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DNA methylation plays a critical role in controlling states of gene
activity in most eukaryotic organisms, and it is essential for proper
growth and development. Patterns of methylation are established
by de novo methyltransferases and maintained by maintenance
methyltransferase activities. The Dnmt3 family of de novo DNA
methyltransferases has recently been characterized in animals.
Here we describe DNA methyltransferase genes from both Arabi-
dopsis and maize that show a high level of sequence similarity to
Dnmt3, suggesting that they encode plant de novo methyltrans-
ferases. Relative to all known eukaryotic methyltransferases, these
plant proteins contain a novel arrangement of the motifs required
for DNA methyltransferase catalytic activity. The N termini of these
methyltransferases contain a series of ubiquitin-associated (UBA)
domains. UBA domains are found in several ubiquitin pathway
proteins and in DNA repair enzymes such as Rad23, and they may
be involved in ubiquitin binding. The presence of UBA domains
provides a possible link between DNA methylation and ubiq-
uitinyproteasome pathways.

Methylation of the C5 position of cytosine is the most
common covalent modification of DNA in higher plants

and animals. This methylation is usually associated with tran-
scriptional gene silencing, or so-called epigenetic gene inactiva-
tion. There are several examples of epigenetic silencing in the
plant kingdom, including paramutation in maize (1), PAI (2) and
SUPERMAN (3) gene silencing in Arabidopsis, and transgene
silencing in many plants species (4). Genetic experiments in
Arabidopsis have shown that proper DNA methylation levels are
required for normal development (5, 6). In animal systems, DNA
methylation plays a prominent role in allele-specific gene ex-
pression that occurs during parental genomic imprinting and X
chromosome inactivation (7, 8). Methylation is also important in
the regulation of genomic parasites such as transposable ele-
ments, retrotransposons, and retroviruses (9, 10).

The presence of 5-methylcytosine in genomic DNA is the
result of enzymatic activity of the C5 DNA methyltransferases,
which catalyze the transfer of a methyl group from S-adenosyl-
L-methionine (AdoMet). All known C5 DNA methyltransferases
are characterized by the presence of several conserved motifs in
the region of the protein involved in catalysis (11). This conser-
vation suggests that cytosine methyltransferases share a common
evolutionary history.

There are two major types of DNA methyltransferase activi-
ties, maintenance and de novo. The methylation of hemimethy-
lated symmetrical sequences (CpG and CpXpG) after DNA
replication is maintenance methylation. This results in stable
patterns of methylation that are maintained throughout devel-
opment or, in many cases, between generations. Methylation that
occurs at previously unmethylated cytosines is known as de novo
methylation. For symmetric sites, de novo methylation need
occur only once, after which methylation can be preserved by
maintenance activity. However, for maintenance of methylation
at asymmetric sites (cytosines in contexts other than CpG and
CpXpG) de novo methylation must occur continually.

The eukaryotic DNA methyltransferases can be grouped into
at least four distinct classes based on sequence homology and
function, the Dnmt1yMET1 class, the Dnmt2 class, the CMT
class, and Dnmt3 class.

The Dnmt1yMET1 class enzymes act primarily as mainte-
nance methyltransferases. Dnmt1 was originally isolated from
mouse (12) and a Dnmt1 homolog (MET1) was subsequently
found in Arabidopsis (13). Biochemical studies with mammalian
Dnmt1 and a pea MET1-like protein have shown a high level of
methyltransferase activity on hemimethylated substrates relative
to unmethylated substrates (14–16). Genetic evidence indicates
that Dnmt1 and MET1 are the predominant maintenance meth-
yltransferases in mouse and Arabidopsis, respectively. Mice
harboring loss-of-function Dnmt1 mutations show only one-third
the normal level of genomic methylation, and these mice die
after 9 days of development (17). However, nullizygous Dnmt1
cells retain de novo methylation activity (18). In Arabidopsis,
transgenic plants carrying antisense MET1 RNA constructs have
a 90% decrease in overall DNA methylation levels (5, 19). These
antisense MET1 plants are viable but display a number of specific
developmental abnormalities. Two of these abnormalities have
been studied in detail and are caused by dense ectopic hyper-
methylation at both symmetric and asymmetric sites within the
floral regulatory genes SUPERMAN and AGAMOUS (3, 20, 21).
Therefore, despite an overall reduction in genomic methylation,
the antisense-MET1 plants retain de novo methyltransferase
activity.

The Dnmt2 class of DNA methyltransferases, found in mam-
mals (Dnmt2), fission yeast (PMT1), and Drosophila melano-
gaster (DmMT2) does not appear to play a significant role in
establishing or maintaining DNA methylation patterns. These
proteins do not show significant in vitro activity, and loss-of-
function Dnmt2 mutations do not show any reduction in the
amount of overall DNA methylation, or a reduction in de novo
methylation (22–26). As neither Drosophila nor fission yeast
contain detectable amounts of cytosine methylation in their
genomes, the function of these Dnmt2 methyltransferase-like
proteins is unclear.

The chromomethylases (CMTs) represent a class of DNA
methyltransferases that have so far been found only in plants.
The distinguishing feature of CMTs is the presence of a chro-
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modomain embedded between catalytic motifs I and IV (27, 28).
A loss-of-function mutation in a maize CMT-like gene, ZMET2,
specifically reduces CpXpG methylation (Charles Papa, N.S.,
and S.K., unpublished results). This observation provides an
explanation for the fact that plants contain a high level of
CpXpG methylation in their genomes relative to animals (29),
and it suggests that the CMTs may act as a specialized type of
plant specific maintenance methyltransferase.

Recently the Dnmt3 class of DNA methyltransferases was
identified in mouse, human, and zebra fish (16, 30). Several lines
of evidence suggest that the Dnmt3 proteins act as de novo
methyltransferases. Recombinant Dnmt3a and Dnmt3b enzymes
from mouse displayed de novo activity when tested on unmeth-
ylated DNA templates in vitro (16). Furthermore, expression of
Dnmt3a in Drosophila melanogaster caused de novo methylation
of its normally unmethylated genome (31). When both Dnmt3a
and Dnmt3b were inactivated by gene targeting, the resulting
embryonic stem (ES) cells and early embryos lacked de novo
methylation activity (32). Mutations in the human Dnmt3b gene
were found to be the cause of ICF syndrome (immunodeficiency,
centromeric instability, and facial anomalies syndrome) (32–34).
ICF patients show decreased CpG methylation within satellite
repeats of the centromeres of chromosomes 1, 9, and 16, coupled
with centromeric instability. This suggests that Dnmt3b may be
critical for methylation of some types of repetitive DNA.

In this report, we describe genes in maize and Arabidopsis that
display a high degree of sequence similarity to Dnmt3. They
display a distinct arrangement of the DNA methyltransferase
catalytic motifs, and they contain a series of ubiquitin-associated
(UBA) domains in their N termini.

Materials and Methods
cDNA Cloning and Rapid Amplification of cDNA Ends (RACE) Anal-
ysis. Arabidopsis genomic DNA was PCR amplified to generate
a hybridization probe corresponding to the TAMU bacterial
artificial chromosome (BAC) survey sequence B62154, which
was used to screen an Arabidopsis young seedling cDNA library
(kindly provided by the Arabidopsis Biological Resource
Center, Columbus, OH). Hybridization procedures were as
previously described (35) but the washes were done under
moderately stringent conditions; 0.13 SSPEy0.5% SDS for 15
min at 55°C (13 SSPE 5 0.18 M NaCly10 mM phosphate, pH
7.4y1 mM EDTA). After the initial identification of the maize
Dnmt3-like expressed sequence tag (EST) sequence, RACE
PCR was performed on Marathon cDNA (CLONTECH),
using Advantage2 DNA polymerase (CLONTECH) to clone
the full-length ZMET3 cDNA sequence. One-week-old Mo17
seedling RNA was used to construct the cDNA. The primers
used for RACE were Dmt3F1 (59-ATCCGTATGCCAAGC-
CTGTGGAGAGC-39), Dmt3F2 (GATGGACTTGACG-
GCGTGTA AGATCC-39), Zmet3R ACE1 (59-GGAG-
GAAGTGGCAGAGGAGGAGG-39), and Zmet3RACE2
(59-GGAGGCACTGGACGGCGTGG-39).

Phylogenetic Analysis. Alignments were performed with a region
of each methyltransferase starting at the conserved catalytic
motif I and ending at motif IV (brackets in Fig. 1B) by using
CLUSTALX 1.8 and default parameters. Since the chromodomain
present in the CMT proteins represents a large insertion relative
to all of the other methyltransferases, we introduced a deletion
in this region so that all of the sequences aligned unambiguously
(total length of alignment, 81 amino acids). Fig. 3 shows a
bootstrap tree based on amino acids (unordered character
states). Bootstrapping was done by using heuristic searches in
PAUP* (4.0b2 written by David L. Swofford, Smithsonian Insti-
tution, Washington, DC) with 1000 replicates and 10 random
additions per replicate. Similar trees were also obtained with

alignments in which the chromodomain sequences were not
deleted (S.E.J., unpublished results).

Mapping. To map DRM2, the 59 970 base pairs of the DRM2
cDNA was PCR amplified, labeled with 32P, and used to probe
an ordered Institut für Genbiologische Forschung Berlin BAC
filter (kindly provided by the Arabidopsis Biological Resource
Center). DRM1 was mapped in a similar fashion by using a probe
corresponding to the genomic sequence contained in GenBank
accession no. B62154.

RNA Blot Analysis. Total RNA from Arabidopsis leaves or inflo-
rescences from 4-week-old plants or whole roots grown in culture

Fig. 1. (A) Schematic diagram of the domain structures of Dnmt3b, DRM2,
and Zmet3. Figure is drawn to scale. Shaded boxes show the different
motifs present in these proteins, including the PWWP and cysteine rich
(C-rich) motifs present in Dnmt3b and the UBA domains present in DRM2
and Zmet3. Roman numerals denote the motifs of the methyltransferase
catalytic domains. (B) Alignment of DRM2 of Arabidopsis thaliana with
Zmet3 of Zea mays and the methyltransferase catalytic domains of mouse
Dnmt3b (GenBank accession no. AF068628) and Danio rerio Zmt3 (Danmt3;
accession no. AF135438). Alignments were done in CLUSTALX 1.8 using
default parameters and shaded in MACBOXSHADE 1.0.8 (Michael D. Baron,
Institute for Animal Health, Surrey, U.K.). Identical residues are shown with
a black background and similar residues with a gray background. Dashes
show putative nuclear localization sequences that are conserved in the
plant proteins. Pound symbols (#) show the point of rearrangement of the
plant proteins relative to the animal proteins. Here the numbering of the
animal methyltransferases begins at amino acid 581 for Dnmt3b and 558
for Danmt3. Conserved catalytic motifs I–VI and IX–X are marked. Asterisks
denote conserved amino acids present in each motif (11). Brackets show the
exact region used in the alignments that were used to produce the tree
shown in Fig. 3.
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was isolated with Tri Reagent (Molecular Research Center,
Cincinnati). Thirteen micrograms of total RNA was subjected to
electrophoresis on a formaldehyde-containing 0.8% agarose gel,
blotted onto a Hybond-N1 (Amersham) membrane, and probed
with a full-length DRM2 cDNA. Hybridization procedures were
as previously described (35) and washes were at high stringency:
0.13 SSPEy0.5% SDS for 15 min at 65°C.

Results
We searched Arabidopsis and maize databases for genes similar
to Dnmt3. In Arabidopsis, a BAC end sequence (GenBank
accession no. B62154) showing similarity to the catalytic domain
was found. A probe derived from this BAC end sequence was
used to screen a cDNA library at moderate stringency. No cDNA
clones corresponding to this sequence were found. However,
several clones corresponding to a closely related sequence were
isolated. Three of the cDNA clones appeared to be full length,
as they contained an in-frame stop codon in the 59 untranslated
region (GenBank accession no. AF240695). In maize, mouse
Dnmt3 was used as a query against an EST database provided by
Pioneer Hi-Bred International. An EST contig containing the 39
612 base pairs of a maize cDNA was identified. RACE-PCR was
used to clone and identify the 59 sequence of the mRNA
(GenBank accession no. AF242320).

The predicted proteins from the Arabidopsis and maize cDNA
sequences are similar to each other along their entire length (Fig.
1). They exhibit 28% amino acid identity in the N-terminal
domains and 66% identity in the C-terminal catalytic domains.
The catalytic domains of these proteins are most similar (an
average of 28% amino acid identity) to the catalytic domains of
the animal Dnmt3 proteins (Fig. 1B). TBLASTN searches of the
Arabidopsis and maize sequences against the National Center for
Biotechnology Information EST database showed that the most
closely related mammalian EST sequences are those correspond-
ing to the Dnmt3 genes of mouse and human. We did not detect
significant similarity between the N-terminal domains of the
plant and animal proteins by using BLASTP or CLUSTALX, and
both DRM2 and Zmet3 lack the PWWP and cysteine-rich motifs
present in the Dnmt3 methyltransferases (30, 33).

Relative to known eukaryotic methyltransferases, the plant
proteins show a novel arrangement of the conserved catalytic
motifs. Most methyltransferases, including Dnmt3, contain mo-
tifs I, II, III, IV, V, VI, IX, and X from the N terminus to the
C terminus of the protein (motifs VII and VIII are not highly
conserved and are difficult to distinguish in many methyltrans-
ferases). However, both the Arabidopsis and maize sequences
display an altered arrangement of these motifs, VI, IX, X, I, II,
III, IV, V (Fig. 1 A). The location of the rearrangement can be
pinpointed to a region of several amino acids between motifs X
and I (Fig. 1B). Because of this rearrangement, the Arabidopsis
proteins have been named the domains rearranged methyltrans-
ferases (DRMs). The first observed homolog from BAC se-
quence B62154 is named DRM1 and the sequence reported in
Fig. 1 is named DRM2. The maize sequence has been named
ZMET3, as this represents the third class of methyltransferase to
have been isolated from maize.

A search of other plant ESTs by using DRM and ZMET3 as
queries revealed the presence of a soybean 39 cDNA sequence
(accession no. A1736568) which displays a high level of identity
to both the Arabidopsis and maize sequences. This partial
sequence predicts a polypeptide that encodes the methyltrans-
ferase catalytic motifs IX, X, I, II, III, IV, and V, which is the
same order seen in both Arabidopsis and maize.

We sought to determine the possible effect of the motif
rearrangement seen in DRM2yZmet3 on the protein structure,
relative to known structures for DNA methyltransferases. Spe-
cifically, we looked at the possible implications of the juxtapo-
sition of motifs X and I in the primary sequence. The solved

structure of a prokaryotic HhaI methyltransferase (36, 37) is
shown in Fig. 2 with motifs I and X highlighted. These motifs lie
parallel to one another in the tertiary structure and are physically
associated. Furthermore, the C terminus of HhaI motif X
(residue 322, marked with arrow in Fig. 2B) and the N terminus
of HhaI motif I (residue 9, marked with arrow in Fig. 2B) are very
close together in the three-dimensional structure. Because these
amino acids are directly adjacent to one another in the primary
sequence of DRM2 and Zmet3, it is conceivable that, despite the
motif rearrangement, the overall fold of the plant proteins is
similar to that of HhaI.

To examine the relationships between the plant methyltrans-
ferases described here and other known methyltransferases, we
performed alignments with the conserved catalytic motifs I–IV
(Fig. 1B), which were then used to generate a phylogenetic tree
(Fig. 3). Representatives of four classes of animal and plant
DNA methyltransferases were used in the alignments, including
enzymes of the Dnmt1yMET1 maintenance methyltransferase
class, as well as the Dnmt2, CMT, and Dnmt3 classes. DRM1,
DRM2, Zmet3, and the related soybean EST sequence group
with a 94% bootstrap value to the clade containing the de novo
methyltransferase proteins Dnmt3a and Dnmt3b from mammals
and zebrafish (Danio rerio).

Consistent with their putative function as DNA methyltrans-
ferases, both the DRM2 and Zmet3 proteins are predicted by
PSORT (38) to reside in the nucleus and contain conserved
nuclear targeting sequences of the simian virus 40 large T
antigen type. These lie in the N terminus of the protein (under-
lined in Fig. 1B).

To determine whether DRM2 or Zmet3 contains any recog-
nizable domains in their N termini, we tested the protein

Fig. 2. (A) An alignment of motifs X and I of HhaI with the sequence of DRM2
spanning the point of motif rearrangement. HhaI residues underlined are the
last residue of motif X and the first residue of motif I and correspond the
positions in B marked by arrows. Alignments were done in CLUSTALX and
shaded in BOXSHADE. (B) RASMOL-generated image (Roger Sayle, Glaxo Research
and Development, Greenford, Middlesex, U.K.) of Protein Database ID 5MHT
(ternary structure of HhaI methyltransferase with hemimethylated DNA and
S-adenosylhomocysteine) (36, 37). DNA helix is shown in black, the majority of
HhaI is shaded gray, motif I is red, and motif X is blue. The colored regions
correspond to those shown in the alignment in A, which are residues 9–32 for
motif I and residues 299–322 for motif X. Arrows shows the last residue of
motif X and first residue of motif I.
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sequences on both the PFAM and SMART (39) protein pre-
diction web servers. Both programs predicted a series of UBA
domains in DRM2 (three separate domains) and Zmet3 (two
domains) (Fig. 1 A). UBA domains are found in several ubiq-
uitination pathway enzymes, in proteins involved in nucleotide
excision repair (such as Rad23), and in some protein kinases
(40). The NMR structure of a UBA domain from the human
homolog of Rad23 (HHR23A) shows that it folds into a compact
three-helix bundle (41). Fig. 4A shows an alignment of the
DRM2 and Zmet3 UBA domains with those of several other
proteins. They contain several conserved residues that are
thought to participate in the formation of the hydrophobic core
as well as the sharp turn in the loop between the first and second
alpha helices. To determine whether the DRM2 and Zmet3
UBA domains are likely to have a structure similar to HHR23A,
we tested the sequences in a nearest-neighbor secondary struc-
ture prediction program, NNSSP (Fig. 4B). This algorithm
predicted a secondary structure for HHR23A that is largely
similar to the known NMR structure, and it predicted that two

of the DRM2 UBA domains and one of the Zmet3 UBA
domains are likely to have a structure similar to HHR23A (Fig.
4B). The remaining two UBA domains, DRM2 amino acids
60–97 and Zmet3 amino acids 165–202, were predicted to
contain a b-sheet in the place of the third a-helix predicted in
HHR23A.

We assayed the complexity of the gene families encoding
DRM and Zmet3 type proteins by using Southern blot analysis
and BLAST searching. In both Arabidopsis and maize, Southern
blot analysis of genomic DNA detected several hybridizing bands
suggesting the presence of small gene families (data not shown).
TBLASTN searches with the full-length DRM2 protein identified
three additional sequences with significant similarity within the
available Arabidopsis genome sequences (85% of the genome
was sequenced at the time of this writing). These are accession
nos. AB022216, AC012375, and T22J18. All three of these
sequences reside in sequenced regions of the genome and appear
to encode DRM pseudogenes (S.E.J., unpublished observation).
A TBLASTN search of GenBank using the full-length Zmet3
sequence detected a maize EST sequence encoding a related
protein (accession no. AI947339). This sequence lacks the highly
conserved PC site in motif IV of the catalytic domain, suggesting
that it may be a pseudogene.

The DRM genes were mapped by hybridizing them to a filter
containing ordered Arabidopsis BAC clones (42). A DRM2 probe
hybridized strongly to six clones (F6K20, F17H18, F17N1,
F19B7, F27E1, and F19H5), all of which map to an overlapping

Fig. 3. Phylogenetic relationships of DNA methyltransferases. Tree shows
nodes with .50% bootstrap support. Abbreviations and accession num-
bers, in parentheses, are as follows: MET1, Arabidopsis thaliana mainte-
nance methyltransferase MET1 (P34881); Zmet1, Zea mays MET1-like pro-
tein (AF0063403); MusDnmt1, mouse maintenance methyltransferase
Dnmt1 (P13864); DanioDnmt1, zebrafish Dnmt-like protein (AF097875);
AscMasc2, Ascobolus immersus Masc2 (AF030976); CMT1, Arabidopsis
thaliana chromomethylase 1 (AF039372); Zmet2, Zea mays CMT-like pro-
tein (AF243043); CMT2, Arabidopsis thaliana chromomethylase 2
(AL021711); AscMasc1, Ascobolus immersus Masc1 (AF025475); BssHII, Ba-
cillus stearothermophilus BssHII methylase (AF020002); MusDNMT2, mouse
DNMT2 (AF045889); PMT, Schizosaccharomyces pombe PMTp1 (P40999);
DRM1, Arabidopsis thaliana DRM1 (B62154); DRM2, Arabidopsis thaliana
DRM2; Zmet3, Zea mays Zmet3; SoyDRM, soybean EST clone with similarity
to DRM and Zmet3 (A1736568); MusDnmt3A, mouse de novo methyltrans-
ferase Dnmt3a (AF068625); MusDnmt3B, mouse de novo methyltransferase
Dnmt3b (AF068628); DanioDnmt3, zebra fish Dnmt3-like protein
(AF135438); MSPR, Bacillus subtilis bacteriophage SPR methyltransferase
(P00476); and HhaI, bacterial (Haemophilus haemolyticus) HhaI methyl-
transferase used as an outgroup (P05102).

Fig. 4. (A) CLUSTALX alignment of the UBA domains predicted by PFAM
(http:yypfam.wustl.eduy) of DRM2 and Zmet3 with those of human p62
(accession no. U46751), yeast Rad23 (accession no. S66117), human Cbl (ac-
cession no. A43817), human ubiquitin C-terminal hydrolase 5 (accession no.
P45974), Drosophila melanogaster ubiquitin-conjugating enzyme E2 (acces-
sion no. P52486), and human HHR23A (accession no. S44443). Below the
alignment is the known structure of the second UBA domain of HHR23A,
showing the three a-helices (- - -) (41) (Thomas Mueller and Juli Feigon,
personal communication). *, Residues making important contributions to the
hydrophobic core. #, Phe residue connecting the loop between helices a1 and
a2 to the C terminus of helix a3. (B) Results of nearest-neighbor secondary
structure prediction (NNSSP) on the Baylor College of Medicine Protein Web
server (http:yydot.imgen.bcm.tmc.edu:9331ypsspredictionypssp.html) (54),
which predicts the presence of a-helices (a) or b-sheets (b). Gaps were intro-
duced in the sequences as in the alignments in A.
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position on the top of chromosome V between markers mi174
and mi322. DRM1 hybridized strongly to a different set of
overlapping clones (F17C20, F25G21, F7P21, F1K12, F12A2,
F27F12, F14F13, F5A22, F19D5, F9D20, F4K15, F3H2, F1I1,
and F8M21) which map to a nearby region of chromosome V.
From the physical map the estimated distance between DRM1
and DRM2 is about 230 kb, suggesting a map distance of
approximately 1 centimorgan (details can be found at http:yy
genome-www3.stanford.eduycgi-binyAtDByPmap?contig5
F24C6-T7-F24L21-Sp6&clone5F28E9). These map positions
do not correspond to known methylation mutants in Arabidopsis.
The DRM probes also detected several weakly hybridizing clones,
all of which mapped to two different regions on chromosome I.
These groups consist of F6F2, F7M24, F24I22, F24L16, F12N13,
F28N2, and F4P4, which map to an overlapping region near the
PAI3 marker, and F27D22, F11L21, and F11P6, which map to an
overlapping region near the PAI1 marker. These two regions
correspond exactly to the pseudogenes mentioned above,
AC012375 and T22J18, respectively. Thus, all hybridizing clones
can be accounted for by DNA sequences present in the database.

RNA blot analysis was used to detect expression of DRM2 in
different tissues. A 2.5-kb transcript was easily detected on blots
of total RNA from roots, leaves, or inflorescences (Fig. 5). This
finding suggests that DRM2 is expressed in most tissues. Probing
of the same blot with DRM1 did not detect any message,
suggesting that DRM1 is expressed at a lower level than DRM2.

Discussion
Identification of a Distinct Family of DNA Methyltransferases. We
describe a distinct type of putative C5 DNA methyltransferase
conserved in Arabidopsis and maize. DRM2 and Zmet3 display
the highest level of similarity to each other in their C-terminal
regions, which contain the DNA methyltransferase catalytic
domains. The amino acid identity in these regions is 66%,
whereas it is only 28% in the N-terminal regions. This observa-
tion suggests selection for the conservation of methyltransferase
function, supporting the hypothesis that Zmet3 and DRM2 are
functional DNA methyltransferases. This hypothesis is further
supported by the observation that both Zmet3 and DRM2
contain several amino acids thought to be critical for the function
of cytosine methyltransferases, including the Phe-Xaa-Gly-Xaa-
Gly residues present in motif I involved in S-adenosylmethionine
binding, the invariant Pro-Cys dipeptide of the catalytic site at
motif IV, and the Glu-Asn-Val residues at motif VI, which
interact with the target cytosine (11, 36, 37, 43, 44).

DRM2 and Zmet3 are characterized by a rearrangement of

the catalytic methyltransferase motifs. The presence of the same
arrangement in Arabidopsis, maize, and soybean indicates that
the permutation occurred before the divergence of monocots
and dicots. There are at least two processes that could have given
rise to structure seen in these genes. The first is a transposition
event resulting in a swap between motifs I–V and motifs VI–X.
A second possibility is gene duplication followed by deletions to
remove motifs I–V of the first gene, the intervening sequence
between the two genes, and motifs VI–X of the second gene.

We know of no other examples of eukaryotic genes displaying
rearranged DNA methyltransferase motifs. However, there are
examples of domain permutations within the bacterial C5 DNA
methyltransferases (45). One example is BssHII in which motifs
IX and X precede motif I–VIII (46). This example is similar to
DRM2 and Zmet3 in the sense that motifs X and I are
juxtaposed. In a second case, AquI, motifs IX and X are located
in a separately encoded subunit (47). The fact that these
prokaryotic enzymes maintain DNA methyltransferase activity
shows that the usual arrangement of DNA methyltransferase
motifs is not necessary for function. Furthermore, the specific
permutation present in DRM2 and Zmet3, juxtaposition of
motifs I and X in the primary sequence, may have little overall
effect on the folding or function of the methyltransferase
catalytic domains, because these motifs are found adjacent to
each other in the tertiary structures of HhaI (36, 37) (Fig. 2) and
HaeIII (44).

DRM2 and Zmet3 contain a series of UBA domains in their N
termini. The function of the UBA domain is presently unclear.
UBA domain-containing proteins show a variety of associations
with the ubiquitin pathway. Some are components of the ubiquiti-
nation machinery such as ubiquitin C-terminal hydrolases, ubiq-
uitin-conjugating enzymes (E2), and ubiquitin protein ligases (E3)
(40). Others are involved in DNA repair, such as Rad23, which is
itself ubiquitinated and degraded during the transition between the
G1 and S phases of the cell cycle (48). The UBA-containing
protooncoprotein Cbl shows reversible ubiquitination that is asso-
ciated with its cycling between the plasma membrane and cytosolic
fractions of the cell (49, 50). Cbl also acts as ubiquitin ligase for
receptor protein-tyrosine kinases (50, 51).

The C-terminal UBA domain present in the human Rad23
homolog HHR23A was shown to bind in vitro to the HIV-1
protein Vpr (52). Furthermore, an 80-amino acid region of the
p62 protein, which consists largely of a UBA domain (39), was
shown to display noncovalent binding to ubiquitin (53). These
results suggest that UBA domains may serve as protein inter-
action interfaces, and that one specific function of the UBA
domain is to bind ubiquitin.

The presence of UBA domains in DRM2 and Zmet3 suggests
a link between DNA methylation and ubiquitinyproteasome
pathways. One possibility is that, like Rad23, DRM2yZmet3
proteins vary throughout the cell cycle through ubiquitin-
mediated protein degradation. A second possibility is that
ubiquitination alters the cellular localization of the DRM2y
Zmet3 proteins in response to external signals, the cell cycle, or
transposon or retroviral activity. As UBA domains are not found
in other classes of methyltransferases or in the mammalian or fish
Dnmt3 proteins (S.E.J., unpublished observation), this possible
association with the ubiquitin pathway may be restricted to the
Dnmt3-like methyltransferases of plants.

Origins of Eukaryotic DNA Methyltransferases. Our phylogenetic
analysis suggests that the Dnmt3yDRM2yZmet3 enzymes form
a distinct class of proteins that are closer to each other than they
are to other types of methyltransferases, including the Dnmt1y
MET1 class, the CMT class, and the Dnmt2 class. This obser-
vation suggests that these different types of methyltransferases
formed early in eukaryotic evolution, before the divergence of
plants and animals, and may therefore share common functions.

Fig. 5. RNA blot analysis showing the size and abundance of DRM2 in
different tissues. RNA from roots, leaves, or inflorescences was blotted and
hybridized to a full-length DRM2 clone. Ethidium bromide staining of the
ribosomal RNA bands is shown below as a loading control.
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One possible scenario is that the different classes of methyl-
transferases could have originated from separate prokaryotic
lineages. In particular, Xie et al. (30) have suggested that the
Dnmt3 class of genes may have evolved from an ancestor related
to the Bacillus subtilis bacteriophage SPR methyltransferase,
whereas the Dnmt1 class of DNA methyltransferases may have
evolved from a separate prokaryotic ancestor. This conclusion is
supported by the observation that SPR methyltransferase groups
more closely with the Dnmt3yDRM2yZmet3 sequences than
with other eukaryotic methyltransferases (Fig. 3).

De Novo Methylation in Plants. Given the relationship of the plant
genes to Dnmt3, we propose that DRM2 and Zmet3 act as plant
de novo methyltransferases. Several well-characterized examples
of de novo methylation occur in plants. One case is the extensive
methylation at the SUPERMAN locus in the Arabidopsis clark
kent mutants and in plants containing antisense-MET1 con-
structs (3). SUPERMAN remains methylated and silenced in
most tissues of the plant, indicating a requirement for de novo
methyltransferase activity in somatic cells of the shoot. The
expression profile of DRM2 fits this requirement, since DRM2
RNA is found in all of the major tissues of the plant. The
methylation at SUPERMAN is very dense (over 50% of the
cytosines are methylated), and at mostly asymmetric sites. How-

ever, different hypermethylated superman alleles show largely
similar patterns of methylation (21). It is difficult to envision a
mechanism by which this strange pattern of methylation is
inherited. One hypothesis is that SUPERMAN is continually
methylated by a de novo methyltransferase system in response to
a ‘‘seed’’ of preexisting methylation. In this way, the DRM genes
might serve as maintenance methyltransferases for genes con-
taining asymmetric methylation. Other examples of de novo
methylation in plants include paramutation at R, transposable
element inactivation, and transgene silencing. It seems possible
that Zmet3yDRM2-type enzymes could play a major role in
these phenomena as well. Biochemical and genetic studies
should allow determination of the function of these plant DNA
methyltransferases.
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