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Cross-talk between GlcNAcylation and
phosphorylation: Site-specific phosphorylation
dynamics in response to globally elevated O-GIcNAc
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Protein GIcNAcylation serves as a nutrient/stress sensor to modu-
late the functions of many nuclear and cytoplasmic proteins.
O-GIcNAC cycles on serine or threonine residues like phosphoryla-
tion, is nearly as abundant, and functions, at least partially, via its
interplay with phosphorylation. Here, we describe changes in
site-specific phosphorylation dynamics in response to globally
elevated GIcNAcylation. By combining sequential phospho-residue
enrichment, iTRAQ labeling, and high throughput mass spectro-
metric analyses, phosphorylation dynamics on 711 phosphopep-
tides were quantified. Based upon their insensitivity to phospha-
tase inhibition, we conclude that ~48% of these phosphorylation
sites were not actively cycling in the conditions of the study.
However, increased GlcNAcylation influenced phosphate stoichi-
ometry at most of the sites that did appear to be actively cycling.
Elevated GlcNAcylation resulted in lower phosphorylation at 280
sites and caused increased phosphorylation at 148 sites. Thus, the
cross-talk or interplay between these two abundant posttransla-
tional modifications is extensive, and may arises both by steric
competition for occupancy at the same or proximal sites and by
each modification regulating the other’s enzymatic machinery. The
phosphoproteome dynamics presented by this large set of quan-
titative data not only delineates the complex interplay between
phosphorylation and GlcNAcyation, but also provides insights for
more focused investigations of specific roles of O-GIcNAc in reg-
ulating protein functions and signaling pathways.
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nzyme-catalyzed cycling of O-linked B-N-acetylglucosamine

(O-GIcNAC) is observed on serine and threonine side chains of
myriad nuclear and cytoplasmic proteins that are involved in almost
all aspects of cellular functions. Unlike extracellular complex gly-
cans, which are generally static, O-GIcNAc cycles rapidly on reg-
ulatory proteins in response to metabolic and environmental signals
at rates comparable to phosphorylation (1, 2, 3). O-GIcNAc cycles
by the combined actions of two highly conserved enzymes, which
catalyze the addition (O-GIcNAc transferase, or OGT) and removal
(B-N-glucosaminidase, or O-GlcNAcase) of O-GIcNAc, respec-
tively. In mammals, OGT exists in different nucleoplasmic, cyto-
plasmic or mitochondrial isoforms. But, they share the same
catalytic domain, which is encoded by one highly conserved gene
(4). Similarly, although there are at least two splicing variants of
O-GIcNAcase, only one mammalian gene encoding O-GlcNAcase
exists (5). In contrast to phosphorylation, which involves kinases
and phosphatases that represent >2% of the human proteome (6),
GlcNAcylation appears to be controlled by regulated transient
associations of only two evolutionally conserved enzymes together
with different targeting/regulatory subunits (1).

Although the mechanisms controlling their cycling appear to be
different, in many other respects GlcNAcylation is similar to
phosphorylation. GlcNAcylation is abundant on a wide array of
proteins, just like phosphorylation. They both alter the functions
and binding partners of the target proteins. Both modifications are
inextricably linked to cellular metabolism in that their donor
substrates are high-energy end products of nutrient metabolism.

www.pnas.org/cgi/doi/10.1073/pnas.0806216105

Both GlcNAcylation and phosphorylation are found on serine and
threonine side chains of nucleoplasmic proteins, and are dynami-
cally regulated in response to cellular stimuli. To date, all of the
known GlcNAcylated proteins are also phosphoproteins. More
interestingly, many proteins are modified by O-GlcNAc or O-
phosphate on the same or at proximal sites. Based on the reciprocal
occupancy of O-GIcNAc and O-phosphate on several well charac-
terized proteins, a “Yin Yang” model hypothesizes that GlcNAcy-
lation and phosphorylation modulate protein functions, in part, by
competitively blocking each other’s occupancy at given sites (7).
This model was further supported by the finding that OGT forms
a complex with protein phosphatase 1 catalytic subunits (PP1c). In
vitro assays showed that phosphopeptides could be concurrently
de-phosphorylated and remodified by O-GlcNAc by this functional
complex (8). However, recent site-mapping studies have identified
increasing numbers of O-GlcNAc modification sites that are not the
same, but are adjacent or even distal to phosphorylation sites (9,
10). Thus, it is clear that even though the regulatory roles of
O-GIcNAc are related to its interplay with phosphorylation, the
binary “Yin Yang” model is overly simplistic and should be
replaced with a more comprehensive model that covers different
types of interplay between these two posttranslational modifica-
tions (for a review, see ref. 1).

Previously, we reported the perturbations of O-GlcNAc induced
by inhibition of glycogen synthase kinse-3 (GSK-3). Surprisingly, a
significant portion of the identified GlcNAcylated proteins showed
decreased GIcNAclyation upon inhibition of GSK-3, indicating
extensive nonreciprocal interplay between O-GIcNAc and O-
phosphate (11). Here, this study was extended in the opposite
direction. By combining sequential enrichment of phosphoresidues
and iTRAQ-based quantitative proteomics, we investigated the site-
specific phosphorylation dynamics in response to globally elevated
O-GIcNAc levels by inhibition of O-GlcNAcase. The large set of
quantitative data generated in this study illustrates that the complex
interplay between these two posttranslational modifications is
extensive, and provides insights for future studies of O-GIcNAc
function on individual proteins and in specific signaling pathways.

Results

Initial Assessment of GlcNAcylation-Phosphorylation Interplay by Immu-
noblotting. Okadaic acid (OA), a potent inhibitor of serine/
threonine-specific protein phosphatases, was used to elevate global
phosphorylation levels. Two widely used inhibitors of O-GlcNAcase
are PUGNAc (O-(2-acetamido-2-deoxy-d-glucopyranosylidene)
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Fig. 1. Effects of elevated GIcNAcylation and phosphorylation on each
other. NIH 3T3 cells were untreated and treated with okadaic acid (225 nM),
PUGNACc (100 uM), and 20 uM NAG-thiazoline as indicated for 2.5 h before
harvest. Cell lysates (20 ng for each group) were resolved in SDS/PAGE,
transferred, and blotted with phosphothreonine or O-GIcNAc antibody. The
same membrane was stripped and blotted with anti-actin for loading control.
OA, okadaicacid; P/N, combined treatment with PUGNAc and NAG-thiazoline.

amino-N-phenylcarbamate) and NAG-thiazoline (1, 2-dideoxy-2'-
methyl-alpha-d-glucopyranoso [2,1-d]-Delta2’-thiazoline; NAG-
T), which significantly increase nucleocytoplasmic O-GlcNAc levels
after being added to cultured cells (12). In this study, NIH 3T3 cells
were treated with OA, PUGNACc and NAG-thiazoline, or all three
inhibitors simultaneously. Dynamic changes in GlcNAcylation and
phosphorylation were initially evaluated by immunoblotting with
antibodies against O-GIcNAc and phosphothreonine. Based on
results from a time course study (data not shown), 2.5 h of treatment
was chosen for the proteomics study, because treating cells for
relatively short time by O-GlcNAcase inhibitors ensured that stress
responses, which might trigger unexpected changes of phosphory-
lation (3), were not yet initiated. Moreover, a brief treatment
avoided potential inhibition of lysosomal hexosaminidases (12).
However, a 2.5-h time course is long enough for okadaic acid to
elevate phosphorylation on rapidly cycling phosphorylation sites.
As shown in Fig. 1, 2.5 h of treatment by PUGNAc/NAG-T induced
significantly elevated global GlcNAcylation levels (Fig. 1 Right, lane
3 vs. lane 1), whereas OA significantly increased overall threonine
phosphorylation (Fig. 1 Left, lane 2 vs. lane 1). Changes of threonine
phosphorylation patterns in PUGNAc/NAG-T treated cells (Fig. 1
Left, lane 3 vs. lane 1) and changes of GlcNAcylation patterns in OA
treated cells (Fig. 1 Right, lane 2 vs. lane 1) were clearly visible. Also,
PUGNAC/NAG-T slightly blunted the increases of threonine phos-
phorylation induced by OA (Fig. 1 Left, lane 4 vs. lane 2). Similarly,
OA dampened the increases in GlcNAcylation (Fig. 1 Right, lane 4
vs. lane 3) induced by PUGNAC/NAG-T. Pretreatment of the
samples with alkaline phosphatase abolished immunoblotting sig-
nals, indicating the specificity of the phosphothreonine antibody
[supporting information (SI) Fig. S1]. Initial evaluation of serine
phosphorylation by immunoblotting was not possible due to lack of
phosphoserine antibody with enough specificity.

Sequential Phosphoresidue Enrichment by Combined IMAC and TiO,.

Immunoblotting with pan-specific O-phosphate and O-GIcNAc
antibodies have limited power for assessment of phosphorylation
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Fig.2. Quantitative proteomics approach used to delineate global interplay
between phosphorylation and GIcNAcylation. (A) Flow chart for phosphosite
detection and site-specific quantitation. (B) Flow chart for protein expression
level quantitation using iTRAQ. (C) Formula used to calculate RORs.

and GIcNAcylation dynamics because only limited bands could be
detected (Fig. 1). Moreover, the immunoblotting approach can only
detect changes of overall levels of modification. It is well known that
many phosphoproteins are phosphorylated at multiple sites with
each site being regulated by different mechanisms and involved in
different signaling pathways. Phosphorylation changes at each site
may not be clearly detectable at the global level, even though the
change at that site may be very significant. Thus, we designed and
adopted a proteomics approach to investigate site-specific cross-
talk between phosphorylation and GlcNAcylation (Fig. 24). Ex-
tensive fractionation and specific enrichment are essential for
analyzing the phosphoproteome by mass spectrometry. In the
current study, phosphoresidues were sequentially enriched by
IMAC (immobilized metal affinity chromatography) at the
protein level and by titanium dioxide at the peptide level. IMAC
is based on the affinity of metals to negatively charged phosphate
groups. Using an in-house packed column, phosphoproteins
were enriched from NIH 3T3 cell lysates. Caution was taken to
ensure that the IMAC columns were not saturated. The yields
were ~5% of the starting materials (Fig. S2). This step also
served to reduce the complexity of whole cell lysates. After
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IMAC, phosphoproteins were digested, labeled with iTRAQ re-
agents, and then fractionated by strong cation exchange (Fig. S3),
which not only removed excessive iTR AQ reagents but also further
enriched phosphopeptides in the first few strong cation exchange
fractions (first 12-13 fractions of 40 for this study) because of
reduced surface charges of phosphopeptides compared with naked
peptides (13). Capillaries packed in-house with TiO, beads were
used to purify phosphopeptides from each strong cation exchange
fraction. Nonspecific binding was reduced by adding 1 M glycolic
acid in the loading and washing buffers. Effectiveness of this step
was validated in advance by successfully enriching phosphopeptides
(EVVGpSAEAGVDAASVSEEFR, and LPGFGDpSIEAQCG-
TSVNVHSSLR) from tryptic digest of chicken ovalbumin (data
not shown).

Protein Level Quantitation by iTRAQ. The apparent dynamics of
phosphorylation may partially result from changes of protein ex-
pression levels because of altered transcription, translation, or
protein degradation. To address this issue, protein level dynamics
were quantified by iTR AQ-based proteomics methods. The amine-
specific iTRAQ reagents enabled isobaric tagging of peptides
(mostly on the N-term and Lys residues). Intensities of the reporter
ions (m/z 114.1,115.1,116.1, and 117.1) generated from the iTRAQ
tags upon fragmentation were used for quantitation. Briefly, equal
amounts of cell lysates from each experimental condition were
reduced, alkylated, and digested. Resulting peptides were labeled
with the 4-plex iTR AQ reagents and pooled. After fractionation by
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strong cation exchange, peptides were analyzed by using a Q-Star
mass spectrometer (Fig. 2B). With the threshold of at least one
unique peptide with >95% confidence, a total number of 1564
proteins were identified (Table S1). Relative quantitation was
automated by using the ProteinPilot software. Manual inspection
was performed to exclude peptides with reporter ion intensities
exceeding 2,000 counts for quantitation, in which case, the MS
detector was likely saturated. Quantitation results showed that
relative protein ratios of ~62% identified proteins fell in the range
0.9-1.1 between all three experimental conditions and the control,
and ~95% were within the range 0.7-1.3 (Fig. 3B), indicating that
brief treatment by the inhibitors did not lead to significant changes
in protein expression levels.

Phosphopeptide Identification, Quantitation, and Global Cross-Talk Be-
tween Phosphorylation and GlcNAcylation. Enriched phosphopeptides
from each strong cation exchange fraction were analyzed by LC-
MS/MS. Database search together with manual interpretation (see
Materials and Methods) identified and validated 851 novel or
previously known phosphosites, including 44 pTyr (5.2%), 608 pSer
(71.4%), and 199 pThr sites (23.4%), originating from 351 proteins
(Fig. 34). The identified phosphosites originated from proteins
involved in an array of biological functions, including cytoskeleton
regulatory proteins, metabolic enzymes, kinases, transcription fac-
tors, and RNA processing proteins (Table S2). Examples of some
identified phosphopeptides are shown in Fig. 4. The false positive
rate was estimated to be ~0.4% by performing a Mascot search
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Fig. 4. Detection and quantitation of phosphopeptides. Selected samples
originating from nuclear factor 1/B (A), DNA replication licensing factor
MCM4 (B), myristoylated alanine-rich C-kinase substrate (C), and insulin re-
ceptor substrate 2 (D). (Insets) Indicate the intensities of iTRAQ reporter ions.

using the same set of parameters but against a reverse database. The
Mascot result file was exported and used as one of the input files
for MultiQ software (14), which performed phosphopeptide quan-
titation. For iTR AQ experiment that quantified protein expression
levels, systematic bias (pipetting inaccuracy, variation of column
elution efficiency, etc) was automatically corrected by the quanti-
tation software, under the assumption that most protein levels were
not changed. For experiments that quantified phosphopeptide
dynamics, this assumption might not be valid. To address this issue,
an internal standard was applied for quantitation. Equal amounts
of bovine a- and B-caseins (0.05 ug of each) were spiked into
samples from the very beginning. After MS analyses, 25 phos-
phopeptides originating from caseins were identified, 21 of which
were also quantified (Fig. S4). The weighed average ratios of these
phosphopeptides were calculated and used as an internal standard,
to which all other ratios were normalized.

Relative fold changes were obtained from 711 phosphopeptides
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and normalized to the internal standard for bias correction. Tech-
nical duplicates were performed under the same experimental
conditions. The average relative standard deviation (%RSD) was
estimated to be <24%. Of the 351 corresponding phosphoproteins,
207 were also identified and quantified in the iTRAQ experiment
designed for protein level quantitation. With relative ratios of both
phosphopeptides and whole proteins available, relative occupancy
ratios (RORs) of O-phosphate were calculated by using a simple
formula (Fig. 2C), which better reflected the actual dynamic
changes of phosphorylation at each specific site, and were thus more
biological meaningful. RORs of phosphopeptides originating from
the remaining 144 phosphoproteins were similarly calculated as-
suming the protein ratios were 1:1:1:1 because levels of most
proteins were not changed (Fig. 3B) during short exposure to the
inhibitors. Numbers of phosphopeptides with RORs falling in each
fold change category in response to inhibitor treatments are shown
in Fig. 3C. In summary, after OA treatment, 298 of 711 (41.9%)
peptides showed significantly increased phosphate RORs and 77
(10.8%) peptides showed decreased RORs. After PUGNAc/
NAG-T treatment 234 (32.9%) peptides showed significantly de-
creased phosphate RORs, and 131 (18.4%) peptides showed in-
creased RORs. In both cases, ~48% peptides did not show
significant changes in phosphate RORs, indicating that they are
likely not cycling. Samples treated by both phosphatase and O-
GlcNAcase inhibitors exhibited a similar pattern of phosphoryla-
tion dynamics as samples treated by phosphatase inhibitor alone.
The “significant” fold change thresholds (0.75 and 1.25) were
chosen based on quantitation %RSD (< 24%) estimated from
technical duplicates. The relative ratios of site-specific phosphor-
ylation RORs under different conditions appear as heat maps in
Fig. 3 D-F. The green scale bar that represents up-regulated
phosphorylation is bigger in Fig. 3D than in Fig. 3F, reflecting
attenuated increases of phosphorylation by okadaic acid when cells
were simultaneously treated by PUGNAc and NAG-thiazoline,
which is in agreement with immunoblotting results (Fig. 1).

GlcNAcylation/Phosphorylation Interplay on Proteins from Different
Functional Groups. Earlier studies suggested potentially different
patterns of cross-talk between the two posttranslational modifica-
tions on proteins that are involved in different biological processes
or that have different subcellular localizations (11). Thus, we
investigated whether such differences could also be seen in the
current more comprehensive and quantitative study. Information
about the functions and subcellular localization of the identified
phosphoproteins were obtained from existing public databases (see
Materials and Methods) and included in Table S2. Upstream kinases
responsible for 250 phosphosites were also indicated, including 49
experimentally known and 201 predicted by SCANSITE algorithm
with high stringency (Table S2). Patterns of GIlcNAcylation/
phosphorylation interplay on proteins from two major functional
groups are presented in Fig. 5. One group included cytoskeleton
and cytoskeleton-binding proteins that are localized in the cyto-
plasm, for which the dynamics of 113 phosphosites were examined.
The other group included RNA- and DNA-binding proteins, which
are mostly localized in the nucleus, and the dynamics of 208
phosphosites were examined. Reciprocal interplay was more pre-
dominately observed on phosphopeptides originating from cy-
toskeleton and cytoskeleton-binding proteins. Furthermore, we
compared the effects of O-GIcNAcase inhibitors on the phospho-
dynamics of substrates of two distinct kinases, CDC2 and casein
kinase 2, the two kinases with largest groups of identified substrates
in this study (27 entries for CDC2, 10 experimentally known; 28
entries for CK2, all SCANSITE prediction) (Fig. SS5). No apparent
difference in patterns was observed.

Discussion
This study provides clear quantitative documentation on the interplay
between GlcNAcylation and phosphorylation at the individual site
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level. An advantage of current approach is that it allowed quantification
of site-specific phosphorylation dynamics at hundreds of sites in the
same experiment. Indeed, many phosphoproteins are modified at
multiple sites with each site involved in different pathways and re-
sponded differentially to elevated GlcNAcylation (Table S2).

Cross-talk or interplay between GlcNAcylation and phosphory-
lation may arise from the following mechanisms: (i) Direct com-
petition for site-occupancy at a single hydoxyl group. 2) Competi-
tion via steric hindrance by reciprocal modification at proximal sites
on a polypeptide. 3) Regulation of O-GIcNAc Transferase or
O-GlcNAcase by phosphorylation of their catalytic subunits or of
their regulatory/targeting subunits. 4) Regulation of kinases or
phosphatases by GlcNAcylation.

As expected, okadaic acid treatment led to increased phosphor-
ylation on ~42% of the phosphosites. Surprisingly, OA also caused
decreased phosphorylation on a small number of phosphosites
(=11%). This might be due to some indirect mechanisms, such as
inhibition of corresponding upstream kinases or by increased
activation of OGT due to its hyperphosphorylation. In contrast,
treatment by O-GlcNAcase inhibitors induced decreased phosphor-
ylation on ~33% of phosphosites and increased phosphorylation on
~18% of phosphosites. In both samples, no significant phosphor-
ylation dynamics were observed on ~48% phosphosites, which
might corresponded to static or slow-cycling phosphate moieties.
For samples treated by both phosphatase and O-GlcNAcase inhib-
itors, the phosphorylation dynamics profile was similar to that of
samples treated by phosphatase inhibitor alone. This may not be
surprising, because unlike OA, which directly inhibits phosphate
removal, O-GIcNAc inhibitors cause phosphorylation perturba-
tions by indirect mechanisms. The observation that a large portion
of peptides showed decreased phosphorylation upon O-GlcNAcase
inhibition, suggests that at these sites a competitive relationship does
exist. However, the observed reciprocal dynamics do not necessarily
result from reciprocal occupancy of the two modifications at the same
sites. Indeed, because many signaling cascades occur in a time scale of
seconds to minutes, 2.5-h time course of inhibitor treatment allows
enough time for secondary effects to contribute the observed
reciprocal dynamics. Also, ~18% of the phosphosites showed
increased phosphorylation upon O-GlcNAcase inhibition, indicat-
ing existence of the nonreciprocal interplay.

As summarized above, underlying mechanisms as to how in-
creased GlcNAcylation might alter phosphorylation dynamics
could be as follows: First, competitive occupancy of O-GIcNAc and
O-phosphate occurs at the same sites on some phosphoproteins, for
example Thr-58 of transcription factor c-Myc (15), Ser-1177 of
endothelial nitric oxide synthase (16), and Ser-16 of murine estro-
gen receptor-f3 (17), and others (1). However, because of limited
numbers of known O-GIcNAc sites, it is presently unclear how
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prevalent this direct competition for site occupancy actually is. In
fact, recent site-mapping reports showed that most of the identified
phosphorylation sites and GlcNAcylation sites were at different
locations from rat brain postsynaptic density preparations (10, 18).
Second, cycling of phosphorylation is affected by adjacent or
proximal O-GlcNAc moieties due to steric hinderance. For exam-
ple, GlcNAcylation of Ser-149 on tumor suppressor p53 decreases
phosphorylation at Thr-155 (19). It should be noted that cases of
adjacent occupancy include not only adjacent modification sites on
the primary amino acid sequence, but also distant modifications
that are brought close after protein folding. Third, O-GIcNAc
modification may regulate phosphorylation by altering target pro-
teins’ binding to regulatory partners, such as kinases and cofactors.
Earlier evidence suggested that O-GIcNAc moieties recruited pro-
teins with lectin-like characteristics to the modified proteins (20).
Fourth, O-GlctNAc and O-phosphate interplay by compartmental-
izing or directly regulating activities of each other’s upstream
enzymes (e.g., OGT and kinases). As reported earlier, OGT is
activated by CaMKIV-dependent phosphorylation upon depolar-
ization in neuroblastoma cells (21). Likewise, GlcNAcylation af-
fects specific kinase activities (Dias et al., unpublished). The ob-
served phosphorylation dynamics in the current study may reflect
the cells’ strategies to cope with globally elevated O-GlcNAcylation.
The prevalence and magnitude of the cross-talk between GlcNAcy-
lation and phosphorylation clearly supports the importance of the
subtle balance between phosphorylation and GlcNAcylation. It
has been suggested that tipping this balance to favor increased
GlcNAcylation contributes to glucose toxicity and perhaps to
insulin resistance, both hallmarks of diabetes (22). Another well
known example is the microtubule protein tau, in which disruption
of the balance to favor hyperphosphorylation contributes to tangle
formation and to Alzheimer’s disease (23).

The sensitivity of GIcNAcylation to virtually all aspects of cellular
metabolism and its dynamic cycling on and off regulatory proteins
makes the modification ideally suited to be a nutrient/stress sensor
(3). The involvement of O-GlcNAc in signaling pathways includes
altering subcellular localization of signaling molecules, regulating
cellular responses to insulin, stress protection, cell cycle control, and
perhaps most importantly regulating gene transcription (for review,
see (2)). The roles of O-GIcNAc in cellular signaling are at least in
part due to its complex interplay with phosphorylation. In the
current study, inhibition of O-GlcNAcase led to differentially
regulated phosphorylation on many signaling molecules. Signifi-
cantly decreased phosphorylation was observed at Ser-243 of
glucosamine-fructose-6-phosphate aminotransferase (GFAT), the
rate limiting enzyme in the hexosamine biosynthesis pathway
(HBP). Previous studies demonstrated that phosphorylation at a
different site (Ser-205, not detected in the current study) was
correlated with altered GFAT activity and subsequently altered
production of UDP-GIcNAc (24). Because UDP-GIcNAc is the
donor substrate for OGT, it is possible that an unknown feedback
inhibition mechanism exits, which involves Ser-243 phosphoryla-
tion of GFAT to further regulate flux through the HBP.

Previously, by using stable isotope labeling by amino acid in cell
culture (SILAC)-based quantitative proteomic approach, we re-
ported O-GlcNAc dynamics in response to inhibition of GSK-3
kinase. Most cytoskeleton-related proteins showed increased
GlcNAcylation, whereas most RNA-processing proteins showed
decreased GlcNAcylation upon GSK-3 inhibition (11). Earlier
studies by using immunoblotting approaches also showed that
changes in phosphorylation, which were induced by manipulating
kinase activities, were correlated with reciprocal dynamics of
GlcNAcylation on cytoskeletal and cytoskeleton-associated pro-
teins, but not on nuclear proteins (25), although the patterns
observed varied in different cell lines (26). Here, we compared
patterns of O-GlcNAc induced phosphorylation dynamics on phos-
phosites from two protein functional groups that had the largest
sample sizes in our study. Caution was taken to exclude multifunc-
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tional proteins. As shown in Fig. 5, reciprocal dynamics between
GlcNAcylation and phosphorylation were more predominantly
observed on cytoplasm-localized cytoskeleton and cytoskeletal-
binding proteins, whereas a more diverse range of cross-talk was
observed on nuclear-localized DNA- and RNA-binding proteins,
including transcription factors. This might reflect the nature of
more complex regulation of the DNA- and RNA-binding proteins.
Similarly, we compared patterns of interplay between substrates of
two kinases (CDC2 and casein kinase 2) (Fig. S5), but no apparent
difference in cross-talk was observed in these respective kinase
substrates. This might be due to the limited sample sizes of each
substrate group and the fact that many phosphosites are regulated
by multiple kinases.

Enrichment of O-GIcNAc peptides and direct mapping O-
GlcNAc sites remained difficult until the recent introduction of
chemo-enzymatic tagging approaches (10, 12). These approaches
can be easily combined with stable isotope labeling for simulta-
neous O-GlcNACc site-mapping and site-specific O-GlcNAc quan-
titation by mass spectrometry. Applying these approaches to the
model described in the current study will not only identify rapidly
cycling O-GleNAc modifications on regulatory proteins, but also
help further delineate the complex cross-talk between GIcNAcy-
lation and phosphorylation.

Materials and Methods

IMAC, iTRAQ Labeling, and Strong Cation Exchange Chromatography. Fast-flow
chelating Sepharose with iminodiacetic acid (IDA) was charged with gallium and
packed into columns. Cell lysates were passed through IMAC columns (0.5 cm X
3cm). Phosphoproteins were eluted with buffer containing 100 mM NazPOg4, 500
mM NacCl, and 100 mM EDTA/EGTA). After precipitation, protein pellets were
resuspended, digested, and labeled by iTRAQ reagents (Applied Biosystems)
according to manufacturer’s instruction. Labeled peptides were combined and
fractionated by strong cation exchange using a polysulfoethyl A column (PolyLC).
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Phosphopeptides Enrichment by Ti0,. TiO, was packed into a fritted capillary (100
umi.d.). Peptides in 80% acetonitrile, 4% TFA, and 1 M glycolic acid, were loaded
into the capillary and washed. Phosphopeptides were eluted by NH,OH (pH 11).

LC and MS. Peptides were analyzed on a QStar Pulsar mass spectrometer
(Applied Biosystems-MDS Sciex) coupled with an Eksigent nano-LC system. The
main HPLC gradient was 5-40% solvent B (A, 0.1% formic acid; B, 90%
acetonitrile, 0.1% formic acid) in 60 min at a flow rate of 300 nl/min. The mass
spectrometer was set in data-dependent acquisition mode. A rolling collision
energy was used to promote fragmentation and the collision energy was
increased by 30% to facilitate generating iTRAQ reporter ions.

Data Analysis and Validation. Identification and quantitation of proteins from
whole cell lysates were performed by using the ProteinPilot software, Version 2.0
(Applied Biosystems). MS spectral files obtained from phosphopeptides were
combined by MultRawPrepare (an MSQuant tool, http:/msquant.
sourceforge.net) and searched against SwissProt database by the Mascot algo-
rithm, Version 2.2.0. All identifications and spectra were manually inspected to
ensure proper identification and phosphate localization. Phosphopeptide quan-
titation was performed by MultiQ software, Version 1.5.1. All phosphopeptide
quantitation was manually validated for accuracy and to exclude quantitation
based on reporter ions with suboptimal signal-to-noise ratios. For details, see S/
Materials and Methods.

Bioinformatics. Information about function subcellular localization of identified
proteins was obtained from the UniProt Knowledgebase (UniProtKB, http:/
beta.uniprot.org) and the Human Protein Reference Database (www.hprd.org).
Assignment of upstream kinases of the identified phosphorylation sites were
either based on information from the two databases or by prediction with
SCANSITE algorithm (http:/scansite.mit.edu).
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