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Mutations of the methylated DNA binding protein MeCP2, a multifunctional protein that is thought to
transmit epigenetic information encoded as methylated CpG dinucleotides to the transcriptional machinery,
give rise to the debilitating neurodevelopmental disease Rett syndrome (RTT). In this in vitro study, the
methylation-dependent and -independent interactions of wild-type and mutant human MeCP2 with defined
DNA and chromatin substrates were investigated. A combination of electrophoretic mobility shift assays and
visualization by electron microscopy made it possible to understand the different conformational changes
underlying the gel shifts. MeCP2 is shown to have, in addition to its well-established methylated DNA binding
domain, a methylation-independent DNA binding site (or sites) in the first 294 residues, while the C-terminal
portion of MeCP2 (residues 295 to 486) contains one or more essential chromatin interaction regions. All of
the RTT-inducing mutants tested were quantitatively bound to chromatin under our conditions, but those that
tend to be associated with the more severe RTT symptoms failed to induce the extensive compaction observed
with wild-type MeCP2. Two modes of MeCP2-driven compaction were observed, one promoting nucleosome
clustering and the other forming DNA-MeCP2-DNA complexes. MeCP2 binding to DNA and chromatin
involves a number of different molecular interactions, some of which result in compaction and oligomerization.
The multifunctional roles of MeCP2 may be reflected in these different interactions.

It is now well established that the severe neurodevelopmen-
tal Rett syndrome (RTT) is caused primarily by mutations in
the X-linked MeCP2 gene (1). MeCP2 (Fig. 1A) is a member
of the family of related proteins that bind specifically to sym-
metrically methylated CpG dinucleotides via a conserved
methyl binding domain (MBD) (17, 38, 44). The binding of
MeCP2 to methylated DNA has been shown to lead to tran-
scriptional repression in a variety of experimental contexts
(see, for example, references 13, 35, 44, 45, and 65), a property
conferred by a transcriptional repression domain (TRD). Ev-
idence suggests that repression occurs when Sin3A and histone
deacetylases (HDACs) are recruited to the TRD, resulting in
the deacetylation of nearby nucleosomes (reviewed in refer-
ence 48). Additional “AT hook” and “WW” motifs have been
identified in MeCP2 (9, 34), as well as a nuclear localization
signal (NLS). MeCP2 is widespread and highly conserved in
vertebrates, and mice lacking MeCP2 or with a major C-ter-
minal truncation exhibit neurological dysfunctions with re-
markable parallels in human RTT patients (12, 22, 49).

Analysis of RTT patients has revealed a small number of
single amino acid changes at mutational “hot spots” in MeCP2,
many of which are located in the MBD or TRD, as well as a
series of C-terminal truncations. In addition to the hot spots,
there are a large number of low-frequency mutations that lead
to RTT (see the IRSA database at http://mecp2.chw.edu.au
/mecp2/). There is growing evidence that MeCP2 has several

functions (reviewed in references 7 and 36) but, despite con-
siderable work, the details of the molecular interactions in-
volved and the specific defects leading to RTT have been
difficult to delineate. Transcriptional profiling indicates that
MeCP2 is not a general transcriptional repressor in vivo but
has a more subtle effect involving a subset of genes (3, 57).
Also, the finding that MeCP2-induced repression is only par-
tially alleviated by inhibiting HDACs (64) suggests that its
activity is not restricted to HDAC recruitment. Further,
there is evidence that MeCP2 is responsible for the forma-
tion of large chromatin loops (26) and involved in the reg-
ulation of RNA splicing (63). MeCP2 bound to methylated
DNA may also play a regulatory role unrelated to RTT in cancer
cells from breast (43, 50, 56), lung (55), and leukemias (4).
MeCP2 also appears to be important in the growth of prostate
cancer (6).

Extensive studies of the binding of MeCP2 (or the MBD
alone) to DNA in vitro have revealed that the affinity for
methylated DNA is not strong (2) and is only �3-fold weaker
for unmethylated DNA (15). Recognizing that the in vivo sub-
strate for MeCP2 is chromatin rather than naked DNA, we
recently examined the interaction between MeCP2 and defined
nucleosomal arrays (NAs) (20). This study revealed that
MeCP2 induced a striking compaction of the arrays, suggesting
that a change in conformation of this sort may contribute to
MeCP2 function. As might be expected from the relatively
small difference in binding constant, MeCP2-induced interac-
tions occurred with both methylated and unmethylated sub-
strates.

In the present communication, we clarify the specific inter-
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actions between MeCP2 and fully defined DNA and chromatin
substrates based on a systematic study of the complexes
formed with wild-type MeCP2 and key RTT-inducing muta-
tions. The source of DNA is a well-characterized 208-bp se-
quence with a strong nucleosome positioning sequence (40, 52)
and 12 CpG sites (Fig. 1B). NAs are reconstituted on tandem
repeats of the 208-bp DNA. This allows an experimental ap-
proach in which MeCP2 can be challenged with methylated or
unmethylated arrays in the presence of excess unmethylated
competitor having a different array length. The system also
allows conformational changes induced by MeCP2 to be ob-
served directly by electron microscopy (20). Using this strategy,
we show that the binding of MeCP2 to DNA differs substan-
tially from binding to chromatin reconstituted on the same
sequence. MeCP2 binding results in significant conformational
effects, and striking differences are seen with some MeCP2
mutants, providing important insights into the roles of the
domains and the molecular mechanisms involved.

MATERIALS AND METHODS

Preparation of wild-type and mutant hMeCP2. Plasmids containing genes for
wild-type MeCP2 and the mutants R106W, R133C, and E397K were kindly
supplied by Paul Wade and Timur Yusufzai. The additional constructs used in

the present study, R294X, H370X, and R453X and the double mutants R106W/
R294X and R106W/H370X, were engineered as described below.

Carboxy-terminal deleted coding sequences of MeCP2 with the 5� �100-bp
extension into the pTYB1 vector sequence bearing a NdeI site overlapping in
frame with the MeCP2 start codon and a 3� EcoRI linker (GACCGTGAATTC)
were PCR amplified from full-length pTYB1-MeCP2 cDNA using the following
primer pairs: R294X, Forward-5�-CCGGTTTAAACCGGGGATCTCGATC
C-3� and Reverse-5�-GACCGTGAATTCTCGGATAGAAGACTCCTTCACG-
3�; H370X, Forward-5�-CCGGTTTAAACCGGGGATCTCGATCC-3� and
Reverse-5�-GTTAGAGAATTCGTGATGGTGGTGGTGCTCCTTCTTG-3�;
and R453X, Forward-5�-CCGGTTTAAACCGGGGATCTCGATCC-3� and
Reverse-5�-GTTAGAGAATTCGTGTTTGTACTTTTCTGCGGCCGTGG-
3�. The forward primer used in the amplification reactions was complementary to
a site �100 bp upstream of the MeCP2 start codon in the pTYB1 vector.

The restriction fragments (NdeI � EcoRI) of the amplicons were then cloned
into pTYB1 (New England Biolabs) vector by standard ligation procedures. The
double mutants were constructed according to a similar procedure in which
pTYB1-R106W was used as the template in the amplification reaction.

MeCP2 purification. hMeCP2 and mutations were prepared as described
previously (20) with modifications. The primary step in purification was per-
formed by IMPACT (for intein-mediated purification with an affinity chitin-
binding tag; New England Biolabs). After elution from the chitin agarose col-
umns, the pooled MeCP2-containing fractions were freed of contaminating
nucleic acids using a HiTrap heparin HP column (Amersham Biosciences) pre-
equilibrated in 25 mM Tris-HCl, 5% glycerol, 250 mM NaCl, 1 mM phenylmethyl-
sulfonyl fluoride, 0.5 mM benzamidine, and 30 �g of TPCK (tosyl phenylalanyl
chloromethyl ketone)/ml. MeCP2 was applied to the column in 250 mM NaCl
and eluted using salt steps from 0.2 to 1.0 M NaCl, increasing in increments of
0.1 M. The protein eluted at 800 mM salt. All preparations were checked for
purity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and shown to consist of a single band; after storage, minor degradation
(5 to 10%) was often observed.

Preparation of DNA and NAs. Plasmids containing [208]12 DNA, kindly
supplied by S. A. Grigoryev, were transformed into Stbl2 competent cells
(Invitrogen). Transformants were propagated in Terrific Broth (Difco Corp),
and plasmids were isolated by using Maxi kits (QIAGEN) according to the
manufacturer’s instructions.

[208]12 DNA was released by HhaI digestion, purified through a Sephacryl-
1000 size exclusion column (Amersham), and recovered by isopropanol precip-
itation. DNA methylation was carried out using SssI methylase and verified by
AvaI (DNA methylation-sensitive) digestion. [208]1 DNA was obtained by di-
gestion of [208]12 DNA by EcoRI, followed by purification and ethanol precip-
itation. All restriction enzymes were obtained from New England Biolabs.

[208]12 NAs and [208]1 nucleosomes were prepared by mixing purified
chicken erythrocyte core histones as described previously (40, 54) except that
gradient dialysis from 2.0 M NaCl to 250 mM NaCl was used for array recon-
stitution, followed by exhaustive dialysis to 5 mM NaCl. NAs were checked on
DNP gels for a single major band, and the mean number of nucleosomes per
array determined by electron microscopy (EM).

Electrophoretic mobility shift assays (EMSAs). For DNA, unmethylated or
methylated target DNA (50 to 100 ng) was mixed with unmethylated competitor
DNA (150 to 200 ng), followed by incubation with various amounts of MeCP2 in
binding buffer (100 mM NaCl, 20 mM HEPES [or 10 mM Tris], 0.05% NP-40,
0.25 mM EDTA [pH 7.4]) at room temperature for 30 min.

Samples in which the target was [208]1 DNA were immediately electropho-
resed on prechilled 6% polyacrylamide gel (mono/bis ratio of 35:1) in 0.5� TB
(45 mM Tris, 45 mM borate [pH 8.3]) at 200 V for 4 h in cold conditions. For
[208]12 DNA targets, electrophoresis was performed on prechilled 1% agarose
type IV gels, which were run at 85 V for 4 h at 4C in TAE (40 mM Tris, 24 mM
acetic acid, 0.5 mM EDTA [pH 8.3]) buffer.

For NAs, 200 ng of methylated or unmethylated target chromatin was mixed
with 400 ng of unmethylated mononucleosome competitor in NA binding buffer
(30 mM NaCl, 5 mM HEPES [pH 8.0], 0.5 mM EDTA, 0.025% NP-40), and
MeCP2 was added at input ratios (based on target NA only) from one to four
MeCP2 per [208]1 unit, followed by incubation for 30 min at room temperature.
Electrophoresis was performed in 1% agarose (Sigma type IV) for 3.5 h at 85 V
with TAE running buffer. DNA size markers were provided by the 1-kb Plus
Ladder (Gibco-BRL).

DNA binding assay. The volume of swollen CM-Sephadex beads (cat C25120;
Sigma-Aldrich) sufficient to fully adsorb the input of MeCP2 in a DNA EMSA
experiment was determined empirically. Methylated [208]12 DNA was incubated
with wild-type or mutant MeCP2 at r � 2 or 3 under standard conditions;
CM-Sephadex was added, followed by incubation for 40 min and then centrifu-

FIG. 1. (A) Diagram of human MeCP2 with its defined functional
regions, and locations of mutations and constructs used in the present
study. (B) Diagram of the [208]1 DNA sequence with scheme for
creating [208]12 nucleosomal arrays. The location of the preferential
site for histone cores occupation is shaded, and the positions of CpG
units are marked with arrows.
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gation to remove the Sephadex. The supernatants containing unbound DNA
were analyzed on 1% agarose as described above.

DNA and chromatin gels were stained by ethidium bromide and photographed
with the Kodak Gel 200 system, and band signals were quantitated by using
Gel-Doc (Kodak). Gel shifts were quantitated by determining the electro-
phoretic mobility of the bands, and the effects of MeCP2 additions were mea-
sured by subtracting the mobilities of controls with no MeCP2.

Chromatin binding assay. After the incubation of [208]12 NAs with MeCP2
under standard conditions, MgCl2 was added to 3.5 mM to promote the forma-
tion of NA oligomers, and the samples were centrifuged. This procedure resulted
in the pelleting of NAs both in the absence and in the presence of MeCp2, but
left unbound MeCP2 in the supernatants. Pellets and supernatants were mixed
with SDS sample buffer, and the proteins were displayed by using SDS–16%
PAGE.

NA oligomerization assay. Target [208]12 NAs were incubated in NA binding
buffer with a twofold amount of competitor mononucleosomes and an input
MeCP2 ratio of four molecules per [208]1 unit of target NAs for 30 min at room
temperature. The desired amount of MgCl2 was then added, and the samples
were held for 20 min on ice and then centrifuged 10 min at 16,000 � g. The
supernatants and pellets were separated and then treated with 1% SDS and
proteinase K (0.2 mg/ml) for 1 h at 55C, and the products were separated on 1%
agarose DNA gels.

Electron microscopy. DNA and NA samples in 5 mM HEPES (pH 8.0), 0.5
mM EDTA, and the desired amounts of NaCl were placed in minidialyzer units
(Pierce) and dialyzed for 4 h at 4C against buffer containing fresh 0.1% EM
grade glutaraldehyde, followed by overnight dialysis against buffer alone. Sam-
ples were prepared for EM essentially as described previously (61). Briefly,
material was adjusted to 50 mM NaCl, applied to glow-discharged carbon-coated
400-mesh grids, and rinsed three times with 5 mM Mg acetate (30) and 2%
uranyl acetate used as a negative stain, or, after rinsing with water, as a positive
stain. Some positively stained samples were subsequently lightly shadowed with
Pt at an angle of 10°. In addition, some samples were prepared by spraying from
glycerol, followed by shadowing with Pt (20). Positively stained and shadowed
specimens were examined using tilted-beam dark-field imaging.

Grids were examined in a Tecnai 12 electron microscope (FEI Corp.) at 100
kV using a LaB6 filament, and images were recorded on a charge-coupled device
camera (2048 � 2048; Tietz GMBH, Gauting, Germany). Image processing and
measurement used the EMAN software package (39) or ImageJ.

The overall morphology of wild-type MeCP2 was calculated from a pool of 212
low-dose (�5e/A2) particle images. Using EMAN single-particle reconstruction
software, the images were grouped into self-similar classes by reference-free
classification. The images in each class were aligned translationally and rotation-
ally, and class averages, each representing a possible two-dimensional projection
of the protein, were computed. Upon examination of the eight class averages
generated, one was comprised of 89 of the original particles, whereas the other
classes each contained 10 or fewer particles.

RESULTS

The basic substrate used for these studies is the 208-bp DNA
sequence from the Lytechinus variegatus 5S RNA gene (51)
that contains a strong nucleosomal positioning region (Fig.
1B). The sequence also has 12 CpG units, which, when meth-
ylated, become potential MeCP2 binding sites, and at least half
meet the requirement for nearby A/T runs needed for maximal
binding of MeCP2 (33). We used individual units or tandemly
ligated arrays of 12 208-bp units (designated [208]1 and
[208]12, respectively), either as naked DNA or as NAs pre-
pared by reconstitution with purified core histones (see Mate-
rials and Methods for details). The biochemical, biophysical,
and structural properties of [208]12 NAs have been extensively
studied and reviewed (14, 25). To provide methylated sub-
strates, DNA was treated with SssI prior to reconstitution, and
digestion by AvaI was routinely used to verify complete meth-
ylation. No differences in reconstitution efficiency or products
between methylated and nonmethylated substrates were ob-
served (not shown). Recombinant human MeCP2 (splice vari-

ant e2 [8, 42]) and selected RTT-causing mutants (Fig. 1A)
were expressed in Escherichia coli.

To monitor the interactions between MeCP2 and substrates,
EMSAs were selected, with 6% acrylamide gels for [208]1
DNA and 1% agarose gels for [208]12 DNA and all experi-
ments with NAs. This method was chosen in preference to
others such as Southwestern blots (11) because the reactions
occur in solution, and the products of any interactions can be
analyzed both biochemically and by direct EM imaging.

Conditions for promoting methylation specific binding.
When DNA or NAs are exposed to wild-type MeCP2, com-
plexes are formed that show a marked retardation when re-
solved on acrylamide or agarose gels, a property independent
of the methylation status of the substrate (20). However, if
excess competitor in the form of unmethylated [208] DNA or
NAs are included in the reaction, methylation-specific retar-
dation is consistently observed (Fig. 2 to 4), and our standard
incubation conditions included a two- to fourfold excess of
unmethylated competitor (see Materials and Methods for de-
tails). All MeCP2/DNA ratios (rMeCP2) are given in terms of
the molar ratio of MeCP2 to total 208-bp units of target DNA
or NAs. For [208]1 DNA targets the competitor was [208]12
DNA, and for [208]12 DNA the competitor was [208[1 DNA,
while for [208]12 NAs the competitor was [208]1 mononucleo-
somes.

Binding of MeCP2 to DNA. Incubation of methylated [208]1
DNA with increasing amounts of wild-type MeCP2 (rMeCP2 � 0
to 5) results in a progressive reduction in the amount of un-
bound [208]1 DNA, and the appearance of discrete shifted
bands (Fig. 2A, upper panel). In contrast, when the target is
unmethylated, the interaction is much weaker. An estimate of
the binding constant for wild-type MeCP2 to methylated DNA
under these conditions is 4.5 � 10�8 M, very similar to the
4.0 � 10�8 M value obtained by Ballestar et al. (2). The various
mutant forms of MeCP2 show striking differences in ability to
induce gel shifts with the methylated [208]1 DNA substrate.
The results for the R106W mutant shown in Fig. 2A (lower
panel) illustrates these differences. This mutation shows no
appreciable interaction with the methylated [208]1 target
DNA. Further, while wild-type MeCP2 interacts with the un-
methylated [208]12 competitor DNA (Fig. 2A, upper panel),
this also does not occur with R106W, underscoring the remark-
able loss of activity of this mutant. Figure 2C provides a com-
parison of the interactions of a variety of mutants with un-
methylated and methylated [208]1 target DNA. A plot of the
amount of unshifted [208]1 DNA versus wild-type MeCP2
input (Fig. 2B) indicates that ca. 50% of target DNA remains
at rMeCP2 � 2.0, and the values for all mutants at this input
ratio are summarized in the bar chart in Fig. 2D. The MBD
mutant R106W gives a very weak interaction, comparable to
the result with wild-type MeCP2 and unmethylated DNA,
while interactions with E397K and the truncation mutant
R294X are very similar to the wild type. For reasons that will
become apparent below, we created the additional truncation
mutants H370X and R453X and the double mutants
R106W�R294X and R106W�H370X. None of the C-termi-
nal truncation mutants differ substantially from the wild type,
suggesting that this region has no role in methylation-depen-
dent interactions with naked DNA, so that its complete or
partial removal has no effect. In contrast, the double mutant

866 NIKITINA ET AL. MOL. CELL. BIOL.



R106W/R294X shows almost no interaction with methylated
[208]1 DNA, underscoring the importance of this amino acid
change within the MBD. Direct EM visualization suggests that
the discrete slower-migrating bands that are especially promi-
nent in methylation-dependent interactions (Fig. 2A, upper
panel) are the result of the binding of one or more MeCP2
molecules to methylated sites (see below).

Interestingly, the unmethylated [208]12 competitor DNA
which runs near the top of the gels (Fig. 2A) interacts differ-
ently with the various MeCP2 mutations. With wild type, the
competitor itself becomes increasingly shifted as the MeCP2
input ratio is raised (Fig. 2A, upper panel), indicating an in-
herent methylation-independent interaction. This effect is,
however, almost completely abolished with the R106W mutant
(Fig. 2A, lower panel).

In terms of methylation-dependent EMSA effects, results
similar to those obtained with [208]1 DNA are seen when the
competitor and target substrates are reversed (Fig. 3). How-

ever, there are significant differences between the two data
sets. First, instead of a gradual loss of unshifted target and the
appearance of discrete intermediates, the [208]12 DNA sub-
strates are shifted en masse at all MeCP2 input levels (Fig.
3A). This is probably due to the numerous (n � 144) methyl-
ated sites in these substrates, and consequently the large num-
ber of potential DNA-MeCP2 species, which will tend to form
a diffuse band upon electrophoresis. Second, with [208]12
DNA, the unmethylated substrates typically show a reproduc-
ible gel shift (Fig. 3A and B) that is not competed out under
our conditions. Examination of Fig. 3B shows that the inter-
actions of MeCP2 with unmethylated substrates fall into three
groups: the first, comprising E397K and R133C, shows the
same mobility as the wild type. Significantly, R133C tends to
give less severe RTT symptoms (see, for example, references
31, 32, 37, 53, and 62), perhaps as a result of the normal level
of methylation-independent interactions. The second group,
which includes F155S, H370X, and R294X, results in substan-

FIG. 2. MeCP2 interacts with methylated [208]1 DNA. (A) Wild-type MeCP2 (upper gel) was incubated with unmethylated or methylated
[208]1 DNA in the presence of a threefold excess of [208]12 DNA competitor at molar input ratios of zero to five MeCP2 per total [208] unit, and
the products were displayed on 6% acrylamide gels. With methylated target DNA, there is a steady loss of the [208]1 DNA band and appearance
of MeCP2-DNA complexes. In contrast, the MBD mutant R106W (lower gel) shows virtually no interaction with methylated or unmethylated
DNA. (B) Quantitation of wild-type EMSA data from panel A. Each point is the mean and standard error of three or more experiments.
(C) Comparison of the strength of the [208]1 DNA band for the MeCP2 mutants and constructs used in the present study (Fig. 1A). (D) Bar chart
showing the percentage of unshifted target [208]1 DNA for MeCP2 mutants and constructs at MeCP2r � 2.
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tially weaker methylation-independent gel shifts. It is likely
that for the truncation mutants, the reduced mass may account
for the weak EMSA effect. The third group, containing R106W
and the combination R106W/R294X, shows no interactions
with either methylated or unmethylated substrates. Substantial
methylation-dependent gel shift enhancement is seen with all
of the mutants, with the exception of R133C, which shows only
a small methylation-dependent shift, and R106W, which shows
none. R133C is predicted to be deficient in binding methylated
substrates (46).

We next determined the extent to which these EMSA
changes result from differences in MeCP2-DNA binding using
the observation that MeCP2 and DNA-MeCP2 complexes, but
not free DNA, are strongly adsorbed to CM Sephadex beads.
Methylated [208]12 DNA was incubated with MeCP2 at r � 2
and 3, sufficient Sephadex was added to adsorb all of the
MeCP2, and the samples were centrifuged. Figure 3C shows
the DNA content of supernatants from an experiment with
MeCP2r � 3. As expected, the control (no MeCP2) shows the
input level of [208]12 DNA, and with wild-type MeCP2 almost
all of the DNA is bound with protein. Complete DNA binding

was also observed with R133C, R294X, and R453X. The
R106W mutant (and the double mutant with R294X) stand out
as having a much-reduced capacity to bind DNA. Quantitation
of the bands indicates that R106W has only �30% of the
DNA-binding capacity of wild-type MeCP2. This emphasizes
the remarkably powerful influence on DNA binding of the
single amino acid change from arginine to tryptophan at this
position. Further, since the loss of one arginine will have a
negligible effect on the net positive charge, it is clear that net
charge must play a rather minor role in MeCP2-DNA interac-
tions.

Binding of MeCP2 to NAs. Having characterized the inter-
actions between MeCP2 and DNA, we sought to focus on a
system that more closely approximates the in vivo chromatin
substrate. Therefore, nucleosomes were assembled on methyl-
ated and unmethylated [208]1 and [208]12 DNA substrates by
salt dialysis. The resulting NAs migrate as discrete bands on
agarose gels (Fig. 4A, leftmost lanes). The minor bands that
appear to be higher oligomers are not the result of contami-
nation with longer DNA since DNA gels show a single species.
Rather, direct EM observation shows that they result from

FIG. 3. MeCP2 interactions with target [208]12 DNA in the presence of competitor [208]1 DNA. (A) MeCP2 (wild type, R133C, R294X, and
R106W) was incubated with unmethylated (�) or methylated (�) [208]12 DNA in the presence of [208]1 DNA competitor at molar input ratios
of 0 to 3, and the products are displayed on 1% agarose gels. A methylation-dependent gel shift enhancement is seen with wild-type and R294X
but not with R133C. The R106W mutant shows almost no methylation independent or dependent interactions. A narrow white space between lanes
here and in panel C denotes places where irrelevant lanes have been removed from the image. (B) Bar chart summarizing results with MeCP2
mutants and constructs at r � 2. (C) Binding of MeCP2 (r � 2) to methylated [208]12 DNA. Shown is a 1% agarose gel of DNA remaining unbound
after reacting with wild-type and mutant MeCP2. The R106W mutation results in a dramatic reduction in DNA binding.
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occasional end-to-end self-association of NAs. The results of
incubating methylated and unmethylated NAs with wild-type
MeCP2 in the presence of unmethylated competitor [208]1
mononucleosomes are shown in Fig. 4A. As with [208]12 DNA,
[208]12 NAs show a progressive methylation-independent gel
shift and a consistent methylation-dependent shift enhance-
ment, and the minor truncation mutant R453X gives a similar
result (Fig. 4B). However, the more extensive C-terminal trun-
cations yield much-reduced gel shifts. H370X shows a much
weaker interaction with unmethylated NAs, and a slight en-
hancement with the methylated substrate (Fig. 4C), whereas
R294X results in a weak methylation-independent effect and
no methylation enhancement (Fig. 4D). This is in contrast to
the situation with [208]12 DNA where the C-terminal trunca-
tions are as potent as wild-type MeCP2 in inducing methyla-
tion-dependent gel shift enhancement (Fig. 3) and suggests
that the C terminus of MeCP2 harbors a domain (or domains)
required for binding to chromatin. In its absence, both meth-
ylation-dependent and independent interactions are compro-
mised, including the interaction between DNA and the MBD.
Georgel et al. (20) reported that a R168X mutant also showed
only a weak interaction with NAs. Further underscoring the
importance of the C-terminal region of MeCP2, Chandler et al.
(11) demonstrated reduced interactions between Xenopus lae-
vis MeCP2 lacking part of the C terminus and mononucleo-
somes prepared from a 219-bp segment of the �-phaseolin
promoter.

In keeping with the observed weak interaction between
R106W and DNA (Fig. 3), this mutant is also ineffective when
incubated with NAs (Fig. 4E), and the double R294X/R106W
mutant (Fig. 4D) has the weakest methylation-independent gel
shift, with no methylation enhancement. The only naturally
occurring mutant showing a methylation-dependent gel shift is
E397K (not shown). This also showed normal interactions with

DNA (Fig. 2, 3), suggesting that its mild pathology is related to
interactions with components other than chromatin.

Interpretation of EMSA data. Although the EMSA ap-
proach provides a good indication of the magnitude of the
interactions between components, it is not able to discriminate
between the various mechanisms that could lead to a gel shift.
In these experiments, shifts could be caused by one or more of
the following: an increase in the mass of the complex (influ-
enced by MeCP2 truncations), a change in the net charge, or a
change in conformation (compaction and oligomerization).
Conversely, the absence of a gel shift for a given mutant could
be caused simply by a lack of binding. To address the latter
possibility, we used the finding that NAs oligomerize and can
be quantitatively pelleted in 3.5 mM MgCl2 (47), whereas free
MeCP2 remains in solution. Wild-type MeCP2 and the R106W
and R294X mutants were incubated with methylated NAs and,
after the standard incubation, MgCl2 was added, the samples
were centrifuged, and pellets and supernatants were separated
by SDS-PAGE (Fig. 4F). In all three cases, the vast majority of
the MeCP2 was in the pellet, indicating that the absence of or
reduction in gel shifts seen with these mutants (Fig. 4D and E)
is not due to the failure of MeCP2 to bind chromatin.

To help elucidate the nature of the interactions that result in
the observed EMSA changes, we used direct EM visualization
of the structural and/or conformational changes that accom-
pany MeCP2 binding. Our strategy of using different array
sizes for target and competitor provides an unambiguous way
to differentiate between the methylated and unmethylated
components.

MeCP2 is an oblate ellipsoid and binds cooperatively to
methylated DNA. We first sought to characterize the shape of
MeCP2 itself. Sizing columns and sedimentation values both
indicate a much higher molecular mass than the 52 kDa pre-
dicted from the amino acid sequence, and yet there is no

FIG. 4. Interactions of wild-type MeCP2 and selected mutants and C-terminal truncations with [208]12 NAs. (A) Wild-type MeCP2 was
incubated with unmethylated (�) or methylated (�) [208]12 NAs in the presence of a twofold excess of [208]1 mononucleosomes as competitor
at molar input ratios of 0, 2, 4, and 6, and the products were displayed on 1% agarose gels. As with the [208]12 DNA target, there is a clear
methylation-independent gel shift and a methylation-dependent enhancement. (B) The R453X truncation is very similar to wild-type MeCP2.
(C) In contrast, the H370X truncation shows a pronounced diminution of the methylation-independent shift, and only a small methylation-induced
enhancement. (D and E) R294X, R106W, and the double mutant R294X/R106W show only weak methylation-independent gel shifts which are
unchanged with methylated substrates. (F) MeCP2 and the R106W and R294X mutants bind quantitatively to NAs. Methylated NAs were
incubated with MeCP2 under standard conditions, MgCl2 was added to 3 mM, and the samples were pelleted. In all cases, the pelleted NAs contain
at least 95% of input MeCP2.
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evidence for the formation of multimeric complexes (33). This
suggests that MeCP2 has an elongated structure, and indeed,
Klose and Bird (33) concluded from hydrodynamic measure-
ments that MeCP2 was elongated, with a Stokes radius of �6
nm and a frictional coefficient f/f0 of �2.4. When observed in
negative-stain EM (Fig. 5), wild-type MeCP2 appears as an
oblate ellipsoid, and image averaging yields dimensions of
�5.5 nm by �2.6 nm, indicating an axial ratio of 1:2.1.

Conformation of DNA-MeCP2 complexes. Electron micro-
graphs of complexes formed between [208]1 DNA and wild-
type MeCP2 in the presence of unmethylated [208]12 DNA as
competitor are shown in Fig. 6A. Examples of the interactions
with methylated and unmethylated DNA substrates are pre-
sented in the upper and lower panels of this figure, respec-
tively. EMSA analysis of these interactions (Fig. 2A) reveals
three principal components: unbound [208]1 DNA, unbound
[208]12 competitor DNA, and DNA-MeCP2 complexes, seen
as discrete shifted bands. EM images of this material reveal the
short target DNA strands (circled in Fig. 6A), clearly distinct
from the long competitor DNA. In the methylated sample, the
[208]1 DNA strands are frequently decorated by one or more
particles, which we interpret as bound MeCP2 molecules. In
contrast, there are very few DNA strands with bound MeCP2
in the sample containing unmethylated target DNA. Analysis
of the distribution of the different types of [208]1 DNA (Fig.
6B) suggests that the fastest-migrating intermediate band seen
by EMSA corresponds to [208]1 DNA with one bound MeCP2
and that additional more slowly migrating bands correspond to
DNA with two or more bound molecules.

We next examined the reverse interaction in which the target
DNA is methylated [208]12 DNA and the competitor is un-
methylated [208]1 DNA, conditions producing the EMSA data
seen in Fig. 3. Observations of the complexes formed with
wild-type MeCP2 and the R106W and R294X mutants re-
vealed two classes of interaction. With R106W, the material is
indistinguishable from [208]12 DNA alone, showing no bound

MeCP2 and no conformational changes (Fig. 7A). The second
class of images, seen with both wild-type and R294X MeCP2,
is characterized by striking conformational changes (Fig. 7B to
E). The simplest conformation is a single loop resulting from
an interaction within one target DNA molecule (Fig. 7B). Also
common are more elaborate complexes containing two or
more target DNA molecules characterized by extended regions
in which two DNA segments are in close juxtaposition (Fig. 7C,
arrow). These segments have the dimensions predicted for a
DNA-MeCP2-DNA sandwich with a single �2 nm wide
MeCP2 molecule between the two DNA molecules. Similar
MeCP2-DNA conformations have been previously reported
(20). In some instances, more complex structures are formed
from which four or more DNA molecules emerge (Fig. 7D and
E). MeCP2 shows a strong affinity for four-way junction DNA
(19, 58), and analogous DNA conformations may occur within
these complexes.

In summary, the micrographs suggest that the initial inter-
action between MeCP2 (wild type and R294X) and DNA re-
sult in binding but no local DNA bending, which can subse-
quently spread cooperatively to form side-by-side interactions
consisting of DNA-MeCP2-DNA sandwiches, and complex
multistrand complexes. These properties may well contribute
to the formation in vivo of MeCP2-dependent loops which
appear to play important functional roles (26).

MeCP2 induces specific conformational changes in nucleo-
somal arrays. The EMSA data (Fig. 4) suggest that the binding
of wild-type MeCP2 to nucleosomal arrays occurs in at least
two distinct steps: (i) a methylation-dependent DNA-protein
interaction requiring an intact MBD and methylated DNA and
(ii) a methylation-independent interaction between the
MeCP2 C-terminal domain and nucleosomes. To investigate
the potential conformational changes associated with MeCP2
binding, we used direct EM imaging of the complexes formed
between methylated NAs and wild-type MeCP2, as well as the
R294X and R106W mutants. The analysis of NAs fully satu-

FIG. 5. MeCP2 is an oblate ellipsoid. (A) Field of wild-type hMeCP2 molecules shadowed with Pt. Individual uniformly sized particles are seen
(arrows). (B) Gallery of negatively stained examples of wild-type MECP2 and, on the right, a two-dimensional average based on a pool of images.
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rated with nucleosomes requires three-dimensional recon-
structions of the compacted arrays (20) and, even then, the
locations of linker DNA are often obscured. In contrast, sub-
saturated NAs show minimal intrinsic folding (14), and the
regions of free DNA interspersed with nucleosomes allow bet-

ter discrimination between binding to DNA and binding to
nucleosomes. Therefore, we created subsaturated [208]12 NAs
containing on average seven nucleosomes and observed the
conformational changes induced by MeCP2 and selected mu-
tants. Although the subsaturated arrays alone show no com-

FIG. 6. Visualization of MeCP2 interactions with methylated and unmethylated [208]1 DNA. (A) Wild-type MeCP2 was incubated with target
DNA in the presence of [208]12 competitor DNA at r � 4 (the same conditions as for Fig. 2A). With methylated DNA, many of the [208]1 DNA
strands (circled) are decorated with particles, whereas most of the unmethylated DNA strands are undecorated (B). Long DNA strands are
unmethylated [208]12 competitor DNA. (C) Bar chart comparing the frequency of four different classes of DNA-MeCP2 complexes with
methylated and unmethylated target DNA. CpG methylation strongly promotes the binding of MeCP2 to DNA.
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paction (Fig. 8A), profound conformational changes occur in
the presence of wild-type MeCP2, with clusters of nucleosomes
from which loops of free DNA emanate (Fig. 8B to D). This
supports the concept that array compaction contributes signifi-
cantly to the observed gel shifts (Fig. 4). In negatively stained
preparations, it was sometimes possible to see MeCP2-sized ma-
terial sandwiched between nucleosomes (Fig. 8D). Importantly,
the R294X mutant, which interacts strongly with DNA but not
nucleosomes, induced some compaction, but via a different type
of conformational change. With this mutant, the most prominent
motif is caused by DNA-DNA juxtapositioning, which is espe-
cially prominent close to the nucleosomes, bringing the entering
and exiting linker DNA close together (Fig. 8E and F), thus
creating a “stem” motif from the paired linkers. As anticipated
from the weak EMSA shift, the R106W mutant induces hardly
any conformational changes (Fig. 8G), and the double mutant
R106W/R294X is equally impotent (Fig. 8G).

To provide a more quantitative indication of the different
conformational changes, the complexes were scored for (i)
overall compaction (measured by the diameter of the smallest
circle enclosing the whole complex), (ii) the formation of close
nucleosome-nucleosome contacts (measured by the number of
separate individual nucleosomes resolved by EM in the array),
(iii) binding to free DNA versus nucleosomes (measured by
the presence of DNA loops emanating from a cluster of touch-
ing nucleosomes), and (iv) binding to the nucleosome linker
entry site (measured by the number of “stem” motifs in indi-
vidual nucleosomes). As expected from the EMSA data (Fig.
4), wild-type MeCP2 induces a highly significant array com-
paction, whereas compaction is essentially unchanged with the
R106W mutant (Fig. 8I). With the R294X C-terminal trunca-
tion, compaction as measured by array diameter is similar to
the wild type but, as noted above, the micrographs show this to
be due primarily to DNA-DNA rather than to nucleosome-
nucleosome interactions (Fig. 8F to H). Evidently, this type of
interaction has only a minor effect on electrophoretic mobility
(Fig. 4). As expected from the compaction measurements, the
number of separate individual nucleosomes is significantly re-
duced with wild-type MeCP2 (due to nucleosome clustering)
but not with R106W or R294X (Fig. 8J). The looping out of
free DNA from nucleosome clusters, indicating nucleosome-

nucleosome bridging (as opposed to DNA-DNA bridging), is
also maximal with wild-type MeCP2, whereas the mutants
R294X and R106W, like control untreated arrays, show very
little looping (Fig. 8K). As expected, the frequency of the stem
motif is greatly enhanced with the R294X mutant (Fig. 8L).
With wild-type MeCP2, nucleosome clustering obscures many
of the linker entry-exit sites and most likely accounts for the
lack of the expected increase in the occurrences of stem motifs
in this case.

MeCP2 induces oligomerization of NAs. Our EMSA data
show that the interaction between MeCP2 and NAs induces in
a wide spectrum of mobility shifts, often including complexes
too large to enter the 1% agarose gels. This phenomenon is
correlated with the appearance of array oligomers in EM prep-
arations (not shown), in agreement with the previous report
(20). To determine whether key MeCP2 mutants had altered
abilities to promote oligomerization, we used an assay based
on the increased sensitivity of oligomeric arrays to precipita-
tion by MgCl2 (47, 51). Saturated nucleosomal arrays were
incubated under our standard conditions (including [208]1
competitor mononucleosomes) with wild-type and mutant
MeCP2 at r � 4 and then exposed to a range of MgCl2 con-
centrations, followed by centrifugation. DNA was prepared
from pellets and supernatants, separated on agarose gels, and
the bands corresponding to [208]12 DNA were quantitated.
The results (Fig. 9) show that �50% of the NAs are pelleted at
a MgCl2 concentration of �3.0 mM, similar to previous reports
(47, 51), whereas wild-type MeCP2 induces a much greater
sensitivity to Mg2�, with 50% oligomerization at �0.75 mM.
The mutants R294X and R106W both induced an intermediate
level of Mg2� sensitivity. These results further indicate that
MeCP2 is a powerful promoter of array oligomerization, a
property that is significantly reduced both in the R106W mu-
tant and in C-terminal truncations.

DISCUSSION

This investigation was prompted by the unexpected finding
that MeCP2, mutations of which cause at least 85% of RTT
cases, induces dramatic compaction of chromatin (20). MeCP2
is thought to transmit epigenetic DNA methylation signals by

FIG. 7. MeCP2 interacts with methylated DNA forming linear DNA-MeCP2-DNA complexes and loops. (A) A positive-stain EM image of the
interaction of R106W MeCP2 with methylated [208]12 DNA at r � 3 shows no conformational changes, a finding consistent with the EMSA data
(Fig. 3). The short DNA strand (arrowhead) is [208]1 competitor DNA. (B to E) In contrast, when reacted with the R294X truncation mutant (or
wild type [data not shown]), dramatic conformational changes are seen. The DNA-MeCP2-DNA complexes include simple juxtapositions in cis (B,
arrow), elaborate multistrand events (C), and loops (D and E). The arrow in panel C points to a region where two DNA strands have been brought
together by MeCP2. Panels A to C are positively stained; panels D and E show Pt shadowed preparations.
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promoting local transcriptional repression, and chromatin
compaction is likely to contribute to this effect. Our goals were
to understand the molecular mechanisms leading to compac-
tion and to determine the effects on compaction of common

RTT-inducing mutations. Also, since MeCP2 binds preferen-
tially to methylated CpG sites on DNA, it was important to
understand the relationship between methylation-dependent
and -independent effects. Our strategy involves a combined

FIG. 8. Undersaturated [208]12 NAs provide useful insights into the types of conformational change induced in chromatin by MeCP2.
(A) Typical undersaturated array with seven nucleosomes. (B and C) Methylated arrays after incubation with wild-type MeCP2 at r � 4 in the
presence of [208]1 mononucleosomes as competitor (circled in panels D, F, and H). Significant compaction has occurred, with nucleosome
clustering and DNA loop formation (arrows). (D) Same conditions as for panels B and C, but negative staining reveals a particle of the size and
shape of MeCP2 sandwiched between nucleosomes (arrow). (E and F) With the R294X mutant, nucleosome clustering is minimal, but DNA-
MeCP2-DNA interactions are common, especially near the linker entry-exit sites on nucleosomes, forming “stem” motifs (arrows). (G and H) In
contrast, with the R106W mutant (G) or the double R106W/R294X (H) very few conformational changes are seen. (I to L) Bar charts comparing
the influence of mutants on the various conformational changes. ***, P 	 0.001; *, P � 0.05. (I) Compaction, as indicated by array diameter.
(J) Nucleosome clustering, as indicated by the number of separate individual nucleosomes. (K) Frequency of loop motifs emanating from
nucleosome clusters. (L) Frequency of stem motifs.
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approach using EMSAs and direct EM visualization. Interac-
tions with recombinant human MeCP2 and key mutations were
examined using three substrates, all based on a naturally oc-
curring 208-bp DNA sequence containing a strong nucleosome
positioning region (52). These can be methylated as desired,
prepared as tandem 12-unit DNA arrays or reconstituted into
NAs (Fig. 1B). To examine methylation dependence, excess
unmethylated substrate differing in size from the methylated
target was included in the reactions.

EMSA data using methylated [208]1 DNA as target and
[208]12 DNA as competitor indicate a wide range of effects,
depending on the type of MeCP2 (Fig. 2). The wild-type pro-
tein shows a clear methylation-dependent gel shift, a property
shared with the E397K mutant and with all C-terminal trun-
cations. At the other extreme was the MBD mutant R106W,
which induces essentially no change in electrophoretic mobility
of the DNA substrate. When the methylated target was [208]12
DNA, the same general pattern emerged, although there was a
consistent methylation-independent shift with all except
R106W (Fig. 3). The strikingly different effects observed with
R106W and R294X prompted us to focus on these two natu-
rally occurring MeCP2 mutations.

Since R294X behaves very similarly to wild-type in its inter-
actions with DNA, we conclude that the C-terminal region
beyond residue 294 is not needed for DNA binding. However,
since this mutation produces RTT in humans, and a mouse
strain engineered to lack residues beyond 308 exhibits many
RTT-like symptoms, it is clear that the C-terminal region has
a critical role in vivo not connected with binding to methylated
DNA. R106W represents the opposite extreme, showing only
very weak EMSA interactions with methylated DNA (Fig. 2
and 3). Although this mutation is within the MBD, nuclear mag-
netic resonance data suggest that it is not directly involved in
DNA contacts (46), and its position is not significantly changed
upon binding to DNA (60). Thus, there is no obvious reason why
the arginine-to-tryptophan change should give rise to such a
strongly altered phenotype. A unique aspect of R106W that con-

tributes to its weak EMSA interactions is its weak binding to
DNA (Fig. 3C). In contrast, the other mutants tested were all fully
bound to [208]12 DNA under our interaction conditions (Fig.
3C). Since the loss of one arginine will have a negligible effect on
the strong net positive charge of MeCP2, it is clear that even
methylation-independent MeCP2-DNA binding involves more
than simple electrostatic interactions.

EM examination of gel-shifted complexes formed between
MeCP2 and methylated [208]12 DNA reveals profound con-
formational changes (Fig. 7), providing more insight into
DNA-MeCP2 interactions. In agreement with the EMSA data,
both wild-type and R294X induced a side-by-side juxtaposition
of DNA, and the width of the sandwiched regions indicates
that they are formed by DNA-MeCP2-DNA complexes con-
taining a single file of MeCP2. This raises the possibility that
MeCP2 has one or more DNA-binding regions in addition to
the MBD with the additional DNA-binding site(s) occurring
within residues 1 to 294.

Chromatin, which is closer to the in vivo MeCP2 substrate
than naked DNA, reveals additional levels of interaction com-
plexity. With NAs, methylation-dependent gel shift enhance-
ment is seen principally with wild-type and the very minor
R453X truncation (Fig. 4). R294X is again very informative,
since, unlike the situation with DNA, it now shows no meth-
ylation effect, and its interaction with unmethylated chromatin
is much weaker than wild-type (Fig. 4D). This indicates that
the C-terminal region contains one or more chromatin-inter-
acting regions and that, in their absence, the methylation-
dependent MBD-based interaction is severely compromised.
We can exclude the possibility that the weak interaction with
R294X is due simply to low binding—under our conditions, the
wild type and the R294X and R106W mutants are equally well
bound to NAs (Fig. 4F). The H370X construct also gives a
much weaker gel shift than does the wild type (Fig. 4C), but
there is a small methylation-dependent effect. This suggests
that interactions with chromatin are distributed over much of
the C-terminal region.

Methylation-dependent and independent interactions. The
binding constant of MeCP2 to methylated DNA is �4 � 10�8

M (3; the present study) and differs by a factor of only 3 from
nonspecific binding (15). Even with such a small difference in
affinity, the differential binding of MeCP2 to methylated versus
nonmethylated DNA is likely to be biologically relevant. The
protein appears to have a level of mobility in vivo similar to
that of histone H1 (41), with a mean residence half-life of �25
s (33), and differential binding will tend to increase the resi-
dence time on methylated DNA.

Other regulatory proteins which bind to specific sequence
DNA also typically show nonspecific binding, a classic case
being the lac repressor (18). In this instance, X-ray structures
reveal that the molecular interaction between protein and
DNA is quite different for specific and nonspecific binding
(27), and it has been suggested that the nonspecific interaction
plays an important biological function by dramatically reducing
the time needed for the protein to encounter its specific bind-
ing sequence (21, 59). Similar arguments have recently been
put forward for eukaryotic systems (23, 28, 29).

MeCP2 is a chromatin architectural protein. The binding of
proteins to chromatin can have a number of consequences.
Even the simplest situation where the interaction results in no

FIG. 9. MeCP2 influences array oligomerization. NAs were incu-
bated with MeCP2 at r � 4, exposed to different amounts of MgCl2,
and centrifuged. Without MeCP2 (F) 50% of the arrays oligomerize at
�2.5 mM MgCl2, whereas with wild-type MeCP2 (■ ) 50% oligomer-
ization requires only �0.75 mM MgCl2. The mutants R106W (Œ) and
R294X (}) induce 50% oligomerization at �1.5 mM MgCl2.
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conformational change will effectively increase the mass of the
chromatin and result in a gel shift. Additional phenomena that
can alter gel shifts are charge neutralization, changes in con-
formation (compaction or expansion), and oligomerization. To
distinguish between these phenomena, we used direct EM vi-
sualization of NAs after MeCP2 treatments that produced
well-defined EMSA changes. As shown in Fig. 8 and reported
previously (20), the predominant change in conformation re-
sulting from MeCP2 binding to NAs is compaction. However,
there are numerous routes that could lead to compaction, and
to discriminate between them we made use of subsaturated
NAs, which do not fold in response to increased salt (47).
Subsaturated arrays also provide a much clearer distinction
between binding to free DNA as opposed to binding to nu-
cleosomes and allow quantitative comparisons of relative com-
paction (16).

When applied to wild-type MeCP2 and the R106W and
R294X mutants, this strategy was very informative. The ex-

pected compaction induced by wild-type MeCP2 was clearly
seen, whereas mutants with the R106W defect failed to com-
pact (Fig. 8G and H). Surprisingly, the R294X truncation,
which produces only a minimal gel shift, resulted in wild-type
compaction, as measured by the diameter of the smallest circle
encompassing the array (Fig. 8E and F). However, arrays com-
pacted by wild-type and R294X MeCP2 were very different in
conformation. While the wild-type protein tended to bring
nucleosomes close together, this was rare with R294X. Rather,
with R294X, individual nucleosomes remained separate,
whereas DNA-DNA interactions effectively compacted the ar-
rays (Fig. 8E and F).

Chromatin structural motifs induced by MeCP2. Imaging
subsaturated arrays also provides important insight into the
types of interaction that lead to compaction. With wild-type
MeCP2, the dominant motif is a loop, either of naked DNA or
of DNA with one or more nucleosomes, emanating from a
cluster of nucleosomes. This suggests that the dominant inter-

FIG. 10. Possible models for the induction by MeCP2 of conformational changes in DNA (A) and NAs (B).
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action involves nucleosome-nucleosome interactions (rather
than DNA-DNA or DNA-nucleosome interactions). Indeed, it
is possible to image particles of the dimensions of single
MeCP2 molecules within nucleosome clusters (Fig. 8D). This
observation, together with the report that MeCP2 does not
form dimers or higher oligomers (33), suggests that single
MeCP2 molecules are sandwiched between nucleosomes to
create the motif. These nucleosome-MeCP2-nucleosome inter-
actions require that MeCP2 has at least two chromatin-binding
sites. The present data do not allow us to pinpoint these sites
but do indicate that, within the C-terminal region, contribu-
tions from residues 294 to 370 and 371 to 453 are required for
wild-type activity.

The second structural motif is the formation of a “stem”
composed of linker DNA at the nucleosome entry-exit site, a
conformation characteristic of H1-containing chromatin (5, 10,
24). This motif is most prominent in arrays compacted by the
R294X mutant (Fig. 8E and F). It is also likely to be present in
arrays compacted by wild-type MeCP2 but obscured by nucleo-
some-nucleosome interactions. DNA conformations similar to
the linker entry-exit site also occur in four-way junction DNA,
and it is notable that both MeCP2 and H1 bind strongly to
four-way junctions (19, 58). This binding mode is MBD depen-
dent but methylation independent (19). The R106W mutant
gave only background levels of stem motifs.

Insights into molecular mechanisms. A clear conclusion
from the work with the R294X C-terminal mutant is that this
domain is crucial for binding MeCP2 to chromatin. With DNA
substrates, R294X is essentially identical to the wild type in
methylation-specific binding but, despite the presence of a fully
functional MBD, interacts only very weakly with chromatin
(Fig. 4). This suggests that the binding of MeCP2 to chromatin
occurs in two steps: a methylation-independent interaction be-
tween chromatin and the C terminus that is required for the
second, methylation-specific, interaction between DNA and
the MBD. Although the linker DNA in these arrays is quite
long (�50 bp) and contains three CpG dinucleotides (Fig. 1A),
by itself it does not constitute a strong binding site in the
context of chromatin and is unable to bind the R294X mutant
in a methylation-dependent manner. This may account for the
severity of RTT caused by this mutation, as well as the RTT-
like phenotype of mice bearing MeCP2 lacking residues be-
yond 308 (49).

The MBD mutant R106W gave the most surprising results.
Modeling based on nuclear magnetic resonance studies of the
methyl binding domain of the related MBD1 protein suggests
that this arginine does not directly interact with DNA (46, 60)
and might be predicted to have little effect on methylation-
dependent protein binding and induce only a low-severity phe-
notype. Instead, R106W completely abolishes methylation-
specific binding both to DNA and chromatin and dramatically
reduces methylation-independent binding to chromatin. Using
Xenopus recombinant MeCP2, Ballestar et al. (2) also reported
a dramatic (
100-fold) drop in the binding of R106W to a
methylated DNA substrate compared to the wild type. One
possible explanation of these observations is that the R106W
mutation causes substantial changes in protein folding that
lead to its aberrant behavior.

Possible scenarios for the major conformational changes
observed in the present study are outlined in Fig. 10. Figure

10A illustrates the proposed interaction between MeCP2 and
methylated DNA leading to the conformational changes shown
in Fig. 6, and Fig. 10B suggests how the dual interactions
between MeCP2 and nucleosomes may lead to chromatin com-
paction. It will clearly be important in future work to further
define the chromatin component(s) and domain(s) of MeCP2
that are involved in the methylation-dependent and -indepen-
dent interactions with nucleosomes.

An important conclusion highlighted by the comparison of
the MeCP2 mutants is that the interactions between chromatin
and MeCP2 are very different from the interactions with DNA.
Further detailed studies using nucleosomal arrays will be
needed to fully characterize the molecular events involved in
these interactions and assess their potential importance in
RTT.
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