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Abstract. In eukaryotes, DNA is assembled with his-
tones to form nucleosomes, the basic subunit of chro-
matin structure. The wrapping of DNA around histone
octamers to form nucleosomal filaments and further
folding of these filaments are necessary to contain eu-
karyotic genomes within nuclei. However, the dense
packing of chromatin in nuclei and the association of
DNA with histones restrict the access of proteins in-
volved in gene transcription to DNA. Abundant bio-
chemical data supports a long-standing correlation

between histone acetylation and gene activation, sug-
gesting that histone acetylation acts to enhance the
access of transcription-associated proteins to DNA.
However, despite this correlation, nuclear enzymes re-
sponsible for transcription-associated histone acetyla-
tion have been identified only recently. Here we review
evidence suggesting that histone acetylation represents a
major pathway for transcriptional regulation, and dis-
cuss possible roles for transcription-associated histone
acetyltransferases in this regulation.
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Introduction: nuclear function and chromatin structure

Transcription of protein-coding genes in eukaryotes re-
quires the assembly of a preinitiation complex (PIC)
containing more than 50 separate polypeptides on pro-
moter DNA upstream of the site of initiation of messen-
ger RNA (mRNA) synthesis. Investigations, most often
utilizing naked DNA templates, have defined require-
ments for the general transcription factors (GTFs)
TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH, and
RNA polymerase II, to reconstitute transcription in
vitro (reviewed in refs 1, 2). TFIID, a multimeric
protein complex consisting of the TATA box-binding
protein (TBP) and a collection of TBP-associated fac-
tors (TAFy;s), plays a critical role in this process, since
it is the only PIC component capable of binding core
promoters specifically (reviewed in ref. 3).

As indicated in figure 1, control of promoter recogni-
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tion by TFIID is thought to represent an important
mechanism in transcriptional regulation. Upon binding
their cognate DNA targets, many transcriptional activa-
tors interact directly, or via intervening proteins re-
ferred to as coactivators or adaptors, with TAF ;s to
enhance the rate of promoter binding by TFIID or
stabilize TFIID-promoter complexes (reviewed in refs
3-7). Although the mechanism of activation in these
reactions is subject to debate, it is often suggested to
involve these protein-protein interactions (indicated by
double-sided arrows in figure 1).

Chromatin connections to transcriptional regulation

A major goal of current research in molecular biology is
to understand how transcriptional regulation is accom-
plished in the context of a repressive chromatin enviro-
ment. In vivo, the native DNA template is not ‘naked’
as depicted in figure 1, but exists as a highly constrained
chromatin fibre. Thus, an intimate relationship must
exist between the transcription apparatus and the chro-
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activator

Figure 1. Components of transcriptional regulation implicated by
in vitro studies. A conceptual model based on physical interac-
tions of activators, coactivators and GTFs is shown. The curved
thick line represents DNA at the 5’ end of a gene regulated via a
core promoter (yellow box, TATA) and an enhancer element
(yellow box, enhancer). Upon binding the enhancer element, a
transcriptional activator protein (red) binds a coactivator protein
(green), which in turn binds the TAF[;250 subunit (orange) of
TFIID. Small double-headed arrows depict these interactions
which have been detected for specific activators, coactivators and
GTFs in transcription assays in vitro. These interactions are
thought to enhance recruitment of TFIID to promoters, facilitat-
ing subsequent PIC assembly and the initiation of transcription
(indicated by the right-angle arrow). TBP (blue) and other TAF,;
subunits (yellow) of TFIID are indicated. For clarity, other GTFs
(gray) and RNA polymerase II (purple) are shown in simplified
form, and other components of transcription complexes have been
omitted. As described in the text, the nucleosomal and higher-or-
der structure of chromatin restrict the access of these transcrip-
tion-associated proteins to DNA sites in vivo, but acetylation of
histones appears to represent a major mechanism that antagonizes
chromatin-mediated repression of transcription.

matin context in which it functions. This review will
focus on exciting new links that have been uncovered
between the covalent modification of the core his-
tones and the regulation of gene expression.

Although the details of chromatin higher-order struc-
ture remain unclear, the fundamental unit of this
structure, the nucleosome, is well understood. DNA
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is wrapped approximately 1.75 superhelical turns
around the discoid histone octamer composed of two
molecules of each of the four core histones, H2A,
H2B, H3 and H4. Nucleosomal structure is stabilized
by protein-protein interactions occurring between his-
tones within each octamer and by electrostatic inter-
actions of negatively charged phosphates of the DNA
backbone with positively charged lysine and arginine
residues exposed on the surface of the histone oc-
tamer (reviewed in ref. 8). A fifth type of histone,
referred to as H1 or linker histone, binds the outer
surface of the nucleosomal particle, approximately at
the point of entry and exit of the DNA molecule
into the nucleosome, although recent data suggest an
alternate binding site for HI1 [9, 10]. H1 binding is
thought to involve electrostatic interactions with
DNA, including portions of the linker DNA extend-
ing between adjacent nucleosomes in vivo in 10-nm
nucleosomal filaments.

In cells, 10-nm nucleosomal filaments are folded
upon themselves to form higher-order structures. The
nature of these structures is unclear at present, but
linker histones are thought to be required for this
folding and appear to play an important, yet in some
cases nonessential [11], role in determining this struc-
ture and in mediating chromatin condensation (re-
viewed in refs 12, 13). Additional information
regarding chromatin structure and nuclear function is
available in a number of excellent reviews and texts
[8, 14—17].

Abundant experimental evidence demonstrates that
the nucleosomal and supranucleosomal structure of
chromatin often, but not always, restricts access to
the DNA template by various proteins involved in
transcriptional regulation (reviewed in refs 18-21).
For example, when transcription is assayed in vitro
using preformed nucleosomal templates rather than
naked DNA, transcription is repressed. However, if
TBP-promoter or TFIID-promoter complexes are
formed prior to nucleosome assembly, chromatin
templates can be transcribed [22, 23]. These findings
suggest that the transcriptional repression by nu-
cleosomes was due to inhibition of promoter binding
by TBP or TFIID. Moreover, these findings also
demonstrate that once transcription is initiated, the
presence of nucleosomes does not preclude transcrip-
tional elongation. RNA polymerases can transcribe
through nucleosomes in vitro, and there is abundant
evidence that nucleosomes (albeit possibly modified in
structure, see below) are present on transcribing
genes in vivo [24, 25]. Analyses of the distributions
of nucleosomes at active genes in vivo suggest that
positioning of nucleosomes within promoters, in par-
ticular, represents a key mechanism in regulating
transcription (reviewed in refs 14, 15).
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Pioneering studies of transcription in Saccharomyces
cerevisiae yielded the initial clues that chromatin struc-
ture was directly involved in the regulation of tran-
scription. Genetic studies in yeast, for example,
provided the first in vivo evidence of the role of his-
tones themselves in transcription [26, 27]. Studies in
yeast also led to the identification and analysis of the
SWI/SNF complex, a nucleosome remodelling activity
that facilitates the binding of transcription factors to
their DNA sites in chromatin, and these studies in
yeast laid the groundwork for the analysis of similar
complexes from Drosophila and human cells (for re-
view, see ref. 20). Other contributions in this volume
discuss mechanisms by which transcriptional regula-
tion is achieved through modulation of supranucleoso-
mal organization. This review focuses on recent
progress in understanding the role of histone acetyla-
tion in the regulation of transcription at the nucleo-
somal level.

Effects of mutations in core histone amino termini on
chromatin activity

Each of the core histones has a bipartite structure
with a flexible or unstructured N-terminal domain and
a globular C-terminal domain (fig. 2A). X-ray crystal
structures of the core histone octamer [28, 29] and the
nucleosome core particle [30] reveal that the highly
o-helical C-terminal domains interact to form the dis-
coid core of the octamer, whereas the N-termini, al-
though not imaged, are thought to project away from
the octamer, positioning basic residues within the ter-
mini for potential interactions with their own nu-
cleosomal DNA (as shown in figure 2C), adjacent
linker DNA and possibly DNA and protein sites in
adjacent nucleosomes in condensed chromatin. Al-
though the N-termini are characterized by a high con-
tent of the positively charged amino acids lysine and
arginine, only certain lysine residues, shown in figure
2A, are known to be modified by acetylation in vivo,
and the high degree of conservation of the relative
positions of these lysines within termini across eukary-
otic species suggests a critical functional role for these
acetylations (reviewed in refs 8, 31, 32).

As depicted in figure 2B, acetylation neutralizes the
positive charge associated with the g-amino groups of
lysine side chains. This reduction of positive charge
within termini upon acetylation suggests that acetyla-
tion attenuates the interactions of termini with DNA,
possibly increasing the exposure of this DNA to tran-
scription factors and altering nucleosome conforma-
tion (fig. 2C). In addition, acetylation may regulate
interactions of the histone N-termini with other
proteins (see below).

Reviews

Applying yeast genetics to histone tail function

The development of genetic transformation methods
for yeast has facilitated investigations of histone func-
tion in vivo through gene replacement (reviewed in
refs 33, 34). This powerful experimental strategy has
revealed that the N-termini of H3 and H4 act as com-
plex regulators of transcription with both positive and
negative effects. Deletion of residues 4-15 in the N-
terminus of H3, for example, led to hyperactivation of
several GAL4-regulated genes, including GALI, upon
induction with galactose [35]. This was not at-
tributable to a global effect of the deletion, since tran-
scription of the PHOS5 gene, which is not regulated by
GALA4, was unaffected.

GALI hyperactivation was also observed following
substitution of lysines 9, 14, 18 and 23 of the wild-
type H3 N-terminus with the uncharged residue glu-
tamine, mimicking acetylation. These results suggest
the wild-type, unacetylated N-terminus of H3 acts to
repress GALI transcription and that acetylation acts
to relieve this repression. In contrast, deletion of
residues 4-23 of the H4 N-terminus led to repression
of GALI activation, and similar repression was
observed following substitution of lysines 5, 8, 12 and
16 of the wild-type H4 N-terminus with glutamine
[36]. Individual substitution of lysine residues 5, 8 and
16 with arginine (a positively charged residue which
cannot be acetylated) resulted in GALI hyperactiva-
tion. Curiously, simultaneous substitution of lysines 5,
8, 12 and 16 with arginine repressed GALI activation.
Together, these results suggest that the wild-type, un-
acetylated H4 N-terminus facilitates GALI activation
and that H4 acetylation has a repressive effect at this
promoter. Interestingly, deletion of residues 4-20 in
H2A and 3-32 in H2B had little effect on GAL! acti-
vation, while the deletion of residues 4-30 in H3
caused less dramatic GALI hyperactivation compared
with deletion of residues 4—15 [36].

Molecular mechanisms?

One mechanism that evidence suggests acetylation influ-
ences is the positioning of nucleosomes relative to
regulatory DNA sequences. The translational position
of a regulatory DNA sequence (e.g. its position at one
edge, the middle or the opposite edge of the length of
DNA within a nucleosome) and its rotational position
(whether the sequence faces outward or toward the
histone octamer) can strongly influence the binding of
many transcription factors. In vivo, it appears that
certain types of DNA sequences and DNA binding
proteins can determine nucleosome positioning (re-
viewed in ref. 37). Roth and colleagues have shown that
deletions or substitution of glycine for lysine 16 in
the N-terminal of H4 altered the positioning of a nu-
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Figure 2. Histone acetylation and core histone/nucleosome structure. (4) The structures of the four core histones are depicted. The
sequences of the N-terminal tail domains, which are not visible in X-ray crystallography [28, 30], are indicated in plain type. The
structured portions of the molecules are represented schematically by the thick line with «-helices indicated by rectangles. The «-helices
involved in the histone fold are hatched. Well characterized sites of acetylation [131] within the N-termini of vertebrates are indicated
by numbers denoting their sequence position. Sites known to be acetylated in association with chromatin replication are boxed, while
those known to be acetylated in relation to transcription are circled. (B) Schematic depiction of the acetylation reaction. 7rans-acety-
lation by HAT enzymes neutralizes the positive charge of the ¢-amino group of lysine side chains. (C) Schematic depiction of
nucleosome structure and the effects of histone acetylation. A nonacetylated nucleosome is shown on the left; an acetylated nucleosome
on the right (Ac = acetyl). Two molecules of each of the core histones assemble to form the disc-like histone octamer about which DNA
is wrapped. The N-terminal domains of the histones are thought to project away from the octamer and bind nucleosomal DNA as
shown. As described in the text, acetylation at lysines within N-termini is thought to decrease DNA binding by these domains, exposing
the underlying DNA, and may also induce a conformational change in the nucleosome, as depicted in an acetylated nucleosome on the
right. In cells, the steady-state level of histone acetylation is determined by the combined activity of HATs and HDACs, which remove
acetyl groups.

cleosome by the o2 repressor over the TATA element of chromatin structure, in agreement with the repression of

a reporter gene in minichromosomes, correlating with
derepression of reporter gene transcription [38]. Evi-
dence for a role for the H4 N-terminal and H4 acetyla-
tion in positioning nucleosomes was also obtained in
analyses of the GALI promoter [39]. However, in this
case, changes in nucleosome positioning following dele-
tion of H4 sequence encompassing acetylation sites and
mutation of acetylation sites to glycines decreased the
accessibility of the GALI TATA element to probes of

GALI transcription by similar mutations [36].

The N-termini of H3 and H4 also have significant roles
in the potent repression of transcription known as si-
lencing that occurs at telomeres and the HM mating
loci in yeast, a process that may be analogous to hete-
rochromatin formation in multicellular organisms [40].
A potential involvement of histone acetylation in hete-
rochromatin formation is suggested by the finding that
heterochromatin in yeast and Drosophila contains less
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acetylated histone than the average in these species
and that lysine 12 of H4 acetylation is preferentially
acetylated in this heterochromatin [41, 42]. Genetic
manipulations in yeast have provided data to support
this notion. Deletion of the amino termini of H4 [43]
and H3 [44] leads to derepression of otherwise re-
pressed mating type loci and genes adjacent to telom-
eres. Substitution of individual residues in the H3
and H4 termini has defined domains of H3 (residues
4-20) and H4 (residues 16-29) required for silencing
in vivo [40]. Although the silencing domain of H4
(residues 16-29) identified in these studies includes
only one of four known H4 acetylation sites, substi-
tution of glutamine at this site (lysine 16), mimicking
acetylation, abolishes silencing of the HM loci [44],
even though immunoprecipitation analyses demon-
strate that lysine 12 of H4 is acetylated in wild-type
cells at these loci [42].

Evidence from genetic and in vitro studies suggests
the function of the H3 and H4 termini in silencing
depends on interactions with the silent information
regulator proteins SIR3 and SIR4. The products of
SIR genes are required for silencing at mating loci
and telomeres [45, 46], and the N-terminal domains
of H3 (residues 4-20) and H4 (residues 16-29) that
have been shown to be necessary for silencing in vivo
interact directly and specifically with SIR3 and SIR4
in vitro [40]. Notably, the SIR3 domains required for
interaction with H3 and H4 in vitro are required for
SIR3 function in vivo [40] and mutations in the H4
silencing domain are suppressed by single amino acid
substitutions in SIR3 [47, 48]. Although these data
suggest that acetylation may regulate the interactions
of the histone N-termini with SIR proteins (or other
nonhistone chromosomal proteins, see ref. 49) in-
volved in heterochromatin formation, it remains to
be established whether acetylation plays a causal role.
The hypoacetylation of heterochromatin may simply
reflect the decreased accessibility of this chromatin to
acetylases secondary to condensation. Similarly, since
human heterochromatin does not appear to be en-
riched in H4 acetylated at lysine 12 [50], it is unclear
at present whether heterochromatin-specific patterns
of acetylation exist or whether this patt-
ern reflects the accessibility of heterochromatin in
Drosophila and yeast to deacetylases.

Taken together, analyses of histone function in yeast
suggest that the amino termini of the histones have
individual roles in transcriptional regulation and that
the consequences of acetylation at a specific site in a
specific histone seem to depend on the chromosomal
context in which they occur. These data demonstrate
that acetylation is not associated exclusively with
open chromatin conformation and, in certain cases,
correlates with transcriptional repression.

Reviews

Regulation of chromatin structure and transcription by
histone acetylation

Post-translational acetylation of histones was first re-
ported by Allfrey and colleagues in 1964 [51]. Subse-
quent work revealed that this acetylation is reversible
in vivo and occurs at the e¢-amino group of specific
lysines in the amino termini of all four core histones
in all plant and animal species examined (reviewed in
refs 32, 52, 53). Following the discovery of the
nucleosomal structure of chromatin, numerous inves-
tigations employing limited treatment of nuclei with
nonspecific nucleases documented enrichments of
acetylated core histones and DNA sequences derived
from actively transcribed genes in the most readily
solubilized chromatin fractions (reviewed in refs 32,
52, 53).

The enhanced accessibility of actively transcribed
DNA to nucleases is generally thought to reflect de-
condensation of higher-order chromatin structure at
active loci, and the enriched content of acetylated
core histones in nuclease-sensitive chromatin suggests
histone acetylation is at least, in part, responsible for
the properties of this chromatin. Strong support for
this notion comes from immunochemical fractiona-
tion of chromatin. Employing antisera specific for &-
N-acetyl lysine, Crane-Robinson and co-workers
demonstrated that acetylated core histones were pref-
erentially associated with actively transcribed f-
globin gene sequences compared with repressed
ovalbumin sequences and bulk chromatin in chro-
matin fragments prepared from embryonic chicken
erythrocytes [54, 55]. Furthermore, it was shown that
the enriched content of acetylated core histones ex-
tended along the entire nuclease sensitive portion of
the f-globin chromosomal locus, including genes and
intergenic sequences, correlating with the nuclease
sensitivity of this locus [55]. Significantly, enrichment
in acetylated histones was shown to correlate with
the potential for genes to be expressed rather than
transcriptional activity per se [55, 56]. Together, these
studies strongly implicate histone acetylation in the
acquisition or maintenance of the open chromatin
conformation associated with transcriptional com-
petence.

The external location of the core histone N-termini
in nucleosomes suggests acetylation may be involved
in determining higher-order chromatin structure by
modulating interactions between adjacent nu-
cleosomes. However, clear contacts between histone
N-termini and adjacent nucleosomes have not been
demonstrated (although see ref. 30), and much of the
available data are consistent with binding of linker
DNA by N-termini (reviewed in ref. 16). A role for
acetylation in regulating chromatin folding is indi-
cated by data showing that oligonucleosomes recon-
stituted with hyperacetylated core histones or histones
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trypsinized to remove the N-termini are more extended
compared with nonacetylated or nontrypsinized coun-
terparts following compaction by cations in vitro ([57—
59]; reviewed in ref. 16). Note, however, that in most
cases these studies employ chromatin fragments depleted
of linker histone.

Given the abundant evidence supporting a role for
linker histones in chromatin folding and also evidence
for interactions between linker histones and nucleoso-
mal core histones (reviewed in ref. 12), the relevance of
these studies to the in vivo situation is unclear. However,
altered folding in vitro has been claimed for chromatin
containing linker histones and trypsinized or hyper-
acetylated core histones [57, 60]. These observations,
together with the correlation of histone acetylation and
transcriptional competence in chromatin immunofrac-
tionation, support the notion that acetylation is part of
the mechanism responsible for unfolding condensed
chromatin to render it accessible for transcription. In
this regard, it is pertinent to note that depletion of linker
histones is an often reported feature of nuclease sensi-
tive, transcriptionally competent chromatin (reviewed in
ref. 12). Although it is unclear whether acetylation and
H1 depletion are causally linked, the identification of
HATS (discussed below) should permit investigation of
this relationship experimentally.

A role for acetylation in regulatory events affecting
individual nucleosomes is suggested by numerous stud-
ies showing that the N-termini of the core histones
regulate the binding of various trans-acting factors to
regulatory elements incorporated into nucleosomal
DNA. Reconstitution of mononucleosomes with un-
acetylated histones inhibits the binding of TFIITA (a
GTF for RNA polymerase III) to the 5S RNA gene in
vitro. However, TFIIIA can bind nucleosomal 5S DNA
if acetylated core histones are employed in the reconsti-
tution [61]. TFIIIA binding was also facilitated in recon-
stitutes employing core histones with the N-terminal
domains removed by limited proteolysis, suggesting
masking of the TFIIIA binding sites is alleviated by
dissociation of the N-termini from DNA upon acetyla-
tion (or proteolysis). Similar findings have been reported
for the binding of transcriptional activators [62, 63] and
TBP [64, 65] to their respective sites in mono-
nucleosomes in vitro. In addition, acetylation-dependent
alterations in nucleosome conformation may increase
the accessibility of nucleosomal DNA. Analyses of phys-
ical parameters deriving from the constraint of DNA by
its interaction with the surface of the histone octamer
suggest that fewer superhelical turns of DNA are
wrapped about octamers containing acetylated histones
compared with nonacetylated octamers [66, 67]. Since
acetylation (or N-termini trypsinization) has no effect
on the length of nucleosomal DNA protected from
nuclease digestion [68, 69] and also does not alter the
number of contacts between DNA and the globular core
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of the histone octamer [67], these results imply that the
shape of the nucleosome changes upon acetylation. This
conclusion is consistent with earlier observations that
acetylated nucleosomes are slightly retarded relative to
nonacetylated nucleosomes in gel electrophoresis [70,
71]. It seems likely that a reduction of the super-
helical density of nucleosomal DNA upon acetylation
could enhance the exposure of regulatory sequences to
trans-acting factors.

All the studies cited above were performed in the ab-
sence of linker histones. A recent study showed that
acetylation or proteolysis of the core histone N-termini
alleviated H1-mediated inhibition of binding of the tran-
scription factor USF to reconstituted mono-
nucleosomes [72]. Notably, it was reported that HI
bound trypsinized nucleosomes with lower affinity. Sub-
sequently, it was shown (for this particular system) that
H1 repression of USF binding was not due to decreased
nucleosome mobility, supporting a model in which HI
binding reduces transient dynamic dissociation of DNA
from the surface of the histone octamer [73]. Acetylation
has also been shown to increase the transcription of
dinucleosomes containing the 5S RNA gene by RNA
pol 111, independent of effects on nucleosome mobility,
although in this case repression of transcription by H1
with acetylated and nonacetylated templates was equiva-
lent [74]. Taken together, analyses of transcription fac-
tor binding to nucleosomes suggest that dissociation of
core histone N-termini from nucleosomal DNA upon
acetylation can enhance the exposure of transcription
factor binding sites directly and through indirect effects
on nucleosome conformation and kinetic parameters of
DNA binding. The extent of repression of factor binding
by H1 in such studies may vary with the identity of the
factor under investigation, since it is known that the
extent of inhibition of factor binding by nucleosome
cores varies among transcription factors [74] (reviewed
in ref. 19).

Identification and characterization of histone acetyltrans-
ferases

Clearly, in vivo and in vitro analyses indicate that
acetylation is an important regulator of the function of
core histone amino termini. Yet, progress in the identifi-
cation of histone acetyltransferases (HATs) has been
made only recently. Importantly, these advances have
been accompanied by equally significant discoveries and
functional studies involving histone deacetylases
(HDAGC:S; for reviews, see refs 75, 76). Due to space
limitations, this review focuses primarily on HATs, but
it should be noted that substantial evidence suggests
histone deacetylation also plays a critical role in tran-
scriptional regulation.
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Historically, three types of histone acetylation have
long been recognized. The first involves the
cotranslational modification of certain histones dur-
ing synthesis. This acetylation modifies the «-amino
group of the first residue of the polypep-
tide exclusively and is believed to be irreversible [52].
The functional consequence, if any, of this o-N-acet-
ylation (which also occurs in many eukaryotic
proteins) in histones is unknown. The remaining two
types of acetylation are reversible in vivo and are
directed at the g-amino group of specific lysines in the
histone amino terminal domains. The HATSs
responsible for these latter two types of acetylation
have traditionally been classified into two groups
according to their subcellular distribution and the
process affected by the acetylations they make
(reviewed in ref. 32).

Cytosolic (B-type) HATs

Cytoplasmic or B-type HATs acetylate newly synthe-
sized histones H3 (in most organisms) and H4 prior to
their deposition in replicating chromatin. In a wide
variety of organisms, newly synthesized H4 is diacety-
lated at K5 and K12, while the occurrence and sites of
deposition-related H3 acetylation are more variable (see
fig. 2A) [31, 77]. In general, deposition-related acetyl
groups are removed by deacetylases shortly after H3
and H4 are incorporated into nucleosomes [52].

A novel screening strategy enabled the recent cloning of
the HAT1 gene that encodes the catalytic subunit of a
HAT-B enzyme in yeast [78, 79]). Characterization of
the HAT-B activity in yeast extracts revealed that the
HATIp catalytic subunit functions in a complex with
another subunit, HAT2p [79]. HAT2p is responsible for
the high-affinity binding of H4 by the HAT1p/HAT2p
complex which acetylates free (nonnucleosomal) H4 ex-
clusively in vitro. Enzymes responsible for deposition-
related H3 acetylation in yeast have not been identified.
It is puzzling that disruption of the HATI gene does not
confer an obvious phenotype [78, 79], given the wide-
spread conservation of H4 diacetylation [77] and the
presumed role of deposition-related acetylation of H3
and H4 in facilitating chromatin assembly (reviewed in
ref. 80).

A human homologue of HAT2p, referred to as p48, has
been identified as a subunit of a multimeric complex
involved in DNA replication-dependent chromatin as-
sembly [81]. Significantly, p48 has also been shown to
be a subunit of the HD1 human deacetylase complex
[82], suggesting a role for p48 in the coordinate regula-
tion of chromatin assembly and subsequent deacetyla-
tion of H3 and H4 following incorporation into
nucleosomes (reviewed in ref. 80). At present, enzymes
responsible for deposition-related acetylation of H3 and
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H4 in humans have not been clearly identified, although
it seems likely they will be homologous to counterparts
in yeast (see ref. 83).

Although it is an intriguing hypothesis that retention of
specific sites of deposition-related acetylation through
selective deacetylation may contribute to epigenetic
control of transcription, a mechanism that may explain,
for example, the acetylation of K12 in H4 in hete-
rochromatin in Drosophila and yeast [41, 42], there are
no data to directly support this notion (however, see
ref. 84). The sites of deposition-related acetylation of
H4 (K5 and K12; see fig. 2B) are distinct from those
identified as transcription-associated (see below and ref.
85). Furthermore, since deposition-related acetylation
involves only H3 and H4, and transcription-associated
acetylation appears to involve all four core histones,
current data suggest it is unlikely that HAT-B acetyla-
tion is involved in transcriptional regulation. Further
details of deposition-related acetylation have been re-
viewed recently [32, 80, 86].

Nuclear (A-type) HATs

Nuclear or A-type HATs are presumed to be involved
in transcription-associated acetylation given their in-
tranuclear localization and ability to acetylate nucleo-
somal histones. Despite the long-standing correlation
between histone hyperacetylation and transcriptional
activity engendered by biochemical analyses of nucle-
ase-sensitive chromatin, a bona fide nuclear HAT (type
A) was not characterized until 1996. Previous attempts,
using conventional protein purification methods (re-
viewed in refs 32, 53), failed to purify any activity to
homogeneity but convincingly demonstrated the exis-
tence of multiple acetyltransferases present in low con-
centrations in nuclear extracts from a variety of sources.
However, utilizing a novel acetyltransferase activity gel
assay, the identification of p55 as a catalytic subunit
(with an apparent molecular mass of 55 k Daltons) of a
type A HAT was made using partially purified extracts
prepared from macronuclei of the ciliated protozoan
Tetrahymena thermophila [87]. Employing this assay to
monitor p55 during purification, sufficient protein was
isolated to obtain protein sequence data, enabling the
cloning of the p55 gene via standard reverse genetics
methods [88].

Database searches using the derived sequence of Te-
trahymena p55 revealed extensive similarity to GCNS5p,
a protein previously identified in yeast whose function is
required for full transcriptional activation by certain
transcriptional activators [89]. Evidence that yGCN5p
was a functional homologue of p55 was obtained when
it was directly demonstrated that recombinant yGCN5p
also possesses HAT activity in vitro [88]. As shown
schematically in figure 3, the region of greatest sequence
homology between p55 and yGCNS5p corresponds to
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HAT domain

439

421

Figure 3. GCNS5-related histone acetyltransferases. The sequences of human PCAF [107], human GCNS [107], yeast GCNS [89] and
Tetrahymena thermophila p55 [88] are indicated schematically. The sequences are aligned according to homology within the region of
greatest sequence similarity between the four proteins, corresponding to residues 120-253 of yGCNS5, indicated by the dashed box. This
region corresponds to the HAT catalytic domain in all four proteins since only residues 170-253 of yGCNS5 (hatched box at bottom)
are required for minimal HAT activity in vitro [90]. Each of the four proteins has a bromodomain (gray box), a putative protein
interaction motif, in their C-termini [92]. The black box indicates the ADA?2 interaction domain of yGCNS and hGCNS. In yeast, the
ADA2 interaction domain is required in addition to HAT activity for GCNS5 function in vivo [90]. Motifs within the minimal HAT
domain are conserved among members of a proposed superfamily of N-acetyltransferases [121]. However, as discussed in the text,
similar motifs are not readily apparent in other nuclear HATs, TAFI1250, p300/CBP, SRC-1 and ACTR, described recently. A dashed
N-terminal extension has been added to the hGCNS5 sequence to indicate that recent analyses of the Drosophila (E. Smith, personal
communication) and mouse (S. Roth, personal communication) GCNS5 genes suggest that the sequences reported for hGCNS5 [106, 107]

may be truncated.

residues 120 to 253 of yGCNS5p, suggesting that HAT
activity, if critical for p55/yGCNS5p function, would be
catalysed by residues within this highly conserved do-
main. Subsequent mutational analyses mapped the min-
imum sequence required for yGCN5p HAT activity in
vitro to a segment within this domain confirming predic-
tions made from conservation between the ciliate and
yeast enzymes [90]. At least in vitro with free (nonchro-
matin) histone substrates, yGCN5p displays remarkable
preference for lysine K14 in H3 and K8 and K16 in H4
[85]. Interestingly, these site preferences do not overlap
with sites acetylated by HAT1p (see fig. 2A).

As indicated in figure 3, the amino acid sequence corre-
sponding to residues 120-253 of yGCNS5p is highly
conserved in two human HATs identified recently,
hGCNS5 and PCAF (discussed below). All four of these
proteins contain a motif known as the bromodomain
near their C-terminus. The bromodomain has been sug-
gested to be a protein-protein interaction interface [91],
and a recent database search revealed that the motif is
found in 37 known proteins, many of which have estab-
lished or putative coactivator function [92].

HAT complexes: genetic and biochemical approaches
converge
A combination of genetic and biochemical evidence

suggests that, in vivo, GCN5p exists in complexes with
proteins encoded by members of the ADA and SPT
groups of genes [93-98] (reviewed in refs 99, 100). The
ADAZ? protein has been shown to interact physically
with yGCNS5p and, moreover, with both transcription
factors and TATA-binding protein (TBP) in vitro [101,
102]. Furthermore, genetic evidence suggests that certain
members of the SPT group of genes affect TBP function,
and it has been shown that the SPT20 and ADAS5 genes
are identical [103, 104].

Together, these findings support a model in which com-
plexes containing GCN5p and ADA and SPT proteins
physically bridge transcriptional activators and the
basal transcription machinery. The finding that recom-
binant GCN5p has HAT activity [88] and the subse-
quent isolation from yeast of a multimeric complex
named SAGA containing SPT, ADA and GCNS5
proteins and possessing acetyltransferase activity [97]
(reviewed in ref. 100) suggest that HAT activity is
involved in the coactivator function of GCNS5p-con-
taining complexes. This notion is strongly supported by
recent demonstrations that mutations which decrement
or abolish the HAT activity of GCN5p, or which pre-
vent GCNS5p-ADA2p interaction in vitro, diminish
transcriptional activation mediated by GCN5p in vivo
[90, 105].
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HATSs here, HATs there, HATs turning up everywhere
The finding that GCN5p, a known transcriptional
regulator, possessed intrinsic HAT activity, prompted
several laboratories to examine whether other tran-
scriptional regulators possessed HAT activity. At-
tempts to identify homologues of yeast ADA and
GCNS proteins in human cells resulted in the iden-
tification of two proteins, hGCNS5 [106, 107] and
PCAF [107], that share significant sequence homology
with yGCN5p, as indicated in figure 3. Both hGCNS5
and PCAF possess HAT activity [105, 107], and the
conservation of the yGCN5Sp HAT domain sequence
in these proteins strongly suggests they have similar
catalytic mechanisms. As was found previously for
yGCNS5p [85], recombinant hGCNS5 is unable to
acetylate nucleosomal substrates but acetylates H3
and H4 preferentially in mixtures of free histones in
vitro. The inability of these recombinant proteins to
acetylate nucleosomal substrates is presumably related
to the absence of ADA and SPT proteins, since it
has been shown that both the SAGA complex and a
smaller ADA-GCNS5p complex isolated from yeast
are able to acetylate nucleosomal substrates [97]. In
contrast, PCAF differs from yGCN5p and hGCNS5
by the presence of a 352-residue N-terminal extension
and the ability to acetylate nucleosomal H3 and H4
in vitro [107]. Since it is likely that the HAT domain
of PCAF maps to the C-terminal portion of the
molecule homologous to yGCN5p and hGCNS (fig.
3), it appears that some feature(s) intrinsic to the N-
terminal extension of PCAF enable it to utilize nu-
cleosomal substrates.

The similarity of hGCN5 and hADA2 to their coun-
terparts in yeast suggests the human proteins would
participate in similar functional interactions also, and
this prediction has been confirmed experimentally
[106]. Conservation of the ADA2 interaction domain
in the C-terminal portion of PCAF suggests the pos-
sibility that it may interact with ADA2 also, but this
has not been confirmed experimentally. However, it is
apparent that PCAF participates in additional inter-
actions distinct from those of hGCN5 and hADA
proteins, suggesting the possibility that the HAT ac-
tivity of PCAF is involved in regulatory pathways
distinct from those of hGCNS5. PCAF, but not
hGCNS5, binds to a site in the C-terminal domain of
two related proteins, p300 and CREB-Binding
Protein (CBP) [107]. p300 and CBP function as coac-
tivators for a variety of transcriptional activators, in-
cluding nuclear hormone receptors and the
cAMP-response element binding protein (CREB) (re-
viewed in ref. 108). Thus, in a fashion analogous to
that suggested above for targeting GCN5 HAT activ-
ity through its association with ADA/SPT protein
complexes, the HAT activity of PCAF might be
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targeted to specific promoters through the interaction
of PCAF/p300 or PCAF/CBP complexes with tran-
scriptional activators and the basal transcription ap-
paratus (see below and fig. 4).

Subsequently, it was shown that p300 [109] and CBP
[110] themselves have intrinsic HAT activity. These
enzymes acetylate all four nucleosomal histones in
vitro, and mutational analyses mapped HAT activity
to the central portion of the molecules. Recently,
HAT activity has also been demonstrated for the
proteins Steroid Receptor Coactivator-1 (SRC-1)
[111] and activator of retinoid receptors (ACTR)
[112]. These proteins are members of the SRC-1 fam-
ily of proteins which interact with CBP and with nu-
clear hormone receptors to function as coactivators
for liganded nuclear hormone receptors. In addition
to possessing intrinsic HAT activity, both ACTR and
SRC-1 interact with PCAF in vitro and in vivo [111,
112], suggesting the possibility these proteins exist in
multiple complexes. Taken together, these findings
suggest transcriptional activation by liganded nuclear
hormone receptors involves alteration of chromatin
structure at promoters through the recruitment of
ACTR (or SRC-1)/CBP/PCAF complexes with multi-
ple HAT activities.

One interpretation of the findings that the coactiva-
tors discussed above have HAT activity is that his-
tone acetylation by these proteins is required to
facilitate promoter recognition in chromatin templates
by TFIID. By the close of 1996, the discovery that
the TAF;250 subunit of TFIID also possessed HAT
activity ended what certainly turned out to be a ban-
ner year for HAT identification. HAT activity was
demonstrated for the yeast, Drosophila and human
homologues of this protein and mapped to a central
domain highly conserved in all three species [113].
This unexpected finding suggests the possibility that
the HAT activity of TFIID itself plays a role in pro-
moter recognition in basal and activated transcrip-
tion. Furthermore, this finding suggests that HAT
activity may be a property (yet to be discovered) of
other components of the transcriptional apparatus.

Possible roles of histone acetylation in transcriptional
regulation

Taken together, the data from analyses of core his-
tone N-termini acetylation and function, in combina-
tion with the identification of known transcriptional
coactivators as HATSs, suggest a role for histone
acetylation in transcriptional regulation depicted in
figure 4. Potentially redundant coactivator complexes
are recruited to chromatin loci via their interactions
with the activation domains of transcriptional activa-
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Figure 4. Chromatin-modifying activities implicated in regulating
gene expression. Current models suggest that chromatin-remod-
elling and -modifying activities are ‘recruited’ to loci via interac-
tions with activators and coactivator complexes. Several of these
complexes possess HAT activity (such as SAGA or CBP:PCAF)
that antagonize chromatin-mediated repression by acetylating his-
tones and altering chromatin conformation, as represented by the
extended nucleosome filament. This altered chromatin structure
may enhance the access of other, potentially redundant, chro-
matin-modifying activities such as the SWI/SNF and SRB/Media-
tor complexes, which act to facilitate transcription by disrupting
nucleosomal structure (see text and ref. 100 for review and
references). In the absence of appropriate activation, complexes
possessing HDAC activity are recruited to loci, and repressive
chromatin structure is restored following histone deacetylation.
This model is based on those shown in refs 117 and 100, illustrat-
ing yeast complexes that positively or negatively influence tran-
scription of chromatin templates.

tors bound to their cognate DNA sites. Nucleosome
acetylation by coactivators possessing HAT activity
leads to the acquisition of transcriptional competence,
characterized by an open chromatin conformation
and enhanced nuclease sensitivity of the chromatin
locus. This decondensation facilitates access by
components of the transcriptional apparatus and
possibly chromatin remodelling activities such as the
yeast SWI/SNF and Drosophila NURF complexes.
Interestingly, the physical interaction between NURF
and nucleosomes is impaired by the proteolytic
removal of the histone N-tails themselves, suggesting
that histone tails function in chromatin remodelling,
in part, independent of histone acetylation [114].

Efficient recruitment of TFIID and other PIC
components to competent loci is likely to be further
facilitated by the physical interactions of activators
and coactivators with these components. The effects
of acetylation on nucleosome mobility and
conformation may facilitate recognition of promoters
by TFIID and may also facilitate subsequent
incorporation of other GTFs and RNA polymerase
II (or the polymerase holoenzyme) into the PIC.
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Given the evidence that core histone hyperacetylation
encompasses gene-coding sequences [55], acetylation
downstream of promoters may also influence
transcript elongation. However, presently it is unclear
whether any of the nuclear HATs identified to date
are involved in this process.

This model differs from that shown in figure 1 in
several important respects. In figure 1, the formation
of activator-coactivator-TFIID complexes is proposed
to be sufficient to enhance the rate of promoter
recognition by TFIID, based on analyses of
transcription in vitro and genetic and biochemical
evidence of interactions between activator and
coactivator proteins with each other and with
components of TFIID and other GTFs (reviewed in
refs 3-7). Although these interactions are certainly
important for the coordinated recruitment of factors
to promoters, they do not provide a mechanism for
antagonizing nucleosomal repression. However, in the
revised model (fig. 4), nucleosomal repression is
antagonized by coactivator HAT activities. Changes
in nucleosome stability, conformation and positioning
upon histone acetylation may all act to enhance the
exposure of promoter DNA and facilitate the binding
of TFIID and subsequent PIC formation, and in
addition may permit additional activators to function
in synergistic activation.

The revised model also offers a possible explanation
for recent observations suggesting that TAF;s are
not general coactivators in vivo, in contrast to the
indispensability of TAFs for activated transcription
in vitro. Two laboratories have shown convincingly
that even though depletion of either TBP or TFIIB,
or the functional inactivation of TBP or RNA
polymerase II in yeast severely impaired the activated
transcription of all the genes examined, activated
transcription of most of these genes was unaffected
by functional inactivation or depletion of one or
more TAF;s [115, 116]. One possible explanation for
this discrepancy is that the coactivator function of
TAFy;s, at least that component imparted by physical
interactions with activators and coactivators, is
redundant with the HAT activity of other
coactivators (and possibly other chromatin-modifying
activities such as the SWI/SNF complex) still
operational in these experiments. Indeed, genetic
studies, carried out in yeast, underscore the existence
of redundant mechanisms in dealing with the
problem of promoter inaccessibility in chromatin
templates [117, 118] (reviewed in ref. 100). A second
explanation is suggested by recent studies implicating
yTAF;145 directly in the activation of key genes
(e.g. G1/S-phase cyclins) related to cell cycle
progression rather than activation in general [119,
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120]. Given the reported HAT activity of yTAF,;145
[113], it would be informative to determine if
targeted histone acetylation occurs at these promoters
in a yTAF,145-dependent fashion.

Future issues

How many nuclear type A HATSs are there?

Altogether, seven nuclear HATs have been identified
during the year following the initial report that Te-
trahymena p55 and yeast GCNS5 possessed HAT ac-
tivity [88]. This rapid progress suggests the likelihood
that other polypeptides with intrinsic HAT activity
remain to be described and raises the question: How
many distinct types of nuclear HATSs exist? Although
it is not possible to answer this question definitively
at present, the available molecular sequence data sug-
gest the existence of at least four distinct types or
families of nuclear HATs. As depicted in figure 3,
the sequences of hPCAF, hGCN5, yGCN5 and Te-
trahymena p55 are very similar within the region cor-
responding to the minimum sequence necessary for
GCNS HAT activity in vitro. This ‘catalytic domain’,
a region essential for the activation properties of
yGCNS5 [90], contains sequence motifs involved in
acetyl coenzyme A (acetyl CoA) binding that are
conserved in members of a proposed superfamily of
acetyltransferase proteins that includes enzymes with
diverse acetylation substrate specificities [121].

These acetyl CoA-binding motifs are not immediately
obvious in hTAF;;250 (or homologues) [113], p300/
CBP [109] or SRC-1/ACTR [111, 112]. Furthermore,
there are no apparent similarities in the sequences of
the HAT domains established for these latter three
groups of proteins. These data are compatible with
the evolution of four types of acetyl CoA-binding
motifs in nuclear HATs. To date, analyses of the se-
quence features required for the recognition of his-
tone substrates by HATs have not been described. It
seems likely that the known HATSs differ in this as-
pect also, given that the most notable sequence simi-
larity between the GCNS5-related proteins and the
remaining known nuclear HATs is the presence of
bromodomains in p300/CBP and hTAFII250 (and
homologues) that are dispensable for HAT activity in
vitro and moreover, are not found in SRC-1/ACTR.
The requirement, if any, for the bromodomains in
the function of any nuclear HATSs in vivo awaits fur-
ther elucidation.

Substrate specificity of nuclear HATs

Although the nuclear HATs described to date have
all been identified based on their abilities to acetylate
histones in vitro, two recent reports suggest the in-
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triguing possibility, for at least some of these
proteins, that histones may not be their only physio-
logical substrates. Acetylation of the GTFs TFIIE
and TFIIF in vitro by hPCAF, hTAF;250 and p300
has been demonstrated [122]. However, ¢-N-acetyla-
tion of these proteins in vivo has not been reported.
In addition, acetylation of the tumor suppressor p53
in vitro by p300 and evidence that p53 is acetylated
in vivo has been reported [123]. These findings raise
the important issue of whether acetylation of nonhis-
tone proteins is involved in transcriptional regulation,
a prospect suggested by earlier studies demonstrating
the acetylation of °‘high mobility group’ (HMQG)
proteins in vivo (e.g. [124]). Further work is required
to establish the functional significance of nonhistone
acetylation and to what extent enzymes previously
identified as ‘HATS’ participate in these phenomena.

On the horizon: nuclear HATs in cell cycle regulation
and cancer connections

Several lines of evidence implicate HATs in cellular
transformation and abnormal development. Muta-
tions in CBP are responsible for Rubinstein-Taybi
syndrome, a heritable developmental and cancer-
prone disorder characterized, in part, by increased in-
cidence of certain malignancies [125, 126]. The HAT
activities of p300/CBP and PCAF together may also
be involved in other oncogenic events. The associa-
tion of PCAF with p300/CBP, which serves to limit
cell cycle progression, is disrupted by Ela, suggesting
mistargeting of the HAT activities of either p300 or
PCAF may be involved in adenoviral transformation
[107]. Translocation and fusion of the putative acetyl-
transferase MOZ to CBP is associated with a type of
acute myeloid leukemia [127], whereas CBP fusion to
a different protein, MLL (unrelated to MOZ) is asso-
ciated with a rare therapy-related acute leukemia
[128].

Significantly, in all the cases where the breakpoints
of these translocations have been studied in detail, it
is expected that the portion of CBP involved would
retain HAT activity, suggesting that mistargeting of
the HAT activities of CBP, and potentially PCAF,
may occur. Additionally, in the case of the CBP-
MOZ fusion, the putative HAT activity of MOZ
may be a factor, since the portion of MOZ involved
contains a motif implicated in acetyl CoA binding by
GCNS and other acetyltransferases [121]. Further-
more, this portion of MOZ is highly similar to the
putative acetyl CoA-binding motif identified in a
yeast protein, SAS2, involved in silencing at HM loci
[129]. Although acetyltransferase activity has not been
demonstrated for MOZ or SAS2, it has been sug-
gested that these proteins acetylate substrates other
than histones due to sequence similarities to «-N-
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acetyltransferases [129]. Thus, inappropriate acetyla-
tion may follow recruitment of the acetyltransferase
activities of CBP or MOZ in fusion proteins to the
respective substrates for their fusion partners or fol-
lowing recruitment of PCAF associated with CBP-
MOZ fusions. The notion that the HAT activity of
CBP and associated factors may play a causal role in
oncogenesis is consistent with the evidence that CBP
ordinarily acts to integrate and coordinate changes in
gene expression in response to diverse physiological
stimuli (reviewed in ref. 108). However, it should be
stressed that direct involvement of HAT activity in
this role has not been demonstrated, and it is con-
ceivable that other functions of p300/CBP participate
more directly in oncogenesis.

Recently, amplification and overexpression of a mem-
ber of the SRC-1 family of nuclear receptor coactiva-
tors has been correlated with the development of
steroid-dependent cancers. AIB1 (amplified in breast
cancer-1) was found to be amplified in four of five
breast and ovarian cancer cell lines expressing estro-
gen receptors and was expressed at high levels in
64% of randomly selected samples of primary breast
cancer [130]. HAT activity has not been demon-
strated for AIBI, but the similarity of this protein to
SRC-1 suggests that inappropriate activation of genes
involved in cell cycle progression following overex-
pression of AIBI could be due to dysregulated HAT
activity of AIBI itself or possibly due to perturbation
of signal integration by p300/CBP.

Summary

Together, the evidence reviewed here strongly sup-
ports an emerging view that the histone N-termini
are involved in transcriptional regulation and that re-
versible, post-translational acetylation of the N-ter-
mini, and possibly other proteins, is a major
mechanism used to accomplish this regulation. The
identification and molecular cloning of the HATs de-
scribed here should permit molecular genetic experi-
mentation to determine temporal and absolute
requirements for HAT activity in transcriptional reg-
ulation in vivo. The availability of recombinant HAT
proteins will enable detailed biochemical analyses of
the mechanism of HAT action at the molecular level
in vitro. Together, these experimental approaches will
facilitate better understanding of the role(s) of his-
tone acetylation in nuclear function and contribute to
the development of models for general mechanisms of
transcriptional regulation. Understanding the nature,
regulation and specificity of these highly conserved
chromatin-modifying activities, as well as general as-
pects of the chromatin structures they regulate, is di-
rectly relevant to our understanding of both normal
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cellular regulatory processes and abnormal processes
which lead to oncogenesis.

Note added in proof. Since this manuscript was submitted,
HAT activity has been demonstrated for the HIV-1-Tat inter-
active protein Tip60 [132] and ESAlp, an essential protein in
yeast (E. R. Smith and C. D. Allis, personal communication).
Both proteins contain sequence related to a putative acetyl Co
A binding motif [121].
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