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With the recent sequencing of various genomes, increasing
attention has focused on understanding how the complexity of
higher organisms is encoded in a surprisingly small number of
genes. In this regard, protein posttranslational modifications have
emerged as an important determinant of the complexity and dynamic
control of biological systems. The covalent attachment of phos-
phate,1 lipid,2 and other groups3 to protein side chains regulates
many vital processes, including cell cycle progression, transcription,
and programmed cell death.4

As part of a broader program to explore the functional signifi-
cance of protein posttranslational modifications in the brain, we
are studying the dynamic modification of serine and threonine
residues byâ-N-acetylglucosamine (O-GlcNAc glycosylation).

Previous studies have suggested thatO-GlcNAc glycosylation may
regulate transcription factors and other proteins in the nucleus.5

The addition ofO-GlcNAc to RNA polymerase II, for example,
modulates the structure of the enzyme3b and appears to inhibit
transcriptional elongation by preventing phosphorylation of the
C-terminal domain.6 In addition, theO-GlcNAc glycosyltransferase
(OGT) enzyme that catalyzes the covalent attachment of GlcNAc
to substratesin ViVo has been shown to promote gene silencing
through an association with the transcriptional repressor mSin3A.7

Despite these intriguing observations, however, the extent of
O-GlcNAc glycosylation in the nucleus and its impact on gene
regulation are only beginning to be understood.

We report here that CREB (cyclic AMP-responsive element-
binding protein), a transcription factor essential for long-term
memory,8 is covalently modified byO-GlcNAc. Our studies
demonstrate thatO-GlcNAc glycosylation impairs the ability of
CREB to associate with TAFII130 and to activate transcription.
These findings have important implications for the role ofO-
GlcNAc glycosylation in gene regulation, and they provide the first
link betweenO-GlcNAc and information storage processes in the
brain.

We determined that CREB was covalently modified with an
O-linked GlcNAc sugar by radiolabeling rat brain nuclear extracts
with â1,4-galactosyltransferase (GalT). GalT catalyzes the transfer
of galactose from [3H]UDP-galactose to the C4 hydroxyl group of
terminal GlcNAc residues.9 Following radiolabeling, CREB was
immunoprecipitated and resolved by SDS-PAGE (Figure 1A).
Detection of the tritium label by fluorography revealed that CREB
was GlcNAc glycosylated. Treatment of CREB with PNGase F
(an enzyme that cleavesN-linked carbohydrates9) had no effect,
confirming that the GlcNAc moiety was linked to a serine or
threonine residue.

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) was used to investigate whether
CREB was modified with a single GlcNAc sugar or a more complex
oligosaccharide. AsO-GlcNAc is a regulatory modification present
only in low cellular abundance,10 we overexpressed CREB in Sf9
cells11 to generate sufficient amounts of glycoprotein for analysis.
For comparison, we also coexpressed CREB with OGT, reasoning
that coexpression might enhance the extent of glycosylation.
Radiolabeling with GalT and [3H]UDP-galactose indicated that both
forms of purified CREB wereO-GlcNAc glycosylated, with a 5.8-
fold increase in glycosylation resulting upon coexpression with OGT
(Figure 1B). MALDI-TOF MS analysis of the tryptic digests of
CREB revealed three major fragment ions corresponding to amino
acid residues 256-284 of CREB (2821.44m/z), residues 256-
284 plus a single GlcNAc saccharide (3024.54m/z), and residues
256-284 plus two GlcNAc saccharides (3227.62m/z; Figure 2A).
To confirm these assignments, CREB was reacted with UDP-
galactose and GalT. As expected, the peaks at 3024.54 and 3227.62
m/z shifted by+161.89 and+323.73m/z, indicating the covalent
attachment of one and two galactose moieties, respectively.

We established that two residues within 256-261 of CREB were
O-GlcNAc glycosylated using liquid chromatography and tandem
mass spectrometry (LC-MS/MS). Four distinct peptides encompass-
ing region 253-268 were resolved and sequenced: the unglyco-
sylated peptide, two monoglycosylated forms, and a diglycosylated
form (Supporting Information). Figure 2B summarizes the b and y
ion fragments observed by LC-MS/MS for the two monoglycosy-
lated forms. A [b10 + GlcNAc]+ ion (1272.4m/z obsd, 1272.7m/z
calcd) and [b11 + GlcNAc]+ ion (1343.4m/z obsd, 1343.7m/z)
were detected in each case, indicating two distinct sites of
glycosylation within the TAPTST region. Importantly, these sites
are completely conserved in CREB across various species. More-
over, the same glycosylation sites were observed from tryptic digests
of CREB purified from rat brain (Supporting Information). To-
gether, these observations suggest a physiologically important role
for the O-GlcNAc modification.

Figure 1. (A) Incorporation of [3H]-galactose into neuronal CREB (upper
panel). Ovalbumin, a protein containingN-linked GlcNAc moieties, is shown
as a positive control for PNGase F (lower panel). (B) CREB expressed in
Sf9 cells shows increased incorporation of [3H]-galactose in the presence
of OGT (upper panel). Coomassie-staining shows a∼2:1 ratio of protein
in lane 1 as compared to lane 2 (lower panel).
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Residues 256-261 are located in the Q2 domain of CREB, a
region that recruits the TFIID transcriptional complex via an
interaction with TAFII130. As the recognition interface between
CREB and TAFII130 is known to be hydrophobic,12 we postulated
that introduction of two polar GlcNAc groups would destabilize
the interaction. To test this hypothesis, we analyzed the relative
ability of two forms of CREB to interact with [35S]-labeled TAFII-
130. One form contained low levels of glycosylation (9.6%, CREB
expressed alone in Sf9 cells), while the other form contained higher
levels of glycosylation (55.4%, CREB coexpressed with OGT in
Sf9 cells).O-GlcNAc glycosylation significantly impaired the ability
of CREB to bind to TAFII130 by 57.3( 14.9% (Figure 3).
Moreover, the reduction in binding affinity correlated with the
difference in glycosylation stoichiometry between the two forms.

As loss of TAFII130 binding would be expected to repress the
transcriptional activity of CREB, we performed in vitro transcription
assays using HeLa cell nuclear extracts and the two glycoforms of
CREB. Transcriptional activity was analyzed by autoradiography
of the RNA products and was quantified by densitometry. Consistent
with the TAFII130 binding studies,O-GlcNAc glycosylation
inhibited CREB-mediated transcription by 41.5( 10.7% (Figure
4).

In conclusion, we provide the first demonstration that the
transcription factor CREB is covalently modified byO-linkedâ-N-

acetylglucosamine.O-GlcNAc glycosylation disrupts the binding
interaction between CREB and TAFII130, thereby repressing
transcriptional activityin Vitro. Our results provide the first link
betweenO-GlcNAc and information storage processes in the brain.
Moreover, these studies lend support to the emerging theme that
O-GlcNAc modifications to proteins play an important role in
orchestrating the dynamic and specific expression of genes.
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This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) Johnson, L. N.; Lewis, R. J.Chem. ReV. 2001, 101, 2209-2242.
(2) (a) Zacharias, D. A.; Violin, J. D.; Newton, A. C.; Tsien, R. Y.Science

2002, 296, 913-916. (b) Alexandrov, K.; Heinemann, I.; Durek, T.;
Sidorovitch, V.; Goody, R. S.; Waldmann, H.J. Am. Chem. Soc.2002,
124, 5648-5649. (c) Kale, T. A.; Raab, C.; Yu, N.; Dean, D. C.; Distefano,
M. D. J. Am. Chem. Soc.2001, 123, 4373-4381. (d) Liu, X. H.; Prestwich,
G. D. J. Am. Chem. Soc.2002, 124, 20-21.

(3) (a) Bertozzi, C. R.; Kiessling, L. L.Science2001, 291, 2357-2364. (b)
Simanek, E. E.; Huang, D. H.; Pasternack, L.; Machajewski, T. D.; Seitz,
O.; Millar, D. S.; Dyson, H. J.; Wong, C. H.J. Am. Chem. Soc.1998,
120, 11567-11575. (c) O’Connor, S. E.; Imperiali, B.J. Am. Chem. Soc.
1997, 119, 2295-2296.

(4) (a) Jenuwein, T.; Allis, C. D.Science2001, 293, 1074-1080. (b) Bernstein,
B. E.; Humphrey, E. L.; Erlich, R. L.; Schneider, R.; Bouman, P.; Liu, J.
S.; Kouzarides, T.; Schreiber, S. L.Proc. Natl. Acad. Sci. U.S.A.2002,
99, 8695-8700. (c) Jones, S. M.; Kazlauskas, A.Chem. ReV. 2001, 101,
2413-2423.

(5) (a) Zachara, N. E.; Hart, G. W.Chem. ReV. 2002, 102, 431-438 and
references therein. (b) Jackson, S. P.; Tjian, R.Cell 1988, 55, 125-133.

(6) Comer, F. I.; Hart, G. W.Biochemistry2001, 40, 7845-7852.
(7) Yang, X.; Zhang, F.; Kudlow, J. E.Cell 2002, 110, 69-80.
(8) Mayr, B.; Montminy, M.Nat. ReV. Mol. Cell Biol. 2001, 2, 599-609
(9) Roquemore, E. P.; Chou, T. Y.; Hart, G. W.Methods Enzymol. 1994,

230, 443-461.
(10) (a) Dong, D. L.; Xu, Z. S.; Chevrier, M. R.; Cotter, R. J.; Cleveland, D.

W.; Hart, G. W.J. Biol. Chem.1993, 268, 16679-16687. (b) Haynes, P.
A.; Aebersold, R.Anal. Chem. 2000, 72, 5402-5410.

(11) Studies have shown that Sf9 cells have the machinery required for
O-GlcNAc glycosylation. See, for example: (a) Cheng, X.; Cole, R. N.;
Zaia, J.; Hart, G. W.Biochemistry2000, 39, 11609-11620. (b) Greis, K.
D.; Gibson, W.; Hart. G. W.J. Virol. 1994, 68, 8339-8349. (c) Chou, T.
Y.; Hart, G. W.; Dang, C. V.J. Biol. Chem. 1995, 270, 18961-18965.

(12) Rojo-Niersbach, E.; Furukawa, T.; Tanese, N.J. Biol. Chem.1999, 274,
33778-33784.

JA028200T

Figure 2. (A) MALDI-MS analysis of the tryptic digest of CREB
coexpressed with OGT before (upper panel) and after (lower panel) reaction
with GalT. (B) Correlation of all ions observed by LC-MS/MS for the two
monoglycosylated species following chymotryptic digestion of CREB.
Potential glycosylation sites are indicated in red. See Supporting Information
for conditions and MS characterization.

Figure 3. Ability of CREB containing low or high levels ofO-GlcNAc
glycosylation to bind to [35S]-TAFII130. Results are the means of 14
experiments. See Supporting Information for conditions and stoichiometry
measurements.

Figure 4. Transcriptional activity of CREB containing low or high levels
of O-GlcNAc glycosylation. Results are the means of 12-14 experiments.
See Supporting Information for conditions.
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