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The covalent modification of eukaryotic DNA by methylation of the 5 carbon of cytosine residues is frequently associated with
transcriptional silencing. In mammals, a potential mechanism for transducing DNA methylation patterns into altered
transcription levels occurs via binding of methyl-CpG-binding domain (MBD) proteins. Mammalian MBD-containing proteins
bind specifically to methylated DNA and recruit chromatin-modifying complexes containing histone deacetylase activities.
Sequence similarity searches reveal the presence of multiple proteins in plants containing a putative MBD. Outside of the MBD
itself, there is no sequence relationship between plant and mammalian MBD proteins. The plant MBD proteins can be divided
into eight classes based on sequence similarity and phylogenetic analyses of sequences obtained from two complete genomes
(rice [Oryza sativa] and Arabidopsis [Arabidopsis thaliana]) and from maize (Zea mays). Two classes of MBD proteins are only
represented in dicot species. The striking divergence of plant and animal MBD-containing proteins is in stark contrast to the
amino acid conservation of DNA methyltransferases across plants, animals, and fungi. This observation suggests the
possibility that while plants and mammals have retained similar mechanisms for the establishment and maintenance of DNA

methylation patterns, they may have evolved distinct mechanisms for the interpretation of these patterns.

Regulation of gene expression is achieved through
the combined actions of sequence-specific regulators
and nonsequence-specific chromatin-modifying com-
plexes. DNA methylation is one of the most studied
modifications to chromatin. In plants and many ani-
mal species, a significant fraction of the cytosine res-
idues are covalently modified by the addition of a
methyl group to the 5’ carbon. The presence of exten-
sive 5-methylcytosine is strongly correlated with re-
duced transcriptional activity.

DNA methylation influences transcription through
several possible mechanisms. Eden and Cedar (1994)
provided evidence that DNA methylation can directly
interfere with the binding of sequence-specific tran-
scriptional activators. Another mechanism involves the
recruitment of transcriptional repressors by DNA
methylation (Kass et al., 1997; Bird and Wolffe, 1999).
There is significant evidence in animals that the latter
is the predominant mechanism through which DNA
methylation is translated to reduced transcription.

Several proteins with the capability to bind specif-
ically to methylated DNA were purified from mam-
malian systems (Meehan et al., 1989, 1992). Sequence
analysis revealed the presence of a common domain,
the methyl-CpG-binding domain (MBD), which is
sufficient to provide binding to methylated DNA
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(Nan et al., 1993). The human genome encodes five
proteins containing a canonical MBD (MBD1, MBD2,
MBD3, MBD4, and MeCP2; Bird and Wolffe, 1999;
Hendrich et al., 1999b), as well as an additional six
genes containing a closely related TAM domain
(Hendrich and Tweedie, 2003).

The mammalian MBD proteins perform multiple
functions. MBD1 and MeCP2 act as transcriptional
repressors via the recruitment of silencing complexes,
specifically recruiting histone deacetylase activity
(Nan et al., 1998; Fujita et al., 1999; Ng et al., 2000; Yu
et al., 2000). However, MeCP2 can also repress tran-
scription via a separate pathway that does not require
histone deacetylation (Yu et al., 2000). Mutations in the
human MeCP2 gene result in Rett syndrome, a pro-
gressive neurological disorder (Amir et al., 1999). The
MBD2 and MBD3 proteins have been identified as part
of the Mi2/NURD deacetylase complex (Zhang et al.,
1989; Wade et al., 1999). MBD4, which contains a DNA
glycosylase domain in addition to the MDB domain,
performs DNA repair activities by binding to the sites
of spontaneous deamination of methylated bases and
repairing the damage (Hendrich et al., 1999a).

Relatively little is known about the molecular mech-
anisms for interpreting DNA methylation in plants.
Several groups have biochemically characterized
proteins that bind to methylated DNA (Zhang et al.,
1989; Ehrlich, 1993; Pitto et al., 2000), but the molecular
identity of these proteins is not known. Our database
searches have identified a small family of proteins in
plants containing a putative MBD, and these genes
have been cataloged and curated by ChromDB
(www.chromdb.org). Zemach and Grafi (2003) tested
the ability of six Arabidopsis (Arabidopsis thaliana)
MBD proteins to bind to methylated DNA and dem-
onstrated specific binding for three of these proteins:
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AtMBDS5, AtMBD6, and AtMBD?. Ito et al. (2003)
tested seven Arabidopsis MBD proteins for the ability
to specifically bind methylated DNA and found spe-
cific binding only for AtMBD5. Scebba et al. (2003)
tested a partially overlapping set of six Arabidopsis
MBD proteins and found specific binding for three
of the proteins: AtMBD5, AtMBD6, and AtMBD11. In
combination, these studies present evidence for the
ability for AtMBD5, AtMBD6, AtMBD?7, and AtMBD11
to specifically bind to methylated DNA, whereas
AtMBD1, AtMBD2, AtMBD4, AtMBDS, and AtMBD9
have not shown specific binding abilities in these
assays. The AtMBD3, AtMBD10, AtMBD12, and
AtMBD13 proteins have not been biochemically tested
for methyl-CpG-binding activity. Berg et al. (2003) pre-
sented a bioinformatics analysis of the Arabidopsis
MBD genes and provided evidence that AtMBD11 is
important for proper regulation of development.

We have searched for genes encoding proteins with
an MBD in Arabidopsis, maize (Zea mays), and rice
(Oryza sativa). Four groups have published reports
describing the Arabidopsis MBD genes (Berg et al.,
2003; Ito et al., 2003; Scebba et al., 2003; Zemach and
Grafi, 2003). There has been some confusion regarding
the identity of AtMBDS8 and AtMBD9 as these two
names have been assigned to different sequences in
different manuscripts. Our nomenclature is consistent
with that of ChromDB and Zemach and Grafi (2003).
We have extended the analysis of previous publica-
tions by including the sequences of MBD genes from
two monocot species, maize and rice. We have char-
acterized expression profiles of the maize MBD genes
using reverse transcription (RT-PCR), and have clas-
sified the plant MBD genes by phylogenetic analysis
and domain analysis of the encoded proteins. Com-
parative analysis of monocot and dicot MBD genes
reveals extensive duplication as well as the presence of
dicot-specific classes of genes.

Maize Methyl-Binding Domain Proteins

RESULTS

The MBDs from MBD1 and MeCP2 were used as
queries to perform BLASTP and TBLASTN (Altschul
et al., 1997) searches against the Arabidopsis and rice
nonredundant databases. The similarity of the MBD in
the resulting proteins to current domain models was
evaluated by performing National Center for Biotech-
nology Information (NCBI) conserved domain searches
(Altschul et al., 1997) and HMMER-based searches
using SMART (Schultz et al., 2000). Thirteen Arabi-
dopsis proteins and 16 rice proteins containing a do-
main with similarity to the MBD were found (Tables I
and II). Iterative TBLASTN searches were performed
between these species using all MBD proteins to find
the complete complement of MBD proteins in the
Arabidopsis and rice genomes. The E value for pres-
ence of an MBD is indicated in Tables I and II using
two different alignment methods (BLAST and
HMMER) to either the PEAM MBD or the CDD MBD.

The MBDs from MBD1 and MeCP2 and the com-
plete sequences of the Arabidopsis and rice MBD pro-
teins were used to search available maize sequences.
Sixteen maize MBD genes were identified (Table III).
The full-length sequences of 13 of the 16 maize genes
have been obtained by random amplification of cDNA
ends or RT-PCR, and these sequences have been
deposited at GenBank.

This article generally uses the nomenclature of
ChromDB, in which genus and species are designated
by a number rather than an alphabetical prefix. Ac-
cording to the ChromDB nomenclature, Arabidopsis
genes are numbered between 1 and 99, maize genes are
numbered between 101 and 199, and rice genes are
numbered 701 to 799. However, since some mamma-
lian and Arabidopsis MBD genes have the same name,
an alphabetical prefix of At is used for clarity in
distinguishing among Arabidopsis and mammalian
genes.

Table 1. Arabidopsis MBD proteins
NA, No score available.

Gene Length Protein Accession AGI Locus Chromosome Class HMMER BLAST BLAST
(Amino Acids) No.” No. (PFAM MBD) (PFAM MBD) (CDD MBD)

MBD1 204 AL161557 At4g22745 4 Il 4.3E-23 6.0E-07 3.0E-11
MBD2 270 BAB11480 At5g35330 5 1} 6.2E-10 4.0E-05 3.0E-10
MBD3 163 AF013293 At4g00416 4 Il 0.0012 0.044 NA
MBD4 186 CAB87748 At3g63030 3 Il 6.7E-18 4.0E-08 1.0E-11
MBD5 182 AAL36205 At3g46580 3 \Y 1.5E-47 7.0E-10 1.0E-06
MBD6 225 BAA97474 At5g59380 5 \Y 4.1E-17 4.0E-11 6.0E-07
MBD7 306 BAB08347 At5g59800 5 \4 0.018 0.006 9.0E-05
MBD8 425, 524° AAMI1660, BAC43440  At1g22310 1 VI NA 0.096 NA
MBD9 2,176 AAF24616 At3g01460 3 \% 9.3E-46 NA NA
MBD10 384 AAM19811 At1g15340 1 | 3.6E-19 0.005 NA
MBD11 254 BAB02310 At3g15790 3 | 6.4E-12 5.0E-05 9.0E-07
MBD12 155 BAB11482 Not assigned 5 ] 4.9E-05 4.0E-04 4.0E-06
MBD13 746 BAA97466 At5g52230 5 Vil 0.84 NA NA

“For some MBD proteins, a model different from the predicted annotation is available at www.chromdb.org.

resulting in proteins of two different lengths.

PMBDS is alternatively spliced,
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Table Il. Maize MBD proteins

N.D., Not determined since available sequence lacks MBD. —, Domain was not predicted.

Gene Length (Amino Acids) Accession No.* Class HMMER (PFAM MBD) BLAST (PFAM MBD) BLAST (CDD MBD)
MBD101 177 AAK40305 I 0.015 0.003 3.0E-06
MBD105 433 AAK40307 I 5.8E-04 0.004 -
MBD106 428 AAK40308 I 0.0029 0.001 -
MBD108 297 AAK40309 1 1.2E-07 5.0E-05 3.0E-09
MBD109 400 AAM93219 | 6.6E-10 3.0E-04 4.0E-08
MBD110 215 Al901690T VI 0.0044 0.011 -
MBD111 301 AAK40310 1 6.6E-08 2.0E-05 4.0E-10
MBD113 292 AY863050 VIl 1.2E-25 0.021 0.25
MBD114 336 BG26849257 VIl 0.0015 0.011 -
MBD115 308 AY863051 I 0.00792 0.002 1.0E-05
MBD116" 1,853 CF034340%" v - - -
MBD117 1,176 CC3433916% Vil 1.4 - -
MBD119¢ N.D. CD44100257 VI N.D. N.D. N.D.
MBD120 165 CC7351895% 1l 0.011 0.016 5.0E-05
MBD121¢ N.D. CC414396°%S \Yiii N.D. N.D. N.D.
MBD122 432 CL983464°S VI 3.6E-05 0.009 9.0E-04
MBD123 N.D. CG233380°% VIl 1.4E-07 5.0E-06 5.0E-06

“Accession is for the full-length protein when available. If no full-length sequence is available, a representative EST or GSS is indicated. Contig

assemblies for most genes are available at www.chromdb.org.
similarity to MBD9.

PMBD116 does not contain a MBD but was discovered based on overall sequence
“These genes are not fully sequenced, and the current partial sequence lacks a MBD.

In comparison to domains of proteins that carry out
biochemical reactions, such as the SET or MET do-
mains, the structural MBD is often more divergent and
can have low similarity to consensus domains. For our
analysis, we chose to be inclusive and to analyze
sequences containing putative MBDs with low simi-
larity to consensus domains, such as AtMBD13. While
the sequences in this report are named based on the
presence of a putative MBD, it is not expected that all of
these proteins will display specific binding to methyl-

ated DNA. Only four of nine Arabidopsis genes that
have been tested for in vitro activity have displayed the
ability to specifically bind to methylated DNA (Itoetal.,
2003; Scebba et al., 2003; Zemach and Grafi, 2003).

Phylogenetic Analysis of Plant MBD Proteins

The MBD from the human, Arabidopsis, maize, and
rice sequences was aligned using ClustalW (Fig. 1).
Several sequences with homology to MBD proteins in

Table Ill. Rice MBD proteins
*, Contains multiple MBD domains. —, MBD not predicted.

G Length BAC Accession cDNA o al HMMER BLAST BLAST
ene (Amino Acids) No.? Accession romosome ass (PFAM MBD) (PFAM MBD) (CDD MBD)

MBD701 315 AC099403 AK101317 9 1 3.0E-09 3.0E-06 7.0E-10
MBD703 410 AP003726 CB097036" 6 11 2.9E-10 6.0E-07 7.0E-11
MBD704* 385 AL663008 CA759629" 4 VIl 1.2E-08 0.065 —
MBD705* 470 AL731611 AK065632 4 VIII 1.7E-17 0.013 0.069
MBD706 157 AC104708 AU057642 5 1l 0.0057 0.001 8.0E-07
MBD707 303 AL732532 AK059006 12 [ 2.6E-06 0.004 1.0E-06
MBD708 930 AP006169 AK058514 9 VIl 1.3 - -
MBD709 885 AP004376 AK069097 8 VII - - 0.93
MBD710°¢ 1,979 AP005785 AK072184 2 \% - - -
MBD711 164 AC104708 None 5 1l 3.6E-04 9.0E-03 3.0E-07
MBD712 281 AL662965 None 4 VIII 0.048 - —
MBD713* 378 AL606989 None 4 VIII 0.027 - -
MBD714* 491 AL606989 None 4 VIII 0.0028 0.54 -
MBD715 728 AP005918 AK068243 8 VII - - 0.75
MBD716* 411 AL606989 None 4 VIII 0.0073 - —
MBD717 438 AL731610 AK072038 4 Vil 1.1E-06 3.0E-05 1.0E-06
MBD718 422 AP003875 AKO071442 8 VIII 1.1E-06 3.0E-05 1.0E-04

“Accession number is for a BAC containing the gene.
available.

PAccession number references an EST because no cDNA clone sequences are
‘MBD710 does not actually contain an MBD but was discovered based on overall sequence similarity to MBD9.
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Table IV. Classes of plant MBD proteins

Class Arabidopsis Genes Maize Genes Rice Genes
Mbd105
Mbd10 Mbd106
' Mbd11 Mbd109 Mbd707
Mbd115
’ o Mbd101 Mbd711
Mbd4 Mbd120 Mbd706
m Mbd2 Mbd108 Mbd701
Mbd12 Mbd111 Mbd703
Mbd5
WV Mbd6 - -
\% Mbd9 Mbd116 Mbd710
\1 Mbd7 - -
Mbd117 Mbd708
! Mbd8 Mbd119 Mbd709
Mbd121 Mbd715
Mbd704
Mbd110 Mbd705
Mbd712
Mbd113 Mbd713
VI Mbd13 Mbd114
Mbd714
Mbd122
Mbd123 Mbd710
Mbd717
Mbd718

other species are not represented in this alignment due
to the absence of a detectable MBD (MBD116 and
MBD710) or due to the fact that only partial sequence
is currently available (MBD119). Several plant proteins
have multiple MBDs, and each of these domains was
included in the alignment (for example, MBD7d1, d2,
or d3), despite the fact that some of these domains are
quite divergent. The alignment shows that many of the
regions indicated as important by structural and
mutational analysis of the mammalian proteins are
well conserved in the plant MBD proteins (Ohki et al.,
1999; Wakefield et al., 1999). However, as shown by the
mammalian MBD3 protein that contains a highly
conserved MBD but lacks the ability to specifically
bind to methylated DNA (Hendrich and Bird, 1998),
this conservation may not lead to specific binding to
methylated DNA.

The alignment of the plant and mammalian MBDs
was used to perform a neighbor-joining phylogenetic
analysis using MEGA (Kumar et al., 2001; Fig. 2). The
tree indicates a lack of support for clustering any of
the plant MBD proteins with the animal proteins. This
finding, based on the MBD alone, is bolstered by the
fact that there is no detectable homology between
plant and animal MBD proteins outside the MBD
itself. The plant proteins were classified into eight
different classes according to the phylogenetic analysis
and, in addition, consideration of the protein structure
and sequence similarity outside of the MBD (Table IV).

Plant Physiol. Vol. 138, 2005
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Interestingly, two of the eight classes (class IV and class
VI) are only represented by dicot sequences.

Features of Each Class of Plant MBD Proteins
Class I MBD Genes

The MBD is located within 100 amino acids of the N
terminus in all class I MBD proteins (Fig. 3). A region of
80 amino acids that is highly conserved across maize,
rice, and Arabidopsis immediately follows the MBD
(Supplemental Fig. 1). This domain is conserved across
monocot and dicot proteins in this class but does not
have homology to other known protein domains. The
C-terminal region of the remaining class I MBD pro-
teins contains a charged, Lys/Gln-rich region. The C
termini of the class I MBD proteins MBD105 and
MBD106 also contain a low-complexity Pro/Ala-rich
region that has weak similarity to neurofilament-like
repeats, and that is not present in the dicot members of
this family.

Class I MBD Genes

The domain architecture of the class Il MBD proteins
is relatively simple. The proteins are short (163-204
amino acids) with a centrally located MBD. There is sig-
nificant conservation of the sequence in the N-terminal
portion of these proteins thatis also found in the class I1I
MBD proteins and was named the MBD-associated
domain by Berg et al. (2003; Supplemental Fig. 2). The
class II sequences do contain the five residues thought
to be critical for specific binding to methylated DNA
(Fig. 1) but lack the highly conserved GW located in
the B-2 region of the domain. Biochemical assays of
AtMBD1 and AtMBD4 failed to detect any specific in
vitro binding of methylated DNA (Ito et al., 2003;
Scebba et al., 2003; Zemach and Grafi, 2003).

The phylogeny suggests that the presence of multi-
ple class II genes in maize and rice is due to recent
duplication events. The genome localization of these
genes suggests different mechanisms for the duplica-
tion event in rice and maize, as the two maize genes
Mbd101 and Mbd120 are mapped to colinear genomic
regions of chromosomes 8.04 and 6.05 (K. Cone, un-
published data) and the two rice genes Mbd706 and
Mbd711 occur as a tandem duplication within the same
bacterial artificial chromosome (BAC).

Class III MBD Genes

The class IIl MBD genes were grouped together with
the class II genes by Berg et al. (2003), but the results of
our analysis of phylogeny and sequence similarity
across the entire protein have led us to separate class
II and class III proteins, as they represent two lineages
that apparently have diverged prior to the divergence
of monocots and dicots. However, the similarity in
these two groups does suggest a more ancient common
ancestor. Class III MBD proteins all contain a MBD-
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Mbd713d3
Mbd714d2
MBD113
MBD705
Mbd712
Mbd714d1
Mbd713d1
MBD716d1
MBD704d1
Mbd713d2
MBD716d2
MBD117
MBD708
Mbd709
MBD715
AtMBED8
AtMBDS
AtMBD10
AtMBED11
MBD105
MBD106
Mbd707
MBD109
MBD115
BAZ2A
BAZ2B
SETDB1
CLLL8
TAM2
TAM1
AtMBED1
AtMBD4
AtMBD3
MBD101
MBD120
Mbd706
Mbd711
MBD108
MBD111
MBD701
MBD703
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Figure 1. Alignment of the MBD. The MBDs from human, Arabidopsis, maize, and rice proteins were aligned using ClustalW.
The mammalian proteins are indicated by the brackets. The plant MBD proteins were assigned a number based on their species
of origin, 1 to 99 for Arabidopsis, 101 to 199 for maize, and 701 to 799 for rice. Within the species designation, the numbers
were assigned based on order of discovery. This alignment was shaded using Boxshade. Above and below the alignment are
schematic diagrams indicating the structural regions determined for the MeCP2 and MBD1 proteins (Ohki et al., 1999; Wakefield
etal., 1999). The position of three B-sheets, an a-helix, and a loop region are shown. The positions of five amino acids thought to
be critical for the ability to bind methylated DNA are indicated by the arrows. The first 11 sequences in the alignment are the

human

proteins MeCP2 (CAA68001), MBD1 (AAD51442), MBD2 (NP_003918), MBD3 (NP_003917), MBD4 (NP_003916),

BAZ2A (NP_038477), BAZ2B (NP_038478), TAM1 (XP_002359), TAM2 (BAB71176), CLLL8 (NP_114121), and SETDB1
(AAH28671). The accession numbers for the plant proteins are in Tables I to llI.
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Figure 2. Phylogenetic analysis of the MBD. The alignment of the
MBD, shown in Figure 1, was analyzed by MEGA using neighbor
joining (“Materials and Methods”). The classification of each of the
proteins is indicated by color. The human sequences are indicated by
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associated domain in addition to an MBD (Fig. 3). The
MBD of the class III sequences contains all of the
residues thought to be critical for specific binding to
methylated DNA (Ohki et al., 1999; Wakefield et al.,
1999). However, the Arabidopsis AtMBD2 protein did
not display specific binding to methylated DNA in
vitro (Ito et al., 2003; Scebba et al., 2003; Zemach and
Grafi, 2003).

Class IV MBD Genes

The class IV MBD proteins, AtMBD5 and AtMBDS,
contain an atypical MBD (Fig. 1). Alignments of the
class IV MBDs with the MBDs from other plant and
animal proteins indicate the presence of a 30- to 33-
amino acid insertion in the loop2 region relative to the
other MBDs (the loop2 region is defined according
to the alignment shown in Fig. 1 and was reported by
Ohki et al. [1999] and Wakefield et al. [1999]). AtMBD5
and AtMBD6 also lack a conserved Lys residue that
was implicated in binding to methylated DNA (Ohki
et al., 1999; Wakefield et al., 1999). In spite of these
differences, the Arabidopsis class IV MBD proteins
both preferentially bind methyl-CpG in vitro (Ito et al.,
2003; Scebba et al., 2003; Zemach and Grafi, 2003).

The AtMBD5 and AtMBD6 sequences were used to
perform BLAST searches of the available maize and
rice sequences. No orthologous sequences were found
that had more similarity to class IV MBDs than to other
classes of MBD proteins. The AtMBD5 and AtMBD6
sequences were also used to perform BLAST searches
of expressed sequence tag (EST) databases for all plant
species. ESTs closely related to class IV MBD genes
were detected in Brassica napus (CD829904), Populus
petioles (BU891883), Ipomoea nil (BJ570214), Solanum
tuberosum (BQ112257), and Lycopersicon esculentum
(AW442004), but none were detected in the ESTs from
any monocot species or in the rice genomic sequence.
This provides evidence that class IV MBD genes are
found only in dicots, not in monocots.

Class V MBD Genes

Our phylogenetic analysis and sequence searches
indicate that there is not a sequence closely related
to AtMBD9 in rice, maize, or humans. The AtMBD9
protein is a long protein (2,176 amino acids) with the
MBD located near the N terminus (Fig. 3). In addition
to the MBD, AtMBD?9 also contains two PHD domains,
abromodomain and a weak FYRC domain (Fig. 3). The
PHD domain is frequently found in proteins that are
part of chromatin remodeling complexes, and recent
evidence suggests that it may function as a nuclear
phosphoinositide receptor (Gozani et al., 2003). The
bromodomain is thought to bind to specifically mod-

the use of italics. A bootstrap value is provided for each node. These
values indicate the percentage of bootstrap replicates that support this
node out of 1,000 samples.
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ified histones (Dhalluin et al., 1999). The FYRC domain
is found along with the FYRN domain in homologs of
the SET domain protein Trithorax (Alvarez-Venegas
and Avramova, 2001; Springer et al., 2003).

The full-length AtMBD9 sequence was used to
perform BLAST searches to further search for ortho-
logs in maize or rice. Sequences with significant sim-
ilarity were found in both maize and rice and were
named Mbd116 and Mbd710, although the monocot
proteins do not contain a detectable MBD. Detailed
searches failed to identify an MBD in the genomic
sequence surrounding either of these genes (the
MBD116 genomic sequence was obtained by a BAC
skim of BAC B0265K23 by The Institute for Genomic
Research).

The domains found in MBD710 and MBD116 include
a PHD domain, a bromodomain, and an FYRC/FYRN
domain, similar to the AtMBD9 protein. The overall
sequence similarity between AtMBD9, MBD710, and
MBD116 suggests that these are orthologous proteins.
The class V MBD genes contain many domains com-
monly associated with chromatin-associated proteins
and appear to have lost the MBD during the evolution
of rice and maize, or, alternatively, an MBD was gained
during the evolution of Arabidopsis.

Class VI MBD Genes

The relatively short AtMBD? protein (306 amino
acids) contains three MBDs. Each of these MBDs was
used for the phylogenetic analysis. The MBDs found in
AtMBD?7 do show evidence of relationships with each
other but not with the MBD from any other plant or
animal proteins. The close relationship of the three
multiple AtMBD7 domains with each other suggests
intergenic duplication as a potential source of the
multiple MBDs. The AtMBD? protein was shown to
have methyl-CpG-binding activity in vitro by Zemach
and Grafi (2003), although Ito et al. (2003) did not find
evidence for specific binding.

The AtMBD? protein sequence was used to search
for ESTs from other species of plants related to
AtMBD?. Several ESTs from dicot species, including
Vitis vinifera (CB008695), I. nil (B]572810), and S. tuber-
osum (BQ506651), were identified. However, there were
no monocot genes identified with more similarity to
AtMBD?7 than to other MBD genes. Thus, class VI is
likely to represent another dicot-specific class of MBD
proteins that possess methyl-CpG-binding activity.

Class VII MBD Genes

The Arabidopsis AtMbd8 is alternatively spliced
(Berg et al., 2003), producing two distinct isoforms that
both contain two AT-hook domains in addition to the
MBD. The MBD of the class VII sequences lacks three
of the five residues indicated as critical by Wakefield
et al. (1999) and Ohki et al. (1999) for specific binding
to methylated DNA by structural or mutational studies

(Fig. 1).
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The rice predicted protein sequences are much
longer than those of the Arabidopsis genes. The
MBD708, MBD709, and MBDZ715 proteins each contain
zinc-finger C2H2 domains in addition to the MBD (Fig.
3). The Mbd709 and Mbd715 cDNA sequences are very
closely related (96% identical), suggesting that these
genes are the result of a recent duplication in the rice
genome. Maize contains three class VII MBD genes,
Mbd117, Mbd119, and Mbd121. Full-length sequence
was obtained for Mbd117 but not Mbd119 or Mbd121.
Alignments of the sequence available for MBD119 (287
amino acids) and MBD121 (520 amino acids) with the
other class VII MBD proteins suggests that MBD119
and MBD121 are recent duplicates most closely related
to MBD709 and MBD715, while MBD117 is most closely
related to MBD708 (data not shown). The phylogeny of
this group suggests that a single class VII MBD gene
existed prior to the divergence of monocots and dicots
and duplication events have occurred both before and
after the divergence of maize and rice.

Class VIII MBD Genes

Class VIII includes a single Arabidopsis gene, five
maize genes, and eight rice genes. The class VIII MBD
genes are all relatively short proteins that do not
contain any characterized domains except the MBD.
Several of the rice genes contain multiple MBDs (Fig.
3). The phylogeny supports conservation of two sep-
arate types of MBDs within the rice genes of this class
(Fig. 2). The MBD found within these proteins has low
homology to MBD consensus domains but is well
conserved among members of this group (Tables I-III).
The AtMBD13 protein does not align well with the
monocot sequences within this class and has a distinct
domain architecture relative to the monocot genes. It
appears that significant duplication and divergence
has occurred within this class of MBD proteins. Align-
ments of a subset of the monocot sequences identify
a region of significant conservation outside of the
MBD that does not have homology to any other type of
protein in monocots (Supplemental Fig. 3).

Expression of the MBD Genes

RT-PCR was used to test expression of the 16 maize
MBD genes (Fig. 4) in a variety of tissues. Expression
was observed for all 16 genes. Twelve genes (Mbd101,
Mbd105, Mbd106, Mbd108, Mbd109, Mbd111, Mbd113,
Mbd115, Mbd117, Mbd121, Mbd122, and Mbd123) had
detectable levels of transcript in all samples tested.
There was little evidence for differential regulation of
these genes in the developmental stages analyzed,
although we have not determined whether there are
cell- or tissue type-specific expression patterns of these
genes that would not be discernable by our sampling
strategy. There were additional bands present in the
11-d-after-pollination whole-kernel tissue amplified
with Mbd105 primers and in the mature leaf sample
amplified with Mbd109 primers. These may represent
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Figure 4. Expression analysis of the maize MBD genes. cDNA was
made from RNA isolated from tissues corresponding to the tissue and
developmental stage listed above each lane. PCR was performed on
these cDNA samples to test for expression of the maize MBD genes.
Primers were designed to uniquely amplify cDNA from the gene
indicated to the left of the gel image. Controls were performed to test for
the presence of genomic DNA. No genomic DNA contamination was
detected in any of the eight cDNA samples (data not shown).
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tissue-specific alternative splicing products. Mbd110
expression was not detected within these tissues,
although we were able to amplify a full-length
cDNA from seedling tissue using different protocols.
This may indicate that the expression level of Mbd110
is relatively low. Mbd114 transcripts were only detec-
ted in 10-d seedlings and root tips. As these were the
only samples with root tissue, this suggests and may
indicate a root-specific expression pattern for Mbd114.
Mbd120 was only detectable in mature leaf and meiotic
tissue. Mbd116 and Mbd119 were detected in all tissue
tested, although there appears to be a lower expression
level of each of these genes in mature leaves. Mbd111
and Mbd121 both displayed lower levels of expression
from the mature leaf and meiotic tassel tissue.
Southern and northern blots for several of the Arabi-
dopsis and maize MBD genes are available at
www.chromdb.org.

DISCUSSION
Plants and Mammals Contain Distinct MBD Proteins

Database searches have identified the complement
of MBD proteins in several plant species. Comparisons
of the MBD proteins present within plants and mam-
mals reveal no evidence for a common origin of any
subgroups of the MBD proteins. There are no exam-
ples of plant and mammalian MBD proteins that
display conserved sequence outside of the MBD. In
several of the mammalian MBD proteins, the regions
of the protein outside the MBD contain transcrip-
tional repressive activities or interact with chromatin-
modifying complexes such as Mi-2/NURD (Zhang
et al., 1989; Wade et al., 1999). The lack of conservation
within these regions of the plant proteins suggests that
the molecular events initiated by methylation of DNA
could be distinct in plants and animals. The lack of
conservation in these genes suggests that much of the
knowledge regarding the action of mammalian MBD
proteins may not be directly transferable to studies of
the plant MBD proteins.

In general, the plant MBD proteins do not contain
the other domains found in mammalian proteins,
including SET domains, bromodomains, CXXC do-
mains, or DNA glycosylase domains. While mammals
have evolved a mechanism for the repair of spontane-
ous deamination of methylated cytosines, there is no
evidence for a MBD protein that provides this function
in plants. There may be plant MBD proteins that
interact with a DNA glycosylase protein to provide
this function in plants. With the exception of the class
V and VII proteins, the plant MBD proteins do not
contain other previously characterized domains. De-
spite the relative lack of identifiable domains within
these sequences, there are a number of regions of
significant conservation within classes of these pro-
teins that may represent novel domains or sites for
conserved protein-protein interactions (Supplemental
Figs. 1-3).
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The lack of relationships between subgroups of
plant and animal MBD proteins suggests that a single
MBD protein may have been present at the time of
divergence of plants and animals, and that this protein
has undergone independent duplication and diver-
gence events in the two kingdoms. This is distinct from
the evolutionary pattern observed for the DNA meth-
yltransferase enzymes (Fig. 5). There is evidence for at
least three types of DNA methyltransferase enzyme
that were present prior to the divergence of plants and
animals. One interpretation is that the mechanisms for
creating and maintaining DNA methylation patterns
have been preserved in plants and animals, but the
mechanisms for interpreting DNA methylation pat-
terns independently evolved in plants and animals.

Evolution of the Plant MBD Proteins

Within plant species there is ongoing duplication
and divergence of the MBD proteins. There is evidence
of domain shuffling within the plant MBDs. In dicots,
the class V MBD proteins contain an MBD, but the
closest related proteins in monocots lack any evidence
of an MBD. Two possibilities exist. Either the MBD has
been inserted into the dicot gene, or it has been lost
in the monocot lineage. The monocot genes are well
conserved in other regions of the protein and are
expressed, indicating that these genes are likely to still
be functional. Genetic analysis of the function of the
dicot and monocot class V genes will determine if
these proteins have retained similar functions during
evolution.

The duplication of the MBD within class VI and VIII
proteins provides further evidence for shuffling of the
MBD. The phylogeny suggests that the duplication of
the MBDs in class VI and in class VIII were distinct
events. There is evidence that multiple MBDs within
the Arabidopsis class VI protein MBD7 have retained
function (Zemach and Grafi, 2003). The phylogenetic
analysis suggests that the duplication and triplication
of the MBD within the rice class VIII sequences oc-
curred prior to several of the whole-gene duplication
events that have occurred.

One of the most interesting findings in our com-
parative analysis of MBD proteins in maize and rice
relative to Arabidopsis was that two classes were
specific to dicots. The finding of dicot-specific classes
of MBD proteins and highly divergent domain struc-
tures (as in class VIII) is in contrast to the high degree
of conservation of the DNA methyltransferases and
SDG (SET domain group) proteins in monocots and
dicots (Cao et al.,, 2000; Springer et al.,, 2003). Our
analysis did not include a sufficient number of species
to determine whether the lack of these classes in
monocots is caused by loss of a progenitor class during
monocot evolution or by duplication and divergence
to create a new class in one lineage. It is striking that
the two dicot-specific classes contain three of the four
Arabidopsis MBD genes that have demonstrated MBD
activity (Ito et al., 2003; Scebba et al., 2003; Zemach and
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Figure 5. Phylogenetic analysis of plant and animal DNA methyltrans-
ferase enzymes. A partial sequence of the catalytic domains of the DNA
methyltransferases, bound by L(S/D)(L/I)(Y/F) on the N terminus and
PPC on the C terminus, was aligned using ClustalX. This alignment was
then analyzed by MEGA using neighbor joining (“Materials and
Methods”). Bootstrap values (expressed as the percentage of 1,000
samples) are shown at the nodes of the tree. Gray shading is used to
indicate the four classes of DNA methyltransferases. The human
sequences are indicated by the use of italics. The accession numbers
for the sequences are as follows: DNMT1 (AAF23609), DNMT2
(AAC39764), DNMT3a (AAD33084), DNMT3b (AAD53063),
DNMT3L (BAA95556), METT (AAA32829), MET2 (NP_193150),
MET3 (NP_193097), METIIb (NP_192638), DRM1 (CAB89343),
DRM2 (AAF66129), DRM3 (AAN12982), CMT1 (NP_565245), CMT2
(AAK69757), CMT3 (AAK69756), DMT11 (NP_568474), DMT101
(ZMET1, AAM28226), DMT102 (ZMET2, AAK11516 ), DMT103
(ZMET3, AAF68437), DMT104 (ZMET4, AAK40306), DMT105
(ZMET5, AAK15805), DMT106 (ZMET6, AAM93211), DMT107
(ZMET7, CA399729), DMT701 (AAN60988), DMT702 (AAP44671),
DMT703 (XP_476210), DMT704 (AAP51784), DMT705 (NP_917641),
DMT706 (AAN61474), DMT707 (DAA01513), DMT708 (no protein
accession available, BAC sequence accession is BX000492), DMT709
(no protein accession available, BAC sequence accession is
BX000497), and DMT710 (AAT85176).
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Grafi, 2003). Further research is necessary to determine
whether the functions provided by these classes are
specific to dicots or whether other MBD proteins in
monocots are able to perform the functions of this
class. To date, AtMBD11 is the only protein with the
ability to specifically bind methylated DNA that has
orthologs in monocot species.

The differences in gene content and organization of
small gene families between rice and maize did not fit
the expectations. Often, it is assumed that the maize
genome will contain approximately twice the number
of genes as present in the rice genome, with two maize
paralogs for each gene present in the rice genome. Our
data rarely supported this simplified view of the maize
and rice genomes. In some cases, such as classes 1II, 1II,
V, and VII, rice and maize contained equal numbers
of genes. Within these families there were differing
organizations, however. The class IIl sequences from
rice occur within the same BAC and are the result of
tandem duplication, while the maize genes are likely
to be paralogs resulting from the tetraploid origin
of maize. The class II sequences in rice are located on
different chromosomes and are both expressed, and
the maize genes are likely paralogs resulting from the
tetraploid ancestry of maize. In class VII, there are
three rice and three maize genes, and it appears that
there were at least two class VII genes prior to the
divergence of maize and rice. Class I contains four
maize genes and one rice gene. Class VII has five rice
genes and a single maize gene. Based on the data from
the MBD genes, it appears that, while maize and rice
contain orthologous groups of genes, there have been
substantial duplications within each lineage and the
actual gene number for any gene family can be quite
different in the two species.

If the plant MBD proteins are required for interpre-
tation of DNA methylation patterns correlated with the
silencing of gene expression, then it would be expected
that mutations in these genes should be recovered in
genetic screens for reactivation of silenced transgenes
or endogenous genes such as SUP or PAI that are
methylated (Lindroth etal., 2001; Malagnac et al., 2002).
However, to date, there have been no reports of the
isolation of mutations in MBD proteins that affect gene
silencing. There are several possible explanations. One
potential explanation is that it is less probable to
identify loss-of-function mutations in the MBD pro-
teins due to their relatively short length and lack
of catalytic motifs. None of the plant MBD proteins
contain catalytic motifs, which could make it difficult to
recover missense mutations that affect the function
of these proteins. A second possible explanation for the
failure to recover mutations in MBD proteins in genetic
screens is the apparent genetic redundancy of these
proteins. The high degree of sequence similarity within
the classes of MBD proteins and the overlapping ex-
pression patterns suggest that there could be genetic
redundancy in the functions performed by the plant
MBD proteins. Only three of the classes of MBD
proteins in Arabidopsis, two in rice, and one in maize
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are represented by a single gene. For all of the other
classes, there are multiple genes within each class. It is
also possible that MBD proteins within different classes
may have overlapping functions and may be able to
substitute for one another. A third possibility is that
there are other types of domains not yet recognized that
have the ability to bind to methylated DNA. For
example, there is evidence that the mammalian protein
Kaiso, which lacks a canonical MBD, has the ability to
bind specifically to methylated DNA (Prokhortchouk
et al., 2001; Daniel et al., 2002).

We have documented the MBD-containing genes
present in three plant species, Arabidopsis, maize, and
rice. There are many remaining questions about the
biological function of these genes, their genetic re-
dundancy, and their biochemical activities. Currently,
we are pursuing an RNAi-based approach to study the
functions of these genes in Arabidopsis and maize.

MATERIALS AND METHODS

MBD Gene Discovery and Annotation in Arabidopsis
and Rice

The Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa) MBD protein
sequences used in this study were identified by nucleic acid and protein
BLAST analysis using MeCP2 (CAA68001) and MBD1 (AAD51442) as queries.
The resulting MBD proteins were then used to query the Arabidopsis and rice
genomes to find other MBD proteins. The Arabidopsis MBD proteins were
assigned numbers between 1 and 13, while the rice proteins are arbitrarily
named MBD701 to MBD718. The gene models used for this study and
expression data for the Arabidopsis and rice MBD genes are available at
www.chromdb.org.

MBD Gene Discovery and Sequencing in Maize

The MBD protein sequences from Arabidopsis and rice were used to search
all maize (Zea mays) ESTs and genome survey sequences (GSSs) present in
GenBank (last searched November 15, 2004). Putative MBD proteins, identi-
fied by automated searching, were arbitrarily named MBD101 to MBD120. In
some cases, further sequencing revealed that two ESTs actually corresponded
to the same gene and one name was dropped. Full-length sequence for
Mbd101, Mbd105, Mbd106, Mbd108, Mbd109, Mbd110, Mbd111, and Mbd113 was
obtained by RACE. RACE reactions were performed using the Marathon
cDNA kit (CLONTECH, Palo Alto, CA) on cDNA produced from 10-d-old B73
seedlings. Advantage2 polymerase (CLONTECH) was used in the RACE
reactions. RACE products were gel purified and cloned into pCR-BluntII
(Invitrogen, Carlsbad, CA). Further sequence, mapping, and expression data
are available at www.chromdb.org for the many of the maize MBD genes.

Domain Predictions

The protein sequences of all MBD proteins were analyzed for additional
recognizable domains using BLAST-based NCBI conserved domain searches
(ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; Marchler-Bauer et al., 2003).
The low-complexity filter was turned off and the expect value was set at 1
in order to detect short domains or regions of less conservation in this analysis.
The E value determined by these searches that indicates the strength of
the alignment to the Pfam version 11.0 (pfam01429) or CDD version 2.02
(cdd1396) MBD is reported in Tables I to III. Domains were also verified using
the HMMER-based SMART Web site (http://smart.embl-heidelberg.de/) to
search both SMART and PFAM domains (Schultz et al., 2000).

Phylogenetic Analysis

The complete group of nonredundant human, Arabidopsis, maize, and rice
MBD proteins was aligned using the MBD with ClustalX 1.83 (Thompson et al.,
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1997). For all proteins analyzed, the region of the MBD used for the alignment
began at the conserved PXGW motif and ended at the FXF motif (not all
proteins contain this motif, but the conserved region is used). Neighbor
joining was then performed with a bootstrap analysis of 1,000 replicates using
MEGA 2.0 (Kumar et al., 2001). The consensus tree was then displayed with
bootstrap values.

RT-PCR Analysis

RT-PCR was used to assess expression patterns due to the fact that most of
the genes were duplicated. RNA extraction, cDNA synthesis, and PCR
conditions were as described by Springer et al. (2003). Primers used for the
RT-PCR reactions were FIMbd101F1, TGT GCC CCT CTG CCA CCT CG, and
FIMbd101R1, GGA ATT GAC ACG CAG GGG CIT C, for Mbd101;
ZmMBD1F1, CGA GAG CGA GAG CAA AGA GCT GAG C, and
ZmMBDI1R1, CTC TGC CTC CTT GCC AGT TTC AGC, for Mbd105;
ZmMBD2F1, GGG CAG AGC AAG AGC TAG GGA TAA CC, and
ZmMBD2R1, ATC TCC ACG TCA GTC TCC TTT GTG C, for Mbd106;
FIMbd107F1, TAC TAG TGC GGC GTG GAG GTG G, and Mbd107R2, CGG
TCC TCT TTA GTA TGC AGG TCC CC, for Mbd107; FIMbd108F1, CGG ACT
TCG ATA TCT TCG GAG ACC, and FIMBD108R1, GAT TAG ATC CGT GGT
GCA GCA GAA C, for Mbd108; FIMbd109F2, GGA AAC TCG AAA GCC
CGG CG, and FIMbd109R2, CGT CAC GTT ACA ACA GTT GGA GAC AG,
for Mbd109; FIMbd111F1, CTC CAT TTG GAC CAC CGG GAC C, and
FIMbd111R1, GAC ATT TCA AAA CCT TTG CTA CTG CC, for Mbd111;
Mbd113F1, GTT TAC CAG ATG GAT GGG TGA AAG, and Mbd113R3, CCC
ACC ACA GAT ATC AAC TTC CTC, for Mbd113; Mbd114F1, TCA ATC ACT
GGT CTA CGA TTG CTG, and Mbd114R3, TGA ACT GTC AAG TCT TGC
AAT GTG, for Mbd114; Mbd115F1, TGT AGA TGC AGC AGA GAA GAC
TGG, and Mbd115R1, CAA ATG CGA GGT ATC GTC CTA AAG, for Mbd115;
Mbd116F1, TGT ATT CTG GGG TAC TTT TGT ACGG, and Mbd116R1, TTA
GCT GTT TCT TCC ATG AGT GG, for Mbd116; Mbd117F1, GCG ATA GCG
AGT TCC TCT CTC C, and Mbd117R1, GCT GAC GTA GCT CTT CCC CAT
AC, for Mbd117; Mbd118F1, CTA ATG ATG ACA CGG CTT GTA AGG, and
Mbd118R1, TGA CAT TAC TCA ACT GGG CAA GAC, for Mbdl1s;
Mbd119F1, ATT CTG TAC CCA CTG AAC CCT CAC, and Mbd119R1, CTA
TCT TTA CAG GTG GGG CAA ATG, for Mbd119; Mbd120F1, CCC CGC ATC
GCC TCT ATC G, and Mbd120R1, GGC CTT GGC AAC CTT GCA G for
Mbd120; Mbd121F1, AGT GCT AGC CAG AAT GCC AAT AGT C, and
Mbd121R1, TTT GAC TGG GCA TGT TAA CAA ACT G, for Mbd121;
Mbd122F1, GGC GTA ATT ATG GAT TCT TTT GAG G, and Mbd122R1,
GTG TCT GTC TGT GTG CCA ATA TGT C, for Mbd122; Mbd123F1, CAA
GAC TGT AAG CAA GGA CAA AAG G, and Mbd123R1, TCA AGT TCT
CAG GCT CTG GTA ACA C, for Mbd123; and AatF1, ATG GGG TAT GGC
GAG GAT, and AatR1l, TTG CAC GAC GAG CTA AAG ACT, for Ala
aminotransferase (AF055898). Conditions of the PCR were as follows: 94°C for
2 min, 35 cycles of 94°C for 30 s, 63°C for 30 s, 72°C for 2 min, followed by 72°C
for 7 min. Amplified products were separated in a 1% agarose Tris borate
EDTA gel and visualized by ethidium bromide staining.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession numbers AAK40305, AAK40307,
AAK40308, AAK40309, AAM93219, AAK40310, AY863050, and AY863051.
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