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Histone acetylation: 
chromaUn in action 

Paul A. Wade, Dmitry Pruss and 
Alan P. Wolffe 

Histone acetylation acts as a landmark and determinant for chromatin 
function. Active roles in the transcription and assembly of chromatin have 
been discovered for histone acetyltransferases and deacetylases. This 
review highlights these roles and discusses their significance for the 
maintenance of cell differentiation. 

CHROMATIN is not a static entity where 
DNA is packaged up and forgotten by 
the molecular machines controlling 
transcription, replication, recombination 
and repair. Instead, chromatln structure 
is dynamic, accommodating the need for 
DNA to partake in the various functions 
that require it as a template. 

In the past, changes in chromatin 
conformation were usually viewed as a 
consequence of DNA being used for 
some purpose, but recently, a remark- 
able series of observations challenge 
this view. Here, we discuss the exciting 
progress in the identification and 
characterization of chromatin.modifying 
proteins, particularly acetyltransferases 
and deacetylases. The precise roles of 
these histone-modifying enzymes in 
transcription are not yet known and 
this review includes speculative ideas 
about their possible functions. For ex- 
ample, components of the basal tran- 
scriptional machinery, transcriptional 
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coactivators and co-repressors have 
been found to directly modify his- 
tones ~-:~. Histone acetyltransferases and 
deacetylases might exert regulatory 
functions at the level of promoter recog- 
nition, activation by upstream activators 
or in the process of initiation or elon- 
gation by RNA polymerase. This review 
focuses on only some of these possibili- 
ties, in particular, the establishment 
and the maintenance of a transcription- 
ally competent chromatin environment. 
These biochemical observations com- 
plement existing structural and genetic 
data that establish chromatin as an in- 
tegral regulatory component of the 
transcription process. 

Chromosomal replication and repair 
has been found to require a molecular 
chaperone that shares a common sub- 
unit with particular histone acetyltrans- 
ferases and deacetylases, and that also 
interacts with a tumor suppressor 4-7. 
Other links between histone acetylation 
and tumorigenesis exist: for example, 
the adenovirus oncoprotein E1A has been 
shown to modulate the interactions be- 
tween acetyitransferases8, 9, and fusions 
between the genes that encode two such 
putative histone acetyltransferases are 
associated with certain cancers ~0. 

Recent studies also support an essen- 
tial role for histone acetylation in the 
establishment and maintenance of a dif- 
ferentiated phenotype. This surge of new 
information implicates histone acetylation 
and the associated chromatin con[or 
mational transitions as having a central 
role in cell and developmental biology. 

This review attempts to integrate the 
phenomenon of histone acetylation with 
the molecular events that {t appears to 
regulate. We will describe: (1) some of 
the potential mechanisms by which his- 
tone acetyltransferases regulate tran- 
scription; (2) the potential roles of com- 
ponents of histone acetyltransferases 
and deacetylases used in chromatin as- 
sembly in monitoring chromosomal in- 
tegrity during the cell cycle; and (3) we 
will speculate on the significance of his- 
tone acetylation for the maintenance of 
the differentiated state and of aberrant 
acetylation for cell transformation. 

What does hJstone acetyJation d0 to 
chr0matin? 

Before discussing the various pro- 
teins that acetylate and deacetylate the 
core histones, it is useful to know what 
structural changes might occur within 
chromatin as a consequence of acetyl- 
ation. Each core histone has two do- 
mains: a histone fold domain, which is 
involved in histone-histone interactions 
and in wrapping DNA in nucleosomes, 
and an amino-terminal tail domain that 
lies on the outside of the nucleosome, 
where it can interact with other regu- 
latory proteins and with DNA. The amino- 
terminal tail domains are lysine-rich and 
are targets for acetylation. Acetylation 
greatly reduces the affinity of the histone 
H4 tail for DNA u. The physical conse- 
quences for nucleosomal integrity of 
acetylating all of the histone tails in the 
absence of any other proteins are rela- 
tively minor. However, there is a modest 
reduction in the wrapping of DNA 
around the histone octamer and nuc|eo- 
somes pack together less efficiently in 
arrays (for reviews, see Refs 12, 13). 

Published by Elsevier Science Ltd. All rights reserved. 0968-0004/97 PII: S0968-0004(97)01016-5 
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More dramatic transitions are revealed 
through the use of other DNAobinding 
proteins as probes of nucleosomal in- 
tegrity. Transcription factor TFIIA does 
not bind efficiently to a 5S rRNA gene 
within a nuc]eosome if the core his- 
tones are not acetylated, but it does 
bhld following acetylation of the his- 
tones ~4. Likewise, Gal4 binding to nu- 
cleosomal DNA is facilitated by acetyl- 
ation of histone H4 (Ref. 15). These 
observations demonstrate that acety]- 
ation of the amino-terminal tails sub- 
stantially weakens the constraints on 
DNA imposed by the core histones. 
Other in vivo events or forces might 
further destabilize acetylated chmmatin. 

Histone acetylation provides a mol- 
ecular mechanism by which DNA can 
be rendered generally accessible to trans- 
acting factors while still maintaining a 
nucleosomal architecture. Exactly how 
this is achieved is currently unknown. 

Transcription acetyltmnsferases 
The synthesis of mRNA requires co- 

ordination of the activity of many tran- 
scription factors and enzymes. Speci- 
ficity in transcriptional control relies 
upon the combinatorial binding of 
sequence-selective transcription factors 
to regulatory elements flanking the tran- 
scription start site. Activation domains 
within these factors recruit transcrip- 
tional coactivators, which, f.n turn, 
facilitate the activity of the basai tran- 
scriptional machinery. The role of co- 
activators is to integrate the signals 
from the various sequence-selective fac- 
tors so that a final level oi transcription 
can be determined. The simplest mecha- 
nism by which this might be achieved is 
for the coactivators to act as a scaffold 
between sequence-selective factors and 
the basal machinery ~6. However, the un- 
expected finding that at least three dif- 
ferent coactivators function as histone 
acetyltransferases (Table I) introduces 
an alternative and potentially more dy- 
namic model. 

The Gcn5p--Ada2p-Ada3p complex 
in yeast acts as a transcriptional co- 
activator targeted by transcription fac- 
tors with acidic activation domains; 
this coactivator is also the archetypical 
transcription acetyltransferaseL The 
Gcn5p component of the complex has 
the capacity to acetylate specific lysine 
residues in histones H3 and H4, which 
are known to be associated with tran- 
scriptional activity ~7. Similar enzymatic 
activities have now been found for 
P/CAF (a human homolog of Gcn5p); a 
factor that associates with the p300/CBP 
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Histone 
acetyltransferase Organism Interactions Histones modified 

Gcn5p Saccharomyces ADA2p, ADA3p H3/H4 
cerevisiae 

P/CAF Human p3OO/CBP H3/H4 

p3OO/CBP Human Nuclear receptors, H2A/H2B, 
steroit~ receptors, H3/H4 
c-Jun/Jur:; c-Fos, 
c-Myb/v-Myb, MyoD, 
CREB 

TAFu230/250 Human, TAFs in TFIID H3, H4 
Drosophila 

aHistones discovered in 1996 are shown together with the organism from which they were charac- 
terized, the proteins with which they interz.ct and their histone targets. Abbreviations used: CAF, CBP- 
associated factor; CBP, CREB-binding protein; CREB, cAMP response e!ement-bi~ding protein; 
TAF,230/250, 230 kDa/250 kDa RNA polymerase il TATA-binding protein-associated factor. 

coactivator s (CBP, CREB-binding protein; 
CREB, cAMP response element-binding 
protein), and for p300/CBP itseff 9. p300/ 
CBP interacts with a variety of sequence- 
selective DNA-binding transcription 
factors including nuclear hormone re- 
ceptors, cJun/v-Jun, c-Myb/v-Myb, c-Fos 
and MyoD (for review, see Ref. 9). 

Recently, a component of the DNA- 
binding basal transcription factor TFIID 
has also been shown to have histone 
acetyltransferase activity z. The 250 kDa 
RNA polymerase II TATA-binding pro- 
tein (TBP)-associated factor (TAF,250) 
serves as the core suhunit of TRID and 
interacts with a variety of other TAFs as 

well as TBR TAF,250 is required for the 
activation of particular genes indicative 
of coactivator function, and associates 
with components of the basal transcrip- 
tional machinery such as TRIA, TRIE 
and TFIIF (for review, see Re:!. io°). In ad- 
dition, TAF,250 functions as both a ki- 
nase and a histone acetyltransferase z,~s. 
Although Gcn5p and P/CAF are related 
proteins, there is no significant sequence 
identity or known structural similarity 
with p300/CBP or TAFH250. Thus, diverse 
proteins possess histone acetyltrans- 
ferase activity (Table !). 

The facts that: (1) core histone 
acetylation greatly facilitates the access 

Activating 
transcription 

factors / 

Acetylation 

Rgure 1 
A model for the role of coactivators/histone acetyltransferases and histone deacetylase 
in the continual regulation of transcription. 'Activating' transcription factors rt~cruit the 
coactivator/histone acetyltransferase (p3OO/CBF-P/CAF) (CBP, CREB-binding protein; CREB, 
cAMP response element-binding protein; CAE p3OO/CBP-associ~ted factor), which derepresses 
nucleosomes such that the transcription factor complex TFIID historic acetyltransferase 
(shaded), including the 250 kDa RNA polymerase II TATA-binding protein (TBP)-associated 
factor (TAF,250), can facilitate the activity of the basal transcriptional machinery (RNA 
polymerase II). The grey ellipsoids attached to TAF,250 represent other TAFs within TFIID 
and those attached to RNA pol II represent other components of the basal transcriptional 
machinery (TFIIA, TFIIE, TFIIF, TFIIH). The histone deacetylase (HD1) continually deacetyl- 
ares histones in chromatin, therefore, persistent activity of the coactivator/histone acetyl- 
transferase is required to ~ene activity (see text for details). 
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Chromatin assembly: on replicating DNA 

on damaged DNA 

Histone T Histone 
acetyitransferase deacetylase 

(a) (b) (c) 
,,, , Deacetylated 
Acetylated histone H4 histone H4 

Rgure 2 
A model for the roles of p48-associated proteins, p48 
is a component of: (a) a cytoplasmic histone acetyl- 
transferase with Hatlp; (b) a chromatin-assembly fac- 
tor with CAF1; and (c) a histone deacetylase with 
HDI. Dependent on the subunit composition, this pro- 
tein will be variously equipped to contribute to all 
these diverse functions in which the modification 
state of H4, its cellular localization and deposition in 
a nucleosome will change as indicated. Hypotheses 
discussed in the text propose that transitions in 
histone acetylation might determine the distribution of 
p48 within these different complexes and their avail- 
ability for these diverse functions. 

of transcription factors to DNA in a 
nucleosome~4js; and (2) that transcril> 
tional coactivators are histone acetyl- 
transferases, leads to a model for tran- 
scriptional regulation in which the 
recruitment of coactivators could direct 
the local destabilization of repressive 
histone-DNA interactions. Repressive 
nucleosomes might prevent either the 
association or function of the basal 
transcriptional machinery on a particu. 
lar promoter. Targeted acetylation pro- 
vtdes a means of allowing the basal 
transcriptional machinery to displace 
nucleosomes, to assemble a functional 
transcription complex and to never 
have to deal with chromatin again. 

However, a more interesting possi- 
bility follows from the discovery that 
transcriptional re~lators exist that also 
deacetylate the histones 3. This finding 
pro~des a molecular mechanism where- 
by transcription might be continually 
controlled. Substantial evidence exists 
to suggest that core histone proteins re- 
main associated with DNA in the vicin- 
ity of a promoter despite the recruit- 
ment of the basal transcriptional 
machinery ~9. Thus, the targeted or gen- 
eral activity of histone deacetylases will 
tend to return nucleosomes to their re- 
pressive configuration. The maintenance 
of gone activiW would therefore require 
the continued activity of the coactivators 
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as acetyltransferases. In this 
way, transcriptional activ- 
ity could be continually 
modulated through variation 
in chromatin conformation 
(Fig. 1). These observations 
further emphasize that the 
eukaryotic transcriptional ma- 
chine~ is not only adapted 
to function in a chromatin 
environment, but has the po- 
tential to make use of the 
packaging of DNA to regulate 
genes. 

Histone acetylation in cell-cycle 
progression 

Replacement of the four 
lysines (acetylation targets) 
in the H4 tail domain in Sac- 
charomyces cerevisiae with 
arginine, such that basic 
charge is maintained, leads to 
extremely slow growth. Sub- 
stitution of these lysines 
with glutamines (which mimic 
acetylated lysines) leads to a 
delay in G2-M progression 2°. 
None of these mutations al- 
ters the eventual assembly of 

replicated DNA into nucleosomes. There- 
fore, both the acetylation and deacetyl- 
ation of iysines in the H4 tail appear nec- 
essary for cell-cycle progression itself. 

One explanation for these results is 
that structural changes in chromatin 
are necessary for the transcription of 
genes that regulate or drive the cell 
cycle (Fig. 1). However, the aberrant cell- 
cycle characteristics could also be re- 
lated to other checkpoints that monitor 
chromosome integrity. For example, the 
mutations in histone H4 increase re- 
liance on DNA-damage-sensitive cell-cycle 
checkpoint controls 2°, suggesting that 
increased DNA damage occurs in the 
H4-mutant cells. How might histone H4 
acetylation be involved in cell-cycle 
checkpoint control, DNA damage and 
chromosome repair? 

Newly synthesized histones H3 ar, d 
H4 are acetylated u and deacetylated 
shortly after their incorporation into the 
nascent chromatin, which is assembled 
immediately following replication 22. Both 
the histone acetyitransferase and de- 
acetylase involved in these modifications 
have been characterized 3.6. These en- 
zymes interact with H3 and H4, and a~  
pear to share a common subunit known 
in mammalian cells as p48/p46. The 
molecular chaperone involved in the as- 
sembly of chromatin on newly repli- 
cated DNA is C,aJ:l, which also interacts 
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with H3 and H4 and contains p48/p46 
(Refs 4, 5). Dynamic alterations in H3 
and H4 acetylation might be necessary 
to drive the exchange of p48/p46 be- 
tween the acetyltransferase, deacetylase 
and CAF1. These dynamic transitions 
will not occur [f the lys[ne residues in 
histone H4 are mutated 2°. A failure to 
mediate these transitions might, in turn, 
impact on the role o! C.~Pl in the repair 
of damaged chromatin. For instance, 
CAF1 might be irreversibly sequestered 
on nascent chromatin and might not be 
available to facilitate chromosomam re- 
pair on damaged DNA. Alternatively, if 
DNA damage occurs more readily, be- 
cause of alterations in chromatin com- 
paction following from the inability to 
appropriately acetylate or deacetylate 
histones, then inappropriate seques- 
tration of C~d~| and p48/p46 on damaged 
DNA might interfere with cell-cycle pro- 
gression as a result of a decrease in the 
rate of chromatin assembly (Fig. 2). 

it is dangerous for a cell to synthesize 
naked DNA in the absence o| chromatin 
assembly. This is because of the multiple 
roles of chromatin both in constraining 
inappropriate gone activity and in direct- 
ing the appropriate packaging of DNA 
into chromosomes. Consequently, it might 
be anticipated that molecular mecha- 
nisms will exist to monitor chromo- 
somal integrity. An additional role for 
p48/p46 might lie in its association with 
the retinoblastoma (RB) gone product 7. 
RB has [mporlant functions both in cell- 
cycle control and as a tumor suppressor 
(for review, see Ref. 7). The significance 
of the RB-p48 association has not yet 
been explored. Again, the characteriz- 
ation of components of histone acetyl- 
transferases and deacetylases reveals 
an unexpected regulatory potential. 

Histone acetylation - an epigenetic imprint? 
The association of histone acetyiation 

with transcription and the maintenance 
of chromosomal integrity point to a 
central biological role for this regulat- 
able modification within chromatin. A 
fusion protein generated by a recurrent 
chromosomal translocation associated 
with acute myeloid leukemia incorpo- 
rates two putative acetyltransferase do- 
mains 9J°. This suggests that aberrant 
histone acetylation might contribute to 
cellular transformation. The two genes 
fused in this translocation encode 
the coactivator/histone acetyltransferase 
CBP and VIOZ (for monoc~ic-leukemia 
zinc-finger) protein. MOZ contains both 
the CBP acetyltransferase domain and a 
region of identity with a yeast protein 
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involved in transcriptional silencing 
known as SAS2, which shares homology 
with thc GcnSp p~'otein in the acetyl- 
transferase catalytic domain 2:~. In ad- 
dition, the P/CAF acetyltransferase 
interacts with the p300/CBP acetyl- 
transferase at the same interface as 
does the adenovirus oncoprotein EIA, 
such that E1A can modulate both the 
association of these proteins 8,9 and, po- 
tentially, their function. 

A connection beLwee~ h~stone acetyl- 
ation and cell differentiation has long 
been known. Histone deacetylase inhib- 
itors such as sodium butyrate and 
Trichostatin A both promote cell lines to 
differentiate 24 and restrict cell transfor- 
mation z~. These drugs also induce de- 
fects during early vertebrate embryo- 
genesis 26. Clearly, inappropriate changes 
in acetylation patterns might contribute 
to loss of the differentiated pheno- 
type and cell transformation. How 
might aberrant acetylation contribute 
to such events? 

Many controls in early vertebrate de- 
velopment depend upon the capacity to 
establish the stable functional differen- 
tiation of chromosomal domains: for ex- 
ample, the imprinting of chromosomes 
dependent on parental origin. These epi- 
genetic effects are known to contribute 
to control of growth and tumorigen- 
esis ~-7. Maintenance of histone acetyl- 
ation states provide an excellent mecha- 
nism for the propagation of stable 
chromosomal imprints determining gene 
activity. This is because: (1) the dis- 
tributive segregation of nucleosomes 
during DNA replication will ensure that 
the parental histone acetylation states 
are present on both daughter chroma- 
tids~a; and (2) states of chromosomal 
acetylation are preserved through mito- 
sis z9,3°. A speculat!ive model for the 
maintenance of elements of chromatin 
structure through the cell cycle (Fig. 3) 
would involve a causal role either for 
histone acetylation states within the nu- 
cleosome itself, or for proteins that spe- 
cifically recognize particular acetylation 
states and that might segregate in associ- 
ation with the core histones. Strong can- 
didates for such regulatory molecules 
include the coactivators/histone acetyl- 
transferases themselves. Once segre- 
gated, the histone acetyitransferases 
would spread the appropriate state of 
acetylation over a contiguous imprinted 
domain of chromatin. Disruption of 
these imprints by synthesis or localiz- 
ation of a dysfunctional histon~ acetyl- 
transferase would therefore be expected 
to contribute to cellular transformation. 
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Repl icat ion I 

(b) 

Mitosis 

~gum 3 
A speculative model for the maintenance of acetylation states within chromatin during the 
cell cycle. (a) Replication leads to the random distribution of parental nucleosomes 
(orange) in small groups to daughter chromatids. Acetylated tail specific Ilistone-binding 
proteins including coactivators/histone acetyltransferases (red circles) might also be 
distributed to daughter chromatids. New nucleosomes (50% of total) contain diacetylated 
H4 (yellow) - it is possible that histone acetyltransferases segregated with parental 
nucleosomes will re.establish a predominant acetylation state. (b) Domains of chromatin 
with particular acetylation states are maintained through mitosis. 

It is fortunate that excellent reagents 
exist to determine states of histone 
acetylation 29,3°. Examination of alter- 
ations in the histone acetylation status 
of chromosomal domains containing 
known imprinted genes in transformed 
cell lines will be informative ~°2s. 

Concluding remarks 
Transcriptional regulation, cell-cycle 

checkpoint control and mechanisms of 
cellular transformation occupy the in- 
terests of many scientists. It is, at first 
sight, remarkable that chromatin modi- 
fication would be relevant to all these 
important aspects of nuclear function. 
However, all of the molecular machines 
and processes that allow a cell to re- 
spond to external signals, and to propa- 
gate and maintain the differentiated 

state, make use of chromatin as a 
template. An abundance of new infor- 
mation directly implicates chromatin 
components in regulatory events. All 
of these observations lead to the hy- 
pothesis that the integrity of chromatin 
structure is essential for cell viability. 
If this is true, then the capacity to 
modulate that structure through his- 
tone modification acquires an impor- 
tant regulatory role. 

Histone acetyltransferases and de- 
acetylases are now implicated in tran- 
scription, the cell cycle and cell transfor- 
mation in many instances, the proteins 
with these activities have already been 
characterized, as having important 
regulatory functions. A focus for cur- 
rent research is to determine the exact 
consequence of histone acetylation for 
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these specific regulatory functions. It is 
also important to recognize that these 
functions are likely to find a close re- 
lationship with the role in histone 
acetylation in chromatin and chromoso- 
mal structure. Our knowledge of these 
issues is still far from complete, never- 
theless, the study of regulated historic 
acetylation has opened a window for 
visualizing chromatin in action. 
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Pre.mRNA sp|icing: 
the discovery of a new s # i c e o s o  

doubles the challenge 

Woan-Yuh Tam and Joan A. Steitz 
A rare class of pre-mRNA introns with non-canonical consensus sequences 
has been identified in metazoan genes. The novel, low-abundance spliceo- 
some that excises these introns contains one small nuclear ribonucleoprotein 
(snRNP) in common with the major spliceosome (U5) and four snRNPs that 
are distinct from, but structurally and functionally analogous to U1, U2 
and U4-U6. The architecture of RNA components at the presumptive core 
of the AT-AC spliceosome supports current models of the spliceosomal 
active center and raises tantalizing questions about spliceosome evolution. 

THE PRECISE REMOVAL of introns 
from mRNA precursors is a critical step 
in gene expression in all eukaryotic 
cells. The appearance of highly con- 
served sequences near the ends of in- 
trons engendered the notion that a sin- 
gle splicing machinery accomplishes 
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this task. The spliceosome, which has 
slowly unveiled its secrets over the 13 
years since the splicing reaction was 
coaxed to proceed in the test tube, is re- 
markably similar in yeast and human 
cellsL From the beginning, small nu- 
clear RNA-protein (snRNP) complexes 
were invoked as major players in the 
two-step splicing reactio# (Fig. 1). 

snRNPs in premRNA splicing 
First, it was realized that the U1 

snRNP and the U2 snRNP base-pair with 
consensus sequences at the 5' splice 
site and the branch point of the intron, 
respectively. Next, the participation of 
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the U5 snRNP and U6, which enters the 
assembling spliceosome base-paired to 
the U4 snRNE was established. More re- 
cently, there has been an appreciation 
of the dynamic rearrangements that 
swap base-pairing interactions within 
the spliceosome under the direction of 
ATP-hydrolysing protein [actors I-3. For 
instance, U6 is released from U4 and 
replaces U1 at the 5' splice site before 
the first reaction step '~, in which the 
5' splice site is cleaved and the lariat 
intermediate is formed. Such con|or 
mational rearrangements also precede 
the second step (exon ligation) of the 
splicing reaction 9. Over the years, the 
remarkable versatility of this complex 
machine has also become apparent t. 
Not only can it splice introns of many 
different lengths and sequences, but it is 
also subject to regulation. Trons-acting 
factors may modulate the use of splice 
sites in different tissues or at different 
stages of development, thereby amplify- 
ing the genetic information via alterna- 
tive splicing. 

The idea that the spliceosome en- 
gages in protein-assisted RNA catalysis 
derives from both biochemical and 
genetic analyses !-9, which have localized 
highly conserved snRNP RNA sequences 
close to the reacting sites on the pre- 
mRNA. Aside from these short (6-10 nt) 
invariant strci~hes, the RNA components 
of splicing snRNPs exhibit different 
lengths and secondary structure features 
across the eukaryotic kingdom. For dis- 
secting both the structures and func- 
tions of snRNPs, auto-antibodies found 
in the sera of patients with a variety of 
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