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Regulation of Apoptosis by Histone H2B Modifications
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Abstract.- Histone 2B (H2B) is located along with histone 2A, 3 and 4 in the core of the nucleosome. The N-
terminal tails of the histone protrude the chromatin structure and become accessible to various enzymes for post
translational modifications (PTMs). Phosphorylation of H2B has been found to be associated with apoptosis in
vertebrates. Another equally abundant PTM is the glycosylation at serine/threonine by O-GlcNAc (O-linked
glycosylation) that occurs on the same or neighboring Ser or Thr residues, which also are accessible to kinases (Yin
Yang sites). O-GlcNAc is removed by O-GlcNAcase (OGN), and is found exclusively in the nucleus or cytoplasm of
the cell. By using computational methods like Netphos 2.0 and Yinoyang 1.2 we found that OGN, Mammalian 20
sterile kinase and OGN, Protein kinase C- delta, work together during apoptosis and thereby might prevent

uncontrolled cellular growth.
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INTRODUCTION

The basic unit of chromatin, the

nucleosome, contains an octamer of core histones
(H2A, H2B, H3 and H4) around which two
superhelical turns of DNA are wrapped. Each
histone within the octamer consists of a structured
domain (the histone fold) and non-structured
positively charged N-terminal tails (Luger et al.,
1997). The N-terminal domain of H2B is reported to
lie outside the nucleosomes associated with linker
DNA (Csordas, 1990).

The N-terminal tails of histones are subjected
to a large number of post-translational modifications
(PTMs), which influence chromatin structure to
facilitate transcription, DNA replication and DNA
repair. Especially phosphorylation of H3 on Ser 10
is widely studied, and has been found to play a role
in induction of immediate early genes (Thomson et
al.,, 1999) and in chromatin compaction during
mitosis (Kaleem et al., 2006). Phosphorylation of
H1, H2A and H3 occur during the cell cycle, while
phosphorylation of H2B during the cell cycle is
negligible (Ajiro, 2000). Phosphorylation of H2B on
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Ser 32 has been found to be associated with
mammalian apoptotic cells, and is catalyzed by
protein kinase C (PKC) (Ajiro, 2000). Furthermore
only H2B is essential for chromatin condensation in
Xenopus cell-free systems (de la Barre et al., 2001).
These data are consistent with the idea that H2B
phosphorylation may be important for apoptotic
chromatin condensation.

Apoptosis or programmed cell death is a
normal cell suicide mechanism. This regulated
process serves to remove unwanted or deleterious
cells such as self-reactive lymphocytes, tumor cells,
or virus-infected cells. Formation of condensed
apoptotic chromatin bodies, which differ from
mitosis specific chromatin (Hendzel et al., 1998)
and digestion of DNA into oligonucleosomal
fragments are hallmarks for apoptosis. The major
executers of apoptosis are proteases called caspases
(Cryns and Yang, 1998). Caspase-3 has been found
to cleave the mammalian sterile twenty kinase 1
(Mst-1) (Cheung et al., 2003). The cleaved Mst-1 is
translocated into the nucleus, where it is able to
phosphorylate histone H2B at Ser-14 in vitro and in
vivo (Cheung et al., 2003). Phosphorylation of Ser
14 leads to chromatin condensation and apoptosis
(De Souza and Lindsay, 2004). Caspase-3 is also
reported to cleave histone deacetylase 4 (HDAC4)
and promote the nuclear localization of the
HDAC4’s N-terminal fragment, where it acts like a
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transcriptional repressor (Yang and Grégoire, 2005).
The yeast histone deacetylase hdal (related to
mammalian HDAC4) is found to mediate
deacetylation of histones H3 and H2B, but not H4
and H2A in vivo (Wu et al., 2001).

Different PTMs have been reported to
regulate the function of histone proteins, and a
combination of these on one or multiple histone tails
serve a specific code, the histone code. The code is
executed by histone modifying enzymes of defined
specificity and read by non-histone proteins to carry
out their function (Turner, 2002). Phosphorylation
of histone proteins is documented to play a vital role
in relaxed and compact chromatin. O-GlcNAc (or
O-B-GlcNAc) modification like phosphorylation
acts as a modulator of the protein function. The
addition of O-GlcNAc to the protein backbone by
O-GIcNAc transferase (OGT) is dynamic, and has
been found to act in a reciprocal manner with
phosphorylation in the C-terminal of RNA-
polymerase (Comer and Hart, 2001) amongst others,
suggesting that O-GlcNAc and phosphorylation may
modulate each other. Love and Hanover (2005) have
suggested that OGT and O-GlcNAcase (OGN) may
participate in chromatin remodeling by associating
with  HDAC and histone acetyltransferase,
respectively. Moreover, O-GlcNAc plays a positive
role in cellular survival (Zachara et al., 2004), and
OGN is rapidly cleaved by caspase-3 after apoptosis
and remains active, suggesting that removal of O-
GIcNAc is part of the apoptotic cascade (Wells et
al., 2002).

By using bioinformatics tools, we predict
phosphorylations —,0-GlcNAc — and Yin Yang sites
in H2B, and propose that phosphorylation of H2B
on Ser 14 and 32 is associated with apoptosis,
whereas O-GlcNAc modification of these residues,

protect the cell from apoptosis and DNA
fragmentation.
MATERIALS AND METHODS

The sequence data wused to predict
phosphorylation and glycosylation potentials of
H2B protein in Mus musculus was retrieved from
the Swiss Prot database (Boeckmann er al., 2003)
with the entry name H2B histone family, member
1B and primary accession no. Q64475. BLAST

search was carried out by using NCBI database of
non-redundant sequences using all default
parameters. The NCBI Blast searches databases and
finds regions of local similarity among the
sequences of proteins or nucleotides, which can be
used to elucidate evolutionary relationships
(Altschul et al., 1997). The searches were performed
on known species and were divided into vertebrates
and invertebrates (Table I).

Table 1: Selected species for prediction of evolutionary
conserved residues in H2B

Vertebrates
Q64475 Mus musculus
CAA15668.1 Homo sapiens
701196A Bos taurus
NP_001026652 Gallus gallus
0506206A Rattus norvegicus
P69069 Oncorhynchus mykiss
Q75VN4 Rhacophorus schlegelii
Invertebrates
QS8IINO Drosophila yakuba
AAKS58064 Rhynchosciara americana
P17271 Drosophila hydei
CAD37816 Mytilus edulis
P21897 Chironomus thummi
EAT45030 Aedes aegypti
Q27442 Anopheles gambiae

The sequences were multiply aligned using
ClustalW (Thomson et al., 1994) using all default
parameters. ClustalW is a multiple sequence
alignment program for DNA or proteins, and is used
to characterize protein families, to distinguish
between new sequences and existing sequences, to
help predict the secondary and tertiary structures of
new sequences and are essential in evolutionary
analysis (Thompson et al., 1994).

Prediction methods

For prediction of Yin Yang sites in Mus
musculus H2B computational methods like Netphos
20 (Blom et al, 1999) and YinOYang 1.2
(unpublished) were used. Yin Yang prediction sites
are residues, where both kinase and OGT compete
for the same site (Wells et al., 2003). These methods
are useful for assessing the modification potential
(glycosylation and phosphorylation) of a given
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protein. Residues, important for maintaining the 3D
structure of a protein and/or its function(s), such as
catalytic activity, binding to ligand, DNA or other
proteins, have often been found to be highly
conserved evolutionarily, and are of biological
importance.

Netphos 2.0 is a neural network prediction
method. Netphos 2.0 assesses the potential
phosphorylation sites on Ser, Thr and Tyr, and is
trained to recognize 9-11 amino acids around these
phosphorylation sites (Blom et al, 1999). It is
developed by training the neural networks with
phosphorylation data from the phosphobase 2.0,
which comprise 414 phosphoprotein entries
covering 1052 phosphorylatable Ser, Thr and Tyr
residues (Kreegipuu et al, 1998). Netphos 2.0
(http://wwwcbs.dtu.dk/services/NetPhos/) was used
to predict phosphorylation potential in Mus
musculus H2B. A threshold value of 0.5 is used by
Netphos 2.0 to determine possible potential site for
phosphorylation. All sites that cross the threshold
value are considered to have positive potential for
phosphorylation.

The YinOYang 1.2 server produces neural
network predictions for O-B-GIcNAc attachment
sites in eukaryotic intracellular/nuclear protein
sequences. This server uses Netphos to identify
possible phosphorylation sites and thus identify
"Yin-Yang" sites. YinOYang 1.2 employs the
sequence data to train a jury of neural networks on
40 experimentally determined O-GIcNAc acceptor
sites for recognizing the sequence context and
surface accessibility. YinOYang 1.2 (http://www.
cbs.dtu.dk/services/YinOYang/) was used to predict
O-GIcNAc modification potential in Mus musculus
H2B. Similar to Netphos 2.0 a threshold value is
also used by YinOYang 1.2 which varies depending
upon surface accessibility of different residues. The
residues possessing higher potential than the
threshold are determined as possible O-linked (O-8-
GIcNAc) glycosylation sites.

To determine the feasible interplay between
phosphorylation and glycosylation, Yin Yang sites
were determined in H2B. YinOYang 1.2 predicts
potential Yin Yang sites in protein. False negative
sites (sites, where the residue is positively predicted
phosphorylation sites, fully evolutionarily conserved,
but not predicted to be O-glycosylated even though

the potential is very close to the threshold line) were
also identified coupling conservation status and
modification potential results of the two methods.

RESULTS AND DISCUSSION

We  have  predicted the  potential
phosphorylations-, O-glycosylations sites (Figs. 1,
2; Table II), and Yin Yang sites in Mus musculus
H2B protein (Fig. 2, Table III). All the predicted
sites were found to be fully conserved in vertebrates
and invertebrates, except Ser 14 and 32, which were
found to be conserved in  vertebrates.
Phosphorylation of Ser 14 and 32 are associated
with apoptosis in mammals. Homology of apoptosis
in vertebrates (mammals) and invertebrates (like
Drosophila) is the presence of orthologs apoptotic

Table II.- Predicted phosphorylations — and glycosylations
sites of H2B in Mus musculus

Predicted Ser 6, 14, 19, 32, 36, 38, 55,91, 112, 123
phosphorylations Thr 88, 90, 96, 115

sites Tyr 37, 121

Predicted Ser4,6,32,87, 112,123, 124

O-Glycosylations Thr 52,119, 122

sites

Table IIL.- Conservation status of the positively predicted
and false negative (in italic) Yin Yang sites of

H2B in mus musculus

Conservation status

Non-conserved Conserved Conserved
substitution residue substitution residue residue
Ser 6

Ser 14

Ser 322
Ser 55
Thr 90
Ser 112

Ser 123

'Ser 14 is fully conserved in vertebrates, but not conserved in
inverterbrates
2Ser 32 is conserved in vertebrates, but not conserved in
invertebrates

component like the CAD family (regulators of DNA
degradation) (Aravind et al., 2001). In unicellular
species like yeast (Saccharomyces cerevisiae)
phosphorylation of H2B occurs on Ser 10 during
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Fig. 1. Graphic representation of the potential phosphate modification on Ser and Thr residues in Mus musculus
histone 2B. The blue vertical lines show the potential phosphorylated Ser residues; the green lines show the potential
phosphorylated Thr residues; the red line show the potential phosphorylated Tyr residues. The light blue horizontal

wavy line shows threshold for modification potential.
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Fig. 2. Graphic representation of potential for O-GIcNAc modification of Ser and Thr residues in Mus musculus
histone 2B. The green vertical lines show the O-GlcNAc potential of Set/Thr residue and light blue horizontal wavy
line shows threshold for modification potential. The red o shows potential yin-yang sites, where phosphorylation and
glycosylation is predicted to occur in Mus musculus histone 2B, and the violet X shows the predicted false negative

Yin Yang sites.

hydrogen peroxide induced apoptosis (Ahn et al.,
2005). But the yeast Sterile 20 kinase (Ste20,
mammalian homolog Mst-1) that phosphorylates
Ser 10 of H2B is not dependent on caspase
cleavage, indicating a difference between apoptosis

in mammalian and yeast (Ahn et al., 2005).

The biochemical hallmark of apoptosis or
programmed cell death is the cleavage of chromatin
into nucleosomal fragments (Liu et al., 1997), but
not all apoptotic pathways lead to DNA
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fragmentation (Yuste et al., 2001). Activated
Caspase-3 interacts with other cytosolic proteins to
generate DNA fragmentation (Liu et al, 1997).
Caspases are activated by either DNA damaging
agents, or via binding of death ligands like tumor
necrosis factor (TNF) or FAS to their respectively
death receptor, which eventually triggers the release
of cytochrome c from the mitochondria into the
cytosol, and thereby activates initiator caspases such
as Caspases-9 (Cryns and Yuan, 1998). This caspase
proteolytically activates downstream effector
caspases like Caspase-3, which in turn kill cells by
cleaving intracellular proteins (Cryns and Yuan,
1998). Mst-1 (De Souza and Lindsay, 2004) and
PKC-6 (Anantharam et al., 2002) are amongst the
several key cellular proteins, which are cleaved by
Caspase-3 in the cytosol. Mst-1 is cleaved into a 36
kDa active fragment (Graves et al., 1998), and is
translocated into the nucleus before nuclear
fragmentation is initiated (De Souza and Lindsay,
2004), where it phosphorylates nuclear proteins like
H2B on Ser 14 (Cheung et al., 2003).
Phosphorylation of H2B at Ser 14 during apoptosis
occur immediate prior to DNA laddering, and might
operate as an activator for DNA fragmentation
during apoptosis (Cheung et al., 2003). Furthermore
phosphorylation of H2B on Ser 14 has been
documented to occur at radiation-induced DNA
damage, but is dependent on the phosphorylated
isoform of H2AX (Fernandez-Capetillo et al.,
2004). Caspase-3 also cleaves OGN into a 65 kDa
fragment representing the C-terminal portion of
OGN (Wells et al., 2002). This cleavage does not
impair OGN’s activity in vitro, and the truncated
OGN is able to catalyse the hydrolysis of O-GIcNAc
from endogenous O-GlcNAc-modified proteins
(Wells et al., 2002).

During apoptosis other sites of H2B becomes
phosphorylated as well. Ser 32 has been identified
being phosphorylated by protein kinase C (PKC)
(Ajiro, 2000). Ser 32 is found in the inner globular
region near the N-terminal border of H2B, where it
is not easily accessible to kinases. During apoptosis
the nucleosome opens and the histone proteins are
released (Wu et al., 2002). When H2B is released it
may become accessible to PKC in the cytoplasm,
but no evidence was found to support whether Ser
32 of H2B is phosphorylated in the nuclei or in the

cytoplasm. PKC-5, a PKC isoform, has been
documented to be cleaved by Caspase-3 during
apoptosis (Anantharam et al., 2002). Proteolytic
cleavage of PKC-06 by caspase-3 results in persistent
activation of PKC- § in the cytosol (Anantharam et
al., 2002), and might be the possible kinase that
phosphorylates H2B on Ser 32 (Ajiro, 2000). After
release the histone proteins then migrate to the cell
surface, where they may assist in the recognition and
clearance of apoptotic remains (Radic et al., 2004).

The two apoptosis related residues (Ser 14
and 32) of H2B, are substituted by Gly and a basic
amino acid in invertebrates, respectively (Fig. 3).
Furthermore the two predicted Yin Yang sites are in
vicinity with basic residues (Lys and Arg) (Fig. 3),
whereas the other predicted Yin Yang sites did not
show this feature (data not shown). This might be a
requirement for recognition by apoptosis related
kinases like Mst-1 and PKC-6. This is in agreement
with PKC’s consensus sequence, which is rich in
basic amino acids (Medler and Bruch, 1999).
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Fig. 3. Multiple alignments of selected
sequences (Amino acid 1-48) of H2B in
vertebrates and invertebrates. The consensus
sequence is highlighted by asterisk, conserved
substitution by double dot and semiconserved
substitution by single dot. Different sequences
are ordered as in aligned results from
CLUSTALW. The positively predicted Yin
yang sites are highlighted in yellow, and the
negatively predicted Yin yang site s
highlighted in green.

Expression of Mst-1, which is cleaved by
Caspase-3 on its regulatory C-terminal thereby
increasing its kinase activity, also acts as an
activator of caspases, emphasizing its role in
apoptosis (Ura et al., 2001). Furthermore Mst-1 is
capable of activating the p38 Mitogen protein kinase
and c-Jun N-terminal protein kinase (JNK)
pathways as well and thereby induce apoptosis (Ura
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et al., 2001). Guo and colleges (1998) reported that
a prolonged activation of JNK induces apoptosis in
Rat Mesangial Cells. The second kinase, which also
is capable of phosphorylating H2B during apoptosis,
is PKC-0 (Ajiro, 2000). PKC-8’s kinase activity is
also amplified by its cleavage by Caspase-3
(Anantharam et al., 2002) and has also been found
to activate the JNK pathway (Reyland ef al., 1999).
This suggest, that when apoptosis needs to take
place (e.g. when a cell is damaged beyond repair, or
infected with a virus), Caspase-3 proteolytically
starts cleaving endogenous proteins. These protein
kinases (Mst-1 and PKC-3), which activity is
increased after cleavage, are translocated into the
nucleus, where they are able to phosphorylate H2B,
to promote DNA fragmentation (Fig. 4).

In stress induced environment a rapid
increase of O-GIcNAc modified nucleocytoplasmic
proteins occur (Zachara et al., 2004). This
modification protects the cell from apoptosis,
whereas a reduction of O-GlcNAc modified proteins
may lead to a reduced cellular survival (Zachara et
al., 2004). This suggests that H2B might be O-
GlcNAc modified on Ser 14 and 32 under normal or
stress induced conditions. When apoptosis occurs,
OGN is cleaved by Caspase-3, and catalyzes the
removal of O-GIcNAc from H2B (and other
nucleocytoplasmic proteins), thereby making H2B
ready to become phosphorylated by Mst-1 and
PKC-6 on Ser 14 and 32 respectively. The majority
of OGN is present in the cytosol, but is also found in
the nucleus at smaller levels (Wells et al., 2001).
This means that OGN might be able to remove O-
GIcNAc from H2B and other proteins in the
nucleus. Another possibility is, when H2B becomes
phosphorylated on Ser 14, DNA fragmentation
begins, and H2B is released into the cytoplasm,
where OGN removes O-GlcNAc from Ser 32, and
subsequently becomes phosphorylated by truncated
PKC-¢ (Fig. 4).

Cells in apoptosis release nucleosomes into
the cytoplasm and attach them to the outside of
nuclear fragments (Radic et al., 2004). These
nuclear fragments migrate to the cell surface, break
through the plasma membrane. Nucleosomes
become accessible for interactions with receptors,
including B cell receptors (Mecheri et al., 1993),
and binding to proteoglycans like Heparan sulfate
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Fig. 4. When apoptosis occurs Caspase-3
is activated, and is able to cleave
nucleocytoplasmic proteins like OGN, Mst-1
and PKC-5. After cleavage OGN is able to
deglycosylate H2B on Ser 14 and 32 (and other
predicted residues as well). When H2B is
deglycosylated, Mst-1 and PKC-3
phosphorylates H2B on Ser 14 and 32
respectively, leading to DNA fragmentation.
'Ser 32 is present in the inner globular region of
H2B, and is not accessible to kinases, as long as
the nucleosome structure is intact. PKC-§
phosphorylates Ser 32 either in the nucleus or in
the cytosol after release of the histone proteins,
but no evidence was found concerning this.

proteoglycans, which are implicated in various
biological roles such as presentation and localization
of growth factors (Watson et al., 1999). The
function of nucleosomes present on the cell surface
is unknown, but has been proposed to have a role in
the synthesis of immunoglobulins in normal
lymphocytes (Bell et al., 1990). Phosphorylation of
H2B, which occur during apoptosis, might be
associated with DNA fragmentation (Ajiro, 2000),
and might act as recognition for attachment of
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cytoplasmic nucleosomes to the nuclear envelope.
Furthermore phosphorylation of H2B has been
proposed to be part of the apoptotic histone code
(Cheung et al., 2003). We propose that O-GIcNAc
also play a crucial role by protecting the
nucleoprotein H2B from being phosphorylated
under normal and stress induced conditions, and
when apoptosis occurs, the truncated OGN is able to
deglycosylate H2B and kinases are able to
phosphorylate H2B.

Other Yin Yang sites in human H2B were
predicted (Table III). No specific data was found
concerning these sites, which are of equal
importance, and the potential for phosphorylation
and O-glycosylation cannot be ignored.

ACKNOWLEDGEMENT

Nasir-ud-Din acknowledges partial support
from Pakistan Academy of Sciences and Dr. T.A.
Khawaja of the IMSB for this research effort.

REFERENCES

AHN, S.-H., CHEUNG, W. L., HSU, J.-Y., DIAZ, R. L,
SMITH, M. M. AND ALLIS, C.D., 2005. Sterile 20
kinase phosphorylates histone h2b at serine 10 during

hydrogen peroxide-induced apoptosis in S. cerevisiae.
Cell, 120: 25-36.

AJIRO, K., 2000. Histone H2B phosphorylation in mammalian
apoptotic cells an association with DNA fragmentation.
J. biol. Chem., 275: 439-443.

ALTSCHUL, S. F., MADDEN, T. L., SCHAFFER, A. A.,
ZHANG, J.,, ZHANG, Z., MILLER, W. AND
LIPMAN, D.J., 1997. Gapped BLAST and PSI-
BLAST: a new generation of protein database search
programs. Nucl. Acid Res., 25: 3389-3402.

ANANTHARAM, V., KITAZAWA, M., WAGNER, J., KAUL,
S. AND KANTHASAMY, A. G., 2002. Caspase-3-
dependent proteolytic cleavage of protein kinase C § is
essential for oxidative stress-mediated dopaminergic
cell death after exposure to methylcyclopentadienyl
manganese tricarbonyl. J. Neurosci., 22: 1738-1751.

ARAVIND, L., DIXIT, V. M. AND KOONIN, E. V., 2001.
Apoptotic molecular machinery: vastly increased
complexity in vertebrates revealed by genome
comparisons. Science, 291: 1279 — 1284.

BHARTI, A., KRAEFT, S.-K., GOUNDER, M., PANDEY, P.,
JIN, S.Y., YUAN, Z.-M. LEES-MILLER, S.P.,
WEICHESELBAUM, R., WEAVER, D., CHEN, L.B.,
KUFE, D. AND KHARBANDA, S., 1998. Inactivation
of DNA-dependent protein kinase by protein kinase C

&: Implications for apoptosis. Mol. Cell Biol., 18: 6719-

6728.
BELL, D. A., MORRISON, B., AND VANDENBYGAART,
P, 1990. Immunogenic DNA-related factors.

Nucleosomes spontaneously released from normal
murine lymphoid cells stimulate proliferation and
immunoglobulin  synthesis of normal mouse
lymphocytes. J. clin. Invest. 85: 1487-1496

BLOM, N., GAMMELTOFT, S. AND BRUNAK, S., 1999.
Sequence- and structure-based prediction of eukaryotic
protein phosphorylation sites. J. mol. Biol., 294: 1351-
1362.

BOECKMANN, B., BAIROCH, A. APWEILER, R,
BLATTER, M. C., ESTREICHER, A., GASTEIGER,
E., MARTIN, M. J., MICHOUD, K., ODONOVAN,
C., PHAN, L., PILBOUT, S. AND SCHNEIDER, M.,
2003.The SWISS-PROT protein knowledge base and its
supplement TrTEMBL in 2003. Nucl. Acid Res., 31: 365—
370.

CHEUNG, W. L, AJIRO, K., SAMEJIMA, K., KLOC, M.,
CHEUNG, P., MIZZEN, C. A., BEESER, A., ETKIN,
L. D., CHERNOFF, J., EARNSHAW, W. C. AND
ALLIS, C. D., 2003. apoptotic phosphorylation of
histone H2B is mediated by mammalian sterile twenty
kinase. Cell, 113: 507-517.

COMER, F.I. AND HART, G.W., 2001. Reciprocity between
O-GlcNAc and O-phosphate on the carboxyl terminal
domain of RNA polymerase II. Biochemistry, 40: 7845-
7852.

CRYNS, V. AND YANG, J, 1998. Proteases to die for. Genes
Develop., 12: 1551-1570.

CSORDAS, A., 1990. On the biological role of histone
acetylation. Biochem. J., 265: 23-38.

DE LA BARRE, A. E., ANGELOV, D., MOLLA, A. AND
DIMITROV, S., 2001. The N-terminus of histone H2B,
but not that of histone H3 or its phosphorylation, is
essential for chromosome condensation. EMBO J., 20:
6383-6393.

DE SOUZA, P.M. AND LINDSAY, M.A., 2004. Mammalian
sterile20-like kinase 1 and the regulation of apoptosis.
Biochem. Soc. Trans., 32: 485-488.

FERNANDEZ-CAPETILLO, F., ALLIS, C. D. AND
NUSSENZWEIG, A., 2004. Phosphorylation of histone
H2B at DNA double-strand breaks. J. exp. Med., 199:
1671-1677.

GUO, Y.-L., BAYSAL, K., KANG, B., YANG, L.-J. AND
WILLIAMSON, J. R., 1998. Correlation between
sustained c-Jun N-terminal protein kinase activation and
apoptosis induced by tumor necrosis factor-o in rat
mesangial cells. J. biol. Chem., 273: 4027-4034.

HENDZEL, M. J., NISHIOKA, W.K., RAYMOND, Y.,
ALLIS, C. D., BAZETT-JONES, D. P. AND TH'NG, J.
P.H., 1998. Chromatin condensation is not associated
with apoptosis. J. biol. Chem., 273: 24470-24478.

KALEEM, A., AHMAD, 1., WAJAHAT, T., HOESSLI, D.C,,



312 A. KALEEM ET AL.

WALKER-NASIR, E., HUSSAIN, S.A,, QAZI, WM.,
SHAKOORI, A.R., NASIR-UD-DIN. 2006. Somatic
cell cycle regulation by histone H3 modifications:
Action of OGT and kinases. Pakistan J. Zool., 38: 137-
144.

KREEGIPUU, A., BLOM, N. AND BRUNAK, S., 1998.
PhosphoBase, a database of phosphorylation sites:
release 2.0. Nucl. Acid Res., 27: 237-239.

LIU, X., ZOU, H., SLAUGHTER, C. AND WANG, X., 1997.
DFF, a heterodimeric protein that functions downstream
of caspase-3 to trigger DNA fragmentation during
apoptosis. Cell, 89: 175-184.

LOVE, D.C. AND HANOVER, J.A., 2005. The hexosamine
signaling pathway: Deciphering the "O-GlcNAc code".
Sci. STKE, 312: re 13.

LUGER, K., MADER, A. W., RICHMOND, R. K., SARGENT,
D. F. AND RICHMOND, T. J., 1997. Crystal structure
of the nucleosome core particle at 2.8A resolution.
Nature, 389: 251-260.

MECHERI, S., DANNECKER, G., DENNIG, D., PONCET, P.,
AND HOFFMANN, M. K. 1993. Anti-histone
autoantibodies react specifically with the B cell surface.
Mol. Immunol., 30: 549-557.

MEDLER, K. F. AND BRUCH, R. C., 1999. Protein Kinase C

B and O Selectively Phosphorylate Odorant and
Metabotropic Glutamate Receptors. Chem. Senses, 24:
295-299.

PARONI, G., MIZZAU, M., HENDERSON, C., DEL SAL, G.,
SCHNEIDER, C. AND BRANCOLINI, C., 2004.
Caspase-dependent regulation of histone deacetylase 4
nuclear-cytoplasmic shuttling promotes apoptosis. Mol.
Biol. Cell, 15: 2804-2818.

RADIC, M., MARION, T. AND MONESTIER, M., 2004.
Nucleosomes are exposed at the cell surface in
apoptosis. J. Immunol., 172: 6692-6700.

REYLAND, M. E., ANDERSON, S. M., MATASSA, A. A,
BARZEN, K. A. AND QUISSELL, D. O., 1999.
Protein kinase Co is essential for etoposide-induced
apoptosis in salivary gland acinar Cells. J. biol. Chem.,
274: 19115-19123.

THOMSON, S., CLAYTON, A. L., HAZZALIN, C.A, ROSE,
S., BARRATT, M. J. AND MAHADEVAN, L. C,,
1999. The nucleosomal response associated with
immediate-early gene induction is mediated via
alternative MAP kinase cascades: MSK1 as a potential
histone H3/HMG-14 kinase. The EMBO J., 18: 4779—
4793.

THOMPSON, J. D., HIGGINS, D. G. AND GIBSON, T. J,,

1994. CLUSTALW: improving the sensitivity of
progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and
weight matrix choice. Nucl. Acid Res., 22: 4673-4680.

TURNER, B. M., 2002. Cellular memory and the histone code.
Cell, 111: 285-291.

URA, S., MASUYAMA, N., GRAVES, J.D. AND GOTOH,
Y., 2001. MST1-JNK promotes apoptosis via caspase-
dependent and independent pathways. Genes Cells, 6:
519-530.

WATSON, K., GOODERHAM, N.J., DAVIES, D.S. AND
EDWARDS, R.J., 1999. Nucleosomes bind to cell
surface proteoglycans. J. biol. Chem., 274: 21707-
21713.

WELLS, L., WHELAN, S.A. AND HART, G.W., 2003. O-
GIcNAc: a regulatory posttranslational modification.
Biochem. biophys. Res. Commun., 302: 435-441.

WELLS, L., GAO, Y., MAHONEY, J.A., VOSSELLER, K.,
CHEN, C., ROSEN, A. AND HART, G.W., 2002.
Dynamic o-glycosylation of nuclear and cytosolic
proteins -  Further  characterization of the
nucleocytoplasmic ~ B-n-acetylglucosaminidase, O-
GlcNAcase. J. biol. Chem., 277: 1755-1761.

WU, D., INGRAM, A., LAHTL J. H.,, MAZZA, B., GRENET,
J., KAPOOR, A, LIU, L., KIDD, V. J. AND TANG,
D., 2002. Apoptotic release of histones from
nucleosomes. J. biol. Chem., 277: 12001-12008.

WU, J., SUKA, N., CARLSON, M. AND GRUNSTEIN, M.,
2001. TUP1 utilizes histone H3/H2B-specific HDA1
deacetylase to repress gene activity in yeast. Mol. Cell,
7: 117-126.

YANG, X.-J. AND GREGOIRE, S., 2005. Class II histone
deacetylases: from sequence to function, regulation, and
clinical implication. Mol. Cell. Biol., 25: 2873-2884.

YUSTE, V. ., BAYASCAS, J. R., LLECHA, N., SANCHEZ-
LOPEZ, 1., BOIX, J. AND COMELLA, J. X., 2001.
The absence of oligonucleosomal DNA fragmentation
during apoptosis of IMR-5 neuroblastoma cells -
Disappearance of the caspase-activated DNase. J. biol.
Chem., 276: 22323-22331.

ZACHARA, N. E., ODONNELL, N., CHEUNG, W. D.,
MERCER, J. J., MARTH, J. D. AND HART, G. W.,
2004. Dynamic o-glcnac modification of
nucleocytoplasmic proteins in response to stress - A

survival response of mammalian cells. J. biol. Chem.,
279: 30133-30142.

(Received 6 September 2006, revised 18 November 2006)



REGULATION OF APOPTOSIS BY HISTONE H2B MODIFICATIONS 313

Zubair 0300-8200037



