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Background: CHD2 is a conserved ATPase and deletions of CHD2 have been linked to developmental and neurological
disorders.
Results: The regions flanking the ATPase domain of CHD2 confer substrate specificity and couple ATP hydrolysis to
remodeling.
Conclusion: CHD2 possesses nucleosome assembly activity regulated by its accessory domains.
Significance: Understanding the mechanisms of chromatin remodeling is crucial for delineating how remodeling defects
contribute to human diseases.

Chromodomain helicase DNA-binding protein 2 (CHD2) is
an ATPase and a member of the SNF2-like family of helicase-
related enzymes. Although deletions of CHD2 have been linked
to developmental defects in mice and epileptic disorders in
humans, little is known about its biochemical and cellular activ-
ities. In this study, we investigate the ATP-dependent activity of
CHD2 and show that CHD2 catalyzes the assembly of chromatin
into periodic arrays. We also show that the N-terminal region of
CHD2, which contains tandem chromodomains, serves an auto-
inhibitory role in both the DNA-binding and ATPase activities
of CHD2. While loss of the N-terminal region leads to enhanced
chromatin-stimulated ATPase activity, the N-terminal region is
required for ATP-dependent chromatin remodeling by CHD2.
In contrast, the C-terminal region, which contains a putative
DNA-binding domain, selectively senses double-stranded DNA
of at least 40 base pairs in length and enhances the ATPase and
chromatin remodeling activities of CHD2. Our study shows that
the accessory domains of CHD2 play central roles in both regu-
lating the ATPase domain and conferring selectivity to chroma-
tin substrates.

Chromodomain helicase DNA-binding protein 2 (CHD2)2 is
a member of the SNF2-like family of helicase-related enzymes,
which includes all known ATP-dependent chromatin remodel-
ing factors (1–3). In general, chromatin remodeling enzymes
catalyze non-covalent changes in histone:DNA contacts lead-
ing to alterations in the structure of nucleosomes. Distinct
groups of chromatin remodeling enzymes have been shown to
act on chromatin in different ways (reviewed in Ref. 4). For
example, ISWI and CHD1 can catalyze the assembly of periodic

nucleosome arrays, whereas the SWI/SNF factors BRG1 and
BRM have been linked to the disruption and disassembly of
nucleosomes. Finally, the INO80 family of chromatin remodel-
ers has been shown to exchange histones into, or out of,
nucleosomes.

The mechanisms through which chromatin remodelers cou-
ple ATP hydrolysis to a particular remodeling activity are not
well understood. While all remodeling enzymes contain a con-
served ATPase domain, they also possess accessory domains
that likely regulate the activity of the ATPase domain and con-
fer distinct remodeling activities (reviewed in Ref. 4). CHD2 is
part of the CHD family of chromatin remodelers that possess
tandem chromodomains (CDs) on the N-terminal side of the
core ATPase domain (5). While only one CHD protein (CHD1)
is expressed in yeast, flies express four (CHD1, 3, 4, and 7), and
vertebrates express nine (CHD1–9). Members of the CHD fam-
ily have been further divided into subgroups, based on the pres-
ence of additional accessory domains. For example, CHD2 is
grouped with CHD1 because both contain a putative SANT-
SLIDE-like DNA-binding domain (DBD) near their C termini
that is not as well conserved in the other seven CHD proteins
(5).

While little is known about the biochemical and cellular
activities of CHD2, several studies have shown that CHD2 is
required for proper development. Homozygous mice contain-
ing a C-terminal truncation of the CHD2 protein are not viable,
while the heterozygous mice exhibit decreased survival rates
(6). In humans, a variety of developmental defects were
observed in a heterozygous patient with one CHD2 allele dis-
rupted by a translocation (7). More recently, a number of chro-
mosome deletions and somatic nonsense, frameshift, splice-
site, and missense mutations that prematurely truncate or
mutate CHD2 have been linked to epileptic encephalopathies
in humans (8 –12). Similarly, heterozygous knockdown of
CHD2 in zebrafish leads to increased epileptic seizures and
stunted growth and development when compared with con-
trols (12). A study of human CHD2 in myoblasts reported that
loss of the chromodomains from CHD2 leads to decreased
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expression of muscle-specific genes and lower rates of dif-
ferentiation of the myoblasts into muscle cells (13). Thus,
CHD2 may be required for the expression of tissue-specific
genes. Together, these findings suggest that CHD2 plays an
integral role in specific developmental pathways. However, our
understanding of how CHD2 functions in development is lim-
ited by the lack of insight into its biochemical activity.

In the present study, we purified human CHD2 and charac-
terized its remodeling activity. We also dissected the roles of its
accessory domains to determine how the ATPase and chroma-
tin remodeling activities of CHD2 are regulated. Our study,
which is the first to investigate the biochemical activity of
CHD2, helps shed light on the potential role of this protein in
cells.

EXPERIMENTAL PROCEDURES

Purification of Recombinant CHD2—In this study, we cloned
and purified wild-type CHD2 (WT) and a mutant version of
CHD2 (Mut), which contains a two-amino acid alanine substi-
tution of the residues Asp-617 and Glu-618 in the Walker B
motif that were introduced by site-directed mutagenesis. We
also cloned and purified three CHD2 proteins with systematic
truncations: central core ATPase consisting of amino acid res-
idues 450 –1129 (Core); DNA-binding truncation consisting of
amino acid residues 1–1129 (Core�CD); and chromodomain
truncation consisting of amino acid residues 450 –1828
(Core�DBD). The human CHD2 proteins were cloned and
expressed as N-terminal FLAG- fusion proteins in Sf9 cells
using the Bac-to-Bac baculovirus expression system (Invitro-
gen). Of note, the Core�DBD protein also contained a 6� His-
tag at the C terminus that helped stabilize the protein against
proteolysis. All plasmid constructs were verified by sequencing.
The CHD2 proteins were purified from infected Sf9 cells by
immunoaffinity purification, as previously described for other
ATPases (14). Briefly, infected Sf9 cells were suspended in cold
Lysis Buffer (20 mM Tris-Cl, pH 7.6, 500 mM NaCl, 1.5 mM

MgCl2, 0.2 mM EDTA, 20% glycerol, 0.01% Nonidet P-40, 1 mM

DTT supplemented with the following protease inhibitors: 0.5
mM benzamidine, 1 �g/ml of leupeptin, aprotinin, pepstatin A,
bestatin, 5 �g/ml caspase-1 inhibitor I (EMD Biochemicals),
and 10 �g/ml E-64). The cells were lysed by 30 strokes of a
Dounce homogenizer on ice and immediately centrifuged at
48,384 � g for 10 min at 4 °C. The supernatant was centrifuged
a second time for an additional 5 min at 4 °C to remove any
residual insoluble material. The cleared cell lysate was then
incubated with anti-FLAG resin (Sigma; pre-washed with Lysis
Buffer) for 2– 4 h at 4 °C, with rotation. The resin was pelleted
by centrifugation, transferred to a 1.7 ml microcentrifuge tube,
and washed two times with Lysis Buffer, and two times with
Wash Buffer (Lysis Buffer containing only 100 mM NaCl). The
CHD2 proteins were eluted with 8 sequential incubations of the
resin with an equal volume of Elution Buffer (Wash Buffer con-
taining 0.2 mg/ml FLAG peptide; Sigma). For the purification of
the Core�DBD protein, all of the wash and elution steps were
performed using Lysis Buffer, as the Core�DBD protein had a
tendency to precipitate in the Wash Buffer containing less salt.
The concentration and quality of the purified CHD2 proteins
were assessed by Bradford assay and SDS-PAGE/Coomassie

staining. The purest fractions were pooled, flash-frozen with
liquid nitrogen, and stored at �80 °C for subsequent biochem-
ical experiments.

In Vitro Chromatin Assembly—The in vitro chromatin
assembly assay was performed essentially as described (15) with
minor modifications. Native Drosophila core histones (used
throughout this study), the catalytic domain of topoisomerase I
(Topo I), NAP-1, and ACF were purified as described (15).

Micrococcal Nuclease (MNase) Analysis—A standard 70 �l
assembly reaction contained purified core histones (1.4 �g),
plasmid DNA (1.4 �g; 3.2 kilobases (kb); pGIE-0), Topo I,
NAP-1 (13 �g), recombinant human CHD2 (100 nM final con-
centration), and an ATP regeneration system (3 mM ATP, 5 mM

MgCl2, 30 mM phosphocreatine, and 5 ng/�l creatine phospho-
kinase). Briefly, the histone cores were incubated first with the
histone chaperone NAP-1 for 20 min on ice. In parallel, the
plasmid DNA/Topo I reaction was set up for 10 min at 30 °C
and kept at room temperature until use. After 20 min, the ATP
regeneration system, relaxed plasmid DNA (with Topo I still
present), and CHD2 were added to the histone/chaperone mix-
ture. For minus ATP reactions, only ATP was left out; all other
components of the regeneration system were included. The
reaction was allowed to proceed for 1 h at room temperature
and then partially digested by adding 2 mM CaCl2 and MNase
(Worthington; low concentration � 7 mU �l�1, high concen-
tration � 28 mU �l�1). After 4 min at room temperature, the
reactions were stopped with the addition of 125 �l of Stop
Buffer (1% (w/v) SDS, 200 mM NaCl, 250 �g/ml glycogen, 20
mM EDTA pH 8.0) and proteinase K (Worthington) at a final
concentration of 50 �g/ml. The DNA was then extracted with
phenol:chloroform, EtOH precipitated, resolved by agarose gel
eletrophoresis, and visualized by ethidium bromide (EtBr)
staining. The marker is a 123-bp repeat ladder (Invitrogen).

Supercoiling Analysis—A standard 70 �l assembly reaction
contained core histones (0.35 �g), plasmid DNA (0.35 �g; 3.2
kb; pGIE-0), Topo I, NAP-1 (2 �g), recombinant, purified ACF,
or human CHD2 (20 nM final concentration), and an ATP
regeneration system (3 mM ATP, 5 mM MgCl2, 30 mM phospho-
creatine, and 5 ng/�l creatine phosphokinase). Briefly, the his-
tone cores were incubated first with the histone chaperone
NAP-1 for 30 min on ice. In parallel, the plasmid DNA/Topo I
reaction was set up for 10 min at 30 °C and kept at room tem-
perature until use. After 30 min, the ATP regeneration system,
relaxed plasmid DNA (with Topo I still present), and CHD2
were added to the histone/chaperone mixture. For minus ATP
reactions, AMP-PNP was used instead of ATP. The reaction
was allowed to proceed for 1 h at room temperature and then
the reactions were stopped with the addition of 125 �l of Stop
Buffer and proteinase K at a final concentration of 50 �g/ml.
The DNA was then extracted with phenol:chloroform, EtOH
precipitated, resolved by agarose gel electrophoresis, and visu-
alized by ethidium bromide (EtBr) staining. Plasmid DNA or
DNA extracted from the plasmid DNA/Topo I mixture was
used to assess where supercoiled (sc) and relaxed (rel) DNA run
for comparison in agarose gel electrophoresis.

Radiometric ATPase Assay—Each ATPase reaction (10 �l)
contained 10 mM HEPES-K�, pH 7.6, 50 mM KCl, 5 mM MgCl2,
0.1 �g/�l BSA, 500 nM ATP, and 5 �Ci of [�-32P]ATP as a
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tracer. Where indicated, reactions also contained 50 ng/�l of
short, double-stranded DNAs (dsDNAs) 15, 20, 30, 40, 50, or 60
base pairs (bp) in length, plasmid DNA (3.2 kb), or plasmid that
had been pre-assembled into chromatin by salt dialysis (final
concentration 50 ng/�l). CHD2 was then added to a final con-
centration of 100 nM to start the ATPase reaction. Aliquots (1
�l) of the reaction were removed and added to 4 �l of 125 mM

EDTA, pH 8 at the selected time points (0, 0.5, 1, 5, 15, 30, 60,
and 90 min). From each stopped reaction, 0.5 �l was spotted
onto a PEI-cellulose plate (Sigma), air-dried, and resolved by
thin-layer chromatography (TLC) with 1 M acetic acid, 0.25 M

lithium chloride. The TLC plate was then air-dried and exposed
to a storage phosphor screen.

Quantification of the [�-32P]ATP and the released inorganic
phosphate (32Pi) was performed using ImageLab software.
After background subtraction, the fraction of hydrolyzed ATP
was calculated for each time point and plotted versus time
(min). Curve fitting was done with the Prism software
(GraphPad) using the Michaelis-Menten model. Error bars rep-
resenting standard deviations from the mean (S.D.) were calcu-
lated from at least three experiments.

Restriction Endonuclease Accessibility (REA) Assay—The
REA assay was performed essentially as described (16). A stand-
ard 20 �l REA reaction contained 1 �g of plasmid DNA (3.2 kb;
pGIE-0) or plasmid pre-assembled into chromatin by salt dial-
ysis, 5 units of HaeIII (NEB) in a buffer consisting of 20 mM Tris
acetate, 10 mM magnesium acetate, 50 mM potassium acetate, 1
mM DTT, pH 7.9, and either 3 mM AMP-PNP (as a minus ATP
control) or ATP. CHD2 (100 nM) or the chromatin-remodeling
and assembly factor ACF (100 nM) was included, where indi-
cated. After 2 h in a 30 °C water bath, the reactions were
stopped by the addition of 125 �l of Stop Buffer and proteinase
K at a final concentration of 50 �g/ml. The DNA was then
phenol:chloroform extracted, EtOH precipitated, resolved by
agarose gel electrophoresis, and visualized by EtBr staining.

The DNA signal in each lane was quantified using the
QuantityOne (Bio-Rad) software. To facilitate the comparison
of the amount of DNA digested in each lane, which indirectly
measures chromatin remodeling, we created a Digestion Index
(DI). The DI is calculated from the difference between the
amount of DNA fragments larger than 1 kb (X) and the amount
of DNA fragments smaller than 1 kb (Y), divided by the total
amount of DNA in each lane [DI � (Y-X)/(Y�X)]. Bar graphs of
the calculated DI values for each condition represent mean and
S.D. (n � 3). The Student’s t test was used to obtain the p value
for the Core�CD protein.

Electrophoretic Mobility Gel Shift Assay (EMSA)—Each 10 �l
gel shift reaction included CHD2 (0, 10, 20, 50, 100, 200, or 400
nM) and a dsDNA probe in a buffer consisting of 20 mM HEPES-
K�, pH 7.6, 50 mM KCl, 5 mM magnesium acetate, 0.1 �g/�l
BSA, 5% glycerol, 1 mM DTT, 0.2 mM EDTA, and 0.01% Nonidet
P-40. The dsDNA probes were generated by annealing an oli-
gonucleotide that was 5� fluorescently-labeled with IRDye-700
(IDT) to its complement. The short, dsDNA probes used are
the same as those used in the radiometric ATPase assays and
were 15, 20, 30, 40, 50, and 60 bp in length at a final concentra-
tion of 5 nM. The samples were incubated for 1 h on ice and

resolved on a 5% polyacrylamide/0.5� TBE gel at 4 °C. The gel
was then scanned using a fluorescent imager (Li-Cor).

Using the QuantityOne software (Bio-Rad), we quantified
the intensity of the free and bound DNA bands. We then
adjusted for background and used these values to calculate the
fraction of DNA bound for each lane. Curve fitting was done
with the Prism software (GraphPad) using the Allosteric Sig-
moidal model and an estimated Kd calculated. The graphed
data represent mean and S.D. (n � 3).

RESULTS

CHD2 is an ATP-dependent Chromatin Assembly Factor—
Despite the knowledge that CHD2 targets chromatin in vivo
(13), little is known about the ATP-dependent activity of CHD2
and whether CHD2 possesses chromatin remodeling activity.
Sequence alignments with other remodeling factors (5) have
highlighted conserved domains within human CHD2 (Fig. 1A):
a central core SNF2-like ATPase domain (Core) flanked by tan-
dem chromodomains (CDs) on the N-terminal side and a
DNA-binding domain (DBD) on the C-terminal side.

To investigate the ATP-dependent activity of CHD2, we first
cloned and purified the full-length wild-type human CHD2
protein (WT CHD2) and a mutant version of CHD2 (Mut

FIGURE 1. WT CHD2 is a chromatin-stimulated ATPase. A, top, the WT
human CHD2 protein contains a central SNF2-like ATPase domain (Core) that
is flanked by tandem CDs and a putative DBD. Bottom, a partial alignment of
human CHD2 (hCHD2), yeast CHD1 (yCHD1), and Drosophila ISWI (dISWI)
highlights the conserved DEXH sequence of the Walker B box. We used site-
directed mutagenesis to clone a mutant version of CHD2 (Mut) that contains
a two-amino acid alanine substitution of the Asp-617 and Glu-618 residues. B,
WT and Mut CHD2 were purified from baculovirus-infected cells and analyzed
by SDS-PAGE and Coomassie staining. C, a representative radiometric ATPase
assay used to measure the ability of CHD2 to hydrolyze ATP over time. ATPase
reactions with WT CHD2 alone (Basal) or containing DNA or chromatin were
incubated for 0, 0.5, 1, 5, 15, 30, 60, or 90 min, stopped by the addition of
EDTA, and resolved by TLC on PEI-cellulose plates. The positions of the ATP
and released phosphate on the TLC plate are indicated. D, quantification
of the ATPase assays with WT CHD2 stimulated by chromatin, DNA, or core
histones. E, quantification of the radiometric ATPase assays using purified
WT or Mut CHD2 protein in the presence or absence of chromatin. The
fraction of ATP hydrolyzed was calculated and the values shown are mean
and S.D.; n � 3.
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CHD2), which carries a two-amino acid substitution (D617A
and E618A) in the Walker B motif, using a baculovirus expres-
sion system (Fig. 1B). We then evaluated whether purified WT
CHD2 is able to hydrolyze ATP. For this analysis, we used a
radiometric ATPase assay in which we resolved the amount of
unhydrolyzed [�-32P]ATP and released inorganic phosphate
(32Pi) on PEI-cellulose TLC plates (a representative TLC plate is
shown in Fig. 1C). Because CHD2 contains tandem chromodo-
mains, which are predicted to interact with histones (17), and a
putative DNA-binding domain (6), we measured the effects of
adding core histones, plasmid DNA, or pre-assembled, salt-
dialyzed chromatin on the ATPase activity of CHD2. The frac-
tion of ATP hydrolyzed was measured over a time course span-
ning 90 min. Using this assay, we found that WT CHD2 exhibits
nearly undetectable ATPase activity alone (Basal) or in the
presence of core histones (Histones; Fig. 1D). In contrast, both
plasmid DNA (DNA) and plasmid that had been pre-assembled
into chromatin by salt dialysis (Chromatin) stimulate the
ATPase activity of CHD2, with chromatin providing the most
stimulation (Fig. 1D). To confirm that Mut CHD2 is catalyti-
cally inactive, we measured the fraction of ATP hydrolyzed in
the absence or presence of chromatin. In the absence of chro-
matin, both WT and Mut CHD2 exhibit low levels of ATP
hydrolysis (Fig. 1E). In contrast, under conditions where WT
CHD2 is active in the presence of chromatin, Mut CHD2
remains inactive (Fig. 1E). There was no detectable ATPase
activity with the addition of plasmid or chromatin to the
ATPase reaction in the absence of WT CHD2 (data not shown).

The sequence similarity of CHD2 to other remodeling
enzymes and the fact that CHD2 is preferentially stimulated by
chromatin suggest that CHD2 is also capable of remodeling
chromatin (Fig. 1E). Chromatin remodeling factors have been
shown to exhibit distinct remodeling activities (reviewed in Ref.
4); these include nucleosome assembly, disassembly, sliding,
unwrapping (18), and histone exchange. So far, only the remod-
eling factors ISWI (the ATPase in ACF) and CHD1 from Sac-
charomyces cerevisiae and Drosophila melanogaster have been
shown to catalyze the ATP-dependent assembly of periodic
nucleosomes (19 –21). Because CHD2 is �60% identical and
80% similar to CHD1 we considered the possibility that CHD2
can also catalyze nucleosome assembly. To test this, we used an
established in vitro chromatin assembly assay, which relies on
purified components to generate regularly spaced nucleosome
arrays (15, 19). We pre-incubated purified core histones with
the histone chaperone NAP-1, and then added naked plasmid
DNA, Topo I, and an ATP regeneration system (Fig. 2A, left).
The assembly of the naked plasmid DNA into periodic nucleo-
somal arrays was first analyzed by partial MNase digestion fol-
lowed by agarose gel electrophoresis. In the absence of an ATP-
dependent assembly factor and ATP, a limited amount of
mono- and di-nucleosomes were observed, as previously
reported (Fig. 2A, right; 19, 22). In contrast, the reactions that
contain CHD2 and ATP yield periodic arrays of nucleosomes,
as indicated by the extended DNA ladder formed following
MNase digestion (Fig. 2A, right). The assembly of nucleosomes
by CHD2 does not occur in reactions that lack ATP or when
Mut CHD2 is used, demonstrating that chromatin assembly by

CHD2 depends both on the presence of ATP and on a func-
tional ATPase domain.

We next used DNA supercoiling to monitor the assembly of
plasmid DNA into chromatin. In the presence of Topo I, plas-
mid DNA that assembles into chromatin will supercoil once the
reactions are stopped (15). In contrast, unassembled plasmid
DNA will be relaxed by Topo I. In Fig. 2B, a comparison of the
amount of supercoiled DNA in lane 10 with that in lane 9 indi-
cates CHD2 catalyzes the efficient ATP-dependent assembly of
plasmid DNA into chromatin at levels comparable to that of
ACF, a factor previously shown to assemble nucleosomes (Fig.
2B, compare lane 6 with lane 5; 19, 21). Both ACF and CHD2
require ATP and NAP-1 for efficient chromatin assembly, as
significantly less supercoiling was detected in reactions that
contain the non-hydrolyzable ATP analog AMP-PNP (Fig. 2B,
lanes 5 and 9), or in reactions that lack the histone chaperone
NAP-1 (Fig. 2B, lanes 7 and 8 and 11 and 12).

Previous reports have shown that chromatin assembly likely
occurs in at least two steps (19, 21–23). The first step involves
the deposition of histones onto DNA by NAP-1 and leads to the
formation of an intermediate species termed pre-nucleosomes

FIGURE 2. CHD2 catalyzes the assembly of periodic nucleosome arrays. A,
left, nucleosome assembly reactions were performed to determine whether
CHD2 assembles periodic nucleosome arrays. Core histones (1.4 �g) were
pre-incubated with the histone chaperone NAP-1 (13 �g). Naked plasmid
DNA (1.4 �g), Topo I, and WT or Mut CHD2 (100 nM) was then added in the
presence or absence of ATP. The reactions were then partially digested with a
low (left-hand lane) or a high (right-hand lane) concentration of MNase. The
digested DNA was precipitated and analyzed by agarose gel electrophoresis
and EtBr-staining. A 123-bp repeat marker was run between each pair of
samples. Right, the assembly of periodic nucleosome arrays was analyzed by
partial MNase digestion. A representative agarose gel showing the presence
of a DNA ladder formed upon assembly of nucleosomes by CHD2 and ATP. B,
supercoiling analysis of chromatin assembly reactions. Core histones (0.35
�g) were pre-incubated with the histone chaperone NAP-1 (2 �g). Naked
plasmid DNA (0.35 �g), Topo I, and ACF (20 nM) or WT CHD2 (20 nM) was then
added in the presence or absence of ATP (AMP-PNP used as negative ATP
control). The plasmid DNA was then precipitated and analyzed by agarose gel
electrophoresis and EtBr-staining. sc, supercoiled; rel, relaxed.
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(22). The second step involves the rapid conversion of the pre-
nucleosomes into canonical nucleosomes by an ATP-depen-
dent motor protein (22). In the absence of a motor protein, a
fraction of the histones deposited by NAP-1 may spontaneously
fold into canonical nucleosomes (22–23). In our reactions lack-
ing a motor protein or ATP, we also observe the formation of a
limited amount of canonical mono- and di-nucleosomes that
can be converted into extensive nucleosome arrays by CHD2
and ATP (Fig. 2A) and see a low, but detectable, amount of
supercoiling (Fig. 2B, lanes 3–5 and 9), consistent with the for-
mation of pre-nucleosomes and a limited amount of nucleo-
somes. Conversion of the pre-nucleosomes generated by
NAP-1 into an extended array of canonical nucleosomes only
occurs with the addition of an ATP-utilizing motor protein
such as ACF or CHD2 and ATP to the reactions containing
NAP-1, histones, and DNA (Fig. 2A and lanes 6 and 10 of Fig.
2B). Together, these results show that at least three distinct
ATP-dependent chromatin assembly enzymes exist: ISWI
(ACF), CHD1, and CHD2.

The CDs and DBD Regulate the Activity and Substrate Spec-
ificity of Human CHD2—Recent studies of other chromatin
remodeling factors have shown that accessory domains outside
of the core ATPase domain often play important roles in regu-
lating the biochemical activity of the factor (24 –28). To under-

stand the role that the CDs and DBD play in the regulation of
CHD2 activity, we cloned, expressed, and purified a series of
CHD2 constructs missing either the DBD-containing C-termi-
nal region (Core�CD) or the CD-containing N-terminal region
(Core�DBD), or both, leaving the conserved ATPase domain
(Core; Fig. 3A).

To study how the accessory domains regulate the activity of
CHD2, we first measured the ability of the CHD2 deletion pro-
teins to hydrolyze ATP in the absence of DNA or chromatin. As
observed with WT CHD2, all of the deletion proteins exhibit
little to no activity in the absence of DNA or chromatin (Fig. 3,
B and C, Basal). We then examined the ability of the deletion
proteins to hydrolyze ATP in the presence of DNA or chroma-
tin. We found that the core ATPase domain of CHD2 is stimu-
lated by DNA to levels similar to WT CHD2, but is poorly stim-
ulated by chromatin (Fig. 3, B and C). This finding is consistent
with the prediction that SNF2-like ATPases are DNA-depen-
dent (2, 29), suggesting that other regions of CHD2 are respon-
sible for conferring its selectivity for chromatin.

We next examined the Core�CD protein, which contains
the core ATPase domain and the tandem CDs but lacks the
DBD (Fig. 3A). The Core�CD protein shows modest chroma-
tin-stimulated ATPase activity but almost no DNA-stimulated
ATPase activity (Fig. 3, B and C). Thus, the presence of the

FIGURE 3. The accessory domains of CHD2 regulate the core ATPase domain. A, left, a series of CHD2 deletion proteins was generated that include removal
of the C-terminal region containing the putative DNA-binding domain (Core�CD), removal of the N-terminal region containing the tandem chromodomains
(Core�DBD), or removal of both regions, leaving the central ATPase domain (Core). Right, as done with WT CHD2, the deletion proteins were purified from
baculovirus-infected cells and analyzed by SDS-PAGE and Coomassie staining. B, ATPase reactions consisting of CHD2 (100 nM) and 50 ng/�l of DNA or in vitro
salt-dialyzed, pre-assembled chromatin were performed to measure the ability of DNA and chromatin to stimulate of the ATPase activity of WT CHD2 and the
deletion proteins. The reactions were stopped at various timepoints (0, 0.5, 1, 5, 15, 30, 60, and 90 min) and resolved by TLC. The fraction of ATP hydrolyzed was
measured for each time point. C, for comparison, we took the experiments shown in B and graphed the fraction of ATP hydrolyzed at the 15-min time point. All
values are mean and S.D.; n � 3.
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N-terminal region and CDs confers chromatin selectivity to the
ATPase domain, which alone is preferentially stimulated by
DNA. This finding also suggests that the N terminus negatively
regulates the ATPase domain, possibly by limiting access of the
ATPase domain to DNA.

We then examined the Core�DBD protein, which contains
the core ATPase domain and the C-terminal DNA-binding
domain (Fig. 3A). Unlike WT CHD2 and the Core�CD, which
are preferentially stimulated by chromatin, the Core�DBD is
stimulated almost equally by both DNA and chromatin, and the
levels of stimulation are significantly higher than those
observed with WT CHD2 (Fig. 3, B and C). This finding further
implicates the N terminus and CDs in both providing the selec-
tivity of human CHD2 for chromatin substrates and in repress-
ing the ATPase activity of the core ATPase domain. The inhi-
bition of ATPase activity by regions such as the CDs, which are
able to sense unique features of chromatin such as specific his-
tone modification patterns in the histone tails (17), is consistent
with models proposed for other remodeling enzymes (24 –27).
Our results also suggest that the DBD acts to increase the affin-
ity of CHD2 to both naked DNA and DNA present in the con-
text of chromatin, leading to an overall increase in ATPase
activity when compared with the core ATPase domain.

The Chromodomain-containing N Terminus of CHD2 Cou-
ples ATP Hydrolysis to Chromatin Remodeling—After examin-
ing the differences in substrate-stimulated ATPase activity
between WT CHD2 and the CHD2 deletion proteins, we
assessed how removal of the accessory domains affects the
chromatin remodeling activity of CHD2. Because it is difficult
to quantify the assembly of nucleosomal arrays, we used a
restriction endonuclease accessibility (REA) assay to measure
the extent of chromatin remodeling by CHD2. REA assays have
been used successfully to investigate the remodeling activity of
other enzymes including the chromatin assembly factors Dro-
sophila ACF (a heterodimer that contains the ISWI ATPase)
and Drosophila CHD1 (16, 30). This assay relies on the princi-
ple that when a plasmid is reconstituted into chromatin via salt
dialysis, specific restriction sites are occluded by the presence of
nucleosomes, but can be made accessible by remodeling (16,
31–34). For this analysis, we used a 3.2 kb plasmid (pGIE-0) that
contains 15 HaeIII restriction sites. The plasmid alone is com-
pletely digested by HaeIII, regardless of the presence of AMP-
PNP (minus ATP control) or ATP (Fig. 4A, compare lane 2 with
lane 1). Reactions that contain the plasmid-assembled chroma-
tin are not affected by the presence of AMP-PNP or ATP either
but are only partially digested due to occlusion of some HaeIII
sites (Fig. 4A, compare lanes 3 and 4 with lanes 1 and 2). To
facilitate the comparison of the remodeling activities exhibited
by the different proteins, we established a Digestion Index (DI)
that takes into account the difference between the amount of
DNA fragments larger than 1 kb (i.e. less digested) and the
amount of DNA smaller than 1 kb (i.e. more digested) relative to
the total amount of DNA in each lane (see Fig. 4B and “Exper-
imental Procedures”).

Using the REA assay, we observed an ATP-dependent
increase in HaeIII accessibility in reactions containing WT
CHD2 (Fig. 4A, compare lanes 7 and 8) or our positive control,
ACF (Fig. 4A, compare lanes 5 and 6). The catalytically-inactive

Mut CHD2 does not exhibit any detectable remodeling activity,
consistent with its lack of ATPase and chromatin assembly
activities (Fig. 4A, compare lanes 9 and 10). Similarly, the core
ATPase domain did not show any detectable remodeling activ-
ity during the 2-h incubation with chromatin and HaeIII (Fig.
4A, compare lanes 11 and 12). The Core�DBD deletion did not
show any detectable remodeling activity during this 2-h incu-
bation as well (Fig. 4A, compare lanes 15 and 16), despite having
robust chromatin-stimulated ATPase activity (Fig. 3D, bar 15).
This result suggests that the N terminus helps couple ATP
hydrolysis with efficient chromatin remodeling and implies
that the sustained stimulation of the ATPase domain by chro-
matin does not guarantee that chromatin remodeling will
occur.

In contrast to the Core�DBD protein, the Core�CD protein
shows low, but significant (p � 0.0024), remodeling activity
after the 2-h incubation with chromatin and HaeIII (Fig. 4A,
compare lanes 13 and 14). This finding is consistent with the
results from the ATPase assays, which show that the Core�CD
protein exhibits chromatin-stimulated ATPase activity, albeit
at lower levels compared with WT CHD2 (Fig. 3C, compare bar
12 to bar 3). We extended the incubation time of the REA assay
to 4 h and were still unable to detect any remodeling activity for
the core ATPase domain or the Core�DBD protein (data not

FIGURE 4. The chromodomains of CHD2 couple ATP-hydrolysis to chro-
matin remodeling. A, a restriction endonuclease accessibility (REA) assay
was performed to measure the extent of chromatin remodeling by CHD2. The
indicated proteins (100 nM) were incubated with the restriction enzyme HaeIII
and salt-dialyzed, pre-assembled chromatin (1 �g), which contains 15 HaeIII
restriction sites. The reactions also included AMP-PNP (as a minus ATP con-
trol) or ATP. Following digestion with HaeIII, the DNA was deproteinized, puri-
fied, and resolved by agarose gel electrophoresis. B, quantification of repli-
cate REA assays. A Digestion Index (DI) was calculated as described in the
“Experimental Procedures.” The graphed data represent mean and S.D.; n � 3.
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shown). Our results show that the N-terminal region contain-
ing the CDs with the core ATPase is sufficient for chromatin
remodeling (Fig. 4B, DI of Core�CD in the presence of ATP).
While the C-terminal region containing the DBD is not needed
for chromatin remodeling in our assays, its presence enhances
the remodeling activity (Fig. 4B, compare the DI of the
Core�CD to that of WT CHD2 in the presence of ATP).

CHD2 Uses the DBD to Bind DNA in a Length-dependent
Manner—Thus far, our results have supported the prediction
that the C-terminal region of CHD2 contains a DBD. Loss of the
DBD (Core�CD) reduces the ability of CHD2 to be stimulated
by DNA, whereas addition of the DBD to the core ATPase
domain (Core�DBD) greatly increases the ability of DNA and
chromatin to stimulate the ATPase domain (Fig. 3, B and C). To
examine the overall DNA-binding properties of CHD2, we per-
formed electrophoretic mobility gel shift assays (EMSAs) using
a series of short, 15– 60 bp, dsDNA substrates as probes (Fig.
5A). We found that WT CHD2 shows weak association with 15,
20, or 30 bp probes (Fig. 5, A and B). In contrast, WT CHD2
shows clear preference for probes that are 40 bp or longer in
length (Fig. 5, A and B). This correlates well with the DNA-
stimulated ATPase activity of CHD2, which increases in a
dsDNA length-dependent manner (Fig. 5C). We did observe
low but detectable stimulation of the ATPase activity of CHD2

with dsDNA substrates less than 40 bp, and the effect is likely
due to direct stimulation of the core ATPase domain. To deter-
mine whether the C-terminal region of CHD2 plays a role in
binding dsDNA, we performed EMSA with the Core�CD pro-
tein and the 40 bp probe and were unable to detect significant
binding even at high concentrations of the protein (Fig. 6A).
This implies that the C-terminal region of CHD2 contains a
DNA-binding domain.

We also examined how the loss of the CDs affects the
binding of CHD2 to DNA. Our ATPase results show that the
Core�DBD protein exhibits robust DNA- and chromatin-
stimulated ATPase activity (Fig. 3, B and C), suggesting that the
Core�DBD protein is capable of interacting with DNA. We
then performed EMSA with the Core�DBD and the 40 bp
probe (Fig. 6B) and found that the Core�DBD binds with sig-
nificantly higher affinity than that observed for the WT protein
(Fig. 6C). Based on our analyses, the Core�DBD exhibits
�3-fold higher affinity for dsDNA than WT CHD2 (Kd for WT
CHD2 is �160 nM; the Kd for Core�DBD is �50 nM). The fact
that the Core�DBD protein shows enhanced DNA binding
likely explains its higher DNA-dependent ATPase activity, as
compared with WT CHD2 (Fig. 3C, compare bar 14 with bar 2).
It further reinforces the model that the N terminus plays an
inhibitory role in cis by reducing the affinity of the core ATPase
domain and DBD for DNA.

DISCUSSION

In this study, we identified human CHD2 as a new ATP-de-
pendent chromatin assembly factor. The identification of a new
assembly factor suggests that vertebrate cells have at least three
distinct ATP-dependent chromatin assembly factors: ISWI,

FIGURE 5. CHD2 binds dsDNA substrates that are at least 40 bp in length.
A, electrophoretic mobility gel shift assays (EMSAs) were performed using WT
CHD2 and a series of fluorescently-labeled dsDNA probes. Increasing
amounts of CHD2 (0, 10, 20, 50, 100, 200, or 400 nM) were incubated with a
dsDNA probe (5 nM) of the indicated length. The samples were then resolved
by native PAGE and imaged with a fluorescent laser scanner. B, for compari-
son, the fraction of DNA bound by CHD2 at 200 nM was calculated and
graphed. All values are mean and S.D.; n � 3. C, quantification of the fraction
of ATP hydrolyzed by CHD2 (100 nM) in the presence of the same dsDNA
probes (15, 20, 30, 40, 50, 60 bp) used in gel shift assays after 30 min as
compared with fraction of ATP hydrolyzed in the presence of plasmid DNA
(�3 kb). All values are mean and S.D., n � 3.

FIGURE 6. The accessory domains of CHD2 regulate its DNA-binding
activities. EMSAs were performed using increasing amounts (0, 10, 20, 50,
100, 200, or 400 nM) of (A) the Core�CD, or (B) the Core�DBD on a 40 bp
dsDNA probe. C, for comparison, the fraction of DNA bound by WT CHD2 and
the two deletion proteins at 100 nM was calculated and graphed. All values
are mean and S.D.; n � 3. Estimated Kd for WT CHD2 is �160 nM and the
estimated Kd for Core�DBD is �50 nM.
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CHD1, and CHD2. The reason vertebrate cells would need
three assembly activities is not known, although they all appear
to be required for proper development (6, 35, 36). This suggests
ISWI, CHD1, and CHD2 play essential, non-overlapping roles
in vivo.

The Core ATPase—In addition to characterizing the remod-
eling activity of human CHD2, we dissected the role that the
accessory domains play in regulating both substrate specificity
and chromatin remodeling activity (see model, Fig. 7). We show
that the core ATPase domain alone exhibits DNA-stimulated
ATPase activity, and that the level of stimulation is similar to
that observed for WT CHD2 (Fig. 3C). In contrast, the core
ATPase domain is poorly stimulated by chromatin (Fig. 3C) and
is unable to remodel chromatin (Fig. 4B), which has less free
DNA than the plasmid, suggesting that the core ATPase
domain requires the accessory domains to be stimulated by
chromatin.

The CD-containing N-terminal Region—Our findings show
that the addition of the CD-containing N-terminal region to the
ATPase domain (Core�CD) abrogates the ability of the core
ATPase domain to be stimulated by DNA but not chromatin
(Fig. 3C), supporting the idea that chromatin relieves the CD-
dependent inhibition of the ATPase domain. This finding also
shows that the DNA present in the chromatin is not sufficient
to stimulate the ATPase activity when the CDs are present. It is
possible that the CDs act to provide specificity for chromatin by
restricting the ability of naked DNA to stimulate the ATPase
activity and by increasing the affinity of CHD2 for the nucleo-
some, which would otherwise be refractory to its core ATPase
domain alone.

Furthermore, the core ATPase domain with the CD-contain-
ing N-terminal region appears to be sufficient for chromatin-
stimulated ATPase activity and chromatin remodeling activity
(Figs. 3C and 4B). Though this N-terminal region provides
selectivity for chromatin, its inhibitory role may limit the over-
all activity of the protein and explain why the ATPase and

remodeling activities of the Core�CD protein are lower than
that of WT CHD2.

In addition to providing specificity to chromatin substrates,
the CDs are required for chromatin remodeling. The fact that
the Core�DBD protein does not show detectable remodeling
activity (Fig. 4B) suggests that the CDs have a crucial role in
coupling ATP hydrolysis to efficient remodeling. The question
still remains as to how the N terminus couples ATP hydrolysis
to chromatin remodeling. If the only role of this region is to
provide selectivity of CHD2 for chromatin over free DNA, then
we would expect the Core�DBD protein, which exhibits robust
chromatin-stimulated ATPase activity, to also possess remod-
eling activity; however, this is not the case.

There are several ways that the N-terminal region of CHD2
could act to couple ATP hydrolysis with remodeling. The CDs
may act to auto-inhibit the ATPase activity until the CDs bind
histones, after which the auto-inhibition is relieved. Sustained
interaction with the histones could be required for subsequent
remodeling steps. Since remodeling factors are thought to dis-
rupt histone:DNA contacts, the interaction with both the his-
tones and DNA could be necessary for this disruption to occur
efficiently. Another possibility is that the remodeling action of
CHD2 may involve cycling through auto-inhibited and acti-
vated states that are dependent on transient binding of the CDs
to the histone tails. That cycling would require the continued
presence of the CDs, may be regulated by ATP hydrolysis, and
could ultimately contribute to the translocation force needed
for remodeling.

The DBD-containing C-terminal Region—Our results show
that the while the N-terminal region containing the tandem
CDs provides selectivity for chromatin substrates, it also
represses the activity of the ATPase domain (Fig. 3C). In con-
trast, the presence of the C-terminal region containing the DBD
appears to counteract this inhibitory effect by stimulating the
ATPase activity. Our EMSA studies suggest that the stimula-
tion likely occurs through an overall increase in the affinity of
CHD2 for DNA.

We also show that CHD2 requires at least 40 bp of dsDNA for
high-affinity binding (Fig. 5, A and B) and that this correlates
with increasing DNA-dependent ATPase activity (Fig. 5C), sug-
gesting that the SANT-SLIDE-like DNA-binding domain of
CHD2 might serve to bind the linker region between nucleo-
somes. This would be consistent with CHD1 and ISWI, which
have SANT-SLIDE-like DNA-binding domains that are needed
to bind extranucleosomal DNA (37– 41). Moreover, the 40 bp
requirement for high-affinity binding is within the estimated
range for the linker lengths in humans (42– 43).

Future studies will help shed light on the direct contributions
of the CDs and DBD to chromatin remodeling and how the
assembly activity of CHD2 complements those of the other fac-
tors, ISWI and CHD1. While we do not rule out the possibility
that other motifs of CHD2 also contribute to the regulation of
the ATPase domain, it is apparent that the CDs and DBD co-
evolved to balance the strong auto-inhibition from the N ter-
minus with the robust DNA-binding activity provided by the C
terminus. Our studies here have helped elucidate the biochem-
ical properties of CHD2 and set the foundation for delineating

FIGURE 7. A schematic summarizing the findings of this study. The CD-
containing N-terminal region plays an inhibitory role, reducing the overall
DNA affinity of CHD2, limiting the DNA-stimulated ATPase activity of the
Core, and thereby conferring chromatin specificity. This region is also needed
to couple ATP hydrolysis to efficient chromatin remodeling. In contrast, the
DBD-containing C-terminal region is not necessary for chromatin remodel-
ing, but positively stimulates ATPase activity on DNA and chromatin and
enhances both remodeling and binding to dsDNA greater than 40 bp in
length.
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the mechanisms by which loss of normal CHD2 function leads
to diseases such as epilepsy.
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