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Sporadic mutations in the hMeCP2 gene, coding for a protein that preferentially binds symmetrically
methylated CpGs, result in the severe neurological disorder Rett syndrome (RTT). In the present work,
employing a wide range of experimental approaches, we shed new light on the many levels of MeCP2 interaction
with DNA and chromatin. We show that strong methylation-independent as well as methylation-dependent
binding by MeCP2 is influenced by DNA length. Although MeCP2 is strictly monomeric in solution, its binding
to DNA is cooperative, with dimeric binding strongly correlated with methylation density, and strengthened by
nearby A/T repeats. Dimeric binding is abolished in the F155S and R294X severe RTT mutants. MeCP2 also
binds chromatin in vitro, resulting in compaction-related changes in nucleosome architecture that resemble the
classical zigzag motif induced by histone H1 and considered important for 30-nm-fiber formation. In vivo
chromatin binding Kinetics and ir vitro steady-state nucleosome binding of both MeCP2 and H1 provide strong
evidence for competition between MeCP2 and H1 for common binding sites. This suggests that chromatin
binding by MeCP2 and H1 in vivo should be viewed in the context of competitive multifactorial regulation.

DNA methylation constitutes an important epigenetic com-
ponent in transcriptional regulation, with methylation gener-
ally leading to repression of nearby genes (6). However, the
mechanism by which the epigenetic signal is passed to the
regulatory machinery is not well understood. Research in this
area has been focused on a small family of methyl-CpG bind-
ing proteins, best characterized by MeCP2 (19), mutations in
which result in Rett syndrome (RTT), a debilitating neurode-
velopmental disease in humans (2).

A mechanism of MeCP2-mediated gene silencing may in-
volve recruitment of histone deacetylases upon methyl-specific
binding (57). However, other mechanisms, which are not nec-
essarily mutually exclusive, such as stabilization of large chro-
matin loops (29) and promotion of chromatin compaction (51),
have also been suggested (14). Studies on in vivo distribution of
MeCP2 in nuclei have revealed that, in addition to the ex-
pected occupancy of sites of CpG methylation, MeCP2 shows
significant binding to unmethylated DNA (71). However, a
recent analysis of MeCP2 occupancy has revealed that the
genomic distribution of MeCP2 in mammalian neurons closely
tracks methyl-CpG density (60). These results highlight our
current lack of understanding of key questions pertinent to the
binding of MeCP2 to DNA and chromatin. It is especially
important, for example, to quantitate the modulation of bind-
ing by factors such as methylation density (8, 37, 48, 60) and
the presence of adjacent A/T-rich sequences (31) that are
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reported to influence binding. In the present work, we have
used a variety of quantitative approaches to show that, when
bound to DNA, MeCP2 exhibits a cooperative monomer-
dimer equilibrium, which is influenced by DNA length, meth-
ylation density, and the presence of nearby A/T repeats.

The interaction of MeCP2 with mononucleosomes is similar
to its binding to naked DNA and strongly influenced by DNA
methylation. The primary binding site in the linker DNA entry/
exit region is reminiscent of histone H1 binding, which induces
specific changes in chromatin architecture (5). In this report,
using direct electron microscopy (EM) imaging of tetra-nu-
cleosomes, we show that, like H1 binding, MeCP2 binding
induces compaction by dramatically reducing the nucleosomal
linker DNA entry/exit angle. Further, the steady-state fluores-
cence anisotropy studies reported here demonstrate competi-
tive binding to methylated chromatosomes and reveal that
MeCP2 is more potent at displacing H1 than vice versa.

In vivo, both linker histone H1 (36, 46) and MeCP2 (31, 32)
have similar levels of intranuclear mobility and, in vitro, share
binding sites on nucleosomes, suggesting that they may com-
pete for chromatin binding. A competitive binding equilibrium
between them would have important consequences for their
nucleosome occupancy. Our fluorescence-recovery-after-pho-
tobleaching (FRAP) analysis reveals that in vivo chromatin
binding by MeCP2 and the well-characterized histone H1 vari-
ant H1° follows a complex competitive equilibrium. Together,
these data suggest that there is a dynamic interplay between
MeCP2 and H1° that modulates local chromatin structure.
Nevertheless, there are binding sites that are tightly bound
either by MeCP2 or by H1 and cannot be exchanged by in-
creasing the abundance of the other. These findings may ex-
plain the wide range of phenotypes associated with different
levels of MeCP2 abundance and diversity of RTT mutations.
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TABLE 1. Synthetic oligonucleotides used in sedimentation equilibrium studies

Primer name

Sequence”

11bp-unmet.
11bp-met......
23bp-unmet....
23bp CpG-less
23bp-monomet
45bp-unmet
45bp-monomet .
45bp-tri-(CpG-A/T)
45bp-trimet ........c.e...
52bp poly (CpG-AT,).....
52bp poly (CpG-AT,)met

5" ATAAGCGCAATTCATAATGCCTT 3'
5" ATAAGCACAATTCATAATGCCTT 3/
5’ ATAAG(Cmet)GCAATTCATAATGCCTT 3'
5" TCAATGCCCTGGAACGGAATTCTTCTAATAAACGATGTATCATTT 3'
5" TCAATGCCCTGGAA(Cmet) GGAATTCTTCTAATAAACGATGTATCATTT 3’
5" TGAATTCCGTTATAGTGAATTCCGTTATAGTGAATTCCGTTATAG 3’
.5 TGAATTC(Cmet)GTTATAGTGAATTC(Cmet)GTTATAGTGAATTC(Cmet)GTTATAG 3’
5" AATAACGGAATAACGGAATAACGGAATAGCGCAATAACGGAATAACGGAATA 3/
5’ AATAA(Cmet)GGAATAA(Cmet)GGAATAA(Cmet)GGAATAG(Cmet)GCAATAA(Cmet)

GGAATAA(Cmet)GGAATA 3’

“ The underlined sequences in 52bp poly (CpG-AT,) and 52bp poly (CpG-AT,)met were used for determining methylation efficiency by testing resistance to Hhal

digestion. (Cmet)G is a symmetrically methylated CpG motif.

MATERIALS AND METHODS

MeCP2 and H1°. For synthesizing monocysteine (Cys413) MeCP2, site-direct-
ed-mutagenesis primers were designed to convert the two other cysteines
(Cys339 and -429) to alanine. For cysteine-to-alanine conversion of Cys339, the
pair of primers used were 5" GGGAAAGGACTGAAGACCgcTAAGAGCCC
TGGGCGGAAAAG 3’ and 5" CTTTTCCGCCCAGGGCTCTTAgcGGTCTT
CAGTCCTTTCCC 3, and for cysteine-to-alanine conversion of Cys429, the pair
of primers used were 5" CACTGGAGAGCGACGGCgcCCCCAAGGAGCCA
GCTAAG 3’ and 5' CTTAGCTGGCTCCTTGGGGgcGCCGTCGCTCTCC
AGTG 3’ (bases mutated for Cys-to-Ala conversion are lowercase). The con-
struct was verified by sequencing.

Wild-type (WT) human MeCP2, the F155S RTT mutant, the R294X C-
terminal-deletion mutant, and mono-Cys MeCP2 were expressed and purified as
described previously (25, 51). The plasmid for expressing histone H1? with a
C-terminal Ala-Cys-Ala extension (H1°-ACA) was kindly provided by David T.
Brown (University of Mississippi Medical Center, Jackson, MS). Wild-type H1°
and H1°-ACA were expressed and purified as described previously (38).

DNA and nucleosomal arrays. Immunoelectrophoresis-high-performance lig-
uid chromatography (IE-HPLC)-purified unlabeled (Table 1) or 5'-end-fluores-
cein-labeled duplex oligonucleotides were purchased from Integrated DNA
Technologies (IDT; Coralville, IA). Except for 52bp 6-(CpG-A/T,,)met, all sym-
metrically methylated CpG-containing oligonucleotides were custom synthesized
by IDT. 52bp 6-(CpG-A/T,)met was prepared by methylating 52bp 6-(CpG-A/
T,) with SssI CpG methyltransferase (New England Biological, Ipswich, MA),
and methylation efficiency was verified by testing resistance to Hhal digestion of
an internal Hhal site which becomes refractory to digestion upon symmetric
CpG methylation.

pUC19 plasmids harboring a tandem array of four 207-bp repeats, each con-
taining the “601” nucleosomal positioning sequence (63), were kindly provided
by S. A. Grigoryev (Pennsylvania State University School of Medicine, Hershey,
PA). Maximum-efficiency Stbl2 competent cell transformants (Invitrogen, Carls-
bad, CA) were grown and DNA was prepared as described previously (50). 601-4
DNA was excised using Xbal and SphI (New England Biological, Ipswich, MA)
and resolved on 0.8% agarose gels. The corresponding gel band was excised, and
DNA was electro eluted into TAE (Tris-acetate-EDTA) buffer using 6-8K Spec-
tra/Por (Spectrum Labs, Rancho Dominguez, CA) cutoff membrane sleeves.
DNA was purified using phenol-chloroform, followed by ethanol precipitation,
and methylated as described previously (50). Tetranucleosomes were prepared
by salt gradient dialysis from 2 M NaCl as described previously (50).

Nucleosome preparation for fluorescence anisotropy experiments. A 172-bp
(601) DNA construct was prepared by PCR amplification using 601-1 (207 bp
inserted in the PUC19 plasmid) DNA as a template and HPLC-purified forward
(5'-TCTAGATATCGGACCCTATACGCGGCCG-3") and reverse (5'-CATGC
ACAGGATGTATATATCTGACACGTGCCTG-3") primers purchased from
IDT. The 180-bp amplicon produced by PCR was further digested with EcoRV
to obtain the blunt-ended 172-bp amplicon containing the 146-bp core nucleo-
somal positioning sequence, a 14-bp-long entering nonnucleosomal (linker)
DNA, and a 12-bp exiting linker DNA. DNA was purified as described previously
(50).

Mass measurement by STEM. Reconstituted mononucleosomes containing
207 bp of DNA with the “601” strong nucleosome positioning sequence and two
approximately equal linker DNA segments (50) were incubated with 0 or 2

molecules of MeCP2 per nucleosome, fixed with 0.1% glutaraldehyde (see be-
low), and prepared for scanning transmission electron microscopy (STEM) im-
aging as described previously (50). The rationale for using a molar input of 2
MeCP2 per nucleosome was based on electrophoretic mobility shift assays
(EMSAs) showing that MeCP2 produced two distinct shifted bands with meth-
ylated mononucleosomes, indicative of two binding events (50). Low-dose im-
ages (61) were analyzed with the PCMASS 29 program using a custom model
nucleosome based on the structure of the nucleosome core particle (39) to select
image regions corresponding to individual mononucleosomes. The custom mask
was manually aligned when automatic alignment failed. In cases where the linker
could not be accurately masked by the model, a double-stranded-DNA model
that could be adjusted for length and curvature was employed.

Electron microscopy. Tetranucleosomes were fixed by dialysis against buffer at
the desired monovalent ion concentration, containing 0.1% glutaraldehyde, for
4 h at 4°C, followed by two changes of buffer for a total of 16 h. Arrays at a DNA
concentration of 50 pg/ml were incubated with MeCP2 at molar ratio of 2
MeCP2 molecules per nucleosome for 30 min at room temperature prior to
fixation. For negative staining, fixed samples were diluted 10-fold with 50 mM
NaCl, adsorbed to a glow-discharged carbon film, washed with double-distilled
water, negatively stained with 0.5% uranyl acetate containing 0.1% glucose, and
dried slowly in a 50% relative-humidity chamber. Some samples were rinsed
briefly with water after uranyl acetate treatment to provide positive staining.

Samples were examined with a Tecnai 12 transmission electron microscope
(TEM; FEI Co., Hillsboro, OR) operating at 120 kV, and images were recorded
on a 2,048- by 2,048-pixel TVIPS slow-scan charge-coupled device (CCD; TVIPS
GmbH, Gauting, Germany). Tilt pairs (25° separation) of negatively stained
preparations were recorded with low-dose protocols, yielding <5 electrons/A>
for each member of a tilt pair. Positively stained samples were recorded using
tilted-beam dark-field optics. For tomographic reconstruction of negatively
stained samples, tilt series were recorded with an image pixel size of 0.45 nm. The
tilt data consisted of images at 2.5° intervals between —65° and +65°, with an
average dose of 0.5 electrons/A%. Alignment of tilt series by cross-correlation and
reconstruction by weighted back-projection were performed using IMOD eTomo
software (http://bio3d.colorado.edu/imod/).

For cryoelectron microscopy, samples at a tetramer concentration of ~50
pg/ml were applied to holey carbon films and vitrified in liquid ethane in a
Vitrobot (FEI, Hillsboro, OR). Samples were vitrified both fixed and unfixed;
some fixed samples were positively stained on carbon films over holes prior to
vitrification to enhance contrast in the vitrified sample. Grids were transferred
under liquid nitrogen to the Tecnai 12 TEM in a Gatan 626 cryoholder (Gatan,
Inc., Pleasanton, CA) and observed at —170°C. Tilt pairs were recorded as
described above.

Image analysis. Stereology was used to determine the three-dimensional (3-D)
locations of features in the tilt pairs from which coordinates of nucleosome
positions and linker trajectories were calculated and internucleosomal distances
and angles derived (24). The effect of point-picking error on 3-D calculations was
constrained to <3 pixels, which limits 3-D distance changes to <1 pixel and 3-D
angle change to <1 degree (4). Solid models of selected tetramers were created
by positioning objects of appropriate dimensions representing nucleosomes and
linker DNA at the coordinates derived stereologically, or directly from tomo-
graphic reconstructions, and were examined interactively in three dimensions
using Vertigo software (Vertigo, Inc., Vancouver, BC, Canada).
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FIG. 1. DNA-MeCP2 interactions. (a to f) AFM images of MeCP2-DNA complexes. (a to ¢c) DNA strands with circular (single arrows) and
elliptical (double arrows) MeCP2 foci. (d and e) DNA loops with circular MeCP2 foci at the base. (f) Large complex containing multiple DNA
strands and MeCP2 molecules. Scale bar = 50 nm. (g) Histogram of the calculated volumes of individual MeCP2 foci indicating two Gaussian
distributions, with mean volumes of 88 nm® and 157 nm?, close to those expected for the MeCP2 monomer and dimer, respectively. The elliptical
foci center on the higher value. (h) Normalized lIsg*(s)-versus-S,,,, plot showing sedimentation coefficient distributions of 45 bp of DNA and
complexes comprising 45 bp of DNA and MeCP2 at increasing (0-, 1-, 2-, 3-, 4-, and 5-fold) molar inputs of MeCP2. The fold input of MeCP2
increases from left to right. Saturation is reached at a 4-fold input. A small peak at 2.5 S represents free MeCP2 at the 5-fold protein input. (i)
Normalized plot of change in fluorescence anisotropy of a fluorescein-labeled, unmethylated 23-bp DNA at various MeCP2/DNA ratios. Saturation
is reached at a 2-fold input of MeCP2. Error bars represent standard errors of the means (SEM). (j) Multiwavelength, multispeed sedimentation
equilibrium profile of the unmethylated 11-bp DNA substrate incubated with MeCP2 (3 pM DNA-3 pM protein) in 200 mM NaCl. Data were
collected at 230 nm (circles), 260 nm (squares), and 280 nm (triangles) and speeds of 15,000 (green), 20,000 (red), and 25,000 (blue) rpm. Solid
lines represent global fits obtained using the A+B heteroassociation model, where A represents DNA and B represents protein. The residuals of
the fits are shown in the top panel.

AFM. DNA-MeCP2 complexes were deposited on the mica surface function- sufficient to accommodate three MeCp2 molecules (one MeCP2 molecule per 11
alized with 1-(3-aminopropyl)silatrane (APS-mica) by use of the protocol de- bp, or ~3.7 nm). Therefore, the effective probability of two MeCP2 molecules
scribed in references 41 and 42. Briefly, 5 ul of the complex solution was placed being identified as adjacent particles on the basis of chance is the sum of the
on the APS-mica surface for 2 min, rinsed with deionized water (AquaMax Ultra; probabilities of binding of a second MeCP2 molecule to sites iy, 1, iy 2, in—1, and

APS Water Services Corporation), and dried with a flow of argon. Atomic force
microscopy (AFM) images were acquired in air using a MultiMode SPM Nano-
Scope IV system (Veeco, Santa Barbara, CA) operating in tapping mode. Tap-
ping mode silicon probes (Olympus; Asylum Research, Santa Barbara, CA) with
a nominal spring constant of ~42 N/m and a resonant frequency between 300
and 320 kHz were used. Image processing, cross-sectioning, and volume mea-
surements were performed using Femtoscan (Advanced Technologies Center,
Moscow, Russia). To obtain the molecular mass of the protein in kDa from the
protein volume, the conversion coefficient from the linear plot of the protein
molecular mass versus the protein volume (59) was used. The data for the
volume measurements were analyzed using Origin 6.0 (Originlab, Northampton,
MA). The histograms were approximated by Gaussians, and the maxima of the

i, Which is ~5.2% of the frequency of monomer formation. The ratio of the
areas under the Gaussian fits to the distribution (Fig. 1g) provide the actual
relative frequencies of monomers and dimers.

Protein labeling and functional validation of the mono-Cys MeCP2 variant.
Mono-Cys MeCP2 and H1°-ACA, each of which contains one modifiable thiol
group, were incubated with tetramethyl rhodamine iodoacetamide (TMRIA)
(Anaspec, Fremont, CA) for 2 h at 22°C and then overnight at 4°C in 50 mM
NaCl, 50 mM Tris, pH 7.5, buffer in the dark. Excess label was removed by
extensive serial dialysis in 10-kDa-molecular-mass-cutoff Microcon filter units
(Millipore, Billerica, MA) in the same buffer, followed by 2 or 3 consecutive
column purifications using PD MiniTrap (GE Healthcare, Waukesha, WI). La-

distributions were used as the most-probable values for the set. beling efficiencies for MeCP2 and H1 were determined by measuring the absor-
By chance, some binding events will result in MeCP2 molecules being adjacent bances at 280 nm (for the protein) and 546 nm (for rhodamine) using molar
on DNA and indistinguishable from cooperative dimeric binding. We estimate extinction coefficients (MECs) of 12,950 (MeCP2), 4,000 (H1), and 70,000 for
the relative frequencies of these events as follows. Since MeCP2 occupies 11 bp rhodamine. An ~40% labeling efficiency was routinely achieved for HI-ACA,
of DNA, there are ~76 binding sites per 601-4 (828 bp) DNA (i to is). If the while an ~80% labeling efficiency was achieved for MeCP2.
first MeCP2 molecule binds at site i,, the probability of random binding of the Mono-Cys (Cys413) MeCP2, which lacks Cys339 and Cys429, is fully func-
second molecule to sites i, ; and i, is the addition of their individual proba- tional in our assays. It retains methyl-CpG specificity and DNA binding efficiency
bilities, which sums to ~2.6% of the frequency of monomer formation. However, in in vitro EMSAs (not shown) (26, 51). Also, tetramethyl thodamine (TMR)-
due to the limited resolution of the AFM probe, MeCP2 molecules must be at labeled mono-Cys (Cys413) MeCP2 retains its capacity for nuclear localization

least 11 nm apart to be resolved as separate particles. This length of DNA is signal (NLS)-mediated transport into the nuclei upon microinjection into the
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TABLE 2. Equilibrium dissociation constants for the first binding and enhancement factors for the second binding as determined by
sedimentation equilibrium experiments and analyzed using the SEDPHAT global-fit option®

Enhancement factor

.. Heteroassociation model K, A.p global K ai8/Kiasns Mean RMSD of all
DNA MeCP2 type  Exptl conditions” providing best global fit dig\t (ng\/[) ® :)\btk';/inéfli\ b; v local fits
global fit

11bp-unmet WT 3,3,3 A+B 15.0 NA 0.007 = 0.0010
11bp-met WT 4,3,3 A+B 1.1 NA 0.004 = 0.0007
23bp-unmet WT 2,33 A+B+B 0.25 0.13 0.007 = 0.001
23bp CpG-less WT 3,3,3 A+B+B 0.31 0.10 0.005 = 0.001
23bp-monomet WT 2,33 A+B+B 0.13 0.35 0.005 = 0.0008
45bp-unmet WT 3,3,3 A+B+B 0.16 0.4 0.002 = 0.0001
45bp-monomet WT 3,3,3 A+B+B 0.10 1.4 0.003 = 0.0007
45bp tri-(CpG-A/T) WT 2,3,3 A+B+B 0.13 0.7 0.005 = 0.0006
45bp-trimet WT 3,3,3 A+B+B 0.05 5.0 0.003 = 0.0006

F155S 2,3,3 A+B+B 0.34 0.7 0.004 = 0.0004

R294X 3,3,3 A+B+B 0.08 0.8 0.003 = 0.0008
52bp poly (CpG-AT,) WT 3,3,3 A+B+B 0.11 1.4 0.004 = 0.0009
52bp poly (CpG-AT,)met WT 3,3,3 A+B+B 0.05 30 0.003 = 0.0004

“ A, DNA; B, MeCP2; WT, wild type; NA, not applicable.

® The first, second, and third numerals represent the number of molar concentrations, the number of wavelengths (230 nm, 260 nm, and 280 nm), and the number

of speeds, respectively.

cytoplasm and shows the pericentromeric distribution typical of cells stably
expressing MeCP2-GFP (see Fig. 6).

DNA saturation analysis using fluorescence anisotropy. For DNA saturation
analysis using fluorescence anisotropy, 0.1 uM IE-HPLC-purified fluorescein-
labeled 23-bp DNA segment of mouse brain-derived neurotrophic factor
(BDNF) promoter IV (23bp-unmet) (Table 1) was mixed with 0.4 .M unlabeled
DNA of the same sequence and then incubated for 10 min prior to data acqui-
sition with a range of molar inputs of MeCP2 (0, 0.25, 0.5, 0.75, 1, 2, 3, 4, and 5)
in separate tubes in 10 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM EDTA buffer.
The fraction of DNA bound to MeCP2 was determined by fluorescence anisot-
ropy. For fluorescence anisotropy measurements, a PTI QM1 spectrofluorom-
eter (Photon Technology International, Birmingham, NJ) equipped with an
excitation and emission polarizer was used. The excitation wavelength (Aexcitation)
and Ao pission Used were 480 nm and 515 to 525 nm, respectively. Fluorescence
anisotropy was calculated using methods described earlier (26).

Salt titration of DNA-MeCP2 complexes. To study the role of electrostatics in
MeCP2-DNA interaction, 0.1 uM fluorescein-labeled monomethylated or tri-
methylated DNA (45 bp) was incubated with a 2-fold molar excess of MeCP2 in
10 mM Tris, pH 7.5, 0.5 mM EDTA buffer containing NaCl concentrations
ranging from 100 mM to 500 mM in separate increments of 25 mM. The fraction
of DNA bound to MeCP2 was determined by measuring fluorescence anisotropy
using a PTI QM1 spectrofluorometer equipped with an excitation and emission
polarizer (26).

DNA saturation analysis using boundary velocity sedimentation. For DNA
saturation analysis using sedimentation velocity, a 45-bp segment of BDNF
promoter IV DNA was incubated at 2 pM with a 0-, 1-, 2-, 3-, 4-, or 5-fold molar
excess of MeCP2 in 10 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM EDTA buffer
and examined using a Beckman Optima XL-I analytical ultracentrifuge
(Beckman Coulter, Brea, CA) with absorbance optics at a velocity of 40,000
rpm and a temperature of 20 = 0.1°C. Data were analyzed using SEDFIT (34,
54) with the Isg*(s) method. For Fig. 1h, the Isg*(s) maximum value for each
profile has been normalized to 1.

Sedimentation equilibrium. Interactions between MeCP2 and defined oligo-
nucleotides were studied using multiwavelength (230 nm, 260 nm, 280 nm)
sedimentation equilibrium data acquired at multiple rotor speeds and multiple
concentrations using absorbance optics (Beckman Optima XL-I analytical ultra-
centrifuge). For DNA, the molar extinction coefficient (MEC) at 260 nm was
determined for each oligonucleotide by use of an IDT biophysics UV spectrum
tool after application of Cavaluzzi Borer correction (13). Buffer density, buffer
viscosity, the MEC of MeCP2 variants at 280 nm as well as 260 nm, and their
partial specific volumes (V},,,) were calculated using SEDNTERP (33). For
obtaining apparent molar masses of each individual component, multispeed,
multiwavelength, multiconcentration equilibrium data of each component were
globally fit to a monomer model with mass conservation constraints using
SEDPHAT (65). In the fits to the DNA equilibrium data, the MEC at 260 nm was
fixed for DNA and floated for 230 nm and 280 nm to obtain relative extinction
coefficients at these wavelengths. The relative molar extinction coefficients of

MeCP2 at 230 nm and 260 nm were determined from the ratio of absorbances at
230 nm and 280 nm and at 260 nm and 280 nm, respectively, multiplied by the
known molar extinction coefficient at 280 nm. The MEC of MeCP2 at 260 nm
obtained by this procedure agreed closely with that calculated using SEDNTERP
(33). Also, fixing the MEC of MeCP2 at 280 nm and floating it at 230 nm and 260
nm in the fits to the MeCP2 equilibrium data yielded similar values for relative
MEC of MeCP2 at these wavelengths. All molar masses of DNA substrates were
calculated using the V,,, value of MeCP2, as this allows the calculation of the
molar mass of the DNA-MeCP2 complex by simple addition of the apparent
molar masses of the individual components, as is the case for their buoyant molar
masses. Global fits to MeCP2-DNA complex equilibrium data were performed
for each experiment by use of the A+B, A+B+B, and A+B+B+B heteroas-
sociation models, where A is the DNA and B is the protein (SEDPHAT) (65).
The MECs and apparent molar masses of protein and DNA obtained by the
methods mentioned above were fixed in global fits to MeCP2-DNA complex
equilibrium data. Models giving the best fit for each experiment on the basis of
goodness-of-fit statistics and the corresponding root mean square deviation
(RMSD) of fit are shown in Table 2. To compare only the first and second
bindings, the molar ratios of MeCP2/DNA were kept at or below 1. The DNA-
MeCP2 inputs used in these experiments were (in uM) 1.3:1.3, 1.3:0.65, 2:1.5,
0.65:0.65, 3:3, 6:6, 6:4, and 1.5:1.5.

Fluorescence anisotropy assay of MeCP2-H1 competition. Nucleosomes (172
bp) were incubated for 10 min with equimolar amounts of MeCP2-TMR and
H1°TMR and excited with vertical or horizontal polarized 552-nm light, and
emission over a 5-nm window between 578 nm and 582 nm was collected in the
horizontal and vertical directions. Data were also collected after incubation of
the binary complex with increasing amounts of the alternate unlabeled protein.
For each input of the unlabeled protein, the binary complex was incubated for 10
min, after which the unlabeled protein was added and incubated for another 5
min, after which anisotropy was measured. Fluorescence anisotropy values were
calculated as described previously (26).

Tissue culture, transfection, and microinjection. An H1°-GFP BALB/c 3T3
cell line expressing H1°-GFP was kindly provided by David T. Brown. Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) lacking
phenol red, supplemented with 15% fetal bovine serum (FBS; Atlanta Biologi-
cals, Lawrenceville, GA), 1% antibiotic-antimycotic solution (Sigma-Aldrich, St.
Louis, MO), 4 mM glutamine, and 400 wg/ml G418 at 37°C under 5% CO,.
BALB/c 3T3 cells expressing GFP fusions of MeCP2 isoform I or II were kindly
provided by Carolyn C. Schanen (Department of Biological Sciences, University
of Delaware, Newark, DE) and grown as described for H1°-GFP-expressing
cells. Chinese hamster ovary (CHO) cells stably expressing HP1a-GFP were
kindly provided by Tom Misteli (National Cancer Institute, NIH, Bethesda,
MD). A MeCP2-monomeric red fluorescent protein (mRFP) overexpression
plasmid containing a strong cytomegalovirus (CMV) promoter was kindly pro-
vided by Christina Cardoso (Max Delbruck Center for Molecular Medicine,
Germany). Transient transfection of H1°-GFP cells with MeCP2-mRFP was
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carried out with Lipofectamine 2000 reagent (Invitrogen) in accordance with the
manufacturer’s instructions.

Cells were grown on Mattek 50-mm glass bottom dishes (Ashland, MA) for
48 h. Prior to microinjection, the medium was replaced with DMEM supple-
mented with 5 mM HEPES, pH 7.5. The concentrations of labeled protein used
for microinjection were 0.1 mM for H1°-ACA and MeCP2 mono-Cys, 0.25 mM
and 0.5 mM for unlabeled H1°, and 0.25 mM for MeCP2. Microinjected cells
were detected by the presence of high-molecular-mass (70-kDa) Texas Red-
dextran (Invitrogen) in the injectate. Cells were injected using an Eppendorf
model 5242 microinjector (Eppendorf, Hauppauge, NY) and a Zeiss IM35 in-
verted microscope (Thornwood, NY). Micropipettes for injection were made by
pulling 1.2-mm by 0.9-mm by 100-mm borofilament capillary tubes (Friedrich
and Dimmock, Millville, NJ) using a model P80 Brown Flaming micropipette
puller (Sutter Instruments, Novato, CA) using a velocity index of 117, a pull
index of 160, and a heat index of 380. Microscopy was performed 30 min, 1 h and
2 h after injection.

5-Azadeoxycytidine treatment of cells. MeCP2-GFP-expressing BALB/c 3T3
cells were grown on Mattek 50-mm glass bottom dishes for 24 h and treated with
medium supplemented with 1 uM 5-deoxy-azacytidine (5-Aza-dC) (Sigma-Al-
drich) for 4 to 5 days, with replenishment every 24 h.

Fluorescence microscopy. H1°-GFP-expressing cells microinjected with TMR-
MeCp2 and MeCP2-GFP-expressing cells microinjected with TMR-H1° were
fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min,
permeabilized with 0.2% Triton X-100 in PBS for 10 min, blocked with 2%
(wt/vol) bovine serum albumin (BSA), 15% milk, 0.05% Triton X-100 in PBS for
30 min, and stained with Hoechst 33258 (0.1 wg/ml) in PBS. Fluorescence
microscopy was performed using a Nikon Eclipse microscope with a 40X
PlanApo lens.

For quantification of DNA demethylation upon 5-Aza-dC treatment, treated
and untreated MeCP2-GFP-expressing cells were fixed with 4% paraformalde-
hyde in PBS for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 1 h,
treated with 4 N HCI containing 0.1% Triton X-100 for 30 min, neutralized with
0.1 M borate buffer (pH 8.5) for 30 min, and incubated in blocking buffer (0.2%
[wt/vol] BSA, 0.05% Tween in PBS) overnight. For immunodetection of methyl
cytosine, cells were then incubated with 2 pg/ml primary antibody (anti-5-methyl
cytosine mouse monoclonal antibody [MAb]; EMD Chemicals, Gibbstown, NJ)
in blocking buffer for 1.5 h and then in 10 wg/ml secondary antibody (Alexa Fluor
568 goat anti-mouse IgG; Invitrogen) in blocking buffer for 1 h. To measure the
effect of 5-Aza-dC on MeCP2 distribution in pericentromeric heterochromatin
(PHC), treated and untreated MeCP2-GFP-expressing cells were fixed with 4%
paraformaldehyde in PBS for 15 min and then permeabilized with 0.2% Triton
X-100 in PBS for 10 min, blocked (2% [wt/vol] BSA, 15% milk 0.05% Triton
X-100 in PBS) for 30 min, and stained with Hoechst 33258 (0.1 pg/ml) in PBS.
Fluorescence microscopy was performed using a Nikon Eclipse microscope with
a 20X PlanApo lens.

FRAP. Fluorescence recovery after photobleaching was performed as de-
scribed previously (52), using a Zeiss (Thornwood, NY) LSM Meta 510 confocal
microscope. The 488-nm argon line was used for imaging H1°/HP1a/MeCP2-
GFP and the 543 nm HeNe line used for rhodamine-labeled H1°/MeCP2. For
FRAP, three prebleaching images were typically acquired, followed by bleaching
of a spot with a 1-um radius encompassing either the heterochromatic or the
euchromatic domains, and subsequent acquisition of images every 1 s and 3 s for
MeCp2-GFP and H1°-GFP, respectively. For HP1a-GFP, images were acquired
every 0.5 s. For imaging prebleaching and postbleaching images, the 488-nm
argon laser was used at 3 to 4% efficiency for uninjected cells and 5 to 7%
efficiency for microinjected cells. Detector gain and amplifier offset were opti-
mized to avoid saturation. For bleaching, the 488-nm laser power was set to
100%. To compensate for the low MeCP2-GFP fluorescence intensity in PHC
resulting from 5-Aza-dC treatment, data were recorded with higher laser inten-
sity and gain than were used for untreated cells. Since FRAP data were collected
only from nuclei in which the fluorescence intensities were at least half of the
mean normal fluorescence intensity, the effect of demethylation on binding
kinetics is underestimated. FRAP recovery plots were generated from the fluo-
rescence intensities in the bleached region of interest (ROI) and reference ROIs,
and background fluorescence was measured at each time step. The fluorescence
recovery in the ROI was double normalized using the equation F, = [(I, — B,)/(I,
= Bo)l[(R, — B)/(Ry — By)], where F, is the normalized fluorescence recovery
at each time point ¢, I, is the mean intensity of the bleached ROI at each time
point ¢, I, is the prebleaching fluorescence intensity of the ROI, R, is the
reference intensity at each time point ¢, R, is the initial reference intensity, and
B, and B, are the mean background intensities at the original and each subse-
quent time point ¢.

The times for 50% recovery (T’s, values) and the percents mobile and immo-
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bile fractions were obtained by fitting individual recovery curves to the equation
F, =Y + {1l — [C, X " ™} (62), where F, is the normalized fluo-
rescence recovery at time ¢, Y is the value of the fluorescence recovery plateau,
C.q is the equilibrium concentration of protein bound to chromatin, and K is
the dissociation rate constant which has been shown to be identical to the rate
constant for FRAP recovery (9). The Ts, values were calculated using the
equation Ty = In (0.5)/(—K,5), and the mobile fraction was calculated using the
equation My = C.o/(Ceq — Y).

RESULTS

MeCP2 binding produces monomeric and dimeric foci on
DNA. Although MeCP?2 exists strictly as a monomer in solution
(1), direct EM imaging suggests that clustering may occur upon
binding to DNA (51). This is seen with atomic force micros-
copy (AFM) (Fig. 1a to f), which shows MeCP2 binding to a
methylated DNA consisting of 4 repeats of 207 bp containing
a “601” nucleosome positioning sequence (63). Sites of bound
protein appear predominantly as circular or elliptical foci (Fig.
la to ¢). For AFM images, it is possible to estimate the volume
of a particle and derive the approximate mass (41, 40, 42, 58,
59). The volumes of these foci show a bimodal distribution
(Fig. 1g), which when fitted to a Gaussian function indicates
maxima corresponding to 88 and 157 nm?, close to the ex-
pected volumes of a MeCP2 monomer and dimer. The ratio of
the areas under the Gaussian fits to the monomer and dimer is
1.5:1, suggesting that dimers form at a frequency of ~67% of
monomers, much higher than the ~5% expected for chance
(see Materials and Methods).

A common conformation seen in ~27% of MeCP2-bound
molecules involves a DNA loop resulting from intra-DNA
bridging by MeCP2 (Fig. 1d and e). The volume distribution of
particles involved in looped complexes shows a single peak
corresponding to monomeric MeCP2. This visual demonstra-
tion of multistrand capture by a single MeCP2 molecule is
likely due to multiple independent DNA binding domains in
MeCP2 (26, 51). Occasionally, complexes containing multiple
DNA strands emanating from large MeCP2 foci were also seen
(Fig. 1f). The frequencies of these complexes increase dramat-
ically as the ratio of MeCP2 to DNA is increased. The ability
of MeCP2 to induce DNA looping and complex macromolec-
ular assemblies is consistent with its suggested role in the
formation and maintenance of large-scale chromatin loops in
vivo (29).

Systematic analysis of cooperative binding of MeCP2 to
DNA. The apparent dimeric binding mode of MeCP2 evident
from the AFM images of MeCP2-DNA complexes suggested a
possible cooperative binding and was surprising in view of the
failure of MeCP2 to self-associate in solution (1). To investi-
gate this further, we embarked on a systematic analysis of the
effects of DNA length, CpG motif, CpG methylation, and
methylation density on MeCP2 binding and the role of A/T-
rich stretches adjacent to methylated CpGs, which have been
reported to increase binding affinity (31). For these studies, a
set of defined DNA sequences was prepared (Table 1), includ-
ing a 45-bp section of the BDNF promoter (15, 44), containing
single methylatable CpG unit flanked on each side by A/T
stretches (45bp-unmet and 45bp-monomet) (Table 1). Smaller
constructs that were approximately one-half and one-fourth as
long (23bp-unmet, 23bp-monomet, 23bp CpG-less, 11bp-un-
met, and 11bp-monomet) were also prepared (Table 1). To
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examine the effect of tandemly repeated CpG-A/T—, clusters,
a modification of the 45-bp sequence containing 3 such clusters
spaced 15 bp apart [45bp-trimet and 45bp tri(CpG-A/T, )met]
(Table 1) and a 52-bp sequence with 6 such clusters [52bp poly
(CpG-A/T,) and 52bp poly (CpG-A/T,)met] were also pre-
pared (Table 1). All sedimentation equilibrium experiments
were carried out with 200 mM NaCl buffer, as salt titration
experiments of MeCP2 dissociation from DNA with various
methylation densities (see Materials and Methods) revealed
substrate-specific differences only above 150 mM NaCl (not
shown).

One MeCP2 molecule binds to 11 bp of DNA. Salt titration
experiments reveal that at monovalent ion concentrations be-
low ~150 mM, there is no discrimination between MeCP2
binding to methylated DNA and MeCP2 binding to unmethy-
lated DNA. Thus, at the low salt concentration, the DNA
binding stoichiometry of MeCP2 is independent of the meth-
ylation status of DNA. Also, any preferential positioning of
MeCP2 on a DNA substrate mediated by methyl-CpG can
complicate the estimation of binding stoichiometry. Therefore,
to focus on binding stoichiometry, unmethylated DNA in 100
mM salt buffer was used in these experiments. To ensure that
all saturable sites were occupied, the concentrations of DNA
and protein (=0.5 wM) in saturation experiments were kept
well above the dissociation constant (K,;) of MeCP2 binding to
DNA at a 100 mM monovalent ion concentration (<1 nM)
(26).

We first determined the stoichiometry of MeCP2 binding to
the 45-bp unmethylated DNA by use of sedimentation velocity
monitored at 250 nm, where proteins have negligible absor-
bance (30, 34, 54). The Isg*(s) values at different molar inputs
of MeCp2 show an increase in sedimentation coefficient for the
complexes at molar excesses of up to 4-fold (Fig. 1h). At 5-fold
excess, the 1sg™(s) peak showed no further change. The small
peak at ~2.5 S, seen only at 5-fold input, represents unbound
MeCP2 (1). The results show that a maximum of 4 MeCP2
molecules can bind to 45 bp of DNA and therefore that each
molecule occupies 10 or 11 bp. To refine this estimate, we
examined MeCP2 binding to a 5’ fluorescein-labeled, un-
methylated 23-bp DNA by following fluorescence anisotropy.
There was a linear increase in anisotropy at MeCP2/DNA
ratios of up to 2, followed by a plateau at higher inputs (Fig.
1i), confirming that a single MeCP2 molecule occupies 10 or 11
bp of DNA. Previous work has established that the MBD
domain alone occupies ~6 bp (28), suggesting that the remain-
der of the molecule either occupies or sterically limits access to
an additional 4 or 5 bp of DNA.

Neither anisotropy nor sedimentation velocity approaches
can exclude the possibility that, upon initial binding to DNA,
subsequent binding occurs solely through protein-protein in-
teractions. In that case, the DNA binding stoichiometry of
MeCP2 would be 1 per 23 bp. To clarify this issue, different
concentrations of unmethylated or methylated 11-bp DNA
were incubated with MeCP2 at different molar ratios and
multispeed, multiwavelength sedimentation equilibrium
data were obtained. Applying a global fit to the data using
mass conservation constraints allows discrimination be-
tween various modes of binding and also yields K, values (55,
64, 65). The data gave the best fit to a 1:1 binding model (the
A+B heteroassociation model, where A is DNA and B is
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MeCP2) for both the unmethylated and the methylated 11-bp
substrates (Table 2 and Fig. 1j). There was, however, a striking
~14-fold increase in binding affinity when the single CpG unit
was symmetrically methylated. This clearly indicates that one
MeCP2 molecule occupies 11 bp of DNA and that a second
binding would require additional DNA. It is interesting to note
that in an earlier study (50), we found that MeCP2 confers
~11-bp protection from micrococcal nuclease (MNase) diges-
tion on the nucleosomal linker DNA proximal to the nucleo-
somal dyad. However, it was not possible to determine the
number of MeCP2 molecules required to confer this protec-
tion. Our new data suggest that a single MeCP2 molecule
would be sufficient to confer the 11-bp protection on nucleo-
somal linker DNA.

MeCP2 binding affinity is DNA length dependent. Impor-
tantly, when sedimentation equilibrium was used to study
MeCP2 binding to a 45-bp substrate, the A+B heteroassocia-
tion model gave a poor fit (Fig. 2a), whereas the A+B+B
model gave an excellent fit to the data (Fig. 2b). At molar
ratios of MeCP2/DNA of 1 or below, the A+B+B heteroas-
sociation model gave the best fit with all sequences longer than
11 bp (Table 2), irrespective of sequence and methylation
status. At higher molar ratios of MeCP2/DNA, such as a 3:1
ratio of MeCP2 to 45-bp unmethylated DNA, the A+B+B+B
heteroassociation model provided the best fit to the sedimen-
tation equilibrium data (Fig. 2d and ¢). On the basis of AFM
imaging, which shows that MeCp2 binding follows a monomer-
dimer equilibrium, on DNA long enough to accommodate
more than two MeCP2, the third binding is likely to be distrib-
utive. It is, however, possible that on DNA with high methyl-
ation density, cooperative binding would lead to MeCP2 oli-
gomerization.

To limit our analysis to the two-binding-event scenario,
which is particularly useful in dissecting the relationship be-
tween the first and second binding events, we carried out sed-
imentation equilibrium analysis at molar ratios of MeCP2/
DNA of =1. Under these conditions, there were important
differences in the binding affinities for the different substrates.
A comparison of the first binding (K, A,p) to the different
substrates demonstrates a strong DNA length dependence for
MeCP2-DNA binding (Table 2). Even though 10 or 11 bp is
the stoichiometric binding length of DNA for MeCP2, when
presented with the unmethylated 11-bp substrate, MeCP2
binds with low affinity (~15 pM). With the corresponding
methylated substrate (11bp-met), binding affinity increased
~14-fold (Table 2). Longer methylated DNA gave a further
substantial increase in affinity (Table 2). For example, when
the DNA length was increased to 23 bp (23bp-unmet) or 45 bp
(45bp-unmet), the binding affinity (K, 5 , ) increased to ~0.25
pM or ~0.16 uM, respectively. Furthermore, with the 23-bp
substrate (23bp-unmet), the second MeCP2 molecule, for
which a maximum of 11 bp is available, bound ~8-fold more
strongly than was seen with single MeCP2 binding to the 11-bp
oligonucleotide. This indicates that the presence of the first
MeCP2 molecule strongly facilitates the second binding (Table
2). In the case of 23-bp DNA, the DNA was designed with an
end-located CpG motif (Table 1). This was done in order to
avoid steric exclusion of a second molecule by a methyl-CpG-
bound MeCP2 molecule, in case methyl-CpG-specific position-
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FIG. 2. Sedimentation equilibrium reveals mechanistic details of DNA binding by MeCP2. (a and b) Multiwavelength, multispeed sedimen-
tation equilibrium of MeCP2 with an equimolar amount of trimethylated 45-bp DNA in 200 mM NaCl (1.3 pM DNA-1.3 pM protein). Data were
collected at 230 nm (circles), 260 nm (squares), and 280 nm (triangles) and speeds of 10,000 (green), 14,000 (red), and 18,000 (blue) rpm. Solid
lines represent global fits obtained using an A+B heteroassociation model (a) or an A+B+B model (b). Note the very small residuals in panel
b, indicating that MeCP2 binding to longer DNA follows an A+B+B heteroassociation model at protein/DNA ratios of =1. (¢) Summary of the
sedimentation equilibrium data showing for each DNA substrate the fraction existing as A, AB, and ABB, as determined from the binding
parameters given in Table 2, using the mass action law option in SEDPHAT and input concentrations of 0.5 uM for MeCP2 and 0.5 uM for DNA.
The error in the calculations is the same as that presented in Table 2 in the “Mean RMSD of all local fits” column. (d and e) Multiwavelength,
multispeed sedimentation equilibrium of the interaction of MeCP2 with 45 bp of monomethylated DNA in 200 mM NaCl at an input ratio of 1:3
(DNA/MeCP2) and data collected at 230 nm (circles), 260 nm (squares), and 280 nm (triangles) and speeds of 10,000 (green), 14,000 (red), and
18,000 (blue) rpm. Solid lines represent global fits obtained using the A+B-+B+B heteroassociation model (d) and the A+B+B heteroassociation
model (e). Residuals show that at this input ratio, the A+B+B+B model provides a better fit.

ing in 23bp-monomet with a centrally located methyl-CpG

Cooperative binding increases with methylation density.
restricted the translational dynamics of MeCP2.

With 23-bp monomethylated DNA, the first and the second

A/T-rich sequence motifs markedly improve MeCP2 binding
to DNA. In order to determine whether the [CpG-(A/T)—,]
sequence motif influences cooperative MeCP2 binding to
DNA in the presence or absence of methylation, we carried out
sedimentation equilibrium analysis of MeCP2 binding to 45bp-
unmet DNA [single CpG-(A/T)-,], 45bp tri-CpG-(A/T) DNA
[three CpG-(A/T)—_,], and 52bp poly (CpG-A/T,) DNA [six
CpG-(A/T)—_,4] (Table 1). Repeats of the CpG-(A/T)—, motif
clearly improve MeCP2 binding even on unmethylated se-
quences. The consistent increase in the affinity of the second
binding obtained with increasing CpG-(A/T)_, motif density is
a further clear indication of cooperative binding (Table 2 and
Fig. 2c).

bindings occurred with affinities ~2.0-fold- and ~3-fold-
higher, respectively, than those observed for 23-bp unmethyl-
ated DNA (Table 2 and Fig. 2c). Binding to 23-bp unmethyl-
ated DNA did not differ significantly from binding to 23-bp
CpG-less DNA, suggesting that a single CpG motif by itself has
little effect on MeCP2 binding (Table 2 and Fig. 2¢). Moreover,
comparison of binding to 45bp-Tri-(CpG-A/T) DNA versus
binding to 45bp-trimet DNA shows that increasing the meth-
ylation density to the trimethylated state results in a further
marked increase in binding affinity, especially for the second
binding (Table 2 and Fig. 2b and c). Increasing the methylation
density still further to 6 methylated CpG-(A/T)-, motifs in the
52-bp substrate produced the most dramatic increase in sec-
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ond-binding affinity compared to the level for the first binding
(Table 2 and Fig. 2c). It is important to note that this 30-fold
enhancement of the affinity of the second binding could be an
underestimation, as the second-binding affinity is near the
lower limit of sensitivity of the fitting program (65). The rela-
tive abundances of A, AB, and ABB, as determined using the
mass law calculator with the binding parameters given in Table
2, clearly demonstrate the striking increase in the ABB com-
ponent with methylated 52bp-met DNA (Fig. 2c). While the
correlated increases in first- and second-binding affinities ob-
tained with methylation density could be explained by a higher
probability of methylation-specific binding on densely methyl-
ated DNA, the increase in second-binding affinity compared to
the level for the first binding indicates a strong cooperative
association. We also examined the interaction of the RTT-
causing MeCP2 F155S mutant, which is severely misfolded
(25), and the R294X C-terminal-deletion mutant with DNA.
The F155S mutant, which was selected since its effect on meth-
ylation specificity and overall binding affinity shows an inter-
mediate level of deficiency (51), exhibited an overall diminu-
tion in binding affinity when presented with the trimethylated
45-bp substrate (Table 2 and Fig. 2¢). Interestingly, the R294X
mutant, which lacks the C terminus of the protein, showed no
sign of cooperative binding to the 45bp-trimet substrate (see
Fig. 5E; also Table 2). This indicates a role for the MeCP2 C
terminus in the cooperative dimerization of MeCP2 that oc-
curs upon DNA binding.

In terms of the in vitro relevance of these results, it is im-
portant to note that the cooperative binding of MeCP2 occurs
over a wide range of concentrations and with MeCP2/DNA
molar ratios as low as 1:2, the MeCP2/nucleosome ratio in
unsorted brain nuclei (60).

Methylated nucleosomes have a stronger affinity for MeCP2
than unmethylated nucleosomes. /n vivo, MeCP2 is most likely
to encounter DNA in a nucleosomal context. We therefore
determined the stoichiometry of MeCP2 binding to 207-bp
nucleosomes centered on the strong “601” nucleosome posi-
tioning sequence (50, 63). Since the number of MeCP2 mole-
cules bound to a nucleosome cannot be reliably quantitated by
conventional EM, we used scanning transmission electron mi-
croscopy (STEM) (67), which provides direct mass values for
individual particles. The mean mass for mononucleosomes was
249 kDa (standard deviation [SD], 38; standard error [SE], 4.1;
n = 86), (Fig. 3a), close to the predicted mass of 235 kDa.
After incubation with 2 molecules of MeCP2 per nucleosome,
the mean mass of methylated nucleosomes increased to 338
kDa (SD, 59; SE, 3.0; n = 324) (Fig. 3c), indicating that the
majority of nucleosomes had gained two 52-kDa MeCP2 mol-
ecules. Unmethylated nucleosomes also showed an increase in
mass, but only to 292 kDa (SD, 37; SE, 3.5; n = 112), consistent
with the idea that most nucleosomes contain a single MeCP2
(Fig. 3b).

We previously showed that methylated nucleosome core
particles lacking linker DNA fail to bind MeCP2 (50). Thus, in
a nucleosomal context, MeCP2 binds primarily to linker DNA
and methylation favors a stoichiometry of 2 MeCP2 molecules
per nucleosome. The nucleosomal substrate used here has a
cluster of CpGs on the entering linker DNA close to the
nucleosomal dyad, and this appears to be the most likely site
for binding of the first MeCP2 molecule to methylated nucleo-
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FIG. 3. STEM mass analysis of the interaction between 207-bp
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somes (50). The nucleosomal-dyad-specific binding is likely to
occur in unmethylated nucleosomes as well, promoted by
linker geometry at the dyad and interaction between the
MeCP2 C terminus and histone H3 (50). The second binding
of MeCP2 to methylated nucleosome is also likely to occur on
the entering linker DNA, which carries a high density of
methyl CpGs (50) and thus would favor cooperative dimeriza-
tion. In unmethylated nucleosomes, the second binding to the
nucleosomal linker DNA would not be favored.

MeCP2 binding to nucleosomes produces an architectural
motif at the nucleosomal dyad similar to that induced by
histone H1. To probe the early stages in chromatin compaction
by MeCP2, not accessible in highly condensed 12-nucleosomal
arrays, which obscures nucleosome orientational information
as well as linker DNA trajectory (24), we imaged tetramers
under salt conditions that induce limited compaction (see Ma-
terials and Methods). Tetranucleosomes without MeCP2 ap-
peared as an open beaded chain of 4 nucleosomes separated by
linker DNA (Fig. 4a). Incubation with MeCP2 (2 molecules
per nucleosome) induced extensive compaction (Fig. 4b and ¢),
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FIG. 4. MeCP2 compacts tetranucleosomes. (a) Tetranucleosomes
in 50 mM NacCl exhibit the expected open beaded-string configuration.
(b and c¢) In the presence of 2 MeCP2 molecules per nucleosome, the
tetranucleosomes fold into a compact “bow tie” conformation similar
to that observed in compact tetranucleosome crystals (53). (d, e, f, and
g) Models derived from stereo pair images as viewed from 2 directions
support the hypothesis that MeCP2 induces compaction primarily
through zigzag folding. (a and b) Positive-stain TEM dark field. (c)
Negative-stain TEM. (d to g) Models based on stereo images of neg-
atively stained preparations. Scales = 10 nm.

with many showing the “bow tie” configuration seen in tetranu-
cleosome crystals (53), resulting from the basic zigzag archi-
tecture. The same motif predominated in frozen hydrated sam-
ples (not shown).

Analysis of tilt pairs of the negatively stained and cryo im-
ages provided the 3-D coordinates of the nucleosome centers,
edges, and linker DNA entry/exit points. Solid models con-
structed from these data (Fig. 4d to g) allowed the linker
entry/exit angle between consecutive nucleosomes to be com-
puted (5). In the absence of MeCP2, the angle was dependent
on the salt concentration in which the tetranucleosomes were
fixed. In 50 mM salt, the mean angle was large and highly
variable (106° [SD, 44°; SE, 9°]), whereas in 150 mM salt, the
mean angle decreased dramatically and was more consistent
(26° [SD, 12° SE, 9°]) (5). In the presence of MeCP2 and in 50
mM NaCl, the angle (26° [SD, 9°; SE, 7°]) was similar to that
seen in untreated tetranucleosomes in 150 mM NaCl. Impor-
tantly, the MeCP2-induced architecture favored a close appo-
sition of the entering and exiting linker DNA segments pro-
ducing the “stem” motif observed in oligonucleosomes
compacted with the linker histone (4).

MeCP2 is more potent in displacing H1 from nucleosomes
than vice versa. On the basis of the similarity of the chromatin
architecture induced and the MNase protection conferred on
nucleosomal linkers (50), it is likely that MeCP2 and H1 share
a nucleosomal binding site and, if so, might compete for chro-
matin binding. Earlier work by Nan et al. (48) showed that the
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addition of MeCP2 to methylated minichromosomes resulted
in H1 depletion. However, the use of minichromosomes re-
constituted in a Xenopus egg extract precluded determination
of binding dynamics in the context of the nucleosomal dyad,
and a direct role for MeCP2 in competitive exclusion of H1 was
not established. In the present study, we use fluorescence an-
isotropy to address the bidirectional competition between
MeCp2 and H1 for nucleosome binding in a ternary system
where the sole components are 172-bp nucleosomes with sym-
metrical linkers, MeCP2 and H1.

MeCP2 and H1° (a well-characterized H1 variant) were
fluorescently (TMR) labeled under conditions that preserve
functionality (see Materials and Methods), and changes in the
fluorescence anisotropy of the labeled protein observed upon
binding to an equimolar amount of methylated 172-bp chro-
matosome-length nucleosomes were recorded. In our fluores-
cence anisotropy experiments, the maximum increase in the
anisotropy of labeled MeCP2 was achieved upon incubation
with an equimolar amount of methylated 172-bp nucleosomes
(not shown). In contrast, methylated complete (207-bp) nu-
cleosomes bind two MeCP2 molecules (Fig. 3). To study the
competitive exclusion of one protein by the other, the binary
complexes were incubated with increasing amounts of the
alternate unlabeled protein (Fig. 5a to ¢). As expected, when
allowed to interact with methylated nucleosomes, both
MeCP2-TMR and H1°-TMR showed marked increases in an-
isotropy. Importantly, upon incubation with unlabeled protein,
there was a progressive decrease in anisotropy, with the decay
profile clearly showing a much stronger displacement of H1? by
MeCP2 than the reverse (Fig. 5¢). Moreover, incubation of the
binary complex with unlabeled H1° or MeCP2 did not result in
a further increase in anisotropy, which would be expected if
both proteins coexisted on the same nucleosome. This supports
the hypothesis that H1° and MeCP2 share a nucleosome-bind-
ing site and that a 172-bp nucleosome with equal-sized linkers
occupied by H1° cannot be cooccupied by MeCP2 and vice
versa.

MeCP2 and histone H1 compete ir vivo. Given the unique
environment of the nucleus, it was important to determine
whether MeCP2 and H1 compete for chromatin binding sites
in vivo, since such competition is likely to be important in
MeCP2 function. Both proteins have similar intranuclear mo-
bilities, as determined by fluorescence recovery after photo-
bleaching (FRAP) (31, 32, 36, 46), suggesting that their inter-
action could be usefully studied using this technique. One
protein was expressed as a GFP fusion, and changes in FRAP
kinetics upon microinjection of the second protein were mon-
itored (11).

We first established the conditions under which microinjec-
tion of fluorescently labeled MeCP2 or H1? into the cytoplasm
of mouse fibroblasts resulted in complete uptake into the nu-
cleus and had no obvious deleterious effects on cell viability or
intranuclear distribution (Fig. 6). Injection of cells with buffer
containing 0.5 mg/ml Texas Red-labeled dextran showed that
microinjection itself did not affect the viability or morphology
of the nuclei (Fig. 6¢c) or alter the FRAP kinetics of H1°-GFP
(Fig. 7c and d and Table 3). Microinjected cells survived during
the 15-h observation period and divided successfully (the num-
ber of H1%-Texas Red-injected cells increased by ~75%), sug-
gesting that H1° microinjection was not toxic. When cells ex-
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FIG. 5. MeCP2 and histone H1 compete for nucleosome-binding
sites in vitro. (a) Fluorescence anisotropy of 10 nM TMR-labeled H1°
(circles) by itself (lower short arrow), upon incubation with an equimo-
lar amount of 172-bp (the approximate chromatosome length) nucleo-
somes (upper long arrow), and upon incubation of the binary complex
with increasing amounts of unlabeled MeCP2. (b) Same as for panel a,
but with TMR-MeCP2 (squares) incubated with increasing amounts of
unlabeled H1°. (c) Normalized version of data shown in panels a and b.
At an equimolar input of unlabeled MeCP2, ~70% labeled H1° is
excluded from mononucleosomes, whereas with unlabeled H1%, ~30%
of labeled MeCP2 is competed out. Error bars represent SEM. Data
are based on 3 separate acquisitions for each experiment type.

pressing H1°-GFP (46) were injected with unlabeled H1°,
there was a substantial increase in the fluorescence recovery
rate compared to the level for uninjected cells, but the ratio of
the mobile fractions to the immobile fractions was little
changed (Fig. 7 and Table 3). H1°-GFP-expressing cells were
then microinjected with TMR-labeled MeCP2. The two pro-
teins were strongly colocalized, especially in the pericentro-
meric heterochromatin (PHC) identified by Hoechst staining
(Fig. 6b). Similar results were obtained with the converse ex-
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FIG. 6. Microinjection does not affect general cellular health and
allows visualization of the overlapping distribution of MeCP2 and H1°.
(a) Fluorescence imaging indicates that microinjected TMR-H1? (red)
colocalizes with MeCP2-GFP (green), especially in PHC (merged im-
age at right). Scale bar = 5 pm. (b) Images of H1°-GFP-expressing
nuclei indicate that H1°-GFP (green) and microinjected TMR-MeCP2
(red) colocalize particularly well in PHC (merged image). Hoechst
staining (cyan, far right) shows a very similar distribution. (c) Mi-
croinjected cells can be identified by the red fluorescence of Texas
Red-dextran in the cytoplasm. Microinjection does not alter the
nuclear morphology or the fluorescence of H1°-GFP (green). Scale
bar = 20 pm.

periment, in which cells expressing MeCP2-GFP were injected
with TMR-labeled H1° (Fig. 6a). Having established standard
conditions, we recorded FRAP data from euchromatic and
heterochromatic regions of H1°-GFP cells that were either
uninjected, mock injected, or injected with MeCP2. Also, the
converse experiment, in which MeCP2-GFP-expressing cells
were injected with H1°, was carried out. From these data, the
time for 50% recovery (Ts,) and the proportions of mobile
(readily exchangeable) and immobile (exchangeable over much
longer time periods) protein fractions were determined.
Injection of MeCP2 into cells expressing H1°-GFP reduced
the mean 7’5, in euchromatin (EU) from 37 = 3 to 17 = 2 s and
that in heterochromatin (HC) from 40 *+ 3 to 17.6 = 2 s (Fig.
7 and Table 3). There were also small decreases in the mobile
fraction both in EU and in HC (Fig. 7 and Table 3). Similar
results were obtained when H1°-GFP cells were transiently
transfected with a MeCP2-mRFP-expressing plasmid (Fig. 7
and Table 3). This suggests that MeCP2 competes strongly for
binding sites with the mobile fraction of H1° but relatively
weakly with the tightly bound H1° fraction. This difference in
competitive efficiency for two different pools of H1° will lead to
a relative enrichment of tightly bound H1° in comparison with
the level for the mobile fraction. Under equilibrium condi-
tions, in an uninjected H1°-GFP cell, the fluorescence at any
spot is the sum of the fluorescences from the immobile and
mobile fractions. Upon injection of MeCP2, some of these
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FIG. 7. Microinjection of MeCP2 accelerates the FRAP kinetics
of H1°-GFP in heterochromatin and euchromatin. (a and b) Con-
focal images of cells expressing H1°-GFP, where a 1-um radius spot
of EU (a) or HC (b) was bleached and the recovery monitored over
time. From left to right are prebleaching, bleaching, and post-
bleaching images. (¢ and d) FRAP profiles of HI>-GFP in 1-um-
radius bleached spots in EU (c¢) and HC (d) in uninjected (L]) and
mock-injected (O ) cells. FRAP curves are also shown for H1°-GFP
cells injected with H1? (), MeCP2 (A), and transiently transfected
with MeCP2-RFP plasmid (O). Error bars represent SEM. FRAP
profiles show the mean values for 20 or more different nuclei.

weakly bound sites will be invaded by MeCP2 in accordance
with the law of mass action. This will create a larger free pool
of H1° and H1°-GFP, and there will be fewer binding sites,
thus increasing the FRAP recovery rate. However, as a result
of the relatively weak competition by MeCP2 for sites tightly
occupied by the immobile fraction of H1? and the strong com-
petition for sites weakly occupied by the mobile fraction of
H1°, once equilibrium is reached, the fluorescence at any spot
will be composed of a relatively large proportion of tightly
bound H1°-GFP, and upon photobleaching, the extent of re-
covery will be lower than that in uninjected cells.

To examine the reverse situation, we injected (250 pwM)
recombinant H1° into cells stably expressing MeCP2-GFP
(Fig. 8a and b and Table 3). This resulted in a more rapid
recovery for HC (Ts,, 17 * 2 s) than in uninjected cells (T’s,

MoL. CELL. BIOL.

29 = 2s). The low fluorescence intensity of MeCP2-GFP at
EU in these uninduced cells precluded effective FRAP analysis
of MeCP2 binding to EU. Doubling the concentration of the
injected H1° (from 250 uM and 500 wM) produced a further
reduction in Ts, from 17 = 2 s to 11 = 2 s. The use of
exogenous H1° also resulted in an increase in the immobile
fraction of MeCP2 from 22% = 2% to 46% = 4% and at 500
wM elicited an additional increase in the immobile fraction to
69% = 2%. Thus, there is a striking difference between H1°
and MeCP2 in chromatin binding, with the immobile fraction
of MeCP2 showing a much greater increase when challenged
with H1°% suggesting a much less effective exclusion of
tightly bound MeCP2 by H1° than vice versa (Fig. 8a and b
and Table 3).

To test whether the competitive exclusion of MeCP2 by H1°
is specific or is an effect of the increased abundance of H1 in
microinjected cells, we studied the effect of H1 on the binding
dynamics of heterochromatin protein 1 (HP1). HP1, unlike
MeCP2 or H1, does not bind to the nucleosome in a dyad-
specific manner but rather binds to methylated lysine-9 in
histone H3 (16). Thus, it was unlikely that HP1 would be
competitively excluded from chromatin by H1 unless the com-
petition was nonspecific. H1° was microinjected into cells sta-
bly expressing HP1a-GFP, the dynamics of which have been
extensively characterized (16). This did not alter the FRAP
kinetics of HP1 (Fig. 9 and Table 3), suggesting that H1-
induced exclusion of MeCP2 from chromatin binding sites is
not the result of nonspecific disturbance of nuclear dynamics.

Given the methylation-induced differences in MeCP2 bind-
ing to DNA in vitro (Table 2 and Fig. 2c), it was important to
examine the effect of CpG methylation in vivo. For this, we
grew MeCP2-GFP cells in 5-Aza-dC. This led to a strong
(65%) depletion of methylation as measured with a methyla-
tion-specific antibody (Fig. 8c, d, and g) and a concomitant
reduction (~57%) of MeCP2-GFP fluorescence in PHC (Fig.
8f) but no change in the pattern or strength of Hoechst fluo-
rescence (Fig. 8h). The FRAP kinetics of MeCP2 in 5-Aza-
dC-treated cells (Table 3) showed a moderate decrease in T,
from 29 * 2 s to 21 = 2 s and a decrease in the immobile
fraction (22% = 2% to 15% = 2%) compared to the level for
untreated cells. The 5-Aza-dC treatment of cells, which pro-
vides a way to emulate the in vitro binding to unmethylated
DNA, shows that, in our system, the loss of methylation has a
dramatic effect on MeCP2 distribution and suggests that
in vitro binding features are closed mirrored in vivo.

DISCUSSION

This work has revealed important new features of the inter-
action between MeCP2 and its DNA and chromatin substrates.
First, MeCP2 binding to DNA is cooperative in nature and
exhibits a monomer-dimer equilibrium which is modulated by
DNA length, the density of methyl CpG clusters, and the
presence of nearby (A/T), repeats. MeCP2 is strictly mono-
meric in solution (1), indicating that dimer formation is DNA
dependent and may be related to the marked disorder-to-order
transition that occurs when MeCP2 binds to methylated DNA
(25, 26). This suggests a role for DNA as both the substrate
and the allosteric effector in its interaction with MeCP2 (35), a
property that has been demonstrated for several other DNA
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TABLE 3. Quantitative FRAP analysis of MeCP2-GFP-, H1°-GFP-, and HP1a-GFP-expressing cells under
different experimental conditions reveals dynamic interplay between MeCP2 and H1%
Mean * SE
Cell type Expt type Tso (5) 1 (%) My (%)
EU HC EU HC EU HC
H1°-GFP Control 37+3 40+3 12+3 263 88 =3 75*+3
H1°-GFP Texas Red-dextran MI 37+2 40 =2 14 =3 24 +2 864 =3 76 +2
H1°-GFP H1° MI NA 15+2 NA 24 =2 NA 772
H1°-GFP MeCP2 MI 17x2 18+ 12 18+3 32+2 82+3 68 =2
H1°-GFP MeCP2-RFP? 16 = 1 17%2 182 302 82+2 71x2
MeCP2-GFP Control NA 29 *+2 NA 22*2 NA 79 +2
MeCP2-GFP H1° MI (250 pM) NA 17+2 NA 46 + 4 NA 544
MeCP2-GFP H1° MI (500 uM) NA 11+2 NA 69 =2 NA 312
MeCP2-GFP Plus 5-Aza-dC NA 212 NA 152 NA 852
HP1o-GFP Control NA 35+0.15 NA 72 NA 932
HP1a-GFP H1° MI (250 pM) NA 3.6 =0.15 NA 85=x125 NA 91.5+25

“ ML, protein microinjection; I, immobile fraction; M, mobile fraction; T, time required for 50% FRAP; NA, not applicable. For each experiment type, the T,

I, and M, values are based on FRAP data from at least 20 different nuclei.
> Transient transfection.

binding proteins (45, 56, 69). The structure acquisition and
conformational changes of MeCP2 that accompany DNA bind-
ing could also facilitate the protein-protein interactions re-
quired for dimer formation. Since the MeCP2 domains NTD,
ID, MBD, TRD, and CTDa have been shown to cither bind
DNA autonomously or regulate MBD-dependent binding (26),
disruption of any of these domains is likely to affect overall
binding. However, the complete abolition of cooperative bind-
ing in the R294X mutant suggests that the CTDB domain,
which lacks a DNA binding site (and is deleted in the R294X
mutant), mediates interprotein association, perhaps through
the 4 molecular recognition features (MoRFs) present in this
region (26). MeCP2 is ~60% unstructured and is highly en-
riched in MoRFs (26), which are potential sites for intermo-
lecular interactions (47). Further, the dimeric binding mode
exhibited by MeCP2 would increase local MoRF density, cre-
ating additional binding surfaces for recruitment of transcrip-
tional regulators. In this respect, it is important to note that
some promoters known to bind MeCP2 exhibit a high density
of methylated CpG (44, 66). This would favor cooperative
dimerization and increase the likelihood of forming large re-
pressive complexes through polyvalent associations. Our re-
sults thus provide a mechanistic basis for the phenomenon of
methyl-CpG tracking by MeCP2 in the genome (60). MeCP2
fails to bind to nucleosome core particles that lack linker DNA
(51) but, as shown here, does bind free DNA in a length-
dependent manner. Thus, binding to chromatin will depend on
the availability of nucleosomal linker DNA or nucleosome-free
regions. DNA length-dependent cooperative interactions have
been shown to be instrumental in other systems, such as that
involving nonhomologous end-joining of DNA by the DNA
repair protein Ku (43).

We show that MeCP2-induced conformational changes in
the nucleosome are strikingly similar to those induced by his-
tone H1 (Fig. 4) (5, 10) and promote local compaction. In vivo,
this will impose constraints on nucleosomal mobility, consis-
tent with the proposed transcription-inhibitory role of MeCP2.
While the persistence length of DNA is much greater than that
of the nucleosomal linker DNA, force extension studies have
shown that in the context of chromatin, DNA persistence

length is greatly reduced, partly due to the charge neutraliza-
tion of the core nucleosomal sequence and partly due to tran-
sient contacts between the highly charged histone N-terminal
tails and linker DNA (18). MeCP2, like H1, binds near the
nucleosomal dyad and promotes a zigzag fiber geometry. How-
ever, with MeCP2, this effect is more pronounced, possibly due
to the combination of increased positive-charge density com-
pared to the level for H1, multiple DNA/chromatin binding
domains (26), and interaction with the N-terminal region of
histone H3 (50). The effect will also be enhanced by the di-
meric binding mode of MeCP2.

Earlier work has shown that high salt concentrations (par-
ticularly divalent cations) can induce zigzag architecture in in
vitro reconstituted arrays (20, 53). The similarity in the chro-
matin architectures induced by H1, MeCP2, and mono/diva-
lent cations suggests that at a fundamental level, the geometry
of the 30-nm chromatin fiber is largely induced by charge
neutralization of linker DNA (17). Indeed, H1 binding reduces
the electrostatic free energy of DNA by displacing bound cat-
ions, which also explains why native (H1-containing) chroma-
tin is more prone to salt-induced folding than chromatin de-
pleted of H1 (7). It has been suggested that chromatin exists in
a dynamic equilibrium of folded and unfolded states, where the
primary determinants of folding are screening of DNA charges
(3) and internucleosomal interactions (27). Our new results
suggest that MeCP2 has a role in modulating this equilibrium.

Importantly, our studies on the competition between
MeCP2 and H1 reveal that MeCP2 displaces H1 from meth-
ylated nucleosomes more strongly than vice versa (Fig. 4a, b,
and c). Although the amounts of H1 differ between cell types
(22, 23, 70) and the expression level of MeCP2 depends on
both cell type and cell age (21), in general H1 is more abun-
dant than MeCP2. Moreover, the number of MeCP2 molecules
appears to be at least an order of magnitude lower than the
number of methyl CpGs in a typical diploid nucleus (48).
Under equilibrium conditions, MeCP2 will be distributed be-
tween unmethylated and methylated sites, thus leaving a large
fraction of methylated CpGs vacant. H1 is likely to compete
more successfully with MeCP2 bound to unmethylated sites
and thus lead to relative enrichment of MeCP2 at methylated
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of anti-5-methyl cytosine antibody in nuclei of cells treated with 5-Aza-dC (n = 300) or DMSO only (n = 300). (h) The Hoechst fluorescence

intensity in PHC foci of cells treated with 5-Aza-dC (n = 400) is similar to the level for the DMSO-only control (n = 351).

sites. Our data showing MeCP2 depletion from PHC upon
blocking of DNA methylation (Fig. 8c and d), together with the
accelerated chromatin binding kinetics under these conditions
(Fig. 8e and Table 3), clearly demonstrate that stereospecific
binding to methyl-CpG accounts for the increased residence
time of MeCP2 in PHC and also for the fraction tightly bound
to chromatin. This further suggests that in methylase deficient
cells (49), increases in the levels of H1 are likely to result in
more-efficient removal of MeCP2 from chromatin than in-
creases in cells having an intact methylome.

In contrast to the low levels in most nuclei, MeCP2 abun-
dance in mature neuronal nuclei closely approximates the
number of nucleosomes as well as the number of methyl-CpGs
(60). Interestingly, a recent report indicates that histone HI,

which is present at a ratio of approximately one molecule per
two nucleosomes in neurons, undergoes a 2-fold elevation in
expression level in cells lacking MeCP2. The suggestion that
MeCP2 could potentially act as an alternate linker histone
in neurons (60) is consistent with our data on the similarities
between MeCp2 and H1 binding to chromatin. We suggest
that a complex competitive equilibrium between MeCP2
and H1 for nucleosome/chromatin binding exists in vitro and
in vivo. In addition to H1, other competing chromatin bind-
ing proteins will also affect this H1-MeCP2 dynamic equi-
librium (11, 12).

Thus, our observations underscore the importance of under-
standing chromatin binding by nuclear proteins in the context
of a shifting equilibrium where the relative abundance of each
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FIG. 9. Microinjection of H1° does not alter HP1a-GFP FRAP
kinetics in heterochromatin after photobleaching. (a to ¢) FRAP ki-
netics at a l-pm-radius heterochromatic spot in a cell expressing
HP1oa-GFP. Scale bar = 5 um. From left to right are prebleaching,
bleaching, and postbleaching images. (d) FRAP profiles of HP1a-GFP
in HC in uninjected cells (red) as well as cells injected with 250 pM
H1° (green). Error bars represent SEM. FRAP profiles show the mean
values for 20 or more different nuclei.

component will not only effect its cognate targets but also the
targets of its competitors (68). The pleiotropic effects of
MeCP2 mutations, ranging from neurodevelopmental symp-
toms in RTT to the association of MeCP2 with various types of
cancer in other cells (26), may be understood in the context of
these competitive equilibria.
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