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CREB in Long-Term Potentiation in Hippocampus:
Role of Post-Translational Modifications-Studies In Silico
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ABSTRACT
The multifunctionality of proteins is dictated by post-translational modifications (PTMs) which involve the attachment of small functional

groups such as phosphate and acetate, as well as carbohydrate moieties. These functional groups make the protein perform various functions

in different environments. PTMs play a crucial role in memory and learning. Phosphorylation of synaptic proteins and transcription factors

regulate the generation and storage of memory. Among these is the cAMP-regulated element binding protein CREB that regulates CRE

containing genes like c-fos. Both phosphorylation and acetylation control the function of CREB as a transcription factor. CREB is also

susceptible to O-GlcNAc modification, which inhibits its activity. O-GlcNAc modification occurs on the same or neighboring Ser/Thr residues

akin to phosphorylation. An interplay between these modifications was shown to operate in nuclear and cytoplasmic proteins. In this study

computational methods were utilized to predict different modification sites in CREB. These in silico results suggest that phosphorylation, O-

GlcNAc modification and acetylation modulate the transcriptional activity of CREB and thus dictate its contribution to synaptic plasticity. J.

Cell. Biochem. 112: 138–146, 2011. � 2010 Wiley-Liss, Inc.
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T hecontributions of post-translational modifications (PTMs) in

memory and learning are well-recognized molecular events

[Routtenberg and Rekart, 2005; Sunyer et al., 2008]. Modifications

such as phosphorylation, palmitoylation, acetylation, and glyco-

sylation of neuronal receptors, neurotransmitters, transcription

factors, and kinases play very important roles in synaptic plasticity

[Sunyer et al., 2008]. These different PTMs of proteins regulate the

short-term and the long-term neuronal plasticity, the latter also

requiring de novo protein synthesis.

Learning and memory differ in that learning is acquired

information and memory is maintained information. The hippo-

campus is important for studying different types of memory such

as spatial and recognition memory [Broadbent et al., 2004]. It is

located in the medial temporal lobe and is divided into different

areas, which processes the incoming signal. The information enters
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the hippocampus via the perforant path. The axons then synapse on

cells in dentate gyrus, from where signaling is forwarded via axons

(also called Mossy fibers) to the cornus ammonis 3 (CA3). CA3 sends

axons called Schaeffer collaterals to cornus ammonis 1 (CA1).

The CA1 forwards these signals through another set of fibers to the

subiculum, which sends axons out of the hippocampus to different

parts of brain [Sekino et al., 1997]. This process of memory

acquisition (or storage) occurs via the formation of synapses. One

of the main processes in memory acquisition involves long-term

potentiation (LTP), a long-lasting connection between two neurons.

In the hippocampus, as compared to the rest of the brain, new

neurons are produced throughout life, and these neurons are liable

to undergo LTP.

During LTP, an increased influx of calcium into the cell

depolarizes the post-synaptic membrane, which activates different
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kinases such Ca2þ/calmodulin dependent kinase (CAMKII) and

protein kinase A (PKA) [Boehm and Malinow, 2005]. These kinases

phosphorylate different post-synaptic receptors such as a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)

and N-methyl-D-aspartate-glutamate receptors (NMDARs) [Boehm

and Malinow, 2005]. LTP can be divided into an early short-term

LTP (E-LTP), and a late long-term LTP (L-LTP), where the L-LTP

requires protein synthesis in addition to PTMs of pre-existing

synaptic proteins to establish a long-term memory. Furthermore

some of the newly synthesized proteins or transcription factors

are responsible for the synaptic efficacy, and also contributes to

long-term memory. The conversion of short-term memory into

long-term memory depends on the activation of the transcription

factor cAMP response element binding protein CREB [Korzus, 2003].

The CREB transcription factor controls the transcription of genes

containing cAMP response element (CRE-elements) in promoters

of inducible genes such as somatostatin [Montminy et al., 1986]

and c-fos [Lee et al., 1998]. When CREB binds to the CRE element,

it consequently becomes phosphorylated on Ser133 in its kinase-

inducible domain (KID) [Lonze and Ginty, 2002]. Phosphorylated

CREB allows recruitment of the acetyltransferase CREB-binding

protein (CBP) or its highly related co-activator p300 [Vo and

Goodman, 2001] that binds to phosphorylated CREB on Ser133

and participate in the process of transcription [Cardinaux et al.,

2000]. Several kinases have been shown to phosphorylate CREB

depending on the stimulus. Among these are protein kinases A and C

(PKA and PKC), mitogen activated protein kinase (MAPK), Ca2þ/

calmodulin-dependent kinase (CAMK) [reviewed in Johannessen

et al., 2004].

The CREB transcription factor regulates a wide range of biological

functions, such as spermatogenesis [Walker et al., 1994], circadian

rhythms [Ginty et al., 1993] and memory [Mizuno et al., 2002].

It is well documented that CREB plays an essential role in late L-LTP,

rather than in E-LTP, during memory acquisition in the hippo-

campus of vertebrates and invertebrates [Impey et al., 1996;

Balschun et al., 2003; Sunyer et al., 2008]. Furthermore it has been

suggested that phosphorylation of CREB may serve as a molecular

marker for spatial memory in the hippocampus [Mizuno et al., 2002].

Phosphorylation of CREB occurs in CA1 and dentate gyrus neurons

[Bernabeu et al., 1997; O’Connell et al., 2000; Mizuno et al., 2002].

Damage in the hippocampus may lead to different pathologies

such as ischemia [Lipton, 1999; Doyle et al., 2008], Alzheimer’s

disease [Jin et al., 2004], and epilepsy [Schaub et al., 2007]. These

various diseases have shown to affect the different areas of the

hippocampus, but the CA1 region has been shown to be the most

sensitive region [Lipton, 1999; Jin et al., 2004; Schaub et al., 2007;

Doyle et al., 2008].

Different PTMs regulate the functions of CREB. Acetylation in

the activation domain of CREB on Lys 91, 94, and 136 by CBP/p300

augments its transactivation potential [Lu et al., 2003]. Furthermore,

the CREB transcription factor becomes phosphorylated first,

followed by attachment of CBP/p300 [Parker et al., 1996] and

finally acetylated [Lu et al., 2003]. This increases the activity

of CREB and consequently transcription. An equally important

and dynamic PTM, the O-GlcNAc modification, detectable in nearly

all higher eukaryotic organisms [Comer and Hart, 2000], is also
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known to occur in CREB [Lamarre-Vincent and Hsieh-Wilson,

2003]. O-GlcNAc modification of CREB on putative sites residing

in the (256–261) sequence environment may affect memory storage

by influencing its transcriptional activity [Lamarre-Vincent and

Hsieh-Wilson, 2003]. O-GlcNAc modification is a ubiquitous

modification that is regulated by O-GlcNAc transferase (OGT: adds

O-GlcNAc to protein backbone) and O-GlcNAcase (OGN: removes O-

GlcNAc from protein backbone). OGT shows high flexibility in

recognition of its substrates, and to date no consensus sequence

has been found. O-GlcNAc modification compared to other O-

glycosylation such as O-GalNAc modification is a single sugar

residue modification, which occurs on the hydroxyl function of Ser/

Thr. It regulates protein folding, localization and trafficking,

solubility, antigenicity, biological activity, and half-life, as well as

cell–cell interactions [Love and Hanover, 2005]. A complex relation

between phosphorylation and O-GlcNAc modification on the same

or neighboring residues, the Yin Yang sites, also occurs in several

nuclear and cytoplasmic proteins [Wells et al., 2003]. Furthermore

O-GlcNAc modification is abundant in synaptosomes, and is known

to regulate synaptic proteins [Cole and Hart, 2001]. These alternative

modifications of Ser/Thr residues very often result in changing the

function of a protein.

It appears that different PTMs and their combinatorial regulation

of the transcriptional activity of CREB play a crucial role in LTP

in the hippocampus. We have identified in silico phosphorylation,

O-GlcNAc modification, and Yin Yang sites on Ser/Thr residues in

human CREB, and propose a novel mechanism in LTP in the

hippocampus controlled by PTMs.

This study was performed to delineate the role of PTMs in the

multifunctionality of proteins, particularly in vivo where large

numbers of other proteins are present. Defining PTMs of proteins

in vivo is difficult and also of uncertain functional relevance. The

catalytic and associative functions of modified proteins are often

influenced by a great number of proteins and other molecules;

for example, blood alone contains more than 1,500 proteins

[Sennels et al., 2007]. Consequently, the in vitro study of the

structure–function relationship of a blood protein would hardly

justify its functional relevance in vivo in the presence of numerous

other proteins. The regulatory function of proteins depends on

extremely few amino acids located in their conserved regions that

cannot be detected by those state of the art experimental work.

Therefore, in silico studies are essential to investigate the role of

PTMs. Furthermore the functional switch of proteins is induced by

numerous PTMs for a very short period of time, which is extremely

difficult to determine experimentally. Computational methods are

very useful to accurately predict transitory PTMs of proteins. These

in silico methods provide a guideline with directed data that is useful

for experimental studies to further assess the multifunctional

behavior of proteins, and their role in learning and memory.

MATERIALS AND METHODS

SEQUENCE SELECTION

The sequence of CREB selected for the determination of potential

phosphorylation and O-GlcNAc modification sites in Homo sapiens.
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TABLE I. Different Species Selected for Multiple Alignment

Mammals Mus musculus AAB64015.1
Bos taurus P27925.2

Amphibia Xenopus tropicalis NP_998851.1
Aves Gallus gallus NP_989781.1

Taeniopygia guttata NP_001041721.1
Actinopterygii Ctenopharyngodon idella ABK55614.1

Danio rerio NP_957203.1
The sequence data were retrieved from the Swiss-Prot sequence

database with accession no. P16220 [Boeckmann et al., 2003].

BLAST SEARCHING AND SEQUENCE ALIGNMENT

BLAST searching was carried out with the NCBI database (http://

www.ebi.ac.uk/blastall/) [Altschul et al., 1997] of non-redundant

sequences. The sequences were aligned with the ClustalW2 database

[Thompson et al., 1994] (http://www.ebi.ac.uk/clustalw/). Four

different classes of vertebrates were selected to determine the

evolutionary conservation of the in silico predicted phosphoryla-

tion, O-glycosylation, Yin Yang and acetylation sites in human

CREB (Table I).

PHORYLATION/O-GlcNAc MODIFICATION PREDICTION SITES

For prediction of potential phosphorylation and O-glycosylation

sites in human CREB, NetPhos 2.0 (http://www.cbs.dtu.dk/services/

Netphos/) [Blom et al., 1999] and YinOyang [Gupta and Brunak,

2002] were used, respectively. These two methods are neural

network-based prediction methods. Neural networks are composed

of a large number of highly interconnected processing elements

(simulated neurons) working in parallel to solve a complex problem.

In a neural network-based prediction method, networks are trained

by sequence patterns of modified and non-modified proteins, so that

they become able to recognize and predict a pattern with potential

for modification in a new protein. Artificial neural networks receive

many inputs and give one output as a result. NetPhos 2.0 was

developed by training the neural networks with phosphorylation

data from Phosphobase 2.0. The YinOYang 1.2 server [Gupta and

Brunak, 2002] produces neural network predictions for O-GlcNAc

attachment sites in eukaryotic protein sequences. This method is

also able to predict potential phosphorylation sites and thus possible

‘‘Yin Yang’’ sites. A threshold value of 0.5 is used by Netphos 2.0

to determine potential phosphorylation sites, while the threshold

value used by YinOYang 1.2 is variable, depending upon surface

accessibility of the different amino acid residues. False negative

sites were also identified, by coupling conservation status and

modification potential of the two methods.

ACETYLATION PREDICTION SITES

The prediction of acetylation sites in human CREB, PAIL (Prediction

of Acetylation on Internal Lysines) was utilized (unpublished).

RESULTS

PHOSPHORYLATION AND O-GlcNAc MODIFICATION IN HUMAN

CREB

Prediction of phosphorylation in human CREB by Netphos 2.0 of

Ser, Thr, and Tyr is presented in Figure 1A and in Table II. These
140 PROTEIN MODIFICATION PREDICTION
results show a high phosphorylation potential in human CREB.

As can be seen in Table II and Figure 2, nearly all the in silico

phosphorylation sites are conserved in mammals, amphibians,

birds, and Actinopterygii, and 10 phosphorylation sites have

been experimentally verified by different groups [reviewed in

Johannessen et al., 2004]. Prediction of potential O-GlcNAc

modifications in human CREB by YinOYang 1.2 is given in

Table II and Figure 1B. As can be seen the CREB protein shows a high

potential for O-GlcNAc modification and most of the sites are

conserved in mammals, amphibians, birds and, Actinopterygii.

YIN YANG SITES IN CREB

The prediction results of potential Yin Yang sites in CREB by

YinOYang 1.2 is illustrated in Figure 1C and given in Table II.

In some cases Ser/Thr residues show a very high potential for either

O-GlcNAc modification or phosphorylation or show a potential very

close to the specific threshold value predicted by the existing

methods. When a residue shows a very high potential for

phosphorylation and a potential for O-GlcNAc modification very

close to the threshold value, it is considered a false negative Yin

Yang site, as OGT and kinases may have an equal accessibility to

modify such a residue. The in silico predicted Yin Yang site, Ser133,

is a false negative Yin Yang site which is conserved in mammals,

amphibians, birds, and Actinopterygii (Fig. 2, Table II). The other

predicted Yin Yang sites, Ser117, 129, 260 and Thr18, 160, 167, 227

are conserved in mammals, amphibians, birds, and Actinopterygii

(Fig. 2), except for Thr18 and 160 which are conservatively

substituted in Actinopterygii and in Danio rerio, respectively.

ACETYLATION OF HUMAN CREB

All potential predicted Lys acetylation sites in human CREB (Lys91,

94, 123, 136, 155, 285, 292, 303, 304, 305, 309, 333, and 339) were

found to be conserved in mammals, amphibians, birds, and

Actinopterygii, except for Lys91 and 94 which are conserved in

H. sapiens and Mus musculus with a deletion gap (DG) in the

remaining sequence (see Fig. 2, Table III).

DISCUSSION

In the process of memory and learning, extracellular stimuli cause

intracellular signaling and nuclear gene expression. Sustaining

stable synapses during short-term memory requires PTMs, whereas

additional gene transcription and protein synthesis are required for

long-term memory [Kandel, 2001; Routtenberg and Rekart, 2005;

Sunyer et al., 2008]. Ionotrophic glutamate receptors like NMDAR

and AMPAR become activated upon binding to glutamate. NMDAR

mediates influx of Ca2þ into the dendrite, leading to CAMKII and

PKC activation [Zhu, 2003]. CAMKII promotes insertion of newly

synthesized AMPAR into the synapse and it also phosphorylates

CREB [Sunyer et al., 2008]. Furthermore, an increase in Ca2þ recruits

adenylyl cyclase, thereby activating the cAMP-dependent kinase

PKA. PKA migrates into the nucleus, where it phosphorylates CREB.

CREB controls about 4,000 target genes in the human genome by

binding to CRE elements [Zhang et al., 2005], emphasizing its crucial

role in transcriptional regulation. The CREB protein contains two
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. A: Predicted potential sites for phosphate modification on Ser, Thr, and Tyr residues in human CREB transcription factor. The blue vertical lines show the potential

phosphorylated Ser residues; the green lines show the potential phosphorylated Thr residues; the red lines show the potential phosphorylated Tyr residues. The light gray

horizontal line indicates the threshold for modification potential. B: Predicted potential sites for O-GlcNAc modification on Ser and Thr residues in human CREB transcription

factor. The green vertical lines show the O-GlcNAc modification potential of Ser/Thr residues and the light blue horizontal wavy line indicates the threshold for modification

potential. C: Predicted potential sites for both O-GlcNAcmodification and phosphorylation (Yin Yang sites). The positively predicted Yin Yang sites are shown with red asterisk at

the top in human CREB transcription factor. The green vertical lines show the O-GlcNAc potential of Ser/Thr residue and the light blue horizontal wavy line indicates the

threshold for modification potential. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
separate transcription activation domains. The KID domain (aa 101–

160) that is induced by kinases and promotes transcription, and

a glutamine-rich domain Q2 (also known as the constitutive active

domain (CAD) (aa 160–280) that recruits and assembles a

polymerase complex to the promoter, thus facilitating transcription

[Ferreri et al., 1994; Kim et al., 2000]. These two domains work

independently to regulate transcription of target genes. However,

in some instances the two domains have been shown to work in

a combined manner by stimulating various steps in initiation of

transcription [Kim et al., 2000].
JOURNAL OF CELLULAR BIOCHEMISTRY
In this study, the potential phosphorylation, O-GlcNAc

modification and their interplay sites (Yin Yang sites) were predicted

in silico by using different computational tools (see Material and

Methods Section). All the predicted phosphorylation sites (except

for Ser260) in CREB have been experimentally verified in vivo or

in vitro or proposed as putative sites by different groups

(see Table II), but information regarding the functional changes

induced by phosphorylation of CREB on proposed sites is limited.

In forskolin-induced PC12 cells, phosphorylation of CREB on

Ser133 by PKA followed by phosphorylation on Ser129 by glycogen
PROTEIN MODIFICATION PREDICTION 141



TABLE II. Experimental and In Silico Predicted Phosphorylation, O-Glycosylation, and Yin Yang Sites in Human CREB Transcription Factor

Residue
Conservation

status

Phosphorylation
O-GlcNAc

modification

Experimental
verificationa

Predicted by
computational

tool
Experimental
verification

Predicted by
computational

tool

Serine
5 : — — — Yes
12 . — — — Yes
40 : — — — Yes
48 : — — — Yes
49 : — — — Yes
76 � — — — Yes
88 � in mammals while DG in others — — — Yes
89 � in mammals while DG in others Yes Yes — —
98 � in mammals while DG in others Yes Yes — —
108 � Yes Yes — —
111 � Yes Yes — —
114 � Yes Yes — —
117 � Yes Yes — Yes
121 � Yes Yes — —
129 � Yes Yes — Yes
133b � Yes Yes — —
142 � Yes — — —
143 � Yes — — Yes
156 � Yes Yes — —
178 � — — — Yes
260 � — Yes Putative Yes
271 � — — — Yes
340 � — — — Yes

Threonine
18 : — Yes — Yes
35 � — — — Yes
47 : — — — Yes
54 � — — — Yes
85 � — — — Yes
104 � — — — Yes
119 � — — — Yes
160 : — Yes — Yes
166 : — — — Yes
167 � — Yes — Yes
169 � — — — Yes
215 : — Yes — —
220 � — — — Yes
227 � — Yes — Yes
228 : — — — Yes
256 � — — Putative —
259 : — — Putative Yes
261 � — — Putative Yes

The consensus sequence is marked by an asterisk, conserved substitution by a double dot, and semiconserved substitution by a single dot.
aExperimental determined phosphorylation sites are reviewed in Johannessen et al. [2004].
bSer 133 is an in silico predicted false-negative Yin Yang site.
synthase kinase-3b (GSK-3b) increases transcription [Fiol et al.,

1994]. Parathyroid hormone-stimulated osteoblastic cells require

expression of c-fos, which is regulated by phosphorylation of CREB

on Ser129 and 133 [Tyson et al., 2002]. Phosphorylation of Ser108,

110, and 114 which occurs in a cell cycle-dependent manner,

increases CREB’s activity [Johannessen et al., 2004], whereas

phosphorylation on Ser142 by CAMKII prevent binding of CBP to

CREB [Wu and McMurray, 2001]. Phosphorylation of Ser133

is the most extensively studied phosphorylation site in CREB.

Mutational studies have shown that deletion or substitution of

Ser133 in CREB inhibits its transcriptional activation in KID, but

leaves basal activation unaltered [Gonzalez et al., 1989; Lee et al.,

1990; Quinn, 1993]. But CREB phosphorylation on its own may

not be sufficient to result in gene expression unless associated with

the induction of L-LTP [Leutgeb et al., 2005]. Furthermore CREB

phosphorylation is specific for CA1 as compared to CA3 and dentate
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gyrus in the hippocampus during long lasting LTP [Leutgeb et al.,

2005]. Among the in silico predicted Yin Yang sites in human CREB,

Ser133, is a predicted false negative Yin Yang site (Fig. 2, Table II).

This suggests that OGT may play a role in the transcriptional

regulation of CRE containing genes like c-fos. The O-GlcNAc

modification is already known to occur in various proteins involved

in gene expression such as the transcription factor Sp1 [Su et al.,

1999; Yang et al., 2001] and the serum response factor SRF [Chalkley

and Burlingame, 2003]. CREB is further recognized as an O-GlcNAc

modified protein [Lamarre-Vincent and Hsieh-Wilson, 2003]. It was

found that the putative O-GlcNAc sites are located in between

aa 256–261. The positive in silico predicted Yin Yang sites are

Ser117, 129, 260 and Thr18, 160, 227 (Table II). Ser260 resides in

between aa 256–261 and is a likely candidate recognition site

for OGT and could participate in CREB-regulated transcription.

Furthermore the same authors have suggested that O-GlcNAc might
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. Multiple alignments of different vertebrate sequences. The consensus sequence is marked by an asterisk, conserved substitution by a double dot, and semiconserved

substitution by a single dot. The different sequences are ordered as in aligned results from ClustalW.
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TABLE III. In Silico Predicted Acetylation Sites in Human CREB

Transcription Factor

Peptide Position

TVQSSCKDLKRLF 91
SSCKDLKRLFSGT 94
SVTDSQKRREILS 123
RRPSYRKILNDLS 136
PRIEEEKSEEETS 155
AEEAARKREVRLM 285
REVRLMKNREAAR 292
ARECRRKKKEYVK 303
RECRRKKKEYVKC 304
ECRRKKKEYVKCL 305
KKKEYVKCLENRV 309
EELKALKDLYCHK 333
KDLYCHKSD 339
play a role in the transcriptional function of CREB. In the

transcription factor Sp1, O-GlcNAc modification disrupts the

binding between Sp1 and the TATA-binding protein-associated

factor II 110 (TAFII110) [Yang et al., 2001], and it has been suggested

that most often O-GlcNAc modified transcription factors are

modified in their transcriptional activation domain [Jackson and

Tjian, 1988; Comer and Hart, 1999]. CREB associates with

the general transcription factor TFIID through one or more of the

TATA-binding protein-associated factors (TAFs), TAF110 and

TAFII130 in the CAD domain [Felinski and Quinn, 1999; Kim

et al., 2000], where the in silico predicted Yin Yang site Ser260

is located. Interaction of CREB with TAFs promotes recruitment and/

or stabilization of TFIID binding to the promoter and leads to

assembly of a pre-initiation polymerase complex. It was shown that

O-GlcNAc modified CREB bound less to TAFII130, consequently

inhibiting CREB-mediated transcription [Lamarre-Vincent and

Hsieh-Wilson, 2003]. This suggests an interplay between the

phosphorylation and O-GlcNAc modifications occurs, which

regulates the activity of CREB via its CAD domain. The Ser133

site located in the KID domain of CREB is an in silico predicted false

negative Yin Yang site (Table II, Fig. 2) and this site can be

phosphorylated by several kinases, depending on the stimulus

[reviewed in Johannessen et al., 2004]. In PKA simulated cells, CREB

becomes phosphorylated on Ser133 which becomes a recognition

site for CBP/p300 [Parker et al., 1996]. Binding of CBP/p300 to CREB

leads to acetylation of CREB on Lys91, 96, and 136 [Johannessen

et al., 2004]. Acetylation is already known to play an important role

in gene expression. In histone H3 acetylation increases transcription

of immediate early genes (IE-genes) [Kaleem et al., 2008], and

acetylation also enhances expression specific genes during the

process of memory consolidation [Vecsey et al., 2007]. The in silico

predicted acetylation sites are given in Table III and all three sites

predicted by the PAIL server are potential acetylation sites.

As suggested by Kim et al. [2000], the two different transcrip-

tional domains of CREB can work together to initiate gene

transcription. These in silico results suggest that when CREB

becomes phosphorylated on Ser133, CBP/p300 binds and conse-

quently acetylates CREB. Furthermore CREB, via is CAD domain,

recruits and assembles a complex consisting of the TATA-binding

protein complex and RNA polymerase. While when CREB is

O-GlcNAc modified, binding of CBP/p300 is inhibited, and in the
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CAD domain of CREB, O-GlcNAc modification prevents binding

of TAFII130, suggesting that the interplay between the different

modification control CREB regulated transcription. The O-GlcNAc

modification controls various aspects of transcription. The enzyme OGT

recruits a complex (mSin3A-HDAC1) to promoters and induces gene

repression by modifying different promoter-bound proteins such as the

RNA polymerase [Yang et al., 2002]. OGT can also induce transcription

by glycosylating the transcription factor STAT5 [Gewinner et al., 2004].

During learning, the synaptic plasticity (by alteration of synaptic

protein number or structures) and gene expression occur simulta-

neously. Phosphorylation of CREB is important as a requirement

for long-term memory consolidation. Phosphorylated CREB is

also acetylated, which increases it transcriptional activity, whereas

O-GlcNAc modified CREB represses transcription. These results

indicate O-GlcNAc modified CREB prevents establishment of long-

term memory in the hippocampus. In our earlier in silico work,

we have shown that phosphorylated histone H3 is also acetylated

and induces transcription of immediate-early genes c-jun and c-fos,

but that O-GlcNAc modification of histone H3 represses transcrip-

tion [Kaleem et al., 2008]. These investigations illustrate the

complexity of CREB regulation by a combined activity between

the different PTMs and consequently L-LTP in hippocampus.
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