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Dnmt1 is the predominant DNA methyltransferase (MTase) in mammals.
The C-terminal domain of Dnmt1 clearly shares sequence similarity with
many prokaryotic 5mC methyltransferases, and had been proposed to be
suf®cient for catalytic activity. We show here by deletion analysis that
the C-terminal domain alone is not suf®cient for methylating activity, but
that a large part of the N-terminal domain is required in addition. Since
this complex structure of Dnmt1 raises issues about its evolutionary ori-
gin, we have compared several eukaryotic MTases and have determined
the genomic organization of the mouse Dnmt1 gene. The 50 most part of
the N-terminal domain is dispensible for enzyme activity, includes the
major nuclear import signal and comprises tissue-speci®c exons. Interest-
ingly, the functional subdivision of Dnmt1 correlates well with the struc-
ture of the Dnmt1 gene in terms of intron/exon size distribution as well
as sequence conservation. Our results, based on functional, structural and
sequence comparison data, suggest that the gene has evolved from the
fusion of at least three genes.
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Introduction

In eukaryotes DNA methylation plays a central
role in genomic imprinting (Li et al., 1993), X
chromosome inactivation (Panning & Jaenisch,
1996) and development (Li et al., 1992). Changes in
methylation levels have also been correlated with
cancer and gene expression patterns (Bakin &
Curran, 1999; Boyes & Bird, 1991; Vertino et al.,
1996). Dnmt1 is the enzyme responsible for the post-
replicative addition of a methyl group to cytosine
residues at CpG sites of the newly synthesized
strand and thereby acting as a maintenance
methyltransferase. The protein has been typically
divided into a �1000 aa N-terminal domain linked
to a �500 aa C-terminal domain by a stretch of 12
to this work.
id; MTase,

ing author:
alternating glycyl and lysyl residues. Several func-
tions have been localized to the N-terminal domain
of the mammalian enzyme including several NLS
(Cardoso & Leonhardt, 1999; Leonhardt et al., 1992),
a PCNA binding site (Chuang et al., 1997), several
sequences targeting the enzyme to replication foci
(Leonhardt et al., 1992; Liu et al., 1998), and a
cysteine-rich Zn binding region (Bestor, 1992). The
C-terminal domain of Dnmt1 is clearly related to the
prokaryotic 5mC MTases, since it harbours a set of
ten motifs that are involved in the catalytic reaction
and whose sequence is shared with over 100 prokar-
yotic MTases (Cheng, 1995; Lauster et al., 1989; Pos-
fai et al., 1989). It is not clear, however, whether the
C-terminal domain of the eukaryotic enzyme is suf-
®cient for the catalytic activity of the enzyme or
whether the N-terminal domain is also required.

Mapping of Dnmt1 catalytic domain

To determine which parts of Dnmt1 are necess-
ary for enzymatic activity, several deletion mutants
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of the enzyme were constructed. Two isoforms of
Dnmt1 have been characterized. A long form,
which is present in embryonic stem cells and
somatic tissues, starts at the third in-frame ATG
(ATG3) in exon 1 (Gaudet et al., 1998; Glickman
et al., 1997) and a shorter form that is found in
oocytes and pre-implantation embryos and starts
at the methionine (ATG4) in exon 4 (Gaudet et al.,
1998). As the protein starting at ATG4 shows simi-
Figure 1. Enzymatic activity of Dnmt1 deletion mutants. D
carrying the short MTase isoform cloned into the mammalia
days after transfection, COS-7 cells were extracted for ®ve
20 mM Tris-HCl (pH 7.4), 0.2 M NaCl, 3 mM MgCl2, 0.5
adjusted to 40 mM NaCl and incubated with pre-equilibrate
(pH 7.4), 40 mM NaCl, Dnmt1 was eluted with 20 mM Tr
activity was assayed by incubation for 15, 30 or 60 minute
1 mM EDTA, 20 % (v/v) glycerol, 0.5 mM DTT, 0.2 mM
L-[3H-methyl]methionine). After removal of proteins by ph
counted. The (�) enzymatic activity corresponds to �25 %
activity is indistinguishable from that of the vector control. N
as open boxes linked by 12 alternating lysyl glycyl residues
etion in chicken and Xenopus MTases is indicated by a grey
deletion constructs are indicated with ®lled bars.
lar enzymatic activity in vitro (Pradhan et al., 1997)
and in vivo (Gaudet et al., 1998) to the one starting
at ATG3, we chose the shorter isoform for our anal-
ysis. Constructs expressing various deletions of
Dnmt1 were expressed in COS-7 cells and partially
puri®ed enzymes were assayed for methylation
activity (Figure 1). Although previous biochemical
analyses on puri®ed Dnmt1 had suggested that the
C-terminal domain would, like their prokaryotic
eletion mutants were generated from an initial construct
n expression plasmid pEVRF0 (Czank et al., 1991). Two
minutes on ice in 0.32 M sucrose, 0.3 % Triton X-100,
mM DTT, 0.2 mM PMSF. Cleared supernatants were
d DEAE Sephacel. After washing with 20 mM Tris-HCl

is-HCl (pH 7.4), 200 mM NaCl. DNA methyltransferase
s at 37 �C in reaction buffer (20 mM Tris-HCl (pH 7.4),
PMSF, 10 mg/ml poly(dI-dC), 20 mCi/ml S-adenosyl-
enol extraction, the DNA was TCA precipitated and
of the activity of the intact protein (��) while the (ÿ)
and C-terminal domains of the protein are diagrammed

(thin line). The corresponding position of the �90 aa del-
box (see the text below). Amino acids remaining in the



Figure 2. Genomic organization of the mouse DNA MTase gene. (a) Restriction map and location of the cloned
genomic DNA fragments within the Dnmt1 locus. Overlapping phage clones were isolated by screening a mouse
129/Sv genomic library (Li et al., 1992) with the Dnmt1 cDNA. The phage inserts were subdoned into pSP72 (Pro-
mega) or pMET (Bluescript KS vector, Stratagene). The region between pSP72RV10 and pSP72S5 was obtained by
genomic PCR using DNA prepared from frozen 12 day-old mouse embryos strain C57BL6. DNA (100 ng in a reaction
volume of 100 ml) were ampli®ed with a mix of Taq and Pwo DNA polymerases (ExpandTM Long Template PCR Sys-
tem, Roche Molecular Biochemicals). Primers as well as annealing and melting temperatures were selected with the
Lasergene program (DNASTAR Inc., Madison, WI). The �6 kb PCR product was directly cloned into PCRII-Topo
vector (Invitrogen) and the resulting plasmid designated pCg6. The region upstream of pSP2S15 was obtained by a
combination of genomic PCR and genome walking using the GenomeWalker kit (Clontech, Germany). Plasmid insert
sizes are indicated in Italics; B: BamHI; E: EcoRI; S: SalI; X: XbaI. The mouse Dnmt1 cDNA was completely rese-
quenced and the revised sequence submitted to GenBank (accession number AF 162282). (b) Alignment of the exon
boundaries with the functional domains of the protein. The boxed N and C-terminal domains are linked by 12 alter-
nating lysyl glycyl residues (thick line between exons 30-31). NLS: nuclear localization sequence (Leonhardt et al.,
1992); Ser: phosphorylation site at serine 514 (Glickman et al., 1997); RFTS: replication foci targeting sequence
(Leonhardt et al., 1992); PCNA: binding site to PCNA (Chuang et al., 1997); in vitro zinc binding (Cys-rich) region
(Bestor, 1992); PBHD: polybromo-1 protein homologous domain (Liu et al., 1998); ProCys: dipeptide part of the cata-
lytic site (Cheng et al., 1993; Wu & Santi, 1987); TRD: target recognition domain (Balganesh et al., 1987; Trautner et al.,
1988; Wilke et al., 1988); ®lled boxes: highly conserved sequence motifs (I, II, IV, VI, VIII, IX, X).
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relatives, be enzymatically active by itself (Bestor,
1992), our results indicate that constructs carrying
only the C-terminal domain failed to show methyl-
transferase activity. In fact, any tested deletion
beyond amino acid 308 completely abolished
enzyme activity. These results thus show that, in
addition to the C-terminal domain, most of the
N-terminal domain (marked as part B) is also
required for methyltransferase activity, while the
®rst �300 aa (part A, exons 1-16) seem to be dis-
pensable. The discrepancy with a previous bio-
chemical study (Bestor, 1992) could be explained
either (i) by the fact that both N and C-domains
were still present in the proteolysed mix used for
enzyme activity or (ii) by a suggested requirement
of the N-terminal domain (part B) for the correct
three-dimensional folding of the protein
(Zimmermann et al., 1997).

Mouse Dnmt1 gene organization and evolution

The above data led us to look at the genomic
organization of mouse Dnmt1 to determine
whether the region necessary for methyltransfer-



Table 1. Intron-exon boundaries in mouse Dnmt1

The protein starts at the third in-frame ATG (ATG3) in exon 1 (Gaudet et al., 1998) and stops at the TAG stop codon,
which is located 39 bp into exon 39 and is followed by a 311 bp untranslated region. Intron sizes were determined by
sequencing (GenBank accession numbers AF 175410-175431 and AF 234317-23418) and/or gel electrophoresis. The size
of intron 1 includes the sperm speci®c exon, while the broken line separating exon 30 and 31 marks the separation
between the previously proposed catalytic and regulatory domains.

296 Mouse Dnmt1 Gene Organization



Mouse Dnmt1 Gene Organization 297
ase activity is conserved among other mammals
and whether functional domains of this MTase
correlate with structural features of the gene.
The genomic region containing Dnmt1 has been
isolated and the results of the mapping and
sequencing data are diagrammed in Figure 2(a).
Unless otherwise indicated, we will refer here
only to the protein found in somatic cells whose
coding sequence starts at ATG3 (Gaudet et al.,
1998; Tucker et al., 1996). The gene spans over
56 kb of genomic sequence and is divided into
39 exons whose size ranges between 32 bp (exon
7) and 352 bp (exon 39). The TAG stop codon is
found 39 bp into exon 39. A polyadenylation
signal (AATAAA) was mapped 290 bp down-
stream of the stop codon. Another potential
polyadenylation signal was identi®ed 274 bp
further downstream. Intron sizes, with the excep-
tion of two large introns after oocyte and sper-
matocyte speci®c exons, range between 77 bp
and �3 kb (Table 1). All 50 and 30 splice sites
agree with the consensus found for rodents
(Senapathy et al., 1990; Shapiro & Senapathy,
1987) with the exception of the 50 donor site of
intron 10 where the GT consensus is replaced by
GC. Interestingly, the human gene, the only
other eukaryotic Dnmt1 MTase gene whose
structure is known, has two exceptions to the
GT/AG rule, but none correspond to the one in
the mouse gene. A comparison between mouse
and human DNA sequences reveals a similar
genomic organization since the location of 33
out of 38 introns is exactly conserved in both
species. The ®ve minor discrepancies are due
either to the presence of a small deletion
immediately adjacent to the splice site (introns
13 and 36) or to a small shift in the location of
the splice site (44 nt). Besides these minor
differences, the only exception to a perfectly con-
served intron/exon organization is the presence
of an additional intron in the human gene
whose corresponding location would be in
mouse exon 37.

It is interesting to note that the size and
spatial arrangement of the exons of the N-term-
inal domain is quite different from that of the
C-terminal exons (Figure 2(a)). For instance,
C-terminal exons (29 to 39) are much more uni-
form in size than N-terminal exons (1 to 29).
Furthermore, the average intron size is clearly
smaller for C-terminal introns than for N-term-
inal ones (0.41 versus 1.00 kb). Accordingly, N
and C-terminal domains have about a threefold
difference in exon density (average number of
exons per unit length). Dnmt1 has been pro-
posed to have evolved from the fusion between
two different genes, one being a prokaryotic-like
DNA cytosine methyltransferase and the other
possibly a sequence-speci®c DNA binding pro-
tein (Bestor, 1990). This proposed different evol-
utionary origin of N and C terminus is also
supported by the signi®cant difference in exon
density of these domains described above
(Figure 2(a)). A closer examination of the struc-
ture of the Dnmt1 gene revealed a further subdi-
vision of the N-terminal domain. The
distribution of exon sizes is uneven, since exons
from the proximal part of the N-terminal region
(ex 1-14) are much smaller than those from the
remainder of Dnmt1 (Figure 2(b)). Quanti®cation
of this observation indicates an average exon
size of 81(�14) bp (SEM) for the proximal region
and 147(�12) bp for the distal part of the N ter-
minus. Statistical analysis shows that these
values are signi®cantly different from each other
(student's t-test, p < 0.001). Therefore, on that
basis, a bipartite structure can be recognized for
the N-terminal domain (labelled as part A and B
in all Figures). The human gene shows evidently
the same exon distribution as the mouse gene,
but the difference in average intron sizes
between N and C terminus is even more pro-
nounced due to the presence of two large
introns. Additional genomic structures of Dnmt1
will be necessary to determine whether this pat-
tern is conserved in other species.

A bipartite origin of the N-terminal domain is
also supported by comparison of the protein
sequences of eukaryotic MTases. The sea urchin,
chicken, Xenopus and human proteins were
aligned against the mouse enzyme and their
degree of similarity determined for each mouse
exon. The results indicated that, in all cases, the
region corresponding to mouse exons 4-16 exhib-
ited a distinct lower similarity than the remain-
der of the protein (Figure 3). An uneven
distribution of similarity between sea urchin and
other MTases has been previously reported,
although these authors failed to detect the simi-
larity around exon 2 (Aniello et al., 1996). The
presence of a �90 aa deletion in Xenopus and
chicken MTases (corresponding to mouse exons
7-11; Figure 3) lends support to the above ®nd-
ing that part of the N-terminal domain appears
dispensable for catalytic activity and localization
of the enzyme in these organisms. This could be
explained by the presence of redundant nuclear
and replication foci targeting signals (Cardoso &
Leonhardt, 1999; Liu et al., 1998).

The proposal that eukaryotic MTases result
from the fusion of an ancestral methyltransferase
gene with a second gene was based on the pre-
sence of highly conserved sequence motifs in
several prokaryotic MTases and in the C-term-
inal domain of the deduced mouse Dnmt1 open
reading frame (Bestor, 1990). Additionally, the
size of several prokaryotic enzymes is roughly
similar to the size of mouse or human C-term-
inal domains and a repeating GlyLys dipeptide
appears to be critically positioned at the bound-
ary of N and C-terminal domains. Recent data
as well as our results have come to question
this proposal. First, Dnmt2, a eukaryotic MTase
of roughly the size of prokaryotic MTases, does
not have methylation activity in vitro despite
harbouring all the conserved motifs of MTases



Figure 3. Comparison of prokaryotic and eukaryotic MTases. The amino acid sequences of mouse (GenBank acces-
sion number AF 162282), human (X63692), sea urchin (Z50183), chicken (D43920), Xenopus (D78638), and HhaI
(J02677) MTases were ®rst aligned using the Clustal method, then the mouse sequence was aligned pairwise to each
of the other sequences using the Pearson-Lipman algorithm (Pearson & Lipman, 1988) of the MegAlign program
(Lasergene). Identical amino acid residues are plotted per each mouse exon starting at ATG3. Amino acids overlap-
ping an exon boundary were attributed to the upstream exon. Deletions/insertions were not weighted in the
similarity determinations. The location of mouse MTase functional domains is diagrammed below the graph as in
Figure 2.
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(Okano et al., 1998b); second, functional rescue
of Dnmt1 mutant embryonic stem cells was only
achieved by a construct carrying the ®rst four
exons of Dnmt1 (Tucker et al., 1996), indicating
that the most upstream sequence of Dnmt1 is
crucial for in vivo activity; and third, the newly
isolated Dnmt3a and 3b have de novo methyl-
ation activity but do not have a GlyLys dipep-
tide repeat and their size is at least 850 aa
(Okano et al., 1998a; Xie et al., 1999). Therefore,
we propose instead that metazoan MTases arose
via the fusion of three genes. Our proposal is
based on functional data (deletion mapping of
the MTase activity, Figure 1), on structural data
(intron/exon size and exon density of the mouse
and human genes, Figure 2 and Table 1), on
sequence comparisons between different MTases
(invertebrates, amphibians, avians and mammals,
Figure 3), and on the reports mentioned above.
The timing and order of the fusion event(s) lead-
ing to the tripartite structure of Dnmt1 MTases
is dif®cult to ascertain. Since all known metazo-
an Dnmt1 proteins have roughly the same size
it seems likely that part A and B were joined
before the fusion to part C. The well conserved
area of similarity around exon 2 points to an
important role for exon 2 but could also indicate
that the ®rst few exons were initially linked to
part B and were subsequently separated by an
insertion event. As the presence of this highly
conserved region does not have a drastic effect
on the enzymatic properties in vitro (Pradhan
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et al., 1997), speci®c mutations have to be further
tested in transgenic animals to elucidate the role
of this region in mammalian development.
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