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1. ABSTRACT

Acetylated histones are generally associated with
active chromatin. The bromodomain has recently been
identified as a protein module capable of binding to
acetylated lysine residues, and hence is able to mediate the
recruitment of factors to acetylated chromatin. Functional
studies of bromodomain-containing proteins indicate how
this domain contributes to the activity of a number of
nuclear factors including histone acetyltransferases and
chromatin remodelling complexes. Here, we review the
characteristics of acetyllysine-binding by bromodomains,
discuss associated domains found in these proteins, and
address the function of the bromodomain in the context of
chromatin. Finally, the modulation of bromodomain
binding by neighbouring post-translational modifications
within histone tails might provide a mechanism through
which combinations of covalent marks could exert control
on chromatin function.

2. INTRODUCTION

Post-tranglational modification of N-terminal tails
of histones in eukaryotic chromatin is widely recognised as
an important mechanism of genetic regulation. These
modifications include acetylation, phosphorylation,
methylation, ADP-ribosylation and ubiquitination (1).
Acetylation of side chains of lysine residues in the N-
termini of all four core histones, first observed by Vincent
Allfrey and colleagues (2), is a reversible process whose
steady state equilibrium is maintained by the opposing
action of histone acetyltransferases (HATSs) and histone
deacetylases (HDACs). Acetylated chromatin has been
observed to correlate with active regions of the genome,
and the discovery that many transcriptiona co-activators
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such as Genbp (3), p300/CBP (CAMP response element-
binding protein) (4, 5), ATF-2 (activating transcription
factor-2) (6), ACTR (7) and SRC-1 (steroid receptor
coactivator-1) (8), possess histone acetyltransferase activity
further implicates histone acetylation in transcriptional
activation (reviewed in 9, 10, 11 12, 13, 14, 15).

Histone acetylation has been shown to alter the
physical properties of chromatin and may help overcome
restrictive chromatin structure to allow gene transcription
(11, 16). However, it is becoming increasingly evident that
histone taills which are acetylated or subject to other
modifications may act as binding sites for effectors which
could mediate further aterations in the status of associated
chromatin (15, 17, 18). This hypothesis is particularly
attractive as it provides a nucleosome-mediated regulatory
mechanism with great capacity for complexity. In this
connection, a protein module known as the bromodomain,
widely distributed amongst chromatin-associated factors, is
of particular interest since it was shown to bind specifically
to acetylated lysine residues, and can therefore mediate the
association between bromodomain-containing proteins and
acetylated nucleosomes in active chromatin.

Here, we review the major functiona classes of
bromodomain-containing proteins found in chromatin,
discussing their structure and associated domains
commonly found in these proteins. Binding analyses and
structural  studies that reveal the molecular basis of
bromodomain interaction with acetyllysine residues are
discussed. Evidence as to how the bromodomain-
acetyllysine interaction might contribute to a variety of
functions within chromatin is considered. Finally, the effect
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of multiple bromodomains within some proteins and
multiply modified histone tails upon these interactions is
addressed.

3. BROMODOMAIN DISCOVERY AND NOMENCLATURE

The bromodomain (reviewed in 19) is a structural
domain of 110 amino acids, containing a central motif
sequence of 60 amino acids, which is conserved from yeast
through to mammals (Table 1), and has been identified in
over 40 proteins. It was first identified as a conserved
domain in Drosophila brahma (from which it derives its
name) and femae-sterile homeotic proteins, the yeast
Swi2p/Snf2p and the human TAF,250 protein (40).
Virtualy all of these proteins are known to function in the
nucleus and are implicated in controlling chromatin
remodelling and gene transcription. The ability of
bromodomains in these proteins to bind acetylated
nucleosomes may allow the intimate contact between these
proteins and active chromatin that is required for their
function.

4. ACETYLLYSINE BINDING BY BROMODOMAINS

A number of studies have shown the
interaction between bromodomains and peptides derived
from histone N-terminal tails, in a manner dependent on
acetylation of lysine residues within the peptide. NMR
experiments indicate that the P/CAF (p300/CBP-
associated factor) bromodomain interacts specifically
with a histone H4 N-terminal peptide acetylated at Lys8,
and a histone H3 peptide acetylated at Lysl14, which are
major acetylation sites in vivo (79). Unacetylated
versions of these peptides did not interact in the same
assay. Similarly, the histone H4 tail was shown to
interact with the double bromodomain of TAF,;250 by
isothermal titration calorimetry in an acetylation-
dependent manner (80). Binding of the histone H4 tail
by the Gcn5p bromodomain is also acetylation-
dependent (81). Although interaction between
unmodified histone H3 and H4 peptides and the Genbp
bromodomain have been reported (82), it now seems
likely that this results from a secondary interaction
between the bromodomain and amino acids adjacent to
the acetylated lysine, which enhances the specificity of
acetylation-dependent binding (81; discussed further
below).

High-resolution  structural  studies on
bromodomains from P/CAF, TAF;250, and Gcn5p
indicate a common fold and mode of ligand binding
(79, 80, 82, 83). The domain forms a four-helical
bundle with unusual left-handed topology. The
acetyllysine side-chain binds within a deep cleft
formed from the ZA and BC loops of the domain, with
extensive packing interactions with the aliphatic part
of the side-chain. The importance of these hydrophobic
interactions for binding to acetyllysine is shown by the
reduction in binding affinity of mutant P/CAF
bromodomains lacking hydrophobic side-chains that line
this cleft (79). The carbonyl group of the acetylated residue
is oriented through a hydrogen bond with an Asn residue of
the bromodomain. Specificity for acetylated lysine is
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ensured by the unfavourability of binding of the positively
charged unmodified lysine in this hydrophobic cavity,
consistent with bhinding study data. The structure of the
Genbp bromodomain with a histone H4 peptide ligand
acetylated at Lysl6 reveals a secondary binding
interaction involving residues at the K+2 and K+3
positions, where K is the position of the acetylated
lysine. Hisl8 and Argl9 make specific interactions
with the surface of the bromodomain (81). Such an
arrangement is highly reminiscent of the interaction
between phosphotyrosine-containing peptides and SH2
domains, in which residues C-termina to the
phosphorylation site contribute to the specificity of
binding. This manner of binding allows recognition to
be both specific and yet strictly dependent on the
covalent modification of a particular lysine. Therefore,
it is probable that bromodomain binding will be
specific for particular lysines, allowing acetylation of
different sites to bring about particular functions.

5. OTHER SEQUENCE MOTIFS IN BROMODOMAIN-
CONTAINING PROTEINS

Bromodomains are found in a wide variety of
proteins that have some functional role in transcriptional
activation. These include chromatin-remodelling
proteins, transcriptional co-activators, transcription
factors and some nuclear HATs (Table 1). They have
been found to occur as often as five times in one protein
(36) but typically appear only once or twice, and can be
positioned at the N- or C-termini or within a polypeptide
sequence (reviewed in 19).

Proteins that contain the bromodomain aso
possess additional protein motifs (Table 1). The PHD
(plant homeodomain) finger is ~60 amino acid domain
that possesses a zinc finger motif thought to be involved
in protein-protein interactions and is conserved, aong
with the bromodomain, in the TIF1l (transcription
intermediary factor-1) family of proteins (54, 57 59),
KAP-1 (48), BPTF (bromodomain PHD finger
transcription factor) (63), the BAZ (bromodomain
adjacent zinc finger) family of proteins (39) and
WCRF180 (Williams syndrome transcription factor-
related chromatin  remodelling factor) (44). The
conservation of the PHD finger and bromodomain
suggests that the two domains may biochemically
function together. In support of this hypothesis, it has
been recently shown that the optimal transcriptional
repression of KAP-1 is dependent on the presence of both
the PHD domain and bromodomain (48; see below). In
addition, Rsclp and Rsc2p possess a BAH (bromo-
adjacent homology) domain and AT hook along with their
two bromodomains (34). The BAH domain is of unknown
function and was first identified in chicken polybromo
(36) and the AT hook is a short DNA-binding motif first
identified in the high mobility group HMG I(Y) (84). One
of the bromodomains, the BAH domain and the AT hook
have been found essential for Rsclp and Rsc2p function,
although they are not required for assembly ofthese
proteins into the RSC (remodels the structure of
chromatin) complex itself (34; discussed further below).
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Table 1. Bromodomain-containing proteins

PROTEIN ORGANISM BROMODOMAINS OTHER DOMAINS FUNCTION REF
HISTONE ACETYLTRANSFERASES
Gcenbp Y east 1 Acetyl-CoA binding domain Transcriptional  co-activator and histone 20
acetyltransferase
Genbp Human 1 Acetyl-CoA binding domain Transcriptional co-activator and histone 21
acetyltransferase
TAF,230 Drosophila 2 AT hook TFIID 230 kDa subunit and histone 22
acetyltransferase
TAF,250 Hamster 2 AT hook and kinase domain TFIID 250 kDa subunit and histone 23
acetyltransferase
CBP Mouse 1 ZZ domain, TAZ domain, PHD domain,  Transcriptional co-activator and histone 25, 26
acetyl-CoA binding domain acetyltransferase
CBP Human 1 ZZ domain, TAZ domain, PHD domain,  Transcriptional co-activator and histone 25, 26
acetyl-CoA binding domain acetyltransferase
CBP1 (YNJ) C. elegans 1 CBP homologue 27
p300 Human 1 ZZ domain, TAZ domain, PHD domain,  Transcriptional co-activator and histone 28
acetyl CoA binding domain acetyltransferase
P/CAF Human 1 Acetyl-CoA binding domain Histone acetyltransferase 21
p55 T. thermophilia Histone acetyltransferase 29
CHROMATIN REMODELLING PROTEINS
SNF2a (hBrm) Human 1 Helicase and ATP binding domain Brm homologue. Transcriptional co- 30
activator for nuclear receptors
SNF2-b(hBrgl) Human 1 Helicase and ATP binding domain Transcriptional ~ co-activator for nuclear 31
receptors. Component of human Swi/Snf
chromatin remodelling complex
SNF2/SWI12 Y east 1 Helicase and ATP binding domain Component of the Swi/Snf chromatin 32
remodelling complex
Brgl Mouse 1 Helicase and ATP binding domain Homologue of Drosophila brahma 33
Rsclp Y east 2 BAH domain and AT hook Component of the RSC chromatin 34
remodelling complex
Rsc2p Y east 2 BAH domain and AT hook Component of the RSC chromatin 34
remodelling complex
Rscdp (YKY8) Y east 2 Component of the RSC chromatin 35
remodelling complex
polybromo Chicken 5 AT hook, 2 BAH domain and DNA  Homology with yeast Rscl and Rsc2 and 36
methyltransferase-like domain U19102. Maybe present in Swi/Snf
U19102 Y east 2 BAH domain and DNA methyltransferase = Homology with  chicken polybromo. 37
domain. Unknown function
Acfl Drosophila 1 PHD domain, 2 novel conserved regions Component of the ACF remodelling 38
also found in WSTF (named WAC and  complex (along with ISWI)
WAKZ)
BAZ 1A, 1B, Human 1 PHD finger Homology to Drosophila Acfl. Interacts 39
2A and 2B with human homologues of 1SWI.
BRM (brahma) Drosophila 1 Helicase domain and ATP binding domain  Homologue of yeast Swi2/sSnf2. 40
Transcriptional activator of homeotic genes
Brm (cBrm) Chicken 1 Helicase and ATP binding domain Homologue of human Brm. Component of 41
Swi/Snf chromatin remodelling complex.
Binds to SNF11 (also part of Swi/Snf
complex) and Rb.
Brgl (cBrgl) Chicken 1 Helicase and ATP binding domain Homologue of human Brgl. Component of 41
Swi/Snf chromatin remodelling complex.
Binds to SNF11 (also part of Swi/Snf
complex) and Rb.
Sthip Y east 1 Helicase domain and ATP binding site ATPase present in RSC 42,43
WCRF180 Human 1 PHD finger Homology to WSTF and to Drosophila 44
ISWI.  Transcriptional  regulator  and
component of WCRF, a chromatin
remodelling complex from Hel a cells
TRANSCRIPTIONAL CO-ACTIVATORS
FSH Drosophila 2 Kinase domain and ET domain Interacts with trithorax transcription factor 40, 45
and required maternally for proper
expression of homeotic genes.
RING3 (Brd2) Human 2 Kinase domain and ET domain Homologue of Drosophila FSH. Serine 46, 47
threonine kinase
BRDT Human 2 PEST sequence (characteristic of proteins Homologue to human RING3 and 49
that undergo rapid degradation) Drosophila FSH.
ORFX Human 2 Homologue of human RING3 50
BR140 Human 1 Zn finger and PHD domain Homology with TAF;250. Possble 51
(peregrin) transcriptional co-activator
BP75 Mouse 1 Potential phosphorylation sites Homology with human BR140. 52
Binds to the PDZ domain in protein
tyrosine phosphatase.
Spt7p Y east 1 Transcriptional co-activator of TY eements. 32
Component of the SAGA complex
TIF1-a Human 1 RING finger, PHD domain, B box and Interacts selectively with the activation 53

coiled coil domain
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domain of estrogen receptor. Interacts with
the KRAB silencing domain of KOX1 and
with HP1
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TIFl-a Mouse 1 RING finger, PHD domain, B box and Interacts with the activation domain of 54
coiled coil domain estrogen receptor
Lin49 C. elegans 1 PHD domain Homology with human BR140. Required 55
for the normal development of the mating
structures of the adult male tail
Fsrgl (RING3) Mouse 2 ET motif Homologue of Drosophila FSH 56
TIFl-g Human 1 RING finger, B box, coiled coil domain,  Novel member of the TIF1 gene family but 57
and PHD domain unlike a and b does not interact with
nuclear receptors, KOX1 or HP1
TIF1-b (KAP1)  Human 1 RING finger, B box, coiled coil domain  TIF-1 gene family member but does not 48, 58
and PHD domain interact with nuclear receptors but with
KOX1 and HP1
TIF1-b (KRIP1)  Mouse 1 RING finger, coiled coil domainand B box  Interacts with nuclear receptors 59
Rfg7 Human 1 RING finger, coiled coil domainand PHD  Homolgy with TIF1. Possible transcriptiona 60
domain coactivator for nuclear receptors
p120 Human 1 Homology with human SMAP. Possible 61
nuclear receptor co-activator
Brdl Y east 2 Possible transcriptional co-activator 62
OTHER TRANSCRIPTION FACTORS
BPTF Human 1 PHD finger, glutamic rich acidic domain,  Involved in hormonally regulated chromatin 63
LXXLL motif (possible interaction with  mediated transcriptiona regulation
nuclear receptors
WSTF Human 1 PHD finger Deleted in Williams syndrome and a 64
possible transcription factor
Bdflp Y east 2 ET domain and kinase domain Homologue of yeast BDF2. Transcription 65, 66
factor involved in the transcription of a
broad class of genes. Interacts with TAF67
inTFIID
Bdf2p Y east 2 Homologue of yeast BDF1. Interacts with 66
TAF67 in TFIID.
SMAP Human 1 Putative transcription factor 67
ASH1 Human 1 SET domain, PHD finger and AT hooks Homology to Drosophila Trithorax protein 68
and resembles ALL 1. Possible transcription
factor
HRX (ALL1) Human 1 SET domain, PHD finger, CXXC domain  Homology to Drosophila Trithorax protein. 69, 70
and AT hooks Possible transcription factor
HRX (ALL1) Mouse 1 SET domain, PHD finger, CXXC domain  Homology to Drosophila Trithorax protein. 71

and AT hooks Possible transcription factor

ADDITIONAL PROTEINS

SP140 (LY 100) Human 1 PHD finger and SAND domain Component of the nuclear body 72

MCAP mouse 2 ET domain Localises to condensed chromosomes 73
during mitosis following histone H3
phosphorylation

BS69 Human 1 PHD finger and MYND domain Interacts with E1A and c-Myb to inhibit the 74
transcriptional activity of c-Myb

TBP7 C. elegans 1 AAA domain and potential ATPbindingsite  Belongs to the AAA family of ATPases 75

Thp7p Y east 1 AAA domain and potentidd ATP binding site Belongs to the AAA family of ATPases 76

Celtix-1 Human 1 Interacts with IRF-2. Co-localises with 7
acetylated H3 and H4 by FISH

Brf3 Human 1 PHD finger Unknown function 78

The chromodomain has recently been
demonstrated to function in the recognition of methylated
histone H3 lysine 9 that is associated with heterochromatin
(85, 86). There are a number of common themes between
bromodomain acetyllysine binding and chromodomain
methyllysine recognition, including the capacity of these
proteins to recruit in other factors to the modified sites.
Both domains can also be associated with the enzymatic
activities that generate their cognate binding sites, since
nuclear HATs nearly always contain bromodomains and
the  methyllysine-binding,  chromodomain-containing
protein HP1 (heterochromatin protein 1) interacts with a
histone methyltransferase, suggesting a mechanism of the
spreading of these modifications through chromatin.

6. BIOLOGICAL SIGNIFICANCE AND FUNCTION

Although the structure and acetyllysine-binding
of bromodomains is now well established, the precise
significance of this interaction to the function of
bromodomain-containing proteins remains unclear. In this
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section, we address the extent to which acetyllysine-
binding activity of bromodomains has been shown to be
functionally significant by in vivo studies, and how this
activity contributes to gene regulation.

6.1. Bromodomain function in histone acetyltransfer ases
The fact that bromodomains are often present in
nuclear HATSs suggests that bromodomains may play a key
role in the function of these enzymes, which is borne out by
biological studies. In yeast, truncated GenSp lacking the
bromodomain cannot fully complement the phenotype of a
gen5 strain, and strains lacking the bromodomain show
transcription-related defects (20). However, the in vitro
HAT activity of GenSp does not require the bromodomain,
nor is the bromodomain required for transcriptional
activation by strong activators, athough weak activators
are reliant on the bromodomain (87). These data suggest
that bromodomains control not HAT enzymatic activity
itself, but the targeting of this activity, consistent with its
molecular function as an interaction motif. This idea is
reinforced by studies of Gen5p when present in the SAGA
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(Spt-Ada-Gen5) complex, one of the large complexes
required for the acetylation of nucleosomal substrates (88).
The SAGA complex containing Gcen5p lacking its
bromodomain is less effective at acetylating nucleosomes
than complexes with wild-type GcnSp (89). In vivo,
deletion of the bromodomain of Gen5p alters
transcriptional  control and attenuates transcriptional
activation at the HIS3 locus in a manner similar to loss of
Gcenbp activity (89). These data argue for the involvement
of the bromodomain of Gecn5Sp in recruitment to
nucleosomes in vivo. However, loss of the bromodomain
from Spt7p, another component of the SAGA complex
does not result in any obvious phenotypic defects (89, 90).

Note that there is an apparent contradiction in
these considerations. the enzyme that deposits acetyl
groups on lysine residues contains bromodomains and
requires acetyllysines for its interactions and function. By
analogy with lysine methylation and chromodomains, it
may be that this alows spread of histone acetylation,
possibly to adjacent nucleosomes or to other lysines on the
same nucleosome. Alternatively, as with DNA methylation,
this may provide a mechanism for transmitting the
modified state whereby existing acetylated nucleosomes
with these enzymes bound produce the modification of
newly deposited nucleosomes during DNA replication (18,
91). These issues remain to be resolved.

6.2. Bromodomain function in remodelling complexes
Bromodomains are aso present in many chromatin-
remodelling complexes (Table 1). Loss of the bromodomain of
the yesst Swi2p/Snf2p component of the SWI/SNF
remodelling complex causes no discernible phenotype (32),
and smilar results are seen in its Drosophila homologue,
brahma (brm) (92). The bromodoman of the human
homologue, hbrm, is not needed for hbrm-mediated
transcriptional activation by the glucocorticoid receptor, but its
deletion does lead to loss of hbrm nuclear locdisation and
decreases the stability of the protein (30). The yeast RSC
remodelling complex may have a more widespread role in
genome-wide regulation than SWI/SNF (93). RSC existsin at
least two forms, which contain either the Rsclp or Rsc2p gene
product (34). These two proteins are homologous and contain
two bromodomains at their N-termini (34). Study of deletion
mutants under a variety of growth conditions indicates that the
second bromodomain of both Rsclp and Rsc2p is absolutely
required for growth and strains harbouring a specific deletion
of this domain in ether Rsclp or Rsc2p have identical
phenotypes to rsc null mutants (34). In addition, the first
bromodomain of Rsc2p is needed for growth only under
certain conditions (34). These data not only provide genetic
evidence for an absolute requirement for bromodomain
function within a remodelling complex but also suggest that
bromodomains within the RSC confer digtinct properties on
the complex. This could be a result of differing binding
specificities of the two bromodomains within Rsclp or Rsc2p.

6.3. Bromodomains and orchestration of chromatin
remodelling

There is increasing evidence for a central role for
bromodomains in the functional interplay between histone
acetylation and ATP-dependent remodeling which is
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important for many genes (reviewed in 94). A number of
recent studies have shown that recruitment of HATs and
ATP-dependent remodellers occurs in an ordered fashion
(95, 96, 97, 98). For example, efficient recruitment of
hSWI/SNF to the IFN-b (interferon-b) promoter is
dependent on prior acetylation by hGen5p (95). The latter
phenomenon could be explained by the anchoring of
hSWI/SNF to acetylated histone tails by the
bromodomain of the BRG1 subunit of hSWI/SNF. In
contrast to the order of events at the IFN-b promoter,
SWI/SNF is recruited to the yeast HO promoter initially
through interactions with the DNA-binding activator
Swibp, and this complex then recruits the SAGA
acetylase complex (96). Interestingly however, SWI/SNF
persists at the HO promoter long after SwiSp, which
associates only transiently, has departed. Recent data
indicate that histone acetylation stabilises the association
of SWI/SNF with the HO promoter in an in vitro system
(99), which is again suggestive of a role for
bromodomains in the fixing of remodellers at acetylated
chromatin.

The importance of bromodomains in the
functional interplay between histone acetylation and
chromatin remodelling is also demonstrated in a recent
study on a promoter-reporter gene construct in yeast
(100). This construct could be activated in response to
amino-acid starvation by the DNA-binding protein
Gcendp, in amanner that required both catalytically active
Genbp and the Swi2p subunit of the SWI/SNF chromatin-
remodelling complex. Activation of transcription
correlated with nucleosome remodelling, and remodelling
could not occur in the absence of Gen5p-mediated histone
acetylation. Chromatin  immunoprecipitation (ChlP)
assays using deletion mutants indicated that histone
acetylation occurred independently of remodelling. Taken
together, the data presented suggest there might be a
functional link between histone acetylation and chromatin
remodelling. Strains in which the bromodomain of GenSp
was either deleted or had critical residues for acetyl-
lysine recognition mutated could not support chromatin
remodelling, despite the fact that histone acetylation was
actually increased. A surprising and important
observation was that recruitment of SWI/SNF to the
promoter was diminished in GcnSp bromodomain
mutants, despite the fact that SWI/SNF can associate with
the promoter efficiently in the absence of Gcn5p
altogether, via direct interaction with Gcndp. Thus a
stable association of SWI/SNF with the acetylated
promoter requires afunctional bromodomain to be present
in Gen5p. There are a number of possible interpretations
for this result. The authors suggest that histone
acetylation could disrupt somehow the interaction of
SWI/SNF with the promoter, and that the bromodomain
can reverse this effect. One possibility is that the
bromodomain, stabilised on the acetylated chromatin, can
act as an interaction surface for the SWI/SNF complex in
the context of the hyperacetylated promoter. Another
explanation for these data is that the bromodomain of
Gen5p may function to anchor the HAT to chromatin
independent of its interaction with the activator (94). This
might allow release of the activator-binding site by
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Genbp, leaving the activator free to interact with
SWI/SNF.

6.4. Other functions for bromodomains

Other evidence presenting the bromodomain as
a key interaction surface at promoters comes from the
study of the KAP-1 co-repressor, a protein that helps to
establish transcriptional repression when targeted by
DNA-binding transcription factors containing a
Kruppel-associated box (KRAB) domain. KAP-1 and
other members of this transcription factor family have a
bromodomain located at their C-terminus, preceded by a
PHD finger domain, another domain frequently found in
proteins that interact with chromatin. Schultz et al
(2001) present evidence that the PHD finger and
bromodomain of KAP-1 form an interdependent
structure that is capable of repressing transcription when
tethered to DNA (48). Mutational analysis shows that
alterations in either domain can abrogate repression,
although domain-swap chimeric proteins implicate the
bromodomain as the major interactive surface. Two-hybrid
screens identified the Mi-2a protein as an interaction
partner for the KAP-1 PHD/bromodomain unit, verified in
vivo by co-immunoprecipitation. Mi-2a exists as a
component of a multiprotein complex that contains the
histone deacetylase HDACL. The importance of the
recruitment of HDAC activity in KRAB-mediated
repression is highlighted by the fact that treatment of cells
with the HDAC inhibitor trichostatin A (TSA) can partialy
reverse repression by the PHD/bromodomain unit of KAP-
1. In KAP-1-mediated repression it therefore appears that
the bromodomain, in co-operation with the PHD finger,
forms a surface for interaction with other chromatin-
modifying complexes (in this case a Mi-2a- and HDAC1-
containing multiprotein complex). A central role for the
recognition of acetyl-lysine residues by the KAP-1
bromodomain is expected given the sequence conservation
of the bromodomain with those known to function in
acetyl-lysine recognition, and the fact that mutations that
specifically compromise the acetyl-lysine binding site
prevent repression. The state of histone acetylation is yet to
be studied for this example, but it would be plausible that
acetylated histones at this promoter allow the stabilisation
of KAP-1 on chromatin so that other activities such as
deacetylases may be recruited. Conserved charged patches,
which could form interaction surfaces, distinct from the
acetyllysine-binding site are observed in the structure of the
TAF,250 double bromodomain (80). It is interesting that
KAP-1 can also recruit, through other interactions, HP1, a
protein involved in the formation and maintenance of
heterochromatin. KAP-1 may therefore function to co-
ordinate a number of events in the establishment of
repression. Heterochromatin  formation involves the
methylation of histones by methyltransferases, which can in
turn interact with HP1. This would potentially provide a
mechanism by which the recognition of one histone
modification might bring about changes to the array of
modifications present (e.g. deacetylation, methylation) and
hence alter status of the chromatin.

Recent data suggest that the bromodomain of
CBP can interact with the transcription factor Elk-1 (101).
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Induction of the c-fos proto-oncogene on serum stimulation
is dependent on the arrival of signals at a ternary complex
bound to the serum response element of the c-fos promoter
(102), and involves HAT co-activators such as CBP (103,
104, 105). The rapidity of c-fos induction led researchers to
test for a pre-induction association of CBP at the
promoter. It is shown that the bromodomain of CBP can
interact with the Elk-1 component of the ternary
complex and that in transient transfection assays the
bromodomain aone can function in a dominant negative
manner (101). The latter effect is reversed by addition of
the other domains of CBP to the bromodomain (101). It is
currently unclear whether this effect is acetylation-
dependent, but one possihility is that acetylation of Elk-1,
for which there is reported to be preliminary evidence
(“data not shown” in 101), facilitates this interaction. This
signalling-independent interaction could facilitate a later
conformational change in the transcription factor complex
allowing it to utilise signalling-dependent contacts, which
would be permissive for transcription activation.

The bromodomain of human Genbp is aso reported
to interact with the Ku70 subunit of DNA-dependent protein
kinase (DNA-PK) (106). This interaction dlows the
recruitment of the kinase to hGen5p and the catalytic subunit
of DNA-PK can phosphorylae hGenSp  (106).
Phosphorylation of hGen5p inhibits HAT activity both in vitro
and in vivo (106). It is unclear whether the hGcn5p
bromodomain-Ku70 interaction is acetylation-dependent.

The bromodomain of p300 is required for
efficient acetylation of the transcription factor and proto-
oncogene c-Myb in vitro. In vitro this modification
enhances DNA-binding activity of c-Myb (107).

In overview, bromodomains are clearly important
for protein-protein interactions in the transcription-related
proteins described in this section, but the extent to which
these interactions are dependent on acetylation of some of
its partners’ remains to be addressed.

7. BROMODOMAIN MUTATIONS
DISEASE

IN HUMAN

The in vivo importance of bromodomain function
is underscored by the occurrence of bromodomain-
associated mutations in human, tumour-derived cell lines.
The HAT p300 is a tumour suppressor gene and
inactivation of both alleles of p300 has been observed in a
number of tumours. A cervical cancer cell line shows a
homozygous, in-frame deletion resulting in specific loss of
the bromodomain of this transcription coactivator (108).
This cell line is defective in TGF-b- (transforming growth
factor-b-) signalling-induced activation of the p21
promoter. TGF-b responsiveness of the reporter gene is
regained by reintroduction of the wild-type p300. The
bromodomain of p300 is therefore important for the
function of this coactivator, which is necessary for the
activation of growth-suppressive genes. The fusion of the
CBP gene to the mixed-linkage leukaemia (MLL) gene as a
result of chromosoma translocation is associated with
acute leukaemia (109). Joining of the HAT and
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bromodomain of CBP to MLL are sufficient for the
transforming activity of this gene fusion (110). Whilst the
HAT domain aone fused to MLL could cause some
increase in proliferation both domains were required for
full transforming activity. A possible mechanism for
transformation by this fusion is the constitutive acetylation
of histones at genes targeted by the MLL protein. The
bromodomain would promote or regulate this activity in a
manner that enhances growth deregulation.

8. THE SIGNIFICANCE OF MULTIPLE
BROMODOMAINS AND MULTIPLE HISTONE
TAIL MODIFICATIOINS

Histone tails are subject to a diverse range of
posttrandational modifications, and it is conceivable these
form part of a complex biochemical code, where multiple
residues modified in a specific combination might be used
to denote specific status for a region of chromatin (15, 17,
18). Multiple modifications of histone tails may influence
the interaction of bromodomain-containing proteins with
nucleosomes in two opposing ways; (1) enhancement of
binding by the presence of multiple bromodomains in a
single protein, or (2) prevention of binding of any particular
bromodomain to its acetyllysine target by the presence of
other occluding modifications at nearby sites.

The occurrence of multiple bromodomains within
a single polypeptide is of interest since it is known that
single nucleosomes may become multiply acetylated both
at particular sites within a single tail, and on more than one
of the eight tails which protrude from the nucleosome. The
basal transcription factor TAF,;250 contains two tandem
bromodomains, and studies of this double bromodomain
module suggest that two acetylated lysine residues on the
same tail can be simultaneously engaged (80). Histone H4
tails which were multiply acetylated, either at the K8/K16
and K5/K12 pairs or at al four of these lysines had
significantly higher affinity for the protein module than a
singly-acetylated peptide. The K5/K12 diacetylpeptide was
most strongly bound. The crystal structure of human
TAF,;250 indicates each of the two bromodomains assumes
the previously observed conformation, with their relative
orientations fixed through two clusters of interdomain
contacts, placing the two acetyllysine-binding sites
approximately 25 angstroms apart. Jacobsen et al (1999)
argue that a spacing of approximately seven residues
between two acetylated lysines would alow both binding
sites of the double bromodomain to be simultaneously
occupied by residues on the same peptide (80). This
spacing is consistent with the six and seven residues
between the K8/K16 and K5/K12 pairs respectively, and
thus is compatible with the binding data that suggest that
two acetyllysines on the H4 peptides can be bound at the
same time. However, when Owen et al (2001) superimpose
their Gen5p bromodomain/H4 peptide structure on that of
the TAF,,250 bromodomain, they observe a distance of 29
angstroms between the a-carbons of the bound acetyllysine
residues (81). This distance is too far to simultaneously
accommodate both of the acetylated residues of the K8/K16
or K5/K12 pairs, and would require at least 10 residues
between the two acetyllysines. The generated structure
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would alow acetyl-K5 and acetyl-K16 to be
simultaneously bound, but it is unclear how this model is
reconciled with the binding studies of K8K16 and
K5/K 12 acetylated peptides of Jacobsen et al (1999) (80).
Nonetheless, the recognition of multiply-acetylated
nucleosomes by multi-bromodomain proteins is one way
in which acetylation at a number of sites could contribute
to factor recruitment, and in the case of TAF,250 this
would aid the binding of the basal transcription machinery
at chromatin regions acetylated in a manner known to denote
“active’ chromatin. The smultaneous engagement of more
than one acetyllysne would enhance the affinity of the
interaction, and could also make recruitment dependent on the
activity of more than one HAT if the sites were targeted by
different acetyltransferases.

Converse to the enhancement of binding described
above, it is equaly possible that adjacent modifications may
actudly interfere with the interaction between the
bromodomain and its target. For example, the presence of
phosphate at serine 10 on histone H3 tails may interfere with
the recognition by bromodomains of acetylated lysines a
positions 9 and/or 14 on the same tail. Evidence that this type
of occlusion of protein-protein interaction does occur comes
from studies of site- and modification-specific antibodies used
as tools to probe the state of histone tails. Phosphorylation of
serine 10 of higtone H3 is correlated with the induction of
immediate-early genes following application of mitogenic or
stressful stimuli (reviewed in 111). Recognition by an antibody
raised against histone H3 phosphorylated a serine 10 is
specificaly ablated by acetylation of lysine 14 (112).
Furthermore, some antibodies that recognise acetylated lysines
on the H3 tall are adso prevented from binding those
acetyllysines by the presence of phosphate at serine 10
(Clayton, Rose and Mahadevan, unpublished data). Finally,
there is dso evidence that one acetyllysine residue may
interfere with antibody recognition to a second acetyllysine
residue (113, 114). Whilst these are clearly non-physiological
recognition processes, it indicates how protein recognition is
affected by the modification status of adjacent stes. It is
interesting to note that a bromodomain-containing protein
known as mitotic chromosome-associated protein (MCAP) is
targeted to mitotic chromatin during the G2-M trangition, when
histone acetylation is generally low, and chromosomal
localisation occurs  subsequent to the  stoichiometric
phosphorylation of histone H3 that is vitd for proper
chromosome condensation and segregation (73). 1t will be
interesting to see whether this targeting is dependent on H3
phosphorylation, and whether the bromodomain playsarolein
this process.

In addition to the effects of modification of
neighbouring residues, it is notable that histone H3 lysine 9 can
be either acetylated or methylated. It is therefore possible that
different proteins could be recruited to the same region of the
histone tail according to which modification is present a a
particular time. It is aso interesting that in the case of KAP-1
the recognition of acetyllysines might help to co-ordinate the
deacetylation and methylation of these sites by recruiting other
histone-modifying activities (48). The capacity exists for a
substantial interplay between modifications at distinct sites
and different modifications at the same site.
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9. CONCLUSIONS

It is clear that the bromodomain is a key protein
module which functions in conjunction with histone
acetylation, most likely through recruiting or facilitating the
function of other effectors upon active chromatin.
Definition of the specificity of interactions between
particular bromodomains and certain acetylated lysines
relevant to particular biochemical processes requires much
further work, as does the identity of HATs that act to
generate these bromodomain binding sites. The capacity for
other madifications to influence bromodomain recognition
is another interesting area for future research that will
provide insights into how the system functions as a whole.
Finally, acetylation is a dynamic modification targeted to
many factors other than histones involved in gene
expression (reviewed in 115). It will be interesting to see if
bromodomain-containing proteins will turn out to be
capable of acetylation-dependent binding to non-histone
proteins, which would place the bromodomain as a key
player in mediating networks of signal-dependent, protein-
protein interactions that modul ate genetic regulation.

10. REFERENCES

1. Van Holde K. E: Chromatin (ed Rich A.). Springer-
Verlag, Berlin, New York, Heidelberg, London, Paris,
Tokyo. (1988)

2. Allfrey V. G, R. Faulkner & A. E. Mirsky: Acetylation
and methylation of histones and their possible role in the
regulation of RNA synthesis. PNAS51, 786-793 (1964)

3. Brownell J. E, J. Zhou, T. Ranalli, R. Kobayaashi, D. G.
Edmonson, S. Y. Roth & C. D. Allis: Tetrahymena histone
acetyltransferase A: A homolog to yeast Gen5 linking
histone acetylation to gene activation. Cell 84, 843-851
(1996)

4, Bannister A. J& T. Kouzarides: The CBP co-activator is
a histone acetyltransferase. Nature 384, 641-643 (1996)

5. Ogryzko V.V, R. L. Schiltz, V. Russanova, B. H.
Howard & Y. Nakatani: The transcriptional coactivators
p300 and CBP are histone acetyltransferases. Cell 87, 953-
959 (1996)

6. Kawasaki H, R. Eckner, T. Yao, K. Taira, Y. Nakatani &
K. K. Yokoyama ATF-2 has intrinsic histone
acetyltransferase  activity which is modulated by
phosphorylation. Nature 405, 195-200 (2000)

7. Chen H, R. J. Lin, R. L. Schiltz, D. Chakravarti, A.
Nash, L. Nagy, M. Privalsky, Y. Nakatani & R. M. Evans:
Nuclear receptor coactivator ACTR is a novel histone
acetyltransferase and forms multimeric  activation
complexes with PPCAF and CBP/p300. Cell 90, 569-580
(1997)

8. Spencer T. E, G. Jenster, M. M. Burcin, C. D. Allis, J.
Zhou, C. A. Mizzen, N. J. McKenna, S. A Onate, S. Y.
Tsai, M. J Tsa & B. W. O'Malley: Steroid receptor

860

coactivator-1 is a histone acetyltransferase. Nature 389,
194-198

9. Imhoff A & A. P. Wolffe: Transcription: Gene control
by targeted histone acetylation. Curr Biol 8, R422-R424
(1998)

10. Kuo M. H & C. D. Allis. Roles of histone
acetyltransferases and deacetylases in gene regulation.
Bioessays 20, 615-626 (1998)

11. Workman L & R. Kingston: Alteration of nucleosome
structure as a mechanism of transcriptional regulation.
Annu Rev Biochem 67, 545-579 (1998)

12. Struhl K: Histone acetylation and transcriptional
regulatory mechanisms. Genes Dev 12, 599-606 (1998)

13. Brown C. E, T. Lechner, L. Howe & J. L. Workman:
The many HATs of transcription coactivators. Trends
Biochem Sci 25, 15-19 (2000)

14. Sterner D. E & S. L. Berger: Acetylation of histones
and transcription-related factors. Microbiol Mol Biol Revs
64, 435-459 (2000)

15. Strahl B. D & C. D. Allis: The language of covalent
histone modifications. Nature 403, 41-45 (2000)

16. Wolffe A. P & J. J. Hayes. Chromatin disruption and
modification. Nucleic Acids Res 27, 711-720 (1999)

17. Turner B. M: Decoding the nucleosome. Cell 75, 5-8
(1993)

18. Turner B. M: Histone acetylation and an epigenetic
code. Bioessays 22, 836-845 (2000)

19. Jeanmougin F, J. Wurtz, B. Le Dourain, P. Chambon &
R. Losson: The bromodomain revisited. TIBS 22, 151-153
(1997)

20. Marcus G. A, N. Silverman, S. L. Berger, J. Horiuchi &
L. Guarente: Functional similarity and physical association
between GCN5 and ADA2: putative transcriptional
adapters. EMBO J 13, 4807-4815 (1994)

21. Yang X, V. V. Ogryzko, J. Nishikawa, B. H. Howard &
Y. Nakatani: A p300/CBP-associated factor that competes
with the adenoviral oncoprotein E1A. Nature 382, 319-324
(1996)

22. Kokubo T, D. Gong, S. Yamashita, M. Horikoshi, R. G.
Roeder & Y. Nakatani: Drosophila 230-kD TFIID subunit,
afunctional homolog of the human cell cycle gene product,
negatively regulates DNA binding of the TATA box-
binding subunit of TFIID. Genes Dev 7, 1033-1046 (1993)

23. Hayashida T, T. Sekiguchi, E. Noguchi, H. Sunamoto,
T. Ohba & T. Nishimoto: The CCGLUTAF;250 gene is
mutated in thermosensitive G1 mutants of the BHK21 cell



Bromodomain-containing proteinsin chromatin

line derived from golden hamster. Gene 141, 267-270
(1994)

24. Hisatake K, S. Hasegawa, R. Takada, Y. Nakatani, M.
Horikoshi & R. G. Roeder: The p250 subunit of native
TATA box-binding factor TFIID is the cell-cycle
regulatory protein CCGL1. Nature 362, 179-181 (1993)

25. ChriviaJ. C, R. P. S. Kwok, N. Lamb, M. Hagiwara, M.
R. Montminy and R. H. Goodman: Phosphorylated CREB
binds specifically to the nuclear protein CBP. Nature 365,
855-859 (1993)

26. Kwok R. P. S, J. R. Lundblad, J. C. Chrivia, J. P.
Richards, H. P. Bachinger, R. G. Brennan, S. G. E.
Raoberts, M. R. Green & R. H. Goodman: Nuclear protein
CBP is a coactivator for the transcription factor CREB.
Nature 370, 223-225 (1994)

27. Wilson R, R. Ainscough, K. Anderson, C. Baynes, M.
Berks, J. Bonfield, J. Burton, M. Connell, T. Copsey, J.
Cooper, A. Coulson, M. Craxton, S. Dear, Z. Du, R.
Durbin, A. Favello, A. Fraser, L. Fulton, A. Gardner, P.
Green, T. Hawkins, L. Hillier, M. Jier, L. Johnson, M.
Jones, J. Kershaw, J. Kirstern, N. Laisster, J. Lightning,
C. Lloyd, B. Mortimore, M. O’ Callaghan, J. Parsons, C.
Percy, L. Rifken, A. Roopra, D. Saunders, R. Shownkeen,
M. Sims, N. Smadon, A. Smith, M. Smith, E.
Sonnhammer, R. Staden, J. Sulston, J. Thierry-Mieg, K.
Thomas, M. Vaudin, K. Vaughan, R. Waterson, A.
Watson, L. Weinstock, J. Wilkinsonn-Sproat & P.
Wohldman: 2.2 Mb of contiguous nucleotide sequence
from chromosome IIl of C. elegans. Nature 368, 32-38
(1994)

28. Eckner R, M. E. Eden, D. Newsome, M. Gerdes, J. A.
DeCaprio, J. B. Lawrence & D. M. Livingston: Molecular
cloning and functional analysis of the adenovirus E1A-
associted 300-kD protein (p300) reveds a protein with
properties of a transcriptional adapter. Genes Dev 8, 869-
884 (1994)

29. Browndl J. E & C. D. Allis: An activity gel assay
detects a single, catayticaly active histone
acetyltransferase subunit in Tetrahymena macronuclei.
PNAS 92, 6364-6368 (1995)

30. Muchardt C & M. Yaniv: A human homologue of
Saccharomyces cerevisiae SNF2/SWI2 and Drosophila brm
genes potentiates transcriptional  activation by the
glucocorticoid receptor. EMBO J 12, 4279-4290 (1993)

31. Khavari P. A, C. L. Peterson, J. W. Tamkun, D. B.
Mendel & G. R. Crabtree: BRG1 contains a conserved
domain of the SWI2/SNF2 family necessary for normal
mitotic growth and transcription. Nature 366, 170-174
(1993)

32. Laurent B. C, I. Treich & M. Carlson: The yeast
SNF2/SWI2 protein has DNA-stimulated ATPase activity
required for transcriptional activation. Genes Dev 7, 583-
591 (1993)

861

33. Randazzo F. P, P. Khavari, G. Crabtree, J. Tamkun & J.
Rossant: brgl: A putative murine homologue of the
Drosophila brahma gene, a homeotic gene regulator. Dev
Biol 162, 229-242 (1994)

34. Cairns B. R, A. Schlichter, H. Erdjument-Bromage, P.
Tempst, R. D. Kornberg & F. Winston: Two functionally
distinct forms of the RSC nucleosome-remodelling
complex, containing essentiadl AT hook, BAH, and
bromodomains. Mol Cell 4, 715-723 (1999)

35. Dusterhoft A & P. Philippsen: DNA sequencing and
analysis of a 24.7 kb segment encompassing centromere
CEN11 of Saccharomyces cerevisiae reveas nine
previously unknown open reading frames. Yeast 8, 749-759
(1992)

36. Nicolas R. H & G H. Goodwin: Molecular cloning
of polybromo, a nuclear protein containing multiple
domains including five bromodomains, a truncated
HMG-box, and two repeats of a novel domain. Gene
175, 233-240 (1996)

37. Johnston M: EMBL Database, accession number
U19102 (1995)

38.1to T, M. E. Levenstein, D. V. Fyodorov, A. K. Kutach,
R. Kobayashi & J. T. Kadonaga: ACF consists of two
subunits, Acfl and ISWI, that function cooperatively in the
ATP-dependent catalysis of chromatin assembly. Genes
Dev 13, 1529-1539 (1999)

39. Jones M. H, N. Hamana, J. Nezu and M. Shimane: A
novel family of bromodomain genes. Genomics 63, 40-45
(2000)

40. Tamkun J. W, R. Deuring, M. P. Scott, M. Kissinger,
A. M. Pattatucci, T. C. Kaufman & J. A. Kennison:
brahma: A regulator of Drosophila homeotic genes
structurally related to the yeast transcriptional activator
SNF2/SWI2. Cell 68, 561-572 (1992)

41. Goodwin G. H: Isolation of cDNAs encoding chicken
homologues of the yeast SNF2 and Drosophila Brahma
proteins. Gene 184, 27-32 (1997)

42. Tsuchiya E, M. Uno, A. Kiguchi, K. Masuoka, Y.
Kanemori, S. Okabe & T. Mikayawa: The Saccharomyces
cerevisiae NPS1 gene, a novel CDC gene which encodes a
160 kDa nuclear protein involved in G2 phase control.
EMBO J 11, 4017-4026 (1992)

43. Laurent B. C, X. Yang & M. Carlson: An essentid
Saccharomyces cerevisiae gene homologous to SNF2
encodes a helicase-related protein in a new family. Mol
Cell Biol 12, 1893-1902 (1992)

44, Bochar D. A, J. Savard, W. Wang, D. W. Lafleur, P.
Moore, J. Cote & R. Shiekhatter: A family of chromatin
remodelling factors related to Williams syndrome
transcription factor. PNAS 97, 1038-1043 (2000)



Bromodomain-containing proteinsin chromatin

45. Haynes S. R, B. A. Mozer, N. BhatiaDey & 1. B.
Dawid: The Drosphila fsh locus, a materna effect
homeotic gene, encodes apparent membrane proteins. Dev
Biol 134, 246-257 (1989)

46. Beck S, I. Hanson, A. Kelly, D. J. Pappin & J.
Trowsdale: A homologue of the Drosophila female sterile
homeotic (fsh) gene in the class Il region of the human
MHC. DNA Seq 2, 203-210 (1992)

47. Thorpe K. L, S. Abdulla, J. Kaufman, Trowsdale, J &
S. Beck: Phylogeny and structure of the RING3 gene.
Immunogenetics 44, 391-396 (1996)

48. Schultz D. C, J. R. Friedman and F.J. Rauscher Il1:
Targeting histone deacetylase complexes via KRAB-zinc
finger proteins: the PHD and bromodomains of KAP-1
form a co-operative unit that recruits a novel isoform of the
Mi-2a subunit of NuRD. Genes Dev 15, 428-443 (2001)

49. Jones M. H, M. Numata & M. Shimane: |dentification
and characterization of BRDT: A testis-specific gene
related to the bromodomain genes RING3 and Drosophila
fsh. Genomics 45, 529-534 (1997)

50. Thorpe K. L, P. Gorman, C. Thomas, D. Sheer, J.
Trowsdale & S. Beck: Chromosomal localization, gene
structure and transcription pattern of the ORFX gene, a
homologue of the MHC-linked RING3 gene. Gene 200,
177-183 (1997)

51. Thomson K. A, B. Wang, W.S. Giancotti, D. P.
Schranck & E. Ruodlahti: BR140, a novel zinc-finger
protein with homology to the TAF250 subunit of TFIID.
Biochem Biophys Res Commun 198, 1143-1152 (1994)

52. Cuppen E, M. van Ham, B. Pepers, B. Wieringa & W.
Hendriks: Identification and molecular characterisation of
BP75, a novel bromodomain-containing protein. FEBS
Letts 459, 291-298 (1999)

53. Thenot S, C. Henriquet, H. Rochefort & V. Cavailles:
Differential interaction of nuclear receptors with the
putative human transcriptional coactivator hTIF1. J Biol
Chem 272, 12602-12068 (1997)

54. Le Dourain B, C. Zechel, J. M. Garnier, Y. Lutz, L.
Tora, B. Pierrat, D. Heery, H. Gronemeyer, P. Chambon
and R. Losson: The N-termina part if TIF1, a putative
mediator of the ligand-dependent activation function (AF-
2) of nuclear receptors, is fused to B-raf in the oncogenic
protein T18. EMBO J 14, 2020-2033 (1995)

55. Chamberlin H. M & J. H. Thomas: The bromodomain
protein Lin-49 and trithorax protein LIN-59 affect
development and gene expression in Caenorhabditis
elegans. Development 127, 713-723 (2000)

56. Rhee K, M. Brunori, V. Besset, R. Trousdale & D. J.
Wolgemuth: Expression and potentia role of Fsrgl, a
murine contai ning-contai ning homologue of the Drosophila
gene female sterile homeotic. J Cell i 111, 3541-3550
(1998)

862

57. Venturini L, J. You, M. Stadler, R. Galien, V.
Lallemand, M. H. Koken, M. G. Mattei, A. Ganser, P.
Chambon, R. Losson & H. de The: TIF1lg, a novel member
of the transcriptional intermediary factor 1 family.
Oncogene 18, 1209-1217 (1999)

58. Moosmann P, O. Georgiev, B. Le Dourain, J. Bourquin
& W. Schaffner: Transcriptional repression by RING finger
protein TIF1-b that interacts with the KRAB repressor
domain of KOX1. Nuc Acids Res 24, 4859-4857 (1996)

59. Le Douran B, A. L. Nielsen, J. M. Garnier, H.
Ichinose, F. Jeanmougin, R. Losson & P. Chambon: A
possible involvement of TIFl-a and TIF1-b in the
epigenetic control of transcription by nuclear receptors.
EMBO J 15, 6701-6715 (1996)

60. Klughauer S & H. M Rabes. The transcription
coactivator HTIF1 and a related protein are fused to the
RET receptor kinase in childhood papillary thyroid
carcinomas. Oncogene 18, 4388-4393 (1999)

61. Monden T, F. E. Wondisford & A. N. Hollenberg:
Isolation and characterization of a novel ligand-dependent
thyroid hormone receptor-coactivator protein. J Biol Chem
272, 29834-29841 (1997)

62. Aves S. J, J. Hindley, G. A. Phear & N. Tongue: A
fission yeast gene mapping close to sucl encodes a protein
containing two bromodomains. Mol Gen Genet 248, 491-
498 (1995)

63. Jones M. H, N. Hamana & M. Shimane: |dentification
and characterization of BPTF, a novel bromodomain
transcription factor. Genomics 63, 35-39 (2000)

64. Lu X, X. Meng, C. A. Morris& M. T. Keating: A novel
human gene, WSTF, is deleted in Williams syndrome.
Genomics 54, 241-249 (1998)

65. Lygerou Z, C. Conesa, P. Lesage, R. N. Swanson, A.
Ruet, M. Carlson, A. Sentenac & B. Seraphin: The yeast
BDF1 gene encodes a transcription factor involved in the
expression of a broad class of genes including snRNAs.
Nuc Acids Res 22, 5332-5340 (1994)

66. Matangkasombut O, R. M. Buratowski, N. W. Swilling
& S. Buratowski: Bromodomain factor 1 corresponds to a
missing piece of yeast TFIID. Genes Dev 14, 951-962
(2000)

67. Nielsen M. S, C. M. Petersen, J. Gliemann & P.
Madsen: Cloning and sequencing of a human cDNA
encoding a putative transcription factor containing a
bromodomain. Biochim Biophys Acta 1306, 14-16
(1996)

68. Nakamura T, J. Blechman, S. Tada, T. Rozovskaia, T.
Itoyama, F. Bullrich, A. Mazo, C. M. Croce, B. Geiger &
E. Canaani: huAshl protein, a putative transcription factor
encoded by a human homologue of the Drosophila ashl
gene, localises to both nuclei and cell-cell tight junctions.
PNAS 97, 7284-7289 (2000)



Bromodomain-containing proteinsin chromatin

69. Tkachuk D. C, S. Kohler & M. L. Cleary: Involvement
of a homolog of Drosophila trithorax by 11923
chromosomal translocations in acute leukemias. Cell 71,
691-700 (1992)

70. Gu Y, T. Nakamura, H. Alder, R. Prasad, O. Canaani,
G. Cimino, C. M. Croce & E. Canaani: The t(4;11)
chromosome trandlocation of human acute leukaemia's
fuses the ALL-1 gene, related to Drosophila trithorax, to
the AF-4 gene. Cell 71, 701-708 (1992)

71. Ma Q, H. Alder, K. K. Nelson, D. Chatterjee, Y. Gu, T.
Nakamura, E. Canaani, C. M. Croce, L. D. Siracusaand A.
M. Buchberg: Analysis of the murine All-1 gene reveals
conserved domains with human ALL-1 and identifies a
motif shared with DNA methyltransferases. PNAS 90,
6350-6354 (1993)

72. Bloch D. B, A. Nakgjima, T. Gulick, J. D. Chiche, D.
Orth, S. de la Monte & K. Bloch: Sp110 localised to the
PML-Sp100 nuclear body and may function as nuclear
hormone receptor transcriptional coactivator. Mol Cell Biol
20, 6138-6146 (2000)

73. Dey M, A. Faring, A. E. Coleman, T. Maruyama, S.
Sciortino, J. Lippincott-Schartz & K. Ozato: A
bromodomain protein, MCAP, associates with mitotic
chromosomes and affects G2-to-M transition. Mol Cell Biol
20, 6537-6549 (2000)

74. Ladendorff N. E, S. Wu & J. S. Lipsick: BS69, an
adenovirus  ElA-associated  protein, inhibits the
transcriptional activity of c-Myb. Oncogene 20, 125-132
(2001)

75. Durbin R: EMBL Database, accession number P54816
(1998)

76. Schnall R, G. Mannhaupt, R. Stucka, R. Tauer, S.
Ehnle, P. Schwarzlose, |. Vetter & H. Feldmann:
Identification of a set of yeast genes coding for a novel
family of putative ATPases with high similarity to
constituents of the 26S protease complex. Yeast 10, 1141-
1155 (1994)

77. Stadl A, J. M. Enserink, J. L. Stein, G. S. Stein & A. J.
Van Wijnen: Molecular characterization of Celtix-1, a
bromodomain protein interacting with the transcription
factor interferon regulatory factor 2. J Cell Phys 185, 269-
279 (2000)

78. Nagase T, K. Iskawa, R. Kikuna, M. Hirosawa, N.
Nomura & O. Ohara: Prediction of the coding sequences of
unidentified human gene XV. The complete sequence of
100 new cDNA clones from brain which code for large
proteinsin vitro. DNA Res 6, 337-345 (1999)

79. Dhalluin C, J. E. Carlson, L. Zeng, C. He, K. Annel, A.
Zhou & M. Zhou: Structure and ligand of a histone
acetyltransferase  bromodomain. Nature 399, 491-496
(1999)

863

80. Jacobson R. H, A. G. Ladurner, D. S. King & R. Tijan:
Structure and function of a human TAF,;250 double
bromodomain module. Science 288, 1422-1425 (2000)

81. Owen D. J, P. Ornaghi, J. Yang, N. Lowe, P. R. Evans,
P. Ballario, D. Neuhaus, P. Filetici & A. A. Travers. The
structural basis for the recognition of acetylated histone H4
by the bromodomain of histone acetyltransferase Gen5p.
EMBO J 19, 6141-6149 (2000)

82. Ornaghi P, P. Balario, A. M. Lena, A. Gonzalez & P.
Filetici: The bromodomain of Gen5p interacts in vitro with
specific residues in the N terminus of histone H4. J Mol
Biol 287, 1-7 (1999)

83. Hudson B. P, M. A. Martinez-Yamout, H. J. Dyson &
P. E. Wright: Solution structure and acetyl-lysine binding
activity of the GCN5 bromodomain. J Mol Biol 304, 355-
370 (2000)

84. Reeves R & M. S. Nissen: The A.T-DNA-binding
domain of mammalian high mobility group I chromosomal
proteins. A novel peptide motif for recognising DNA
structure. J Biol Chem 265, 8573-8582 (1990)

85. Bannister A. J, P. Zegerman, J. F. Partridge, E. A
Miska, J. O. Thomas, R. C. Allshire & T. Kouzarides:
Selective recognition of methylated lysine 9 on histone H3
by the HP1 chromodomain. Nature 410, 120-124 (2001)

86. Lachner M, D. O'Carroll, S. Rea, K. Mechtler & T.
Jenuwein: Methylation of histone H3 lysine 9 creates a
binding site for HP1 proteins. Nature 410, 116-120 (2001)

87. Candeau R, J. Zhou, C. D. Allis & S. L. Berger:
Histone acetyltransferase activity and interaction with
ADAZ2 are critical for GCN5 function in vivo. EMBO J 16,
555-565 (1997)

88. Grant P.A, L. Duggan, J. Cote, S. M. Roberts, J. E.
Brownell, R. Candau, R. Ohba, T. Owen-Hughes, C. D.
Allis, F. Winston, S. L. Berger & J. L. Workman: Y east
Gcenb functions in two multisubunit complexes to acetylate
nucleosomal histones: Characterisation of an Ada complex
and the SAGA (Spt/Ada) complex. Genes Dev 11, 1640-
1650 (1997)

89. Sterner D. E, P. A. Grant, S. M. Roberts, L. J.
Duggan, R. Belotserkovskaya, L. A. Pacella, F. Winston,
L. L. Workman & Bergerm S. L: Functional organisation
of the yeast SAGA complex: Distinct components
involved in structural integrity, nucleosome acetylation,
and TATA-binding protein interaction. Mol Cell Biol 19,
86-98 (1999)

90. Gansheroff L. J, C. Dollard, P. Tan & F. Winston: The
Saccaromyces cerevisiae SPT7 gene encodes a very acidic
protein important for transcription in vivo. Genetics 139,
523-536 (1995)

91. Jeppesen P: Histone acetylation: a possible mechanism
for the inheritance of cell memory at mitosis. Bioessays 19,
67-74 (1997)



Bromodomain-containing proteinsin chromatin

92. Elfring L. K, C. Daniel, O. Papoulas, R. Deuring, M.
Sarte, S. Moseley, S. J Beek, W. R. Waldrip, G.
Daubresse, A. DePace, J. A. Kennison & J. W. Tamkun:
Genetic analysis of brahma: The Drosophila homolog of
the yeast chromatin remodelling factor SWI2/SNF2.
Genetics 148, 251-265 (1998)

93.CairnsB. R, Y. Lorch, Y. Li, M. Zhang, L. Lacomis, H.
Erdjument-Bromage, P. Tempst, J. Du, B. Laurent & R. D.
Kornberg: RSC, an essential, abundant chromatin
remodelling complex. Cell 87, 1249-1260 (1996)

94. Fry C. J & C. L. Peterson: Chromatin remodelling
enzymes. who's on first. Curr Biol 11, R185-R197
(2001)

95. Agdioti T, S. Lomvardas, B. Parekh, J. Yie, T.
Maniatis & D. Thanos. Ordered recruitment of chromatin
modifying and general transcription factors to the IFN-b
promoter. Cell 103, 667-678 (2000)

96. Cosma M. P, T. Tanaka & K. Naasmyth: Ordered
recruitment of transcription and chromatin remodelling
factors to a cell cycle- and developmentally regulated
promoter. Cell 97, 299-311 (1999)

97. Dilworth F. J, C. Fromental-Ramain, K. Yamamoto &
P. Chambon: ATP-driven chromatin remodelling activity
and histone acetyltransferase act sequentially during
transactivation by RAR/RXR in vitro Mol Cell 6, 1049-
1058 (2000)

98. Krebs J. E, M. H. Kuo, C. D. Allis & C. L. Peterson:
Cell cycleregulated histone acetylation required for
expression of the yeast HO gene. Genes Dev 13, 1412-1421
(1999)

99. Hassan A. H, K. E. Nedly & J. L. Workman: Histone
acetyltransferase complexes stabilise SWI/SNF binding to
promoter nucleosomes. Cell 104, 817-827 (2001)

100. Syntichaki P, |. Topalidou & G. Thireos. The Gens
bromodomain  co-ordinates nucleosome remodelling.
Nature 404, 414-417 (2000)

101. Nissen L. J, J. Gelly & R. A. Hipskind: Induction-
independent recruitment of CREB-binding protein to the c-
fos serum response element through interactions between
the bromodomain and Elk-1. J Biol Chem 276, 5213-5221
(2001)

102. Treisman R: Regulation of transcription by MAP
kinase cascades. Curr Opin Cell Biol 8, 205-216 (1996)

103. Jacknecht R & A. Nordheim: MAP-kinase
dependent transcriptional coactivation by Elk-1 and its
coactivator CBP. Biochem. Biophys. Res Comm. 28,
831-837 (1996)

104. Jacknecht R & A. Nordheim: Regulation of the c-
fos promoter by the ternary complex factor Sap-la and
its coactivator CBP. Oncogene 12, 1961-1969 (1996)

864

105. Bannister A. J & T. Kouzarides: CBP-induced
stimulation of c-Fos activity is abrogated by E1A.
EMBO J 14, 4758-4762 (1995)

106. Barlev N. A, V. Poltoratsky, T. Owen-Hughes, C.
Ying, L. Liu, J. L. Workman & S. L. Berger: Repression
of Gcn5  histone acetyltransferase  activity via
bromodomain-mediated binding and phosphorylation by
the Ku-DNA-dependent protein kinase complex. Mol
Cell Biol 18, 1349-1358 (1998)

107. Tomita A, M. Towatari, S. Tsuzuki, F. Hayakawa,
H. Kosugi, K. Tamai, T. Miyazaki, T. Kinoshita & H.
Saito: ¢c-Myb acetylation at the carboxyl-terminal
conserved domain by transcriptional co-activator p300.
Oncogene 19, 444-451 (2000)

108. Ohshima T, T. Saganuma & M. Ikeda: A novel
mutation lacking the bromodomain of the transcriptional
coactivator p300 in the SiHa cervical carcinoma cell
line. Biochem Biophys Res Comm 281, 569-575 (2001)

109. Sobulo O. M, J. Borrow, S. Reshmi, A. Harden, B.
Schlegelberger, D. Housman, N. A. Doggett, J. D.
Rowley & N. J. Zeleznik-Le: MLL is fused to CBP, a
histone acetyltransferase, in therapy-related acute
myeloid leukemia with a t(11;16)(g23;p13.3). Proc Natl
Acad Sci USA 94, 8732-8737 (1997)

110. Lavau C, C. Du, M. Thirman & N. Zeleznik-Le:
Chromatin-related properties of CBP fused to MLL
generate a myelodysplastic-like syndrome that evolves
into myeloid leukemia. EMBO J 19, 4655-4664 (2000)

111. Thomson S, L. C. Mahadevan & A. L. Clayton:
MAP kinase-mediated signalling to nucleosomes and
Immediate-Early gene induction. Semin Cell Dev Biol
10, 205-214 (1999)

112. Clayton A. L, S. Rose, M. J. Barratt & L. C.
Mahadevan: Phosphoacetylation of histone H3 on c-fos
and c-jun associated nucleosomes upon gene activation.
EMBO J 19, 3714-3726 (2000)

113. Turner B. M, L. P. O’'Neill & |. M. Allen: Histone
H4 acetylation in human cells. Frequency of acetylation
at different sites defined by immunolabeling with site-
specific antibodies. FEBS Lett 253, 141-145 (1989)

114. White D. A, N. D. Belyaev & B. M. Turner:
Preparation of site-specific antibodies to acetylated
histone. Methods 19, 417-424 (1999)

115. Bannister A. J & E. A. Miska: Regulation of gene
expression by transcription factor acetylation. Cell Mol
Life Sci 57, 1184-1193 (2000)

Abbreviations. ACF, ATP-utilizing chromatin assembly
and remodelling factor; BAH, bromodomain adjacent
homology; BAZ, bromodomain adjacent zinc finger; BPTF,



Bromodomain-containing proteinsin chromatin

bromodomain PHD finger transcription factor; BRDT,
bromodomain testis-specific; CBP, cAMP response
element binding protein; FISH, fluorescence in situ
hybridisation; FSH, femae dserile homeotic; HP1,
heterochromatin protein 1; IRF-2, interferon-regulatory
factor-2; KRAB, Kruppel-associated box; MCAP, mitotic
chromosome-associated  protein; P/CAF, p300/CBP-
associated factor; PHD, plant homeodomain; RSC, remodel
the structure of chromatin;, SMAP, skeletal muscle
abundant protein; TIF, transcription intermediary factor;
WCRF, Williams syndrome transcription factor-related
chromatin remodelling factor; WSTF, Williams syndrome
transcription factor.

Key Words: Bromodomain, Chromatin, Histone
Acetyltransferase, Chromatin  Remodelling, Histone
Modifications, Review

Send correspondence to: Prof. Louis Mahadevan, Nuclear
Signalling Laboratory, Department of Biochemistry,
Oxford University, South Parks Road, Oxford, OX1 3QU.
Tel: 01-865- 285345, Fax: 01-865- 275259, E-mail:
louiscm@Dbioch.ox.ac.uk

865



