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Abstract The attachment of O-linked b-N-acetylgluco-

samine (O-GlcNAc) to proteins is an abundant and

reversible modification that involves many cellular pro-

cesses including transcription, translation, cell prolifera-

tion, apoptosis, and signal transduction. Here, we found

that the O-GlcNAc modification pattern was altered during

all-trans retinoic acid (tRA)-induced neurite outgrowth

in the MN9D neuronal cell line. We identified several

O-GlcNAcylated proteins using mass spectrometric anal-

ysis, including a- and b-tubulin. Further analysis of a- and

b-tubulin revealed that O-GlcNAcylated peptides mapped

between residues 173 and 185 of a-tubulin and between

residues 216 and 238 of b-tubulin, respectively. We found

that an increase in a-tubulin O-GlcNAcylation reduced

heterodimerization and that O-GlcNAcylated tubulin did

not polymerize into microtubules. Consequently, when

O-GlcNAcase inhibitors were co-incubated with tRA, the

extent of neurite outgrowth was decreased by 20%

compared to control. Thus, our data indicate that the

O-GlcNAcylation of tubulin negatively regulates microtu-

bule formation.
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Abbreviations

O-GlcNAc O-Linked b-N-acetylglucosamine

tRA All-trans retinoic acid

PTM Post-translational modification

MAP Microtubule-associated protein

OGT O-GlcNAc transferase

OGA O-GlcNAcase

NButGT 1,2-Dideoxy-20-propyl-a-D-

glucopyranoso[2,1-d]-D2-thiazoline

PUGNAc O-(2-Acetamido-2-deoxy-D-

glycopyranosylidene)amino-N-

phenylcarbamate

ESI Electrospray ionization

2-DE Two-dimensional electrophoresis

sWGA Succinylated wheat germ agglutinin

CBB Coomassie Brilliant Blue

IgG HC Immunoglobulin heavy chain

Introduction

Microtubules are major elements of the cytoskeleton that

play essential roles in diverse cellular functions, including

vesicular trafficking, cytoplasmic organization, mainte-

nance of cell shape and polarity, and cell division (Wester-

mann and Weber 2003; Verhey and Gaertig 2007; Hammond

et al. 2008). The basic building blocks of microtubules are

a/b-tubulin heterodimers and their polymerization is both

highly dynamic and tightly regulated. The specific function

of microtubules is regulated through their association with

various regulatory proteins, the differential expression of

tubulin isotypes, and post-translational modifications

(PTMs). Microtubule-associated proteins (MAPs) bind to
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soluble a/b-tubulin heterodimers or microtubule surfaces.

The expression levels of tubulin isotypes vary and depend on

specific cell types or developmental stages. Both a- and

b-tubulin subunits are subjected to diverse PTMs including

acetylation, tyrosination, detyrosination, polyglutamylation,

and polyglycylation.

The attachment of O-GlcNAc on serine/threonine resi-

dues of nuclear and cytoplasmic proteins is one such PTM

(Hart et al. 2007). The addition and removal of O-GlcNAc on

proteins are catalyzed by O-GlcNAc transferase (OGT) and

O-GlcNAcase (OGA), respectively. OGT uses uridine

50-diphospho-N-acetylglucosamine (UDP-GlcNAc) as a

donor sugar, which is synthesized from glucose through the

hexosamine biosynthetic pathway (Love and Hanover 2005).

In addition, O-GlcNAc modifications are dynamically reg-

ulated in response to stress and nutrients (Marshall et al.

2004; Zachara et al. 2004; Kang et al. 2009; Yang et al. 2010).

Various proteins are known to be O-GlcNAcylated,

including the nuclear pore complex, transcription factors,

RNA-binding proteins, kinases, cytoskeletal proteins, and

metabolic enzymes (Lubas et al. 1995; Wells et al. 2002;

Hart et al. 2007). Cytoskeletal proteins, which are known to

be modified by O-GlcNAc, include cytokeratins (Chou

et al. 1992; Ku and Omary 1994), vimentin (Wang et al.

2007; Slawson et al. 2008), MAP2 and -4 (Ding and

Vandre 1996; Khidekel et al. 2004; Liu et al. 2004), and tau

(Arnold et al. 1996). O-GlcNAcylation sites have been

identified in some cases, but their functions are still

unclear. In addition, a- and b-tubulin have been reported to

undergo O-GlcNAcylation (Walgren et al. 2003; Wang

et al. 2007); however, direct evidence for this modification

on tubulin is insufficient and the function of tubulin

O-GlcNAcylation is not known.

MN9D is a dopaminergic neuronal cell line established

by the immortalization of mouse embryonic mesence-

phalic neurons by somatic cell fusion with neuroblastoma

cells (N18TG2; Choi et al. 1991). MN9D cells have

immature neuronal cell morphology, and, under certain

conditions such as all-trans retinoic acid (tRA) treatment,

these cells can begin neuronal cell differentiation and

sprout neurites (Castro et al. 2001). Neurite outgrowth

depends on both cytoskeletal organization and dynamics

(Gordon-Weeks 2004; Conde and Caceres 2009). Whereas

the actin cytoskeleton plays a crucial role in both filopodia

and lamellipodia at growing tip of neurites, microtubules

are reorganized into a bundle structure, which is required

for neurite extension (Mandell and Banker 1995). In

polarizing neuronal cells, these microtubule polymers

form at the centriole in the cell body and are transported

to neurites; simultaneously, tubulin polymerization occurs

at the plus ends of the microtubules in the growing tips

(Baas 1997).

Here, we identified O-GlcNAcylated proteins from

MN9D neuronal cells. We found that a- and b-tubulin were

modified with O-GlcNAc, and O-GlcNAcylated tubulin

peptides were analyzed by electrospray ionization (ESI)

Q-TOF. In addition, a-tubulin O-GlcNAcylation negatively

regulated tubulin dimerization and O-GlcNAcylated a- and

b-tubulin did not polymerized into microtubules. Further-

more, an increase in intracellular O-GlcNAcylation

reduced neurite outgrowth.

Materials and methods

Reagents and DNA plasmids

The following primary antibodies were used: anti-O-

GlcNAc (CTD110.6, Covance, Emeryville, CA); mouse

monoclonal anti-a-tubulin (DM1A, Sigma, St Louis, MO);

mouse monoclonal anti-b-tubulin (TUB 2.1, Sigma);

mouse monoclonal anti-FLAG (F 3165, Sigma); rabbit

polyclonal anti-FLAG (F 7425, Sigma); mouse monoclonal

anti-Myc (sc-40, Santa Cruz Biotechnology, Santa Cruz,

CA); and rabbit polyclonal anti-Myc (sc-789, Santa Cruz

Biotechnology). Both a- and b-tubulin DNA constructs

were prepared by polymerase chain reaction (PCR) using

cDNA from MN9D cells and tubulin isotype-specific

primers. Four a-tubulin isotypes (TA1, NP_035783; TA1B,

NP_035784; TA1C, NP_033474; and TA4, NP_033473)

were cloned into the HindIII and XbaI sites of the

p3XFLAG-CMV-7.1 vector (Sigma) and four b-tubulin

isotypes (TB2B, NP_076205; TB2C, NP_666228; TB3,

NP_075768; and TB6, NP_080749) were cloned into the

XhoI and XbaI sites of the pcDNA3.1-mycHis vector

(Invitrogen). Sequences of all plasmids were confirmed by

DNA sequencing. The mammalian expression vector

encoding an untagged form of OGT, pCMV-OGT, was

used for OGT over-expression in HEK293 cells.

Cell culture and drug treatment

MN9D cells were plated onto 25 lg/ml poly-D-lysine-

coated 100-mm dishes and maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with

10% fetal bovine serum (FBS) and 1% penicillin/strepto-

mycin in 10% CO2 at 37�C. Cells were treated with 10 lM

tRA (Sigma, St Louis, MO) and OGA inhibitors, PUGNAc

(Toronto Research Chemicals, Ontario, Canada) or

NButGT (kindly provided by Dr. Kwan Soo Kim, Yonsei

University, Seoul, Korea), both 100 lM. HEK293 cells

were maintained in DMEM supplemented with 10% FBS

and 1% penicillin/streptomycin in 5% CO2 at 37�C. Cells

were transfected with DNA constructs using Lipofectamine
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2000 (Invitrogen, Carlsbad, CA) according to the manu-

facturer’s instructions.

Cell lysis, two-dimensional electrophoresis (2-DE),

and Western blot

Cells were lysed on ice for 30 min in RIPA lysis buffer

[50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA,

0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40, 2 mM

NaF, and protease inhibitor cocktail (Roche Applied Sci-

ence, Germany)] and clarified at 12,0009g for 20 min.

Protein concentrations were determined by Bradford assay

(Bio-Rad, Hercules, CA). 2-DE was performed as previ-

ously described (Yang et al. 2006) using 7-cm Immobi-

lineTM Dry Strips, pH 3–10NL or pH 3–5.6NL (Amersham

Biosciences, Piscataway, NJ). For Western blotting, pro-

teins were transferred onto nitrocellulose membranes

(Amersham Biosciences) after SDS-polyacrylamide

electrophoresis (PAGE) and further analyzed as previ-

ously described (Yang et al. 2008). Specific spots were

visualized using enhanced chemiluminescence (Amersham

Biosciences).

Succinylated wheat germ agglutinin (sWGA) lectin

precipitation, immunoprecipitation, and in vitro binding

assay

Protein samples were gently mixed with agarose-

conjugated sWGA (Vector Laboratories, Burlingame, CA)

or primary antibody and Protein A SepharoseTM CL-4B

(Amersham Biosciences) for 2 h at 4�C. Precipitates were

washed four times with lysis buffer, eluted with 1% SDS,

and subjected to 2-DE. For FLAG- or Myc-tagged tubulin,

an EZviewTM Red Anti-FLAG M2 Affinity Gel (F 2426,

Sigma) or an agarose-conjugated Myc antibody (sc-40AC,

Santa Cruz Biotechnology) was used, and immunoprecip-

itates were eluted by boiling in 29 SDS sample buffer and

resolved by SDS-PAGE. For in vitro binding assays,

immunoprecipitates were incubated with protein samples

for 2 h at 4�C and washed as above. For denaturing con-

ditions, protein samples were adjusted to final concentra-

tions of 0.5% SDS and 5 mM DTT and boiled for 3 min as

previously described (Gambetta et al. 2009). Samples were

then diluted five times with NET lysis buffer (50 mM Tris–

HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet

P-40) and processed for further experiments.

Mass spectrometric analysis

Specific protein spots excised from the Coomassie Brilliant

Blue (CBB)-stained gel were digested with trypsin (Pro-

mega, Madison, WI) overnight at 37�C. For a- and

b-tubulin digestion, Asp-N (Roche Applied Science) and

chymotrypsin (Roche Applied Science) were used per the

manufacturer’s instructions. The resulting peptides were

extracted with 50% acetonitrile and dried in a Speed Vac

for further analysis. Mass spectrometry (MS) analysis was

performed on a QSTAR Pulsar Q-TOF MS (Applied Bio-

systems), equipped with a nano-electrospray ion sources

(Protana, Odense, Denmark) for peptide sequencing as

described previously (Yang et al. 2006).

Measurement of soluble and assembled tubulin

Separation between soluble and assembled tubulin was

performed as previously described (Minotti et al. 1991;

Wang et al. 2006). Briefly, cells were rinsed twice with

phosphate-buffered saline at room temperature and lysed

with taxol-containing microtubule stabilizing buffer

[20 mM Tris–HCl, pH 6.8, 140 mM NaCl, 0.5% Nonidet

P-40, 1 mM MgCl2, 2 mM EGTA, and 5 lM taxol (pac-

litaxel)]. After centrifugation at 12,0009g and 4�C,

supernatants containing soluble tubulin were transferred

into a new tube, and pellets containing polymerized tubulin

were rinsed with lysis buffer and combined with cyto-

skeletal remains collected in 1% SDS from the corre-

sponding wells. DNA was sheared by sonication. Equal

portions (e.g., 1%) of each fraction were subjected to SDS-

PAGE.

Measurement of neurite length

MN9D cells were plated onto 25 lg/ml poly-D-lysine-

coated 100-mm dishes and maintained in culture medium

for 3 days in the presence or absence of the indicated drug.

Cells from five to ten randomly selected areas were pho-

tographed using an Axiovert phase-contrast microscope

equipped with an Axiocam digital camera. Quantification

of neurite lengths was performed using an Axiovision

Image Analyzer (Carl Zeiss, Zena, Germany) as previously

described (Eom et al. 2005).

Statistical analysis

Compiled data are expressed as mean ± SD. We used the

two-tailed Student’s t test for statistical analysis

(*P \ 0.05, **P \ 0.01, and ***P \ 0.001).

Results

O-GlcNAcylation of tubulin exist in MN9D neuronal

cells

To examine whether O-GlcNAc modifications change

during neuronal differentiation, undifferentiated MN9D
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cells were treated with tRA for 3 days. 70–80% of MN9D

cells undergo morphological changes at 2 days, and the

total extent of neurites per cell reaches at 85–100 lm at

day 3 (Castro et al. 2001; Eom et al. 2005). As expected,

tRA-treated cells extended neurites as shown in Fig. 1a. To

detect O-GlcNAcylation, cellular lysates of control and

tRA-treated cells were subjected to 2-DE and then ana-

lyzed by Western blotting with an anti-O-GlcNAc antibody

(CTD110.6). As shown in Fig. 1b, total O-GlcNAcylation

patterns of MN9D cells were altered during differentiation;

some protein O-GlcNAcylation spots appeared to increase

while others seemed to decrease. To examine the function

of O-GlcNAcylation in neuronal cells, we identified

O-GlcNAcylated proteins from MN9D cells using agarose-

conjugated sWGA, which is a specific lectin for GlcNAc.

The sWGA precipitates were subjected to 2-DE, and pro-

tein spots were identified by MS (Fig. 1c). We found

several potentially O-GlcNAcylated proteins, including

a- and b-tubulin (Table 1).

To confirm that a- and b-tubulin are modified with

O-GlcNAc, we performed an immunoprecipitation assay

with anti-a- and b-tubulin antibodies. Because the molec-

ular weight of the immunoglobulin heavy chain (IgG HC)

is similar to that of tubulin, a- and b-tubulin were separated

from IgG HC by 2-DE and analyzed by Western blotting

with an anti-O-GlcNAc antibody. Both a- and b-tubulin

were detected as four spots and modified with O-GlcNAc

(Fig. 2). a- and b-tubulin are distinguishable from each

other because the theoretical isoelectric points (pIs) of the

a- and b-tubulin isotypes are in the range of pH 4.94–4.98

and pH 4.78–4.82, respectively.

All tubulin isotypes found in MN9D neuronal cells

are O-GlcNAcylated

We further examined which tubulin isotype is O-GlcNA-

cylated. a-Tubulin has six isotypes and b-tubulin has seven

isotypes in vertebrates, which are differentially expressed

both temporally and spatially. Therefore, we synthesized

cDNA from MN9D cells and amplified the tubulin genes

by PCR using tubulin isotype-specific primers. Four

a-tubulin isotypes (a1, a1b, a1c, and a4) and four b-tubulin

isotypes (b2b, b2c, b3, and b6) were cloned into FLAG-

and Myc-tagged vectors, respectively. These tubulin

isotypes were then co-expressed with OGT in HEK293

cells and immunoprecipitated with either an anti-FLAG

or an anti-Myc antibody. Western blotting with an anti-

O-GlcNAc antibody revealed that all tubulin isotypes were

modified with O-GlcNAc (Fig. 3), although the tubulin

isotypes differed at some amino acid sequences, especially

at the C-terminus. These results suggest that differences in

isotypes do not affect recognition by OGT.

O-GlcNAcylated peptides of tubulin are detectable

by MS

Next, we investigated the O-GlcNAc site(s) on both a- and

b-tubulin. a-Tubulin (a1b) and b-tubulin (b3) were co-

expressed with OGT in HEK293 cells and immunopre-

cipitated with an anti-FLAG or an anti-Myc antibody,

respectively. The immunoprecipitates were subjected to

SDS-PAGE and visualized with CBB staining. Tubulin

bands were excised from the gel and digested with both

Asp-N and chymotrypsin. The extracted peptides were

analyzed using ESI Q-TOF, and the O-GlcNAc peptides

were recognized by GlcNAc oxonium ion scanning. We

identified one O-GlcNAcylated peptide of a-tubulin

173–185 (PAPQVSTAVVEPY; Fig. 4a) and two O-GlcNA-

cylated peptides of b-tubulin 216–233 (KLATPTY

GDLNHLVSATM; data not shown) and 224–238 (DLN

HLVSATMSGVTT; Fig. 4b). These regions are conserved

Fig. 1 Nucleocytoplasmic O-GlcNAcylation is dynamically altered

during tRA-induced neuronal cell differentiation. a MN9D cells were

treated with tRA for 3 days, and the phase-contrast images were

obtained using an Axiovert microscope (Carl Zeiss, Jena, Germany)

(scale bar 50 lm). b Cellular O-GlcNAc modification patterns were

analyzed by 2-DE and Western blotting using an anti-O-GlcNAc

antibody. c O-GlcNAc modified proteins were precipitated using

agarose-conjugated sWGA and analyzed by 2-DE. Proteins were

stained with CBB, and the visible protein spots were identified using

ESI Q-TOF mass spectrometry
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among the tubulin isotypes. The putative O-GlcNAc site of

a-tubulin is either serine 178 or threonine 179, and these

sites map to the GTP-binding and dimerization region. This

result suggests that O-GlcNAcylation can affect tubulin

heterodimerization. The O-GlcNAc sites of b-tubulin are

one of the seven serine or threonine sites; however, we

were unable to determine the specific residue where

O-GlcNAcylation occurred.

O-GlcNAcylation on a-tubulin negatively regulates

dimerization

To examine the function of the tubulin O-GlcNAcylation,

we performed an in vitro binding assay. HEK293 cells

were transfected with DNA construct encoding either

FLAG-tagged a-tubulin or Myc-tagged b-tubulin. FLAG-

tagged a-tubulin was expressed under conditions that

increased intracellular O-GlcNAcylation after treatment of

Table 1 Potential

O-GlcNAcylated proteins

in MN9D cells

Protein name Accession # Mascot

score

Matched

peptide

O-GlcNAc

description

Nuclear pore complex glycoprotein p62 gi|1083437 752 27 Lubas et al. (1995)

Nucleoporin 54 gi|39930543 653 14 Wells et al. (2002)

C1 transcription factor gi|4098678 366 12 Khidekel et al. (2004)

a-Tubulin isotype M-alpha-2 gi|202210 364 11 Walgren et al. (2003)

PLIC-2 gi|6014493 224 6

Y box transcription factor gi|199821 147 5 Wang et al. (2007)

Tubulin, beta, 2 gi|13542680 124 4 Wang et al. (2007)

Psmd11 protein gi|20988514 70 2

Ddhd2 protein gi|28374267 63 2

p120 gi|53545 61 3

Fig. 2 Tubulin O-GlcNAcylation is confirmed using immunoprecip-

itation and Western blotting. Either a- or b-tubulin was purified from

MN9D cells using an anti-a- or an anti-b-tubulin antibody, respec-

tively. The immunoprecipitates were analyzed by 2-DE and Western

blotting using an anti-O-GlcNAc antibody. a a-Tubulin was detected

as four spots and modified with O-GlcNAc. b b-Tubulin was detected

as four spots and modified with O-GlcNAc

Fig. 3 O-GlcNAcylation occurs in all tubulin isotypes found in

MN9D cells. Both a- and b-tubulin isotypes were cloned from MN9D

cells, co-expressed with OGT in HEK293 cells, and analyzed by

immunoprecipitation and Western blotting. a FLAG-tagged a-tubulin

isotypes (a1, a1b, a1c, and a4) were purified and subjected to SDS-

PAGE. Specific bands were detected by anti-FLAG and anti-O-

GlcNAc antibodies (black arrow). b Myc-tagged b-tubulin isotypes

(b2b, b2c, b3, and b6) were purified and subjected to SDS-PAGE.

Specific bands were detected by anti-Myc and anti-O-GlcNAc

antibodies (black arrow). FLAG- and Myc-tagged tubulins have

higher molecular weights and are distinguishable from IgG HC

(asterisk)
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an OGA inhibitor or after OGT over-expression. After

immunoprecipitation with an anti-FLAG antibody, FLAG-

tagged a-tubulin was incubated with Myc-tagged b-tubulin.

The precipitates were resolved by SDS-PAGE and ana-

lyzed by Western blotting with anti-FLAG and anti-Myc

antibodies. The amount of Myc-tagged b-tubulin, which

was bound to FLAG-tagged a-tubulin, was analyzed using

densitometry. The amount of bound b-tubulin was

decreased in response to the increased O-GlcNAcylation of

a-tubulin (Fig. 5a). These results are consistent with the

mass analysis data that the O-GlcNAcylation of a-tubulin

occurs in the dimerization region.

Fig. 4 O-GlcNAcylated

peptides of tubulin were

identified using mass

spectrometry. FLAG-tagged

a-tubulin (a1b) or Myc-tagged

b-tubulin (b3) was co-expressed

with OGT in HEK293 cells and

immunoprecipitated using an

anti-FLAG or an anti-Myc

antibody, respectively. The

immunoprecipitates were

subjected to SDS-PAGE, and

specific bands were excised

from the gel. The a- and

b-tubulin bands were digested

with Asp-N and chymotrypsin

simultaneously, and the

extracted peptides were

analyzed using ESI Q-TOF.

O-GlcNAc bearing peptides

from both a- and b-tubulin were

detected by GlcNAc oxonium

ion scanning. a The Q-TOF

spectrum and sequencing results

of an O-GlcNAc peptide of

a-tubulin are shown. This

peptide corresponds to residues

173–185 (PAPQVSTAVVEPY)

at [M ? 2H]2? m/z 780.88.

b The Q-TOF spectrum and

sequencing results of an

O-GlcNAc peptide of b-tubulin

are shown. This peptide

corresponds to residues

224–238

(DLNHLVSATMSGVTT) at

[M ? 2H]2? m/z 874.92.

However, O-GlcNAcylation

sites were not precisely mapped
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We performed a reverse, in vitro binding assay; Myc-

tagged b-tubulin was expressed under conditions that

increased intracellular O-GlcNAcylation. The amount of

FLAG-tagged a-tubulin that was bound to Myc-tagged

b-tubulin was analyzed using densitometry. In contrast to

a-tubulin, the increase in O-GlcNAcylation of b-tubulin

did not affect its interaction with a-tubulin (Fig. 5b).

O-GlcNAcylated tubulin does not incorporate

into microtubules

To explore the influence of tubulin O-GlcNAcylation on

microtubule formation, we separated tubulin into soluble

and assembled pools. Using taxol-containing microtubule

stabilizing buffer, assembled tubulin remained as micro-

tubules during cell lysis. After the removal of the soluble

fraction, microtubules and other cytoskeletal proteins were

collected in 1% SDS-dissociation buffer. We first exam-

ined the distribution of O-GlcNAcylated tubulin by sWGA

precipitation. To prevent the precipitation of unmodified

proteins that interact with O-GlcNAcylated proteins, we

denatured the protein samples prior to sWGA precipitation.

The purified proteins were then subjected to SDS-PAGE,

and O-GlcNAcylated tubulin was detected by an anti-a-

or an anti-b-tubulin antibody. As shown in Fig. 6a,

O-GlcNAcylated a-tubulin was detected only in the soluble

fraction, which suggests that O-GlcNAcylated a-tubulin

does not incorporate into microtubules. This result is

consistent with our finding that O-GlcNAcylated a-tubulin

seemed to disturb a/b-tubulin heterodimerization. Inter-

estingly, O-GlcNAcylated b-tubulin was absent in the

assembled fraction (Fig. 6b), in which O-GlcNAcylation

did not affect heterodimer formation.

OGA inhibitor treatment reduces neurite outgrowth

Next, we investigated whether tubulin O-GlcNAcylation

affects neurite extension. Neurite outgrowth is largely

dependent on microtubule polymerization. To increase

cellular O-GlcNAcylation levels, we treated cells with an

OGA inhibitor, NButGT or PUGNAc. Co-treatment of

cells with OGA inhibitor and tRA resulted in an increase in

intracellular O-GlcNAcylation and a decrease in neurite

outgrowth. Neurite length was measured using an Axiovi-

sion Image Analyzer, and relative neurite length decreased

by 20% compared to tRA only-treated MN9D cells

(Fig. 7). These results indicate that the increase in the

amount of O-GlcNAcylated tubulin reduced microtubule

formation and resulted in decreased neurite outgrowth.

Discussion

In this study, we demonstrate that tubulin O-GlcNAcyla-

tion negatively regulates microtubule formation. We found

that both a- and b-tubulin were modified with O-GlcNAc

in MN9D neuronal cells and that tubulin O-GlcNAcylation

occurred regardless of tubulin isotype. We identified

O-GlcNAcylated peptides from both a- and b-tubulin, and

O-GlcNAc sites were located near the nucleotide-binding

region. In addition, O-GlcNAcylated tubulin appeared to

Fig. 5 O-GlcNAcylation on a-tubulin inhibits its interaction with

b-tubulin, but O-GlcNAcylation on b-tubulin does not. An in vitro

binding assay for a-tubulin (a1b) and b-tubulin (b3) was performed.

a FLAG-tagged a-tubulin (a1b) was expressed in HEK293 cells and,

to increase intracellular O-GlcNAcylation, either an OGA inhibitor

(NButGT or PUGNAc) was applied or OGT was over-expressed.

After precipitation with anti-FLAG antibody-conjugated Sepharose

CL-4B, FLAG-tagged a-tubulin precipitates were incubated with

Myc-tagged b-tubulin expressed in HEK293 cells for 2 h at 4�C. The

precipitates were subjected to SDS-PAGE and analyzed by Western

blotting. Either OGA inhibitor treatment or OGT over-expression

increased tubulin O-GlcNAcylation. The increase in tubulin

O-GlcNAcylation compared to un-treated (–) is indicated by a fold

change under each lane of the blot. The amount of Myc-tagged

b-tubulin that was bound to FLAG-tagged a-tubulin was analyzed

using densitometry. The values were normalized to FLAG-tagged

a-tubulin. The results of the upper panel are presented as mean ± SD

(**P \ 0.01 and ***P \ 0.001). b Myc-tagged b-tubulin (b3) was

expressed in HEK293 cells and purified using anti-Myc antibody-

conjugated Sepharose CL-4B. Myc-tagged b-tubulin precipitates were

then incubated with FLAG-tagged a-tubulin expressed in HEK293

cells for 2 h at 4�C. The precipitates were subjected to SDS-PAGE

and analyzed by Western blotting. The amount of FLAG-tagged

a-tubulin that was bound to Myc-tagged b-tubulin was analyzed using

densitometry. N NButGT, P PUGNAc, O OGT over-expressed

O-GlcNAcylation of tubulin inhibits its polymerization 815

123



be unable to assemble into microtubules, and the increase

in O-GlcNAcylation diminished tRA-induced neurite out-

growth in MN9D cells.

Various tubulin PTMs have been reported, but most are

located in the C-terminal region of tubulin and occur in

stable microtubules. Polyglycylation and polyglutamyla-

tion occur on a- and b-tubulin in the axonemes of both cilia

and flagella (Edde et al. 1990; Redeker et al. 1994) and in

the axons of neuronal cells (Audebert et al. 1994). The

C-terminal region of tubulin is located on the outer surfaces

of the microtubules and is important for protein–protein

interactions, including those involving motor proteins and

MAPs. However, a/b-tubulin lacking the C-terminal region

still assembles into microtubules.

There are few reports of PTMs on the other regions of

tubulin. The Cdk1/cyclin B complex, which is required for

mitotic entry, phosphorylates serine 172 of b-tubulin dur-

ing mitosis. And phosphorylated b-tubulin does not poly-

merized into microtubules (Fourest-Lieuvin et al. 2006).

The serine 172 residue is located in the GTP-binding site of

b-tubulin, which interacts with a-tubulin within microtu-

bules. In our study, a-tubulin O-GlcNAcylation occurred

on either serine 178 or threonine 179 residue, and inhibited

a/b heterodimerization. These residues are also located in

the GTP-binding site, which interacts with b-tubulin to

form a/b heterodimer. It is possible that O-GlcNAcylation

on a-tubulin results in steric hindrance effects on hetero-

dimerization. Taken together, b-tubulin phosphorylation

and a-tubulin O-GlcNAcylation are thought to be impor-

tant regulatory modifications for microtubule dynamics.

Our finding that O-GlcNAcylation on a-tubulin inhibits

dimer formation can be explained by the tubulin hetero-

dimerization process, which is regulated by several factors,

including tubulin-binding cofactor (TBC) A–E. Newly

synthesized a- and b-tubulin monomers are known to be

captured by TBC-E and TBC-D, respectively. TBC-E-

bound a-tubulin and TBC-D-bound b-tubulin can interact

with each other and then form a multimeric complex. TBC-

C then associates with this complex and activates the

GTPase activity of b-tubulin, resulting in the release of the

a/b-tubulin heterodimer from the complex (Tian et al.

1997; Cowan and Lewis 2001). Conversely, each molecule

Fig. 6 O-GlcNAcylated tubulin is found in the soluble fraction but

not in the assembled fraction. Tubulin from MN9D cells was

separated into soluble and assembled fractions using taxol-containing

microtubule stabilizing buffer as described in ‘‘Materials and

Methods’’. Each fraction was denatured by boiling for 3 min in

0.5% SDS and 5 mM DTT. The same amount (1%) of each fraction

was preserved as input. After a fivefold dilution with NET buffer,

protein samples were incubated with agarose-bound sWGA. The

sWGA precipitates (PPT) were subjected to SDS-PAGE, and a- and

b-tubulin were detected by Western blotting. a a-Tubulin was

separated into soluble and assembled fractions and O-GlcNAcylated

a-tubulin was detected in the soluble fraction. b b-Tubulin was

separated into soluble and assembled fractions and O-GlcNAcylated

b-tubulin was detected in the soluble fraction. T tRA, N NButGT,

P PUGNAc

Fig. 7 O-GlcNAcase inhibitor treatment reduces neurite outgrowth

of MN9D cells. a The phase-contrast images of tRA-treated or tRA

and O-GlcNAcase inhibitor co-treated MN9D cells were taken on day

3 (scale bar 50 lm). b Neurite length was measured using an

Axiovision Image Analyzer, and relative neurite length of tRA and

NButGT or PUGNAc co-treated samples decreased by 20 and 17%,

respectively. The data are presented as mean ± SD (*P \ 0.05 and

**P \ 0.01). c Total cellular O-GlcNAcylation was examined by

Western blotting using an anti-O-GlcNAc antibody. T tRA,

N NButGT, P PUGNAc
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of TBC-D and TBC-E can interact with the a/b-tubulin

heterodimer, and, consequently, tubulin dimer interaction

is disrupted (Bhamidipati et al. 2000). This mechanism

allows the a/b-tubulin heterodimer to exchange partners.

Under these circumstances, TBC-E-bound a-tubulin can be

modified with O-GlcNAc, resulting in a loss of ability to

interact with b-tubulin.

We found that b-tubulin O-GlcNAcylation occurs on

residues 216–233 (KLATPTYGDLNHLVSATM) and

224–238 (DLNHLVSATMSGVTT). There are five threo-

nine and two serine residues in this region, and serine 230

and threonine 232 are common in these O-GlcNAcylated

peptides. It is possible that one of these two residues is the

O-GlcNAcylation site of b-tubulin. However, there might

be another O-GlcNAcylation site on a non-overlapping

residue. In the 3D structure of b-tubulin, this region forms

a-helix H7, which is located between the nucleotide-

binding and taxol-binding sites. O-GlcNAcylation in

this region may alter the structure slightly. Therefore,

O-GlcNAcylated b-tubulin might be unable to exchange

GDP for GTP, which is required for polymerization.

Tubulin O-GlcNAcylation is thought to have a low stoi-

chiometry (Hart et al. 2007), raising concerns about its

influence on microtubule function. However, we did not find

O-GlcNAcylated tubulin in microtubules. Roughly, one half

of the total tubulin appears to exist as heterodimers (Minotti

et al. 1991), and microtubule polymerization occurs more

dynamically at the plus ends than at the minus ends (Howard

and Hyman 2003). It is possible that both OGT and OGA

associate at the plus ends of the microtubules and regulate

the O-GlcNAc modification of the a/b-tubulin heterodimer.

In contrast, other PTMs, which occur in stable microtubules,

do not affect the dynamic behavior of the microtubules. It

seems reasonable that tubulin O-GlcNAcylation occurs at a

low level for its proper function.

In our study, O-GlcNAcylated b-tubulin was not found

in microtubules, but still formed heterodimers. However,

these results do not exclude the possibility that tubulin

O-GlcNAcylation can result in the depolymerization of

microtubules. In mature neurons, neurofilaments (NFs) are

major components of the cytoskeleton. NF-H, -M, and -L

are modified with O-GlcNAc at the N-terminal head

domain, which is thought to regulate polymerization (Dong

et al. 1993, 1996; Al-Chalabi and Miller 2003). Under

conditions of glucose deprivation, p38 MAPK is activated

and recruits OGT to NF-H; O-GlcNAcylation on NF-H

then results in its depolymerization (Cheung and Hart

2008). Although the detailed depolymerization mechanism

of NF-H might be different from that of tubulin, abnor-

mally increased levels of O-GlcNAcylation on NFs and

microtubules could negatively affect axonal structure and

neuronal cell polarity in the brain.

In addition, microtubules are one of the most important

players in the cell cycle. Microtubules form mitotic spin-

dles during prophase and the midbody during telophase in

mitosis. Abnormal O-GlcNAc modifications have been

reported to delay in G2/M progression and alter mitotic

phosphorylation and cyclin expression levels (Slawson

et al. 2005). In addition, OGA over-expression disrupts the

tubulin network and causes cells to form a round shape.

OGT co-localizes with tubulin in the spindle and midbody,

and cells that over-express OGT fail to undergo cytokine-

sis. Therefore, dysregulation of tubulin O-GlcNAcylation

could disrupt the proper function of microtubules.

In conclusion, our findings that O-GlcNAcylated tubulin

is excluded from microtubules suggest an important role of

O-GlcNAcylation in the regulation of microtubules. Pre-

vious studies have shown that O-GlcNAcylation is

involved in many disease states, including diabetes, neu-

rodegenerative disorders, and cancer. We postulate that the

dysregulation of tubulin O-GlcNAcylation is related to

microtubule dysfunction in these diseases. Further verifi-

cation of this hypothesis would enhance our understanding

of microtubule function.
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