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Nucleosome remodeling complexes comprise several large families
of chromatin modifiers that integrate multiple epigenetic control
signals to play key roles in cell type-specific transcription regula-
tion. We previously isolated a methyl-binding domain protein
2 (MBD2)-containing nucleosome remodeling and deacetylation
(NuRD) complex from primary erythroid cells and showed that
MBD2 contributes to DNA methylation-dependent embryonic and
fetal p-type globin gene silencing during development in vivo.
Here we present structural and biophysical details of the coiled-
coil interaction between MBD2 and p66a, a critical component of
the MBD2-NuRD complex. We show that enforced expression of
the isolated p66a coiled-coil domain relieves MBD2-mediated glo-
bin gene silencing and that the expressed peptide interacts only
with a subset of components of the MBD2-NuRD complex that
does not include native p66a or Mi-2. These results demonstrate
the central importance of the coiled-coil interaction and suggest
that MBD2-dependent DNA methylation-driven gene silencing can
be disrupted by selectively targeting this coiled-coil complex.

epigenetics | gene regulation

NA methylation involves the enzymatic addition of a methyl
group at the C5 position of symmetrically opposed cytosine
bases in a double-stranded cytosine-guanosine sequence (CpG).
Regions of increased CpG content (CpG islands) often are found
associated with promoters and, when methylated, silence ex-
pression of the associated gene (1, 2). Although most CpG islands
are largely unmethylated in normal adult tissues, a subset of CpG
islands is methylated in specific tissue subtypes, stages of differ-
entiation, and development. Importantly, hypermethylation and
silencing of tumor suppressor genes represents a pro-oncogenic
change found in a wide range of malignancies (3). These obser-
vations have raised interest in DNA methylation as both an im-
portant genetic regulatory mechanism and a potential therapeutic
target for either re-expression of developmentally silenced genes
or reversing tumor suppressor gene silencing in cancer (4, 5).
The methyl cytosine binding proteins include a family that
specifically recognizes the methylated CpG sequence through an
~60 amino acid methyl-binding domain (MBD). There are five
members of the MBD family in mammals: methyl CpG-binding
protein 2 (MeCP2), the first to be identified (6), and MBD1
through MBD4 (7). We and others have isolated and character-
ized an MBD2-containing nucleosome remodeling and deacety-
lation (NuRD) complex (referred to as “MBD2-NuRD”) that
binds methylated DNA and regulates transcription of the asso-
ciated gene (8-10). The MBD2-NuRD complex comprises at
least one homolog of six core proteins: MBD?2, retinoblastoma
protein-associated protein (RbAp46 or -48) Mi-2(«a or f), p66(a
or ), histone deacetylase (HDACI or 2), and metastasis associ-
ated (MTAL1 or -2) (Fig. 14). However, the specific interactions
involved in the formation of the MBD2-NuRD complex have not
been delineated clearly; information that is key to understanding
(i) how and in what stoichiometric ratios of the different proteins
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the complex forms, (i) the functional roles of each of the com-
ponent proteins, and (iii) how to target specific protein—protein
interactions effectively for therapeutic benefit.

In the work presented here, we investigated the interaction
between MBD?2 and p66a«, critical components of the MBD2-
NuRD complex. The human MBD2a protein (411 amino acids)
contains an N-terminal glycine-arginine repeat region, a methyl-
binding domain, a putative transcription repression domain, a
region implicated in binding the RbAp46/48 homolog p55 in
Drosophila (11), and a coiled-coil region (Fig. 1B). The p66a/p
proteins are 66-kDa transcriptional repressors found in NuRD
complexes that contain two highly conserved regions: an N-
terminal coiled-coil domain (CR1) and a C-terminal GATA-like
zinc finger domain (CR2) (Fig. 1B) (12, 13). Previous work has
shown that the CR1 region of p66a is responsible for association
with the MBD2-NuRD complex (12) and directly binds MBD2 (13).

We show that the coiled-coil regions from p66a and MBD2
proteins in isolation are largely monomeric helices that bind to
form a stable heterodimeric complex in solution. The structure
of this complex reveals a canonical anti-parallel coiled-coil with
unique ionic/hydrogen bonding interactions that provide speci-
ficity to the interaction. Based on this structure, we show that the
p66a coiled-coil peptide can bind to the native MBD?2 protein in
cells and functionally relieve MBD2-mediated gene silencing in
tissue culture models of embryonic/fetal globin regulation. Fur-
ther, we show that the isolated p66a coiled-coil peptide interacts
with a subset of the MBD2-NuRD complex lacking the native
p66a and Mi-2 components. These results suggest a model for
MBD2-NuRD silencing of embryonic/fetal globin genes and
show that blocking the native MBD2-p66a coiled-coil interaction
can be used to relieve MBD2-dependent gene silencing.

Results

p66cc and MBD2 Coiled-Coil Domains Form a Stable Heterodimeric
Complex. After cloning and expressing the coiled-coil domains
from p66a and MBD2, we sought to establish whether these
domains interact either to form homomeric complexes or with
each other to form a heteromeric complex. When mixed at a 1:1
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Fig. 1. MBD2-NuRD complex. (A) Schematic representation of the six core
components found in the MBD2-NuRD complex. (B) Domain organization of
MBD2a. The p55 binding region was identified first in Drosophila as inter-
acting with RbAp46/48 homolog p55; CC, ~30 amino acids predicted to form
a coiled coil; GR, glycine-arginine repeat region; MBD, methyl-binding do-
main. (C) Domain organization of p66a. CR1 is a coiled-coil domain; CR2
includes a GATA zinc finger domain.

molar ratio, the p66a and MBD2 coiled-coil domains elute as
a single peak earlier from gel filtration chromatography than
either protein alone (Fig. S1). By analytical ultracentrifugation
analysis (Fig. 24), each protein behaves as a monomer in solu-
tion; when mixed, the two proteins bind to form a heterodimeric
complex: MBD2 = 24.6 kDa observed based on sedimentation
velocity analysis (22.0 kDa expected); p66a = 24.1 kDa observed
(23.0 kDa expected); MBD2-p66a = 43.5 kDa observed (45.0
kDa expected). Surface plasmon resonance analysis of p66a
coiled-coil binding to MBD2 could be fit quite well by a 1:1
binding model (Fig. 2B) with a relatively rapid on rate and slow
off rate resulting in a high-affinity mteractlon (Kd = 12.4 nM,
association rate constant (k, ) = 2.4 x 10° M~! 57, dissociation
rate constant (kq) = 0.031 s7%).

Upon binding, both proteins show broadened line widths and
w1despread chemlcal shift changes leading to improved disper-
sion in the 2D '°N-heteronuclear single quantum coherence
(HSQC) spectra. An NMR titration experiment shows evidence
of slow exchange between the bound and free states (Fig. S1). For
both the isolated monomeric peptides and the complex, the 1°N-
NOESY HSQC spectra contain strong NOE cross-peaks char-
acteristic of helical peptides [HN-HN(i + 1) and HN-Ha(i-3)],
and chemical shift analysis predicts that each is well structured
and adopts helical ¢p/y backbone torsion angles (as predicted by
the program TALOS+; Fig. S1) (14). Circular dichroism meas-
urements show that the isolated monomeric peptides, p66a in
particular, and the complex adopt a helical secondary structure
(p66a, 72%; MBD2, 27%; MBD2-p66a complex, 60%; Fig. S1).
As expected for coiled-coil complexes, the MBD2-p66a complex
undergoes a cooperative unfolding transition that, when fit to
a simple two-state thermodynamic model (15), yields a melting
temperature (Ty,) of 65.1 °C and enthalpy of unfolding transition
(AH,,) of 33.2 kcal/mol. Interestingly, as free peptides, p66a and
MBD?2 appear to undergo a similar cooperative transition at
lower temperatures (p66a: T, = 31.6 °C, AH,,, = 18.3 kcal/mol;
MBD2: T, = 13.0 °C, AH,, = 13.2 kcal/mol). Taken together,
these observations support a model in which the isolated p66a
and MBD?2 coiled-coil domains are largely preformed monomeric
helices that interact to form a stable heterodimeric complex.

Solution Structure of the MBD2-p66a Coiled-Coil Complex. The so-
lution structure of the heterodimeric complex was well defined

7488 | www.pnas.org/cgi/doi/10.1073/pnas.1015341108

(Table S1), with a backbone rmsd for the ordered residues of
0.45 A. The solvent-exposed residues contribute to a relatively
large rmsd for all heavy atoms from the same region (1.2 A),
whereas the interface residues are well defined (backbone plus
interface heavy atoms rmsd of 0.93 A) The complex between
MBD?2 and p66a adopts an anti-parallel coiled-coil structure
(Fig. 2 C-E) in which MBD2 residues Asp217-Met239 and p66a
residues Pro138-1le170 (p66a residues are italicized throughout
the text and figures) form stable a-helices upon binding. The
average interhelix angle is 154.1 + 1.0° with an average interhelix
distance of 9.3 + 0.3 A [averaged over the 20 lowest energy
structures using the program interhlx (16)].

The helices interact through a series of highly conserved hy-
drophobic side chains to form the classic “knobs” (p66a: Ilel45,
Leul52, Leul59; MBD2: 11e220, Val227, Leu234) that fit into
“holes” (p66a: between residues Leu48 and Lys149, Glul55 and
Glul56, and Leul62 and Lys163; MBD2: between residues GIn223
and Glu224, Val230 and Arg231, and Ala237 and Leu238) in the
arrangement of an anti-parallel | coﬂed coil (Fig. 2C). The in-
teraction buries a total of 1,337 A% of solvent accessible surface
area, 648 A from MBD2 and 690 A? from p66a [as calculated
using AREAIMOL from the CCP4 Software Suite (17, 18)]. In
addition to the canonical hydrophobic packing, several close ionic
interactions are formed that probably contribute to the specificity
of this interaction. The hole formed between p66a Glul55 and
Glul56 residues permits side-chain ionic interactions with MBD2
Arg226 and Arg231, respectively. Another close ionic interaction
forms between p66a Lys/63 and MBD2 Glu224. The pattern of
hydrophobic knobs protruding from p66a terminates with the
charged residue Argl66 (Fig. 2D), which forms a close ionic in-
teraction and potential hydrogen bonding with Asp217 of MBD2.

The ionic interaction between Argl66 and Asp217 marks
a transition from the extended structure to a helical secondary
structure for MBD2. This transition is stabilized by a classic helix
N-cap formed by a side-chain hydrogen bond between Thr216 and
the backbone amide of Asp219, which in turn can form a side-chain
hydrogen bond with the backbone amide of Thr216 (Fig. 2E). The
extended N-terminal sequence allows Phe213 to interact with the
hydrophobic Leul62 and Leul65 residues on the exposed side of
p66a. The side chains of Val215 and Leu162 interact, and the side
chain of Gln169 can form hydrogen bonds with the backbone of
Val215 to stabilize this extended conformation of MBD2.

To test the relative importance of the different contacting
residues, a series of truncation and point mutants of the p66a
coiled-coil domain were generated and evaluated for binding to
MBD?2 coiled coil by gel filtration chromatography. Fragments
incorporating either N- (residues 144-158) or C-terminal (resi-
dues 152-168) portions of p66a failed to form stable complexes
with the MBD2 coiled coil. On the other hand, the central 25
amino acids (residues /44-168), incorporating most of the in-
termolecular contacts, does bind to form a stable complex (Kgq ~72
nM; Fig. S2). Mutating Arg166 to Glu or both Glu155 and Glul56
to Arg did not completely abolish binding as assayed by gel fil-
tration chromatography. The affinity of these mutants was de-
termined by surface plasmon resonance, which showed a marked
decrease of almost three orders of magnitude for both Arg166Giu
and Glul55A4rg/Glul56Arg p66a mutations (Argl66Glu Kp ~8
M, Glul55Arg/Glul56Arg K4 ~17 pM; Fig. S2). The Argl66Glu/
Glul55Arg/Glul56Arg triple mutant fails to bind MBD2 coiled
coil even at a protein concentration of 30 pM (Fig. S2). Together,
these findings confirm the importance of these ionic interactions
as well as the intact full-length coiled-coil domain.

The key contacting residues are highly conserved across spe-
cies and among homologous proteins for both MBD2 and p66a
(Fig. S3). In particular, residues involved in stabilizing the N-cap
of MBD2 and marking the transition from extended to helical
structure are conserved from Drosophila to human and include
both MBD2 and MBD3. The central glutamate residues from
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Fig. 2. Binding analysis and solution structure of the p66a—-MBD2 coiled-coil complex. (A) Analytical ultracentrifugation was performed on p66a and MBD2

coiled-coil domains individually and as a 1:1 molar mixture. The sedimentation velocity was fit using a continuous size distribution [c(s)], and the effective
molecular weight was determined from the resulting sedimentation coefficients using SEDFIT software (sedfitsedphat.nibib.nih.gov). (B) Binding kinetics
were analyzed for p66a coiled-coil binding to MBD2 coiled-coil coupled to a Sensor Chip CM5 on a Biacore T100 instrument (GE Healthcare). The data were fit
to a 1:1 binding model using Biacore evaluation software. (C) Stereo view of the aligned 20 lowest-energy structures is shown as cartoon representations of
p66a (blue) and MBD2 (cyan) coiled-coil domains. (D) The “knobs” and “holes” of the p66a and MBD2 coiled domain are shown using a sphere representation
for each chain individually, with the contact surface facing the viewer, and as a complex. For reference, “knobs” and select residues are labeled. (E) Stereo
view stick representation is shown for the main-chain atoms encompassing the N-terminal region extended to helical transition of MBD2 and the contacting
C-terminal region of p66a. Key residues from MBD2 (yellow) and p66a (orange) are shown and labeled (p66a in italics). The figure was generated using the

Pymol program (Delano Scientific LLC).

po6a (Glul55 and Glul56) are highly conserved, as are the
interacting arginine residues Arg226 and Arg231. This high de-
gree of conservation suggests the homologous proteins should
form stable heterodimeric complexes in a similar manner. Ac-
cordingly, gel filtration analysis shows that the coiled-coil regions
from MBD3, MBD3L1, and MBD3L2 all form stable complexes
with the p66a coiled coil (Fig. S2). In contrast, the coiled-coil
domains from MBD2 and MBD3 do not form a stable complex
by gel filtration analysis (Fig. S2).

Expression of the p66ux Coiled-Coil Domain Mimics Knockdown of
MBD2 in Augmenting Fetal/Embryonic Globin Expression in Adult
Erythroid Cell Tissue Culture. Based on the structure of this sta-
ble, high-affinity coiled-coil complex, we postulated that enforced
expression of the coiled-coil domain from p66a could competi-
tively disrupt the native MBD2-NuRD complex and interfere
with MBD2-mediated gene silencing. We have shown previously
that MBD2 contributes to silencing of both chicken embryonic
p-globin gene expression (8, 19) and human fetal y-globin gene
expression in a human p-globin yeast artificial chromosome
(B-YAC) transgenic mouse model (20). An MBD2-NuRD com-
plex was isolated from primary chicken erythroid cells, and
MBD?2 and other components of this complex were shown to bind
and silence a methylated p-globin gene in stably transfected
murine erythroid cells; furthermore, MBD2 was shown to bind to
the methylated and silenced p-globin gene in primary erythroid
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cells (8). Accordingly, we chose to study the effects of over-
expressing the p66a coiled-coil domain in corresponding tissue
culture models of both chicken p-globin expression in MEL cells
(8) and human y-globin expression in murine hematopoietic
chemical inducer of dimerization (CID) cells containing p-YAC
(21). Notably, although MBD?2 binds directly to the silent chicken
embryonic p-globin locus (and hence has a direct effect) (8), it
does not appear to bind directly to the human B-globin gene locus
(suggesting an indirect effect) (20).

MEL-p is a modified mouse erythroleukemia (MEL) cell line
that carries a stably integrated methylated chicken p-globin
minilocus flanked by chicken HS-4 insulator elements. This locus
has been identified previously as a direct binding target for an
MBD2-NuRD complex, thus making it a valid reporter for
MBD2-dependent gene silencing (8). Consistent with previous
observations, stable knockdown of MBD2 by shRNA (Fig. 34)
leads to a twofold increase in p-globin expression (Fig. 3B). A
pCMV-Tag2B vector containing the coding sequence for a Flag-
tagged p66a coiled-coil domain and an empty vector control were
transfected into MEL-p cells in which the methylation of the
p-globin gene had been confirmed by bisulfite sequencing of
the stably integrated gene (Fig. S4) and stable transfectants had
been isolated. After transfection, both p66a coiled-coil mRNA
and protein were expressed in vivo as detected by semiquan-
titative RT-PCR and Western dot blot analyses, respectively (Fig.
S4). The small size of the peptide expressed, ~4 kDa, hindered its
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Fig. 3. The p66a coiled-coil peptide augments fetal/embryonic globin
expression. (A-C) shMBD2 and shScramble pSuperior vector (n = 6), p66a-
pCMVTag2B plasmid (n = 3), and an empty vector control (n = 3) were stably
transfected into MEL-p cells. (D-F) Negative control (siNeg) or MBD2-specific
(siMBD2) siRNA, p66a-pCMVTag2B plasmid, and an empty vector control
(n = 3) were transiently transfected into CID p-YAC bone marrow progenitor
cells. (A and D) Western blot analysis shows efficient knockdown of MBD2.
qPCR-determined relative y-globin mRNA levels show that MBD2 knockdown
(B and E) and enforced expression of p66a coiled-coil domain (C and F)
augment p-globin and y-globin gene expression. Error bars indicate SE.

detection using standard Western blot. Western dot blot, which
has been shown to have 4,000-fold higher sensitivity for small
peptides (22), was used as an alternative to detect expression. In
the presence of the p66a coiled-coil peptide, embryonic p-globin
gene expression was increased 2.5-fold compared with clones that
expressed the vector-derived Flag peptide alone (Fig. 3C). Thus,
the degree of p-globin gene de-repression in the presence of the
p66a coiled-coil domain peptide was equivalent to that in cells
in which MBD2 was stably knocked down by >90%.

To extend this observation to human y-globin gene regulation,
similar studies were carried out in CID-dependent mouse bone
marrow cells carrying p-YAC (21). The human y-globin gene is
highly repressed in these adult phenotype erythroid cells, which
express high levels of p-globin RNA. MBD2 siRNA treatment
reduced expression of MBD2 in CID cells by ~80% (Fig. 3D)
accompanied by a sevenfold increase in human y-globin RNA
expression (Fig. 3E), without affecting expression of the ery-
throid-specific a-globin, spectrin, and aminolevulinic acid dehy-
dratase (ALAD) genes (Fig. S5). Knockdown of MBD?2 in
CD34" precursor-derived primary human erythroid cells resul-
ted in an ~fivefold increase in y-globin gene expression (Fig. S5),
supporting the validity of the CID cell model and the importance
of the MBD2-NuRD complex in autonomous silencing of this
gene in normal adult erythroid cells. Transient expression of the
p66a coiled-coil domain, as monitored using semiquantitative
PCR and Western dot blot (Fig. S4), consistently yielded a 2.5-
to 3.0-fold increase in y-globin expression, but expression of the
p66a coiled-coil triple-mutant peptide, which fails to bind
MBD?2, did not augment expression of y-globin (Fig. 3F, and Fig.
S5). Enforced expression of these same peptides does not ap-
preciably affect expression of the a-globin, p-globin, spectrin, or
ALAD erythroid-specific genes (Fig. S5). These results demon-
strate that the isolated p66a coiled-coil domain can disrupt
MBD2-mediated gene silencing in a model of developmental
human fetal y-globin gene regulation.

Enforced Expression of the p66c Coiled-Coil Domain Disrupts the Re-

cruitment of Endogenous p66a and Mi-2 to the MBD2-NuRD Complex.
Studies, including our own (8), suggest that MBD2-NuRD com-
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plexes exist as relatively stable preformed complexes in the cell
nucleus. To test for interactions of the p66a coiled-coil domain
with MBD2 and the other components of the MBD2-NuRD
complex in intact cells, the pCMV-Tag2B vector containing the
p66a coiled-coil sequence and an empty vector control were trans-
fected into high-transfection-efficiency 293T cells. Immunopre-
cipitation with anti-Flag antibody coprecipitated native MBD2a,
MTA2, HDAC2, and RbAp48, but neither p66a/f nor Mi-2a/p was
detected by Western blot analysis (Fig. 44). These results confirm
that the expressed p66a peptide stably interacts with native
MBD2a and select components of NuRD in vivo. Immunopre-
cipitation with anti-MBD2 antibody from untransfected 293T cells
was used as a positive control, and, as expected, all major com-
ponents of the MBD2-NuRD complex were detected by Western
blot analysis (Fig. 44). Immunoprecipitation of the p66a coiled-
coil domain also coprecipitated MBD3, as one would predict from
the high degree of homology and our binding studies (see above).
However, knockdown of MBD3 by ~75% did not augment
y-globin expression in CID-dependent p-YAC bone marrow pro-
genitor cells (Fig. S6), indicating that this interaction is not func-
tionally relevant to globin gene silencing in this model system. In
contrast, knockdown of p66a or Mi-2f augments expression of
human y-globin mRNA in the CID-dependent B-YAC bone
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Fig. 4. The p66a coiled-coil domain disrupts recruitment of endogenous
p66a and Mi-2 to the MBD2-NuRD complex. The p66a-pCMVTag2B plasmid
and an empty vector control were transiently transfected into high-
transfection-efficiency 293T cells. (A) Immunoprecipitation and Western blot
analysis of transfected cells (anti-Flag, anti-MBD2, and 1gG control antibodies)
show that native MBD2a, MTA2, HDAC2, and RbAp48 coprecipitate with the
Flag-p66a coiled-coil domain and MBD2, whereas p66o/p and Mi-2 copreci-
pitate with MBD2 but not with the Flag—p66a coiled-coil domain. (B-E)
Negative control (siNeg), p66a-specific (sip66a), and Mi-2p-specific (siMi-2p)
siRNA (n = 3) were transiently transfected into CID p-YAC bone marrow pro-
genitor cells. Western blot analyses show efficient knockdown of both p66a
(B) and Mi-2p (D) protein. qPCR analysis shows that p66a knockdown (C) and
Mi-2p knockdown (E) augment y-globin mRNA levels. Error bars represent SE.
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marrow progenitor cells. Transient knockdown of p66a by ~80%
was accompanied by a sixfold increase in y-globin mRNA (Fig. 4 B
and C), and transient knockdown of Mi-2p by ~80% resulted in an
eightfold induction of y-globin mRNA in these cells (Fig. 4 D and
E). Together, these results demonstrate that the isolated p66a
coiled-coil domain can disrupt gene silencing by blocking the re-
cruitment of native p66a/p and Mi-2f to an MBD2-containing
MBD2-NuRD complex.

Discussion

We previously isolated and characterized an MBD2-containing
NuRD complex from a primary erythroid cell source and showed
that MBD2 plays an important role in silencing transcription
of both the embryonic p-globin gene in chickens and the fetal
y-globin gene in human B-YAC transgenic mice (8, 20). This
complex has been implicated by a number of laboratories in
binding to methylated DNA and silencing transcription of syn-
thetic gene constructs (9). We also have shown that DNA meth-
ylation-mediated silencing of the embryonic p-globin gene by
MBD?2 is not dependent on histone deacetylase activity (19, 23).
Similarly, it has been shown that histone deacetylase inhibitors
alone do not relieve silencing of the y-globin gene in adult f-YAC
transgenic mice (24). To understand further the structure of the
MBD2-NuRD complex and its function in globin gene silencing,
we have studied the interaction between p66a and MBD2 pro-
teins in the complex. These experiments have provided molecular
details of the stable anti-parallel coiled-coil complex between
MBD?2 and p66a, details that led to in vivo studies of the p66a
coiled-coil peptide as a potential inhibitor of MBD2 function.
The latter investigation revealed a critical role for Mi-2f in globin
gene silencing.

NMR analysis of the p66a-MBD2 coiled-coil complex shows
that each protein adopts a regular helical structure to form a ca-
nonical anti-parallel coiled-coil interface with an observed dis-
association constant in the low nanomolar region (12.4 nM).
Although coiled-coil complexes can be promiscuous, forming a
variety of oligomeric states and anti-parallel vs. parallel arrange-
ments, the p66a and MBD2 coiled-coil domains behave largely as
helical monomers in solution only to form a stable heterodimer
when mixed (25). This observation argues against the idea that
MBD?2 and MBD3 proteins form homodimeric complexes and/or
bind to one another through their coiled-coil domains and sup-
ports the observation that MBD2 and MBD3 form mutually ex-
clusive NuRD complexes with unique functions (26).

A series of highly conserved close ionic interactions stabilize
the p66o—MBD?2 interaction and probably contribute to the
specificity of binding. These residues are conserved across species
and among different homologs in the same species. Interestingly,
a conserved arginine residue disrupts the hydrophobic surface of
p66a, which coincides with an extended N-terminal conformation
of MBD?2 developing several stabilizing hydrophobic and ionic/
polar interactions. This unique feature of the p66a—MBD?2 coiled-
coil complex should preclude interaction with other amphipathic
helices, permitting a high degree of specificity for what otherwise
is a fairly common binding motif.

Because p66a and MBD?2 bind through a small peptide com-
plex involving two stable helices, we postulated that the p66a
coiled-coil domain in isolation could bind native MBD2 and
function as a competitive inhibitor. As predicted, enforced ex-
pression of this domain in two different cell models of globin
gene regulation augmented fetal/embryonic globin gene expres-
sion to a similar degree as knockdown of MBD2. Immunopre-
cipitation shows that the p66a peptide interacts with MBD2a in
vivo as well as with other components of MBD2-NuRD such as
RbAp46, MTA2, HDACI1, and MBD2. However, recruitment of
p66a/p and Mi-2 proteins to the MBD2-NuRD complex was dis-
rupted by the p66a coiled-coil peptide. Likewise knockdown of
either p66a or Mi-2 augments human y-globin expression to at
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least the same extent as knockdown of MBD2. These results are
consistent with the previous findings that treatment with HDAC
inhibitors does not relieve silencing of the chicken embryonic
p-globin gene (19, 23) or the human y-globin gene in B-YAC
transgenic mice (24), indicating that DNA methylation-mediated
gene silencing does not depend on the enzymatic function of
HDAC proteins in the MBD2-NuRD complex. These findings led
to several interesting conclusions: (i) the MBD2-p66a coiled-coil
interaction is functionally important for silencing transcription;
(if) the remaining sequence of p66a performs a critical role in the
MBD2-NuRD complex (i.e., recruitment of Mi-2 which in turn is
critical for globin gene silencing); and (iii ) specifically targeting the
coiled-coil interaction can block MBD2 function, presumably by
interfering with the formation of its intact associated NuRD
complex containing the Mi-2 chromatin-remodeling protein.

These studies have led us to propose a model of how the p66a
coiled-coil domain inhibits function of the MBD2-NuRD com-
plex (Fig. 5). The isolated coiled-coil domain of p66a binds com-
petitively to MBD2, preventing recruitment of full-length native
p66a and Mi-2 into the MBD2-NuRD complex. Because MBD2
contains the methylated DNA-binding domain, this p66a- and
Mi-2—deficient complex still may bind methylated DNA and in
this manner could act as a dominant negative inhibitor of binding
by an intact functional MBD2-NuRD. Alternatively, the p66a
coiled-coil peptide may sequester the majority of MBD2 into a
nonfunctional complex, thus preventing formation of sufficient
MBD2-NuRD to bind and silence methylated gene targets. This
model explains how a small peptide sequence can effectively
block gene silencing by the large native MBD2-NuRD complex.
The results here also point to a critical role for Mi-2 and p66a in
the MBD2-mediated silencing of embryonic/fetal globin genes in
adult phenotype erythroid cells.

In summary, we have determined the structure of the p66a—
MBD?2 coiled-coil protein complex integral to the formation of
the MBD2-NuRD complex. We have shown that the p66« coiled-
coil domain can competitively inhibit function of this complex in
vivo in cultured erythroid cells. Therefore, this coiled-coil in-
teraction plays a functionally important role in silencing of globin
genes through DNA methylation. This observation raises the
possibility that targeting the p66a-MBD2 interaction could inhibit
DNA methylation-dependent silencing as a therapeutic strategy
for p-hemoglobinopathies and other diseases including cancer.

RbAp48

AODOD:

Fig. 5. Model of the inhibition of the MBD2-NuRD complex by the p66a
coiled-coil peptide. A schematic model showing that the p66a coiled-coil
peptide binds to four of the six core components from MBD2-NuRD (MTA2,
RbAp48, HDAC-1, and MBD2) but prevents recruitment of native p66a and
Mi-2 proteins.
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Methods

Structure and Binding Analyses. The coiled-coil regions of human MBD2b and
p66a were cloned and expressed as thioredoxin fusion proteins using a
pET32a vector [modified to incorporate a thrombin cleavage site immedi-
ately N-terminal to the cloned sequence (27)] and purified using standard
techniques. The p66a and MBD2 coiled-coil domains were analyzed by gel
filtration chromatography, analytical ultracentrifugation, surface plasmon
resonance, and circular dichroism. Standard NMR experiments for resonance
assignments and structure determination, including residual dipolar cou-
pling measurements, were collected on a Varian 500 MHz Unity+ spec-
trometer at 25 °C. The structure of the complex was calculated by simulated
annealing using the Xplor-NIH (28) software package (S/ Methods).

RNAi-Knockdown Studies. Cells were transfected with 1 uM of MBD2, p66a,
and Mi-2a and -p gene-specific siRNAs, and AllStars siNeg scramble control
(Qiagen). RNA isolation, cDNA synthesis, and quantitative PCR (QPCR) were
performed as described previously (20). For protein analysis, 2-4 x 10° cells
were lysed with 4.5% SDS buffer containing protease inhibitor mixture
(Pierce), and Western blot analysis was performed as described previously (S/
Methods) (19).

Enforced Expression Studies. The wild-type and triple-mutant (Arg166Glu/
Glu155Arg/Glu156Arg) p66a coiled-coil domains (amino acids 138-178)
were cloned into the pCMVTag2B (Stratagene) vector in frame with an N-
terminal Flag-tag sequence. These vectors (including an empty vector con-
trol) were transfected into either CID p-YAC bone marrow progenitor cells
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or MEL-p cells, and expression was confirmed by PCR and dot blot analyses
(S Methods).

Immunoprecipitation. 293T cells were transfected with p66a-pCMV-Tag2B
plasmid and empty vector control (10 pg) by the calcium phosphate pre-
cipitation method (29) and harvested at 48 h. Cells were lysed and immu-
noprecipitated with anti-Flag M2 agarose affinity gel (Sigma), anti-MBD2
(Santa Cruz), and mouse and goat IgG (Santa Cruz) controls according to the
Sigma Flag-IPT kit protocol.

Primers and Antibodies. Primer sequences and antibodies are provided in
Tables S2 and S3.

Statistics. All experiments were performed three or more times. Results are
shown as mean + SE. For comparison between data sets, unpaired two-tailed
t tests were performed.
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