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Abstract In eukaryotic cells DNA is associated with
proteins to form a complex known as chromatin. The
dominant proteins within this chromatin complex are the
histones, which are subject to a wide variety of covalent
and reversible posttranslational modifications such as
acetylation. A specialized family of enzymes, the histone
acetyl transferases, catalyzes the transfer of acetyl
groups from their cosubstrate acetyl-coenzyme A to ly-
sine residues of histones. Acetylation of histone N-termi-
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nal lysine residues induces chromosomal changes and re-
sults in the loss of chromosomal repression that allows
the successful transcription of the underlying genes.
Analogously, in DNA repair and also DNA replication
the chromosomal repression is thought to be relieved by
such mechanisms. Recently several publications have
provided evidence that histone acetyl transferases also
modify nonhistone proteins and thereby regulate their
activities. This review discusses various aspects of his-
tone acetyl transferases and summarizes recent findings
which suggest a role for histone acetyl transferases in
DNA repair and DNA replication.
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Abbreviations CAF: Chromatin assembly factor -

FAT: Factor acetyltransferase - Fen: Flap endonuclease -
GNAT: GCNb5-related N-acetyltransferase -

HAT: HISTONE acetyl transferase - HMG: High-mobility
group - TAF,,250: TATA binding protein associated
factor - PCNA: Proliferating cell nuclear antigen -
SWI/SNF: Mating type switch/sucrose nonfermenting -
TFTC: TATA box binding protein free TAF,, complex

Introduction

More than a quarter of a century has passed since the nu-
cleosome was first recognized as the fundamental unit of
chromatin in eukaryotic cells[1, 2]. The isolated nucleo-
some core particle consists of a histone octamer, two
copies each of H2A, H2B, H3, and H4 around which is
wrapped 146 bp of DNA (reviewed in [3]). This struc-
ture is extremely conserved and the same in virtually all
eukaryotes. Nucleosomes are assembled with the assis-
tance of chaperones such as the chromatin assembly fac-
tor (CAF) 1 soon after DNA is synthesized [4, 5]. It is
important to note that individual nucleosomes do not ex-
ist in vivo, but they are rather folded into progressively
higher-ordered structures. The current understanding is
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that the next step of compaction leads to the so-called
chromatosome, including the nucleosome core particle
and an additional 20 bp of linker DNA associated with a
linker histone (H1 or H5) [6, 7]. When chromatin struc-
tures are observed by electron microscopy, two types of
higher order shapes can be seen: the so-called 10-nm fi-
ber and the 30-nm fiber [8]. The 10-nm fiber is a string
of nucleosomes which is obtained under conditions of
low ionic strength and does not require the presence of
H1. The 30-nm fiber seems to consist of an underlying
coiled structure. It has around six nucleosomes for every
turn; here the presence of H1 is absolutely required. This
fiber is the basic constituent of both interphase chroma-
tin and mitotic chromosomes [9, 10]. In addition to hi-
stones, the chromatin contains a set of nonhistone pro-
teins, the high-mobility group (HMG) proteins (reviewed
in [11]). The mammalian HM G proteins can be subdivid-
ed into three major families, named HMGA, HMGB, and
HMGN, according to unique characteristic functional
motifs[12]. All of these HMG proteins are thought to act
as architectural elements that modify the structure of
their binding site within chromatin.

It is important to note that chromatin folding is quite
dynamic and is strongly influenced by multiple modifi-
cations of chromatin-associated proteins (e.g., histones)
and remodeling activities. The degree of chromatin fold-
ing directly influences the behavior of DNA in all DNA
metabolisms associated processes.

Chromatin, or the histone components, are subject to
a wide variety of covaent reversible modifications
which can directly influence the degree of compaction of
the DNA and therefore also cellular processes (e.g., tran-
scription). The modifications of histones include the ad-
dition of various chemical groups such as methyl, phos-
phate, acetyl, ribosyl, and/or ubiquitin groups [13]. One
of the best-characterized posttranslational modifications
of histones is the acetylation of lysine residues, an event
with atremendous impact on chromatin structure.

Histone acetylation can occur on all core histones and
has usually been associated with transcriptional activa-
tion [14]. It occurs posttranslationally and reversibly, on
the e-NH3* groups of highly conserved lysine residues
lying in the N-terminal tails of core histones (reviewed
in [15]). Histone acetyl transferases (HATS) catalyze the
transfer of the acetyl moiety from acetyl coenzyme A to
these e-NH3* groups of lysine residues. In the opposing
deacetylation reaction, histone deacetylases remove the
acetyl groups and thereby reestablish the positive charge
in the histones (Fig. 1). Acetylation neutralizes the posi-
tive charge and thus increases the hydrophobicity of the
histones, leading to a reduced affinity of acetylated N-
terminal domains of histones to DNA thus “opening up”
the chromatin structure. This change in nucleosomal
structure is sought to play a causative role in activating
transcription in vivo [14] (Fig. 2). As an alternative, or
rather an additional effect, acetylation of histones might
set a signal to serve as “flags’ that are recognized by
other molecules linked to transcriptional activation. Such
a histone code model has recently been proposed by Al-
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Fig. 1 Schematic diagram of the acetylation of a lysine residue
(Ieft) to an acetyl-lysine residue (right). The reaction is catalyzed
by a histone acetyl transferase and its cofactor acetyl-coenzyme A
(Ac-CoA). The deacetylation reaction is catalyzed by the activity
of a histone deacetylase
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Fig. 2 Acetylation of a core nucleosome by a histone acetyl trans-
ferase leads to a loss of positive charges and a better accessibility
of the associated DNA for transcription factors (TF) or other DNA
binding proteins. Thereby, the transcription factor can bind and re-
cruit the RNA-polymerase |1 holoenzyme (pol |1 holo) and enable
transcription

lis and Jenuwein [16]. The histone code hypothesis pre-
dicts that the maodification marks on the histone tails pro-
vide binding sites for effector proteins. In agreement
with this hypothesis, one example of such a model is
presented by a protein structure known as bromodomain
that binds to acetylated lysine residues in the histone
NH, terminal tail [17, 18]. The bromodomain is present
in many transcriptional activators containing intrinsic
HAT activity (e.g., p300, GCN5, P/CAF, see below).
Similarly, chromodomains appear to be targeting mod-
ules for methylation marks within histones [19]. Proteins
that recognize specifically ribosylated or phosphorylated
histones have not yet been reported, although many pho-
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Table1 Known and putative

mammalian type A HATSs (for Name Size (kDa) Target proteins
details see text)
p300 300 H3, H4, H2A, H2B, nonhistone proteins
CBP 260 H3, H4, H2A, H2B, nonhistone proteins
P/CAF, GCN5 95 H3, H4, nonhistone proteins
TAFI1250 250 H3, H4, nonhistone proteins
SRC-1, ACTR 150 H3, H4
TIP60 60 H3, H4, H2A
MORF 200 H3, H4, H2A
hMOF 50 H3, H4, H2A
HBO1 70 H3, H4
MOz 225 Not determined
TFIIC90 90 H3
TFIIIC110 110 H2A, H4?
TFIIIC220 220 H2A, H4?
ATF-2 50 H4, H2B

sphoserine binding motifs are known and are important
in various signaling pathways [20, 21]. With the possi-
bility of multiple histone modifications present at the
same time, mainly at the N-terminal tails of the histones,
the question arises as to how they influence each other.
Could these modifications functionally regulate each
other, and/or could they be used in combination to affect
the function of nucleosomes and chromatin? There is ev-
idence that one modification can affect, cooperatively or
in an antagonistic manner, the establishment of another
modification. Namely, lysine residue 9 of H3, which can
either be methylated or acetylated. The mutually exclu-
sive nature of modifying the same amino acid residue
could develop into a reciprocal -regulatory mechanism by
which the effects on chromatin alternate depending on
the present modification [22].

Histone acetyl transferases

HATs can be grouped into at least two classes: type A
HATs and type B HATs. While type A HATs are local-
ized in the nuclel and most likely acetylate nucleosomal
histones as well as nonhistone proteins, type B HATSs can
be found in cytoplasmic fractions and are responsible for
acetylating newly synthesized histones before their
tranglocation into the nucleus for chromatin assembly
during DNA replication [23]. The later class are not dis-
cussed further here. To date several known transcription-
a coactivators have been found to possess intrinsic class
A HAT activity (Table 1). Class A HATs can be further
grouped into different families based on amino acid se-
guence comparisons of homology regions and motifs
[24]. Four members of three different HAT families are
briefly presented below.

The best understood family of acetyltransferases is the
Gens-related N-acetyltransferase (GNAT) family. This
family includes GCN5 (see below), its relatives such as
P/CAF (see below) and Tetrahymena p55, and at least
three more distantly related HATs, namely Hatl, Elp3,
and Hpa2. Four sequence motifs, the A, B, C, and D mo-
tifs, whose functions are not yet fully understood, charac-

terize this family (reviewed in [13]). Of particular interest
isthe A motif, which is the most highly conserved region
and can also be found in other HATs not belonging to this
family [25]. The C motif is found in most of the GNAT
family members but not in the majority of known HATS.
The first member of the GNAT family type A HAT
cloned was a 55-kDa polypeptide (p55) from the ciliated
protozoan Tetrahymena thermophila [26]. Remarkably,
p55 is highly similar to another known transcriptional co-
activator, GCN5, in the budding yeast Saccharomyces
cerevisae. Homologues of GCN5 have recently been
cloned from numerous divergent organisms: human [27],
mouse [28], Drosophila [29], and even in plants such as
Arabidopsis thaliana [30], suggesting that its function is
highly conserved throughout eukaryotes. The HAT activi-
ty of GCN5 has been studied extensively in vitro [31]. It
preferentially acetylates histone H3 under certain in vitro
assay conditions, athough H4 can also be acetylated
when purified and presented separately to the enzyme.
Protein sequence analysis of the reaction products re-
veded that the primary sites of acetylation were lysine
residues 14 on H3 and lysine 8 and 16 on H4 [31]. Inter-
estingly, only in the context of multisubunit native com-
plexes such as SAGA and ADA alows GCN5 subse-
guently to acetylate nucleosomal histones, indicating that
the influence of other proteins is required to confer this
activity [32, 33]. As a coactivator of transcription GCN5
is required for the expression of severa genes in vivo
[34, 35, 36]. Seria deletion analyses have demonstrated
that the minimal functional domain of GCN5 for the acti-
vation of target genesin vivo isthe HAT catalytic domain
and a motif for protein interaction [37]. GCN5 contains
furthermore a bromodomain at its C-termina part, which
enables it to recognize acetylated lysine residues of hi-
stones and coordinate nucleosomal remodeling [38].
Ancther interesting member of the GNAT family is
the p300/CBP-associating factor (P/CAF), which was
identified via its homology to GCN5 and its ability to in-
teract with p300/CBP [39]. Interestingly, this association
is required for the transcriptional activation of many
genes. The PICAF HAT activity acetylates either free hi-
stones or nucleosomes (reviewed in [13]), primarily on
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lysine residue 14 of histone H3, and less strongly on ly-
sine 8 of H4 [40]. The carboxyl half of P/CAF is highly
homologous to GCN5, and contains P/CAF's intrinsic
HAT activity. It has been suggested that this HAT do-
main assists the GCN5-related HAT domain to recognize
nucleosomal substrates [41]. Relevant to the P/CAF
function is the fact that it binds to the same site on
p300/CBP as the adenoviral oncoprotein E1A in a com-
petitive manner [42]. In addition, E1A itself and another
regulatory protein, namely Twist, reduce P/ICAF-mediat-
ed in vivo transcription by binding to PICAF, demon-
strating that this HAT s tightly regulated [43]. Twist
might function by inhibiting PICAF s HAT activity; like-
wise a similar inhibition was found for E1A binding to
P/CAF in two studies [42, 43] but not in another [44]. In
transcription the requirement of P/CAF asaHAT and co-
activator has been reported for myogenesis [45] and nu-
clear receptor-mediated activation [46].

Another very interesting HAT is hTAF,250 (TATA
binding protein associated factor, a subunit of the general
transcription factor TFIID) which represents a unique
family of HATs. The discovery that hTAF,;250 possesses
intrinsic HAT activity in vitro [47] and has a preference
to acetylate nucleosomal histones was another direct
connection between acetylation and activation of tran-
scription. TFIID is one of the general factors required for
the assembly of the RNA polymerase Il transcription
preinitiation complex (reviewed in [48]). TFIID isin fact
the first factor needed in the stepwise assembly model
[49, 50]. The HAT activity of TAF,;250 and its homo-
logues suggests a model for the initiation of transcription
complex formation at chromatin-packaged promoters.
Nucleosomes have been shown to inhibit binding of the
TATA box binding protein to the TATA box [51], and
this inhibition is apparently mediated by histone tails
[52, 53]. As part of TFIID, TAF,250 may well acetylate
histones around the TATA box and thereby facilitate
binding of the TATA box binding protein, which would
allow the formation of the preinitiation complex. In vit-
ro, TAF,,250 was found to acetylate H3, preferentially on
lysine 14 as with GCN5, and H4 in a free histone mix-
ture (additionally H2A as an individua histone, re-
viewed in [13]). TAF,250 shares a structure similar to
motif A found in GCN5 used for acetyl coenzyme A
binding. Mutation of this motif leads to a reduced HAT
activity [54]. As with GCN5, hTAF,,250 also contains a
bromodomain to recognize acetylated histones.

As one last example of a unique HAT family, the tran-
scriptional coactivator p300 and its close homologue
CBP were identified as transcriptional coactivators,
which are fundamentally important in various signal-
modulated transcriptional events [55]. p300/CBP is a
large protein of about 300 kDa in mass and is comprised
of more than 2400 amino acid residues. Both proteins
have been shown to interact with a diverse set of se-
guence-specific transcription factors that participate in a
broad spectrum of biological activities [56]. The ability
of p300/CBP to enhance transcription is believed to be
accomplished in two modes. First, by acting as a bridg-

ing factor thus recruiting the RNA polymerase |1 holoen-
zyme via interaction with general transcription factors
[57] and, second, by acetylation of histones via its HAT
activity [58]. Nucleosomal histones H3 and H4 are pre-
ferred substrates. H2A and H2B are acetylated to a lower
extent [40]. The HAT domain of p300/CBP lies within
an interior region between the bromodomain and the
E1A interaction region [59]. Sequence analysis identi-
fied regions with limited homology to the GNAT motifs
A, B, and D, in addition to another short motif shared
with PICAF and GCN5 [60]. The HAT activity of
p300/CBP is apparently regulated by other factors. As
observed for P/ICAF, E1A and Twist were shown to in-
teract with p300 and inhibit its HAT activity [42, 61].
However, another report indicates that E1A has a stimu-
latory effect on CBP's HAT activity [62]. Furthermore
cell cycle-dependent phosphorylation of p300 was first
noted by Yaciuk and Moran [63] in 1991. Subsequently
it has been shown that p300 can be phosphorylated by
p34/Cdc2 and p33/Cdk2 [64]. Further understanding of
the functional implications of this phosphorylation was
provided by Snowden and coworkers [65], who showed
that p300 is negatively regulated by cyclin E/Cdk2. This
negative regulation was shown to be blocked by the cy-
clin-dependent kinase inhibitor p21. Further insight into
the developmental importance of p300/CBP have been
gained from studies of gene knock-outs [66]. Interesting-
ly, homozygous p300 knockouts are embryonicaly le-
thal; the lethal phenotype occurs between E9 and E11.5
demonstrating the importance of p300 in murine devel-
opment. The causes of lethality appear to be multifacto-
rial, as the knockout mice display defects in neural tube
closure, cardiac development and even in cell prolifera-
tion. Of note, these animals presumably express normal
levels of CBP, indicating again that either CBP and p300
have nonoverlapping functions, such that both proteins
are required, or that the total level of p300 and CBP is
critical for normal development (dose effect).

Taken together, acetylation of histones by the above
HATs seem to relieve chromosomal repression to facili-
tate transcriptional activation (Fig. 2). In the past few
years it has become clear that there are several HATs
with redundant functions in vitro. Genetic approaches
will increase our understanding of the extent to which
different HATs can complement for each other in vivo.

Nonhistone substrates for HATs

HATSs are also able to acetylate nonhistone proteins and
are then called factor acetyltransferases (FATSs) accord-
ingly. Several non-histone proteins serving as targets for
acetylation mainly by p300/CBP and P/CAF have been
identified in vivo. They include transcriptional activators
such as E2F [67], p53 [68], EKLF [69], GATAL [70],
TCF [71] and other coactivators, other basal transcrip-
tion factors such as TFIIF [72], and even structural pro-
teins such as tubulin [73]. Generally, the consequence of
this acetylation differs from target protein to target pro-
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Table 2 Functional consequences of acetylation on selected protein targets

Target protein ~ Function Acetylase Effect of acetylation Reference
E2F Transcription factor p300 (P/ICAF) Increases transcriptional activation and half life 76
p53 Transcription factor p300/CBP, PICAF Increases DNA hinding 68
GATA-1/3 Transcription factor p300/CBP Increases transcriptional activation 70
MyoD Transcription factor P/ICAF Increases DNA binding 45
EKLF Transcription factor PICAF Increases DNA binding 69
CIITA Transcription factor P/ICAF Increases nuclear accumulation 129
c-Myb Transcription factor p300/CBPR, GCN5 Increases DNA hinding 130
TCF Transcription factor CBP Disrupts interaction with coactivator 71
Tat HIV transactivator p300/CBPR, PICAF Modulates interaction with CDK9 and RNA 82
HMG-14 Chromatin-associated p300/CBP protein Decreases nucleosomal binding 131
HMG-17 Chromatin-associated P/ICAF protein Decreases nucleosomal binding 132
HMG(Y) Chromatin-associated p300/CBR, PICAF protein  Promotes enhanceosome assembly and disruption 133

tein and the functional role of the target protein’s domain
that is modified. The consequences for such an acetyla-
tion event are illustrated below for the p300 targets E2F,
p53, and Tat. For an overview of other selected target
proteins see Table 2.

As one of the key regulators in cell cycle progression,
the ubiquitin-proteosome pathway, tightly regulates the
cellular level of the E2F protein [74]. E2F is typicaly a
heterodimer of an E2F family member and the DP1 pro-
tein and is known to regulate the expression of S-phase
specific genes and is thus required for cell cycle progres-
sion (reviewed in [75]). Binding to Rb protects E2F from
degradation. Remarkably, exogenous expression of wild-
type P/CAF, but not the HAT-defective PICAF mutant,
results in an increase in E2F's half-life, indicating that
acetylation stabilizes E2F. Furthermore, acetylation of
E2F by p300 near its DNA binding domain increases its
affinity to DNA, thereby enhancing the transcriptional
activation of E2F in vivo [76]. This event leads then to
cell cycle progression.

p53 is atumor suppressor that responds to DNA dam-
age by acting as a transcriptional activator of certain cell
death related genes [77, 78, 79]. Because of its direct
role in such processes as cell cycle arrest and apoptosis,
p53 activity as a transcription factor must be tightly reg-
ulated. One possibility is to regulate p53 via acetylation.
p53 interacts directly with p300, and two specific lysine
residues in p53 (lysine residues 373 and 382) can be ace-
tylated by p300. Increased DNA binding activity upon
acetylation by p300 was observed and explained by a
conformational change in the regulatory C-terminal do-
main of the protein upon acetylation [68]. Interestingly,
an enhancement of p53's acetylation was observed upon
stimulation of the cells with UV [80], and these results
suggest that by acetylation of specific residues,
p300/CBP (and also P/ICAF) positively regulate the ac-
tivity of p53 as part of the pathway of DNA damage re-
sponse.

Taken together, factor-specific acetylation often facil-
itates transcription via a direct effect by the action of
FATs. An opposite effect is observed when HIV Tat is
acetylated. Tat is the transactivating protein of HIV,
which has been shown to interact with and be acetylated

by p300 [81, 82]. The consequence of this acetylation is
not an increased nuclectide binding (as described for
E2F and p53) and hence an activation of transcription,
but a dissociation of Tat from the TAR RNA [82].

ATP-dependent chromatin remodeling
and chromatin modifications

The packaging of DNA in eukaryotic organisms affects
the accessibility and the action of DNA binding factors
(e.g., transcription factors) as seen above for histone
acetylation [83, 84]. The cells additionally make use of
sophisticated chromatin-remodeling factors to open up
the tight DNA-chromatin structure locally at sites of
transcription. So called “open chromatin” is necessary
for a successful transcription of a gene in vivo and a-
lows the cell to regulate gene expression at a hierarchi-
caly higher level [84, 85]. Chromatin remodeling is an
ambiguous term used to encompass a range of structural
transitions that occur during gene regulation (reviewed
in [86]). In many cases these include a combination of,
first, posttranslational modifications (e.g., acetylation as
discussed above), second, noncovalent alteration in chro-
matin structure mediated by the action of ATP-dependent
remodeling activities, and, third, alterations in the non-
core histone protein content of chromatin. The combined
effect of these processes isto regulate the accessibility to
DNA, and there is evidence that al of these processes
act in concert in a highly organized manner. All eukary-
otes appear to possess multiple forms of these ATP-de-
pendent chromatin remodeling activities [87]. Their uni-
versally conserved feature is a catalytic ATP hydrolyzing
core that shares a region of homology with a broad col-
lection of proteins, several of which have helicase activi-
ty [88]. However, none of these have been found to pos-
sess the classic DNA helicase activity. Their function
rather lies in altering the positions of nucleosomes along
DNA, termed nucleosome mabilization, which even
leads to disrupted chromatin fibers [89, 90, 91]. Exam-
ples for such activities are mating type switch/sucrose
nonfermenting (SWI/SNF), RSC, NURF, CHRAC, ACF,
RSF, and NuRD [92]. All these enzymes are highly con-
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Fig. 3 Analogy between tran-
scription and DNA repair/DNA
replication. Within inactive
chromatin (left) neither tran-
scription nor DNA synthesis
takes place. At sites of tran-
scription or DNA synthesis the
chromatin becomes acetylated
by a histone acetyl transferase
(e.g., the transcriptional coacti-
vator p300) and the underlying
DNA isthus accessible for
transcription (top) or DNA syn-
thesis (bottom)

served multiprotein complexes, and the probably best
studied is SWI/SNF. The genes encoding for SWI/SNF,
for example, were initially identified in yeast. SWI/SNF
[93, 94] is a 2-MDa, multisubunit, DNA-dependent
ATPase that has been shown genetically to regulate a
subset of inducible genes in yeast and biochemically to
facilitate the interaction of a variety of transcription fac-
tors to nucleosomal DNA (reviewed in [95]). Current
studies support the view that SWI/SNF causes the partial
unwrapping of DNA from the nucleosome without the
actual loss of histones and can both promote nucleosome
mobilization (“nucleosome sliding”) and even transfer to
neighboring DNA [96]. Interestingly, human SWI/SNF
can additionally convert the nucleosomal structure from
a basic state to remodeled structure in a reversible man-
ner [97, 98]. Remarkably, not all chromatin-remodeling
activities stimulate transcription, but rather can also
cause transcriptional repression probably by pushing nu-
cleosomes to activator binding sites. One example of
such a protein is Isw2 which represses meiosis-specific
genesin yeast [99].

A role of HATs in DNA repair

Asfor transcription, it is very likely that the accessibility
of DNA for proteins involved in DNA metabolism
(DNA repair and DNA replication) also depends on an
open chromatin structure. The same chromatin-remodel -
ing activities used in transcription, in particular the mul-
tiple HAT activities present in eukaryotic cells, could po-
tentially confer to regulate DNA synthesis such as DNA
repair and DNA replication. In this section we consider a
role for HATs in DNA repair, and the next section
presents a short summary of the current understanding
on the effect of HATs on DNA replication.

In DNA repair damaged DNA must first be recog-
nized, while subsequently the chromatin structure must
be changed to allow proteins which are involved in re-
pairing the damage to bind to or near the damaged site. It
is conceivable that also in DNA repair the cell would
regulated the accessibility of the DNA for proteins and
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the recruitment of the different proteins involved in the
repair mechanisms by proteins such as HATS.

The first possible evidence for involvement of HATs
in DNA repair synthesis was recently provided for the
transcriptional coactivator p300 [100]. This study sug-
gested that p300 interacts with proliferating cell nuclear
antigen (PCNA). PCNA is a well-known key player in
both DNA replication and DNA repair (reviewed in
[101]). The function of PCNA isto act as a processivity
factor for certain DNA polymerases such as DNA poly-
merase & and DNA polymerase €. The interaction be-
tween p300 and PCNA very likely allows PCNA to re-
cruit p300, which cannot bind to DNA by itself, to dam-
aged sites to allow acetylation of histones at or near
damaged site [100]. Additionally, this event might also
tether p300-associated HATs such as P/CAF to these
sites and possibly enhance the acetylation of these hi-
stones. This acetylation event renders the chromatin to a
more open state and very likely facilitates the binding of
other repair proteins. Furthermore, gap-filling synthesis
by DNA polymerases (for example, in NER or BER)
would be facilitated as it has been proposed for DNA
replication (see below) allowing a swift repair (Fig. 3),
since the movement of polymerases through nucleoso-
mal DNA is facilitated by acetylation of histone tails
[102]. In a recent report Datta and coworkers [103]
show that the p48 subunit of the damaged DNA-binding
protein (DDB) associates with the p300/CBP family of
histone acetyltransferases. DDB has been implicated
both in DNA repair and in transcription. Mutations in
DDB have been shown to be correlated with the repair-
deficiency disease xeroderma pigmentosum group E.
The authors propose that DDB participates in global ge-
nomic repair by recruiting p300/CBP to damaged chro-
matin as has been proposed to be the case for PCNA. A
very recent work by Tini and coworkers [104] also links
DNA repair and transcription. The authors provide evi-
dence that p300/CBP interacts with thymine DNA gly-
cosylase, an enzyme which initiates repair of G/T and
G/U mismatches and propose that the consequence of
this interaction is histone acetylation at or near the dam-
aged site.



The second possibility for a cell to regulate DNA re-
pair is, in analogy to transcription, to influence the ac-
tivity of the repair proteins directly by acetylation
through FATSs. Indeed, heavy acetylation of human Flap
endonuclease (Fen) 1 by p300 was seen in vitro and was
significantly enhanced after UV radiation of the cellsin
vivo [105]. Fenl is a structure-specific nuclease with a
role both in DNA replication, where it is involved in
Okazaki fragment processing, and in DNA repair, where
it participates in base excision repair [106, 107]. The
consequence of Fenl acetylation is a down-regulation of
its nuclease activity due to a decrease in the Fenl DNA-
binding activity. This at first glance paradoxical phe-
nomenon was explained by an alternative route for
Okazaki fragment processing in DNA replication as has
recently been proposed by Bae and coworkers [106],
which uses the nuclease activity of Dna2 instead that of
Fenl. In DNA repair one could assume that the cells
have a preference for an error-free repair pathway,
namely recombination repair, and hence drive the repair
reaction in such a direction by inhibiting the enzymatic
activity of Fenl by acetylation. This model raises the
guestion of whether a deacetylase would activate Fenl
before DNA repair has occurred, supposing that Fenl is
an acetylated protein throughout the cell cycle. More-
over, the cells after being radiated with a high UV dose
undergo apoptosis and would therefore tie down com-
pletely any repair activity by factor specific acetylation
to allow complete degradation of its DNA. Together,
these findings are first evidence that HATS/FATs directly
influencing the efficiency of DNA repair by acetylation
of a repair protein, a phenomenon otherwise restricted
to transcription coupled processes. The question re-
mains of whether acetylation of repair proteins (e.g., by
p300) is a common phenomenon (as with phosphoryla-
tion of repair/replication proteins), or whether Fenl is a
just an unique example.

Also other HATSs have been implied to be involved in
DNA repair. A study by Brand and coworkers [108]
demonstrated that the TATA box binding protein free
TAF,, complex (TFTC) is able to bind UV-damaged
DNA in vitro in both free and nucleosomal context, and
that this binding is paralleled by recruitment of the repair
factor XP-A. Moreover, the authors showed that, as a
consequence of this increased binding, TFTC preferen-
tially acetylates histone H3 in nucleosomes assembled
on UV-irradiated DNA. In accordance, after UV radia-
tion H3 acetylation was increased in vivo. The results of
this study suggest that TFTC has a hovel function in ad-
dition to its role in transcription, namely to facilitate
DNA repair. Another HAT thought to be implicated in
DNA repair is Tip60 [109]. Ectopically expressed T1P60
lacking HAT activity results in cells with defective dou-
ble-strand break repair and impaired apoptotic compe-
tence. This finding indicates that the Tip60-associated
HAT activity at least indirectly plays a role in DNA re-
pair and apoptosis. Whether this effect takes place at the
chromatin level or if factor specific acetylation is in-
volved (see also above) is currently not known.
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A role of HATs in DNA replication

Since DNA replication and DNA repair share the same
chromatin DNA, a potential role of HATs in DNA repli-
cation can be foreseen. It is likely that HATs are in-
volved in this process as well. Indeed there have been
few reports which indicate arole for HATs in DNA repli-
cation.

In proliferating rat liver cells an increase in HAT ac-
tivity is associated with the onset of DNA replication
[110], and depression of histone acetylation by alkylat-
ing agents is correlated with an inhibition of thymidine
incorporation [111], which is a marker for DNA synthe-
sis in cells. These two reports provide first evidence
that at least indirectly HAT activity is important for a
successful replication of cellular DNA. Additionally,
studies using Chinese hamster chromosomes demon-
strate a close correlation between low levels of histone
H4 acetylation and late DNA replication [112]. In a
very recent work Burke et al. [113] provide evidence
that the HAT HBOL1 interacts with the replication fac-
tors MCM2 and ORC1, proteins involved in the early
stage of DNA replication namely origin recognition and
initiation complex formation. The reason of this inter-
action could lie in a regulation of either of these two
proteins via acetylation by HBO1. Using the SV40 in
vitro replication system, it has been shown that elonga-
tion of replication occurs with a higher efficiency in
hyperacetylated minichromosomes, indicating that the
movement of the replication machinery through nucleo-
somal DNA is facilitated by acetylation of histone tails
[102]. Additionally, Aoki and Schultz [114] examined
the temporal and spatial distribution of sites of DNA
replication in one-cell mouse embryos. Treatment of
these embryos with a specific inhibitor of histone de-
acetylase accelerated the completion of replication indi-
cating that also in this case acetylation of histonesisin-
volved in the regulation of DNA replication. Work by
Takel and colleagues [115] showed that the replication
protein MCM3 is acetylated by MCM3AP, a novel ace-
tyltransferase. MCM proteins form prereplication com-
plexes in late G, (reviewed in [116]) after recruitment
by the origin recognition complex and CDC6 where
DNA replication is initiated upon activation of the
complex by cyclin-CDK and CDC7 kinases [117]. In-
terestingly, overexpression of MCMS3AP inhibited
DNA replication, but it clearly demonstrates that acety-
lation of a nonhistone protein is a novel possibility for
regulating DNA replication.

In summary, the presented evidence favors a function-
al relevance of HATs in the regulation of DNA replica-
tion. Remarkably, p300 as an example seems to be re-
stricted to DNA repair, as experiments with UV treat-
ments of human cells have indicated [100]. Also the
function of other HATSs presented seems to be restricted
to either DNA repair or DNA replication. Therefore it
seems that the cell distinguishes clearly between the rep-
lication and the repair event and very likely recruits spe-
cialized HATs for each purpose.
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A role of HATs after DNA replication and DNA repair
events

Once DNA replication has completed, the chromatin aso
requires the faithful inheritance of epigenetic chromatin
marks to ensure appropriate gene expression patterns in
the daughter cells. Hence the question arises of whether
HATs are involved in this reprogramming process as
well. Histone H3 and H4 are found to be posttransl ation-
ally modified in the cytoplasm even prior to their trans-
port into the nucleus and assembly into chromatin, and
that these modifications are removed again after assem-
bly [118]. Indeed, diacetylation of two specific lysinesin
newly synthesized histone H4 (K5, K12) is observed in a
wide range of organisms [23]. The HAT responsible for
this acetylation is HAT B [119]. The reestablishment of
parental acetylation patterns per se after chromatin repli-
cation likely involves the coordinated action of HATS.
First, histones are deposited by the action of histone
chaperones, such as CAF-1 [120]. CAF-1 is linked to
replication through its interaction with PCNA [121]. Re-
cently it has been found that the large subunit of yeast
CAF-1, Cacl, interacts with a protein complex called
SAS-1 that contains the HAT homologue Sas? [122].
The authors proposed that Cacl recruits HATS such as
Sas? to establish a parental acetylation pattern within
fresh chromatin. Although these studies have been per-
formed in yeast, similar mechanisms very likely exist in
mammalian cells. The resetting mechanism for epigenet-
ic information after DNA repair is probably dependent
on the repair pathway that cell priory underwent. A re-
pair pathway making use of extensive DNA synthesis
very likely applies similar reestablishing mechanisms as
in DNA replication (described above). However, in re-
pair pathways with only little DNA synthesis (e.g.,
BER), additionally to potential acetylation resetting, the
vast majority of epigenetic resetting involves deacetyla-
tion, since for DNA damage processing the chromatin is
opened up previously through acetylation. Indeed, spe-
cialized NAD* dependent deacetylases are recruited in
response to DNA damage [123]. Very likely these de-
acetlyases are involved in a resetting and additionally
transcriptional silencing event.

Perspectives and conclusions

Taken together, several recent studies describe a novel
role for HATs in the regulation of DNA repair and DNA
replication. Hence the question arises of what would
specify the HATs for DNA repair/replication rather than
to transcription. One could imagine that the cell possess-
es different pools of HAT populations. One such popula-
tion might be used for transcriptional regulation and an-
other for the control of DNA repair. What distinguishes
these hypothetical pools? It could be that certain HAT
molecules become marked for repair control (or tran-
scriptional) control by a posttranslational modification
such as phosphorylation at distinct amino acid residues,

or that HATs become specifically recruited to sites of
DNA repair by protein-protein interactions, which might
compete with transcriptional events. Another interesting
guestion remains; whether other chromatin remodeling
complexes (for example, the ATP-dependent ones such
as the SWI/SNF complex) have a similar role in DNA
replication and DNA repair. Recent data also suggest
that this is indeed the case (reviewed in [124]). If acety-
lation of histones and nonhistone proteins are used to
regulate DNA repair and DNA replication, it is conceiv-
able that there must be a role for histone deacetylases.
Indeed, recent findings by Luo et al. [125, 126] and
Vaziri et a. [127] demonstrate that p53 is inactivated by
the action of various deacetylases. It will be interesting
to investigate, for example, whether putative Fenl de-
acetylation can activate DNA repair.

Another relevant issue is whether the state of chro-
matin influences other DNA linked processes such as
recombination. Indeed, a recent study has shown that
the process of V(D)J recombination can be correlated
with histone H3 acetylation [128]. There is growing in-
terest to understand how a cell regulates its cellular me-
tabolism processes associated with chromatin such as
transcription, DNA replication, and DNA repair. At first
glance these processes are highly organized and differ-
ent. However, one could expect that nature shares simi-
lar features for common tasks in all these various pro-
cesses. Considering the information available to date,
we conclude that this is very likely the case — the HAT-
associated chromatin remodeling and protein-specific
acetylation serve as nice examples. It is now apparent
that histone or protein specific acetylation as a regulato-
ry mechanism is not restricted to transcription but is
also ahallmark for all chromatin-based processes. Espe-
cially in DNA replication and DNA repair it seems like-
ly that both HAT or FAT activities and specific FAT/tar-
get protein interactions seem to be required for a cell to
regulate these complex processes. These interactions
might open a new potential field of possibilities to de-
velop new therapeutic compounds that would specifical-
ly inhibit one or the other cellular process. However, it
remains a challenge to resolve the very exact mecha-
nisms which regulate these various processes. Consider-
ing the complexity of life, the question remains unclear
of whether this tremendous task will ever be solved. In
the present era of functional genomics and proteomics
new tools exist to obtain further insight into this ques-
tions. Clearly, this challenge will remain an active area
of research in the rapidly developing field of transcrip-
tion and genome DNA integrity.
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