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Abstract

CHDI is one of a family of nuclear proteins containing two chromodomains, a SWI/SNF-like helicase/ATPase domain and a
DNA binding domain. We found that CHD1 co-immunoprecipitates with histone deacetylase (HDAC) activity and that CHD1 also
associates with NCoR, a transcriptional corepressor, in yeast two-hybrid and in vitro pull-down assays. NCoR is known to associate
with HDAC: to effect its repressive activity, suggesting that the predicted chromatin remodeling activity of CHDI plays a role in this
repression. Yeast two-hybrid assays also showed that CHDI1 interacts with splicing proteins mKIAA0164, Srp20, and SAF-B.
Splicing assays show that CHDI1 overexpression can affect alternative splicing. These results suggest that CHD1 may function in
both chromatin mediated transcriptional repression and RNA splicing.

© 2003 Elsevier Inc. All rights reserved.

Modulating chromatin structure has emerged as an
important step in the control of gene expression.
Chromatin remodeling refers to changes in the posi-
tioning of nucleosomes and requires ATP as an energy
source [1]. In addition to ATP-driven chromatin re-
modeling, modification of histone proteins by acetyla-
tion, methylation, ubiquitination, or phosphorylation
can change chromatin structure and activity [2]. Several
transcriptional activators have intrinsic histone acety-
lase activity linking histone acetylation to transcrip-
tional activation [3]. Histone deacetylases (HDACsS), on
the other hand, are thought to mediate transcriptional
repression as part of multiprotein complexes [3] such as
the mammalian Sin3 complex which consists of Sin3,
SAP18, SAP30, HDACI, HDAC2, RbAp46, and
RbAp48 [4-6]. The Sin3 complex is recruited to specific
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chromatin sites by transcriptional corepressor proteins,
such as SMRT, NCoR, Mad, and Ume6 [7-11].
NuRD is another multiprotein complex in mamma-
lian cells that consists of HDACI1, HDAC2, RbAp46,
and RbAp48 along with CHD3, CHD4, MTA1, MTA2,
and MBD3 [12-15]. The NuRD complex links proteins
capable of histone deacetylation and chromatin re-
modeling and is associated with transcriptional repres-
sion [16]. CHD3 and CHD4, members of the CHD
family of proteins, are the components of the NuRD
complex responsible for its chromatin remodeling ac-
tivity [17]. CHD3 and CHD4, like several other chro-
matin remodeling proteins, have a SWI/SNF2-like
helicase/ATPase domain. All members of the CHD
family contain two chromodomains near the N-terminus
of the protein, a SWI/SNF2-like helicase/ATPase do-
main and a DNA binding domain [18]. The chromo-
domain is associated with repressive chromatin effects
because it is present in proteins involved in gene si-
lencing [19] and it functions as an interaction domain
[20]. In addition, CHD proteins also have a C-terminal
DNA binding domain. The CHDI1 DNA binding
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domain binds to AT-rich DNA [21], but little else is
known about DNA binding properties for CHD pro-
teins.

We are interested in CHDI1, a mouse member of the
CHD family. Studies have shown that CHD1 can as-
sociate with SSRP1, a protein involved in transcription
regulation [22] and the Drosophila homolog, dCHDI, is
localized to puff and interband regions of polytene
chromosomes associated with transcriptional activity
[23]. This information suggests that CHDI1, unlike
CHD3 and CHD4, may function in transcriptional ac-
tivation rather than repression. Recent studies have
shown that the CHD1 homologs in yeast, Saccharomy-
ces cerevisiae Hrpl, and Saccharomyces pombe Chplp
are involved in transcription elongation [24,25] and
termination [26].

In this study we present evidence that mouse CHDI is
associated with HDAC activity and with NCoR, a co-
repressor of nuclear hormone receptor transcription.
This suggests a function for CHDI1 in repression of gene
expression. Interestingly, we also found that CHDI in-
teracts with splicing proteins and can affect splice site
selection of a test reporter transcript. Together these
studies suggest that CHD1 is involved in a broad range
of functions in the nucleus.

Materials and methods

Co-immunoprecipitation. 293T human kidney epithelial cells were
transfected with Fugene (Boehringer-Mannheim) according to man-
ufacturer’s instructions. P19 embryonal carcinoma cells [27] and
transfected 293T cells were lysed with 10mM Tris, pH 7.5, 150 mM
NaCl, 5SmM EDTA, and 1% Triton X-100 with protease inhibitors
(200 pg/ml PMSF, 2pg/ml aprotinin, and 5pg/ml leupeptin). One
hundred micrograms of protein lysate was precleared with 50 ul of a
50% slurry of IgG beads (gammabind, Pharmacia) for 30 min at 4 °C.
Anti-CHD-1 polyclonal antisera [21] (1/1000), anti-myc 9E10 mono-
clonal supernatant (1/200), or anti-HDACI1 polyclonal antibody
(Santa Cruz, final dilution 1/1000) was added to the precleared protein
lysate and incubated overnight with rotation at 4°C. The next day
50l of a 50% slurry of IgG beads (gammabind, Pharmacia) equili-
brated in lysis buffer was added to the protein lysate antibody mixture
and incubated at 4°C with rotation for 30 min. The beads were pel-
leted with a brief centrifugation and washed four times with lysis
buffer containing protease inhibitors. Precipitated proteins were ana-
lyzed for the presence of HDAC activity or eluted from beads, run on
10% SDS-PAGE [28], immunoblotted, and probed with anti-myc
9E10.

Mpyc-tagging CHDI peptides. CHD1 a.a. 81-1711 (myc-CHD),
a.a. 195-401 (myc-Cl), and a.a. 81-532 (myc-C1C2) were fused in-
frame with the 6-myc tag in the mouse Pgk-1 based expression
vector [29]. All CHD-1 sequences were myc epitope tagged on the 5
end.

HDAC assays. Immunoprecipitated complexes were washed five
times with LS buffer (phosphate-buffered saline and 0.5% Nonidet
P-40) containing 1 mM phenylmethylsulfonyl fluoride and protease
inhibitors and resuspended in HD buffer 20mM Tris (pH 8.0),
150mM NacCl, and 10% glycerol). HDAC assays were performed as
described in Hendzel et al. [30]. Briefly, immunoprecipitated complexes
were incubated for 30 min at 37 °C with 180 png (150,000 dpm) of acid-

soluble histones isolated from [*HJacetate chicken erythrocytes. Re-
leased [*H]acetate was extracted using ethyl acetate and quantified by
scintillation counting.

Yeast two-hybrid analysis. The CHDI1 C1 bait containing a.a. 195—
401 of the CHDI protein was fused to the GAL-4 DNA binding
domain in the plasmid pAS2. The C1 bait was co-transformed with
the mouse 17-day embryo Matchmaker two-hybrid library (Clontech,
Palo Alto, CA) into the Y190 strain of S. cerevisiae. All yeast growth
and two-hybrid screening protocols were carried out according to
manufacturer’s specifications (Clontech). p-Galactosidase expression
assays with the X-gal substrate were used to confirm bait and prey
interactions. The QIAprep Spin miniprep kit (Qiagen) was used to
isolate plasmid from yeast with the following modifications of the
manufacturer’s instructions—yeast grown in liquid media were pel-
leted and resuspended in yeast lysis solution (2% Triton X-100, 1%
SDS, 100mM, 10mM Tris—Cl, pH 8.0, and I mM EDTA) with 10 pg/
ml RNase A instead of P1. Yeast two-hybrid clones were sequenced
using automated dye terminator cycle sequencing (ABI). The BLAST
algorithm [31] was used to search for sequence homology in GenBank
[32].

Additional baits C1C2 and AC1C2 were constructed by fusing a.a.
81-532 of CHDI1 and 81-299, respectively, with the GAL4 DNA
binding domain of pAS2. The CLKI bait is the full length cDNA fused
with the GAL4 DNA binding domain [33].

Specific bait and prey were tested for interaction using co-trans-
formation of the Y190 cell line followed by testing yeast colonies for
B-galactosidase activity.

His-tagging NCoR. The 5 end of NCoR was his-tagged using
RT-PCR. The sequence of the oligonucleotide used to prime cDNA
synthesis from C57/Bl mouse brain total RNA is CGATCGACA
CGATCC (NCoR 569A). CCGCGTCCATACCATGAGAGGATC
GCATCACCATCACCATCACATGTCAAGTTCAGGTTATCCTC
CCAACCAGGGGGCG (hisNCoRATG) and GCTCTGTATCAG
CTCTT (NCoR 552A) were used to PCR amplify a 534 bp sequence
encoding the N-terminal end of NCoR. It was noted that the NCoR
clone obtained from the C57/Bl mouse T-cell lymphoma yeast two-
hybrid library [34] was identical in sequence with the cDNA clone
obtained with RT-PCR but only 97% identical to the published se-
quence at the amino acid level. Therefore, the clone we obtained is
likely C57/Bl mouse allele of NCoR. The his-NCoR RT-PCR product
encodes the 6-his tag plus the MRGS epitope for antibody recognition
[35] fused to the N-terminus of the protein. To create the his-NCoR
expression plasmid the RT-PCR product was ligated into the mouse
Pgk-1 based expression vector [29].

In vitro pull-down assay. 293T cells grown on 60 mm tissue culture
dishes were transfected with the his-NCoR, his-NCoR plus myc-Cl1,
or myc-Cl alone. The cells were lysed in 100 pul his-tag lysis buffer
(HLB) (50mM Tris—Cl, pH 8.0, 150 mM NaCl, and 1% NP-40) with
protease inhibitors (200 pg/ml PMSF, 2 pg/ml aprotinin, and 5 pg/ml
leupeptin). One hundred milligrams of protein from the lysate was
added to 50pul of a 50% slurry of Ni-NTA cross-linked agarose
beads (Ni beads). The Ni beads and protein lysate were incubated
overnight at 4°C with rotation. The next day the Ni beads were
pelleted with a brief spin and washed four times with HLB con-
taining proteases and 10mM imidazole. Proteins were eluted in
100 ul of his tag elution buffer (HEB) (50mM sodium phosphate
buffer, pH 6.0, 100mM KClI, 2% glycerol, 0.2% NP-40, and 250 mM
imidazole) with rotation for 1 min at 23 °C. Eluted proteins were run
on 10% SDS-PAGE [28], immunoblotted [36], and probed with the
1/1000 anti-his antibody (Qiagen), 1/200 anti-myc 9E10 monoclonal
supernatant, or 1/50 anti-tubulin antisera for analysis of protein
interaction.

Splicing assays. Splicing assays were done according to Duncan
et al. [37] using the CR-I Clkl minigene splice reporter. CMV Clkl
[37], myc-CHDI1, myc-C1, or myc-C1C2 was co-transfected with the
Clk1 minigene splice reporter. RT-PCR was used to amplify alterna-
tive spliced transcripts expressed from the C/kl minigene.
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Results
CHDI associates with HDAC

Since the CHD family members, CHD3 and CHDA4,
are associated with HDACI1 and 2, we set out to de-
termine if CHD1 is also associated with HDAC activity.
Anti-CHDI1 polyclonal antisera [21] were used to im-
munoprecipitate the endogenous CHDI1 protein from
P19 cell lysates. HDAC activity was detected in the
immunoprecipitates indicating an association between
CHDI and HDAC (Fig. 1A). Anti-HDACI and
non-immune serum immunoprecipitates were used as
positive and negative controls for this experiment,
respectively.

To confirm this interaction between CHDI1 and
HDAC, myc-tagged CHDI1 constructs, myc-CHD and
myc-Cl (Fig. 1B), were transfected into 293T cells
and the 9E10 anti-myc monoclonal antibody was used
to immunoprecipitate these myc-tagged proteins. Wes-
tern blots and immunofluorescence experiments con-
firmed that the myc-tagged CHDI1 and CI1 constructs
encoded proteins of the expected size and nuclear loca-
tion (data not shown). HDAC activity was co-immu-
noprecipitated with both transfected proteins (Fig. 1B).
The association of myc-C1 with HDAC indicates that
the chromodomain may be the site responsible for
HDAC binding. In contrast, the association between
CHD4 and HDACI is mediated by the PHD fingers not
the chromodomains in CHD4 [12].

CHDI interacts with NCoR and splicing proteins

To further study the proteins associated with CHDI,
a yeast two-hybrid screen was carried out in which the
Cl peptide of CHDI1 fused with the GAL4 DNA
binding domain was used as bait (Fig. 2A). The yeast
two-hybrid screen identified a mouse homolog of
KIAAO0164 [38] (mKIAA(0164) as a protein that bound
CHDI1 (Fig. 2B). In an independent yeast two-hybrid
screen, mKIAAO164 was also found to bind CLKI1, a
dual-specificity protein kinase that is known to phos-
phorylate SR splicing proteins and regulate alternative
splicing, [33,34,37]. mKIAAOQ0164 also contains an SR
domain and recent studies showed that mKIAA0164
can affect splice site selection in an alternative splicing
assay (unpublished data). The mKIAA0164 cDNA
clones isolated from the yeast two-hybrid screens baited
with CHD1 and CLKI are labeled A and B, respectively
(Fig. 2B). mKIAA0164-B is missing the SR-domain and
interacts with both CHD1 and CLK1. mKIAAO0164-A is
smaller and located within B but interacts only with
CHDI1. Thus CLK1 and CHD1 may bind to different
regions of the mKIAAOQ164 protein.

A number of other clones isolated from the CLKI
yeast two-hybrid screen were tested for interaction with
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Fig. 1. CHDI is associated with HDAC. (A) Anti-CHDI, anti-
HDACI, and non-immune serum were used to immunoprecipitate
proteins from P19 cell lysates. The y-axis shows the amount of histone
deacetylase activity present in protein immunoprecipitated with the
indicated IP antibodies on the x-axis. Histone deacetylase activity is
measured by the amount of [*H]acetate released from [*H]acetylated
histones in the presence of immunoprecipitated proteins. (B) CHDI1
a.a. 81-1711 (myc-CHD) and a.a. 195-401 (myc-C1) were myc, tagged
and expressed in 293T cells. The anti-myc 9E10 monoclonal antibody
was used to immunoprecipitate myc-tagged protein and the immuno-
precipitates were tested for the presence of co-precipitated HDAC
activity. Untransfected cell lysates served as the negative control. The
bottom panel shows schematics of the CHD1 protein along with those
encoded by the myc-tagged constructs. Cl1 and C2 refer to the two
chromodomains, H is the helicase/ATPase domain and D is the DNA
binding domain.

CHDI using the yeast two-hybrid assay (Fig. 2B). Re-
markably, three other proteins tested appeared to in-
teract with both CHD1 and CLK1—NCoR, Srp20, and
SAF-B. NCoR is a corepressor of nuclear hormone re-
ceptor transcription [39] and Srp20 and SAF-B are, like
KIAAO0164, involved in RNA splicing [40,41].
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Fig. 2. CHDI and CLKI1 interact with similar proteins in the yeast
two-hybrid system. (A) CHDI a.a. 195-401 (C1) and full-length CLK1
were fused with the GAL DNA binding domain to create bait proteins
for testing protein interactions in yeast two-hybrid assays. (B) The test
constructs were co-transformed with the CHD1 bait (C1) or the CLK1
bait. Co-transformation with empty pAS vector served as a negative
control. Transformed yeast were grown on leu-, trp, and his-selection
media and tested for expression of B-galactosidase using an X-gal
substrate. The bars above and below the rectangles indicate the loca-
tion of the yeast two-hybrid clone. The amino acid numbers are also
indicated. The SAF-B amino acid numbers are from the rat sequence
while the rest are all from mouse sequences. The adjacent table indi-
cates the strength of interaction as measured by the intensity of X-gal
substrate conversion. The negative control was the empty pAS vector.
“++++” indicates blue color product formation by 5 min, which is the
strongest interaction, “+++” 15min, “++” 30 min, “+” 45min, “+/-"
>1h, and “-” no product formation.

No interaction was detected between CLK1 and the
C1 peptide of CHDI1 (data not shown).

In vitro pull-down assay confirms interaction between
CHDI and NCoR

To confirm the interaction between CHDI and
NCoR an in vitro pull-down assay was carried out with
mammalian cell lysates. An NCoR cDNA encoding the
N-terminal end (a.a. 1-523, his-NCoR) of the protein
was tagged with the 6-histidine epitope and expressed in
293T cells along with myc-C1 Fig. 3), which contains the
first chromodomain of CHDI1. Ni-NTA agarose beads
were used to pull down his-NCoR and associated pro-
teins. The results show that myc-C1 was pulled down in
the presence of his-NCoR, confirming that CHD1 and
NCoR associated in mammalian cells (Fig. 3). Tubulin,
a cytoplasmic protein, served as a negative control in
this experiment. This experiment also shows that the
chromodomain of CHDI may be sufficient for associa-
tion with NCoR.

NCoR is known to be associated with HDACs [42]
so the interaction found between CHDI1 and NCoR
and the association of CHD1 with HDAC activity
suggest that CHD1 may be present in a multiprotein
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Fig. 3. In vitro pull-down assays confirm that NCoR interacts with
CHDI. 293T cells were transfected with his-NCoR (lanes 1 and 2),
Myc-Cl1 (lanes 5 and 6), or both (lanes 3 and 4) and proteins were
either loaded directly onto 10% SDS-PAGE (lanes 2, 4, and 6) or Ni-
NTA agarose beads were used to pull down his-NCoR and associated
proteins (lanes 1, 3, and 5). Anti-his (top box), anti-myc (9E10) (middle
box), and anti-tubulin (bottom box) were used to probe the same
immunoblot.

transcriptional repressor complex along with NCoR
and HDAC.

CHDI and CLK]I interact with different regions of NCoR

To further define the region of NCoR that is re-
sponsible for association with CHDI1 and CLKI,
deletions of the NCoR cDNA were made and co-
transformed with the CHD1 and CLK1 baits (Fig. 4).
The association of NCoR with CHD1 did not require
the SANT domain [50] and interaction was not lost until
repressor domain I [39] was deleted. The interaction
with NCoR was slightly decreased with the presence of
the second chromodomain. However, there was no in-
teraction with NCoR in the absence of both chromod-
omains (Fig. 4). Hence the interaction between CHDI
and NCoR requires the presence of at least one
chromodomain of CHDI1 and repressor domain I of
NCoR.

CLK1 interaction with NCoR, on the other hand,
depended on the presence of the SANT domain (Fig. 4).
Deletion of the SANT domain resulted in a complete
loss of interaction between NCoR and CLKI.

CHDI and splicing

The interaction between CHD1 and splicing proteins
implies that CHDI1 may also influence pre-mRNA
splicing. To test this idea, we co-transfected the Clkl
minigene splice reporter (Fig. 5A) with either myc-
CHD, myc-Cl1, or myc-CI1C2 in 293T cells. Overex-
pression of CLK1 induced a shift towards exclusion of
the alternatively spliced exon, as previously reported
[37]. The ratio of transcripts with the alternate exon
spliced in to spliced out is reduced by 50% in the
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Fig. 4. CHDI1 and CLKI interaction with NCoR. Full-length NCoR protein sequence is shown at the top of the figure. Locations of the SANT
domains, nuclear receptor interaction (NR) domain, and Repressor domains I, II, and II, (RI, RII, and RIII, respectively) are indicated. The table
shows the results of the yeast two-hybrid assay testing for interactions between deleted NCoR proteins (shown on the left) and the CLK1 and CHD1
baits (C1, C1C2, and AC1C2) on the bottom. The pAS vector was the negative control. Relative B-galactosidase activity levels are shown as in Fig. 2.
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Fig. 5. Effect of CHD1 on splicing of the Clk1 minigene. (A) Schematic
of the Clkl minigene splice reporter showing the alternatively spliced
exon as an open box. Primers used for amplification by RT-PCR are
indicated with arrows. (B) RT-PCR of Clkl minigene alternatively
spliced transcripts. Locations for the spliced in and spliced out tran-
scripts are indicated. Lane 1 is the control transfection with the empty
vector. Lane 9 shows the alternative splicing pattern with CLKI
transfection, lanes 3, 5, and 7 show the alternative splicing pattern
when cells are transfected with the indicated CHD1 peptides (see Figs.
1 and 4). Lanes 2, 4, 6, 8, and 10 show the pattern of alternative
splicing in the presence of TSA. The ratio of intensities of the spliced
in/spliced out bands was calculated from the densitometric scan.

presence of CLKI1 (Fig. 5B). Myc-CHD and myc-Cl
induced a 20% shift towards exclusion of the alterna-
tively spliced exon whereas the effect of myc-CI1C2 on
splicing was about 50%, the same as CLKI1. These re-
sults suggest that CHD1 associates with splicing pro-
teins in vivo. Since the CHD1 protein is associated with
HDAC, the effect of a HDAC inhibitor, trichostatin A,

on splicing was also tested. Trichostatin A had little
effect on the splicing reaction in the presence or absence
of CHDI1 or CLK1 (Fig. 5B), indicating that HDAC is
not involved in pre-mRNA splicing.

Discussion

One of the major conclusions of this work is that
CHDI is a component of a multiprotein complex that
also contains NCoR and HDAC activity. The region of
CHDI1 surrounding and containing the first chromodo-
main appears to be the binding site required for its as-
sociation with this complex, probably through
interaction with the repressor domain I of the NCoR
protein. NCoR is known to associate with a number of
HDAC:s including HDACS3, 4, and 5 [43-49]. Xue et al.
[15] found that CHDI1 did not co-immunoprecipitate
with HDACI, suggesting that the CHD1/NCoR com-
plex may contain only a subset of HDAC proteins.
Another member of the CHD protein family, CHDA4,
associates with HDACI1 through its PHD finger con-
sistent with the idea that different CHD family members
are components of distinct multiprotein complexes.

The association of CHDI with NCoR and HDAC
suggests a role for this complex in transcriptional re-
pression. Others have evidence to suggest that CHD1 has
a role in transcriptional activation [22,23] while the yeast
CHDI1 homolog appear to play roles in transcription
termination and elongation [24-26]. Thus, CHDI1 ap-
pears to play a role in various aspects of gene expression.
One explanation is that CHDI1 is a general chromatin
remodeling protein, which is recruited where necessary.
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CHDI and CLKI1 bind to different regions of the
NCoR protein. CHDI1 appeared to bind through the
repressor domain I while the SANT domain [50] is re-
sponsible for association with CLK 1. Repressor domain
I of NCoR is the region that associates with the Sin3
complex [8]. The SANT domain of NCoR associates
with HDAC3 [43,51] and is also required for association
with PRP4K, another protein kinase involved with
splicing [52]. PRP4K is phosphorylated by CLK1 [53],
suggesting that these proteins form a complex that as-
sociates with NCoR.

A second unexpected inference from our data is that
CHDI1 may be involved in RNA splicing. We found
three RNA splicing proteins, mKIAAO0164, Srp20, and
SAF-B, associated with CHDI1 in our yeast two hybrid
assays. Another SR splicing protein, p54, interacted
with CHDI in a yeast two hybrid screen done by Kelley
et al. [22]. Splicing assays using a splice reporter show
that CHDI1 modulated splice site selection, suggesting
that CHD1 may be involved in pre-mRNA splicing.
This suggests that the CHD1/NCoR complex has a role
in both chromatin modification and RNA splicing. The
association between NCoR and CLK1/PRP4K [52] is
additional evidence that RNA splicing and chromatin
structure are linked. There is also indirect evidence to
suggest that RNA splicing and chromatin structure are
linked. Transgenes carrying introns and exons are able
to escape inactivation following integration into the
genomes of transfected stem cells while similar trans-
genes with no introns are readily inactivated under
similar conditions [54,55].
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