efficiency of
peptide backbone fragmentation (Figure S4A in the Support-
ing Information). Assignment of the modification site in this
fragmentation mode was further hampered by the low
preservation of the O-GlcNAc linkage in MS2 (see Figure
S4B in the Supporting Information).

We next optimized the protocol for enrichment of O-
GlcNAcylated peptides. By using a peptide-centric enrichment
workflow,”* in which in-solution trypsin digestion of the
click-labeled protein lysates was performed before capture by
streptavidin beads (see Figure SIB in the Supporting
Information). We reasoned that the peptide-centric enrich-
ment workflow might reduce nonspecific protein binding on
streptavidin beads. Accordingly, an increased number of O-
GlcNAcylated sites were identified (Figure S1C in the
Supporting Information). In addition, fractionation of the
released peptides by high-pH reverse-phase liquid chromatog-
raphy (RPLC) in a StageTip format’” before LC-MS/MS
analysis resulted in a further increase in the number of
identified sites (Figure S1D in the Supporting Information).
Therefore, the optimized O-GIcNAc peptide enrichment
procedure and ETD-based MS analysis were employed for
the following experiments (Figure 1B).
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Figure 3. Quantifying O-GlcNAcylation propensity site-specifically in proteomes. (A) HeLa cells were treated with 20 yM or 200 uM GalNAz, and
the cell lysates were reacted with alkyne-L-AC-biotin and alkyne-H-AC-biotin, respectively. The “light” and “heavy” samples were then mixed,
digested, enriched, and analyzed by LC-MS/MS. (B) Distribution of H/L ratios of quantified O-GlcNAc sites; the ratios were calculated from at
least two replicates, and hyper-sensitive O-GlcNAc sites whose ratios were <3 appear in the red box. (C) XIC of four representative modification
sites on HCFC1; the quantified ratios are shown below each chromatograph.

For mapping the O-GIcNAc sites, the lysates from GalNAz-
treated HeLa cells were reacted with the alkyne-L-AC-biotin
and alkyne-H-AC-biotin, respectively. After combining the
isoTCL-labeled lysates at a 1:1 ratio, the peptides were
enriched and analyzed by ETD-MS/MS. A streamlined MS
data analysis procedure was established for O-GIcNAc peptide
identification and site localization (Figure S3 in the Supporting
Information). The distribution of the light/heavy peptide
ratios showed a mean of 1.01, accurately matching the
premixed isoTCL ratio (see Figure SSA in the Supporting
Information). To ensure high confidence of identification, only
the O-HexNAc peptides with an isoTCL ratio between 0.67
and 1.5 were selected for site assignment, resulting in a total of
973 O-HexNAc modification sites (Figure 2D and Table S1 in
the Supporting Information). Because GalNAz can label both
intracellular O-GlcNAc and cell-surface O-glycoproteins, the
O-GlcNAc modified peptide can only be differentiated from
O-GalNAc (Tn) modified ones having the same molecular
weight by subcellular localization.”’ Of the 973 O-HexNAc
sites, 857 sites on intracellular proteins including nuclear,
cytoplasmic, or mitochondrial proteins were assigned with
high-confidence O-GIcNAc sites (see Figure 2D , as well as
Figure SSB in the Supporting Information).

The isoTCL strategy is also compatible with the chemo-
enzymatic labeling method, which uses a mutant galactosyl-
transferase (Y289L GalT) to transfer a GalNAz onto
endogenous O-GlcNAcylations in lysates.”**” Using a similar
enrichment and data analysis procedure (Figure S6 in the
Supporting Information), we identified 390 O-GlcNAcylation
sites from HeLa cells (see Figure 2E, as well as Figure SSC and
Table S1 in the Supporting Information). In addition, 239
(61%) of these sites were identified in the metabolically labeled
samples by GalNAz (Figure 2F). The metabolic labeling
reflects the dynamic processes including conversion of GalNAz
to UDP-GIcNAz and OGT-catalyzed transfer of GIcNAz onto
the newly synthesized O-GIcNAzc, thus enabling identification
of O-GIcNAcylated proteins over time in dynamic states. By
comparison, the GalT labeling method allows identification of
endogenous O-GlcNAcylated proteins in specific cellular
states. These results demonstrate the complementarity of the
two chemical labeling methods.

A total number of 1008 O-GlcNAcylation sites were
identified from HeLa cells by a combination of metabolic
glycan labeling and chemoenzymatic labeling. These sites were
distributed on 404 proteins (see Figure S7A and Table S2 in
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the Supporting Information), which were functionally enriched
for protein binding, poly(A) RNA binding, and DNA binding,
as shown by Gene Ontology analysis (see Figure S7B in the
Supporting Information). While a majority of these proteins
(>75%) have fewer than three modification sites identified
(Figure S7C in the Supporting Information), some of them
were interestingly found to contain a large number of
modification sites. For example, 43, 39, and 22 sites were
identified for HCFC1, NUP214, and EMSY, respectively
(Figure S7D in the Supporting Information). In agreement
with our data, many of these proteins were previously reported
to have multiple modification sites.'”** Sequence analysis
around the identified O-GIcNAC sites using pLogo*' revealed
the OGT preferred motifs, P/V—P-T/V-gS-S/T-A/S and P/
V-P-T/V-gT-S/T-A/S (Figure S7E in the Supporting
Information), which were in agreement with the previous
studies.'®

To verify the accuracy of isoTCL quantification, the
GalNAz-incorporated lysates were reacted with alkyne-L-AC-
biotin or alkyne-H-AC-biotin, and mixed at varying ratios (1:4,
1:2, 1:1, 2:1, and 4:1). The means of the light/heavy peptide
ratios closely matched the expected values (see Figure S8A in
the Supporting Information). As shown by the chromatographs
of two representative peptides from Nup153 and RBM14, the
isoT CL-labeled light/heavy peptides coeluted with character-
istic isotopic patterns (see Figure S8B in the Supporting
Information).

O-GlcNAcylation is catalyzed by the sole enzyme OGT
using UDP-GIcNAc as the sugar donor. However, the
mechanism of substrate recognition by OGT is not fully
understood.””~* Kinetic analysis of hOGT had shown that O-
GlcNAcylation levels of substrate proteins did not uniformly
respond to changes of the sugar donor,™ and we therefore
proposed that the O-GlcNAcylation sensitivity to the sugar
donor could be inherently encoded in a site-specific manner. In
combination with metabolic labeling, isoTCL provided a
means to quantify the propensity of O-GlcNAcylation for each
residue examined by comparing the levels of modification
under different concentrations of probe labeling. HeLa cells
were treated with GalNAz at low and high concentrations (20
uM and 200 uM), and the lysates were reacted with alkyne-L-
AC-biotin and alkyne-H-AC-biotin, respectively. The pro-
teomes were combined for digestion, enrichment and site-
specific quantification (Figure 3A). The sites with lower ratios
indicated that the level of O-GlcNAcylation was closer to
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Figure 4. Quantitative and site-specific comparison of O-GlcNAcylation between the female and male mouse placentas. (A) The female and male
placentas were collected at embryonic day 18.5, lysed, Y298L GalT-labeled, and reacted with alkyne-L-AC-biotin and alkyne-H-AC-biotin,
respectively. After mixing the samples at the 1:1 ratio, the lysates were digested, enriched, and analyzed by LC-MS/MS. (B) Overlap of O-GlcNAc
sites identified from the female and male placentas. (C) Overlap of quantified O-GIcNAc sites from three biological replicates. The sites quantified
from at least two replicates were considered as high-confidence sites (denoted in the bold red circle). (D) GO analysis of O-GlcNAcylated proteins
harboring the sites quantified with high-confidence. (E) Distribution of L/H ratios of quantified O-GlcNAc sites. (F) Representative XIC of

reported O-GlcNAc sites with up-regulated O-GlcNAcylation from Sptbnl.

saturation already at the low concentration of UDP-GIcNAz,
suggesting that they are preferred (“hyper-sensitive”) substrate
sites modified by OGT. We collectively quantified 470 O-
GlcNAc sites from two replicated experiments, and, using R <
3 as the cutoff, ~100 sites were defined as hyper-sensitive O-
GlcNAcylated residues (see Figure 3B, as well as Table S3 in
the Supporting Information). Our data revealed that the ratios
could indeed vary significantly on proteins with multiple
modification sites. For example, HCFC1 was quantified with
ratios of 8.97, 2.95, 4.52, and 1.79 for Thr495, Thr579, Ser669,
and Thr1243, respectively (Figure 3C). The lower ratios of
Thr579 and Thr1243 suggested that they were better
substrates for OGT and may play key roles in regulating the
function of HCFCI.

Finally, we applied isoTCL to quantify O-GIcNAcylation in
the mouse placentas. As an X-linked gene, the OGT expression
and the overall O-GlcNAc level were found to be lower in male
placentas, compared to the female counterpart.”” OGT was
shown to serve as an important placental biomarker of
maternal stress and the gender difference in O-GlcNAcylation
was proposed to play important roles in sex-biased neuro-
developmental disorders.””~* To quantify the site-specific
difference of O-GlcNAcylation, we collected placentas from
three male and three female mice, respectively, and subjected
them to isoTCL analysis. We first confirmed the lower OGT
mRNA level in male placentas by qRT-PCR and the lower O-
GlcNAcylation level by in-gel fluorescence with Y289L GalT
labeling (Figure S9 in the Supporting Information). The
female and male placenta lysates were next labeled by Y289L
GalT and reacted with alkyne-L-AC-biotin and alkyne-H-AC-
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biotin, respectively (Figure 4A). In total, 259 and 317 O-
GlcNAcylation sites were identified from the male and female
placentas, respectively, with 127 common sites identified in
both samples (see Figure 4B, as well as Table S4 in the
Supporting Information). Of all these identified O-GlcNAc
sites, 105 were quantified from at least two replicates with a
standard derivation of <0.3 (see Figure 4C and Table S$4).
They are distributed on 76 O-GlcNAcylated proteins, which
were significantly enriched in biological processes such as cell—
cell adhesion and in utero embryonic development (Figure
4D). Comparing to O-GlcNAc quantification in cell lines, the
difference between replicate experiments in the placenta
samples was significantly greater. This greater difference was
probably due to greater individual differences between living
animals, which was also observed in previous studies.’

The mean light/heavy ratio of all quantified sites was 1.2,
which confirmed that O-GlcNAcylation in the female placenta
is, overall, higher (Figure 4E). In total, ~40% O-GlcNAc sites
in the female placenta possessed a higher O-GlcNAcylation
level by more than 1.2-fold, compared with the males. For
example, we found the O-GIcNAc modification on Ser2323 of
Sptbnl, which had been previously reported as an O-GlcNAc
site,'> was ~1.25-fold higher in the female placentas (Figure
4F). Considering that the dysfunction or deficiency of Sptbnl
resulted in early embryonic death,”® we speculated that O-
GlcNAcylation on Ser2323 might regulate the function of
Sptbnl to improve the development of female placentas. These
results provide invaluable information for understanding the
functional significance of higher O-GIcNAc of the female
placenta in maternal stress responses.
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In summary, we have designed and synthesized an isotope-
tagged cleavable linker for site-specific identification and
quantification of protein O-GlcNAcylation. With an optimized
sample preparation and ETD-based MS analysis protocol, the
isoT CL strategy was applied to profile metabolically labeled or
chemoenzymatically labeled O-GlcNAcylated proteomes. We
found that the O-GIcNAcylation dynamics responded to the
changes of sugar donor concentration site-specifically, with
variations observed on different modification sites of the same
proteins. Furthermore, isoTCL enabled quantitative compar-
ison of O-GlcNAcylation between the male and female mouse
placentas. We envision that isoTCL will find broad
applications in quantitative profiling of O-GlcNAcylation. In
addition, the isoTCL strategy can be readily applied to other
post-translational modifications, such as lipidation and
methylation, which can be labeled with azides.>'

B METHODS

Details of experimental materials and methods are provided in the
Supporting Information.
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