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Abstract. The unique properties of eukaryotic DNA
modified via methylation of cviosine residues are be-
Jieved to resultfrom the action of a conserved family of
proteins, the MBD family. The prototype member of this
family, MeCP2, was isolated independently in two labo-
ratories. One group isolated MeCP2 as a methylated
DNA-binding protein, the second as a sequence-specific
DNA -binding protein, Multiple lines of evidence suggest
that MeCP2 functions in assembly of specialized chro-
matin architecture. While initial findings pointed to an
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enzymatic mechanigm involving Aistone modification for
traff?;’crf];ifonal rep"r’L SsTon meﬁﬁi@@ MeCP2, emerging
studies cleatly provide exceptions to this model In a 1.
cent.study, highly compacted, wnique chiomatin struc-
tures were - generated by stoichiometric binding of
MeCP2 fo model chromatin fibers. These findings sup-
port the h'i\(e]ihood that MeCP2 can utilize two indepen-
dent, but not mutually exclusive, mechanisms to 1epress
transciiption: enzymatic and structural mechanisms.

Key words. MeCP2: histone deacetylase: chiomatin: transcriptional repression; DNA methylation,

) ELh

Introduction ' .
AR / I- =5
Epigenetic phenomena involve heritable modifications in
~(lwromatin. Among such epigenetic sighils is methylation
of DNA at cytosine residues. In eukaryotes, this modifi-
cation occurs almost exclusively within the context of
CpG dinucleotides. The methylation mark is interpreted
as a silencing signal, resulting in reduced expression of
associated genes. DNA methylation is correlated with
transcriptional silencing in 2 number of instances, includ-
ing X chromosome inactivation [1], imprinting [2], provi-
1al silencing [3. 4] and cancer progression [3]. Such re-
pression could either be a direct or indirect effect of the
presence of methylation. While methylation may directly
interfere with the binding of some transcription factors,
indirect repression by proteins that specitically recognize
methylated CpGs (mCpGs) is currently believed to be re-
sponsible for the majority of methylation-dependent si-
lencing. Supporting this clain is a body of recent work
describing a family of pwoteins that specifically bind
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mCpGs. Studies on MeCP2, the founding member of this
family, have provided mumerous insights into the molec-
ular mechanisms underlying establishment of Iepressive
chromatin architecture at methylated regions of the
genome |6, 7].

Historical overview of the discovery of MeCP2

MeCP2, the prototype methyl CpG-binding protein, was
independently identified in two experimental contexts
The first was an effort to identify proteins that specifi-
cally bind methylated CpGs [8] The usc of southwestern

and gel shift assays revealed that MeCP? is capable of

binding oligonucleotide probes containing a single, sym-
metrically methylated CpG [9]. Furthermore, this binding
Is independent of sequence surrounding the methylated
dinucleotide. These in vitro binding properties are con-
sistent with those exhibited by exogenously expressed
MeCP2-bgeo fusion proteins. Indirect immunofluores-
cence of mouse inferphase nuclei showed specific label-

mg of heterochromatic foei [10], and staining of
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Figuie 1. A schematic of the domain stiucture of human MeCP2 protein. Tl
pression domain (TRD) and the C-terminus are indicated, The nutations nsed in the study by Georgel et al

matin-condensing regions of MeCP2 are also shown

metaphase chromosomes showed the MeCP2 fusion en-
riched at pericentromeric heterochromatin [11]. This dis-
tribution is coincident with repetitive satellite DNA, se-
quences rich in both mCpGs and repressive chromatin ar-
chitectore .

A second approach led to the isolation of chickén MeCP2
as a sequence-specific DNA-binding protein known as
ARBP [12]. This protein was discovered based on a Ligh-
affinity interaction (Kjy ~ 10719 with matrix attachment
regions (MARs), specialized DNA sequences responsible
for anchoring chromatin to the nuclear matrix [13] Al-
though MARs are ATrich elements, ARBP also binds
mouse satellite DNA, an ineraction moderately en-
hanced by CpG methylation [14]. The domains within
nammalian MeCP2 and ARBP responsible for interact-
ing with their cognate DNA sequences are found to over-
Jap in a highly conserved region near the N terminus [14].
In MeCP2, this domain was fermed the methyl-CpG
binding domain (MBD) [15] and provided a starting point
toward identifying other MBD-containing proteins.
Searches based on sequence homology led to the defini-
tion of the MBD family of proteins [16], whose members
possess highly homologous MBDs but are quite divergent
outside this domain. An unrelated line of inquiry also led
to the identification of MeCP2 as a gene of interest when
it wag found that a majority of patients with the neurode-
velopmental disorder Rett syndiome possess mutations in
MeCP2 [17]. These mutations cluster in the MBD, the
transcriptional repression domain (discussed below), and

the C terminus, and provide valuable tools in the study of

MeCP2 function (fig. 1),
The association of MeCP2 with methylated DNA in vitro
and in vivo suggests that MeCP2 may function as an ef-
fector of the methylation signal. This hypothesis predicts
that artificially tethering MeCP2 to an unmethylated pro-
moter would result in transcriptional repression with
mechanistic similarities to that seen at methylated loci.
Not only was this found to be the case, but also MeCP2
_ was demonstrated to be capable of repressing at a consid-
erable distance from the transcription start site [11]
These assays were also used to define the transcription re-
pression domain (TRD, fig. 1) of MeCP2 as 2 module ca-
pable of repression when fused to a heterologons DNA
binding domain [11].

he methyl CpG binding domain (MBD), the tianscriptional re-
[28] to determine the chro-

MeCP2 recruits histone-modifying enzymes

The hypothesis that MeCP2 monitors genomic DNA
methylation patterns also predicts that MeCP2 is capable
of directing the structural alterations of ch omatin that ac-
company methylation. The seminal finding that MeCP2
is physically associated with the transcriptional corepres-
sor Sin3 and with histone deacetylase fulfilled this pre-
diction [18, 19] (fig. 2A). Importantly, MeCP2-depen-
dent repression was shown to be partially sensitive 1o in-
hibitors of histone deacetylase (HDAC). Recent evidence
suggests that MeCP2 can also recruit histone methyl-
transferase activity, although the identity of the specific
histone methyltransferase involved remains unknown.
Whatever enzyme is responsible, its action leads to local
H3 lysine 9 methylation, which is itself an epigenetic
mark that presumably reinforces the repressive state [20].
These observations provide a rational basis for the widely
accepted model that MeCP2 is specifically targeted to
mCpGs and establishes repressive chromatin arc hitecture
by recruiting histone-modifying enzymes. Recently, this

Figure 2. Models of MeCP2-mediated chromatin condensation.
(4). The enzymatic model in which MeCP2 recruits histone-modi-
fying enzymes 1o remodel chromatin. (5} The shruciural model de-
scribed in the accompanying text suggests that MeCP2 alone is ca-
pable of mediating chromatin condensation by interacting with in-
dividual nucleosomes to fold chromatin into novel secondary
structures.
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medel has found substantiation in the case of regulation
of anewron-specific gene, BDNF, which may have impli-
cations for Rett syndrome pathogenesis [21,23]

Additional MeCP2 activities

While considerable data exist to support the concept that
MeCP2 alters local chromatin structure by recruiting hi-
stone-medifying enzymes, there is also evidence to sup-
port additional, alternative mechanisms of transcrip-
tional repression by MeCP2 that are independent of
DNA methylation and histone modifications. Foy exam-
e, MeCP2 clemly has the capacity to bind unmethy-
lateo DNA in a high-affinity, sequence-specific fashion
[12, 13] as w2 as in a non-specific, low-affinity manner
[23]. Corresponding.,. MeCP2 can repress transcription
in vitro from both methylawd and unmethylated naked
DNA templates [11, 23, 24]. In additicn, while the TRD
of MeCP2 is thought to be responsible for recruiting hi-
stone-modifying activity, the MBD of MeCP2 alone is
capable of repressing transcription in vivo in a heterolo-
gous systemn that is devoid of DNA methylation [25]
Moreover, the carboxyl-terminal 191 amino acids (in-
cluding the TRD) of MeCP2, when artificially tethered
by fusion to the Gald DNA binding domain, are able to
repress the SV40 enhancer/promoter i vivo even in the
presence of tricliostatin-A (TSA) [26] This observation
supports a histone deacetylase-independent mechanism
of repression. Finally, MeCP2 can associate with mono-
nucleosomal DNA, and this association is dependent on
both the MBD and a 63-amino acid carboxyl-terminal
region of the protein [27]. These examples suggest that
in addition to the MBD, other regions of MeCP2 are ca-
pable of interacting with DNA. They also suggest that re-
cruitment of HDACs by the TRD of MeCP2 is nof the
only mechanism by which MeCP2 is able to repress tran-
scription

MeCP2 as a structural component of chromatin

A 1ecent report [28] provides an alternative physical
mechanism for HDAC-independent chromatin condensa-
tion by MeCP2. In this study, MeCP2 alone was capable
of mediating chromatin compaction regardless of the
methylation state of DNA, When prescribed amounts of
highly purified, recombinant human MeCP2 were com-
bined i solution with compositionally defined sea urchin
12-mer mmcleosomal arrays [29], the assembly of novel
secondary chromatin structures was observed. Analysis
of data acquired using solution-based biophysical assavs
(electrophoretic mobility shifts and analytical ultracen-
trifugation) and electron microscopy (EM) revealed an
unexpected and novel nucleoprotein complex. Increasing
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the molar ratio of MeCP2 from 025 to 2.0 MeCP2/mu-
cleosome resulted in a progressive reduction in mobility
of the nucleoprotein complex in gel shift assays. At mo-
lar ratios near 1.0 MeCP2/nucleosome, a predominant
species appeared as a discrete, slowly migrating band.
When the corresponding species were visualized using
shadowed EM, a full range of nuclcosomal array stric-
tures was observed beginning with the linear ‘beads on
a siring’ conformation in the absence of MeCP2. At
0.5 MeCP2/nucleosome, local areas of compaction were
seen in the nucleosomal arrays Remarkably, at 1.0MeCP2/
nucleosome an extensively condensed, novel ‘ellipsoid’
structure was seen, corresponding to the predominant
clectrophoretic band mentioned above. Additionally, in-
teraction between these compacted structures can be seen
as oligomers of the ellipsoidal species Ultracentrifuga-
tion revealed that the ellipsoidal structure corresponded
to a near homogeneous 60 S species. When maximally
folded in high salt, the 12-mer nucleosomal arrays are
known to sediment at 55 S [30]. Thus, MeCP2 compacted
the nucleosomal arrays into similarly condensed struc-
tuies. Unlike all other chromatin-condensing proteins,
this compaction is achieved under Tow ionic conditions,
permiiting dJetailed biophysical analysis of the resulting
structures. The siriking stoichiometry of 1.0 MeCP2/nu-
cleosome further suggested a specific interaction be-
tween each MeCP2 molecul and an individual nucleo-
some.

Nuclease digestion was used to further probe the nature
of the molecular interactions that contribute to the “tabil-
ity of the 60 S complexes. Digestion of EcoRI sites cun-
veniently located within the linker regions of the nucleo-
somal arrays indicated that the linker DNA between indi-
vidual nucleosomes was not protected by the presence of
MeCP2. However, electrophoresis of the digested chro-
matin under native conditions revealed that the structure
of the 60 S species 1emained essentially intact. These ob-
servations indicate that interactions between molecules
of MeCP2 and the nucleosomes are able to stabilize the
60 S particles and that these interactions do not involve
the linker DNA,

Finally, in order to map the chromatin-condensing re-
gions of MeCP2, similar experiments were conducted
with known Rett syndrome-associated MeCP2 mutants
A truncation mutation that contains the N-terminus and
MBD, but lacks the TRD and far C-terminus was unable
to form the stable 60 S particles. This indicated that re-
gions other than the MBD are necessary to assemble the
secondary chromatin structures. Jn support of this hy-
pothesis, a second mutation that substitutes a cysteine for
a key arginine in the MBD, but leaves the rest of the pro-
tein intact, does not interfere with the ability of MeCP2 to
form the 60 S particles. This further advances the idea
that compaction of the arrays is not dependent on the abil-
ity to productively interact with methylated DNA.
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One interesting facet of these experiments is that the 1i-
bosonal DNA (tDNA) used was not methylated. There-
fore, it is not surprising that a mutation in a residue in-
volved inrecognizing methylated DNA would have no ef-
fect on the chromatin-condensing properties. In separate
control experiments, MeCP2 was shown to bring copies
of the non-nuclcosome-containing naked 1DNA into
close proximity where they appear to be ‘cross-linked’
into complex structures. Clearly, MeCP2 is capable of in-
teracting with unmethylated DNA under these condi-
tions. These observations suggest that MeCP2 mediated
compaction of methylated chromatin could spread to ad-
jacent unmethylated regions of the genome, with the
methylated regions serving as nucleation points for ¢x-
tensive MeCP2-mediated ch omatin compaction,

This study illustrating the ability of MeCP2 to compact
chromatin, independent of histone modifications, posits a
plausible structural [ationale for the HDAC- and DNA
methylation-independent franscriptional repression abil-
ity of MeCP2 discussed eatlier. The picture that emerges
is one where a single molecule of MeCP2 is capable of in-
teracting with a single nucleosome and initiating further
inferaction with neighboting nucleosomes. The resulting
condensed chromatin structure is maintained even in the
presence of linker DNA digestion. Whether this is medi-
ated by MeCP2-nucleosome or Me(CP2-MeCP2 interac-
{ions is not known

Models of MeCP2 and chromatin

Taking into consideration all of the data discussed so far,
one can envision at least two distinet mechanisms by
which MeCP2 compacts chiomatin. The first is the
widely accepted modet that MeCP?2 is specifically tar-
geted to mCpGs and establishes a repressive chromatin
architectumre by recruiting histone-modifying enzymes
{enzymatic). The second model suggests that MeCP2
alone possesses intrinsic chromatin-compacting abilities
(structural), These models might predict that in tissues
where MeCP2 is limiting. the enzymatic model of tran-
scriptional repression would be more likely to fmetion at
select methylated genomic loci (fig. 2A) However, in tis-
sues such as the braln, where MeCP2 is knowh 1o be
abundant, the structural method of chromatin compaction
may be more likely. In this scenario, the local concentra-
tion of MeCP2 would be greater and might favor MeCP2-
MeCP2 or MeCP2-nucleosome interactions that lead to
altered secondary chromatin structure not seen in other
fissues to an equivalent extent (fig. 2B). It is important at
this point to indicate that the two models (enzymatic vs
structural) of MeCP2-mediated transcriptional repression
are by no means mutually exclusive. One can envision a
scenatio whereby MeCP2 is targeted to mCpGs and es-
tablishes repressive chromatin architecture through local
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recruitment of histone-modifying enzymes (enzymatic).
The medified histones could nucleate the recruitment of
additional MeCP2 molecules, further altering the Jocal
secondary chromatin structuse (structural). In this fash-
ion, the recruitment of histone modifying enzymes by ¢
MeCP2 would work in concert with the establishment of
compact chyomatin structures by the incorporation of
MeCP2 itself v

Future challenges

The current data suggest muliiple roles for MeCP2 in the
organization of chromatin. The ability to 1cCognize
methylated DNA gives MeCP2 and other M BD-contain-
ing proteins a unique role in our current understanding of
the biology of DNA methylation in vertebrates. The re-
cently described ability to compact nucleosomal arrays
into novel secondary structures suppoIts an additional
tole for MeCP2 in the biology of chromatin. Future stud-
ies will need to address the precise nature of the interac-
tion between MeCP2 and nucleosomal arrays Perhaps
additional mutagenesis will reveal key residues required
for MeC'P2-MeCP2 or MeCP2-nucleosome interactions
Whether or not other MBD-containing proteins behave
similarly in the presence of nucleosomal arrays is also an
interesting question. MBD1 has been shown to be local-
ized predominantly to the pericentromeric tegions of
chromosome 1 and 1o telomeric regions of several chiro-
mosomes in HeLa cells [31]. The dense accumulation of
MBD1 in these highly structured regions of human chro-
mosomes may also indicate an ability of MBD?1 to create
Jocal regions of specialized chromatin As we learn more
about the genomic targets of MeC'P?2, it will also be ink-
portant 10 substantiate whether MeCP2 1s able to create
specialized secondary chiomatin structures in vivo that
resemble those observed in Vitro. e
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