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The ability of the MBD4 glycosylase to excise a mismatched base from DNA has been assessed in vitro using
DNA substrates with different extents of cytosine methylation, in the presence or absence of reconstituted
nucleosomes. Despite the enhanced ability of MBD4 to bind to methylated cytosines, the efficiency of its
glycosylase activity on T/G mismatches was slightly dependent on the extent of methylation of the DNA
substrate. The reduction in activity caused by competitor DNA was likewise unaffected by the methylation
status of the substrate or the competitor. Our results also show that MBD4 efficiently processed T/G mis-
matches within the nucleosome. Furthermore, the glycolytic activity of the enzyme was not affected by the
positioning of the mismatch within the nucleosome. However, histone hyperacetylation facilitated the efficiency
with which the bases were excised from the nucleosome templates, irrespective of the position of the mismatch
relative to the pseudodyad axis of symmetry of the nucleosome.

Diverse organisms, prokaryotic and eukaryotic, methylate
selected cytosines in their genomes (reviewed by Bestor [19]).
In bacteria, methylation is usually associated with restriction-
modification systems which protect the cell against attack from
bacteriophages. Cytosine methylation is associated with ge-
nome defense in some eukaryotes, but it also plays vital roles
in development and in the control of gene expression, to the
extent that the homozygous knockout of cytosine methyltrans-
ferase genes in the mouse is an embryonic lethal mutation (40).
Despite its importance, cytosine methylation imposes a genetic
and epigenetic cost because 5-methylcytosines deaminate into
thymine (reviewed in references 53 and 67). Unrepaired, the
resulting T/G mismatches lead to CG-to-TA transition muta-
tions. There is also evidence from work with Escherichia coli
that 5-methylcytosines are more prone to mispairing during
DNA replication than unmethylated bases and/or are less well
repaired and that they are particularly susceptible to other
forms of endogenous and exogenous damage which cause them
to mispair (24, 54). A similar situation exists for eukaryotes
(reviewed in reference 51).

Whatever the cause, mutations at methylated cytosines may
influence phenotype in two ways: (i) by introducing nonsense
or missense mutations which alter the functions of proteins and
(ii) by demethylating promoter regions and thereby altering
patterns of gene expression. As one line of defense against the
genetic and epigenetic effects of mutations associated with
methylated cytosines, cells have developed repair systems spe-
cific to T/G mismatches. Cytosine methyltransferases methyl-
ate both strands of palindromic recognition sequences (CpG or
CNG sequences in eukaryotes and CCWGG sequences in E.
coli); consistent with their role in preventing mutations at
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5-methylcytosines, the DNA repair systems show a strong pref-
erence for T/G mismatches which arise in methylase recogni-
tion sequences (31, 32, 46).

E. coli initiates repair with a single-stranded endonuclease,
Vsr (32), while eukaryotes use one or more glycosylases (re-
viewed in reference 67). Human cells have two T/G-specific
glycosylases, TDG (thymine DNA glycosylase) (46) and MBD4
(methyl-binding domain protein 4) (18, 31). While TDG is
strictly a glycosylase, MBD4 is a bipartite protein containing a
C-terminal glycosylase domain and an N-terminal methyl-bind-
ing domain. The latter domain has recently been shown to be
a transcriptional inhibitor, functioning equally well with and
without the associated glycosylase domain (37). Surprisingly,
the activity of the glycosylase is likewise unaffected by the
presence of the methyl-binding domain (51). Despite the
aforementioned preference of the enzyme for methylase rec-
ognition sites, there is some disagreement about whether the
activity of the intact protein is affected by the presence or
absence of a methyl group on the DNA strand opposite the
mismatched T (52, 65, 66).

Structural considerations make it unlikely that the methyl-
binding and the glycosylase domains can bind simultaneously
to the same dinucleotide. Thus, it has been hypothesized pre-
viously that the methyl-binding domain serves to target MBD4
to highly methylated regions of the genome, making it readily
available in the event of a T/G mismatch (52, 71). To test this
hypothesis, we have assayed MBD4 glycosylase activity in vitro
using T/G-containing substrates with multiple, methylatable
cytosines. We have also determined the effect on enzyme ac-
tivity of competition from excess, methylated, homoduplex
DNA. Our results indicate that high local concentrations of
methyl groups do not affect enzyme activity.

In eukaryotes, DNA repair systems operate on a chromatin
template, not naked DNA (6). Therefore, we have performed
MBD4-binding and glycosylase assays with T/G mismatches
contained in nucleosomes assembled on both methylated and
nonmethylated DNA. Results from initial studies of excision
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repair on a chromatin substrate indicated that the accessibility
of enzymes to the DNA damage site is restricted by the pres-
ence of chromosomal proteins (70). They also suggested that
UV-induced damage in the internucleosomal linker DNA re-
gions is the first to be repaired (22). These regions may also be
the first to be damaged; small alkylating agents exhibit a pref-
erence for linker DNA (59). In recent years, extensive work on
the activities of base excision repair (BER) and nucleotide
excision repair (NER) enzymes on nucleosomal substrates has
been carried out (see references 35 and 55 for recent reviews).
In general, the findings of these studies have supported the
early notion that the histone octamer decreases the efficiency
of the repair enzymes.

Interestingly, an analysis of BER on a nucleosome substrate
using the human uracil glycosylases UNG2 (uracil [nuclear]
DNA glycosylase 2) and SMUGI (single-strand-selective
monofunctional uracil DNA glycosylase 1) showed that both
enzymes are able to remove uracil from nucleosomes indepen-
dently of the position or rotational setting of the base (48).
Uracil removal is inhibited by the presence of the histone
octamer, but histone acetylation does not have any major ef-
fect. This finding is in contrast with observations regarding
NER on site-specifically platinum-modified nucleosomes, in
which the posttranslational modifications present in native his-
tones enhance the repair reaction (68). However, as in BER,
the rotational orientations of cyclobutane-thymine dimers have
little effect on the rates of NER (60). Recently, uracil DNA
glycosylase (UDG) was shown to catalyze BER on a nucleo-
some array template comprising 12 tandem repeats of a 208-bp
segment (45); however, there have not yet been any studies of
the effect of DNA methylation on nucleosomes in the glyco-
sylase-mediated repair of base pair mismatches.

The loss of MBD4 is associated with the predisposition to
some types of cancer (12). Nevertheless, no study has yet
addressed the nucleosome constraints imposed on the MBD4
glycosylase, and the effect of global DNA methylation on the
glycosylase activity of MBD4 remains undetermined. Thus, in
this work we studied the roles of methylation and chromatin,
individually and together.

MATERIALS AND METHODS

Protein expression and purification. Human cDNA was prepared from HeLa
cells. The MBD4 gene was amplified from the cDNA by PCR and cloned into
pET28a (Novagen). Recombinant, N-terminally His-tagged protein was ex-
pressed in E. coli BL21(DE3) cells (Novagen) by induction with 1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside). Preliminary attempts at protein expres-
sion resulted in a truncated protein, due to frameshifting at a run of A’s within
the MBD4 gene. This same frameshift mutation is common in human tumor cells
(12). The problem was eliminated by converting two of the three AAA lysine
codons into AAG by site-directed mutagenesis. The full-length protein was
purified using Talon resin (BD Biosciences). Protein was eluted with 150 mM
imidazole. Fractions were dialyzed against a solution of 50 mM Tris-HCI (pH
7.5), 1 mM EDTA, 15% glycerol, 60 mM NaCl, and 5 mM B-mercaptoethanol
and further purified with a HiTrap SP HP column (Amersham Bioscience) using
a 60 mM to 1 M NaCl gradient in a buffer consisting of 50 mM sodium phosphate
(pH 8.3) and 1 mM EDTA. Fractions containing the pure protein were dialyzed
against a solution of 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 15% glycerol, 60
mM NaCl, and 5 mM B-mercaptoethanol. A pTYB-MeCP2 vector containing
c¢DNA for human MeCP2A (methyl-CpG-binding protein 24; isoform e2) was a
generous gift from Christopher Woodcock (47). Recombinant MeCP2 was ex-
pressed and purified as described previously (28).

DNA templates. Oligonucleotides used in template construction are listed in
Table 1. Protein fractions were tested for activity using a 30-bp synthetic sub-
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TABLE 1. Oligonucleotides used in constructing templates

Oligonucleotide Sequence”

KS1 ... .ATGAAAGTTAATCGATTTAAAGGGTCAGGG

KS2... .ATGAAAGTTAATCAATTTAAAGGGTCAGGG
KS3... ..CCCTGACCCTTTAAATTGATTAACTTTCAT
KS4 oo CTATCCGGTAAGCGCTTGAATTCGTCGATCG
ATAAATAATTGCGCTAACCGGTATTTG
KSS o CAAATACCGGTTAAAGCGCAATTATTTATCG

ATTGACGAATTCAAGCGCTTACCGGATAG
..GAATTCCAACGAATAACTTCGAGGGATTTAT
..GAATTCCAACGAATAACTTTGAGGGATTTAT
ACCCTTTAAATCGATTAACTTTCATCA
.. TGATGAAAGTTAATCGATTTAAAGGGT
LWACCCTTTAAATTGATTAACTTTCATCA
.. TGATGAAAGTTAATCAATTTAAAGGGT
..GAATTCCAACGAATAACTT
CCCGAGGAATTCGGTATT

¢ Underlined letters correspond to mismatches.

strate containing a G/T mismatch in a CpG sequence context (primers KS1 and
KS3). A homoduplex with a T-A base pair (primers KS2 and KS3) was used as
the control. To assay the effect of methylation, we used a 60-bp substrate (Fig.
1A) with six CpG sites, three on either side of the T/G mismatch (primers KS4
and KS5). The T-containing strands (primers KS3 and KS5) were tagged with an
infrared label (LI-COR Biosciences) to allow detection. Pairs of oligonucleotides
were mixed together in a 1:1 ratio, heated to 90°C, and cooled slowly to room
temperature; annealing efficiency was determined by native polyacrylamide gel
electrophoresis (PAGE). The methylation of CpG sites was carried out using the
SssI methylase; the extent of methylation was determined using the methylation-
sensitive restriction enzyme Clal. Methylated and unmethylated, linearized plas-
mid DNA was used for competition experiments.

The DNA templates used for the nucleosome reconstitution experiments were
derived by PCR from P5S208-12, which consists of 12 tandemly repeated copies
of a 196-bp fragment of the 5S rRNA gene from the sea urchin Lytechinus
variegatus (Fig. 1B), connected by a 12-bp linker (58). The sea urchin 5S rRNA
gene contains a strong histone octamer positioning signal in reconstituted nu-
cleosomes (25). The plasmid was kindly provided to us by the late R. T. Simpson.
Fragments of 196 bp (for the naked-DNA glycosylase assay) and 164 bp (for both
the naked-DNA glycosylase assay and nucleosome reconstitution) were used
(Fig. 1B). T/G mismatches were introduced, individually, at several positions
along the 164-bp fragment by PCR according to the strategy schematically
depicted in Fig. 1C and D. Briefly, two double-stranded DNA molecules, one
having a CG base pair at the site where the mismatch was to be introduced
(DNA1) (Fig. 1C) and a second one having a TA base pair introduced by PCR
at the same position (DNA2) (Fig. 1C), were prepared. Upon the radioactive
labeling of DNAZ2, the two DNA molecules were mixed and subjected to melting
and reannealing to produce a DNA mixture containing a mismatched double-
stranded DNA molecule for use in further experiments (nucleosome reconsti-
tution and MBD4 glycosylase assays).

DNA fragments containing the T/G mismatch were prepared using the fol-
lowing primer combinations (Table 1): for CH20, CH20F and 5SR; for MIS20,
MIS20F and 5SR; for CH68, set 1 (5SF and CH68-R) and set 2 (CH68-F and
5SR); and for MIS68, set 1 (5SF and MIS68-R) and set 2 (MIS68-F and 5SR).
CH68 PCR products 1 and 2 and MIS68 PCR products 1 and 2 were mixed and
incorporated in subsequent PCRs using 5SF and 5SR primers. The PCR prod-
ucts thus obtained were cloned into a TOPO TA cloning kit (Invitrogen).

The DNA templates were radiolabeled with [y->P]JATP by using T4 polynu-
cleotide kinase (8). Mismatched DNA templates were then obtained from mix-
tures of labeled and unlabeled DNA templates that were incubated at 95°C for
15 min and allowed to reanneal by gradual cooling to generate the mismatch
(Fig. 1C and corresponding legend). These T/G mismatch-containing DNA con-
structs were used for glycosylase assays and nucleosome reconstitution. Versions
of the mismatch-containing DNA templates methylated at the CpG sites were
obtained by treatment with SssI methylase (New England Biolabs), and the
completeness of the methylation was assessed by digestion with the Hpall (meth-
ylation-sensitive) restriction enzyme (New England Biolabs).

Nucleosome reconstitution. Histone octamers were prepared from chicken
erythrocytes, and acetylated histone octamers were obtained from chicken MSB
cells transformed with Marek’s disease virus (3) and grown in the presence of
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FIG. 1. Preparation of T/G mismatch DNA templates used for the analysis of MBD4 glycosylase activity. (A) Sequence of a 60-bp synthetic
DNA duplex used for this analysis. CpG dinucleotides are circled. The Clal site used to assess the methylation of CpGs is shown. (B) Nucleotide
sequence of the 164-bp fragment of the 5S rRNA gene of the sea urchin L. variegatus used for the nucleosome reconstitution work. The 1 and 164
positions are identified, and the main position occupied by the histone octamer in nucleosomes reconstituted from this DNA template is
underlined. (C) Steps: 1, two versions (DNA1 and DNA2) of the 164-bp fragment depicted in panel B were constructed with the sequence altered
in one to introduce a mismatch; 2, unlabeled (DNA1) and labeled (DNA2) DNA constructs were mixed in stoichiometric amounts; 3, DNA
fragments in the mixture were melted and reannealed and were used in nucleosome reconstitution and glycosylase assays; 4 and 5, the glycosylase
activity of MBD4 was assessed by NaOH cleavage of the resulting unpaired nucleotide. (D) Schematic representation of the constructs generated
by the introduction of mismatches into the 164-bp sequence of the 5S rRNA gene fragment. The position occupied by the histone octamer in these

constructs is also shown (Fig. 6).

sodium butyrate (62, 69). Chicken MSB cells were a kind gift from Vaughn
Jackson.

Nucleosome reconstitution was carried out as described in reference 42.
Briefly, [y**P]ATP-end-labeled (8) versions of the DNA templates described
above, mixed with an approximately 10-fold excess of random-sequence 146-bp
DNA fragments in a solution of 2 M NaCl, 20 mM Tris-HCI (pH 7.5), and 0.1
mM EDTA buffer, were added to histone octamers in the same buffer (histone/
DNA ratio, 1.0/1.13 [wt/wt]). The random-sequence 146-bp DNA fragments were
obtained from chicken erythrocyte nucleosome core particles (8). Nucleosome
reconstitution was then allowed to proceed by salt gradient dialysis reconstitution
(61) as described elsewhere (10).

Gel electrophoresis. Acetic acid—urea-Triton X-100 electrophoresis was car-
ried out as described elsewhere (1). However, in this instance the urea concen-
tration was 5.6 M and the Triton X-100 concentration was 4.4 mM. Sodium
dodecyl sulfate (SDS)-PAGE was performed according to the method of Lae-
mmli (38).

Native PAGE (acrylamide/bisacrylamide ratio, 29:1 [wt/wt]) for DNA and
nucleosome analyses (using different acrylamide concentrations as indicated in

the figure legends and a mixture of 20 mM sodium acetate, 1 mM EDTA, 20 mM
Tris-HCI [pH 7.2]) was carried out as described elsewhere (39, 72). Denaturing
8% PAGE (acrylamide/bisacrylamide ratio, 19:1 [wt/wt]) was carried out in the
presence of 8.3 M urea in a buffer containing 90 mM Tris, 90 mM boric acid, and
2 mM EDTA.

Electrophoretic mobility shift assays. Recombinant proteins (MBD4 and
MeCP2) were incubated in mixtures of 10 mM Tris-HCI (pH 7.5), 150 ng of
bovine serum albumin (BSA), 0.1% NP-40, 3 mM dithiothreitol, 5% glycerol,
and 150 mM NaCl for 10 min at room temperature. Increasing amounts of
protein were then mixed with nucleosomes prepared as described above, and the
mixtures were incubated for 20 min at room temperature. The nucleosome-
protein complexes were analyzed by native PAGE.

Nucleosome positioning. Nucleosome positioning was determined as originally
described (25). Nucleosomes reconstituted onto the 196- and 164-bp (mismatch)
DNA templates were trimmed down to 146-bp nucleosome core particles by
digestion with micrococcal nuclease (6 U/mg of DNA; Worthington Biochemical
Corp.) for 20 min at 37°C in a buffer containing 50 mM NaCl, 10 mM Tris-HCl
(pH 7.5), and 1 mM CaCl,. The reaction was stopped by the addition of 10 mM
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FIG. 2. MBD4 and MeCP2, two methylated-DNA-binding proteins with different structures. (A) The box drawings are a schematic represen-
tation of the functional domain organization of human MeCP2 and MBD4. The secondary structures predicted from the amino acid sequences
by using the hierarchical neural network (23) are shown underneath. The tertiary-structure organizations of the methyl-CpG-binding and
glycosylase domains of human MBD4 as predicted from the crystallographic data on the methyl-CpG-binding domain (MBD) of human MBD1
(50) and the mouse glycosylase domain of MBD4 (71) are shown above the corresponding schematic linear representations. Tertiary-structure
predictions were carried out using the SWISS-MODEL server (57). TRD, transcription repression domain; Hs, Homo sapeins. (B) SDS-PAGE
analysis of the recombinant MBD4 and MeCP2 forms used in this work. The numbers on the left-hand side of the gel correspond to the molecular

masses of the proteins as indicated by a marker.

EDTA and 1% SDS, and the mixture was further incubated at 37°C for 10 min
(to completely dissociate the histones from the DNA). After the addition of
sucrose to a concentration of 10%, the solution was loaded onto a native 4%
polyacrylamide gel and the 146-bp DNA band was excised and extracted from the
gel overnight as described previously (42). The DNA thus obtained was digested
with Hpall and Dral restriction enzymes (New England Biolabs), and the di-
gested products were analyzed by native 6% PAGE.

Glycosylase assay. Purified MBD4 protein was assayed for glycosylase activity
against labeled DNA or nucleosomes. Two types of experiments were per-
formed: the addition of a fixed concentration (50 nM) of MBD4 for various
incubation times and the addition of various MBD4 concentrations for a fixed
period of 2.5 h (see the figures and legends for details). All incubations were at
37°C with a reaction buffer consisting of 10 mM HEPES-KOH (pH 7.5), 0.5 mM
dithiothreitol, 0.5 mM EDTA, and 0.5 mg of BSA/ml. B-Mercaptoethanol was
then added to a final concentration of 10 mM, and the reaction mixture was
further incubated for 10 min. The cleavage of the DNA backbone at the abasic
site resulting from glycosylase activity was carried out by treatment with 0.1 N
NaOH at 90°C for 15 min, and the cleavage products were analyzed by dena-
turing 8% PAGE in a buffer of 90 mM Tris, 90 mM boric acid, and 2 mM EDTA.
In the case of the nucleosome assays, native PAGE was carried out at the end of
the incubation period to ensure that the nucleosome structure remained intact
during the process.

RESULTS

MBD#4 is a highly folded methyl-CpG-binding domain pro-
tein with a distinctive chromatin-binding pattern. Human
MBD4, also known as methyl-CpG-binding endonuclease 1
(MEDY1), is a 574-amino-acid protein (see Fig. 2) that belongs

to a family of methyl-CpG-binding domain proteins (56) that
includes MeCP2, a 486-amino-acid protein. Mutations in
MBD4 have been linked previously to cancer (12), while those
in MeCP2 have been linked to Rett syndrome (4, 9). Figure 2A
shows a structural comparison of MBD4 and MeCP2. Both
proteins are characterized by the presence of a well-defined
common methyl-CpG-binding N-terminal domain combined
with a second domain: a functional transcription repression
domain in MeCP2 and a glycosylase domain at the C terminus
in MBD4. In MeCP2, the protein regions flanking the two
functional domains are predicted to have low levels of second-
ary structure, in agreement with recent experimental reports
showing that the protein is intrinsically disordered (2). In con-
trast, the prediction analysis shown in Fig. 2A suggests a much
more organized structure for MBDA4.

Thus, although MBD4 and MeCP2 share a methyl-CpG-
binding domain, not only their functional domains but also
their overall structural organization patterns are different.
Hence, we considered that the ways in which they bind to DNA
and chromatin might be different. Figure 3 shows that this is
indeed the case. Although both proteins exhibit a significant
binding preference for nucleosomes containing methylated
DNA (Fig. 3, compare lanes 3 to 6 with lanes 9 to 12), MeCP2
exhibits specific binding behavior which contrasts with the non-
specific behavior of MBD4. As pointed out above, the different
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FIG. 3. MeCP2 and MBD4 preferentially bind to methylated nucleosomes. Nucleosomes were reconstituted using [y**P]JATP-end-labeled
unmethylated (control) and methylated versions of a 5S rRNA gene fragment (see Materials and Methods) and were titrated with increasing
amounts of either MeCP2 or MBD4. The electrophoretic shifts resulting from the complexes formed between these proteins and the nucleosomes
were analyzed by electrophoresis in electrophoretic mobility shift assays. Approximately 30 to 40 nM concentrations of nucleosomes incubated for
20 min at room temperature with increasing amounts (indicated by triangles) of MeCP2 (A) or MBD4 (B) were analyzed by native 4% PAGE.
Lanes: 2 and 8, 7.5 nM protein; 3 and 9, 15 nM protein; 4 and 10, 30 nM protein; 5 and 11, 60 nM protein; and 6 and 12, 120 nM protein. D, free

DNA; N, nucleosomes; —, no protein.

tertiary-structure conformations of these monomeric proteins
are likely the reason for such differences.

DNA binding to methylated and unmethylated substrates.
Previous studies on the effect of methylation on MBD4 activity
have used DNA substrates that are differentially methylated
solely at the site of the T/G mismatch (the methylated cytosine
being 5’ of the G). In effect, the substrates were either un-
methylated or hemimethylated. We tested the effects of the full
methylation of the DNA at CpG sequences both 5" and 3’ of
the mismatch. Since CpG sequences are most often part of
CpG islands, whose methylation states vary during develop-
ment or in accordance with differential gene expression, our
assay is more representative of the situation in the eukaryotic
cell than previous assays. The duplex DNA substrates were
methylated with SssI after the annealing of the single-stranded
DNA molecules into duplex form, so the cytosine 5’ of the G
in the T/G mismatch was unmethylated.

Figure 4 shows the results of the time course assay of gly-
cosylase activity using the unmethylated and methylated ver-
sions of a synthetic DNA template depicted in Fig. 1A. This
synthetic DNA template was used initially to optimize the
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FIG. 4. The methylation of CpG sites in synthetic duplexes does
not affect the glycosylase activity of MBD4. Urea-denaturing PAGE
analysis of the glycosylase activity was carried out with methylated
and unmethylated versions of the 60-bp DNA fragment. An approxi-
mately 20 nM concentration of the 60-bp heteroduplex DNA was
incubated with 50 nM MBD4 for various lengths of time. Reactions
were run on a denaturing gel, and DNA species were detected by
infrared scanning. Results are expressed as the percentage of cleavage.

enzymatic activity of our recombinant MBD4. Under these
conditions, most of the substrate was cleaved within the first 10
min. Afterwards, similar experiments were carried out using a
longer DNA template (Fig. 1B) which is amenable to nucleo-
some reconstitution. The results obtained with this template
were very similar (results not shown). In addition, both tem-
plates showed that glycosylase activity was unaffected by the
methylation of the surrounding CpG sites. We then tested to
see whether incubation with competitor DNA, lacking mis-
matches, would affect glycosylase activity and whether the com-
petition was affected by the methylation state of the heterodu-
plex substrate and/or the competitor DNA. Plasmid DNA,
containing 402 CpG sites per molecule, was used as the com-
petitor. Figure 5SA shows that the level of glycosylase activity on
a nonmethylated mismatch DNA substrate in the presence of
a methylated competitor was lower than that in the presence of
a nonmethylated competitor. Such a difference became negli-
gible with large excess amounts of the competitor (above a
fivefold excess by weight). However, when a methylated mis-
match DNA substrate was used, the inhibitory effect of the
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FIG. 5. The methylation of substrate and/or competitor DNA has a
minimal effect on MBD4 glycosylase activity. An approximately 50 nM
concentration of a nonmethylated (A) or methylated (B) 164-bp 5S
rRNA gene fragment was incubated with 25 nM MBD4 for 7.5 min in
the presence of various amounts of competitor DNA. Reactions were
run on a denaturing gel, and DNA species were detected and mea-
sured using a phosphorimager. Results are expressed as the percentage
of cleavage, normalized to the degree of cleavage of the substrate
without competitor DNA. Amounts of excess (n-fold) of competitor
CpG sites relative to substrate CpG sites are indicated. Black bars,
nonmethylated competitor; white bars, methylated competitor.
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FIG. 6. (A) DNA mismatches do not alter the position of the histone octamer. (1) Native 4% PAGE analysis of nucleosomes reconstituted onto
a native 164-bp fragment of the 5S rRNA gene (lane 1) and the same DNA fragment containing a T/G mismatch at position 126 (lane 2) (Fig.
2). M is a Cfol-cut pPBR322 marker. (2) The nucleosomes shown in lanes 1 and 2 of panel 1 were digested with micrococcal nuclease, and the 146-bp
resistant fragment extracted from the nucleosome core particles generated in this way was analyzed by native 6% PAGE. Lanes: U, 146-bp DNA;
D and H, the same fragment as that in lane U upon digestion with Dral and Hpall, respectively. M indicates a $X174 HinfI-digested marker. 5S,
5S rRNA gene fragment; Mis126, construct with mismatch at position 126. (B) The mismatched T/G sites at positions 68 and 126 (Fig. 1D) are
exposed to the buffer in the positioned nucleosomes. Side views of the molecular structure of a 164-bp nucleosome with the core histone octamer
positioned as depicted in Fig. 1D are shown. The DNA backbone is in white and gray, and the histones are represented as follows: H2A, yellow;
H2B, red; H3, blue; and H4, green. The structure of the nucleosome was obtained by using the crystallographic coordinates of the nucleosome core

particle from reference 41.

DNA competitor was much smaller (Fig. 5B). In addition, the
methylation state of the competitor DNA had no effect.

The presence of a T/G mismatch does not alter nucleosome
positioning. We next asked what role chromatin plays in mod-
ulating the glycosylase activity of MBD4 and whether the
methylation of the DNA template or histone acetylation plays
a major role. To this end, we used nucleosomes reconstituted
onto a 164-bp DNA fragment of the 5S rRNA gene from the
sea urchin L. varieagatus (58). The 5S rRNA gene template has
been used extensively as a model for previous structural and
functional studies of chromatin (5, 29, 30, 33, 34, 58, 64) due to
its sequence-intrinsic potential to assemble the histone octa-
mer into a preferential major position (25) (Fig. 1D). In addi-
tion, this DNA fragment contains several CpG sites (Fig. 1B),
making it amenable to the study of the effects of global CpG
methylation on MBD4 activity. As shown in Fig. 6B, the T/G
mismatches at positions 68 and 126 are located in the major
and minor grooves, respectively, on the side of the double helix

that is exposed to the buffer and, hence, should be easily
accessible for MBD4 binding.

In the nucleosome reconstitution process, special care was
taken to avoid the presence of free DNA in the final reconsti-
tuted product. Indeed, the reconstitution of nucleosomes by
salt gradient dialysis (61) often leads to the presence of various
amounts of unreconstituted free DNA, which must be removed
by using a sucrose gradient. To avoid this complication, radio-
actively labeled mismatched template DNA was mixed with an
excess of random-sequence 146-bp DNA (42) (see Materials
and Methods). This step made it possible to use only relatively
small amounts of mismatched DNA and resulted in the added
benefit of providing competitive random-sequence DNA to
prevent the nonspecific binding of MBDA4.

It was also important to check that the introduction of a T/G
mismatch did not affect the nucleosome reconstitution ability
and positioning properties of the 5S rRNA gene template.
Figure 6 shows the results obtained with the 164-bp fragment
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FIG. 7. MBD4 glycosylase activity in the presence of a nucleosome.
(A) Urea-denaturing PAGE analysis of the glycosylase activities on a
164-bp DNA construct with a mismatch at position 126 in its DNA and
reconstituted nucleosome versions. Approximately 10 nM DNA was
incubated with MBD4 at 10 nM (lanes 3 and 11), 20 nM (lanes 4 and
12), 40 nM (lanes 5 and 13), 80 nM (lanes 6 and 14), and 160 nM (lanes
1,7,9, and 15) or with 160 nM BSA (lanes 8 and 16) (see Materials and
Methods for further details). Because the nucleosome reconstitution
procedure was carried out in the presence of a 10-fold excess of a
146-bp random-sequence DNA fragment (see Materials and Meth-
ods), the assay of glycosylase activity on naked DNA was also carried
out in the presence of a 10-fold excess of the same 146-bp random-
sequence cold DNA. Triangles indicate increasing concentrations. u,
uncut DNA substrate; ¢, cut DNA product; —, absent; +, present.
(B) Bar plot representation of the glycosylase activity indicated in
panel A for 160 nM MBDA4. The activity is expressed in terms of the
amount of the NaOH-cut 126-bp fragment as a percentage of the
amount of the total starting mismatched DNA template (cut plus
uncut). “No” indicates a 164-bp DNA template with no mismatch.

containing a mismatch at position 126. As can be seen clearly
in Fig. 6A, panel 2, the mismatch did not affect the positioning
of the histone octamer. The same results were obtained with all
of the mismatch DNA templates depicted in Fig. 1D.

MBD4 glycosylase activity in the presence of a nucleosome.
As shown in Fig. 7, the presence of a nucleosome decreased
the efficiency of MBD4 but did not abolish its activity, which
was significantly lower than that observed in the presence of
the corresponding DNA template (see also Table 2). It is
important that in the representation shown in Fig. 7B, the
relative enzymatic activity corresponds to the absolute
amounts of labeled DNA. Hence, the reduced MBD4 activity
observed for the nucleosome corresponds to about 40% of the
activity for the corresponding naked DNA, as only approxi-
mately 33% of the labeled DNA template was a substrate for
the enzyme (Fig. 1C). Identical results were obtained with all
the other mismatched DNA constructs depicted in Fig. 1D
except for the construct with the mismatch at position 160,
which showed no glycosylase activity regardless of its methyl-
ation state (Table 2). This result was attributed to the short
distance of the mismatch from the end of the DNA fragment,
which may have impaired MBD4 binding. Indeed, as can be
seen in Table 2, we also observed no activity with the naked
DNA template carrying a mismatch at this position. Similarly,
a mismatch at position 20 yielded a lower level of activity, both
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on DNA and on nucleosomes, than mismatches at positions 68
and 126. This finding suggests again that in general the activity
of MBD4 decreases with the proximity of the mismatch site to
the end of the DNA template, regardless of the naked or
chromatinized nature of the DNA. This property is most likely
simply a reflection of the artifactual nature of the discrete sizes
of the templates used in these in vitro experiments.

Figure 8 compares the glycosylase activities of MBD4 on
methylated and nonmethylated nucleosomes reconstituted in
the presence of excess nonmethylated 146-bp DNA (see Ma-
terials and Methods). The results indicate that the mismatch
repair efficiency was subtly enhanced by the methylated state of
the nucleosomal DNA template (Fig. 8). This finding is in
contrast to observations regarding naked DNA templates in
the absence of competitor DNA (Fig. 4) but similar to obser-
vations regarding the MBD4 activity on naked DNA templates
when competitor DNA was used (Fig. 5, compare black bars).

Histone acetylation facilitates the glycosylase activity of
MBD4. Because of the potential regulatory role for histone
acetylation in base mismatch repair observed in vivo (63), it
was important to analyze histone acetylation in MBD4 mis-
match repair by using nucleosomes containing acetylated his-
tones.

The acetylation of the core histones has been shown previ-
ously to open the nucleosome conformation in a way that
involves the dynamic release of the flanking DNA at the entry
and exit sites into the nucleosome core particle and alters the
conformation of the DNA (14, 27, 49). Therefore, we decided
to check whether acetylation had any effect on the MBD4
glycosylase activity on a nucleosome template.

To this end, we prepared highly globally hyperacetylated
histone octamers consisting of an average of 10 to 12 acetyl
groups per octamer (11) (Fig. 9A). Nucleosomes were then
reconstituted using a 164-bp DNA fragment containing a mis-
match at either position 68 or 126 (Fig. 9B, lanes 1 and 2).
Lanes 3 to 8 of Fig. 9B show that all the reconstituted nucleo-
somes, regardless of their histone composition or the position-
ing of the mismatch on the DNA template, had the same
electrophoretic appearance, with essentially no free DNA
present. Figure 9C and D show the glycosylase activities of
MBD4 on acetylated and nonacetylated nucleosome templates
having mismatches at bp 68 and 126 of their DNA, respec-
tively. Figure 9E and F provide a representation of the analysis
of the data presented in Fig. 9C and D. These results clearly
show that histone acetylation significantly facilitates the glyco-
sylase activity of MBD4. This effect was observed for both
mismatch positions.

TABLE 2. MBD4 glycosylase activities on different
nucleosome substrates

Activity” on:
Mismatch
position DNA Normal Acetylated
nucleosomes nucleosomes
20 ++ + +
68 ++++ ++ +++
126 ++++ ++ +4++
160 - — —

CH+++, >25%; +++, 15 t0 25%; ++, 5 to 15%; +, <5%; —, 0%.



VoL. 28, 2008

A B

MBD4 + -
DNA

DNA Nucleosome

MBD4 GLYCOSYLASE ACTIVITY AND CHROMATIN 4741

I; No mismatch Nuc

u

427-413 bp Sew

200 bp
151 bp) D c

lane

C

40

-

lane M12345678M

1l; Mismatch Nuc
11l; Me no mismatch Nuc
IV; Me mismatch Nuc

~—68bp

1234567 891011121314

Activity (%)
N w
o o

=y
o

0

o No mismach Nuc
- Mismatch Nuc

= Me RRdmstRRR e

in]
0 20 40 60 80 100 120 140 160

MBD4 (nM)

FIG. 8. MBD#4 glycosylase activity on a nucleosome is unaffected by DNA methylation. (A) Native 4% PAGE analysis of the 164-bp DNA
construct depicted in Fig. 1C and the corresponding nucleosomes reconstituted using this DNA template. Lanes: 1 and 5, homoduplex DNA; 2
and 6, DNA containing a T/G mismatch at position 68; 3 and 7, methylated homoduplex DNA; 4 and 8, DNA containing a T/G mismatch at
position 68. M is a $X174 HinfI-digested marker. D and N indicate the electrophoretic mobilities of DNA and nucleosomes, respectively. (B) Same
as panel A but with nucleosomes reconstituted onto the corresponding methylated and unmethylated versions of the 164-bp DNA with a T/G
mismatch at position 68. Approximately 10 nM concentrations of nucleosome DNA equivalents were incubated with MBD4 at 10 nM (lanes 3 and
10), 20 nM (lanes 4 and 11), 40 nM (lanes 5 and 12), 80 nM (lanes 6 and 13), and 160 nM (lanes 1, 7, 8, and 14) (see Materials and Methods for
further details). Sections I to IV correspond to the indicated versions of the 164-bp DNA template. Triangles represent increasing concentrations.
Nuc, nucleosome; me, methylated; u, uncut DNA; c, cut DNA; —, absent; +, present. (C) Analysis of the MBD4 cleavage activity, with various
amounts of protein, carried out on nucleosomes reconstituted on methylated and unmethylated versions of the 164-bp DNA. The activity is
expressed in terms of the amount of the NaOH-cut 68-bp fragment as a percentage of the amount of the total mismatched DNA template. The
data presented are the means (=1 standard deviation) of results obtained from three experiments.

DISCUSSION

In contrast to MeCP2, which exhibits a discrete distribution
of tertiary folded structures throughout an otherwise disor-
dered sequence (2), MBD4 contains two well-defined N- and
C-terminal folded domains linked by what is predicted to be a
protein domain with abundant secondary structures (Fig. 2).
The methyl-binding domain and highly folded catalytic domain
(71) constitute approximately 60% of the overall sequence.
Our preliminary analytical ultracentrifuge data support a
folded organization of MBD4. Therefore, it is not surprising
that these proteins, despite their common methyl-binding abil-
ities, bind to DNA in different ways (Fig. 3).

However, the role of the methyl-CpG-binding domain, if
any, in the catalytic activity of MBD4 has not been fully de-
termined. The results presented in this paper conclusively show
that DNA methylation enhances the binding of MBD4 to na-
ked DNA and chromatinized DNA similarly to what has been
previously reported for MeCP2 (47) and in agreement with the
methylated-DNA-binding nature of these proteins. In the pres-
ence of competitor DNA (a situation closer to the in vivo
setting), the enhanced binding caused by the full methylation
of CpG regions surrounding a T/G mismatch appeared to
cause a small but noticeable enhancement of MBD4 glycosy-
lase activity (Fig. SA and 8C), in agreement with results re-
ported previously for hemimethylation immediately adjacent
to the mismatch (52). Also, the enzymatic activity of the gly-
cosylase domain of MBD4 itself has been shown, in some

previous studies, to prefer T/G mismatches within the context
of a CpG site when the site is hemimethylated (65). In the
study by Turner and coworkers, the single-turnover rate of the
enzyme was found to be 17% higher than that in the non-
methylated context (65). It is quite possible that given the
folded structure of MBD4 (Fig. 2A), the methyl-CpG-binding
domain and the catalytic site are in close proximity, acting in a
synergistic way. Our competition data support the notion that
the methylation of CpG sites acts to target the protein to
regions of heavy cytosine methylation.

Although a decrease in the efficiency with which MBD4 was
able to repair the T/G mismatch when the DNA template was
assembled into nucleosomes was observed, the presence of a
histone octamer did not prevent the repair activity. The extent of
the reduction of glycosylase activity that we observed (Fig. 7B)
was similar to that previously reported for other human glycosy-
lases, such as UNG2 and SMUGTI (48), or for the UDG-apyri-
midinic/apurinic endonuclease (APE) repair system (15, 16, 45).
However, it was significantly less than that recently reported for
8-oxoguanine DNA glycosylase 1 (OGG1), which requires the
involvement of the SWI/SNF chromatin-remodeling complex
(44). This result is not surprising, as UNG2, SMUG1, UDG-APE,
and MBD4 belong to the same structural family, which is different
from that of OGG1 (73).

In agreement with the data in reference 48, the DNA repair
activity on nucleosome templates was unaffected by the location
of the T/G mismatch along the nucleosomal DNA superhelix
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FIG. 9. Histone acetylation facilitates the glycosylase activity of MBD4 on nucleosome substrates. (A) Acetic acid—urea-Triton X-100-PAGE
analysis of core histones used for the reconstitution of acetylated nucleosomes. CM, chicken erythrocyte histone marker; native, histones from
histone octamers obtained from chicken erthrocytes; acetylated, histones from histone octamers purified from chicken MSB cells (see Materials
and Methods). In this type of gel, the proteins run with electrophoretic mobilities that depend on their charge/mass ratios. Accordingly, the
neutralization of the charge upon the acetylation of lysine residues of histones results in decreased mobility that allows differentiation among forms
with different extents of acetylation. This effect can be clearly visualized for histone H4, for which the numbers 0, 1, 2, 3, and 4 shown on the
right-hand side of the gel correspond to non-, mono-, di-, tri-, and tetra-acetylated forms, respectively. (B) Native 4% PAGE analysis of the 164-bp
DNA construct depicted in Fig. 1C and the corresponding nucleosomes reconstituted using this DNA template. Lanes: 1, 3, and 5, DNA with no
mismatches; 2, 4, and 6, DNA containing a T/G mismatch at position 68; 3 and 4, nucleosomes reconstituted with native core histones; 5 and 6,
nucleosomes reconstituted with acetylated core histones; 7, nucleosome reconstituted onto 164-bp DNA containing a T/G mismatch at position
126 and native core histones; 8, same as lane 7 except that acetylated histones were used for the nucleosome reconstitution. M is a $pX174
HinfI-digested marker. D and N indicate the electrophoretic mobilities of DNA and nucleosomes, respectively. (C and D) Urea-denaturing PAGE
analysis of the glycosylase activities on nucleosomes reconstituted with native and acetylated histones by using a 164-bp DNA construct with a T/G
mismatch at either position 68 (C) or position 126 (D). Approximately 10 nM DNA was incubated with MBD4 at 10 nM (lanes 3 and 10), 20 nM
(lanes 4 and 11), 40 nM (lanes 5 and 12), 80 nM (lanes 6 and 13), and 160 nM (lanes 1, 7, 8, and 14) (see Materials and Methods for further details).
Triangles indicate increasing protein concentrations. —, absent; +, present. (E and F) Bar plot representations of the MBD4 glycosylase activity
detected in the analyses presented in panels C and D, respectively. NM, no mismatch; MM, mismatch; ANM, acetylated no-mismatch-containing
nucleosomes; AMM, acetylated mismatch-containing nucleosomes. Numbers after abbreviations correspond to the positions of the mismatches.

(Fig. 7A and 8B). Since the two main translational positions used a noticeable effect with UDG-APE (16), it did not appear to have
here for the T/G mismatch were facing away from the histones any major effect in the cases of UNG2 and SMUGTI (48). There-
(Fig. 6B), we were unable to determine whether such rotational fore, our data suggest that the removal or displacement of the
orientation had a major role in the MBD4 glycosylase activity. histone octamer is not required for efficient mismatch repair by
While the rotational orientation of the mismatched base pair had MBD4 on a chromatin substrate.
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The subtle but reproducible role of acetylation in enhancing
the ability of MBD4 to exert its glycosylase activity (Fig. 9) is
in contrast with the apparent lack of a role played by the
histone tails in the UDG-APE system (15). However, our re-
sults are consistent with the notion that histone acetylation
relaxes the nucleosome structure (7, 21). This idea suggests the
possibility that repair occurs faster in the highly acetylated
regions of the genome, which often are associated with tran-
scriptional activity (21).

The structure of MBD4, consisting of an N-terminal methyl-
binding domain and a C-terminal glycosylase domain, provides an
interesting conundrum, because the two domains can act inde-
pendently of each other. The methyl-binding domain binds re-
gions of heavy methylation, most likely CpG islands associated
with promoter regions of transcriptionally silenced genes. This
domain has recently been shown to act as a transcriptional re-
pressor, with and without the associated glycosylase domain (37).
Likewise, the glycosylase domain can process T/G mismatches in
TpG/CpG sequence contexts independent of the methyl-binding
domain and with at best a minimal influence from hemimethyla-
tion. Our study has shown that the methylation of CpGs sur-
rounding the mismatch has a slight measurable effect on the
glycosylase activity of the intact protein and, furthermore, that
competitor DNA reduces glycosylase activity depending on the
methylation status of the T/G-containing heteroduplex DNA or
the competitor DNA. However, it should be noted that the den-
sity of CpGs in the DNA fragments used in our experiments may
have been insufficient to have an effect and that the surrounding
sequence contexts may have been suboptimal. Both factors have
been shown previously to affect the binding of other members of
the methyl-binding domain family of proteins (13, 43). Alterna-
tively, it is possible that the binding affinity of MBD4 for the T/G
mismatch was so much stronger than its affinity for methylated
CpGs that the glycosylase activity was relatively unaffected by
nearby methylated sequences.

Despite the apparent independence of the two domains in
all of the experiments done to date, common sense suggests
that their structural juxtaposition must have a functional sig-
nificance. Most studies, including ours, have been based on the
hypothesis that local methylation could enhance glycosylase
activity by increasing DNA binding. This enhancement would
serve to target DNA repair to regions of the DNA where
mismatches caused by the deamination of 5-methylcytosine
would be most likely to occur. However, experimental evidence
to date does not support the hypothesis. Instead, Kondo and
coworkers (37) have turned the argument around, hypothesiz-
ing that the glycosylase enhances transcriptional repression by
MBD#4 by repairing T/G mismatches to CG, thus maintaining
methylation density. Based on our finding that the glycosylase
activity of MBD4 is enhanced by the acetylation of histones, we
propose the following modification to this hypothesis.

The hyperacetylation of histones is associated with transcrip-
tionally active regions of the genome, independent of DNA
methylation (20). If the DNA was methylated, T/G mismatches
caused by the deamination of 5-methylcytosine would be ex-
pected to weaken the DNA structure, making localized melting
of the two strands more frequent and thereby increasing the
opportunities for transcriptional initiation. It is known that
deamination occurs more frequently in single-stranded DNA
than in double-stranded DNA (26) and that C-to-T mutations
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are enhanced by transcription (17). Thus, the initial deamina-
tion event could precipitate a cycle of increased transcription
followed by further deamination, continuing until the pro-
moter region was sufficiently demethylated to result in consti-
tutive gene expression. One way to prevent this cascade would
be to ensure that transcription was prevented while the repair
of the initial T/G mismatch was carried out. MBD4 has the
necessary properties for such a process, being both a repair
enzyme and a transcriptional repressor. As shown in this study,
its activity would be enhanced by histone acetylation associated
with transcriptional activity. MBD4 could also recruit methyl-
ases to the repaired CpG and the histone modification en-
zymes (e.g., histone deacetylases) to the promoter region; both
methylases and histone modification enzymes are associated
with the transcriptional silencing of genes (reviewed in refer-
ence 36). These hypotheses remain to be tested.
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