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Chromatin remodeling by the CHD7 protein is
impaired by mutations that cause human

developmental disorders
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Mutations in the CHD7 gene cause human developmental disorders
including CHARGE syndrome. Genetic studies in model organisms
have further established CHD7 as a central regulator of vertebrate
development. Functional analysis of the CHD7 protein has been
hampered by its large size. We used a dual-tag system to purify
intact recombinant CHD7 protein and found that it is an ATP-depen-
dent nucdleosome remodeling factor. Biochemical analyses indicate
that CHD7 has characteristics distinct from SWI/SNF- and ISWI-type
remodelers. Further investigations show that CHD7 patient muta-
tions have consequences that range from subtle to complete inacti-
vation of remodeling activity, and that mutations leading to protein
truncations upstream of amino acid 1899 of CHD7 are likely to cause
a hypomorphic phenotype for remodeling. We propose that nucle-
osome remodeling is a key function for CHD7 during developmental
processes and provide a molecular basis for predicting the impact of
disease mutations on that function.
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utation of the Chromodomain Helicase DNA-binding (CHD)

7 gene was identified as the major cause of CHARGE syn-
drome (1). The acronym CHARGE (formerly Hall-Hittner syn-
drome) was coined to describe a nonrandom occurrence of typical
clinical signs including Coloboma of the eye, Heart defects, Atresia
of the choanae, Retardation of growth, Genital and Ear abnor-
malities including hearing loss (2). This syndrome affects about 1
child of 10,000 born and leads to death before the age of 5 in ~30%
of the cases (3). CHD?7 has features that relate it to the trithorax-
group (TrxG) of genes. TrxG genes were initially identified in
a screen for dominant suppressors of the phenotype caused by
a Polycomb gene (Pc) mutation in Drosophila (4). Pc-group (PcG)
genes prevent the inappropriate expression of homeotic genes
(which are developmental master regulators). Consequently many
mutations in PcG genes cause homeotic transformations. One
of the dominant suppressors of this Pc phenotype was called
kismet (kis). This gene was then shown to be essential and the
loss of maternal kis causes dramatic embryonic segmentation
defects (5).

These studies in Drosophila presaged further studies implicating
the kis homolog, CHD?7, in vertebrate development and in human
disorders beyond CHARGE. Whereas Chd7~~ mice die at em-
bryonic day E10.5, heterozygous mice develop CHARGE-like
symptoms (6, 7). Other organisms such as frog and zebrafish also
present similar developmental defects when a dominant negative
form of CHD7 mRNA is injected in tadpoles or when CHD7 levels
are depleted using morpholinos, respectively (8, 9). The impact
of altering CHD7 activity extends beyond the typical CHARGE
features (For reviews (3, 10) and refs. therein). In some cases,
patients present limb anomalies as severe as monodactily or the
absence of a tibia (11). In addition, CHD7 knockdown experi-
ments in zebrafish and CHD7 polymorphisms in humans have
been linked to scoliosis (8, 12). Other CHD7 mutations cause
Idiopathic Hypogonadotropic Hypogonadism (IHH) or Kallmann
Syndrome (KS) (10, 13-15) and analyses of Chd7 heterozygous
mice showed that CHD7 plays important roles in the regulation
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of puberty and reproductive organ formation (16, 17). A recent
study has also extended the potential roles for CHD7 to small-cell
lung cancer (18).

The fact that CHD7 mutations lead to such a vast spectrum of
phenotypes may be explained, at least in part, by the ubiquitous
expression of CHD7 in human fetal tissues by 22 d (3), the in-
volvement of CHD7 in the modulation of embryonic stem cell-
specific gene expression (19, 20) and the transcription of ribosomal
DNA genes (21). Furthermore, CHD?7 is important for osteo-
blastogenesis (22) and for neural crest cell specification and mi-
gration (9). The Sox2 transcription factor was identified as a Chd7
binding partner and both proteins were shown to regulate a set of
common target genes that are mutated in Alagille, Pallister-Hall,
and Feingold syndromes. These findings may account for the fact
that all these syndromes, together with SOX2 anophthalmia, share
(to various degrees) common developmental features with
CHARGE (ref. 23 and references therein). In addition, although
mutations in CHD7 are dominant, the phenotypic penetrance of
these mutations is variable.

Altogether, the above-mentioned studies show that CHD7 and
KISMET (KIS) are key regulators of development. To understand
how these proteins achieve their function and how their mutation
leads to developmental disorders, it is critical to characterize these
proteins at the molecular level. To date, neither KIS nor CHD7 has
ever been characterized for activity, as both proteins are extremely
large and have resisted purification. We have developed a method
to express and purify recombinant CHD7 protein and we have
examined its function. We show that CHD?7 is, as anticipated from
its protein domain composition, a nucleosome remodeling factor.
Although KIS/CHD7 mutants share phenotypic similarities with
members of the SWI/SNF family remodelers in flies and in
humans, we find that CHD7 displays biochemical properties that
are distinct from hSWI/SNF remodeling. We performed a struc-
ture-function analysis of CHD7 and examined point mutants
reported in human patients. Mutations involved in human con-
ditions show a range of impacts on remodeling activity, raising the
possibility that even partial impairment of remodeling function has
a significant impact on human biology.

Results

CHD?7 Is an ATP-Dependent Nucleosome Remodeling Factor. Analysis
of the CHD7 protein primary sequence indicates that it is a mem-
ber of the SNF2-protein superfamily and that it belongs to the
CHD family (Fig. 14). Many of these proteins have been shown to
be nucleosome/chromatin remodeling factors (24-27). Therefore,
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Fig. 1. CHD?7 is an ATP-dependent nucleosome remodeling factor. (4) Sche-
matic representation of CHD7. For domain terminology see text. (B) Proteins
used in assays were separated by SDS-PAGE and stained with Coomassie blue.
(C) Analysis of nucleosome remodeling activities by restriction enzyme acces-
sibility (REA) assay. The assay measured the ability of the remodeling factors to
expose an Mfel restriction site in the nucleosome at +28-bp (see methods for
details). Control (buffer only), remodeling factors (\SWI/SNF ~75 nM, CHD7
10 nM, CHD7 K999R 10 nM) were incubated with radiolabeled nucleosomes
(20 nM) with a 50-bp DNA overhang, in the presence or absence of ATP (2 mM)
as indicated. (D) Nucleosome mobilization assay. Increasing concentrations of
enzymes (hSWI/SNF: ~6 nM, ~12 nM, ~25 nM, SNF2H: 42 nM, 85 nM, 170 nM;
CHD7 and CHD7 K999R: 0.25 nM, 0.5 nM, 1 nM) were incubated with a radio-
labeled end-positioned +50-bp nucleosome (20 nM) in the absence or presence
of ATP, as indicated. Migration of the end- or centrally positioned nucleosome
(filled circle) is indicated on the left.

we sought to test the ability of CHD7 to remodel nucleosomes. To
this end, we cloned the CHD7 full-length cDNA and expressed
recombinant CHD7 protein in insect cells using the baculovirus
system. Expression of large proteins such as CHD7 (2997 aa, ~336
kDa) can be challenging due to the increased likelihood of deg-
radation. Indeed, single-tag purifications of CHD?7 yielded high
levels of degradation products (Fig. S14). To recover full-length
protein, we engineered an N-terminal 6-Histidine-tag and a C-
terminal FLAG-tag and purified CHD7 by serial use of these
epitope tags (Fig. 1B).

To determine whether CHD7 is a nucleosome remodeling
factor, we tested the recombinant protein using the Restriction
Enzyme Accessibility (REA) protocol. Wrapping of DNA around
histones to form nucleosomes renders the DNA inaccessible to
many proteins, including restriction enzymes. The REA assay
measures the ability of a factor to expose nucleosomal DNA to
cleavage (28-30). As a control, the hSWI/SNF complex caused
a significant increase in DNA accessibility over time, in an ATP-
dependent manner (Fig. 1C). Notably, addition of CHD7 to the
mononucleosome substrate efficiently increased DNA accessi-
bility. Again, this increase was ATP-dependent as no activity was
detected in the absence of ATP (Fig. 1C).
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To exclude that the remodeling activity was due to a contami-
nating polypeptide in CHD7 protein preparations and to further
confirm that ATP hydrolysis is required for nucleosome remodeling
by CHD7, we mutated the lysine residue at position 999 to arginine
(K999R). This lysine residue is found in a highly conserved putative
ATP-binding motif (31-33). Mutation of the equivalent lysine res-
idue in other SNF2-superfamily proteins has been shown to abolish
ATPase and consequently nucleosome remodeling activities (27,
34). As shown in Fig. 1C, the CHD7 K999R mutant protein did
not exhibit any detectable activity in the REA assay (lanes 21—
28). We conclude that CHD7’s intrinsic ATP-dependent ac-
tivity is responsible for the observed changes in nucleosomal
DNA accessibility.

To examine the characteristics of remodeling by CHD7, we used
a protocol that detects nucleosome “sliding,” also referred to as
nucleosome “mobilization.” This assay reveals alterations to his-
tone-DNA contacts (such as nucleosome repositioning) that are
significant enough to result in changes in nucleosome electropho-
retic mobility. Addition of hRSWI/SNF to a mononucleosome posi-
tioned at the end of a DNA fragment resulted in subtle changes in
electrophoretic mobility. This was expected because hSWI/SNF
primarily relocates histone octamers to DNA ends when mono-
nucleosomes are used as a substrate (Fig. 1D, lanes 2—4; ref. 35). In
contrast, SNF2H caused evident changes in electrophoretic mo-
bility due to “sliding” of the histone octamer from one end to the
center of the DNA fragment, as seen previously for this distinct
class of remodeling factor (Fig. 1D, lanes 6-8). Interestingly, CHD7
caused changes in nucleosome mobility similar to SNF2H, sug-
gesting that CHD7 repositions the histone octamer to the center of
the DNA fragment. Again, the CHD7 K999R ATPase mutant
protein did not exhibit any detectable activity (Fig. 1D, lanes 14—
16). We conclude that CHD?7 is an efficient ATP-dependent nu-
cleosome remodeling factor.

CHD7 Displays Characteristics That Are Distinct from SWI/SNF-Family
Enzymes. The observation that CHD7 and hSWI/SNF differed in
their behavior in the nucleosome “sliding” protocol (Fig. 1D) in-
dicated that these proteins might differ more generally in their
functional characteristics. This possibility is interesting because
mutation of the Drosophila homologs of these remodelers
causes similar developmental phenotypes (5, 36), suggesting
that these distinct types of remodeling function might both be
needed for appropriate development. We were therefore in-
terested in further comparing the functions of these two
remodeling activities.

Typically, SWI/SNF-type enzymes can remodel nucleosome core
substrates, whereas ISWI-type enzymes and Chd1p require extra-
nucleosomal DNA protruding from the nucleosome core to bind
efficiently to nucleosomes and perform the remodeling reaction
(37-41). Hence, we investigated whether CHD7 requires a minimal
nucleosomal DNA length for remodeling. To this end, we assem-
bled nucleosomes using DNA fragments of increasing length and
used these as substrates in REA assays (Fig. 24, control panel).
This approach revealed that, in contrast to hSWI/SNF, CHD7 is
unable to efficiently increase DNA accessibility on nucleosome
core particles or nucleosomes harboring up to 30 bp extending from
the nucleosome core (Fig. 2 4 and B and Fig. S1B). However,
CHD7 efficiently remodeled nucleosomes bearing a DNA linker
longer than 40-bp similarly to SNF2H, in these conditions (Fig. 2.4
and B). Consistent with the sliding assay (Fig. 1D), these data
suggest that, like ISWI-type enzymes and Chd1p, CHD7 requires
interacting with DNA protruding from the nucleosome core to
perform the remodeling reaction. Altogether, these results show
that CHD7 shares common biochemical properties with ISWI-type
enzymes and Chdlp and that it differs biochemically from SWI/
SNF-type enzymes.

We also tested CHD?7 for its requirement for intact his-
tone tails, an area where remodeling enzymes also differ. In
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Fig. 2. CHD7 presents biochemical properties that are distinct from SWI/
SNF- and ISWI-type enzymes. (A) REA assay. The assay measured the ability
of the remodeling factors (control: buffer only, hSWI/SNF: 8 nM, SNF2H: 32
nM, CHD7: 1 nM, as indicated) to expose an Mfel restriction site in radio-
labeled nucleosomes (4 nM) with a 30-bp, 40-bp, or 50-bp DNA overhang, as
indicated. Aliquots of the reactions were quenched at 2.5 min, 5 min, 10 min,
and 20 min, and cut/uncut DNAs were separated by PAGE. (B) Quantification
of gels in (A). Error bars reflect SEM and were derived from 3 independent
experiments. (C) REA assay. These experiments were performed as in A using
radiolabeled +50-bp nucleosomes only and nucleosomes were assembled
using either untreated (intact) or partially trypsinized (tail-less) histones
from Hela cells, as indicated. (D) Quantification of gels in C. Error bars re-
flect SEM and were derived from three independent experiments.

a nucleosome, the histone N and C termini (referred to as
“histone tails”) are believed to form disordered structures that
extend away from the nucleosome core structure. Previous
analyses have shown that, unlike hNSWI/SNF and Drosophila Mi-
2, both ISWI enzymes and to some extent yeast Chd1p require the
presence of the histone H4 N-terminal tail to accomplish the nu-
cleosome remodeling reaction (37, 42-45). To examine whether
nucleosome remodeling by CHD7 depends on any of the histone
tails, we purified histones from partially trypsinized chromatin; this
treatment leads to digestion of the protruding histone tails (ref. 46;
Fig. S1C). We then used these “tail-less” histones for re-
constitution of nucleosome substrates and compared them to
“intact” nucleosomes. As shown in Fig. 2 C and D, hSWI/SNF,
SNF2H, and CHD?7 all readily increased DNA accessibility over
time when we used intact nucleosomes as a substrate. Consistent
with previous studies, ASWI/SNF also remodeled tail-less nucleo-
somes (although less efficiently) and SNF2H did not display any
remodeling activity. Interestingly, removal of histone tails did not
prevent CHD7 from remodeling the nucleosomes, although like
hSWI/SNF, CHD7 was about 3 times slower (Fig. 2 C and D).
These results separate CHD7 from SNF2H and suggest that
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proteins from all three CHD subfamilies can, at least to some
extent, function independently of the histone H4 tail.

Mutations Leading to C-Terminal Protein Truncations Upstream of the
Amino Acid Residue 1899 Produce Proteins with Very Low or No
Remodeling Abilities. CHARGE syndrome appears to arise from
gene expression defects (3) which are expected to be caused, at
least in part, by lower levels of CHD7 enzymatic activity at CHD7
target loci. A large collection of CHD7 gene mutations has been
described in CHARGE syndrome patients (refs. 3 and 47 and
www.chd7.org). Nearly 80% of these patients have either a non-
sense or a frameshift mutation (44% and 34%, respectively; ref.
47), which, if the mutated transcript escapes nonsense-mediated
mRNA decay (NMD), will cause truncation of the CHD7 protein.
To help delineate the consequence(s) that CHARGE mutations
might have on the CHD7 protein, we investigated the function of
CHD7 protein domains. We generated a set of protein deletion
mutants (Fig. 34), expressed them using the baculovirus system
(Fig. 3B) and analyzed them in ATPase and nucleosome remod-
eling assays (Fig. 3 C and D).

SMART (Simple Modular Architecture Research Tool; ref. 48)
analysis of the CHD7 protein sequence identifies a pair of chromo
(chromatin organization modifier) domains (49, 50) followed by an
ATPase domain (comprising DEXDc and HELICc domains; ref.
31),aSANT (SWI3, ADA2, N-CoR and TFIIIB; ref. 51) and a pair
of BRK (BRM and KIS; ref. 5) domains. In addition, the Owen—
Hughes laboratory recently described the presence of a SLIDE
domain (SANT-like ISWI domain; ref. 52) attached to the SANT
domain in CHD family proteins (53).

C-terminal deletion of about a third of the CHD7 protein
(construct 1-1899, deleting the last putative a-helix of the SLIDE,
and the SANT and BRK domains) reduced nucleosome-stimu-
lated ATPase by about half (Fig. 3C). However, this deletion
impaired nucleosome remodeling activity more significantly as
no remodeling was detected when using the same concentration
as wild-type (WT) protein (Fig. 3 D and E). Using much higher
concentrations of this deletion mutant reveals that, although im-
portant, the CHD7 C terminus is not essential to catalyzing nu-
cleosome remodeling (Fig. 3 D and E). These data suggest that
the CHD7 C terminus up to the predicted last a-helix of the
SLIDE domain (53) is important to efficiently translate ATP
hydrolysis into nucleosome remodeling. Further deletion of the
C terminus which removes the rest of the SLIDE domain-con-
taining region (construct 1-1547), or additional deletion of the
N terminus (construct CHD7 787-1899), abolished the ability of
the proteins to catalyze nucleosome remodeling (Fig. 3 D and E).
These observations indicate that the regions flanking the central
‘chromodomains-ATPase’ region might play redundant roles in
nucleosome remodeling by CHD7. Consistent with this notion,
adding back the complete “SLIDE-SANT” module, created
a polypeptide (787-2138) that behaved similarly to 1-1899 in
both ATPase and REA assays (Fig. 3 C-E). These results
support published studies indicating that the SANT and SLIDE
domains play an important role in remodeling by the CHD
family of proteins.

Chromodomains also play a critical role in remodeling by
CHD-family proteins (45, 54). We therefore tested the impact of
removing the CHD7 N terminus including the chromodomains
(construct 936-2997). This completely prohibited CHD7 from
remodeling nucleosomes, suggesting that the entire CHD7 C
terminus cannot compensate for the absence of the chromodo-
mains (Fig. 3 D and E). Therefore, we conclude that the central
“chromodomains-ATPase” module requires both an N-terminal
region and the SLIDE-SANT region to efficiently couple ATP
hydrolysis to nucleosome remodeling.

Collectively, our data suggest that, combined with the degra-
dation of mutant mRNAs via the NMD pathway, the vast
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Fig. 3. Mutations leading to C-terminal protein truncations upstream of the
amino acid residue 1899 produce proteins with very low or no remodeling
abilities. (A) Schematic representation of WT CHD7 and deletion mutants.
Numbers refer to amino acid residues. (B) Deletion mutant protein prepara-
tions were separated by SDS-PAGE and stained with Coomassie blue. (C)
ATPase assay. Ten nM of WT CHD7 or deletion mutants were incubated in the
presence of buffer only (white bars), “+50-bp” DNA (60 nM; gray bars) or +
50-bp nucleosomes (60 nM; black bars) and 20 pM ATP/ 60 uM Mg>* supple-
mented with y-[32P]ATP. Reactions were quantified using TLC plates at various
time points; the 24’ time point is displayed as a bar graph. Error bars reflect
SEM derived from at least two independent experiments. (D) Analysis of WT
CHD7 and deletion mutants in REA assays. REA reactions: Control (buffer
only) or remodeling factors: WT CHD7 (10 nM), deletion mutants (10 and 100
nM as indicated on top of the gel lanes) were incubated with radiolabeled +
50-bp nucleosomes (20 nM). (E) Quantification of gels shown in D. Error bars
reflect SEM and were derived from at least two independent experiments.

majority of CHARGE patients have a high probability of being
haploinsufficient for CHD?.

CHD7 Point Mutations Reported in CHARGE Syndrome and Idiopathic
Hypogonadotropic Hypogonadism Patients Variably Affect the
Nucleosome Remodeling Activity of CHD7. Mutations in the CHD7
gene are found in about 60% of all CHARGE patients (55) and in
up to 90% of patients with typical CHARGE symptoms (56).
About 8% of these patients have missense mutations (47). To
date, the impact of any individual mutation on CHD7 function
has not been investigated. We used site-directed mutagenesis to
engineer CHD7 point mutations that had been identified in
patients (Fig. 44) and measured the impact of single amino acid
substitutions on ATPase and nucleosome remodeling by CHD?7.
Two patient mutations fall in the second chromodomain of CHD7
at residues that are highly conserved across CHD proteins. One
of these is a lysine to threonine substitution at the residue 907
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(K907T) and the other mutation at position 917 mutates a thre-
onine to a methionine (T917M; ref. 55). Interestingly, the K907T
mutant protein showed a major reduction (about 3.5-fold, Fig. 4B)
in ATPase activity compared with WT, whereas the T917M protein
showed a limited decrease (about 1.5-fold). Consistent with these
findings, these mutants also have reduced nucleosome-remodeling
capabilities (Fig. 4 C and D).

Two independent studies described a serine to phenylalanine
substitution at the CHD7 residue 834 (S834F) in two CHARGE
patients (57) and in a patient with IHH (14). This missense muta-
tion occurs in a highly conserved sequence motif within the first
chromodomain (56, 58). Interestingly, this single amino acid sub-
stitution completely abolished both ATPase and nucleosome
remodeling activities by CHD7 (Fig. 4 B and C, lanes 17-20, and
D). These results indicate that, in patients carrying this mutation,
CHARGE syndrome and IHH arise from having one allele that is
nonfunctional for remodeling.

Discussion

In this study, we describe the ability of recombinant CHD7 pro-
tein to function as an ATP-dependent nucleosome remodeler.
We show that many mutations involved in human developmental
syndromes impact the chromatin remodeling function of CHD?7,
thereby tying a function known to be important to gene regulation
to these human pathologies.

ATP-dependent nucleosome remodeling proteins are found in
several classes that show important functional distinctions in how
they render DNA accessible to regulatory proteins. We find that
CHD?7 differs from hSWI/SNF as it requires mononucleosomes
with a DNA overhang longer than 40-bp for efficient remodeling
(Fig. 24 and B). It is possible that in vivo CHD7 might not be able to
efficiently remodel closely packed nucleosomes whereas hSWI/SNF
might. Alternatively, binding of a factor to DNA near a nucleosome
might interfere with CHD7 but not hASWI/SNF remodeling. A sec-
ond important difference is that CHD?7 slides nucleosomes differ-
ently than hSWI/SNF (Fig. 1D) and this might also impact biological
function. The behavior of CHD7 with regards to DNA linker length
and sliding is similar to remodelers that can space nucleosomes,
suggesting that this might be a role that CHD7 plays during regu-
lation of gene expression. These functional distinctions might partly
explain why, although the kis gene and several Drosophila SWI/SNF
complex subunits were functionally classified in the same TrxG of
genes, embryos require both remodeling activities to execute de-
velopmental programs properly. Additionally, our data provide
a potential biochemical justification for why these classes of
remodelers colocalize extensively in Drosophila (59) and in mouse
embryonic stem cells (9).

CHD7 contains a SANT-SLIDE module, which is found in
several remodeling proteins including ISWI and CHD proteins.
This module has been proposed to bind extranucleosomal DNA
(53) and “pump” it toward the histone octamer (41). Although
the putative SLIDE domain is found upstream of the SANT
domain in the CHD7 primary sequence, it is predicted to fold
similarly (53). Our analysis indicates that CHD7 uses the SANT-
SLIDE to efficiently remodel nucleosomes because its deletion
causes a significant reduction in nucleosome remodeling activity
(Fig. 3). This indicates that patients with mutations in CHD7 that
cause the loss of the C-terminal region containing the SLIDE
domain will likely have levels of CHD7 remodeling similar to
heterozygous null patients.

Most mutations (~80%) identified in CHARGE patients cre-
ate frameshifts or introduce a premature stop codon in the CHD7
sequence. Of 528 mutations listed by Jansen et al., at least 250
would remove regions upstream of amino acid 1899 if the mutant
mRNAs were translated, and this would be predicted to severely
impair remodeling by CHD7 (47). Missense point mutations are
a smaller class (~8%) in CHARGE patients. We analyzed three
of these mutations and found a range of impact on the activity of
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CHD7, despite the occurrence of these mutations at highly con-
served residues. It is possible that the in vitro conditions used did
not assess the full impact on remodeling that these mutations would
display in vivo. In addition, it is anticipated that some mutations
may not affect the activity of CHD7 but instead disrupt important
protein-protein interactions. It is noteworthy that two CHD7 splice
variants encoding polypeptides that lack the ATPase domain (and
other regions) have been identified (60, 61). These variants might
play key biological roles that are ATP-independent; the impact of
mutations on these protein isoforms has yet to be determined.

In conclusion, we have shown that CHD7 is a nucleosome
remodeling protein with a distinct set of characteristics. Analysis of
CHD7 mutants suggests that haploinsufficiency is a likely explana-
tion for the pathogenicity of about 250 CHARGE patient muta-
tions. These analyses allow a basis for predicting the impact of new
human patient mutations on CHD7’s remodeling activity, and for
studies that assess the impact of these mutations in cell lines derived
from these patients.

Experimental Procedures

Cloning. The CHD7 cDNA (NCBI NM_017780) was cloned from MegaMan
Human Transcriptome Library (Agilent Technologies) by RT-PCR (primer
sequences available upon request). The N-terminal 6x His-tag, a 5x Gly spacer
and a TEV protease cleavage site were introduced upstream of the first ATG
and the C-terminal FLAG-tag was introduced upstream the STOP codon by
PCR. In CHD7 deletion mutants, only a C-terminal FLAG-tag was introduced.
CHD7 point mutation changes were made according to changes found in
patients (14, 55, 57) using the QuikChange Site-Directed Mutagenesis kit
according to the manufacturer’s instructions.

Protein Expression and Purification. The full-length double-tag CHD7 cDNA
and CHD7 mutant baculoviruses were produced according to the Bac-to-Bac
Baculovirus Expression Systems manual (Life Technologies). Proteins only
bearing a FLAG-tag were essentially purified as in Bouazoune et al. (62) with
minor modifications. Double-tagged full-length CHD7 proteins were puri-
fied either from 4L Sf9 cell cultures or from cells used to produce P3 viruses.
Cells were resuspended in BC 250 buffer + 5 mM imidazole before adding
Ni-NTA resin (Qiagen) for 1 h at 4 °C. Extracts were then poured into Econo
columns (Bio-Rad). The flow-through was reapplied to resin before washing
2x with >10-column volume (CV) of BC 250 + 10 mM imidazole. Bound
proteins were eluted with BC 250 + 200mM imidazole. Imidazole concen-
tration was diluted down to 50 mM before adding M2-affinity gel for 3h and
samples were subsequently processed as FLAG-tagged proteins above. The
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least two independent experiments.

hSWI/SNF complex was essentially purified as described previously using
a cell line expressing FLAG-tagged Ini1 (63).

Nucleosome Substrate Preparations. DNA fragments used for nucleosome
reconstitutions were produced using the ‘601’ strong nucleosome-position-
ing sequence (64). All DNAs were amplified by PCR (primer sequences
available upon request) and radiolabeled with a->2P-dCTP. Constructs were
purified using the QIAEX Il resin purification kit (Qiagen) according to the
manufacturer’s instruction. DNAs were assembled into mononucleosomes by
standard salt dialysis using histones purified from Hela cells. In Fig. 2, tail-
less nucleosomes were assembled using trypsinized HeLa histones. Trypsini-
zation was performed as described in ref. 46. All nucleosome assemblies
were purified over 10-30% (vol/vol) glycerol gradients.

Restriction Enzyme-Accessibility Assays. REAs were performed essentially as
described in ref. 29, with minor modifications. Here, we measured the ability
of remodeling factors to expose an Mfel restriction site at +28-bp inside the
nucleosomes and used 1.5 U/pL of Mfel-HF (New England Biolabs). hSWI/SNF
complex concentrations are given assuming a Molecular Mass of ~1.2 MDa).
Data were quantified using the ImageQuantTL (GE Healthcare Life Sciences)
and cut DNA intensity was normalized to cytosine content before calculating
cut/uncut ratios and plotting the data using GraphPad Prism.

Nucleosome Mobilization Assay. The nucleosome mobilization assay was
carried out using 20 nM radiolabeled end-positioned nucleosome +50-bp, in
the same conditions as the REA assays except that the restriction enzyme mix
was replaced by BC 100 buffer. Increasing concentrations of enzymes were
incubated in the absence or presence of ATP/Mg2+ (2 mM/6 mM). An aliquot
was taken out after 20 min at 30 °C, and the reaction was stopped by ad-
dition of unlabeled competitor DNA (1.5 pg/uL)/EDTA (125 mM), incubated
on ice for 10 min before 5% native PAGE in 0.5x TBE. Gel was dried, exposed
to “storage phosphor screen” and visualized using a Typhoon trio + imager
(Amersham Biosciences).

ATPase Assays. Ten nM of enzyme were incubated at 30 °C in the presence of
10% glycerol gradient buffer only (Figs. 3 and 4, white bars), 601 +50-bp
DNA (60 nM; Figs. 3 and 4, gray bars) or saturating concentration of 601 +
50-bp nucleosomes (60 nM; Figs. 3 and 4, black bars) and 20 pM ATP/60 pM
Mg?* and traces of gel-purified radiolabeled y-[32P]JATP. Reactions were
spotted on TLC plates (Baker-flex’ Cellulose PEI-F) at 2, 4, 8, 16, 24, and 48
min, and hydrolyzed phosphates were separated from non- hydrolyzed ATP
by developing plates in 0.5 M LiCl/1 M formic acid buffer. Plates were dried,
exposed to storage phosphor screen, visualized using a Typhoon trio + im-
ager (Amersham Biosciences), and quantified using ImageQuant. Data were
plotted using GraphPad Prism.
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