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Abstract The modification of nuclear, mitochondrial, and

cytoplasmic proteins by O-linked b-N-acetylglucosamine

(O-GlcNAc) is a dynamic and essential post-translational

modification of metazoans. Numerous forms of cellular

injury lead to elevated levels of O-GlcNAc in both in vivo

and in vitro models, and elevation of O-GlcNAc levels

before, or immediately after, the induction of cellular injury

is protective in models of heat stress, oxidative stress,

endoplasmic reticulum (ER) stress, hypoxia, ischemia

reperfusion injury, and trauma hemorrhage. Together, these

data suggest that O-GlcNAc is a regulator of the cellular

stress response. However, the molecular mechanism(s) by

which O-GlcNAc regulates protein function leading to

enhanced cell survival have not been identified. In order to

determine how O-GlcNAc modulates stress tolerance in

these models we have used stable isotope labeling with

amino acids in cell culture to determine the identity of

proteins that undergo O-GlcNAcylation in response to heat

shock. Numerous proteins with diverse functions were

identified, including NF-90, RuvB-like 1 (Tip49a), RuvB-

like 2 (Tip49b), and several COPII vesicle transport proteins.

Many of these proteins bind double-stranded DNA-depen-

dent protein kinase (PK), or double-stranded DNA breaks,

suggesting a role for O-GlcNAc in regulating DNA damage

signaling or repair. Supporting this hypothesis, we have

shown that DNA-PK is O-GlcNAc modified in response to

numerous forms of cellular stress.
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Abbreviations

Carm1 CK II Casein kinase II

DNA-PK DNA-dependent protein kinase

DMSO Dimethylsulfoxide

DON 6-diazo-5-oxonorleucine

GAPDH Glyceraldehyde-3-phosphate

dehydrogenase

FBS Fetal bovine serum

HSP Heat shock protein

MEFs Mouse embryonic fibroblasts

O-GlcNAc Monosaccharides of O-linked b-N-

acetylglucosamine

O-GlcNAcase O-GlcNAc hexosaminidase

(EC 3.2.1.52)

OGT: UDP-GlcNAc Polypeptide O-b-N-acetylglucosa-

minyltransferase (EC 2.4.1.94)

PBS Phosphate-buffered saline

PUGNAc O-(2-acetamido-2-deoxy-D-

glucopyranosylidene)

amino-N-phenylcarbamate

TBS Tris-buffered saline
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Introduction

The addition of monosaccharides of O-linked b-N-acetyl-

glucosamine to Ser and Thr residues (O-GlcNAc) of

nuclear, mitochondrial, and cytoplasmic proteins is one of

a growing number of post-translational modifications

thought to mediate cellular function (Hart et al. 2007). O-

GlcNAc regulates protein function in a manner analogous

to protein phosphorylation by changing the localization of

proteins, regulating protein–protein or protein-DNA inter-

actions, altering the half-life of proteins, and altering the

activity of proteins (Hart et al. 2007). Like phosphoryla-

tion, O-GlcNAc levels change rapidly and dynamically in

response to many signals, including morphogens, the cell

cycle, development, extracellular glucose concentrations,

and numerous forms of cellular stress (Hart et al. 2007).

Notably, O-GlcNAc and phosphorylation may compete for

the same amino acids on some key cellular proteins,

including the large sub-unit of RNA polymerase II, endo-

thelial nitric oxide synthase, the c-Myc proto-oncogene,

estrogen receptor-b, and SV-40 large T-antigen (Chou

et al. 1995; Comer and Hart 1996; Tallent et al. 2009). In

support of a complex relationship between O-GlcNAc and

phosphorylation (Chou et al. 1995; Comer and Hart 1996;

Griffith and Schmitz 1995, 1999; Kamemura and Hart

2003; Lefebvre et al. 1999, 2003; Musicki et al. 2005;

Tallent et al. 2009; Wang et al. 2008, 2007), elevating O-

GlcNAc levels results in decreased phosphorylation at 148

sites (and elevated on 280) (Wang et al. 2008), and at the

midbodies of cells over-expressing the O-GlcNAc trans-

ferase 68 peptides showed decreased phosphorylation

(Wang et al. 2007, 2010a, 2010b).

Growing evidence suggests that O-GlcNAc is a novel

regulator of the cellular stress response (Champattanachai

et al. 2007; Chatham et al. 2008; Cheung and Hart 2008;

Fulop et al. 2007a, b, c; Guinez et al. 2008; Jones et al.

2008; Laczy et al. 2009; Liu et al. 2007, 2006; Ngoh et al.

2009; Ngoh and Jones 2008; Ngoh et al. 2008; Ohn et al.

2008; Sohn et al. 2004; Yang et al. 2006; Zachara and Hart

2004a, b, 2006; Zachara et al. 2004). In response to

numerous forms of cellular stress or injury, O-GlcNAc

levels are dynamically elevated in both in vitro and in vivo

models. Moreover, elevating levels of O-GlcNAc before or

after the induction of cellular injury protects both cells and

tissues (Champattanachai et al. 2007; Chatham et al. 2008;

Cheung and Hart 2008; Fulop et al. 2007a, b, c; Guinez

et al. 2008; Jones et al. 2008; Laczy et al. 2009; Liu et al.

2007, 2006; Ngoh et al. 2009; Ngoh and Jones 2008; Ngoh

et al. 2008; Ohn et al. 2008; Sohn et al. 2004; Yang et al.

2006; Zachara and Hart 2004a, b, 2006; Zachara et al.

2004). These data support previous studies demonstrat-

ing the importance of glucose uptake into cells, and

subsequent conversion to UDP-GlcNAc (the donor sugar

for O-GlcNAc) through the hexosamine biosynthetic

pathways in diverse stress models (Heilig et al. 2003;

Hoorens et al. 1996; Loberg et al. 2002; Malhotra and

Brosius 1999; Moley and Mueckler 2000; Pang et al.

2002), as well as data showing that glucosamine also

promotes survival in some models of tissue/cell injury

(Champattanachai et al. 2007, 2008; Chatham et al. 2008;

Not et al. 2007; Yang et al. 2006). Taken together, these

data suggest that O-GlcNAc is a key post-translational

modification employed by cells and whole animals to

rapidly respond to, and survive, stress.

Numerous pathways appear to be modulated by

O-GlcNAc in a manner that would promote cell survival,

including (1) HSP expression (Zachara et al. 2004); (2)

protein solubility (Cheung and Hart 2008; Lim and Chang

2006); (3) cytosolic Ca2? influx (Liu et al. 2007, 2006;

Nagy et al. 2006);(4) calpain activity (Liu et al. 2007); (5)

p38 MAP kinase phosphorylation (Fulop et al. 2007b); (6)

circulating IL-6 and TNF-a levels (Liu et al. 2006; Yang

et al. 2006; Zou et al. 2007); and (7) maintenance of

mitochondrial membrane potential, which is possibly

dependent on VDAC (Jones et al. 2008). However, it is

unclear at a molecular level how O-GlcNAc regulates these

pathways and what additional proteins/pathways are regu-

lated by stress-induced O-GlcNAcylation.

To gain a greater understanding of the pathways and

mechanisms by which the addition of O-GlcNAc to

nuclear, cytoplasmic, and mitochondrial proteins alters

cellular pathways, we have identified proteins that are

dynamically O-GlcNAc modified in response to heat stress.

Interestingly, these data not only highlight expected roles

for O-GlcNAc in regulating transcription and nuclear

transport, but also possible roles for O-GlcNAc in regu-

lating unexpected processes such as vesicle transport,

microRNA processing, DNA damage repair, and protein

arginine methylation.

Methods

Reagents and antibodies

The following antibodies were used in this study: CTD110.6,

AL28 (Anti-OGT), anti-Actin (SIGMA–Aldrich; A-5060),

anti-aTubulin (SIGMA–Aldrich; T-5168), anti-NF-90 (BD

Transduction laboratories; D39920), anti-NF-90 (Gift),

anti-NF45 (Gift), anti-Sec24 (Gift), anti-p125i (Gift),

Anti-Carm1 (Upstate; 07-080), Anti-WNK1 (Santa Cruz

Biotechnology; SC-28897), Anti-WNK1 (Cell Signaling

Technology; 4979), anti-Tip49a (Gift), anti-Tip49a (Santa

Cruz), anti-Tip49b (Gift), anti-Tip49b (Abcam), Anti-DNA-

PK (Calbiochem; PC127), Anti-DNA-PK (Calbiochem;

NA57), Anti-HSP 70 (Stressgen Bioreagents; SPA-810),
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Anti-HSC70 (Santa Cruz Biotechnology; SC-7298),

mAb414 (Nuclear Pore Proteins; gift), Anti-SOD1 (Santa

Cruz Biotechnology; SC-11407), and Anti-SOD2 (Santa

Cruz Biotechnology; SC-30080). PUGNAc was from Tor-

onto Research Biochemicals; Doxorubicin and Bleocin were

from Merck. All other chemicals were of the highest grade.

Cell culture and treatments

Typically, Cos-7 cells were plated at 5 9 105 cells per

100 mm plate in DMEM (1 g/l glucose), 10% FBS and

Pen/Strep and maintained in a humidified incubator at 37�C

with 5% CO2. 36 h post-plating media was replaced, and

48 h post-plating cell stress treatments were initiated. Cells

were heat-stressed at 45�C for 1 h, and recovered at 37�C

for the indicated length of time (typically 1 h). Unless

otherwise noted, Cos-7 cells were treated as follows:

sodium chloride (100 mM, 6 h), PUGNAc (50 lM, 8 h),

Doxorubicin (2 lM, 4 or 8 h), H2O2 (500 lL, 6 h),

bleocin (2.5 lg/ml, 6 h), and Tunicamycin (25 lg/ml,

18 h).

Stable isotope labeling with amino acids in cell culture

SILAC labeling

Cos-7 cells (ATCC) were passaged six times in DMEM

(4.5 g/l glucose), 10% v/v FBS and Pen/Strep, supple-

mented with arginine (light), 13C6 L-arginine (medium), or
13C6

15N4 L-arginine (heavy) as previously reported (Harsha

et al. 2008). Cells (1 9 106) were seeded in 150 mM

(Corning) dishes 48 h prior to treatments. PUGNAc was

applied at 50 lM for 12 h prior to harvesting. Cells were

heat stressed at 45�C for 1 h, and recovered at 37�C for 1 h

before harvesting, as previously reported (Ibarrola et al.

2003; Ong et al. 2002; Wang et al. 2007).

Immunoprecipitations

Cells were washed with ice-cold Phosphate-Buffered

Saline pH 7.4 (PBS; 137 mM NaCl, 2.7 mM KCl,

10 mM Na2HPO4, 2 mM KH2PO4, pH7.4) and removed

from plates by scraping. Cell pellets were stored at

-70�C until extraction. Total nuclear and cytoplasmic

extracts were made as previously reported. Equal protein

(11 mg) from each sample (control, heat shocked and

PUGNAc) was combined (total protein 33 mg). O-Glc-

NAc-modified proteins were purified using 1.5 mg of

anti-O-GlcNAc antibody, CTD110.6, coupled to CNBR-

activated agarose.

Protein extracts were incubated for 12 h at 4�C with

mixing. Unbound proteins were re-precipitated with

1.5 mg of anti-O-GlcNAc antibody for an additional 8 h.

Proteins bound to CTD110.6 were washed with 15 col-

umn volumes of wash buffer (50 mM Tris pH8.0,

200 mM NaCl, 0.5 mM EDTA), followed by 15 column

volumes of 100 mM galactose in wash buffer. Proteins

were eluted from CTD110.6 using five column volumes

of 1 M GlcNAc in wash buffer. Elution’s from the first

and second CTD110.6 immunoprecipitation were com-

bined and then precipitated with 10 volumes of ice-cold

methanol. Proteins were resuspended in SDS–PAGE

sample buffer and separated on a 16-cm 7.5% discontin-

uous SDS–PAGE gel before being stained with coom-

massie G250.

Mass spectrometry

Protein bands were excised and digested with trypsin as

described previously (Amanchy et al. 2005). Briefly, pro-

teins were reduced and alkylated in gel, before being

trypsinized overnight at 37�C. Tryptic peptides were

extracted from the gel and concentrated in a vacufuge to

approximately 10 ll.

Peptides were analyzed by reversed-phase liquid

chromatography tandem mass spectrometry (LC–MS/

MS). Using an 1100 Series CapLC system (Agilent

Technologies, Palo Alto, CA) peptides were desalted on a

home-built trap column (12 lm C18 ODS-A (YMC Co,

Kyoto, Japan)) connected to an analytical column (5 lm

Vydac C18 resin, Nest Group, Southboro, MA). Peptides

were loaded and desalted at 4 ll/min: 95% mobile phase

A (0.4% v/v acetic acid and 0.005% v/v heptafluorobu-

tyric acid, v/v) and 5% mobile phase B (90% v/v ace-

tonitrile, 0.4% v/v acetic acid, and 0.005% v/v

heptafluorobutyric acid, v/v). Hereafter peptides were

eluted by changing the solvent composition to 40%

mobile phase A/60% mobile phase B, in 34 min at

300 nl/min. Eluted peptides were analyzed using a hybrid

quadrupole time-of-flight mass spectrometer (Micromass

Q-TOF US-API, Manchester, UK) equipped with an na-

noES source (Proxeon A/S, Odense, Denmark). MS/MS

data were queried against NCBInr Primates using Mascot

2.2 (MatrixScience, London, UK). The following variable

modifications were allowed: Acetyl (N-term), Glu-

[ pyro-Glu (N-term E), 13C6-Arg, 13C6
15N4-Arg, O-Glc-

NAc (ST), and Oxidation of methionines. All cysteines

were treated as being carbamidomethylated. Trypsin,

allowing for three missed cleavages, was used as enzyme

specificity. Mass accuracies of 1.15 Da for precursor

peptide ions and 0.15 Da for fragment ions were used. A

decoy search approach was taken and a peptide-based

false discovery rate of 2% was calculated. Calculation of

stable isotope labeling with amino acids in cell culture

(SILAC) ratios was conducted by manual inspection of

each peptide.
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Protein extractions and immunoprecipitations

Cells were washed with ice-cold PBS, harvested by

scraping, and stored at -70�C until extraction. Total

nuclear and cytoplasmic extracts were made as previously

reported. Extracts were diluted 1:1 with 1% v/v NP-40 in

TBS (10 mM Tris–HCl pH 7.5, 150 mM NaCl). Typically,

0.5 mg of total nucleocytoplasmic extract was incubated

with 1 lg of antibody for 18 h at 4�C with mixing. Extracts

were incubated for a further 2 h with protein A/G. Anti-

body/protein A/G complexes were washed with buffer

50 mM Tris pH 7.5, 175 mM NaCl, 0.5% v/v NP-40.

Proteins were released by incubation in SDS–PAGE buffer

at 100�C for 5 min. Proteins were separated by SDS–

PAGE on Criterion Tris–HCl gels (BIORAD) and blotted

to nitrocellulose. Typically, 20% of the precipitate (or the

IP from 100 lg) was loaded on gels. Blots were blocked

with 3% w/v milk in TBST (10 mM Tris–HCl pH 7.5,

150 mM NaCl, 0.05% v/v Tween-20).

Results

Numerous proteins are dynamically O-GlcNAc

modified in response to stress

In order to identify proteins that are O-GlcNAc modified

in response to stress, we used the SILAC method as

outlined in Fig. 1 (Ibarrola et al. 2003; Ong et al. 2002;

Wang et al. 2007). O-GlcNAc-modified proteins from

isotope labeled populations were enriched by an immu-

noprecipitatio step, before identification and relative

quantitation by mass spectrometry. Cos-7 cells were

adapted and grown in media containing normal L-arginine,
13C6 L-arginine (medium), or 13C6, 15N4 L-arginine argi-

nine (designated light, medium and heavy, respectively).

Cos-7 cells were treated with heat stress 45�C (1 h, 45�C)

and recovered for 1 h (medium) or PUGNAc (50 lM,

12 h; heavy). Cells grown in normal L-arginine were not

treated and served as a control. Consistent with our pre-

vious data, cells subjected to a heat stress displayed ele-

vated levels of O-GlcNAc, as did proteins isolated

from cells treated with PUGNAc (an inhibitor of the

O-GlcNAcase which removes O-GlcNAc). Equal protein

from each treatment was combined and precipitated twice

with CTD110.6, an O-GlcNAc specific antibody. To fur-

ther enhance the specificity of the immunoprecipitation,

the resin was washed in buffer containing 100 mM gal-

actose, and we only analyzed proteins that were com-

petitively eluted with 1 M GlcNAc in TBS. Proteins

eluted with GlcNAc were separated by SDS–PAGE,

stained with G250 coomassie (Fig. 2b), and analyzed

further by mass spectrometry.

Using this stringent approach, 51 proteins were identi-

fied (Supplemental Table 1, Supplemental Table 2) of

which 30 proteins contained peptides labeled by heavy

isotopes. 21 proteins were statically O-GlcNAcylated, and

15 were dynamically O-GlcNAcylated in response to heat

stress (Fig. 3; Table 1). Notably, several peptides appeared

to be modified by O-GlcNAc, although we unable to assign

which Ser/Thr residue was modified (Table 2; Supple-

mental Table 2). To confirm these data, and to ensure that

identified proteins were pulled out specifically, we immu-

noprecipitated non-labeled extract (Control, Heat Stressed,

and PUGNAc) with either a non-specific IgM or CTD110.6

and blotted for proteins of interest. As shown in Fig. 4,

proteins identified and quantified in the screen appear to

have been precipitated specifically.

Based on the quantitative results we divided the O-

GlcNAc-modified proteins into three groups: (1) O-Glc-

NAcylated in response to heat stress; (2) O-GlcNAcylated

but not in response to heat stress; and (3) not O-GlcNA-

cylated (Fig. 3). Proteins falling into group three do not

appear to be O-GlcNAc modified as the SILAC ratio is

unchanged in either the heat-stressed or PUGNAc-treated

group. Moreover, these proteins were not immuno-precip-

itated by CTD110.6 (Fig. 3) and O-GlcNAc was not

detected on these proteins by IP/Western Blot (Fig. 4). We

conclude that these proteins were isolated as they either

interact with an O-GlcNAc-modified protein, or alterna-

tively are present as they are highly expressed proteins in

the cell and are a contaminant. Changes in the levels of O-

GlcNAc on a protein could results from: (1) the O-Glc-

NAcylation status changing with stress; (2) The O-Glc-

NAcylation status of an interacting proteins changing with

stress; (3) The expression of a protein changed with stress;

or (4) the expression of an interacting glycoprotein

changing with stress. To confirm that the proteins identified

in this screen were O-GlcNAcylated in response to stress

(option 1), rather that changes in expression or protein–

protein interactions, a subset of the proteins were immu-

noprecipitated from non-labeled extract (Control, Heat

Stressed, and PUGNAc) with the appropriate antibody and

CTD110.6 was used to detect O-GlcNAc levels (Fig. 5;

Table 1). Immunoprecipitations were also performed with

either rabbit or mouse non-specific immunoglobulin (data

not shown) and the signals shown in Fig. 5 appear to be

specific.

Fifteen proteins isolated in the SILAC screen do not

appear to be O-GlcNAcylated in response to heat stress;

however, PUGNAc resulted in an increase in the SILAC

ratio on five of these proteins suggesting that OGT, RAE1,

NUP98, VP16, Sec23A and NUP54 are O-GlcNAcylated.

These data suggest that in spite of the apparent global

increase in O-GlcNAc levels in response to heat stress, not

every O-GlcNAcylated protein is a target of OGT during
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heat stress. The remaining proteins appear to fall into two

groups: Group 1 includes proteins such as Carm1, SEC24b,

p125i, WNK1, and a subset of nuclear pore proteins. Here

we observed significant changes in the SILAC ratio for

both heat-stressed and PUGNAc-treated cells suggesting

that the samples were O-GlcNAcylated and that the gly-

cosylation state responds to heat stress. Much of this data

was confirmed by IP/Western blot. Group 2 includes pro-

teins such as NF45 and a sub-set of nuclear pore proteins

which exhibited changed SILAC ratios, but data from

IP/Western blot showed little difference in O-GlcNAcyla-

tion in response to heat stress. Together these data suggest

that these proteins are likely associated with O-GlcNAcy-

lated proteins. To investigate the O-GlcNAcylation of

NF45, we immunoprecipitated NF45 and its binding part-

ner NF90. While NF90 appears O-GlcNAc modified, and

associated with numerous O-GlcNAcylated proteins, NF45

does not appear to be O-GlcNAc modified (Supplemental

Fig. 1). Interestingly, during our analysis we isolated

numerous peptides from the protein NICE-4. These pep-

tides fell into two groups, those in which there was no

change in the SILAC ratio, and those where we observed a

consistent increase in the SILAC ratio (Heat stress = 1.4

and PUGNAc = 1.7). These data suggest that there are two

isoforms of NICE-4, only one of which is O-GlcNAc

modified in response to stress. Alternatively, these data

suggest that there may be two populations of NICE-4, only

one of which is O-GlcNAc modified in response to stress.

Combine
IP with CTD110.6

elute proteins
with 1M GlcNAc

Precipitate proteins

7.5% SDS-PAGE gel
18cm resolving gel

Stain with coomassie G250

Cut out bands, in-gel digest

Mass spectrometry

L-Arginine
“light - control”

11mg nuclear &
cytoplasmic extract

13C6 L-Arginine
“medium - HS”

11mg nuclear &
cytoplasmic extract

13C6 15N4 L-Arginine
“heavy - PUGNAc”

11mg nuclear &
cytoplasmic extract

Confirm proteins by IP western blot

Fig. 1 SILAC strategy used in

this study
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For a number of proteins, such as Tip49a/b we were unable

to determine the O-GlcNAcylation status due to their

molecular weight (co-migrate with heavy chain), whereas

for others we were unable to obtain an antibody that

immunoprecipitated.

Turnover of O-GlcNAc on proteins appears different

As a control, one population of cells was treated with

PUGNAc (an inhibitor of the O-GlcNAcase) and as

expected this resulted in an increase in O-GlcNAc on many

of the proteins isolated in this screen (Fig. 2a). Interest-

ingly, the elevation in O-GlcNAc on different proteins

varied (Fig. 3; Table 1), and this was supported by

immuno-precipitation data (Figs. 4, 5). For some proteins

PUGNAc only resulted in a small (\twofold) increase

(Tubulin-b, WNK1, NUP54, and Zinc finger RNA binding

protein, Fig. 3), whereas large increases in O-GlcNAcyla-

tion were observed for proteins such as Sec24c (24-fold).

Possible interpretations of this data are that for proteins

with a low increase in O-GlcNAc in response to PUGNAc

treatment, (1) the protein is heavily populated by

O-GlcNAc and thus inhibiting O-GlcNAc has little effect;

or (2) the turnover of O-GlcNAc relative to the turnover of

the protein is low. For proteins where we observed a robust

increase in the level of O-GlcNAc in response to PUGNAc,

interpretations are: (1) the protein is barely O-GlcNAcy-

lated in basal conditions, and the fold increase is artificially

inflated; or (2) that O-GlcNAc is cycling quickly on these

proteins, and as such the addition of PUGNAc has a dra-

matic effect. Proteins involved in COPII vesicle transport

fall into this group showing a dramatic increase in the

levels of O-GlcNAc post-heat stress or PUGNAc treatment

(Fig. 5).

DNA dependent protein kinase is a target

of the O-GlcNAc transferase

Many of the proteins identified in this screen participate in

the DNA damage response or are phosphorylated during

DNA damage (Table 3). As O-GlcNAc levels are known to

increase in response to UV irradiation (Zachara et al.

2004), we investigated a role for O-GlcNAc in mediating

DNA damage. Previously, NF90 has been reported to bind

DNA-PK and while we were able to confirm this associa-

tion (Fig. 5), it was not reproducibly affected by either heat

stress or PUGNAc treatment (Ting et al. 1998). Interest-

ingly, there was a high-molecular-weight ‘‘O-GlcNAc-

responsive’’ band in the NF90 immunoprecipitation. To

determine if this band was O-GlcNAcylated DNA-PK, we

immunoprecipitated DNA-PK from control, heat-stressed

and PUGNAc-treated Cos-7 cells and observed O-GlcNAc

responsive bands that were competed away by free GlcNAc

(Fig. 6a). DNA-PK appears as a number of immunoreac-

tive bands, the source of which is unknown. Notably, O-

GlcNAcylation of DNA-PK also increased in response to

ER stress (Tunicamycin; Fig. 6b). We did not observe

increases in DNA-PK O-GlcNAcylation in response to

oxidative stress, osmotic stress, or DNA damage induced

by Bleocin (also known as Bleomycin which induces

double stranded DNA breaks). However, as we only

immunoprecipitated DNA-PK from one time point and

dose, we cannot conclude that DNA-PK is not O-GlcNA-

cylated in response to these forms of stress. We assume that

due to the very large molecular weight of DNA-PK

(460 kDa), this protein was not resolved well in the SDS–

PAGE gel and as such was not identified in the SILAC

screen. Unfortunately, both Bleocin and UV irradiation

result in cellular damage other than DNA breaks. To

determine if O-GlcNAc levels respond specifically to DNA

damage, Cos-7 cells were treated with Doxorubucin which

induces double stranded DNA breaks through inhibition of

Topoisomerase II. In Doxorubicin treated Cos-7 cells we

observed both increased and decreased levels in O-GlcNAc

(Fig. 6c). Interestingly, we and others have shown, that O-

GlcNAc levels can be elevated in response to stress

A B

Extract       Buffer

180 -

115 -

80 -

65 -

50 -

40 -

IP: GlcNAc

IB: CTD110.6

IB: CTD110.6
+ GlcNAc

180 -

115 -

80 -

65 -

180 -

115 -

80 -

65 -

C
on

tr
ol

H
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ho
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P
U

G
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A
c

C
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bi
ne

d
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A

B
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A
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A
c

Fig. 2 Samples used in the SILAC study. a 20 lg of isotope labeled

extract (control, heat-stressed, PUGNAc-treated), or the combined

extract, were separated by SDS–PAGE and O-GlcNAc levels were

detected with CTD110.6. As a control, CTD110.6 was competed

away with 100 mM GlcNAc. b Proteins eluted from the CTD110.6

immunoprecipitate were separated by SDS–PAGE and detected with
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followed by an decline (Jones et al. 2008). Together these

data suggest that O-GlcNAc levels change in response to

DNA damage and that O-GlcNAc may regulate the repair

of DNA damage through modification of DNA-PK.

Discussion

Recently, the modification of nuclear, cytoplasmic, and

mitochondrial proteins by O-GlcNAc has emerged as a

regulator of the cellular stress response (Champattanachai

et al. 2007; Chatham et al. 2008; Cheung and Hart 2008;

Fulop et al. 2007a, b, c; Guinez et al. 2008; Jones et al.

2008; Laczy et al. 2009; Liu et al. 2007, 2006; Ngoh

et al. 2009; Ngoh and Jones 2008; Ngoh et al. 2008; Ohn

et al. 2008; Sohn et al. 2004; Yang et al. 2006; Zachara and

Hart 2004a, b, 2006; Zachara et al. 2004). In response to

diverse forms of cellular injury, O-GlcNAc levels are

dynamically upregulated on myriad of proteins. Moreover,

increasing the O-GlcNAc modification before or after cel-

lular injury appears to regulate the ability of cells to survive

a lethal insult. Given that O-GlcNAc appears to protect cells

in models of heat stress, hypoxia, oxidative stress, ischemia

reperfusion injury, and trauma hemorrhage, it would appear

that O-GlcNAc is an integral component of the cellular

stress response (Champattanachai et al. 2007; Chatham

et al. 2008; Cheung and Hart 2008; Fulop et al. 2007a, b, c;

Guinez et al. 2008; Jones et al. 2008; Laczy et al. 2009; Liu

et al. 2007, 2006; Ngoh et al. 2009; Ngoh and Jones 2008;

Ngoh et al. 2008; Ohn et al. 2008; Sohn et al. 2004; Yang
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et al. 2006; Zachara and Hart 2004a, b, 2006; Zachara et al.

2004). In support of this hypothesis, we and others have

shown that O-GlcNAc can regulate the expression of heat

shock proteins—the sentinels of the stress response (Lim

and Chang 2006; Singleton and Wischmeyer 2008; Sohn

et al. 2004; Zachara et al. 2004). In order to determine how

O-GlcNAc mediates stress-tolerance at a molecular level,

we have identified proteins that are dynamically O-Glc-

NAc-modified in response to heat stress.

Using SILAC technology we have identified 15 proteins

that are dynamically O-GlcNAc modified (Tables 1, 3;

Fig. 3), and have validated these data by immunoprecipi-

tation and western blot (Figs. 4, 5). These proteins fall into

diverse groups, including proteins involved in DNA dam-

age, nuclear transport, transcriptional regulation, vesicle

transport, and microRNA biosynthesis (Table 3). Interest-

ingly, not every O-GlcNAc-modified protein appeared to

be a target of the O-GlcNAc transferase during heat stress

(Fig. 3). Recently, an independent study identified proteins

that were O-GlcNAc modified in response to trauma

hemorrhage. The overlap between O-GlcNAc-modified

proteins identified in each study is indicated in Table 1.

While some proteins are modified in response to both

forms of cellular injury, other proteins only appear O-

GlcNAcylated in response to one form of stress. While

further research needs to be performed, these data suggest

that different profiles of proteins are O-GlcNAcylated in

response to different injuries. Thus some O-GlcNAcylated

proteins may play a role in the central stress response

others may play more specific roles.

Two of the proteins identified in this SILAC screen were

Tip49a and Tip48b, which are components of many

nuclear complexes involved in chromatin remodeling (Jha

and Dutta 2009). Interestingly, Tip49b (also known as

reptin) is one component of the Polycomb group complex

PRC1. Polycomb group proteins repress transcription

though a number of mechanisms, one of which is methyl-

ation of histones. Notably, the polycomb group protein,

Supersexcombs has recently been shown to encode OGT.

O-GlcNAcylation appears important for the activity of the

PRC1 complex, of which Polyhomeotic (PH) appears to be

O-GlcNAc modified (Gambetta et al. 2009; Schwartz and

Pirrotta 2009; Sinclair et al. 2009). Tip49a and Tip48b are

also important for the DNA damage response at multiple

steps: (1) In association with Tip60, Tip49a appears

important for efficient autophosphorylation and acetylation

of the kinase ATM which not only phosphorylates H2AX

Table 2 O-GlcNAc modified peptides identified in this study

Protein Peptide

Zinc finger RNA

binding protein

AGYSQGATQYTQAQQTR

NUP214 LGELLFPSSLAGETLGSFSGLR

RAE1 KGGRTLQLPER

NUP214 ASSTSLTSTQPTK

Unassigned KVIITIQYQK

Triosephosphate

isomerase 1

MNGRKQSLGELIGTLNAAK

Sec24B SSPVVSTVLSGSSSTR

HCF1 VMSVVQTKPVQTSAVTGQASTGPVTQIIQTK

Unassigned ASQGVLRLLVQDR

Unassigned MSVAFPSARSR

IB: Actin

IB: Tubulin

IB: Tip49α

C HS P Ig CTD Ig CTD Ig CTD

Control 
Heat

Shock PUGNAcInput

IB: NF90

180 -

115 -

80 -

65 -

50 -

40 - IB: GlcNAc

IB: OGT

IB: Carm1

IB: Sec24

IB: p125i

IB: mAb 414 
(nuclear pore proteins)

IB: HSP70

180 -

115 -

80 -

65 -

50 -

40 -

IB: NF45

Fig. 4 Confirmation of proteins identified by the SILAC screen.

Control, heat-stressed, or PUGNAc-treated cells were immunopre-

cipitated with either CTD110.6 or control IgM covalently coupled to

cyanogen bromide activated Sepharose. Cell extract and immunopre-

cipitates were separated by SDS–PAGE and nuclear pore proteins

(mAb414), NF-90, NF45, Carm1, Sec24, p125i, Tip49a, OGT, Actin,

Tubulin, and HSP70 were detected by immunoblot
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but also promotes the induction of cell cycle checkpoints;

(2) termination of the DNA damage signal through

dephosphorylation of H2AX requires Tip49a; and (3)

remodeling of chromatin around DNA damage to promote

repair also requires Tip49a/b (Jha and Dutta 2009). Our

data has highlighted a possible role for O-GlcNAc in reg-

ulating the DNA damage response. In support of O-Glc-

NAc playing a role in stabilizing DNA after stress, we have

shown that O-GlcNAc levels respond to DNA damaging

agents such as Bleocin and Doxorubicin. Moreover,

DNA-PK is O-GlcNAc modified in response to various

forms of cellular stress.

We isolated several proteins that are associated with

protein methylation (though not in a PcG dependent man-

ner): Carm1 and NF90. Carm1 methylates arginine resi-

dues and this has been implicated in regulating both protein

function and chromatin structure though modification of

histones (Barr et al. 2009; Chen et al. 2002; Cheng et al.

2007; Cheung et al. 2008; El Messaoudi et al. 2006;

Scoumanne and Chen 2008; Wysocka et al. 2006). The
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Fig. 5 Numerous proteins

identified by the SILAC screen

are O-GlcNAcylated

dynamically in response to heat

stress. Individual proteins were

immunoprecipitated from

control, heat-stressed, or

PUGNAc-treated cells and the

levels of protein, or O-GlcNAc

were detected by immunoblot.

An immuno-precipitation

containing extraction buffer (B)

was performed with the

antibody of interest to confirm

that bands detected by

CTD110.6 did not arise from the

primary antibody. As a control,

CTD110.6 was competed away

with 100 mM GlcNAc. In cases,

such as NF-90, were numerous

O-GlcNAcylated proteins are

present the molecular weight of

the protein of interest is

indicated by an asterisk
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homolog of NF-90, ILF3, is thought to associate with

CARM1 and regulate its methyl transferase activity,

although the biological consequence of this interaction has

not been defined (Tang et al. 2000). Together, these data

suggest that O-GlcNAc may regulate transcription post

stress through regulating both the methylation and acety-

lation status of histones.

Monosaccharides of O-linked b-N-acetylglucosamine

may alter transcriptional profiles in a manner independent

of chromatin remodeling. Recently, two of the proteins

isolated from this study have been implicated in the

biogenesis of microRNAs: similar to gene trap ankyrin

repeat and NF90. While no role for O-GlcNAc in regula-

tion microRNA profiles has been defined, it has been

shown that various stressors including heat stress and

ischemia reperfusion injury results in profound changes in

the expression of micro RNA (Cheng et al. 2009; Kulsh-

reshtha et al. 2007a, b; Leung et al. 2006; Marsit et al.

2006; Phillips et al. 2007; Ren et al. 2009; Tang et al. 2009;

Xu et al. 2009, 2003; Yin et al. 2009, 2008). Moreover,

deletion of Argonaut a key protein in the biogenesis of

microRNAs makes cells more susceptible to various forms

of stress (Cheng et al. 2009; Tang et al. 2009; van Rooij

et al. 2007; Xu et al. 2003). This study suggests that a

complex network of proteins are modified and regulated by

O-GlcNAc in response to stress, and this study should

provide insight into the molecular basis of O-GlcNAc

mediated stress tolerance.
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Fig. 6 DNA-PK appears to be O-GlcNAc modified. a DNA-PK was

immunoprecipitated from control, heat-stressed, or PUGNAc-treated

Cos-7 cells. O-GlcNAc was detected by immunoblot. b DNA-PK

immunoprecipitated from cells treated sodium chloride (100 mM,

6 h), PUGNAc (50 lM, 8 h), H2O2 (500 lM 6 h), bleocin (2.5 lg/

ml, 6 h), and Tunicamycin (25 lg/ml, 18 h) was separated by SDS–

PAGE and O-GlcNAc and DNA-PK were detected by immunoblot.
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