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Abstract

Chromatin remodeling enzymes contribute to the dynamic changes that occur in chromatin structure
during cellular processes such as transcription, recombination, repair, and replication. Members of
the chromodomain helicase DNA-binding (Chd) family of enzymes belong to the SNF2 superfamily
of ATP-dependent chromatin remodelers. The Chd proteins are distinguished by the presence of two
N-terminal chromodomains that function as interaction surfaces for a variety of chromatin
components. Genetic, biochemical, and structural studies demonstrate that Chd proteins are
important regulators of transcription and play critical roles during developmental processes.
Numerous Chd proteins are also implicated in human disease.
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Introduction

The regulation of genes is a highly coordinated process that involves the ordered recruitment
of transcriptional machinery components in concert with alterations in chromatin structure.
Chromatin remodeling enzymes play critical roles in organizing genomic DNA within the
native chromatin state. These highly conserved enzymes can be divided into two classes: those
that mediate post-translational histone modifications and those that utilize energy derived from
ATP hydrolysis to alter the histone-DNA contacts within the nucleosome. These modulators
alter the chromatin structure by regulating the accessibility of nucleosomal DNA, shielding
certain DNA regions while exposing others for interaction with the cell's regulatory machinery.

Targeted covalent modifications of specific histone residues specify particular events in
multiple cellular processes, including transcriptional activation and silencing. Numerous
chemical modifications of the histone proteins occur; these include acetylation, methylation,
phosphorylation, ubiquitination, sumolation, and ADP-ribosylation [1]. These modifications
affect local chromatin structure and also affect higher-order folding of the nucleosomal fiber.
In contrast, multisubunit complexes that utilize energy derived from ATP hydrolysis alter
chromatin structure by disrupting or mobilizing nucleosomes. Each of the identified ATP-
dependent chromatin remodeling enzymes contains an ATPase subunit that belongs to the
SNF2 superfamily of proteins [2,3]. Based on the presence of other conserved domains, these
enzymes are further classified into the SWI/SNF (mating type switching/sucrose non-
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fermenting), ISWI (imitation switch), INO8O0 (inositol), and CHD (chromodomain helicase
DNA-binding) families.

The SWI/SNF family contains yeast SNF2 and STH1, Drosophila melangaster brahma
(BRM), and mammalian BRM and brahma-related gene 1 (BRGL1). The distinguishing feature
of these proteins is a bromodomain, which recognizes the acetylated lysine residues on the N-
terminal tails of histones [4,5]. The ISWI family comprises yeast homologues Isw1 and Isw2
and mammalian homologues SNF2H and SNF2L. These enzymes are characterized by a SANT
domain, which functions as a histone-binding module [4,6]. The INO80 member of the family
is the only chromatin remodeling protein in which DNA helicase activity has been observed,
and evidence indicates a role for this complex in the facilitation of DNA repair [7,8]. Lastly,
the CHD family includes a number of proteins that are highly conserved from yeast to humans,
though the function of many of these proteins remains unknown or poorly characterized [9,
10] (Table 1). This review highlights the progress made in understanding the function of the
CHD family of proteins.

Signature Motifs of the Chd proteins

The CHD family is characterized by two signature sequence motifs: tandem chromodomains
located in the N-terminal region, and the SNF2-like ATPase domain located in the central
region of the protein structure [9,10]. The SNF2-like ATPase domain defines the ATP-
dependent chromatin remodeling proteins. This domain contains a conserved set of amino acid
motifs that has been found in proteins involved in a myriad of cellular processes including
chromatin assembly, transcription regulation, DNA repair, DNA replication, development and
differentiation [8,11,12].

The chromodomain (chromatin organization modifier) is an evolutionarily conserved sequence
motif involved in the remodeling of chromatin structure and the transcriptional regulation of
genes [13-16]. This motif was originally identified as a 37 amino acid residue region of
homology shared by Drosophila melangaster epigenetic repressors, heterochromatin protein
1 (HP1) and Polycomb (Pc) [17]. HP1 and Pc proteins function in heterochromatin function.
The chromodomain is now recognized as a 50 amino acid region of shared homology between
these polypeptides [14,17]. Additionally, chromodomains have also been found in ATP-
dependent chromatin remodeling factors, histone acetyltransferases, and histone
methyltransferases [13,14].

From a structural standpoint, it may be inferred that each of the sequence modules found in
Chd proteins perform distinct functions. Mutations in the helicase domain and chromodomain
of mouse Chd1 (mChd1) each resulted in nuclear redistribution, illustrating that both of these
domains are essential for proper association with chromatin [18]. Similarly, deletion of the
chromodomains in the Drosophila melangaster Chd3-Chd4 homologue impaired nucleosome
binding, mobilization, and ATPase functions [19].

Functional analyses have demonstrated that the chromodomain serves as a module to mediate
chromatin interactions by binding directly to DNA, RNA, and methylated histone H3 [16,
19-26]. Histone H3 methylated lysine 4 (H3K4) trimethylation can be localized at
transcriptional start sites of human, mouse, and Drosophila genes [27-29], and yeast Chd1
(ScChd1) was identified as a factor required for H3K4me [29]. Later it was found that ScChd1
was specifically required for an increase of H3K4 trimethylation at the 3' ends of genes when
growth conditions were suboptimal [30]. Recently, the binding of ScChd1 and human CHD1
(hCHD1) to H3K4me through the chromodomain modules was suggested by several groups
[22,24,25]. However, there are inconsistencies about whether the chromodomains of ScChdl
interact with the methylated lysine 4 on histone H3. Structural analyses of the related human
CHD3 and CHD4 (hCHD3 and hCHD4) proteins do not predict binding to methylated lysine
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residues [25]. This is a likely prediction given that H3K4me is thought to be restricted to active
chromatin and that Chd3 and Chd4 function is usually associated with transcriptional
repression [31]. Overall, the unique combination of functional domains found in Chd proteins
suggests that this family may have essential roles in chromatin based regulatory processes,
including gene expression.

Chd1-Chd2 Subfamily

The CHD family is divided into three subfamilies according to the presence or absence of
additional domains. The first subfamily contains yeast Chd1 (ScChd1 or Chd1p), which is the
only Chd family member present in yeast, and the Chd1 and Chd2 proteins from higher
eukaryotes (Fig. 1). The Chd1 and Chd2 proteins contain a DNA-binding domain located in
the C-terminal region [9,10,32]. Currently, mChd1 is the only family member with a
functionally characterized DNA-binding domain, though the high degree of homology between
subfamily members makes it likely that each protein in this group has similar DNA-binding
properties. The DNA-binding domain preferentially binds to AT-rich DNA motifs [9,32].
Although the Chd1-Chd2 subfamily members are highly homologous to one another, they are
significantly divergent in the 3' region that contains the DNA binding domain, suggesting that
Chd1 and Chd2 may possess distinct functions.

Chd3-Chd4 Subfamily

The second subfamily, which lacks the DNA-binding domain, includes the proteins Chd3 and
Chd4 (sometimes referred to as Mi-2a and Mi-2p, respectively) (Fig. 2). Additionally, the
family includes Drosophilia melangaster Mi-2 (dMi-2), a single gene encoding two transcripts
[33]. These proteins harbor paired N-terminal PHD (plant homeo domain) Zn-finger-like
domains that are not found in the Chd1-Chd2 subfamily [10]. The PHD Zn-finger-like domains
are found in anumber nuclear proteins implicated in chromatin-based transcriptional regulation
[34]. Functional analyses have demonstrated that PHD domains are involved in chromatin
remodeling [35,36]. A number of recent reports suggest that the recognition of methylated
histone peptides is a general feature of at least a subset of PHD domains [37,38]. For example,
the PHD domains of yeast and human ING family members all bound preferentially to di- and
tri-methylated H3K4, whereas the PHD domains of Chd3 bound to trimethylated H3K36
[37,38].

Chd5-Chd9 Subfamily

The third subfamily contains the proteins Chd5-Chd9, which were identified on the basis of
structural and sequence conservation to known Chd proteins (Fig. 3). It should be noted that
Chd9 is also referred to as CReMM (chromatin-related mesenchymal modulator) [39]. This
subfamily is defined by additional functional motifs in the C-terminal region, including paired
BRK (Brahma and Kismet) domains, a SANT-like (switching-defective protein 3, adaptor 2,
nuclear receptor co-repressor, transcription factor 111B) domain, CR domains, and a DNA-
binding domain, [39-41].

The BRK domain is conserved in a number of SWI/SNF proteins, for example Drosophila
BRM, human BRM, and human BRG1 [41-44]. Interestingly, this domain is not present in
yeast chromatin remodeling factors related to BRM, including SWI2/SNF2 and STH1,
suggesting that the BRK domain is involved in functions specific to higher eukaryotes or may
interact with a component of chromatin unique to higher eukaryotes. The SANT domain was
initially identified in nuclear receptor co-repressors and subsequently was found in the subunits
of many chromatin remodeling complexes [45]. Biochemical analyses determined that SANT
domains, which interact primarily with unmodified histone tails, are unique histone-interaction
modules that couple histone binding to enzyme catalysis [4,6]. To date, the CR domains, CR1-
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CR3, are moieties of unknown function that are only found in Chd9 [39,40]. As with the Chd1-
Chd2 subfamily, the DNA-binding domain of the third subfamily also shows a preference for
binding to AT-rich tracts. However, DNA-binding activity has only been demonstrated
experimentally for Chd9 to date [39].

Localization Properties and Tissue Expression Patterns of Chd Proteins

Studies of Drosophilia melangaster Chd proteins (dChd) on polytene chromosomes also shed
light on the function of Chd proteins. dChd1 was found to localize to regions of decondensed
chromatin (interbands) and regions of high transcriptional activity (puffs) in polytene
chromosomes by immunostaining [18,46]. However, dChd1 did not stain all interbands and
chromosome puffs. Furthermore, dChd1 signal was not detected in the chromocenter, a region
that represents the heterochromatic satellite-centrosomal DNA [46]. These findings are
consistent with previous observations that showed that mChd1 stained decompacted chromatin
and was not present in the centromeric heterochromatin of interphase cells [32]. Collectively,
these data provided evidence that Chd1 bound to genomic chromatin with locus-specific
association and suggested that Chd1 might facilitate gene expression by maintaining chromatin
in a transcriptionally active state.

Expression patterns have been analyzed for most of the genes within each of the three Chd
subfamilies. Expression profiles for hCHD1 and hCHD?2 have revealed global expression of
these genes [10]. Mouse Chd2 mRNA is also ubiquitously expressed in adult tissues [47]. The
absolute levels of MRNA expression in the different tissues analyzed were similar except for
heart tissue, where Chd2 mRNA was highly expressed [47].

hCHD3 is ubiquitously expressed in each of the subset of tissues examined [10]. In mouse
neonatal tissues, mChd4 mRNA is expressed at high levels in the thymus, the kidney, in specific
areas of the brain, in hematopoietic foci in the liver, in hair follicles, and in mucosal epithelia
[48]. Similar patterns of expression for mChd3 mRNA were detected in these tissues but at
lower levels than mChd4, as judged by in situ hybridization [48]. In Caenorhabditis elegans,
CeChd3 and CeChd4 (let-418) are expressed in most if not all cells of the embryo [49]. During
larval development and in adults, expression of CeChd3 and CeChd4 was observed in the nuclei
of many cells, including the ventral nerve cord cells and the vulval precursor cells (VPCs), the
surrounding hypodermal cells, and cells of the head and tail regions [49]. Expression patterns
of the two dMi-2 transcripts (dMi-2a and dMi-2b) were performed in five embryonic stages,
in three larval stages, in pupal, and in adult stages of Drosophila. Abundant expression of the
dMi-2a transcript mMRNA was observed during the first 8 hours of embryogenesis and gradually
decreased during later developmental stages. In the case of dMi-2b, low levels of MRNA
expression were detected in the early stages of embryogenesis whereas higher mRNA levels
were detected during later stages of development. Both mMRNAs were grossly elevated in the
ovary [33].

hCHD5 mRNA expression was restricted to neural-derived tissues whereas hCHD7 has been
found to be ubiquitously expressed [50,51]. Recently, rat and human CHD9 expression at
different stages of osteogenic differentiation was analyzed. Cultured primary marrow stromal
cells from rats revealed higher expression of Chd9 in cells of 3-month old rats than in cells of
15-month old rats [52]. Likewise, mMRNA levels of hCHD9 were higher in the primary marrow
stromal cells than in trabecular bone cells (TBC) [52]. A bone marrow derived osteogenic cell
line that was used to determine the kinetics of expression during cell proliferation and
differentiation revealed that mammalian Chd9 was robustly expressed in proliferating cells
[52]. mChd9 expression during embryonic development in the mouse skeletal system at the
mRNA and protein levels was also examined; the expression of mChd9 was restricted to the
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marrow stromal progenitor cells, plus a small population of cells present in the bone marrow
of newborn and adult mice [53].

Extensive analyses addressing RNA processing of Chd proteins have not yet been performed.
Computer algorithm programs indicate that most Chd proteins will have splice variants, further
increasing the diversity of possible functions. In this context, it is noteworthy that some of the
alternative splicing products will not contain all of the signature motifs that distinguish each
subfamily of the Chd proteins.

Chd Protein Function

Analyses of Chd proteins reveal a wide range of functions in vitro and in vivo. Table 1 provides
a summary of these properties.

A Role for Chd Proteins in Chromatin Assembly and Remodeling

ATPases of the SNF2 family have been broadly implicated in many cellular processes,
including nucleosome assembly, disruption, and positioning. Biochemical analyses revealed
that ScChd1 has an ATPase activity that affects DNA-histone interactions within the
nucleosome in a manner that is distinct from the yeast SWI/SNF complex [54]. Additionally,
a partial loss of chromatin assembly activity in vitro from crude DEAE fractions derived from
deletion strains of ScChd1 was observed [55]. Recently, it was shown that ScChd1
preferentially relocated nucleosomes closer to the center of DNA fragments [56]. dChd1 has
the ability to assemble histone H1-deficient chromatin, but not H1-containing chromatin,
suggesting that dChd1 may function in the assembly of transcriptionally active DNA into
chromatin [57].

In Drosophila, recombinant dMi-2 is a nucleosome-stimulated ATPase that binds and
mobilizes nucleosomes along a linear DNA fragment [58]. Highly purified, recombinant
hCHD4 shows DNA-dependent, nucleosome-stimulated ATPase activity [59].

Chd Members Form Multisubunit Complexes

Most SNF2-like ATPases are components of large multisubunit complexes. Yeast two-hybrid
screens and immunocytochemical analyses showed an interaction between mChd1l and a
nuclear protein, SSRP1 (structure specific recognition protein 1), which is involved in
transcription regulation [18]. Additionally, dChd1 was found to interact with human SSRP1
[18]. Moreover, mChd1 and SSRP1 copurified in fractionated nuclear extracts that
corresponded to a complex of roughly M, 700,000 [18]. Collectively, this provided the first
evidence that a Chd protein from subfamily | may be associated with a multisubunit complex.
In contrast to the mammalian system, both native and recombinant dChd1 exist predominantly
asamonomer [57]. Likewise, ScChd1 was also found to fractionate at 150-340 kDa, suggesting
that it may exist either as a monomer or a dimer within a cell [24,54].

However, recent work identified ScChd1 as a component of SAGA (Spt-Ada-Gcen5
acetyltransferase) and SLIK (SAGA-like), two highly homologous and conserved multi-
subunit HAT (histone acetyltransferase) complexes [24]. Yeast strains bearing ScChdl
deletions compromised the HAT activity of both SAGA and SLIK complexes [24]. This
activity was largely restored when an HA-tagged Chd1 protein was introduced into the
ScChd1 deletion strain, demonstrating the importance of ScChd1 in proper HAT activity in
these complexes [24].

Members of the CHD subfamily Il, hCHD3 and hCHD4, form large protein complexes that
possess both histone deacetylase and ATP-dependent chromatin remodeling activities. These
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complexes were identified by multiple groups and termed NURD (nucleosome remodeling and
histone deacetylase). NURD contains seven proteins associated with transcriptional repression:
HDAC1 and HDAC2 (type | histone deacetylases), RbAp48 and RbAp46 (Retinoblastoma-
associated proteins), MTAL, MTA2, and MTA3 (metastasis-associated proteins) and MBD3
(methyl-CpG binding domain) [60-65]. It is not clear if h\CHD3 and hCHD4 exist in the same
or in different NURD complexes. Chd3 and Chd4 orthologs have also been identified in a
complex similar to NURD in Drosophila, Xenopus laevis, and Caenorhabditis elegans [58,
64,66,67]. These reports suggested that Chd3 and hChd4 couple histone deacetylation and
DNA methylation with ATP chromatin remodeling.

The discovery of hCHD3 and hCHD4 as components of the NURD complex were followed
by the determination that a direct association exists between Chd and HDAC proteins and that
the PHD Zn-finger-like domain of hCHD4 was required, but not sufficient, for the interaction
[62]. Moreover, mChd1 was observed to be associated with HDAC activity, presumably
through interactions made by the first chromodomain [68]. The chromodomains of mChd1
have also been implicated in interactions with NCoR (co-repressor of nuclear hormone
transcription), a protein known to associate with HDAC activity. The presence of at least one
of the two chromodomains of mMCHD1 was needed for an interaction between mChd1l and
NCoR [68]. In summary, these observations suggest a role for Chd proteins in facilitating
transcriptional repression via modification and remodeling of chromatin structure.

Chd Proteins and Transcriptional Elongation

The control of transcriptional elongation is a prominent mechanism of gene regulation. The
activities of transcription elongation factors and their link to chromatin have been well
established in yeast and mammalian systems [69]. Essential transcription elongation factors in
yeast include Spt4-Spt5 and Spt16 and Pob3. In mammalian cells, the counterparts for these
yeast factors are DSIF (DRB sensitivity inducing factor) and FACT (facilitates chromatin
transcription), respectively [69].

Studies utilizing yeast deletion strains implicated ScChd1 in transcriptional elongation. As
previously described, growth of ScChd1 deletion strains was significantly affected by
suboptimal growth conditions, including growth medium containing 6-azauracil [10]. ScChd1,
as well as other proteins implicated in transcriptional elongation, copurified with the yeast
elongation factors Spt16 and Pob3 [70]. Moreover, ScChd1 was observed to interact with both
Rtf1, a member of the RNA pol-I1 associated Pafl complex, which is implicated in elongation,
and with Spt5, a transcription elongation factor [71]. These findings are consistent with a
previously described study where mChd1 was found to interact with SSRP1, the mammalian
homolog of Pob3 [18]. Additionally, Drosophila studies of kismet (a thrithorax gene) mutant
larvae, showed dramatically reduced levels of elongating RNA pol-Il, elongation factor Spt6,
and dChd1 on polytene chromosomes [72]. Collectively, these data suggest that Chd1 is likely
a putative transcription elongation factor.

Chd Proteins in Development and Differentiation

Yeast strains bearing Chd1-null deletions were viable except when grown under suboptimal
conditions, therby suggesting a role for ScChd1 in regulating gene expression [10,73]. Genetic
analyses determined that ScChd1 interacts with SWI2 and that cells require one or the other for
viability [54]. Similarly, ScChd1 also genetically interacts with ISWI1 and ISWI2 and a
phenotypic survey of a triple mutant, iswil iswi2 chdl, indicated a moderate synthetic growth
defect [73]. Together, this suggests that ScChd1 and subunits of the yeast SWI/SNF and ISWI
complexes possess some parallel functions in cell growth.
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Recently, a Chd2-mutant mouse model demonstrated that mutation of Chd2 dramatically
affects mammalian development and long-term survival. This mutation in Chd2 resulted in a
general growth delay in homozygous mutants late in embryogenesis and in perinatal lethality
[47]. Animals heterozygous for the mutation showed decreased neonatal viability and increased
susceptibility to non-neoplastic lesions affecting most primary organs. In particular,
approximately 85% of the heterozygotes showed gross kidney abnormalities [47].

In mammalian cells, a stable interaction occurs between BCL-6, a transcriptional repressor that
regulates B-lymphocyte cell fate, and components of the NURD complex [74]. In lymphoid
cell lines, MTA3 and the NURD complex function as a corepressor for BCL-6 to direct
transcriptional repression [74]. Moreover, the transcriptional repressor Ikaros physically
interacts with mChd4 and recruits it to heterochromatic regions upon T-cell activation [48].
Subsequently, an association between Ikaros and hCHD4 was observed in adult erythroid cells
[75]. Conditional mice were generated to further define the role of mChd4 in T cell
development. This conditional inactivation of mChd4 showed that mChd4 is required in at
least three distinct stages of T cell development: in the late double-negative stage to support
the transition to the double-positive stage, in the double-positive stage for normal expression
of the CD4 coreceptor, and, finally, in mature T cells for their proliferative expansion [76].
Strikingly, it was also observed that mChd4 is involved in the positive regulation of the CD4
gene during differentiation in the thymus through its interactions with the CD4 enhancer as
well as the histone acetyltransferase p300 and the E box binding protein, HEB [76].

A detailed analysis of the dMi-2 gene revealed that flies carrying homozygous mutations in
dMi-2 died during the larval stage of development despite a lack of any obvious structural
defects [66]. This prompted researchers to generate embryos from mutant dMi-2 germ cells.
However, germ cells homozygous for dMi-2 failed to develop [66]. This failure was rescued
by a dMi-2 transgene, demonstrating that dMi-2 is essential for the development of germ cells
[66].

Genetic analysis in C.elegans revealed that CeChd4 mRNA is maternally delivered to the early
embryo. This maternal contribution is sufficient to allow some of the mutant embryos to
develop into adulthood, however, 98% of these animals were sterile [49]. The remaining
CeChd4 mutant embryos arrested at an early larval stage [49]. In contrast, CeChd3 mRNA is
not maternally delivered and mutant embryos homozygous for this mutation develop normally
with no obvious phenotype [49]. Partial rescue of CeChd4 is observed in CeChd4;CeChd3
double mutant animals, where mutants lacking functional CeChd3 and CeChd4 genes did not
arrest until later stages of larval development [49]. These data suggest that CeChd4 and
CeChd3 have essential and partially redundant roles in worms during development.

A Role for Chd in Human Disease

Mutations in genes encoding SNF2-like enzymes are known to cause a spectrum of disease
phenotypes. The identification and characterization of these enzymes is critical for
understanding the genetic events underlying the progression of disease. To date, hCHD3-
hCHD5 and hCHD7 have been implicated in human disease processes (Table 2).

hCHD3 and hCHD4 have been identied as autoantigens in patients with dermatomyositis, a
connective-tissue disease characterized by inflammation of both muscles and skin [77-79]. The
etiology of dermatomyositis is poorly understood, but a correlation beween this disease and
an elevated incidence of cancer has been established [80].

More recently, hCHD3 was associated with Hodgkin's lymphoma. A yeast two-hybrid screen
identified an interaction between hCHD3 and Ki-1/57, an intracellular phospho-protein, and
between hCHD3 and CGI-55, a mRNA-binding protein [81]. Although the functions of these
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protein is unknown, Ki-1/57 specifically detects the malignant cells in Hodgkin's lymphoma
[82].

hCHDS?5 is associated with neuroblastoma, a malignant neoplasm of the peripheral sympathetic
nervous system frequently affecting infants and children. Analysis of patient samples identified
mutations in hCHDD5 in the process of mapping 1p36.3, a region frequently deleted in human
neuroblastomas [50,83,84].

A fourth human syndrome, CHARGE, an acronym for six of the most prevalent features of
this disease: coloboma of the eye, heart defects, atresia of chonae, renal anomalies and
retardation of growth and/or development, genital anomalies, and ear abnormalities or
deafness, has been associated with hCHD?7. [51,85]. Sequence analysis of patient samples
diagnosed with CHARGE syndrome detected mutations in CHD7 in 10 of the 17 afflicted
individuals [51]. In summary, these findings further support an association between
dysfunction of these CHD proteins and human disease.

Conclusions and Future Directions

The hallmark of Chd proteins is their novel combination of structural domains. The signature
motifs of this class of enzymes are paired chromodomains located in the N-terminal region and
a SNF2-like ATPase domain located in the central region of the protein structure [9,10]. Since
the discovery of murine Chd1l in 1993, other Chd genes have been identified, yielding a total
of 9 highly conserved genes from diverse organisms [9,10,39,40,51]. The Chd family is divided
into three subfamilies based on structural and sequence similarities [9,10,32,39,40].

The growing number of Chd genes and the links between some of these genes and human
disease underscore the importance of this class of enzymes. Moreover, the complexity of gene
products that may be produced from Chd loci, due to alternative splicing events remains largely
unexplored but nevertheless increases the complexity of potential functions. Further studies
addressing the structure/function relationship of Chd protein domains as well as continued
functional analyses of each family member are required to better guage the physiological roles
of these proteins. At the molecular level, additional characterization is needed to show how
Chd family members are targeted to chromatin and how they alter chromatin structure to both
activate and repress gene expression.
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Figure 1.

Structural Domains of Subfamily I. Schematic representation of protein domains found

within yeast, fly, mouse, and human Chd genes of subfamily I. Members of this subfamily are

characterized by tandem chromodomains (blue rectangles), a SNF2-like ATPase domain

(yellow rectangle), and a DNA binding domain (green oval). DNA activity has only been

characterized for murine Chd1. All other Chd proteins in this subfamily contain putative DNA-

binding domains. The chromosome location of each of the Chd genes within this subfamily is
also listed. Sequence information was obtained from NCBI: ScChd1: NP_011091; dChd1.:
NP_477197; mChd1: NP_031716; hCHD1: NP_001261; mChd2: XP_145698; hCHD2:
NP_001262. Sequence information was also obtained from Stokes et al and Woodage et al

[10,32].
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Structural Domains of Subfamily I1. Schematic representation of protein domains found

within fly, mouse, and human Chd genes of subfamily I1. Members of this subfamily are

characterized by paired PHD Zn-finger-like domains (red triangles), tandem chromodomains

(blue rectangles), and a SNF2-like ATPase domain (yellow rectangle). The chromosome

location of each of the Chd genes within this subfamily is also listed. Sequence information
was obtained from NCBI: dChd3: NP_649154; mChd3: NP_484041; hCHD3:NP_001005271;

dChd4: NP_001014591; mChd4: NP_666091; hCHD4: NP_001264.
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Figure 3.

Structural Domains of Subfamily I11. Schematic representation of protein domains found
within mouse and human Chd genes of subfamily I11. Members of this subfamily are
characterized by the signature sequence motifs of Chd proteins, chromodomains (blue
rectangles) and a SNF2-like ATPase domain (yellow rectangle). Additional domains have also
been predicted for several members of this subfamily, including paired PHD Zn-finger-like
domains (red triangles), BRK domains (purple diamonds), CR1-3 domains (red rectangles),
SANT domains (blue circle), and DNA-binding domains (green oval). The chromosome
location of each of the Chd genes within this subfamily is also listed. Sequence information
was obtained from NCBI: mChd5: XP_900117; hCHD5: NP_056372; mChd6: NP_775544;
hCHD6: NP_115597; mChd7: XP_910521; hCHD7: NP_060250; mChd8: XP_619244;
hCHD8: NP_065971.1; mChd9: NP_796198; hCHD9: NP_079410. Information regarding the
structural domains was also obtained from Shuster et al and Shur et al [39,40].
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Functions of the Chd Family Class of Chromatin Remodelers

Page 17

Subunit Organism Biochemical Activities In vivo functions
Chdl Saccharomyces ATPase activity and transcriptional repressor
cerevisiae relocates nucleosomes [10,54,73]. Interacts with
[54-56]. Exists as a monomer SSRP1 [18]. Transcription
or dimer [24,54]. Component elongation [10,18]
of SAGA and SLIK complexes
and HAT activity [24]. Interacts
with H3K4me [24]. Transcription
elongation [70,71].
Drosophila ATPase activity [57] transcriptional activator [46]
melanogaster Interacts with SSRP1 [18]
transcription elongation [72]
Mus musculus HDAC activity [68] transcriptional activator [32]
transcriptional repressor [68]
pre-mRNA splicing events[68]
Human Interacts with H3K4me [22,25]
Chd2 Mus musculus Growth retardation and
perinatal lethality of
homozygous mutants [47].
Decreased neonatal viability,
growth delay, and non-
neoplastic lesions [47]
Chd3 Drosophila nucleosome-stimulated
melanogaster ATPase activity and
mobilizes nucleosomes [16]
Human Component of NURD complex
[60-62]
Chd4 Drosophila DNA-dependent, lymphocyte differentiation [76]
melanogaster nucleosome-stimulated T-cell development [76]
ATPase activity [59]
Human Component of NURD complex
[60-62]. Interacts with HDAC1
[62]
Chd9 Human osteogenic differentiation

[39,53]
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Table 2

Human Diseases Associated with Chd Proteins
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Chd Protein Disease Reference
hCHD3 Dermatomyositis [77-79]
Hodgkin's lymphoma [82]
hCHD4 Dermatomyositis [77-79]
hCHD5 Neuroblastoma [50,83,84]
hCHD7 CHARGE Syndrome [51,85]
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