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Abstract

The modification of chromatin structure is important for a number of nuclear functions, exemplified
by the regulation of transcription. This review discusses recent studies of covalent histone
modifications and the enzymatic machines that generate them.

In eukaryotes, genomic DNA is packaged with histone pro-
teins into chromatin, compacting DNA some 10,000-fold.
Such condensation of DNA provides a considerable obstacle
to the nuclear machinery that drives processes such as repli-
cation, transcription or DNA repair. Importantly, the struc-
ture of chromatin dynamically changes, permitting localized
decondensation and remodeling that facilitates the progress
of nuclear machinery. An emerging theme in the field of
chromatin research has been the significant role that post-
translational modifications of histones play in regulating
nuclear function. Over the past few years, considerable
progress has been made into the identification of the enzy-
matic machines that modify these proteins, and this review
is devoted to our current understanding of the array of core
histone modifications and the factors that regulate them.

The basic repeating unit of chromatin is the nucleosome, typ-
ically composed of an octamer of the four core histones H2A,
H2B, H3 and H4 and 146 basepairs of DNA wrapped around
the histones [1]. Each core histone is composed of a struc-
tured domain and an unstructured amino-terminal ‘tail’ of
25-40 residues. This unstructured tail extends through the
DNA gyres and into the space surrounding the nucleosomes.
Histone tails provide sites for a variety of posttranslational
modifications, including acetylation, phosphorylation and
methylation. It is becoming increasingly apparent that such
modifications of histone tails determine the interactions of
histones with other proteins, which may in turn also regulate
chromatin structure [2]. Identifying the multitude of histone
modifications, the enzymes that generate them and the
nuclear response to any given pattern of alterations poses a
fascinating challenge.

Histone acetylation

The acetylation and deacetylation of the g-amino groups of
conserved lysine residues present in histone tails has long
been linked to transcriptional activity [3] and has been the
most intensively studied histone modification. Acetylated
histones are usually associated with transcriptionally active
chromatin and deacetylated histones with inactive chro-
matin. In addition to the relationship between histone acety-
lation and the transcriptional capacity of chromatin,
acetylation is also involved in processes such as replication
and nucleosome assembly, higher-order chromatin packing
and interactions of non-histone proteins with nucleosomes
[4]. In particular, the highly conserved histone H3 lysines at
amino-terminal amino-acid positions 9, 14, 18 and 23, and
Hg lysines 5, 8, 12 and 16, are frequently targeted for modifi-
cation [5]. The neutralization of the basic charge of the
histone tails by acetylation is thought to reduce their affinity
for DNA and to alter histone:histone interactions between
adjacent nucleosomes as well as the interactions of histones
with other regulatory proteins [4,5]. These changes con-
tribute to a chromatin environment believed to be permis-
sive for transcription. Acetylation of lysine 12 in histone Hg4,
however, is linked to transcriptional silencing in yeast and
Drosophila [6,7], and some acetyltransferases, such as Sas3
and Hat1, have been linked to silencing in yeast [8,9].

Strong molecular evidence for a direct link between acetyla-
tion and transcription was provided when the conserved
transcriptional regulator Gens was found to have histone
acetyltransferase (HAT) activity [10]. Yeast and human Gens
and the orthologous human protein, PCAF, were subse-
quently found to be associated with other transcriptional
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adaptors or coactivators in multisubunit complexes that reg-
ulate Geng specificity and recruitment to target promoters
[2,5]. Gens and PCAF commonly modify lysine 14 of histone
H3. This modification was initially suggested to represent a
transcription-linked acetylation mark [11]. As part of native
complexes, however, these enzymes can modify an expanded
repertoire of lysines [12,13]. One extensively studied native
Gcens-containing complex is the yeast ‘SAGA’ complex, a
highly conserved complex containing a large number of tran-
scriptional coactivators from the Spt, Ada, TAF and Tra1 fam-
ilies of proteins, which preferentially modifies nucleosomal
histones H3 and H2B [5]. A localized focus of acetylation [2]
is created when this activity is specifically recruited to pro-
moters by acidic activators [14] or following the action of the
ATP-dependent SWI/SNF chromatin-remodeling complex
[15,16]. Chromatin-remodeling complexes are thought to
‘loosen’ nucleosomes to allow transcription factors to gain
access to their targets within chromatin.

HATSs

Since the identification of Gens as an archetypal nuclear
HAT, numerous other coactivator proteins have been found
to possess HAT activity and have frequently been identified
as components of high-molecular-weight complexes com-
posed of proteins with homology (or identity) to transcrip-
tional regulators [4]. There are now several reported families
of acetyltransferases, comprising over twenty enzymes,
which generate specific patterns of free and/or nucleosome-
associated histone acetylation. The first family of HATSs is
the GNAT superfamily (Gens-related N-acetytransferases),
which includes proteins involved with, or linked to, tran-
scriptional initiation (Gens and PCAF), elongation (Elp3),
histone deposition and telomeric silencing (Hat1). The
p300/CBP HAT family is comprised of the highly related
p300 and CBP proteins, which share sequence homology
with GNATs [5]. Members of the p300/CBP family have
been extensively described as coactivators for multiple tran-
scription factors. The HAT activity of p3oo and CBP is
required for their role in transactivation, and these enzymes
have been found to associate with other acetyltransferases,
indicating that multiple HAT enzymes may be recruited to
act cooperatively during gene activation [4].

The MYST family of HATs is named after the founding
members MOZ, Ybf2/Sas3, Sas2 and Tip60. Notable
members of this family include the human oncogene MOZ.
In one type of chromosomal translocation associated with
acute myeloid leukemias, MOZ is fused in-frame to the CBP
acetyltransferase; leukemogenesis follows presumably as a
result of aberrant chromatin acetylation [17]. The yeast
homolog of MOZ is Sas3, the catalytic subunit of the nucleo-
somal H3-specific HAT complex, NuA3 [18]. This complex is
predicted to function in transcriptional elongation and repli-
cation [18] and in silencing of the yeast HM mating-type loci
[8]. Unlike SAGA, the NuA3 complex is apparently not

recruited to yeast promoters by acidic activators, however
[14]. Interestingly, nucleosomes retard transcription elonga-
tion by RNA polymerase, and nucleosomal acetylation by the
Elp3-dependent elongator [19] or Sas3-dependent NuA3
complexes may overcome this barrier.

The essential yeast Esa1 acetyltransferase is a MYST family
member that predominantly modifies histones H4 and H2A
within the native NuA4 HAT complex [20]. Esa1 and Gens
both contribute to the regulation of the PHO5 gene [21,22],
which encodes an acid phosphatase, in a manner that gener-
ates widespread acetylation of a 4.25 kb region around the
PHOj5 gene [23], which in turn allows opening of the chro-
matin at the promoter. Although this acetylation is antago-
nized by a pattern of widespread deacetylation, the targeting
of these HATSs to the promoter allows a transient and local-
ized increase of acetyl groups sufficient to stimulate tran-
scription. Esa1i is homologous to the Drosophila MOF
protein, which catalyzes acetylation of H4 lysine 16 on the
male X chromosome and a subsequent two-fold increase in
transcription, a phenomenon known as dosage compensa-
tion (reviewed in [24]). The NuA4 complex has a number of
components also found in the human Tip60 complex, which
is thought to function in DNA-damage responses and the
regulation of apoptosis [25] suggesting a conserved mecha-
nism for signaling the existence of DNA damage through
histone acetylation. Finally, the human MYST family
member HBO1 is the first HAT shown to associate with the
protein complex that binds DNA at the origin of replication
[26], underscoring a role for acetylation in multiple aspects
of chromatin metabolism.

Other acetyltransferases are grouped as basal transcription
factors, such as the TAFII250 component of the TFIID
complex, or as nuclear hormone-receptor cofactors, such as
ACTR and SRC1. These HATs and their substrate specifici-
ties have been reviewed elsewhere [4,5]. It is notable that
many HATSs have also been reported to modify other tran-
scription factors, such as the p53 tumor suppressor and the
basal transcription factors TFIIE and TFIIF.

Modification of histone tails by acetylation is known to
increase the access of transcription factors to DNA through
structural changes in nucleosomes or nucleosomal arrays.
Acetylated histones are also specifically recognized by other
proteins. The bromodomain, found in transcription factors
and HATSs such as TAFII250, PCAF and GCN5 is a protein
domain that allows for the preferential recognition of
histone tails when they are acetylated at specific lysine
residues [27-29] (Figure 1). Similarly, other histone modifi-
cations are binding sites for other specialized protein
domains (see below), consistent with the hypothesis that
patterns of covalent histone modifications form a platform
recognized by other proteins and used to transduce down-
stream events [30]. Three recent reports [31-33] have sug-
gested that histone acetylation may precede the recruitment
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A model for the generation of transcriptionally active and inactive chromatin domains by post-translational histone

modification. (@) Histone acetyltransferases (HATs) generate patterns of acetylation (Ac) recognized by other transcriptional
regulators, such as the bromodomain-containing (Bromo) factors TAFII250, PCAF and GCNS5, leading to chromatin ‘opening’
and gene activation. (b) Conversely, the conserved histone methyltransferase (HMT) SUV39H| methylates (Me) histone H3,

which is then bound by the heterochromatin-associated chromodomain (Chromo) protein HP1/Swié, establishing a silent

chromatin domain.

of ATP-dependent chromatin-remodeling activities during
transcriptional activation. Gens can participate in stabilizing
SWI/SNF binding to a promoter, and this interaction seems
to be mediated through the Gens bromodomain [31]. Fur-
thermore, Gens recruitment and histone acetylation pre-
cedes recruitment of the SWI/SNF complex during
activation of the interferon-f promoter [32], and transacti-
vation by RAR/RXR nuclear receptors involves histone
acetylation prior to the action of human SWI/SNF [33].

HDACs

A large number of histone deacetylases (HDACs) have now
been identified, many of which act as corepressors of transcrip-
tion. The yeast HDACs Rpd3 and Hdai are known to be
recruited by repressor proteins to promoters, causing a local-
ized deacetylation of chromatin [2]. Specialized regions of
chromatin have been described, such as telomeres, cen-
tromeres and silent yeast mating-type loci, which are transcrip-
tionally inactive and form hypoacetylated heterochromatin-like
domains. Inhibition of HDAC activity and inactivation of sites
for hypoacetylation in histone H4 are known to disrupt the

formation of such highly condensed (heterochromatic)
regions [34]. In yeast, heterochromatin formation is medi-
ated by the Sir2, Sir3 and Sir4 silencing proteins. Recently,
Sir2 has been found to have NAD-dependent HDAC activity
[35-37] and, in one report, NAD-dependent histone-ribosy-
lation activity [38]. The deacetylation of lysine 16 of H4
seems important for the interaction of Sir3 and Sir4 proteins
and subsequent spreading of heterochromatin.

Histone phosphorylation

In contrast to the relative wealth of information about the
large number of acetyltransferases and deacetylases, rela-
tively little is known about the enzymes that generate other
histone modifications. Important progress has been made,
however, towards understanding the role of histone phos-
phorylation in processes such as transcription, DNA repair,
apoptosis and chromosome condensation [39].

Phosphorylation of serine 10 in histone H3 has been shown
to correlate with gene activation in mammalian cells [40]
and with the induction of transcription during heat-shock
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response in Drosophila [41]. Quiescent fibroblasts treated
with epidermal growth factor undergo rapid serine 10 phos-
phorylation, coincident with the induction of early response
genes such as c-fos. This phosphorylation is catalyzed by the
Rsk-2 kinase, and notably cells derived from Rsk-2-deficient
Coffin-Lowry Syndrome patients do not undergo serine 10
phosphorylation or c-fos induction in response to the epider-
mal growth factor (EGF) [42].

The mechanism by which phosphorylation contributes to
transcriptional activation is not well understood. The addi-
tion of negatively charged phosphate groups to histone tails
neutralizes their basic charge and is thought to reduce their
affinity for DNA. Furthermore, it has been found that several
acetyltransferases have increased HAT activity on serine 10-
phosphorylated substrates, and that mutation of serine 10
decreases activation of Gens-regulated genes [43,44]. Thus,
phosphorylation may contribute to transcriptional activation
through the stimulation of HAT activity on the same histone
tail. Indeed, phosphoacetylation of histone H3 on c-fos- and
c-jun-associated nucleosomes has been demonstrated upon
gene activation [45].

Phosphorylation of H2A has also long been correlated with
mitotic chromosome condensation, and again serine 10
appears to play a key role [39]. For example, mutation of
serine 10 in Tetrahymena histones causes abnormal chro-
mosomal condensation and defective chromosome separa-
tion during anaphase. Recently, the Ipli/aurora kinase in
yeast and nematodes, and the NIMA kinase in Aspergillus
nidulans, have been reported to regulate H3 serine 10 phos-
phorylation [46,47]. The normal expression of both enzymes
correlates with mitosis and they can directly modify H3
serine 10. Disregulation of Ipl1 or NIMA leads to subsequent
disruption of the normal process of chromosome condensa-
tion or segregation. It has been suggested that the protein
phosphatase Glc7/PP1 dephosphorylates H3 after mitosis.

Phosphorylation of histone H3 is also known to occur after
activation of DNA-damage signaling pathways. For example, a
conserved motif (ASQE, in the single-letter amino-acid code)
found in the carboxyl terminus of yeast H2A and the mam-
malian H2A variant H2A.X is rapidly phosphorylated upon
exposure to DNA-damaging agents [48,49]. Serine 139 has
been identified as the site for this modification, and its phos-
phorylation in response to damage is dependent on the phos-
phatidylinositol-3-OH kinase Mec1 in yeast. Mec1-dependent
serine 139 phosphorylation is apparently required for effi-
cient non-homologous end-joining repair of DNA. This
suggests that phosphorylation mediates an alteration of
chromatin structure, which in turn facilitates repair.

Histone methylation
Methylation of histones was first described in 1964 [50].
Direct evidence linking methylation and transcription was

only found some 35 years later, when the histone H3 argi-
nine-specific histone methyltransferase (HMT) CARM1 was
shown to interact and cooperate with the steroid-hormone-
receptor coactivator GRIP-1 in transcriptional activation
[51]. Initial studies of histone modifications have indicated
that histones H3 (lysines 4, 9 and 27) and H4 (lysine 20) are
frequently preferentially methylated [52]. Modified lysines
have the ability to be mono-, di- or tri-methylated, adding a
further potential complexity to the posttranslational status
of H3 and H4 tails.

Recently, the heterochromatin-enriched human SUV39H1,
murine Suv3ghi and fission yeast Clr4 proteins were found to
methylate lysine 9 of histone H3 selectively [53,54]. Overex-
pression of SUV39H1 induces ectopic heterochromatin [55],
the formation of heterochromatin in a normally euchromatic
location, suggesting that methylation of H3 lysine 9 may
generate a chromatin architecture preferred for binding by
other heterochromatin-specific proteins. SUV39H1 family
members are homologs of the heterochromatin-associated
Drosophila SU(VAR)3-9 and Schizosaccharomyces pombe
Clr4 proteins, both of which have been identified genetically
as suppressors of position-effect variegation, a phenomenon
in which the relocation (by rearrangement or transposition)
of a locus to heterochromatin results in abnormal silencing of
the locus in a proportion of the cells that would normally
express it. All three proteins are members of the SET-domain
family of proteins. The heterochromatin protein HP1 colocal-
izes with SUV39H1 to heterochromatin, where it mediates
gene silencing. Three new studies reveal that HP1 and the
S. pombe homolog Swi6 specifically bind with high affinity to
histone H3 that has been methylated at lysine 9 by the
SUV39H family of HMTs [54,56,57] (Figure 1). The speci-
ficity of this recognition is underscored by the fact that
methylated H3 lysine 4 is apparently not bound by HP1. The
evolutionarily conserved chromodomain regions of HP1
mediates the interaction with methyl lysine 9. In S. pombe,
methylase activity of Clr4 is required for the recruitment of
Swi6 to silenced heterochromatin and for transcriptional
silencing [54]. Notably, methylation of lysine 9 interferes
with phosphorylation of the adjacent serine 10 by the
Ipli/aurora kinase, but is also inhibited by prior acetylation
of lysine 9 [53]. Thus, unmodified tails such as those available
following replication-coupled histone deposition may favor
SUV39H1-mediated methylation events and subsequent
spreading of heterochromatin.

A potentially vast number of other histone modifications
within the unstructured tails and structured carboxyl termini
of histones may await discovery or further investigation.
These include ADP-ribosylation and ubiquitination events.
For example, the carboxyl terminus of histone H2B is ubiqui-
tinated in yeast in a Rad6-dependent fashion. Loss of this
ubiquitination site leads to defects in mitosis and meiosis
[58]. The transcription factor TAFII250, mentioned above as
a histone acetyltransferase, also shows histone ubiquitination



activity. Drosophila TAFII250 modifies the linker histone H1
by monoubiquitination, and this modification is required for
full activation of the Dorsal transcription factor [59]. In
summary, recent discoveries concerning histone modifica-
tions and the enzymes that mediate them have revealed sig-
nificant interplay between different covalent marks and the
proteins that recognize them. Mapping the full repertoire of
histone modifications, the players involved and the structural
and functional responses to them will inevitably continue to
be a major focus of chromatin research in years to come.
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