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The Methyl-CpG Binding Transcriptional Repressor MeCP2 Stably Associates with
Nucleosomal DNA

Simon P. Chandler, Dmitry Guschin, Nicoletta Landsberger, and Alan P. Wolffe*

Laboratory of Molecular Embryology, National Institute of Child Health and Humandb®pment, NIH, Building 18T,
Room 106, Bethesda, Maryland 20892-5431

Receied January 29, 1999; Resed Manuscript Receed March 17, 1999

ABSTRACT. We have investigated the interactions of the methyl-CpG binding transcriptional repressor
MeCP2 with nucleosomal DNA. We find that MeCP2 forms discrete complexes with nucleosomal DNA
associating with methyl-CpGs exposed in the major groove via the methyl-CpG-binding domain (MBD).

In addition to the MBD, the carboxyl-terminal segment of MeCP2 facilitates binding both to naked DNA
and to the nucleosome core. These observations provide a molecular mechanism by which MeCP2 can
gain access to chromatin in order to target corepressor complexes that further modify chromatin structure.

DNA methylation is associated with transcriptional silenc- nucleosomal infrastructure7,( 10, 11, 17). The repressor
ing in vertebrate genomed~3). Several mechanisms can proteins might somehow be incorporated into chromatin, but
contribute to silencing, and their relative importance may the fundamental nucleosomal repeat is retained.
depend on the individual gene, cell type, and organism Histone H1 is an intrinsic component of chromatin in the
investigated 4—6). In mammalian tissue culture cells nyclej of somatic cells. It is enriched in chromatin containing
considerable evidence supports the selective assembly of anethylated CpG dinucleotideg3) and prefers to associate
nuclease-resistant chromatin structure on transcriptionally with nucleosomal DNA 24). Although H1 can selectively
repressed methylated DNA€9). Microinjection of me-  associate with methylated naked DNA, the majority of
thylated and unmethylated templates idtenopusoocytes  somatic histone H1 variants do not discriminate between
and mammalian tissue culture cells indicates that chromatin methylated and unmethylated DNA in a nucleosome in vitro
assembly is necessary on the Herpes Simplex Virus thymi- (25 26). H1 is known to be a selective transcriptional
dine kinase anenopusheat shock protein 70 promoters  repressor in vivo and in vitro27—30); thus the potential
to establish selective transcriptional repression on methylatedexists for highly selective recognition of methylated DNA
DNA under conditions where Unmethylated templates remain sequences. MDBP-2 is a prote0|yzed and phosphory|a’[ed H1
active (L0—11). Inactive chromatin assembled on methylated yariant (L9, 20) and, like H1 itself, might be expected to be
DNA can also confer transcriptional silencing and nuclease selectively incorporated into nucleosomal DNA thereby

resistance on adjacent unmethylated promotéds 12). potentially repressing transcription, since the globular domain
These results demonstrate that chromatin structure andof H1 alone retains the capacity for directing selective gene
function are sensitive to DNA methylation. inactivation @1). MeCP2 appears to selectively replace

The most direct mechanism to alter chromatin structure histone H1 from nucleosomal templates assembled on

on methylated DNA would be to bind repressor proteins that methylated templates compared to unmethylated templates
recognize methyl-CpG present in naked and nucleosomalin 3 Xenopusocyte chromatin assembly systetrv and is

DNA. These repressor proteins might wrap naked and 3 known chromosomal protein preferentially localized to
nucleosomal DNA more stably than nucleosomal histones pericentric heterochromatir®).

alone, thereby excluding both nuclease probes of chromatin
structure and the transcriptional machinery. Several proteins
exist that selectively recognize methylated naked DNA
including MeCP1 {3—-15), MeCP2 (6—-17), MBD2, 3, and

4 (18), MDBP-2 (19, 20), and histone H141, 22). However,
although these proteins can selectively recognize naked DNA

containing methylated CpG dinucleotides, with the exception to the recruitment of corepressor complexes that might further

of histone H1, their incorporation into a nucleosome has not modify chromatin. MeCP2 interacts with the SIN3 corepres-

been documented. The available in vivo evidence SUggestSsyr \hich in turn can recruit histone deacetylase to facilitate

that stable states of transcriptional repression.depen_de.nt %he modification of chromatin toward a transcriptionally

DNA methylation are established and maintained within a repressed stat@5, 36). Methylated DNA is associated with

- : — _ ~ hypoacetylated histones37), and DNA demethylation
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How exactly MeCP2 might be assembled into chromatin
poses a significant problem. There are many impediments
to trans-acting factor binding to nucleosomal DNZ8(34).

An additional contributory factor to the unusual chromatin
structures assembled on methylated DNA might be that the
binding of methyl-CpG-binding proteins such as MeCP2 lead
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pressor genes in human cancer ceB8)( Together these
observations provide compelling evidence of a role for
chromatin in the silencing of methylated DNA.

The major evidence in conflict with the role of chromatin
in transcriptional silencing derives from in vitro experiments
in which MeCP1 {4) and MeCP2 17, 40) inhibit transcrip-
tion on naked DNA added to either rat liver or HeLa nuclear
extracts. Exactly how transcriptional silencing is achieved
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1—-404, the resultant clone was then digested wAdl
(corresponding to amino acid position 404) afttdl. These
cleavages produced’ 3ecessed ends which were then
repaired with Klenow DNA polymerase large fragment
yielding blunt ends. Religation gave deleted clones which
have lost the stop codon, allowing in frame read through of
the C-terminal poly His region within pET23b. The methy-
lated DNA-binding domain (MBD) (amino acids 7463

under these circumstances remains unclear. Chromatinelative to the first methionine) and the transcriptional
components are present in these nuclear extracts, andepression domain (TRD) (amino acids 2€#05) were
although nucleosome assembly was not tested, it appear§loned using PCR with primers containing engineered

unlikely to contribute to the inhibition of transcription under

restriction sitesEcaoRl and Sal) and ligated in frame into

the reaction conditions used. Thus multiple mechanisms maythe corresponding sites in pRSETA (Invitrogen) and pET21a
contribute to transcriptional silencing by MeCP2: those that (Novagen), respectively. GST-MeCP2 was cloned in frame

require histones3b, 36) and those that do not{, 40).

using aSma-Aatl cDNA fragment into the corresponding

In this work we approach the issues of MeCP2 access toSites in pGex ATl (Pharmacia Biotech). All correct clones
nucleosomal DNA. We establish that MeCP2 can associateWere expressed in BL21 DE3 pLysS cells. Cultures were

with nucleosomal DNA, preferentially recognizing methyl-

grown to mid-log phase and induced with 0.4 mM IPTG for

CpG dinucleotides that are exposed in the major groove of © N at 30°C.

DNA as it wraps around the histone surface. Surprisingly

Recombinant Protein PurificationThe purification of

we find that the C-terminus of MeCP2 in addition to the MeCP2 1467 and MeCP2 1404 was carried out using

methyl-CpG-binding domain (MBD, retl) contributes to

Ni2"*-NTA agarose gravity columns as in the manufacturers

the association of MeCP2 with both naked and nucleosomalProtocol (Novagen), except that the wash buffer was made

DNA. The C-terminal domain includes the transcription
repression domain (TRD, ref7), suggesting that multiple
functions exist outside of the MBD.

MATERIALS AND METHODS

Nucleosome Reconstitutionhe DNA fragments used in
this study were the 218 bpcaRI-Ddd fragment (from—79
to +137 relative to transcription start site) from tkenopus
borealis 5S rRNA gene which contains the intragenic
promoter region 42, 43), the 176 bpAcd-Ddd fragment
(from +156 to+332 relative to transcription start site) of
the Xenopus laeis TRGA gene containing the thyroid
hormone response element (TREX), and a 222 bflllI-
BanHI fragment of thePhaseolisvulgaris f phaseolin
promoter containing three phased TATA boxd$)( Me-
thylation specific for the CpG dinucleotide step was carried
out usingSs$ methylase (NEB), and methylation status was
checked as previously describexb). Nucleosome cores or

up to a final imidazole concentration of 40 mM to avoid
loss of 6x His-tagged proteins. MeCP2-467 was purified
by virtue of an internal poly Histidine stretch (amino acids
369-373) with the wash buffer at 60 mM imidazole.
Fractions were assayed for protein content by SPEGE
and dialyzed versus 25 mM Tris-HCI, pH 8.0, 100 mM NacCl,
1mM S-mercaptoethanol, 2 mM Mggland 5% Glycerol.

The purification of GST-MeCP2 was carried out using a
combination of batch and gravity flow with glutathione
sepharose as in the manufacturers protocol (Pharmacia-
Biotech). Elution of the bound protein was carried out with
reduced glutathione. Fractions were assayed for protein
content by SDSPAGE then dialyzed against the above
buffer.

Gel Shifts.Samples containing either 20 ng of naked
labeled fragment or reconstituted mononucleosome (equal
amounts by DNA weight) were incubated with protein in
the presence of 2 mM Mggfor 30 min at room temperature
as described2d, 26). Glycerol was added to the binding

histone octamers were prepared from chicken erythrocytesreactions to a final concentration of 5% (v/v), and the samples

(46, 47) and reconstituted onto radio-labeled DNA fragment

were loaded either on 0.7% agarose gédlg (©Or on 4.5%,

by either salt exchange (gel shifts and footprints) or salt 37.5:1 monomer/bis ratio, polyacrylamide gels containing

dialysis (MNase mappingy8, 49). Briefly, in the histone

0.5 x TBE (1x is 90 mM Tris base/90 mM boric acid/2.5

exchange method, a 15-fold mass excess of core particlesnM EDTA). The gels were run at 200 V f@ h at 4°C.

was mixed with radio-labeled DNA at an NaCl concentration
of 1 M. After a 30 min incubation at room temperature,

reconstitution was achieved through slow stepwise addition

of TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA) until

Gels were subsequently dried and exposed to autoradiograph
film overnight at room temperature.

DNase | Footprinting Binding reactions (100 ng DNA)
were carried out as scaled up versions of the gel shift samples

the NaCl concentration reached 50 mM. For salt dialysis giving total binding and were performed as describ24 (

reconstitution, an equal molar ratio of radio-labeled DNA

26). MgCl, was added to a final concentration of 5 mM

fragment and purified histone octamer was mixed and NaCl directly before the addition of DNase | (12 ng for naked

added to a final concentration of 2 M. The mixture was

DNA samples, 3660 ng for reconstituted samples). The

placed in a dialysis bag and dialyzed against stepwise DNase | reactions were carried out at room temperature for

reductions in NaCl concentration fro2 M through 1.5, 1,
0.75, and finaly 0 M in thepresence of the protease inhibitor
PMSF (0.2 mM).

Construction of Deletion Mutantdzor MeCP2 1467,
full-length X. laevis MeCP2 cDNA B85) was subcloned into
the EcaRlI-Hindll sites of Pet23b (Novagen). For MeCP2

1 min and terminated by the addition of EDTA (10 mM).
Initial footprinting reactions were subsequently loaded onto
a preparative gel prior to analysis by 6% denaturing
polyacrylamide gel electrophoresis.

For DNase | footprints with linker histone, the H1 fraction
from hydroxyl apatite chromatography of bulk chicken
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erythrocyte chromatin4@) was bound to the reconstituted by incubation in 15 mM HEPESNaOH, pH 7.4, 50 mM
nucleosome in the presence of 50 mM NaCl. Specific marker NaCl, 0.1 mM EDTA, and 0.1 mM PMSF at 3T (this
lanes were produced by Maxam and Gilbert cleavage. gives partial depurination and subsequent cross-linking). The
Southwestern Assayhe Southwestern procedure was as reaction is stopped by the addition of 25 mM NaBH 50
described16). Extracts were made up to 20% trichloroacetic mM HEPES-NaOH, pH 7.4, on ice, followed by dialysis
acid at 0°C. The precipitate was collected and washed with into 15 mM HEPES-NaOH, pH 7.4, 50 mM NacCl, and 0.1
acidic acetone before resuspending in gel loading buffer for mM EDTA.
SDS-PAGE. The proteins were then transferred to a  Purification of Cross-Linked Product¥he DNA—protein
nitrocellulose filter (BA85, Schleicher and Schuell) by adducts were ethanol precipitated in the presence of 0.5%
electroblotting in a Bio-Rad electroblotter. Transfer was for SDS. The reaction was supplemented with 0.5 mg/mL
5 h at 35 mA at #C. The transfer buffer was 25 mM Tris  unlabeled mixed-sequence nucleosome cores isolated from
and 190 mM glycine. After transfer, immobilized proteins chicken erythrocytes as a carrier. The protein-tagged DNA
were denatured for 5 mimi6 M guanidine hydrochloride,  fragments were purified by KEISDS precipitation as
20 mM HEPES, pH 7.9, and 3 mM Mgg&lwith four described %1) and dissolved in loading buffer containing 9
successive 2-fold dilutions of the denaturing buffer with M urea.
binding buffer (binding buffer is denaturing buffer minus  Ty5.dimensional gel electrophoresis was as described
guanidine-HCI). After two further washes with binding previously 61). The first dimension resolves the protein
buffer, the filter was pre-blocked with 2% nonfat dried milk A adducts, and then the second dimension resolves the
and washed again in binding buffef?P-labeled probe  pNA fragments. The first dimension (from left to right in
(GM12, ref41) was added to b|nd_|ng buffer0.1% Tr|tc_)n the panels) requires denaturation of the protd@NA
X-100 (about 100 000 counts mihmL™) together with  ¢omplex by boiling in 1% SDS ah7 M urea. Resolution
nonspecific competitor DNA (20g/mL nativeEscherichia a5 achieved on a 15% polyacrylamide gel containing 0.15%
coli DNA, 2 ug/mL denatured. coliDNA), and incubation  gpg and 7 M urea. Resolution in the second dimension (top
was continued fol h atroom temperature. The addition of {5 pottom in the panels) follows deproteination of the
Triton X-100 was fpund to greatly enhance the sensitivity complexes with a protease in, again, a 15% polyacrylamide
of the assay. The filter was wgshed with from three to f|ye gel containing 0.1% SDS dn7 M urea.
changes (5 min each) of binding buffer supplemented with
0.01% Triton X-100. After air-drying, the filter was wrapped RESULTS AND DISCUSSION
in Saran wrap and exposed to X-ray film. The probe in this
case was a duplex DNA sequence containing 12 CpGs that Purification and Characterization of Recombinant MeCP2.
were either symmetrically methylated or nonmethylat). ( The MeCP2 proteins used in our initial experiments are
Micrococcal Nuclease Mappingviononucleosomes (80  shown in Figure 1A. The purification of the three proteins
ng of DNA) (molar ratio of histone to DNA= 1) were is shown in Figure 1B-D. Our initial experiments made use
digested with 0.0750.6 units of micrococcal nuclease for 0f the GST-MeCP2 preparation (Figure 1D), and later we
5 min at room temperature as describ24)(Incubation with ~ use the MeCP2-2467 and MeCP2 1404 proteins that lack
linker histone and MeCP2 was as described above&. ®as the GST moiety. We have found no significant differences
adjusted to 0.5 mM concomitant with the addition of in the properties of GST-MeCP2 and MeCP2467. A
micrococcal nuclease. Digestions were terminated with the defining feature of MeCP2 is the capacity to discriminate
addition of EDTA (5 mM), SDS (0.25% w/v), and proteinase between unmethylated and methylated DN#)( To de-
K (1 mg/mL). The products of cleavage were recovered and termine the DNA-binding activity of our recombinant GST-
labeled with -32P] ATP and T4 polynucleotide kinase. The MeCP2, we electroblotted equal masses of protein from the
end-labeled fragments were separated on a nondenaturingractions shown in Figure 1D, lanes 6 and 7, to nitrocellulose
6% polyacrylamide gel. DNA fragments of nucleosome core membranes before incubation with radio-labeled oligonucle-
and chromatosome were recovered and digested with restricotides (Southwestern assay). Probes were 40 bp in length
tion enzymes to determine the boundaries of micrococcal and were either nonmethylated or methylated at 12 CpGs
nuclease protection. Digestions were incomplete at the (GAM12, ref41). GST-MeCP2 interacted very weakly with

concentrations of restriction enzymes used, hence some 148he unmethylated probe (Figure 1E, lanes 1 and 2) but bound
and 167 bp DNA remains in the digest. strongly to the methylated probe (lanes 3 and 4). Thus GST-

DNA—Protein Cross-LinkingDNA—protein cross-linking ~ MeCP2 shows the expected preference for methylated DNA
was performed according to the procedures of Mirzabekov (41). Our other recombinant MeCP2 preparations showed
and colleagues50—52). Mononucleosomes, end-labeled to comparable selectivity (data not shown).
allow histone-DNA contacts to be positioned relative to one The Association of GST-MeCP2 with Nucleosomal DNA.
end of the molecule, were placed in a room temperature Earlier work has shown that MeCP2 will selectively associate
binding reaction with MeCP2 derivatives as described for with a naked DNA fragment containing a single methyl-
the gel shifts. This incubation was followed by reaction with CpG dinucleotide 41). The MBD could protect a 12 base
dimethyl sulfate (methylates purines). The methylated prod- pair region surrounding a methyl-CpG pair with an ap-
uct is then depurinated to an aldehyde. A Schiff base is proximate dissociation constant of 2V (41). We wished
formed between the modified DNA backbone and available to examine this interaction of MeCP2 with methyl-CpG
lysine or histidine amino acids, in the histones or MeCP2 dinucleotides in a nucleosomal context. We initially exam-
derivatives, which can be further stabilized by reduction with ined the interaction of GST-MeCP2 with unmethylated or
sodium borohydride 50—52). Exact conditions are as methylated naked or nucleosomal DNA using agarose gel
follows: employing 16-25 mM dimethyl sulfate followed  shift assays. The 215 b. borealissomatic 5S rRNA gene
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DNA compared to unmethylated nucleosomes. These experi-
ments suggested that GST-MeCP2 can bind to methylated
DNA in a nucleosome.

We next compared the DNase | cleavage patterns of
nucleosomal DNA containing either MeCP2 or histone H1.
Despite stable association with nucleosome cores, protection
of linker DNA from micrococcal nuclease, and protein
DNA cross-linking @4, 26, 53—56), we have never obtained
a DNase | footprint attributable to histone H1 in a mono-
nucleosomeZ4, 26, 56). Our attempts to footprint histone
H1 on naked unmethylated DNA (Figure 2A,B, lane 3),
nucleosomal unmethylated DNA (lane 6), naked methylated
DNA (lane 10), and methylated nucleosomal DNA (lane 13)
likewise failed. In contrast, while GST-MeCP2 does not
generate a DNase | footprint on methylated or unmethylated
naked DNA (lanes 4 and 11) nor on unmethylated nucleo-
somal DNA (lane 7), a clear GST-MeCP2-dependent foot-
print is obtained on methylated nucleosomal DNA (lane 14).
GST-MeCP2 protects both linker DNA and nucleosome core
DNA from DNase | cleavage (Figure 2, open boxes). We
conclude that MeCP2 can form a stable complex with
nucleosomal DNA.

MeCP2 Protects Linker DNA from Micrococcal Nuclease
Digestion. We next examined the efficiency with which
micrococcal nuclease would digest tkeborealis5S rRNA

GST-MeCP2 gene assembled into a nucleosome core in the absence of
additional proteins and in the presence of histone H1 or
D Fractionation E Southwestern MeCP2. Both histone H1 and MeCP2 inhibit digestion of
£, linker DNA by micrococcal nuclease (data not shown). This
—a g_ oe result suggested that the association of MeCP2 with nucleo-
££33%5%2 probe. Metylated somal DNA will stabilize linker DNA from digestion with
ZZEREER micrococcal nuclease. Similar results were obtained with
L nucleosome cores assembled onRheulgaris s-phaseolin
— [ B ‘ promoter and on th&. laevis TRGA promoter (data not
== & g =N shown). For the 5S rRNA gene (Figure 3A), multiple CpG
- L dinucleotides are distributed throughout the DNA fragment;
H s34 thus the protection of linker DNA could be due either to
234567 Lo g direct association of MeCP2 with the naked linker DNA or

to allosteric transitions in the nucleosome as a consequence
of MeCP2 association with the nucleosome core regi@ (
57). Mapping the boundaries of micrococcal nuclease diges-

Ficure 1: (A) Structure of GST-MeCP2 fusion and MeCP2467
and MeCP2 1404 deletion. The methylated CpG-binding domain

(MBD) and the transcriptional repression domain (TRD) are shown . ) o . - .
as well as a native 11 histidine stretch (Poly His). (B, C) Purification tion provides one indicator of how a protein might bind to

of MeCP2 1467 and MeCP2 4404 by immobilized metal ion  the nucleosome2); however this can be subject to alternate
affinity chromatography. Lanes 1 and 2 (B) and lane 1 (C) are interpretations §8). Thus we augmented our analysis of
marker lanes. Lane 3 (B) and lane 2 (C) show input of cleared pecp2 binding using proteinDNA cross-linking 62).

bacterial lysate. Lane 4 (B) and lane 3 (C) show a representative .
flow through fraction. Lanes 5 and 6 and lanes 4 and 5 show the The boundaries of the DNA fragments protected from

washes for (B) and (C), respectively. Lanes 7 and 8 (B) and lanes Micrococcal nuclease digestion were determined by restric-
6 and 7 (C) show fractions 3 and 4 from the elution profile. Purified tion endonuclease cleavage and resolution on a denaturing
protein is indicate_d by the black arrows. (D) Purification of GST- polyacrylamide gel (Figure 3). Incorporation of MeCP2 led
MeCP2 by glutathione sepharose column. Lanes 1 and 2 are markek, jinker DNA protection similar to that of histone H1 (Figure

lanes. Lane 3 corresponds to the column input of cleared bacterial . ;
lysate. Lane 4 shows a representative flow through fraction. Lanes SB:C)- For both MeCP2 and histone H1, the protection of

5 and 6 correspond to washed 1 and 2. Lane 7 shows the elutionlinker DNA relative to the nucleosome core is highly
from the column with the fusion protein indicated with a black asymmetric (Figure 3B,C). This result is a common feature

arrow. (E) GST-MeCP2 has a preference for binding to methylated of diverse nucleosomes reconstituted with linker histo@ds (

,\DAEQ'O dss(;.UtThr‘féeztr?g\:V ?nsji?:}z;tg; SSCTI;'\Q?CPZ (see Materials and 5y 5g 5g). We next extended our analysis using protein
DNA cross-linking. Full-length MeCP2 showed extended

fragment was either mock methylated or completely methy- interactions over the entire length of nucleosomal DNA, yet

lated at all 12 CpGs26). GST-MeCP2 bound selectively to  led to no major transitions in core-histoRBNA contacts

the methylated 5S DNA fragment under conditions of no (data not shown). To better delineate the preferred sites of

detectable interaction with unmethylated DNA (see Figure contact of the methyl-CpG-binding domain of MeCP2 with

5 later; data not shown). A comparable selectivity was seenthe nucleosome, we made use of a C-terminal deletion mutant

in the binding of GST-MeCP2 to methylated nucleosomal of MeCP2 lacking 63 amino acids, MeCP2 404, and the
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Ficure 2: MeCP2 only shows binding specificity on the methylated 5S DNA nucleosome. (A) DNase | footprinting pattern: 4&nes 1
control DNA (unmethylated); lanes-94, methylated DNA. Lanes 2, 3, and 4 show DNase | cleavage products in the absence (2) and
presence of H1 (3) or GST-MeCP2 (4) on control DNA; lanes 5, 6, and 7 show the digestion pattern in the absence (5) and presence of H1
(6) or GST-MeCP2 (7) on control nucleosomal DNA, lanes 9, 10, and 11 show digestion products in the absence (9) and presence of H1
(10) or GST-MeCP2 (11) on methylated DNA, lanes 12, 13, and 14 show the cleavage pattern in the absence (12) and presence of H1 (13)
or GST-MeCP2 (14) on methylated nucleosome. Histone H1 is added at a molar ratio of one per nucleosome, and for GST-MeCP2, the
ratio is 4:1. The positions of the CpG dinucleotide steps are indicated by black triangles on the left-hand side of the panel. The 10 bp repeat
pattern indicating sites at which the minor groove is exposed in the nucleosome is shown by black arrows on the right-hand side of the
panel. Also shown are boxed areas corresponding to regions protected from DNase | cleavage by MeCP2 and the dyad axis of the nucleosome
core at—2, shown by an asterisk. A large black arrow denotes the nucleosomal/linker DNA boundary. (B) An enlargement of the top third

of panel (A).

MBD alone. These proteins give the same micrococcal 2 panels indicate where the minor groove of DNA within
nuclease protection pattern as full-length MeCP2, yet provide the nucleosome cores is facing out toward solution as
more discrete DNase | footprints (see Figure 4). When revealed by preferential DNase | cleavage (Figure 2, compare
mixtures of these proteins are cross-linked to 5S nucleo- lanes 9-11 with 12-14; see Figure 4). The major site of
somes, we find that a highly asymmetric association occurs protection from DNase | cleavage within the nucleosome
with the MBD associating preferentially with DNA proximal core conferred by GST-MeCP2 is over the dyad axis of this
to the 3 end of the 5S DNA, consistent with the micrococcal particularX. borealis5S nucleosome indicated by the asterisk
nuclease protection pattern (Figure 3D,E). We conclude that(Figure 2A) (2 relative to the start site of 5S rRNA gene
the association of the MBD with the 5S nucleosome under transcription at+1, this is derived from mapping of the
these conditions is highly asymmetric and that no major micrococcal nuclease digestion boundaries-#® and+68
rearrangement of core-histone DNA contacts occurs. Theas shown in Figure 3, and from earlier work; r& 57,
asymmetric association of MeCP2 relative to the nucleosome60, 61, 64—67). The positions of methyl-CpG dinucleotides
core is similar to that of histone H1 with the 5S nucleosome in the 5S DNA sequence are indicated by the triangles on
(54, 60, 61); however the lack of rearrangement of core the left-hand side of the panels. Protection of the methyl-
histone contacts on binding the MBD contrasts with B2, ( CpGs in this sequence is clearly nonuniform with GST-
57). Histone H1 has basic N- and C-terminal tail domains MeCP2 binding presumably being influenced by the nucleo-
that can directly bind to DNAG2, 63); these are absent in  somal infrastructure. We next explored this issue further.
MeCP2. Carboxyl-Terminal Deletions of MeCP2 Seleely In-
The DNase | footprinting confirms these observations. The terfere with DNase | Footprint within the Nucleosome Core.
large horizontal arrow in Figure 2 indicates the boundary of Our experimental results indicate that GST-MeCP2 selec-
the nucleosome core as determined by micrococcal nucleasdively protects some methyl-CpG dinucleotides in the nu-
cleavage (Figure 3). The GST-MeCP2 DNase | footprint on cleosome core and linker from nuclease cleavage, but not
linker DNA includes the methyl-CpG at111 @2) (Figure all methyl-CpG dinucleotides are protected under the condi-
2B). The linker DNA protection is consistent with the tions used (Figure 2). To address the molecular basis of
protection from micrococcal nuclease cleavage seen in theselective protection of methyl-CpGs, we made use of MeCP2
presence of GST-MeCP2 and with the proteldNA cross- 1-467 lacking the GST moiety and of C-terminal truncations
linking using the MBD (Figures 2 and 3). The small of MeCP2 that deleted 63 amino acids (MeCP2404) or
horizontal arrowheads on the right-hand side of the Figure 373 amino acids (MeCP2-194) or that just retained the
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Ficure 3: (A) Scheme of the 5S rRNA gene fragment used in these experiments showing the location of CpG dinucleotides (open boxes),
the start site of transcription &tl of gene sequence (hooked arrow), and the intragenic promoter (closed box). (B) Schematic representation
of the micrococcal nuclease mapping data. The methylated 5S RNA nucleosomal and chromatosomal map. Locations of the fragments
from the EcadRV and Fnu4HI digestions of the micrococcal nuclease mapping assay are shown with respect to the intragenic promoter.
Micrococcal nuclease protection boundaries and restriction enzyme site positions are given with respect to the start site of transcription. (C)
Asymmetric protection of the linker DNA from micrococcal nuclease by MeCP2 and H1 on the methylated 5S RNA nucleosome. Lanes
1 and 2 show methylated 5S RNA nucleosome core DNA (146 bp) cutBatRY and FnudHI, respectively. Lanes 3, 4, 5, and 6 show
chromatosomal DNA (167 bp) from H1 containing nucleosomes cut BittiRV (lanes 3 and 5) anBnu4HI (lanes 4 and 6), respectively.

Lanes 7, 8, 9, and 10 show the MeCRfucleosomal complex DNA (167 bp) cut wicdRV (lanes 7 and 9) anBnu4HI (lanes 8 and

10), respectively. (D and E) Mapping of histone DNA contacts with the top strand of the methylated 5S RNA nucleosome in the presence
(D) and absence (E) of the MeCP2 derivatives: MeCP2@4 and the MBD. The diagonal track due to naked DNA is shown on the
right-hand side of each panel (free DNA). The contacts due to core histones and MeCP2 are shown (MBD andl M4e@P). A 10:1

excess of MeCP2 protein derivative relative to nucleosomal DNA was used, as in the DNase | footprinting experiments shown in Figure
4B.

MBD (79—163) or transcription repression domain (TRD, DNA in the nucleosome; this result was independent of
203—-305) (@7, 41). Use of these truncated MeCP2 proteins methylation status (Figure 4A). Surprisingly, deletion of the
addresses the issue of whether the methyl-CpG-binding carboxyl-terminal 63 amino acids from MeCP2 to generate
domain alone was responsible for the nuclease protection orMeCP2 1-404 also leads to a loss of nucleosome core
whether other domains might contribute either through footprinting on reconstitution into nucleosomes. The protec-
enhancing the binding of the MBD to DNA indirectly or tion of linker DNA is also severely reduced at this molar
through direct interactions with nucleosomal DNA. Neither excess of MeCP2-1404 to 5S nucleosome of 6:1 (Figure

the TRD nor the MeCP2-194 proteins were able to protect 4A, compare lane 22 and 23). The full-length MeCP2467
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FIGURE4: MeCP2 1404 and the MBD show diminished protection across
the methylated 5S nucleosomal region but equivalent protection in the linker
DNA compared to MeCP2-1467. (A) Lanes +3 are markers, lane 4 is a
DNase | digest of unmethylated DNA, lanes & show digestion patterns

in the presence of a 6-fold excess of the various MeCP2 derivatives indicated,
lanes 9-13 are as in 48 except unmethylated nucleosomal DNA was used,
and lanes 1423 are the same as lanes 3 except methylated naked and
nucleosomal DNA were used. The 10 bp repeat pattern, common to
nucleosomal footprints, is shown by black arrows on the right-hand side of
the panel. Boxed regions indicate areas protected from DNase | cleavage.
A hypersensitive site at the dyad is illustrated with an asterisk. Also shown
is the nucleosome core/linker boundary (large black arrow). The positions
of CpG dinucleotides are indicated at the left-hand side of the panel. The
molar excess of MeCP2 derivatives used in this experiment over DNA and
nucleosomes is 6:1. (B) Lanes 1, 2, 3, and 4 correspond to DNase | digestion
of methylated DNA in the absence (1 and 2) and presence of Me€RQ4L

(3) or MeCP2 1467 (4), and lanes 5, 6, and 7 correspond to DNase |
digestion of methylated nucleosome in the absence (5) and presence of
MeCP2 1404 (6) or MeCP2 +467 (7). The molar ratio of MeCP2-404

and MeCP2 1467 to nucleosome is 10:1. The 10 bp repeat pattern, common
to nucleosomal footprints, is shown by black arrows on the right-hand side
of the panel. Boxed regions indicate areas protected from DNase | cleavage
by MeCP2. Open arrows indicate new DNase | hypersensitive sites induced
by MeCP2 1-467. A hypersensitivite site at the dyadZ) is illustrated

with an asterisk. Also shown is the nucleosome core/linker DNA boundary
(large black arrow). The position of CpG dinucleotides is indicated at the
left-hand side of the panel. (C) Lanes-3 and 4-6 show DNase | digests

of methylated naked and nucleosomal DNA, respectively. Lanes 1 and 4
show digests in the absence of protein addition, lanes 2 and 5 show digests
in the presence of a 5-fold molar excess of histone H1 over DNA/

B. (D) A model for the organization of the 5S nucleosome. The histones H3 (yellow), H4 (red), H2B (blue), and H2A (green) are shad\j (69
The position of the nucleosomal dyad reflects the predominant translational position at Figte53, 68). The large numbers indicate the turns
of DNA away from the dyad axis. Methyl-CpG dinucleotides are shown as blue bars and are indicated relative to the start site of tratdcription
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protects nucleosomal DNA at the dyad axis, at the boundary in the interpretation of footprinting at92 follows from the

of the nucleosome core and in linker DNA (Figure 4A, lane observations that the hydroxyl radical footprint of a 5S
23, open boxes). A number of DNase | hypersensitive sites nucleosome extends t690 (66, 67), as does the capacity
are also generated on addition of MeCP2 (Figure 4A, opento impede the binding of transcription factor TFIIAY).
arrows). These might indicate some local disruption of Thus only the DNase | footprints visible at111 can
histone-DNA interactions on association of MeCR&Y( 66). unambiguously be explained by continued accessibility of
An increase in the molar excess of MeCP24D4 to 10:1 the methyl-CpG on naked DNA. Thus known features of
and the resolution of the discrete nucleoprotein complex on 5S nucleosome organization can explain the selective as-
nondenaturing polyacrylamide gels after cleavage, before sociation of MeCP2 with particular methyl-CpGs. A predic-
deproteinization and resolution on denaturing polyacrylamide tion from this work is that the reason that methyl-CpGs
gels @7), allows us to show that MeCP2-104 protects within naked DNA are not protected at the same molar
linker DNA efficiently at+111 but shows a marked loss of excesses of MeCP2 to DNA as those in the presence of the
protection at the nucleosome core boundary and dyad axishistones is the much more limited set of sites exposed in
(Figure 4B, lane 6 open boxes). This result is consistent with the nucleosome. This allows the limited MeCP2 in the
the asymmetric protection from micrococcal nuclease diges- binding reaction to saturate the exposed sites first of all.

tion and proteir-DNA cross-linking (Figure 3). We next MeCP2 Binding to thg8-Phaseolin Nucleosoméinally
wished to determine if the C-terminus of MeCP2 was \ve wished to confirm the general features of our observations
responsible for the protection at the dyad axis or if the MBD gn MeCP2 binding to the 5S nucleosome using a distinct
itself could bind at multlple places in the nucleosome. nucleosomal substrate. We made use of r[:heuu|garis

A 10:1 molar excess of the MBD to 5S nucleosome g-phaseolin promote®§). This promoter contains only five
protected linker DNA at+111 but gave no detectable methyl-CpG dinucleotides (Figure 5A). Four of these are
footprinting at the dyad axis exactly like the same excess of within the nucleosome core and one lies outsif.(This
MeCP2 -404 (data not shown). However a 15:1 excess of provides a significant limitation on the choice between
the MBD generated a complex with the 5S nucleosome that different CpG dinucleotides made by MeCP2 on binding to
protected two discrete methyl-CpG dinucleotideg-&tand B-phaseolin compared to the 5S rRNA gene. We find that
+111 (Figure 4C, lane 6, open boxes). Thus we suggest thatfull-length MeCP2 (+467) binds equivalently to naked and
although the C-terminus of MeCP2 can contribute to the nucleosomap-phaseolin DNA (Figure 5B, compare lanes
association of MeCP2 with 5S nucleosomes, the MBD is 1-5 to lanes 16-14). Several discrete complexes are
primarily responsible for recognition of methyl-CpG&lL. resolved in the presence of MeCP2 for both naked and
This result also suggests that, although the primary protectionnycleosomal DNA (Figure 5B), probably reflecting dif-
of DNA from DNase | cleavage is conferred by the MBD, ferential occupancy of methyl-CpG dinucleotides and their
the C-terminal domain of MeCP2 contributes to both the positions relative to the ends of the DNA fragments. This
affinity of the protein for DNA and the extent of DNase |  possibility was confirmed by DNase | footprinting analysis,
protection. For example the CpG dinucleotide 86 is which indicated similar protection of methyl-CpGs in both
protected by MeCP2 (2467) and by the MBD; however  naked and nucleosomal DNA (Figure 5D).
the pattern of protection is much more limited for the MBD A similar array of complexes are resolved in the presence
than for the full-length protein. Thus either the amino acid ¢ ihe C-terminal deletion mutant MeCP2-404: however
sequences flanking the MBD contribute directly to associa- pinging affinity is substantially reduced relative to full-length
tion ywth DNA or they alter the MBD in order to facilitate  \1acP2 for both nucleosomal and naked DNA (Figure 5C).
binding. o Quantitation (not shown) indicates that full-length MeCP2

Nucleosomal Context Influences Recognition of Methyl- 1_467 pinds to methylated DNA and nucleosomes with a
CpGs.The specific nucleosomal context of the methyl-CpGs Ko = 107 in agreement with earlier worki(), while the
influences their recognition by the MBD. The methyl-CpG ¢ _terminal truncated MeCP2-1404 binds with aKp of 8
in linker DNA at +111 is prefgrentially occupied (Figures x 10°°. These relative values are maintained using un-
3 and 4). The 5S nucleosome is modeled on the basis of theyethylated DNA: however the absolute values are reduced
crystallographic data of Moudrianakis and colleagues s fo|q. Earlier work (7, 41) had determined the minimal
(68—70), together with our own protetiDNA cross-linking  requirements within MeCP2 for recognition of methyl-CpG
data b4, 60, 61, 66, 67) which allows the position of the incleotides, thereby defining the MBD. Our results (Fig-
different CpGs to be predicted relative to the histone surface. ;a5 4 and 5) suggest that the C-terminus of MeCP2 can

Most of the methyl-CpG dinucleotides are orientated 10 g facilitate association with DNA and chromatin.
partially face the nucleosome in the major groove; these are

at —1, +30, +36, and+46 (Figure 4D). These are not

strongly protected by a 6-fold molar excess of MeCP2 CONCLUSIONS

(Figure 4A, lane 23). Methyl-CpGs that are maximally

exposed in the nucleosome core are thos¢iand+63. Our results demonstrate that MeCP2 is a member of an
They are protected by full-length MeCP2 but less well by unusual group of proteins that can bind to nucleosomal DNA
the deletion mutants (Figure 4). In addition to the methyl- without major impediment (Figures-5). These include the
CpG at +111, a second methyl-CpG lies outside the general chromatin-binding proteins histone R#)( HMG1
nucleosome core as defined by micrococcal nucleas®2at (72), HMG14/17 {3), and HMGI/Y (74, 75) and sequence-
There is an absence of DNase | cleavage sites in the vicinity specific DNA-binding proteins such as the glucocorticoid
of +92, which makes the resolution of footprinting by receptor {6), the thyroid hormone receptot4), and HNF3
MeCP2 difficult to determine. An additional note of caution (77). The sequence-specific DNA-binding proteins require



7016 Biochemistry, Vol. 38, No. 22, 1999 Chandler et al.

A 4 BamHl D control Methylated
-112 +1 +100 DNA DNA
o
| [«
l["] [l -“ == | H ' 88 2
B B
oI s T
[ - TATA box £z ET)E
s =
S 4
[I-CpG step
B
Methylated DNA
1-467 1-404 1-404

N | 1 7. 4é

=
-
=
=

I

:

iR B 1 RS Bl

C Control DNA
1-467 1-404 1-467 1-404

Corimemel v iEEE o
vl il

(BT ]

] i

44[ éé =
$:::33
- :"!' i
. us T+t
- <= Nucl.

.ﬂ-ﬂ- - = @DNa

Ficure 5: Differential affinity of MeCP2 467 and 1404 on a mutang-phaseolin promoter. (A) A schematic representation of the
[-phaseolin promoter. The DNA fragment is a 2194dp11- BanHI fragment @5). The numbering is shown in relation to the transcriptional

start site. White boxes denote the position of CpG steps within the fragment; the stippled boxes show the positions of the TATA boxes.
Note that, in this mutant promoter fragment, the second TATA box is destroyed by substitution such that the second TATA box contains
a CpG. (B) A gel shift comparing-2467 and +404 on methylate@-phaseolin DNA and nucleosome. Lane N corresponds to naked DNA
alone; “Nucl.” corresponds to nucleosome alone. Subsequent lanes correspond to increasing molar ratios of DNA to protein (1:0.5, 1:1, 1:2,
and 1:4). The positions of the naked DNA and nucleosomal bands are shown with black arrows. (C) A gel shift comp&gingid

1-404 on the unmethylatgétphaseolin DNA and nucleosome. Annotation is as above. Lane N corresponds to naked DNA alone; “Nucl.”
corresponds to nucleosome alone. Subsequent lanes correspond to increasing molar ratios of DNA to protein (1:4, 1:8, 1:16, and 1:32). (D)
A DNase | footprinting study of £467 complexed withp-phaseolin DNA and nucleosome in the presence and absence of methylation.
The lanes labeled (- -) correspond to naked DNA; “Nucl.” corresponds to nucleosomal DNA. The marker lane is a-Kdarhsequencing

lane specific for guanine. The lanes corresponding to control and methylated DNA are shown. The positions of CpG steps resolved within
the sequence are denoted by black arrowheads. The lanes containing protein are at a molar ratio of 4:1 (MeCP2/DNA) for methylated DNA
and 32:1 for unmethylated DNA. Regions protected from DNase | cleavage are shown with white boxes. Note that this gel does not show
all of the CpGs within the sequence.

a precise rotational positioning of their recognition elements  Earlier work established that the MBD was sufficient to
relative to the histone surfacéq, 78). Similar results are  recognize methylated CpG dinucleotiddd){ however the
obtained with MeCP2, where methyl-CpG dinucleotides that influence of C-terminal sequences in DNA binding was not
are maximally exposed toward solution are preferentially investigated. The C-terminal sequences of MeCP2 were
bound by MeCP2 (Figure 4). Although MeCP2 has been found to contribute to transcriptional repression in vitt@)(
reported to exhibit substantial sequence selectivity in binding however this was attributed to the presence of a transcrip-
to DNA (79, 80), we find that it has the capacity to recognize tional repression domain that can bind to SIN3 and histone
all methyl-CpGs in the 5S DNA fragment. Selectivity appears deacetylase 35, 36). Our observations indicate that the
to be primarily determined by nucleosomal context. The C-terminus of MeCP2 will also facilitate binding to DNA,
capacity to associate with methyl-CpG in the nucleosome both when naked and in the nucleosome (Figures 4 and 5).
without the requirement for targeted nucleosome disruption However we cannot detect binding of the TRD alone to
ideally places MeCP2 within chromatin where it can recruit nucleosome or DNA. The TRD might provide additional
corepressor complexes to repress transcript& 36). In weak contacts with DNA, or it might stabilize the MRD
this regard MeCP2 resembles the unliganded thyroid hor- structure itself to facilitate binding. Our data indicate that
mone receptor that can also associate with chromatin andthe C-terminus of MeCP2 will have multiple functions in
thereby target corepressor complex44, 81, 82). establishing a repressive chromatin structure.
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