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Summary
The existence of different patterns of chemical modifica-
tions (acetylation, methylation, phosphorylation, ubiqui-
tination and ADP-ribosylation) of the histone tails led,
some years ago, to the histone code hypothesis. Accord-
ing to this hypothesis, thesemodificationswouldprovide
binding sites for proteins that can change the chromatin
state to either active or repressed. Interestingly, some
protein domains present in histone-modifying enzymes
are known to interact with these covalent marks in the
histone tails. This was first shown for the bromodomain,
which was found to interact selectively with acetylated
lysines at the histone tails. More recently, it has been
described that the chromodomain can be targeted to
methylationmarks in histone N-terminal domains. Finally,

the interaction between the SANT domain and histones is
also well documented. Overall, experimental evidence
suggests that these domains could be involved in
the recruitment of histone-modifying enzymes todiscrete
chromosomal locations, and/or in the regulation their
enzymatic activity. Within this context, we review the dis-
tribution of bromodomains, chromodomains and SANT
domains among chromatin-modifying enzymes and dis-
cuss how they can contribute to the translation of the
histone code. BioEssays 27:164–175, 2005.
� 2005 Wiley Periodicals, Inc.

The histone code hypothesis

The packing of the eukaryotic genome into chromatin provides

the means for compaction of the entire genome inside the

nucleus. However, this packing restricts the access to DNA of

the many regulatory proteins essential for biological pro-

cesses like replication, transcription, DNA repair and recom-

bination.(1) There are two mechanisms that can

counterbalance the repressive nature of chromatin, allowing

access to nucleosomal DNA: (i) covalent modification of

histone tails like acetylation, methylation, phosphorylation and

ubiquitination;(2–5) and (ii) altering of the nucleosomal struc-

ture by enzymes utilising energy from ATP hydrolysis.(6)

In the early nineties, it was proposed that histone covalent

modifications can work as recognition signals, directing the

binding to chromatin of non-histone proteins that determine

chromatin function.(7,8) More recently, it has been hypothe-

sized that specific tail modifications and/or their combinations

constitute a code, the histone code, that determines the trans-

criptional state of the genes.(9–11) According to this hypoth-

esis, ‘‘multiple histone modifications, acting in a combinatorial

or sequential fashion on one or multiple tails, specify unique

downstream functions’’.(9)

In the last years, an increasing amount of experimental data

has provided clear support for the different aspects of the

histone code hypothesis, contributing to refine and improve

it.(For review 12,13) One important point that has been addressed

by different authors is the idea that the histone code must use

combinations of modifications.(9) For example, H3 methylated

at K9 could initiate chromatin condensation and silencing(14,15)

but, in the context of methylated H3K4 and H4K20, methyl-

K9 H3 helps to maintain active marks by allowing the binding

of BRAHMA, the enzyme of the remodelling dSWI/SNF

complex.(16)
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Another aspect of the histone code hypothesis that has

received much attention, is the idea that modifications on the

same or different histone tails may be interdependent. That is,

the fact that modification in one residue can determine that of

another either in cis or, more surprisingly, in trans. In the first

case, it has been shown that methylation of H3K4 has two

important effects: it blocks both the binding of the remodelling

deacetylation complex NURD and the methylation of H3K9,

thereby preventing the placement of silencing marks.(17) As an

example of trans effect, we can mention that ubiquitination of

H2B K123 is required for an efficient methylation of H3K4.(18)

Recently, two new concepts have been introduced to

understand the basis of the signalling by combinations of

histone modifications, the concepts of ‘‘binary switches’’ and

‘‘modification cassettes’’.(19) In the former, neighbouring

modifications act together, while for the latter residues in

linear strings of densely modifiable sites can have different

biological readouts, depending on their modification state.

Combinations of modifications appear to be important for

both short- and long-term transcriptional regulation, and have

been described in different systems. In the first case, there are

clear experimental results showing that regulation of rapid

transcriptional processes usually requires a cascade of modi-

fication events. For example, activation of the IFN-b gene

requires acetylation of several lysines in histones H3 and H4

that mediate the recruitment of the SWI/SNF complex and

TFIID, respectively.(20) In the case of long-term regulation,

there is less experimental evidence, although it is now clear

that some specific histone modifications have the potential to

exert long-term effects. For example, H3 methylated at K9 has

the potential to initiate chromatin condensation and silen-

cing.(14,15) Also, Czermin, Müller and colleagues have shown

that H3 methylated by the E(Z) complex, binds specifically to

polycomb protein, suggesting a direct relationship between H3

methylation and silencing by PcG complex.(21,22)

Finally, it has to be mentioned that recently the histone code

hypothesis has been extended to the nucleosome code

hypothesis, by proposing that high-order chromatin is largely

dependent on the local concentration and combination of

differentially modified nucleosomes.(10)

Chromatin-binding domains and the

translation of the histone code

An important issue when considering the histone code is how it

is translated. More precisely, how the combinations of modifi-

cations that constitute the code are recognised and then

translated into a given functional effect. According to the

histone code hypothesis, the histone modification marks

would provide the binding sites for a series of effector proteins

that would affect chromatin function.(9) Interestingly, histone-

modifying enzymes are unable to access their substrates

unless targeted there. In other words, the same enzyme will

not modify all histones in all genes, at the same time; only that

subset of genes that have recruited the modifying enzyme to

the promoter will be regulated by it. This highlights the re-

levance of the targeting process, at the origin of the selectivity

of the enzyme action, as an important feature of the regulation

by histone modification. Within this context, it is clear that

protein domains able to interact with chromatin and/or its

modified components—like bromodomains, chromodomains

or the SANT domains—can play a crucial role in the targeting

process. These domains (or protein modules, as they have

been named(19)) could contribute to both the recognition of

specific patterns of modifications, as well as to their setting at

given locations. Here, we explore this idea by analysing the

distribution of chromatin-binding domains (bromodomain,

chromodomain and SANT domain) among chromatin-modify-

ing enzymes (HAT, HDAC, HMT and ATP-dependent remo-

delling enzymes). To this end, we first review the main

structural and functional characteristics of the chromatin-

binding domains, together with their distribution among

chromatin-modifying enzymes. Then, on that basis we

consider their possible role in the translation of the histone

code, as targeting elements of the histone-modifying enzymes

in the context of short-term regulation. Finally, we discuss their

role in the long-term regulation processes.

The bromodomain

Bromodomains are small protein domains that form an

extensive family.(23) The first reported bromodomain was

found in the Drosophila Brahma protein.(24) Bromodomains

were later found in many chromatin-associated proteins and

most histone acetyltransferases.(25,26)

Structure and function
The three-dimensional structure of a prototypical bromodo-

main from the histone acetyltransferase PCAF shows an

unusual left-handed four-helix bundle (Fig. 1A).(27,28) A long

loop between helices a Z and a A is packed against the loop

connecting helices B and C to form a surface-accessible

hydrophobic pocket, located at one end of the four-helix

bundle. This unique feature is conserved in the bromodomain

familyand can be seen in the bromodomain structure of human

GCN5, S. cerevisiae GCN5p and human TAFII250.(29–31)

The bromodomain role in chromatin remodelling was

suggested some time ago, on the basis of yeast genetic

studies.(24) However, its biological function was confirmed after

the more recent discovery that bromodomains function as

acetyl-lysine binding domains.(28–31) Initially, in vitro studies

showed that bromodomains preferentially bind acetylated

peptides, leading to speculation that acetylated histone tails

could become targets for the binding of bromodomain-

containing proteins.(28,30–32) This has been recently confirmed

by Hassan and colleagues, who have shown that the SWI/SNF

complex is retained to the chromatin by previous histone

acetylation by SAGA or NuA4, and after removal of the
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transcription factor (Gal4-VP16).(33) The retention requires

the bromodomain of Swi2/Snf2 subunit of the SWI/SNF

complex.(33) Further, the SAGA complex itself is anchored to

acetylated arrays, following removal of the activator, and can

coordinate nucleosomal remodelling; however, this will only

happen if the bromodomain of the Gcn5 subunit is intact,

providing a self-perpetuating mark tethered to a small

chromatin domain.(34)

If bromodomains play a role in enzyme targeting to the

chromatin, then one would expect a high conservation degree

at their binding sites independently of the chromatin-modifying

enzyme carrying them. In Fig. 1D, we plot a view of the binding

site, with all residues coloured according to their conservation

degree, as derived from the multiple sequence alignment for

the domain family. In accordance with the proposed role, we

observe that highly conserved residues tend to define, or

cluster around, the domain binding site.

Overall, these data confirm that the bromodomain has the

ability to bind acetylated histone tails in vivo, with an apparent

independence of the protein to which it belongs, and this ability

can be utilised by different chromatin-remodelling enzymes to

find and/or act on their targets.

Distribution among chromatin-modifying enzymes
In accordance with the above mentioned functional data, we

find that the bromodomain is widely distributed among the

different enzymes that acetylate, methylate or remodel

chromatin (Table 1).

Figure 1. A–C: Domain structures. MOLSCRIPT(87) figures of the structures of the bromodomain (A), chromodomain (B) and SANT

domain (C), PDB codes: 1N72, 1PFB and 1OFC, respectively. D–F: Conservation at the domain binding sites. The respective binding sites

of each domain, coloured according to the residue conservation degree, derived from the multiple sequence alignment for each domain

family. We measured the conservation degree utilising the Shannon entropy at each column position of the multiple sequence

alignment.(88,89) The resulting values were mapped to the residues in the structure of the corresponding domain, utilising a colour code that

goes from red (highly variable residue) to blue (highly conserved residue). The figures were obtained with the program Insight II, from

Accelrys. Pfam(90) multiple sequence alignments were utilised for the bromodomain (D)and chromodomains (E) and SMART(91) multiple

sequence alignment for the SANT domain (F) (not available in Pfam). The latter was edited to eliminate obvious members of the MYB-family

transcription factor, more likely to belong to a different functional family.(72)
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Bromodomain and HAT enzymes
The bromodomain is present in the members of Arabidopsis,

human and mouse GCN5/PCAF family, human and

mouse CBP/p300, human TAFII250, TAF1L, acetyltrans-

ferases and two putative HAT enzymes: Q9N3N7 (involved in

membrane transport inC. elegans) and LOC330129 in mouse,

which encodes for a protein similar to PCAF. The presence of

bromodomains in many HAT enzymes suggests that self-

perpetuation of the HAT at acetylated locus through interac-

tions between their bromodomains and acetylated histones

could be a common feature for these enzymes (Fig. 2B).

Bromodomain and HMT enzymes
Bromodomains are also part of some HMT enzymes: Ash1,

RIZ (member of the RIZ family), and MLL (members of the TRX

proteins). MLL also has an MBD domain that may recognise

methylated DNA.(35)

Bromodomain and ATP-dependent
remodelling enzymes
Remodelling enzymes that utilise ATP to alter chromatin

structure also have bromodomains: SNF2a and SNF2b from

human, as well as their homologous SNF2 in Saccharomyces

cerevisiae and Brahma in Drosophila, all of them members of

the SWI/SNF complexes, and STH1, subunit of the yeast RSC

complex.

Bromodomains can also be found in subunits, with no

catalytic activity, of remodelling complexes, where they could

help the latter in the recognition of previously modified

chromatin or to stabilize the interaction of the complex. For

example, bromodomains can be found in (1) C. elegans,

human, mouse and rat MTA-1 protein, subunit of the MTA-1

complex, (2) in human and mouse ACF1, subunit of the

CHRAC complex, (3) in yeast spt7, component of the SAGA

complex, and (4) in yeast RSC1 and 2, components of the RSC

complex. In the latter, the bromodomain is essential for the

RSC remodelling function, although it is not required for

complex assembly.(36)

Taken together, these data suggest that specific interac-

tions between some ATP remodelling enzymes and chromatin

could be stabilised by the bromodomain Ac-lys interaction,

helping to establish the final remodelled chromatin structure, in

accordance with work by Agaliote and colleagues.(20)

The chromodomain

The chromodomain was first identified as a common domain

between two distinct regulators of chromatin structure in

Drosophila: HP1 and Polycomb.(37) Later, chromodomains

have been found in many other chromatin regulators: (i) remo-

delling factors involved in causing conformational changes by

ATP-dependent movement of nucleosomes and (ii) histone

acetyltransferases and methyltransferases.(38,39)
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Structure and function
The structure of the HP1 chromodomain, in complex with a

peptide from histone 3 with Lys 9 methylated, consists of a

three-stranded antiparallel b-sheet supported by an a-helix

that runs across the sheet (Fig. 1B).(40) The binding pocket

for the N-methyl group is provided by three aromatic side

chains that become ordered on binding of the peptide.(28,41,42)

The finding of the chromodomain in two completely

different epigenetic repressors, like HP1 and Polycomb,

immediately suggested that chromodomains can have chro-

matin-related functions.(37,43) Although the role of the chro-

modomain within these proteins is not yet fully understood,

experimental evidence points to an involvement in protein–

protein interactions.(40,44) In particular, recent work from

different laboratories has shown that the HP1 chromodomain

can recognise methylation of Lys 9 in histone H3, thus directing

the binding of other proteins to control chromatin structure and

gene expression.(14,15,45) The structure of the chromodomain

Figure 2. Model for cooperation of the chromatin modifying enzymes and the chromatin-binding domains (illustrated for the case of

bromodomains). A: Possible functional interactions between acetylated histone tails and bromodomains containing enzymes that lead to a

cascade of events to activate transcription. GCN5 acetyltransferase is recruited to the gene promoter by interaction with a transcription

factor. GCN5 acetylates H3K9, H3K14 and H4K8. Finally, the bromodomain-containing transcription complexes SWI/SNF and TFIID are

recruited to the promoter by specific interactions between their bromodomain and specifically acetylated histone tails. B: Possible positive

feedback in chromatin signalling mediated by specific interactions between acetylated histone tails and HAT enzymes containing

bromodomains that leads to self-perpetuation of activating marks on chromatin.
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complex with a histone H3 peptide that includes methylated

Lys 9 explains how the binding can take place, with the lysine

side chain almost fully extended and surrounded by residues

conserved in many chromodomains.(40) The latter is particu-

larly relevant, as it would support the chromatin-binding ability

of chromodomains independently of the protein to which they

belong.

It has to be mentioned that, apart from recognising methyl-

lysines, chromodomains can also serve to DNA and/or RNA

recognition.(41,42,46–48) For example MOF and MSL-3 use their

chromodomains to bind the non-coding roX RNA, crucial for the

integrity and targeting of the Drosophila dosage compensation

complex to the X chromosome;(49–51) this situation is similar to

the role of the HP1 chromodomain in heterochromatin forma-

tion, but recognizing RNA instead methyl-Lys. It is interesting to

notice that it has been suggested that non-coding RNAs could

be involved in some epigenetic regulations and some enzymes,

as the chromodomain-containing enzyme SUV39 that trimethy-

lates H3K9, requires an unidentified RNA.(52)

As mentioned before, the chromodomain is also able to

bind DNA. For example, the chromodomain of Mi-2 binds the

nucleosome but, surprisingly, deletion of all histone tails does

not eliminate such an interaction.(47) The latter is maintained

thanks to a sequence unspecific binding to the nucleosomal

DNA.(47) In contrast to the methyl-lysine binding (see above),

structural determinants indicative of RNA- or DNA-binding

chromodomain have not yet been identified, although two point

mutations on the MOF chromodomain eliminate binding to

RNA in vitro.(48)

As for bromodomains, we have looked at the binding site

conservation degree of chromodomains (Fig. 1E). We find a

substantial conservation degree, supporting a similar role in

enzyme targeting for these domains.

The previous data support the idea that chromodomains,

like bromodomains, are able to identifyand bind specific tags in

histones, in particular methylated lysines, and this binding

would be vital to recruit different chromatin-modifying en-

zymes to their targets.

It has also been reported that the chromodomain of HP1

can interact with histone H3 in the absence of the N-terminal

tail; however, while this interaction may contribute to chromatin

binding in general, it does not explain the specific targeting of

HP1.(53)

Distribution among chromatin-modifying enzymes
The distribution of the chromodomain among these enzymes

is more restricted than that of the bromodomain. However, we

have found it in HAT, HMT and ATP-dependent chromatin-

remodelling enzymes (Table 1).

Chromodomain and HAT enzymes
Chromodomains can be found in human and mouse

MORF4L1, identified on the basis of the ability of these

proteins to induce replicative senescence in immortal human

cell lines.(54) The members of this family have a clear similarity

to Msl-3 and Eaf3p, both known components of multisubunit

histone acetyltransferase complexes.(55) Msl-3 is a compo-

nent of the dosage compensation complex that acetylates

histone H4 on the male X chromosome at multiple sites.(56)

Eaf3p is a component of the yeast NuA4 HAT complex that

carries the Esa1p HAT protein.(57) This complex also functions

by specifically acetylating histone H4 in vivo and has been

linked to transcriptional activation and nucleosome remodel-

ling in yeast and flies.(58,59)

The chromodomain is also present (1) in rat and human

Tip60, and Saccharomyces pombe SPAC637.12C proteins,

members of the Myst family of HAT, and (2) in human and mouse

CDY1 and 2 proteins, which contain a putative HAT domain and

are components of the heterochromatin-like complexes that act

as gene repressors during spermatogenesis.(60,61)

Chromodomain and HMT enzymes
The chromodomain can be found in different HMTenzymes, in

the members of the suvar-3-9 family in Drosophila [su(var)3-

9], yeast (clr4), insect [su(var)3-9] and mammalian [su(var)3-

9H1 and H2].(62)

Chromodomain and ATP-dependent
remodelling enzymes
Chromodomains are found in (1) members of the SNF2/

RAD54 helicase family (CHD3 in Arabidopsis thaliana,

Drosophila and C. elegans),(63–65) (2) Mi-2 and human Mi-2b
or CHD4,(66–68) (3) Mi-2a or CHD3,(68) and (4) CHD5.(69) Mi-2

enzyme remodels chromatin thanks to its ATP hydrolysis

ability, and is part of a complex called NURD(55) that can also

deacetylate histones. This suggests that NURD could be

specifically targeted to previously methylated chromatin thro-

ugh the chromodomain.

Finally, a chromodomain can also be found in a putative

remodelling enzyme, Q8LJJ7, from Oryza sativa.

The SANT domain

The SANT domain was identified as a small motif, approxi-

mately 50 amino acids, present in nuclear receptor co-

repressors. Sequence and structure analysis show a clear

similarity between the SANT domain and the DNA-binding

domain (DBD) of c-Myb related proteins.(70)

Structure and function
The SANT domain consists of three a-helices, each with a

bulky aromatic residue, arranged in a helix-turn-helix motif

(Fig. 1C).(71) The overall structure is similar to that of Myb DBD,

although the SANT domain is functionally divergent from the

canonical Myb DBD.(72) The SANT domain is present in some

ATP-dependent remodelling enzymes complexes: yeast

Swi3p, Rsc8p, BAF155/170 and Drosophila ISWI. It has been
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shown that the SANT domain is essential for the in vivo

functions of yeast Swi3p, Ada2p and Rsc8p, subunits of three

chromatin-remodelling complexes. The general role of the

SANT domain is to stabilise, through direct binding, histone

N-terminal tails in a conformation favouring their binding to the

modifying enzymes, and the subsequent catalytic pro-

cess.(73,74) Although the SANT domain interacts primarily with

unmodified histone tails, we decided to include it here because

(1) it has a central role in chromatin remodelling, being the

unique histone-interaction module that couples histone bind-

ing to enzyme catalysis, and (2) it is present, like bromodo-

mains and chromodomains, in the two enzyme classes

responsible of chromatin modifications (enzymes that cata-

lyse the histones covalent modifications and complexes using

ATP hydrolysis). The preference of the SANT domain for

unmodified histone tails suggests that histone deacetylation

could increase its affinity for histone tails. Interaction with

unacetylated histone tails could block the binding of HATs, thus

maintaining the deacetylated state, as proposed by Yu and

colleagues.(75)

When looking at the conservation degree of the SANT

domain residues (Fig. 1F) we find a less-clear trend than for

bromo or chromodomains. While significant, the conservation

degree of binding site residues is smaller in this case; this can

be attributed to the high functional degeneracy of the under-

lying family (see above), and to the less specific nature of its

binding.

Distribution among chromatin-modifying enzymes
The SANT domain is broadly present among ATP-dependent

remodelling enzymes and their complexes, but it can also be

found in HMTs (Table 1), and in proteins forming part of

complexes with HAT and HDAC activities, thus suggesting an

important role in regulating chromatin accessibility.

SANT domain and HAT enzymes
We have not found any HAT or HDAC enzyme with a SANT

domain as part of its sequence, although some components of

HAT and HDAC complexes can have it: (1) SPR1 from

C. elegans, part of the Co-REST corepressor complex,

essential for HDAC1 activation,(76) (2) human and mouse N-

CoR, that interact with HDAC7 and together with Sin3 and

HDAC,(77) and (3) ADA2 proteins, ADA2a and ADA2b in yeast,

mouse, rat and human. The latter deserve further mention, as

ADA2 proteins form part of the SAGA, ADA/GCN5 and PCAF

histone acetyl-transferase complexes. Interestingly, it has

been observed that ADA and SAGA complexes containing a

deletion of the ADA2 SANT domain show a reduced ability to

bind non-acetylated histone tails, being inactive in nucleoso-

mal HAT assays.(73,78)

SANT domains are also present in several subunits of other

co-repressor complexes that possess HDAC activity, such as

MLL and SMRT. In the latter, the SANT domain functions as a

histone–tail interaction domain that binds to non-acetylated

histone H4 peptides.(75) In addition, the presence of the SANT

domain enhances the HDAC activity of the SMRT–HDAC3

complex, by increasing the affinity of the latter for histone

tails.(75)

SANT domain and HMT enzymes
SANT domains can be found in several members of the

polycomb group of proteins, involved in the repression of

homeotic genes and with HMT activity: MEDEA and EZA1 in

Arabidopsis, EZ1-3 in maize, EZ in Drosophila, and EZH1-2 in

both mouse and human.

SANT domain and ATP-dependent
remodelling enzymes
Some ATP-remodelling enzymes have a SANT domain:

Drosophila ISWI, (the catalytic subunit of the remodelling

complex NURF, CHRAC and ACF), yeast ISWI1 and ISWI2

(catalytic subunits of ISWI1 and ISWI2 complexes, respec-

tively) and human SNF2L and SNF2H (member of the RSF

complex). The SANT domain is also present in: yeast Swi3, a

component of the SWI/SNF complex; human and mouse

MTA1 and MTA2, which are part of the remodelling, deace-

tylating, complexes NURD, RSC8p and BAF155/170. The

presence of the SANT domain in these enzymes suggests that

targeting, or stabilization, of the chromatin–enzyme interac-

tion could happen frequently by direct interaction between the

SANT domain and the chromatin component. This would help

coupling the histone-tail binding and enzymatic activity, as has

been previously suggested by Boyer and colleagues.(73,74)

All of these data suggest that the SANT domain can

mediate interactions between remodelling enzymes and their

chromatin substrates. More precisely, the SANT domain could

contribute: (1) to the recruitment of chromatin modifying

enzymes, or (2) to help the interaction between histones and

the enzymes. As mentioned before, the latter would follow from

the SANT–histone interaction that would improve the histone

binding and subsequent catalysis by the modifying en-

zymes.(73)

What is the role of chromatin-binding domains?

The data previously discussed (Table 1) show that bromodo-

mains, chromodomains, and SANT domains can be found in

the three chromatin-modifying enzymes, or their complexes,

although with an unequal distribution among them. While in

some cases the enzyme may carry more than one copy of the

same domain (Table 1), no combination of different domains

has been found (Table 1). Overall, the differential distribution

of the chromatin-binding domains among the chromatin-

modifying enzymes (Table 1) is in accordance with the idea

that these domains can confer specific chromatin-binding

properties to the different enzyme families. For example,

acetylation at H4K8 could help the recruitment of the
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remodelling complex, through interaction with the BRG1

bromodomain, thus contributing to prepare chromatin to be

transcribed (Fig. 2A);(20) however, this would not be the case

for chromatin-remodelling enzymes lacking bromodomains.

Or, in the same way, acetylation at H3K14 could help

recruitment of some bromodomain-carrying HMTs, that could

set a specific combination of activation marks at a given locus,

correlated with transcriptional activation, as would be the case

for MLL that methylates at H3K4.(79) However, bromodomain-

lacking HMTs, which methylate other positions (as Suvar39 at

H3K9) and are involved in silencing, will not be targeted to that

specific locus.

Within this context, the histone-binding specificity of

domains becomes an important issue that deserves further

comment. In particular, a critical question is why domains

recognize specifically some modified lysines and not others.

We discuss below three main contributions to domain binding

specificity: (1) sequence variability at the domain binding site,

and neighbouring residues, (2) domain copy number, and

(3) allosteric changes induced by protein–protein interactions

after chromatin binding.

As we have seen before, there is a substantial degree of

sequenceconservation at the domainsbinding site (Fig. 1D–F),

supporting the overall conservation of function. However,

sequence conservation is not complete and some variability is

observed for the different domains that could modulate the

domain-binding specificity. This can be illustrated by consider-

ing the case of bromodomains and chromodomains. For these

two domain types, it seems that not all of them, or their

acetylated or methylated targets behave similarly. In the case of

chromodomains, swapping experiments have shown a non-

uniform functional conservation of this domain in silencing

assays.(80,81) For example, chromodomain of HP1 recognizes

methylated H3K9, while the chromodomains from polycomb

(M33) and Mi2 do not bind tightly to methylated lysine

residues,(14) probably they are able to recognize other chro-

matin targets, as DNA or RNA. A similar situation is found for

bromodomains, for example, the bromodomain in BRG1 binds

the H4 tail acetylated at K8 and bromodomain of Brd2 interacts

with acetylatedH4K12,(20,82) whereas the double bromodomain

in TAFII250 binds the H3 tail acetylated at K9 and K14

(Fig. 2A).(20,31) In the case of the budding yeast SAGA HAT

complex, Gcn5 and Spt7 subunits contain bromodomains

capable of binding acetyl-lysines. However, while the Gcn5

bromodomain is essential for tethering SAGA to acetylated

nucleosomes arrays in vitro, the bromodomain of Spt7 is

dispensable. However, if swapped into Gcn5 subunit, the Spt7

bromodomain is capable of anchoring SAGA.(33) The latter

suggests that specificity of chromatin-binding domains could

depend, at least in part, on the protein context. In this particular

case, it seems likely that amino acids flanking acetyl-lysines,

aswell as non-conserved amino acids in and around the bromo-

domain, could modulate the binding specificity of the latter.

The presence of more than one chromatin-binding domain

can also be critical to determine domain-binding specificity.

The data in Table 1 show that chromatin-modifying enzymes

contain only one type of chromatin recognition motifs

(Table 1). However, the number of domain copies may

change, and some histone-modifying enzymes contain two

tandem copies of the bromodomain, chromodomain or SANT

domain. This domain duplication could contribute to the

binding specificity, by increasing the stability of the enzyme-

dimodified histone, when the modifications are appropriately

spaced in the histone tail. Actually, this is the case for the

TAFII250 double bromodomain that binds to diacetylated H3 at

K9 and K14.(31)

Finally, allosteric changes induced upon association with

transcription factor complexes, and after interaction with the

modified chromatin, can also determine domain binding

specificity. For example SWI/SNF is recruited to the promoter

through the association of the BRG1 bromodomain with the

CBP-acetylated H4K8 tail.(20) The interaction with other

acetylated residues in H3 or H4 may be possible in vitro;

however, these interactions will not have sufficient strength to

ensure stable binding of SWI/SNF to CBP and the promoter.(20)

Histone-binding domains and

long-term regulation

The ideas discussed above can explain how combinations

of histone modifications and the chromatin-binding domains

that recognize them could regulate short-term transcription.

However, they do not completely address the critical issue

of what is their contribution to the establishment and

maintenance, and even the heritability, of long-term transcrip-

tional states. At present, it is well established that histone

modifications have the potential to exert long-term effects, for

example H3 methylated at K9 could initiate chromatin

condensation and silencing, in part due to its ability to bind

proteins such as HP1 through their chromodomains.(14,15)

However, the potential of a single modification to have such

long-term effects depends on the chromatin context in which

the modification is present. For example, in the context of

H3K4 and H4K20 methylated nucleosome, methyl-K9 H3

allows the binding of BRAHMA—the enzyme of the remodel-

ling dSWI/SNF complex, a mark to maintain a long-term

transcriptionally active locus.(16)

It has been proposed that chromatin-binding domains

could play a central role in helping to establish and maintain

long-term transcriptional states.(83) This would be due to the

ability of some enzymes to form self-sustaining marks in

chromatin, by stably binding their enzymatic products through

the chromatin-binding domains (Fig. 2B).(83) This stable

binding would in turn allow silencing and/or activating

complexes to self-perpetuate their potential. For example,

many HATenzymes bind preferentially to acetylated peptides,

in vitro binding assays, using their bromodomains.(84) More
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particularly, it has been found that the SAGA complex remains

anchored to acetylated arrays of nucleosomes through a

GCN5 bromodomain, even after removal of the transcription

factor VP16, thus providing a self-perpetuating activating mark

on chromatin domain.(33) In contrast the NuA4 complex, which

lacks a bromodomain, is not retained following removal of the

activators.(33)

In the same way, Czermin, Müller and colleagues have

shown that Enhancer Zeste, (E(Z)), has methyltransferase

activity(21,22) and H3 methylated by the E(Z) complex binds

specifically to polycomb protein, suggesting a direct rela-

tionship between H3 methylation by E(Z) and assembly of the

PcG silencing complex.(21)

While these data suggest a role for chromatin-binding

domains in the long-term transcriptional regulation, it is also

quite clear that long-term transcriptional regulation is a

complex process, requiring a subtle coordination between

histone modifications, DNA methylation and binding of

silencing RNA.(85,86)

Conclusions

The histone code hypothesis provides a useful conceptual

framework for understanding how gene expression is modu-

lated through covalent marks in chromatin. Particularly,

experimental data published during these last years reinforce

the idea that the functional effect (activation or repression) of

the translation of the histone code will depend (1) on the

combination of histone marks laid down by the enzymes

recruited to the gene (by a transcription factor or bromo/

chromo/SANT interactions), and (2) also on the chromatin

architecture of each gene.

Within this context, an issue that remains open is how

chromatin-modifying enzymes are targeted to their histone

templates. Recent studies show that some domains, able to

specifically recognise histones—chromo, bromo and SANT

domains—are also present in different chromatin-modifying

enzymes—HAT, HMT and ATP-dependent remodelling

enzymes—leading to the proposal that they could contribute

to the targeting of histone-modifying enzymes to chromatin

targets. Here we have reviewed the distribution of chromatin-

binding domains among chromatin-modifying enzymes, find-

ing that it is unequal and supporting the idea that these

domains can confer specific chromatin-binding properties to

the different enzyme families. In addition, we discuss how

factors such as sequence variability, domain copy number and

allosteric changes can contribute to modulate the domain-

targeting properties.
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