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Abstract

Histone methylation recognition is accomplished by a number of evolutionarily conserved protein
domains, including those belonging to the methylated lysine-binding Royal family of structural
folds. One well-known member of the Royal family, the chromodomain, is found in the HP1/
Chromobox and CHD subfamilies of proteins, in addition to a small number of other proteins that
are involved in chromatin remodeling and gene transcriptional silencing. Here we discuss the
structure and function of the chromodomain within these proteins as histone methylated lysine
binders, and how the functions of these chromodomains can be modulated by additional post-
translational modifications or binding to nucleic acids.

At the heart of epigenetic transcriptional regulation is the recognition of chromatin in active
or repressed states by proteins that directly or indirectly affect changes on transcription.
Whether chromatin is in an active or repressed state is reflected by the covalent
modifications found on the tails and cores of the DNA-packing histones. The deposition or
removal of these modifications coincide with gene transcriptional activation or silencing. In
recent years, a number of evolutionarily conserved domains have been identified that
interact with specific histone modifications associated with a particular transcriptional state.
Furthermore, many of these protein domains are capable of recognizing multiple levels of
valency (e.g. unmodified, mono-, di- and trimethylation). Proteins often contain tandem
repeat domains or multiple domains that have distinct, specialized histone recognition
modes. Two adjacent domains in combination may be required to recognize a single histone
modification, typically with one domain recognizing the modification and the other binding
neighboring residues in the histone sequence. Single domains have also been shown to
recognize two proximal modifications on the same histone tail. Although structural studies
have yet to show tandem domain recognition of multiple modifications, it is believed that
not only could this be possible, but that these modifications may occur on trans histone tails.
Therefore, recognition of combinatorial modifications offers a mechanism by which gene
transcription can be controlled in a subtly complex manner (1).

Chromodomains (2) are histone methylated-lysine recognition modules that belong to a
larger, structurally related family of protein domains referred to as the Royal family (3). The
Royal family includes Tudor, chromo-, Malignant brain tumor (MBT), PWWP and Agenet
domains and is descended from a common ancestral fold with an evolutionarily conserved
ability to recognize methylated ligands. The basic fold of these Royal domains includes a
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curved three-stranded B-sheet and an adjacent helix; for the non-chromodomain Royal folds,
additional strands help form a B-barrel structure sometimes referred to as a Tudor barrel. The
methylated ligand is coordinated by well-conserved two, three or four conserved aromatic
residues that form a “cage” around the moiety. A detailed summary of the different folds
involved in methylated histone lysine (and other histone modification) recognition has been
covered by a recent structure-based review (1). Here, we will describe recent advancements
in our understanding of the structure and function of chromodomains in transcriptional
regulation.

Chromodomains are found in a relatively small and specific group of

proteins

The number of proteins that contain chromodomains within the human genome is
surprisingly low given the complexity of site and state-specific histone lysine methylation in
gene transcription, and as compared to that of the acetyl-lysine binding bromodomain family
in humans (4). A phylogenetic tree (Figure 1A) generated by a sequence-based alignment of
all known chromodomains in the human genome and a minor structural variant, the chromo
barrel domain (Figure 1B), suggests that subfamily classification may give clues to the
functions of these domains within encompassing proteins. We propose three separate
subfamilies: The Heterochromatin protein 1 (HP1)/Chromobox (CBX) subfamily; the
Chromodomain helicase-DNA-binding (CHD) subfamily; and the chromo barrel domain
family. The chromodomains of HP1 and the CBX homologs of Drosophila Polycomb (Pc)
are highly related and thus are believed to have arisen from a common ancestor, with its
initial branch shared by the chromodomain-Y-linked (CDY) proteins and the histone H3
lysine 9 (H3K9) methyltransferase Suppressor of variegation 3-9 (suv39) homologs. While
structurally and functionally much more is understood of the HP1/CBX proteins in their
involvement in methylated histone H3K9 or K27 recognition, a methylated histone binding
role is expected for other uncharacterized chromodomains within this subset given their
ability in vitro to bind histone methylated lysines, and their colocalization with these histone
marks (5-8). The subfamily defined by the ATP-dependent chromatin remodeling CHD
proteins (9) are unique to the superfamily by possessing two tandem chromodomains.
Earlier work (10,11) has determined that these chromodomains could work cooperatively to
recognize methylated histones. Within the CHD subfamily are three distinct groups, i.e.
CHD1/2, CHD3/4/5, and CHD6/7/8/9. CHD1 is structurally better characterized than the
others, and together with CHD2 are also unique in their extended linker sequences found
between the first two B-strands (B4, B2) of the first chromodomain (Figure 1B). Furthermore,
the first chromodomains of CHD1 and CHD2 seem closely related to the second
chromodomains of the other CHD proteins, although the significance of this has yet to be
established.

The third subfamily is characterized by several proteins that contain domains inconsistently
classified as chromodomains by numerous automated domain predictor programs (12), but
have been described structurally as chromo barrel domains (13). These domains of Mortality
factor 4-like protein 1 (MORF4L1; MRG15 or Eaf3 in yeast) and Male-specific lethal 3
(MSL3) strongly resemble the chromodomain and interact with methylated histone peptides,
although their coordination is distinct from that of the classical chromodomain (discussed
below). AT rich interactive domain 4A and 4B (ARID4A and ARID4B), of which little is
known, might be expected to have similar methylated lysine binding properties based on
their sequence alignment, which may provide clues to their function. Key residues that are
not conserved in these domains but are found in HP1 and related proteins provided the first
indication that the fold was unlikely to be a canonical chromodomain (14) (see below and
Figure 1B).
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We note that the related chromoshadow domain, found C-terminal to the chromodomain of
HP1 isoforms, would reside on a separate branch of the phylogenetic tree if included with
the chromodomains, despite differing only slightly from the canonical topology with the
addition of an a-helix N-terminal to 1 (15,16). Only the second of the three aromatic cage
residues is conserved, and the domain does not recognize methylated lysines. Instead, it
forms a dimer to function as a protein-protein interaction domain.

Chromodomain-containing proteins are generally involved in chromatin
remodeling

Chromodomain-containing proteins generally are modular and many contain domain repeats
in tandem (Figure 2). We observe that chromodomains belonging to the same subfamily
(Figure 1) exhibit similar domain layouts, including the CHD protein subgroups (11). It is
interesting to note that all of the proteins contain chromodomains at their N-terminus, with
an exception of ARID4A and ARID4B, which have them in the middle of their sequences,
and CHD3 and CHD4, whose tandem chromodomains are preceded by an N-terminal
NUCO034/HMG-box helicase (CHDN) domain and a tandem pair of Plant homeodomain
(PHD) fingers.

Some proteins contain related folds within their sequences. ARID4A and ARID4B contain
an N-terminal Tudor domain, which is structurally related to the chromodomain and can
recognize methylated lysines on both histone and non-histone proteins; and the HP1 proteins
contain the chromoshadow domain at its C-terminus. Other proteins contain domains that
have been associated with chromatin remodeling, such as PHD fingers (found in CHD3 and
CHD4), which can recognize methylated and unmethylated histone H3K4; Swi3p, Rsc8p
and Moira (SWIRM) and Swi3, Ada2, N-CorR, TFIIIB (SANT) domains (found in SWI/
SNF related, matrix associated, actin dependent regulator of chromatin subfamily ¢ member
1 and 2, or SMARCC1 and SMARCC?2), which recognize nucleosomal DNA, and the pre-
Suv39, Enhancerof-zeste, Trithorax (SET), SET and post-SET domains (found in Suv39
homologs 1 and 2) which are associated with the catalytic activity of histone
methyltransferases.

The functions of human chromodomain-containing proteins are predominantly related to
chromatin remodeling and gene transcription, although several proteins are known for their
involvement in DNA damage repair, differentiation and senescence (Table 1). Most function
as part of larger multiprotein complexes that effect transcriptional repression. Given these
essential roles, up- or down-regulation of gene expression is frequently observed in cancer
and numerous other diseases. Beyond the human genome, interestingly, very few
chromodomains have been found in proteins outside the nucleus, with one notable exception
being the chloroplast signal recognition particle protein cpSRP43 in Arabidopsis (17). Its
three chromodomains are most closely related to the second chromodomains of CHD6-9,
although no methylated or unmethylated substrate has been identified.

Contributions of the chromodomain to protein function

The prototypical chromodomain, described within the HP1 proteins, recognizes di- and tri-
methylated histone H3K9 (18,19), which is essential for the recruitment of HP1 to sites of
repressed chromatin (e.g. heterochromatin, for which HP1 is named). Similarly, the CBX
proteins, which contain a sequence- and structurally-similar chromodomain at their N-
termini, are known to be recruited to di- or tri-methylated H3K27 and function in a
Polycomb repressive multi-protein complex involved in the regulation of genes associated
with development and differentiation (20). CDY1 was also shown to bind to H3K9me (7),
which points to a role in gene repression. Human CHD1 has been shown to recognize
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H3K4me, although, surprisingly, a single mark is bound by the tandem chromodomains (10)
(see below). Unlike H3K9me and H3K27me, this mark is traditionally associated with
active transcription. There is conflicting evidence regarding the ability of Chd1 to recognize
H3K4me in yeast (10,11,21-24). However, it appears that its localization and function is
somewhat independent of H3K4 methylation (25-30). Nevertheless, the chromodomains
appear to be important for association with actively transcribed chromatin, and this is
independent of either methylation at H3K4 or K36, although these modifications may yet be
important for Chd1/Rpd3S-mediated maintenance of chromatin structure during
transcription (28). It is interesting to note that Rpd3S subunit Eaf3 contains a chromo barrel
domain capable of binding H3K36me3 (see below). Additionally, the chromodomains of
Chdl, independent of direct histone modification interactions, counteract the activity of
Facilitates chromatin transcription (FACT) complex (25).

Thus far, the chromodomain has been predominantly characterized as a methylated histone
lysine binding module. The chromodomain of HP1 has also been shown in vitro to bind to
nonhistone protein G9a, a histone methyltransferase, bearing a similar, conserved sequence
flanking a self-methylated lysine (31), although the function of this interaction is unclear.
Nevertheless, this study shows that binding partners for the chromodomain are not
necessarily restricted to histones, as has been shown for other structural folds. All Royal
domains (except the plant Agenet domain) have been characterized as general methylated
substrate binding modules, suggesting that their common ancestor also recognized
methylated ligands (3). While tempting to speculate that ligands for as-yet uncharacterized
chromodomains will be methylated lysines, we note that the Mi-2/nucleosome remodeling
and deacetylase (NuRD) chromatin remodeling complex, of which CHD3 and CHD4 are a
part, preferentially binds the unmodified H3 tail (32,33), while neither pair of
chromodomains in these proteins appear to have the residues expected to be important for
methylated lysine binding (24).

Chromodomains for which a binding substrate has not yet been identified also highlight the
possibility of novel functions for the proteins that contain them. For example, the
retrotransposon Tf1 integrase from Schizosaccharomyces pombe, which integrates into Pol
Il promoter regions, contains a chromodomain that has been directly implicated in the
frequency of integration by mediating Tf1 binding to DNA, as well as the selectivity of
integration site targeting (34). However, since the chromodomain is unable to directly
associate with either DNA or histones, it is possible that Tf1 is regulated by the recognition
of an as-yet unidentified substrate and/or modification on chromatin.

The fact that the principal function defined for the chromodomain is the recognition of
methylated lysine points to the possibility of cross-talk or competition between
chromodomain-containing proteins and a requirement for additional interactions to confer
specificity. For example, several CBX isoforms are able to bind methylated H3K27, yet they
control the transcription of non-redundant genes and have unique chromatin localization
patterns that depend upon multiple factors such as differentiation state and cell cycle stage
(35,36). It is believed that their unique C-terminal domains help establish this specificity. In
S. pombe, the Suv39 homolog Chpl (which contains an H3K9me-recognizing
chromodomain) assists in methylation of H3K9 on newly deposited nucleosomes and
recruits the RNA-induced transcriptional silencing (RITS) complex to chromatin.
Acetylation at H3K4 ejects Chpl from transcriptionally active heterochromatin, thus
enabling the recruitment of Chp2/Swi6 (homologs of HP1), which is insensitive to the
acetylation mark, to enable re-assembly of heterochromatin at S/G, (37).
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Structural insights into the chromodomain interaction with methylated

lysine

The prototypical chromodomain of HP1 was the first to be characterized structurally at an
atomic level and provided insight into its function as a methylated histone lysine binding
domain (14,38,39) (Figure 3A). The fold is a curved anti-parallel p-sheet comprising three
strands (B1, B2, B3) with helix a; occurring between B, and B3 and helices ay and o3
following B3 (Figure 1B). The methylated histone peptide in the complex structure is
accommodated by a hydrophobic groove and forms a B-strand that either contributes to the
curved B-sheet (40), mimicking the four-stranded barrel found in Tudor domains, or forms a
second smaller B-sheet with B3 and the N-terminus of 1 (39) (Figure 3A). Histone
recognition is accomplished by a conserved “cage” of three aromatic residue side chains
(Y21, W42, F45 in HP1B; Figure 1B) that interacts with the methylated lysine moiety via
cation-w interactions (41). In vitro measured affinities for di- or tri-methylated lysine ligands
by a chromodomain is typically in the micromolar range for most proteins and their
presumed in vivo substrates (10,42). The HP1/CBX chromodomain interaction is virtually
the same for di- or tri-methylated lysines, although the additional methyl group improves the
affinity by enabling more polar and van der Waals interactions with the chromodomain
binding pocket (39,41,43). The second and third aromatic residues are within a highly
conserved loop sequence of hydrophobic and basic residues between 8, and 33, and these
two are far more conserved among all chromodomains than the first aromatic residue
(Figure 1B). Interestingly, the first aromatic residue, which resides at the beginning of B,
appears to be within a highly flexible region in the absence of a ligand, suggesting that the
cage may not be preformed in the absence of the ligand (K. Yap and M.-M. Zhou,
unpublished observations).

The interaction between chromodomain and methylated histone lysines extends beyond the
methylated moiety. In all complex structures, but especially for the CBX chromodomains,
several contacts are observed between the binding pocket of the chromodomain and residues
up to three positions N-terminal of the methylated residue on the histone peptide. The
interaction is more extensive for the CBX chromodomains, with a larger surface area buried
by peptide binding (40). Additional hydrogen bonds stabilize the p-strand formed by the
histone peptide to extend the B-sheet (44). In contrast, methylated ligands do not penetrate
deeply into the pockets of the related MBT domains, which bind lower-state methylated
lysines via a “cavity insertion recognition” mode (45).

The CHD proteins contain two tandem chromodomains at their N-terminus and have been
implicated in chromatin remodeling. CHD1 is structurally the best characterized of the nine
isoforms found in human, and its two chromodomains bind to a single histone H3 peptide
methylated at K4 (10) (Figure 3B). The methylated lysine is coordinated in part by the latter
two of the three aromatic residues (W322, W325) that are conserved in most
chromodomains (Figure 1B), although E272, which aligns with the first cage residue, faces
toward the methyl-lysine moiety. Y295 within helix ag, inserted between B, and B, of the
first chromodomain, contributes to the binding of H3T3, K4me and Q5. The equivalent
“cage” residues of the second chromodomain (Q389, W413, L416) do not participate in
peptide coordination; instead, acidic residues within the insert (D408) and B3 (E424) are in
contact with H3A1. CHD2, which is closely related to CHD1 yet contains a longer insert
within its second chromodomain (Figure 1), binds H3K4me with much lower affinity and
has been hypothesized to require an additional factor or modification to fully enable its
interaction with H3K4me (11). CHD7 and CHD9 tandem chromodomains, which are in a
subclass distinct from CHD1 and CHD2 and are related to CHD6 and CHDS8 (Figure 1A)
have also been demonstrated to interact in vitro with methylated histone peptides, while the
chromodomains of CHD3 and CHD4, which are in a subclass with CHD5, appear to have
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greater affinity for DNA and do not require binding to histone tails to associate with
chromatin (46).

Chromo barrel domains

The chromo barrel domain is often misidentified as a chromodomain in literature, despite
their clear distinction within the phylogenetic tree (Figure 1A). SMART identifies some
occurrences of these domains as Tudor-knot folds. The chromo barrel domain contains a
strand (Bg in Figure 3C) that precedes the chromodomain fold, mimicking the strand formed
by the methylated histone peptide in the chromodomain complex; another strand, By, in the
place of ay of the chromodomain; the N-terminal tail displaces the C-terminal helix such that
it is packed against the p-barrel (Figure 3C). The latter two of three aromatic cage residues
are conserved, and the first aromatic is found only in ARID4A/B and MORF4L1/MSL3
chromo barrel domains. Previously the chromo barrel domain was characterized as an RNA-
binding module, and mutation of the second aromatic cage residue of histone H4K16
acetyltransferase Males absent on first (MOF/MY ST1) was shown to abolish binding to
rox2 non-coding RNA (47); however the interaction of the chromo barrel domain is believed
necessary but not sufficient for MOF interaction with RNA, while other regions outside the
chromo barrel domain may be important (48). Furthermore, no binding to modified histones
was observed, leading to the suggestion that the lack of conservation of the first and third
aromatic residues may distinguish this and other chromo barrel domains in terms of
functionality (13). Indeed, it was shown that other chromo barrel domains with these
conserved residues could interact with methylated histone peptides in a manner somewhat
similar to that of the chromodomains (49-51) but with ~10-100 fold weaker affinities. To
obtain a complex structure and circumvent the problem of poor affinity, an H3K36me2
peptide was fused to the C-terminus of the chromo barrel domain of yeast Eaf3 (50) (Figure
3C, left). The structure illustrates how the methylated lysine still occupies the binding cleft
coordinated by an aromatic cage, but the rest of the peptide is oriented on the periphery of
the surface, and the methylated lysine side chain is rotated 100° away from its position in the
chromodomain complex structure (Figure 3C, center). A fourth aromatic residue that lies
just outside the third cage residue and is otherwise only conserved in the CBX
chromodomains provides additional contacts with the methylated lysine. Another study
showed that the Rpd3S complex requires both the PHD finger from the Rcol subunit and the
chromodomain of Eaf3 to recognize H3K36-methylated nucleosomes (52) suggesting how
the interaction would occur in vivo. Recently, it was reported that the chromo barrel domain
of MSL3 (a mammalian homolog of Eaf3) interacts with monomethylated H4K20, but only
in the presence of DNA (53), although a longer construct or induced dimerization of the
domain may alleviate this requirement (54). Unlike H3K36me2, this modification has been
associated with active transcription (55, 56), genomic stability and entry into prometaphase
(57). Moreover, the MSL3 chromo barrel domain in the presence of DNA does not interact
with either H3K36me3 or H4K20me3 (54). The ternary structure of MSL3 chromo barrel
domain, H4K20mel peptide and DNA (Figure 3C, right) shows that the monomethyl group
inserts into a four-residue cage and is additionally hydrogen-bonded by a water molecule.
Despite the requirement for DNA, which packs against the histone peptide, f3 and loop
between B3 and B4 and the third and fourth cage residues, the position of the methylated
peptide is very similar to that of the Eaf3-fused H3K36me2 complex structure. Eaf3
contains an extensive linker that contributes an additional strand and helix folding against
the B-barrel (49, 50) and would prevent a DNA interaction as observed in the MSL3 ternary
complex. Another mammalian homolog of Eaf3, Mortality factor related gene 15 (MRG15),
which does not contain this linker, has also been shown to bind di- or trimethylated H3K36
(51), but its DNA-binding capability has not been assessed, so it is unclear if this is a general
mode of recognition for these chromo barrel domains.

Biochemistry. Author manuscript; available in PMC 2012 March 29.
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Altering specificity and functionality of the chromodomain

The binary switch

Histone lysine residues that are methylated often occur adjacent to a serine or threonine
residue, phosphorylation of which can block binding of the effector protein. This “binary
methylation-phosphorylation switch” mechanism allows for the cell cycle-dependent
regulation of chromatin binding proteins while maintaining the methylation throughout
multiple generations. The binding of HP1 isoforms to chromatin is regulated in this manner;
phosphorylation of H3S10 by the kinase Aurora B prevents interaction of the chromodomain
with H3K9me3 during mitosis. Removal of HP1 from chromosomes during mitosis is
thought to be a necessary step to allow for proper chromosome condensation and
segregation. This enables the H3K9me3 mark to remain in place and recruit back HP1 when
S10 is dephosphorylated at the end of mitosis (58). This binary mechanism is not restricted
to interactions involving H3K9me3, as H3T3 phosophorylation has been found to regulate
H3K4 methyl interactions (10,59), while H3S28 phosphorylation has been speculated to
regulate H3K27 methyl interactions with Polycomb Group proteins (60).

The molecular mechanism of the “binary switch” is explained by structures of HP1
chromodomain-H3K9me complexes that reveal how a bulky and negatively charged
phosphate on S10 would disrupt the interaction and lead to expulsion from chromatin
(Figure 4). In addition, it was proposed that the two modifications together on the tail might
also assume a different conformation (61) that might further prevent association with the
chromodomain. Furthermore, phosphorylation of H3T3 reduces affinity of the CHD1
tandem chromodomains for an H3K4me3 peptide about 30 fold, and the structure shows that
H3T3ph inserts into a cleft formed between the two chromodomains (10). Phosphorylation
of T3 during mitosis disrupts CHD1 binding to H3K4me3 in vivo, with dephosphorylation
enabling CHD1 to bind again during telophase, suggesting the presence of another binary
switch.

Dimerization via the chromodomain

Recently, it was reported that HP1 homolog Swi6 in S. pombe binds to mononucleosomes as
a tetramer, with dimerization occurring via both chromo shadow and chromodomains to
establish specificity for the H3K9me mark on chromatin (62). Mutations made to residues
V82, immediately adjacent to the first aromatic cage residue Y81 in B4, and Y131 within ag,
result in strengthening the chromodomain-chromodomain association and increasing
specificity significantly. Dimerization via the chromodomain may only occur in HP1, while
Y131 is well conserved across all HP1/CBX and some CHD chromodomains, a hydrophobic
residue at the V82 position is unique to HP1 isoforms. Notably, it has also been shown that
both H3K9 methylation binding and oligomerization of CDYL1b is necessary for
heterochromatin association, although how this would be mediated is unknown (63).

Post-translational modifications to the chromodomain

Little has been reported about post-translational modifications to the chromodomain
affecting its activity, although phosphorylation, sumoylation and acetylation have been
reported to occur on many chromodomain-containing proteins. Phosphorylation and N6-
acetylation sites found within chromodomains are for the most part the result of genomic-
scale mass spectrometry studies, functionally uncharacterized, and often on non-conserved
residues. Previously a number of post-translational modifications within the HP1 isoforms
were characterized, including lysine acetylation and methylation throughout both
chromodomain and chromoshadow domains, and formylation at highly conserved lysines
adjacent to the second aromatic cage residue (64).
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Casein kinase Il (CKII) is a kinase found associated with several chromodomain-containing
proteins, including HP1 (65), CBX8 (66,67) and CHD1 (68). Phosphorylation at S15 at the
N-terminus of Drosophila HP1 by CKII leads to a large decrease of HP1 binding to
heterochromatin (65,69); however, this residue is not conserved in mammalian HP1 or CBX
proteins. Conversely, phosphorylation at two serine residues (S11, S14) by CKII at the N-
terminus of mammalian HP1o was shown to increase affinity for methylated H3K9,
although the effect may be predominantly due to HP1a interaction directly with K14 and
K18 on the H3 tail, C-terminal to methylated K9 (70). Phosphorylation by CKII of a well-
conserved threonine, T51, on HP1p (Figure 1B) that lies just outside the aromatic cage is
important for HP13 mobilization, leads to phosphorylation of histone H2AX and initiation
of the DNA damage response (71). Phosphorylation or mutation of this residue has been
shown to abolish binding to H3K9me3, potentially due to the disruption of hydrogen bonds
that normally stabilize interaction with the methylated lysine. In contrast, another study
showed that CKII treatment of mouse CBX2 results in modestly increased affinity for
H3K27me3, and slightly decreased affinity for H3K9me3 (72). However, because CKII may
phosphorylate CBX2 at multiple sites, this change in binding affinities may not be due to
phosphorylation at the site equivalent to HP1p T51.

Binding of nucleic acids to the chromodomain

In addition to the characterization of some chromo barrel domains as RNA binding modules
(see above), a handful of chromodomains have been characterized as nucleic acid binding
domains, which had been suggested given the chromodomain's structural similarity to the
oligonucleotide/oligosaccaride binding (OB)-fold (73). The tandem domains of Drosophila
Mi-2 (a homolog of CHD3) are required for its ATPase activity and associate with
nucleosomes independent of histone tail binding, instead preferentially binding DNA (46).
HP1 recruitment has been suggested to be dependent on RNA transcripts, although it has not
been demonstrated that any binding is direct (74) and if so, whether the interaction would
occur through the chromodomain; a hinge region between the chromodomain and
chromoshadow domain has been shown to bind RNA that, coordinated with methylated
lysine binding by the chromodomain, enables HP1a. to be recruited to heterochromatin (75).
Furthermore, this hinge region may be important for non-specific DNA and linker histone
binding in native chromatin in which the H3K9me mark is inaccessible (76).

The chromodomains of several mammalian CBX isoforms were shown to interact with
RNA, suggesting a mechanism for how these proteins can associate with inactive X
chromosome in silencing, and mutations within the aromatic cage of CBX7 result in
disruption of Xi localization, suggesting that binding the non-coding RNA is important for
CBX7 recruitment to target loci (5). Recently we reported that both H3K27me and RNA
interactions with the CBX7 chromodomain, which employ slightly overlapping yet distinct
surfaces for binding, are necessary for its function in controlling senescence and modulating
p16'NK4a repression (77). Binding of the two ligands is negatively cooperative, suggesting
that local concentrations of either the H3K27me mark or RNA at the target locus may
dictate what is bound to CBX7. Although non-coding RNA has been increasingly
recognized as an important factor in transcriptional control, to our knowledge this is the only
chromodomain that has been functionally characterized as both a methylated lysine binding
module and an RNA binding domain, for which both interactions appear to be important for
its targeting and retention at its target locus. Although structurally distinct from a
chromodomain, the recent study of the ternary complex of MSL3 chromo barrel domain,
H4K20mel and DNA suggests a novel multi-nucleosomal interaction with the MSL3
protein (53) that offers yet another tantalizing model for chromodomain-mediated gene
recruitment and transcriptional regulation.
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Most chromodomains found in the human genome function as methylated histone lysine
binding domains via conserved residues, facilitating recruitment to chromatin. Other
functions, such as nucleic acid recognition, may be mediated by residues unique to each
chromodomain. More diverse functions are associated with chromodomain-containing
proteins due to other modular domains that work in concert with the methylated lysine
binding capacity. It remains to be seen if other histone modifications are capable of being
recognized by the chromodomain, as is the case for the PHD finger (77), but evolutionary
evidence suggests this is less likely. Instead, we may expect to see more examples of nucleic
acid and histone methylation co-recognition, or post-translational modifications to the
chromodomain, as more accurate portrayals of chromodomain function in vivo.
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Figure 1.

Chromodomains and chromo barrel domains in the human genome. A, Unrooted
phylogenetic tree of chromodomains and chromo barrel domains (in green). B, Alignment of
sequences used to generate the tree in A. Residue numbers of first and last amino acids in
the alignment are noted. Secondary structure elements (orange, denoted o for helices; cyan,
denoted B for strands) defined for HP1f (from PDB code 3F2U), Pc (1PDQ) and CHD1
(2B2W) are shown at top, and those defined for MSL3 chromo barrel domain (3M9P) are
shown at bottom. Subgroups within the chromodomain superfamily are colored separately.
Residues highlighted in yellow form the aromatic cage; those in magenta are additional
aromatic residues known from structural studies to supplement the coordination of the
methylated lysine; those in bold are well-conserved residues structurally on the periphery of
the aromatic cage, with non-conserved residues highlighted in black; those in green are
conserved phosphorylatable residues at the position of a residue known to be phosphorylated
by casein kinase Il in HP1. Those marked with an asterisk are notable residues conserved in
chromodomains but not among chromo barrel domains.
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Figure 2.

Domain layout of human chromodomain-containing proteins. Chromo barrel domains are
denoted by asterisks. CD: chromodomain. RBB1NT: N-terminal to ARID/BRIGHT domain
in Rb-binding protein 1 family. CHSH: chromoshadow domain. ANK: four ankyrin repeats.
DEXDc: DEAD-like helicase domain. HELICc: helicase domain. HD-like: homeodomain-
like. CHDN: N-terminal NUC034/HMG-box helicase domain. DUF1087, DUF1086:
domains of unknown function. CHDCT2: C-terminal NUCO038 helicase domain.

Biochemistry. Author manuscript; available in PMC 2012 March 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Yap and Zhou Page 20

H3K27me3

L

H3K4me3

H4K20me1 ( \;,
N\

5 Environment

aro3

Figure 3.

Structures of chromodomains and chromo barrel domains. Secondary structure elements are
labeled as defined in Figure 1B and the text. Residues interacting with the methylated lysine
are labeled in inset images. A, Chromodomain of uncomplexed HP13 (PDB code 3F2U,
magenta) and Drosophila Pc (1PDQ, red) in complex with H3K27me3 peptide (yellow). B,
CHD1 (2B2W) chromodomains 1 (light purple) and 2 (dark blue) in complex with
H3K4me3 (yellow). C, Left, chromo barrel domain of Eaf3 (2K3Y, green) in complex with
fused H3K36me2 peptide (purple). Right, MSL3 chromo barrel domain (3M9P, light green)
in complex with H4K20mel peptide (cyan) and DNA (orange). B-strand that mimics the H3
peptide of the Pc complex is indicated with an asterisk. Center, aromatic cage residues that
coordinate the methylated lysine of Pc+H3K27me3 (red/yellow), Eaf3+H3K36me2 (green/
purple) and MSL3+H4K20mel (light green/cyan) complex structures.
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Figure 4.

Depiction of H3K9me3 and S10 side chains in the Pc-H3K27me3 structure, with Pc
depicted in surface representation. Polar contacts made between the side chain of Pc E58
and H3S10 (backbone nitrogen in blue, side chain oxygen in red and denoted Oy) illustrate
how phosphorylation at S10 could disrupt the interaction. Aromatic cage residue side chains
are also shown in stick representation.
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Protein@

Functions in mammals?

Functional Contributions of
CDs

Human Disease Relevance

CBX1 (HP1B) Refs
(19,58,71,78-83)

(All HP1 isoforms) Heterochromatin
formation and transcriptional repression;
interacts with SUV39H1; interacts with
KAP1, DNMT1 for euchromatic gene
silencing; recruited to UV-induced DNA
damage and double strand breaks;
dynamic exchange with other HP1
isoforms for maintaining stable
heterochromatic state; cell cycle-
dependent localization.

(All HP1 isoforms) H3K9me
binding, ejected by H3S10ph
during M phase; possible
localization by binding to
H1.4K26me, ejected by
H1.4S27ph; binds H3K23me1;
multimerization mediated by
CD for heterochromatin
spreading (yeast). (CBX1-
specific) T51 phosphorylation
with mobilization releases
HP1p from chromatin.

Low expression associated with
melanoma progression.

CBX3 (HP1y) Ref See CBX1. (CBX3-specific) Regulation See CBX1.
(19,58,79,81-84) of cell differentiation.
CBX5 (HP1a) Refs See CBX1. (CBX5-specific) Interacts See CBX1. Alters invasive potential of

(19,58,79,81-83,85,86)

with linker H1; neuronal terminal
differentiation; interacts with BRG1 to
negatively regulate SWI/SNF chromatin
remodeling.

breast cancer cells requiring
HP1 dimerization but not
PXVXL interaction.

CBX2 (Pc1/M33) Refs
(5,35,72,87-89)

(All Pc isoforms) Chromatin recruitment
module of Polycomb Repressive Complex
1, interacts with Ring1B; different
isoforms have distinct localization and
mobility patterns within chromatin;
enriched on Xi (except CBX4). (CBX2-
specific) Repression of ovarian
development in XY gonads possibly by
regulation of SRY or WT1.

(All Pc isoforms) H3K27me
reader of PRC1. Differential
affinities for H3K9me,
H3K27me and RNA (except
CBX2 cannot bind RNA).
(CBX2-specific) S42
phosphorylation leads to minor
changes in affinity for H3K9me
and H3K27me.

Overexpression in diploid breast
carcinoma.

CBX4 (Pc2) Refs
(5,35,87,90,91)

See CBX2. (CBX4-specific) Target of
SENP2 desumoylation enzyme in cardiac
development; SUMO E3 ligase; tumor
suppressor.

See CBX2.

CBXG6 Refs (5,35,87,92)

See CBX2. (CBX®6-specific) Distinct
distribution and mobility properties,
weaker interaction with endogenous
Ring1B and Polycomb group target genes
suggest a different role from other Pc
isoforms, although chromobox can still
bind Ring1B.

Binds H3K27me3 weakly.

CBX7 Refs (5,93)

See CBX2. (CBX7-specific) Cellular
lifespan extension and senescence;
regulation of Ink4a/ARF locus; binds Xist
RNA in X inactivation.

See CBX2. (CBX7-specific)
Association with RNA.

Up- or downregulation in
several cancers. Marker of poor
prognosis. Initiates repression of
genes silenced with cancer-
specific DNA hypermethylation.

CBX8 (Pc3) Refs
(5,35,94)

See CBX2. (CBX8-specific) Regulation
of Ink4a/ARF locus, dependent on Bmil.

See CBX2. (CBX8-specific)
Necessary for nuclear
localization.

CDY1/2 Refs (6,7,95)

HAT with preference for H4, H4
hyperacetylation during spermatogenesis;
colocalizes with CBX1/HP1b.

Binds H3K9me1/2/3,
H1.4K26me3, H3K27me2/3,
G9aK185mel/3.

Marker for various male sex
chromosomal abnormalities.

CDYL1 (CDYL) Refs
(95-97)

Spermatogenesis; transcriptional co-
repressor, binds HDACs and CoA; HAT
activity in vitro; REST corepressor that
interacts with REST and G9a.

Methylation by G9a outside CD
abolishes H3K9me3
interaction.

CDYL2 Refs (7,96)

Spermatogenesis.

Binds H3K9me1/2/3,
H1.4K26me3, H3K27me2/3,
G9aK185mel/3.
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Protein@

Functions in mammals?

Functional Contributions of
CDs

Human Disease Relevance

MPP8 Refs (98)

Probable involvement in M-phase
functions, phosphorylation-dependent;
localized to nucleus during interphase,
throughout the cell during M phase.

Binds H3K4me3; H3K9me2/3
binding leads to recruitment of
E-cadherin, then DNMT3A.

Up-regulated in carcinomas,
function in tumor progression,
repress tumor suppressor gene
expression.

SUV39H1 (KMT1A)
Refs (99-101)

HMT for H3K9me3 to establish
constitutive pericentric heterochromatin;
S-phase gene silencing during
differentiation.

Binding to H3K9me essential
for spreading of
heterochromatin (yeast Clr4).

ERalpha transcription in breast
cancer; RB1 mutants found in
human cancers can't bind
SUV39H1,; higher expression in
colorectal tumors;
lymphomagenesis.

SUV39H2 (KMT1B)
Refs (100,102)

Formation of pericentric heterochromatin
via H3K9 trimethylation.

SNP in 3’-UTR associated with
increase in lung cancer risk.

CHD1 Refs (10,103-105)

Regulation of RNA polymerase I1
transcription; ATP-dependent chromatin
assembly; pluripotency of ESCs.

Tandem CDs recognize
H3K4me3. Acidic linker helix
gates DNA access to ATPase
motor.

CHD2 Refs (11,106,107)

Development, hematopoiesis, tumor
suppression; kidney function.

Binds H3K4me3 more weakly
than CHD1, possibly gated by
phosphorylation.

Differential expression in
urinary bladder cancer;
translocation disruption results
in scoliosis.

CHD3 (Mi-2a) Refs
(10,46,108-110)

NuRD HDAC and repressive complex;
transcriptional repression or co-activator
of c-Myb.

DNA binding by Drosophila
Mi-2 CDs in nucleosome
binding and mobilization.

Dermatomyositis autoimmune
disease resulting in
autoantibodies against CHD3/4.

CHD4 (Mi-2b) Refs NuRD complex; checkpoint signaling and | See CHD3. See CHD3.
(46,108-111) DNA damage repair; promotes CD4 gene

expression during T cell development.
CHDS5 Refs (46,112) Tumor suppressor that controls See CHD3. Downregulated through

proliferation, apoptosis and senescence
via the p19ARF/p53 pathway.

promoter hypermethylation,
mutation in several types of
cancer.

CHD6 Refs (11,113,114)

Interacts with Nrf2 transcription factor in
cellular redox homeostasis; cell
proliferation and radiosensitivity;
transcription preinitiation and elongation
via RNA pol Il

Possible shared coordination of
methylated lysine by both CDs.

TCF4 translocation leads to
mild retardation related to Pitt-
Hopkins syndrome.

CHD7 Refs (11,115-118)

Neural crest formation and cell motility;
inner ear development; ribosomal RNA
biogenesis; enhancer mediated
transcription.

See CHDG6.

Mutations in CHARGE and
Kallmann syndromes; idiopathic
scoliosis.

CHDS Refs (119-122)

AR-mediated or beta catenin-mediated
transcription; HOXA2 and cyclin E2
expression; interacts with CHD7;
suppresses p53-mediated apoptosis.

H3K4me2 binding to both CDs
similar to CHD1, possible
chromatin recruitment.

Idiopathic developmental delay
and cognitive impairment.

CHD9 Ref (11,123)

Osteogenic cell differentiation.

See CHDG6.

TIP60 (KATS) Refs
(124,125)

NuA4 HAT complex; tumor suppressor,
apoptosis, DNA repair, cell cycle
progression; H2A and H4 HAT,
acetylation and activation of ATM.

H3K9me3 binding activates
HAT, dependent on DNA
damage-induced displacement
of HP1b from H3K9me3.

Low levels in several cancers;
prostate cancer cell
proliferation; implicated in
Alzheimer's disease

MYST1 (MOF/MOZ)
Refs (126-128)

MSL H4K16 HAT complex; cell cycle,
DNA repair; associates with H3K4 HMT
MLL1 for transcriptional activation.

Interaction with ATM.

ARID4A (RBBP1) Refs
(129-131)

mSIN3 HDAC complex; binds Rb,
promotes repression and growth arrest.

Leukemia suppressor gene

ARID4B (RBBP1L1)
Refs (130,131)

mSIN3 HDAC complex

Molecular marker for several
cancers; leukemia suppressor
gene

MORFAL1 (Eaf3/
MRG15) Refs (132,133)

NuA4 HAT and mSIN3 complexes;
transcriptional repression, cell

Assembly of MAF2 complex
(with MOF) and HAT activity
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Protein@

Functions in mammals?

Functional Contributions of
CDs

Human Disease Relevance

proliferation and aging, DNA damage
repair, gene splicing.

MSL3 (MSL3L1) Refs
(128,134-136)

MSL H4K16 HAT complex; X
inactivation.

Nucleic acid (RNA, ssDNA)
binding. H3K36me3 binding, X
chromosome gene association,
MSL complex spreading to
active genes in cis.

Refs (138-140)

transcriptional activation and repression.

SMARCCI1 (BAF155) SWI/SNF, WINAC, BRG complexes; Up-regulated in prostate cancer,
Refs (137,138) transcriptional activation and repression, tumor recurrence.
heterochromatin formation, chromatin
compaction during differentiation.
SMARCC2 (BAF170) SWI/SNF, WINAC, BRG complexes; Reduced cell viability in

primary chronic lymphocytic
leukemia cells. Dysregulation in
testicular germ cell, squamous
non-small cell lung cancers.

a . . . . A
References cited are representative only. We apologize to all authors whose work are not cited due to space limitations.

bAbbreviations: CD, chromodomain. HAT, histone acetyltransferase. HMT, histone methyltransferase. HDAC, histone deacetylase.
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