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Recent evidence indicates that site-specific crosstalk between O-GlcNAcylation and phosphorylation and
the O-GlcNAcylation of kinases play an important role in regulating cell signaling. However, relatively
few kinases have been analyzed for O-GlcNAcylation. Here, we identify additional kinases that are sub-
strates for O-GlcNAcylation using an in vitro OGT assay on a functional kinase array. Forty-two kinases
were O-GlcNAcylated in vitro, representing 39% of the kinases on the array. In addition, we confirmed
the in vivo O-GlcNAcylation of three identified kinases. Our results suggest that O-GlcNAcylation may
directly regulate a substantial number of kinases and illustrates the increasingly complex relationship
between O-GlcNAcylation and phosphorylation in cellular signaling.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

A hallmark of signal transduction is the dynamic inducible post-
translational modification (PTM) of proteins. The most well-stud-
ied and understood regulatory PTM is phosphorylation. However,
PTM of cytoplasmic and nuclear proteins at serine and threonine
residues by b-N-acetylglucosamine (O-GlcNAc) has been emerging
as a fundamental regulatory mechanism involved in cell signaling,
metabolism, transcription, and cell division, among others [1,2].
O-GlcNAc cycling on proteins, mediated by the enzymes O-GlcNAc
transferase (OGT) and O-GlcNAcase, is dynamically regulated in
response to various stimuli and is remarkably similar to phosphor-
ylation. O-GlcNAcylation has been detected on myriad proteins,
including transcription factors, cytoskeleton proteins, histones,
and signal transduction proteins, including a few kinases [3]. Like
phosphorylation, O-GlcNAcylation can modulate protein function,
including enzymatic activity (e.g. CaMKIV) [4], turnover (e.g. p53)
[5], protein interactions (e.g. stat5) [6], subcellular localization
(e.g. Sp1) [7], DNA affinity, and transcription activity (e.g. PDX-1)
[8]. Deletion of OGT is lethal in mice at the embryonic level
and at the single-cell level, highlighting the importance of
O-GlcNAcylation in regulating basic cellular events [9]. Aberrant
O-GlcNAcylation has been linked to major diseases, including
diabetes, cancer, and Alzheimer’s disease [10,11].

Many papers have been published regarding the extensive
interplay between O-GlcNAcylation and phosphorylation. Initial
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studies demonstrated that O-GlcNAc and phosphorylation mainly
acted in opposing manners, suggesting a yin-yang relationship
[12] . However, recent studies showed that the relationship be-
tween these PTMs is more complex than initially thought. Using
proteomic approaches, Wang and colleagues [13] demonstrated
that increased global O-GlcNAcylation, resulting from inhibition
of O-GlcNAcase, concomitantly decreased a large number of phos-
phorylation events, as expected. However, O-GlcNAcase inhibition
also led to an unexpected increase in phosphorylation at many
other sites. These results suggest that O-GlcNAcylation and phos-
phorylation not only compete for substrates (at the same or prox-
imal sites), but also that O-GlcNAcylation may also regulate
phosphorylation cycling enzymes, such as kinases and/or phospha-
tases. Recently, O-GlcNAcylation was shown to directly regulate
the kinase activity of CaMKIV toward CREB [4]. O-GlcNAcylation
of Akt has been related to angiogenesis [14], apoptosis of murine
pancreatic b-cells [15], and nuclear localization [16]. PKC isozymes
are modified by O-GlcNAc, and PKCa activity seems to be regulated
by this PTM [17]. It is our hypothesis that not only does phosphor-
ylation regulate the O-GlcNAc cycling enzymes, but also that
O-GlcNAcylation in-turn regulates the activity of many kinases.
The human genome reveals that kinases represent about 2% of
the genome [18], and until now, just a handful of kinases are de-
scribed as O-GlcNAcylated. In addition, almost all O-GlcNAcylated
proteins are also known to be phosphorylated, and kinases them-
selves are often regulated by phosphorylation. Taken together,
these observations motivated us to screen for other kinases that
may be O-GlcNAcylated.

Protein arrays have proven quite useful in research for screen-
ing protein activities, protein–ligand or protein–drug interactions,
among others [19]. Here, we used a functional human protein array
containing 152 kinases as substrate for OGT in order to identify

http://dx.doi.org/10.1016/j.bbrc.2012.04.124
mailto:diaswb@biof.ufrj.br
mailto:gwhart@jhmi.edu
http://dx.doi.org/10.1016/j.bbrc.2012.04.124
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


W.B. Dias et al. / Biochemical and Biophysical Research Communications 422 (2012) 224–228 225
kinases that are O-GlcNAcylated in vitro. We identified 42 kinases
that are O-GlcNAcylated in vitro, representing 39% of kinases ana-
lyzed. Of the 110 other kinases, 66 were not good substrates for
OGT in vitro, while 44 others could not be analyzed due to low
abundance or background issues. In addition, we confirmed the
presence of O-GlcNAc on three of the kinases in vivo. These data
provide a number of potential targets that may be regulated by
O-GlcNAcylation and illustrates the increasingly complex relation-
ship between O-GlcNAcylation and phosphorylation.
2. Materials and methods

2.1. OGT in vitro labeling

The Panorama Human Kinase v1 Array (HPFM3 Sigma, Saint
Louis, USA) was used as substrate for the in vitro OGT assay. This
array contains a set of 152 full-length human kinases tagged with
a biotin-carboxyl carrier protein (BCCP) and a c-Myc tag. First, the
slides were blocked with 2% BSA in 50 mM Tris–HCl, pH 7.2 (block-
ing buffer) for 20 min. The prokaryotic expression vector encoding
full-length human OGT [20] was a kind gift of Dr. Suzanne Walker
(Harvard Medical School, Boston, MA). Human OGT was expressed
and purified as described previously [21]. The in vitro OGT assay
was performed on the array slides using 2 lg of recombinant
OGT and 10 lCi of UDP-[3H]-GlcNAc in 120 ll assay buffer
(50 mM Tris–HCl, pH 7.2, 0,1% BSA) covered with cover slips for
2 h at room temperature in a humid chamber. Subsequently, slides
were washed with 0.5% NP-40 in assay buffer, followed by incuba-
tion with anti-c-Myc-Cy3 conjugate, as suggested by the manufac-
turer’s instructions. The arrays were washed, dried, and scanned
for Cy3 (Ex 550 nm/Em 570 nm) on a Typhoon 9400 laser scanner
(GE Healthcare, Munich, Germany) to determine protein levels.
Then, the slides were exposed to a 3H-sensitive storage phosphor
screen (GE Healthcare, Munich, Germany) for one month. The stor-
age phosphor screen was scanned on a Typhoon 9400 laser scan-
ner, and the results were analyzed using Genepix Pro 3.0
software (Molecular Devices Corporation, Sunnyvale, USA). We
used several negative spots consisting of BCCP-Myc or beta-galac-
tosidase-BCCP-Myc to normalize the amount of background 3H
labeling. We discarded the results of samples with anti-myc-Cy3
signals lower than the lowest negative control spot or when we ob-
serve background problems. We considered the sample to be valid
only when all four replicate spots displayed the same trend. Ki-
nases are defined as O-GlcNAcylated when exhibiting a signal
greater than 150% of the O-GlcNAcylation signal/protein levels ob-
served on negative controls. The O-GlcNAcylation levels (GL) were
arbitrarily classified as very high (+++, GL > 3.0); high (++,
3.0 > GL > 2.0); or positive (+, 2.0 > GL > 1.5).

2.2. Cell culture

HEK293A cells were grown in Dulbecco’s modified Eagle’s
medium (25 mm glucose; Mediatech) containing 10% (v/v) fetal
bovine serum (Gemini Bio-Products) and penicillin/streptomycin
(Mediatech). When indicated, cells were incubated with 10 lm
NAG-thiazoline overnight before harvesting.

2.3. Plasmids and cell transfection

HEK293A cells were transfected with plasmid DNA using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. The human ERK-5 and S6LK cDNAs were obtained
from the ATCC and subcloned into the pEF-HA mammalian expres-
sion plasmid[22]. The PKC-f-Flag mammalian expression plasmid
was purchased from Addgene.
2.4. Immunoprecipitation and immunoblots

Cells were washed with PBS and collected into lysis buffer (0.5%
Nonidet P-40 (Sigma) in 25 mM Tris–HCl, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1 mM PMSF, and 1 lM PUGNAc with protease cocktail
inhibitors). Lysates were sonicated, centrifuged to remove debris,
and immunoprecipitations were performed with anti-HA antibody
(12CA5 Roche Applied Science) or anti-Flag antibody (Sigma). The
immunoprecipitates were washed and then eluted for immunoblot
analysis. Samples were separated on SDS–polyacrylamide gels
(Bio-Rad), and electroblotted to nitrocellulose (Bio-Rad). The
immunoblots were first probed for O-GlcNAc RL-2 (Novus). Then,
the immunoblots were stripped and reprobed with anti-HA (Cov-
ance) or anti-Flag (Sigma) antibodies to detect the protein levels.
3. Results

3.1. Many kinases are in vitro substrates for OGT

The protein array (HPFM3; Sigma) contains a set of 152 full-
length human kinases printed in quadruplicate and fused to bio-
tin-carboxyl carrier protein (BCCP). Thus, the printed kinases are
not sterically or functionally hindered and are freely available as
substrate for OGT. A c-Myc tag is incorporated into all protein ki-
nases on the array slides for quantifying protein levels (Fig. 1A).
Using UDP-[3H]-GlcNAc as the donor, we performed an in vitro
OGT assay directly on the protein array slides to radiolabel any ki-
nases that are good OGT substrates (Fig. 1B). BCCP-myc served as a
negative control (yellow box in Fig. 2). We only analyzed the ki-
nases with anti-c-myc-Cy3 signals higher than the lowest negative
control spot and all four replicate spots displayed the same trend.
As a result, we discarded results from 33 kinases that displayed
lower anti-c-myc-Cy3 signals than negative controls (green boxes
in Fig. 2), since low protein levels often lead to unreliable results.
In addition, we discarded 11 kinases that contained background
issues, interfering with proper signal measurement. Out of 108 ki-
nases analyzed, we identified 42 kinases that were O-GlcNAcylated
(blue boxes in Fig.2), representing 39% of the total assayed. 66 ki-
nases were not good in vitro substrates for OGT (red boxes in Fig.2).
In our screen, 40 kinases previously unknown to be O-GlcNAcylat-
ed were identified as substrates for OGT. Two kinases previously
shown to be O-GlcNAcylated, CaMKIV[4] and casein kinase II[23],
were also identified in this assay (Table 1).

3.2. Selected kinases are O-GlcNAcylated in vivo

The O-GlcNAcylation levels (GL) of kinases were arbitrarily clas-
sified as very high (+++, GL > 3.0); high (++, 3.0 > GL > 2.0); or posi-
tive (+, 2.0 > GL > 1.5). To validate the screen, we confirmed the O-
GlcNAcylation of three selected kinases (one from each GL group),
including protein kinase C zeta (PKC-f), extracellular regulated ki-
nase 5 (ERK-5), and ribosomal protein S6 kinase-like 1 (S6LK). We
over-expressed these kinases in HEK293A cells and treated the
cells with the O-GlcNAcase inhibitor NAG-thiazoline in order to in-
crease total cellular O-GlcNAc levels. As expected, all three kinases
immunoprecipitated were confirmed to be O-GlcNAcylated in vivo
and the O-GlcNAc levels were responsive to NAG-thiazoline treat-
ment (Fig. 3).
4. Discussion

Dynamic PTMs control virtually all cellular events. O-GlcNAcy-
lation and phosphorylation are perhaps amongst the two most
abundant regulatory PTMs in cells and share many similarities.
Both PTMs occur on Ser/Thr, are extremely dynamic, and can
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Fig. 1. Strategy to identify O-GlcNAcylation of human kinases using recombinant OGT. (A) All kinases were fused to a carrier protein and present a myc-tag for quantifying
protein levels. (B) The protein array containing 152 kinases spotted in quadruplicate was incubated with recombinant human OGT and UDP-[3H]-GlcNAc. After washing, the
array was incubated with anti myc-Cy3 antibody to quantify the protein levels and then exposed to a 3H-sensitive storage phosphor screen to quantify the O-GlcNAcylation
levels.
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Fig. 2. OGT modifies several kinases in vitro. The left panel shows the protein levels after scanning the array for Cy3 labeling. The right panel shows the O-GlcNAcylation levels
after scanning the array for 3H labeling. The enlarged regions show the O-GlcNAcylation and protein levels of a few of the kinases in detail. The positive O-GlcNAcylated
kinases were classified as very high (dark blue); high (blue); or positive (light blue), see detail in Materials and Methods section.
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modulate protein function, interaction, and localization. In terms
of site occupancy, O-GlcNAcylation and phosphorylation may block
each other if occurring on the same site or at proximal sites via ste-
ric hindrance. Recently, our group showed that O-GlcNAcylation
modulates Tyr608 phosphorylation in IRS-1 [24], indicating that
interplay between these PTMs at the substrate level is not limited
to Ser and Thr residues. In addition, O-GlcNAcylation and tyrosine
phosphorylation of prohibitin indicate a novel binary switch [25].



Table 1
List of identified GlcNAcylated kinases.

Kinase NCBI Protein GlcNAcylation/protein Relative GlcNAcylationa

Cell cycle related kinase AAH02655 6.97 +/� 0.077 +++
H11 AAH02673 4.26 +/� 0.007 +++
Ribosomal protein S6 kinase-like 1 AAH04540 3.97 +/� 0.023 +++
AAK1 AAH02695 3.71 +/� 0.038 +++
Ezrin-binding partner PACE-1 AAH14662 3.07 +/� 0.042 +++

PCTAIRE protein kinase 1 AAH06190 2.51 +/� 0.038 ++
Casein kinase 2 AAH11668 2.50 +/� 0.024 ++
ERK-5 AAH30134 2.47 +/� 0.151 ++
Serine/threonine kinase 17b AAH16040 2.38 +/� 0.109 ++
PTK9 protein tyrosine kinase 9 AAH22344 2.23 +/� 0.025 ++
Chromosome 20 orf 97 AAH27484 2.19 +/� 0.020 ++
CaMKIV AAH16695 2.16 +/� 0.123 ++
MAP3K6 AAH15914 2.11 +/� 0.084 ++
p21(CDKN1A)-activated kinase 4 AAH02921 2.07 +/� 0.072 ++

Pyruvate kinase; liver and RBC AAH25737 1.95 +/� 0.025 +
Serine/threonine kinase 33 AAH31231 1.94 +/� 0.086 +
serine/threonine kinase 11 AAH07981 1.90 +/� 0.282 +
PX domain containing ser/thr kinase AAH14479 1.82 +/� 0.064 +
SFRS protein kinase 1 AAH38292 1.78 +/� 0.102 +
SRC AAH11566 1.73 +/� 0.073 +
AURKB AAH00442 1.72 +/� 0.041 +
RIO kinase 2 AAH00953 1.69 +/� 0.085 +
Protein kinase D2 AAH25307 1.67 +/� 0.043 +
STK24 AAH35578 1.67 +/� 0.057 +
STK25 AAH-7852 1.65 +/� 0.025 +
MAP2K3 AAH32478 1.64 +/� 0.024 +
SNARK AAH17306 1.64 +/� 0.189 +
serine/threonine kinase 22D AAH22515 1.62 +/� 0.042 +
PLK AAH02369 1.61 +/� 0.076 +
Serine/threonine kinase 16 AAH02618 1.60 +/� 0.051 +
RIO kinase 3 AAH39729 1.60 +/� 0.051 +
CaMKK beta AAH19070 1.60 +/� 0.068 +
Pim-1 oncogene AAH20224 1.59 +/� 0.132 +
CDK2 AAH03065 1.58 +/� 0.066 +
MAPK 14 AAH00092 1.58 +/� 0.086 +
v-aht-homolog 1 AAH00479 1.54 +/� 0.071 +
Bromodomain containing 3 AAH32124 1.54 +/� 0.098 +
DYRK2 AAH05809 1.53 +/� 0.023 +
Protein kinase C; zeta AAH08058 1.51 +/� 0.072 +

Kinases in bold font were selected for in vivo confirmation.
a very high (+++), high (++), positive (+) O-GlcNAcylation levels.
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Under certain conditions, OGT associates with protein phosphatase
1 (PP1), indicating that a single enzyme complex can remove
phosphate and add an O-GlcNAc residue on some proteins [26].
Alternatively, O-GlcNAcase interacts with CaMKIV upon ionomycin
stimulation, providing an enzyme complex that can remove O-Glc-
NAc and add a phosphate [4]. During cytokinesis, OGT, O-GlcNA-
case, Polo-kinase and PP1 form a protein complex [11].

O-GlcNAcylation and phosphorylation also appear to dynami-
cally modulate the enzymes controlling each other’s cycling on
polypeptides. Both OGT and O-GlcNAcase are phosphorylated.
While phosphorylation by the insulin receptor [27] and CaMKIV
[28] activates OGT, the consequence of O-GlcNAcase phosphoryla-
tion remains unclear [29]. However, growing evidence indicates
that regulation of kinases by OGT plays an important role in the
crosstalk between these PTMs. Recently, we established that O-
GlcNAcylation directly regulates the kinase activity of CaMKIV
[4]. It is likely that similar results will be found for other kinases.
Thus, we performed a screen to identify potential O-GlcNAcylated
kinases. Of 108 kinases analyzed, we identify 42 kinases that are
O-GlcNAcylated. Of note, two of the 42 O-GlcNAcylated kinases
identified are already known to be O-GlcNAcylated. We believe
that the low number of previously known O-GlcNAcylated kinases
is due to fact that individual kinases are not usually abundantly or
ubiquitously expressed.
Although O-GlcNAcylation and phosphorylation are similar in
several aspects, an important difference must be noted. While
there are �500 kinases and �150 phosphatases that regulate phos-
phorylation in humans, only OGT and O-GlcNAcase catalyze O-Glc-
NAc cycling. Growing evidence indicate that OGT and O-GlcNAcase
dynamically and specifically modify hundreds of proteins using
interacting partners [30,31] to form transient complexes to regu-
late their specificity, in a process similar to that used by Ser/Thr
phosphatases[32]. Taken together, we showed that 39% of kinases
analyzed are O-GlcNAcylated in vitro. In addition, we validated our
screen showing that three selected kinases are O-GlcNAcylated
in vivo. The O-GlcNAcylation of other kinases should be confirmed
in vivo and further studies should be performed in order to deter-
mine the biological functions of this PTM on each target. We also
cannot rule out the negative samples in this screen as non-sub-
strate kinases since other transient interactions with OGT may
direct OGT activity toward these kinases.

While these 42 identified kinases belong to many different
cellular pathways, the majority of them are also related to cancer.
Several groups have recently published reports showing that
O-GlcNAcase is down regulated, while O-GlcNAc and OGT are
elevated in various cancers when compared to normal tissues
[33–36]. Our results indicate that the crosstalk of these two major
PTMs is very complex and opens a vast field to explore the



WB:

HA FLAGWB:

O-GlcNAc

IgG

NAGT
NEG

+-
ERK-5 S6LK PKC-

+- +- +-

NAGT

NEG

+-

ERK-5 S6LK PKC-

+- +- +-

Fig. 3. Selected kinases are O-GlcNAcylated in vivo. Lysates from HEK293 cells
transfected with empty HA plasmid, ERK5-HA, S6LK1-HA, PKC-f-Flag were imuno-
precipitated for HA or Flag tags. When indicated, the cells were treated with NAG-
thiazole overnight.

228 W.B. Dias et al. / Biochemical and Biophysical Research Communications 422 (2012) 224–228
importance of kinase O-GlcNAcylation in different cell signaling
events and metabolic diseases as cancer, diabetes, and Alzheimeŕs
disease.
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