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CHAPTER 1. INTRODUCTION

1.1 DNA methylation

As a modified base in DNA, methylated cytosine at Sth position (SmC) was first
found in calf thymus DNA (Hotchkiss, 1948), and thereatter, in bacteria. To date, SmC
is also identified in fungi, higher plants, annelids (marine polychaete annelid worm) (del
Gaudio et al., 1997), arthropods (silk worm and cricket) (Patel and Gopinthan, 1987,
Tweedie, 1999), echinoderms (sea urchin) (Fronk et al., 1992), and chordates (Tweedie
et al., 1997). As exception, SmC does not exist in Saccharomyces cerevisiae (Proffitt et
al., 1984), and cannot be detected in Saccharomyces pombe (yeast), Caenorhabditis
elegans (nematodes) (Simpson et al., 1986), and Drosophila melanogaster (insect) (Rae
and Steele, 1979; Urieli-Shoval et al., 1982).

5mC found in the CpG dinucleotide is the only known chemical modification in
the genomic DNA of animals under physiological conditions. In mouse, 80% of the
CpG dinucleotide sequence in genomic DNA is methylated. The trequency of CpG is
about 20% of the expected frequency, and thought be a forbidden sequence.

The frequency of 5mC in the genome is positively correlated with the gene
number. That is, both the methylation frequency and the nucleotide numbers in genomic
DNA are drastically increased during the evolution from invertebrates to vertebrates.
All the long-lived multicellular animals with greater than 5x10° bp as genome possess
high frequency of 5SmC. The utilization of DNA methylation for the regulation of gene
expression could be a driving force of the evolution of vertebrates from invertebrates
(Bird, 1995). A remarkable feature of DNA methylation is that it is not genetically fixed
(epigenetic), but reversible. At the same time, the methylation patterns are inherited in

somatic cells in a cell lineage specific manner.



1.2 Biological meaning of DNA methylation

In bacteria, DNA methylation is utilized to distinguish between their own
genomic DNA and exogenously infected DNA, such as bacteriophage. A
sequence-specitic DNA methylating enzyme is accompanied with a restriction enzyme
that recognizes an identical sequence. This is called “restriction modification” system,
and thought to function as a kind of detense system for bacteria against bacteriophage.
Bacteria can digest non-methylated DNA of bacteriophage, but not its own methylated
DNA (Wilson and Murray, 1991). In addition to cytosine methylation, adenine
methylation (N6-methyladenine) also exists in bacteria, and is utilized as a mark to
identify the parent DNA strand just after replication. A mismatched base in the
non-methylated strand is specifically repaired when mismatch base pairing occurs
(Mordich, 1989).

Contrarily, in vertebrates, DNA methylation function as one of the
transcriptional regulation mechanisms. Especially in mammals, it plays crucial roles in
several physiological phenomena such as tissue-specific gene expression, genomic
imprinting, X-chromosome inactivation, and cancer (Tajima and Suetake, 1998).
Generally, tissue-specific genes are almost fully methylated in all the nonexpressing
adult somatic tissues. Demethylation of the tissue-specific genes is usually observed
only in the specific tissues, in which the gene is expressing. On the other hand, the
promoter regions of constitutively expressing genes (housekeeping genes) that contain
CpG islands in their promoter are undermethylated both in germ line and in somatic
cells (Cedar, 1988; Bird, 1992; Razin and Cedar, 1991).

In mammals, both maternally and paternally inherited genomes are

indispensable for normal development of embryo. The expression of certain genes



depends on their parental origin (Surani, 1998). This epigenetic phenomenon 18 called
“genomic imprinting”. To date, over 20 imprinted genes have been identified in human
and mouse. Many of the genes play roles in growth and difterentiation (Tilghman, 1999).
The embryological and genetic studies predict the existence of distinct imprinted loci, in
which the two parental alleles are differently marked. Actually, the imprinted genes
possess sequence elements that are methylated only in one of the two parental alleles
(Razin and Cedar, 1994).

In mammalian female, one of the two X-chromosomes is inactive. This
X-chromosome inactivation contributes to the dosage compensation of X-linked genes
(Marahrens, 1999). Many genes on this inactive X-chromosome (Xi) are methylated.
The gene regulating X-chromosome inactivation, called Xist (Xi specific transcript), has
been identified (Borsani et al., 1991; Brockdortt et al., 1992; Brown et al., 1992). The
promoter of Xist in Xi chromosome is completely unmethylated, and is transcriptionally
active. The expression of Xisr is also under the control of DNA methylation (Norris et
al., 1994).

DNA methylation is also thought to be one of the many causes of tumorigenesis
(Jones and Laird, 1999). It was demonstrated that in some of the patients, an activation
of a proto-oncogene is due to its hypomethylation, and inactivation of a
tumor-suppressor gene to its hypermethylation. In addition, CpG sites in the coding
regions of some tumor suppressor genes are hotspots for mutation leading to aberrant
functions of the gene products. It is assumed that the creation of thymine residue by the
deamination at 4th position of 5mC leads to a C to T transition. The p53, a
tumor-suppressor gene, often suffers this type of mutation (Greenblatt et al., 1994,

Magewu and Jones, 1994).



1.3 Possible mechanisms of the regulation of gene expression via DNA methylation
In vertebrates, heavily methylated genes are, in general, transcriptionally silent.
DNA methylation usually inhibits transcription initiation (Bird and Wolife, 1999). As
for silencing of transcription, three mechanisms are proposed (Fig. 1). (i) The first one
involves a direct inhibition of the binding of transcription factors to their binding motifs
that are methylated. Some transcription factors such as E2F, ¢-Myc, ¢-Myb, and Ets
cannot bind to their methylated motifs. (i) The second mechanism is due to a group of
proteins that contain methyl-CpG binding domain (MBD), which is responsible for the
recognition of SmC. Among them, MeCP2 and MBD1 contain transcription repression
domain (TRD) in addition to MBD domain, and this TRD directly suppresses the
transcription (Ng et al., 2000; Yu et al., 2000). (iii) The third mechanism is an indirect
one. Among the MBD containing proteins, MeCP2, MBD2 and MBD3 recruit a histone
deacetylase containing co-repressor complex (Wade et al, 1999; Zhang et al., 1999;
Knoepfler and Eisenman, 1999). Recently, it has been reported that DNA
methyltransferase (Dnmtl, see next section) directly binds HDAC (Fuks et al, 2000;
Robertson et al., 2000; Rountree et al, 2000). Histone deacetylase removes
acetyl-group from acetylated core histones H3 and H4 that are in transcriptionally active
chromatin. The deacetylation of histones suppresses the transcription by altering the
nucleosomal formation (Ng and Bird, 2000). Chromatin modification induced by DNA

methylation and histone deacetylation is an important mechanism for gene silencing.

1.4 DNA methyltransferase in vertebrates
Under physiological conditions, two types of DNA methyltransferase activities
are expected to exist (Fig. 2). One activity that introduces a new methyl-group to

unmethylated CpG is referred to as “de novo-type” DNA methylation activity. The
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Figure 1. Transcription repression via DNA methylation. Possible models for
transcription repression via DNA methylation are shown. (i) DNA methylation inhibits
binding of a transcription factor (yellow oval). (ii) Methyl-CpG binding protein (MBD)
(blue oval) binds to methylated DNA and inhibits transcription. (iii) Dnmt1l and MBD
recruits histone deacetylase (HDAC) complex (green oval) and the methylated genes are,
in due course, induced to form inactive chromatin structure.



methylation status

unmethylated —— CpG—
| —— GpC——
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Figure 2. Two types of DNA methylation activities. DNA methylation pattern is
established by de novo-type DNA methylation activity, and then the C in a symmeltrical
position in the opposite strand is methylated by maintenance-type DNA methylation
activity.



methylation patterns once established are maintained through DNA replication and
inherited in cell linage specific manner. This activity is referred to as
“maintenance-type” DNA methylation activity. These two activities are thought to
establish and maintain cell-type specific methylation pattern during development and
differentiation.

DNA 5-cytosine methyltransterase (Dnmt) catalyzes the transfer of a methyl
group from S-adenosyl-L-methionine (SAM) to the 5th position of cytosine. To date,
four Dnmt-related genes have been identified in vertebrates (Fig. 3). Dnmts contain
conserved motifs (I-X) that are responsible for methylation activity similar to those of
bacterial type II DNA-(cytosine-5) methylases in the carboxyl-terminal region (Kumar
et al., 1994). Dnmtl is responsible for the maintenance of DNA methylation patterns.
Dnmtl specifically introduces a methyl group to hemimethylated CpG sequences in
double-strand DNA. The ¢cDNA of Dnmt1 has been isolated from human (Yen et al.,
1992; Yoder et al., 1996), mouse (Bestor et al., 1988; Yoder et al., 1996), rat (Kimura et
al., 1998), chicken (Tajima et al., 1995), and sea urchin (Aniello et al., 1996). One third
of the carboxyl-terminal region of the molecule is a catalytic domain. A KG-repeat
divides the amino- and carboxyl-terminal domains. The large amino-terminal domain
connected with KG-repeat and contains Cys-rich zinc finger-like motif (Bestor, 1992)
and polybromol homology domain (Bestor, 1996) is thought to be a regulatory domain.
This amino-terminal domain contains the functional domains of nuclear targeting
signals (Leonhardt et al., 1992), replication foci-targeting sequence (Leonhardt et al.,
1992; Liu et al., 1998), and the cytoplasmic retention sequence (Cardoso and Leonhardt,
1999). The amino-terminal domain interacts with proliferating cell nuclear antigen
(PCNA) (Chuang et al., 1997), Rb (Robertson et al., 2000), HDAC (Fuks et al., 2000;

Robertson et al., 2000; Rountree et al., 2000), and DMAP1 (Rountree et al., 2000). As
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Figure 3. Mouse Dnmt family. Schematic illustration of mouse Dnmtl, Dnmt2,

Dnmt3a and Dnmt3b. Black bars represent the five conserved motifs from bacterial type
I DNA-(cytosine-5) methylase. PCNA binding motif (yellow box), the targeting
sequence to replication foci (red box), Zn**-binding motif (blue box), HDACI1 binding

motif (light blue box) and KG-repeat (gray box) are demonstrated in Dnmtl. The

Cys-rich regions (green boxes) in Dnmt3 family are indicated. Alternatively spliced site
of Dnmt3b (amino acid residues 362-383 and 749-813) are also indicated.



the mRNA and protein stability of Dnmt1 are under the control of cell cycle (Liu et al.,
1996; Suetake et al., 1998), it is interesting that Dnmt1 directly interacts with PCNA, a
prerequisite component for replication and repair, and Rb, a key component of cell cycle
checkpoint. As mentioned above, DNA methylation is a signal to silence gene
expressions. However, the fact that Dnmtl interacts directly with HDAC and DMAPI,
members of co-repressor complex, indicates that Dnmtl by itself functions to suppress
gene expressions as soon as it methylates the gene.

Dnmt2 has been isolated from human (Yoder and Bestor, 1998; van den
Wyngaert et al., 1998), mouse (Yoder and Bestor, 1998; Okano et al., 1998a) by EST
cloning. Although Dnmt2 contains 6 of the 10 conserved motifs, it lacks the large
amino-terminal domain that Dnmtl has. Dnmt2 protein, strangely, has no DNA
methylation activity. Since mouse embryonic stem cells that lack Dnmt2 possess normal
de novo- and maintenance-type methylation activities (Okano et al., 1998a), Dnmt2 may
not contribute to the methylation of DNA.

The ¢DNAs of Dnmt3a and Dnmt3b encoded in different genes have been
isolated trom mouse (Okano et al., 1988b) and human (Xie et al., 1999). As Dnmt3a
and Dnmt3b are able to introduce a methyl group to unmethylated DNA in vitro,
expressed abundantly in embryonic stem cells, in which stage the methylation pattern is
expected to be established, and low in differentiated embryoid bodies and adult tissues,
they are thought to be responsible for de novo-type DNA methylation (Okano et al,,
1998b). Targeting of either Dnmt3a or Dnmt3b gene does not show any severe defects
in mouse early embryo as that of Dnmtl. Targeting ot both Dnmt3a and Dnmt3b genes
shows as severe phenotype as that of Dnmt1, and died before 11.5-day embryo (Okano
et al, 1999). The DNA methylation level is decreased in the targeted mouse.

Interestingly, in Dnmt3b deficient mouse, the methylation level of minor satellite



repeats is decreased, which is a typical feature of ICF syndrome. In fact, it is proven that
mutations in human DNMT3B are responsible for ICF syndrome (Hansen et al., 1999;
Okano et al., 1999). ICF syndrome is a rare autosomal recessive disease characterized
by a variable immunodeficiency, centromeric instability, and mild facial anomalies.
Dnmt3b has three alternative-splicing variants called Dnmt3bl, 3b2, and 3b3.
Interestingly, Dnmt3b3 lacks a part of motif IX in the catalytic domain, and has no

DNA methylation activity (Aoki et al., unpublished).

1.5 Regulation of DNA methylation in germ line and early development

DNA methylation dramatically changes during development. In mouse early
embryo, before preimplantation stage, genomic DNA undergoes genome-wide
demethylation. This demethylation wave partially erases the parental methylation
pattern (Monk, 1987). The genomic DNA in blastocysts is relatively undermethylated
(Monk, 1990; Chaillet et al., 1991). After implantation, genomic DNA of the embryo
suffers the wave of do novo methylation, and establishes the tissue-specific methylation
pattern (Monk, 1990). The rest of the genomic DNA methylation pattern involving
demethylation and de novo methylation occurs in germ line cells during gametogenesis.
This DNA re-methylation process is a crucial step in establishing the parental-specitic
methylation marks in imprinted genes (Chaillet et al., 1991).

In mouse, Dnmtl is under the interesting regulation during developmental stage
of germ line cells. Unique alternative 5’ exons are chosen in male and female
gametocytes (Mertineit et al., 1998). The Dnmtl in growing oocytes, temale germ line
cells, utilizes an oocyte-specific exon, of which amino acids sequence is 118 amino acid
residues shorter than that of somatic-type Dnmt1. The Dnmt1 is highly expressed and is

excluded trom nucleus (germinal vesicle). The mouse Dnmtl in oocytes and early
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embryos shows very strange localization pattern. In fully-grown oocytes and embryos
till four-cell stage, Dnmtl remains in the cytoplasmic compartment. In eight-cell
embryos, some Dnmtl molecules are translocated into nuclei. At blastocysts, most of
the Dnmt1l molecules are again found in cytoplasm (Carlson et al., 1992; Mertineit et al.,
1998). Retention of Dnmt1 in the cytoplasm during early development may contribute
to the genome-wide demethylation that occurs at this stage. A long stretch including
Cys-rich region in the amino-terminal domain is demonstrated to be responsible for
Dnmt] to retain in the cytoplasmic compartment (Cardoso and Leonhardt, 1999). In
addition, mouse oocytes contain 3,000 times higher amount of Dnmtl than murine
erythroleukemia cells (MEL) per cell basis (Carlson et al.,, 1992). In male germ cells,
during spermatogenesis, first exon of Dnmtl is alternatively selected. At the stage of
pachytene spermatocytes, the late stage of the first meiosis, the transcription of Dnmil
starts from the testis-specific first exon (Jue et al, 1995). This testis-specific type
transcript is not translated to Dnmt1.

Several lines of genetic evidence demonstrate that the regulation of DNA
methylation is essential tor normal development in mammal. As for Dnmtl, mouse
homozygous for a loss-of-function mutation in Dnmtl gene (Dnmtl ™) dies at
midgestation and embryos show developmental delay and aberrant expression of
imprinted gene (Li et al., 1992 and 1993). As tfor de novo-type DNA methyliransferase,
Dnmt3b (-/-) mouse is embryonic lethal, and Dnmit3a (-/-) is normal in development but
becomes runtish and dies about 4 weeks after birth (Okano et al., 1999). By targeting
both Dnmt3a and Dnmt3b, the embryo dies before 11.5-day embryo, of which feature is
similar as that of Dnmtl targeted mouse.

In zebrafish and Xenopus laevis early development, no such genome-wide

demethylation in DNA methylation pattern as in mouse early development (Kass and
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Woltte, 1998; Macleod et al., 1999; Martin et al., 1999). Zebrafish embryos treated with
5-azacytidine (5-azaC) or S-aza-2-deoxycytidine (5-azadC), a potent inhibitor of DNA
methyltransterase (Jones and Taylor, 1980; Santi et al, 1983) exhibit DNA
hypomethylation and abnormal development (Martin et al., 1999). In Xenopus early
embryos, the suppression of Dnmtl translation by microinjecting anti-sense Dnmtl
RNA decreases the methylation and induces the abnormal development of embryos
(Stancheva and Meehan, 2000).

It is reported that Drosophila has no detectable amount of 5SmC in the genomic
DNA. Interestingly, ectopically expressed mouse Dnmtl and Dnmt3a in Drosophila
embryo introduces SmC in the genomic DNA and causes abnormal development (LLyko

et al., 1999).

1.6 DNA methylation in Xenopus laevis

During Xenopus early development, no change in the DNA methylation level of
genomic DNA is detected (Bird and Southern, 1978; Kass and Wolfte, 1998). On the
other hand, recently, Stancheva and Meehan (2000) have reported that the SmC content
drops to about 50% of the genomic DNA at stage 7 embryos (early blastula). The DNA
methylation activity is detected in Xenopus embryos and culture cells (Adams et al,
1981). When either methylated or unmethylated gene is injected into nuclei of Xenopus
oocytes, transcription starts immediately. Interestingly, the transcription from
methylated template soon becomes silent and that from unmethylated template remains
active (Kass et al., 1997). In Xenopus, DNA methylation contributes to gene silencing
as well. In addition, the result indicates that gene silencing process via DNA
methylation requires chromatin structure as the formation of nucleosome and chromatin

takes a while. Similar phenomenon is previously reported in mammalian culture cells.

12



When methylated (TK) gene is injected, transcription lasts for 8 h and then silenced. But,
when chromatin structure is pre-formed in virro, the transcription of TK gene is
inhibited as soon as the gene is injected (Buschhausen et al., 1987).

Ribosomal RNA genes (rDNA) ot Xenopus are rich in CpG and the methylation
sites were mapped (Bird and Southern, 1978). Most of their CpG sites are methylated
except for the enhancer of *DNA. The enhancer regions are fully methylated in sperm
rDNA. Demethylation of the enhancer region positively correlates with the transcription
activity of rDNA during embryonic development (Bird et al., 1981).

Recently, two methylated DNA binding proteins of mammalian orthologues,
xMeCP2 and xMBD3, have been identified in Xenopus (Jones et al., 1998; Wade et al.,
1999). These proteins are found in histone deacetylase containing co-repressor
complexes and, similar to mammalian orthologues, favor to bind to the methylated
DNA in vitro.

It is clear that Xenopus has a CpG methylation system that is responsible for
gene silencing similar to that of mammals. However, quite little is known about the
function of DNA methylation during development.

In studying the function of DNA methylation during early development,
Xenopus has several advantages. Because of its large size (more than 1 mm in diameter)
and easily obtained in large quantity, embryos at early developmental stage can be
easily manipulated and visualized under microscope.

Development and fate mapping of embryos have been established. Dumont
(1972) has classified Xenopus oogenesis into the six stages largely according to the size
of oocytes; the smallest designated as stage I and the largest as stage VI (Fig. 4A).
During the stages, oocytes are arrested at the deplotene stage of meiotic prophase and

maternal stocks of RNA (ribosomal RNA and messenger RNA (mRNA)), mitochondria,
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Figure 4. Xenopus oocytes and embryos. (A) Xenopus oocytes of different stages. The
smallest transparent oocyte is at stage I (Dumont, 1972), while oocytes of increasing
size represent stage II-VI, respectively. (Quoted from Smith et al, 1991.) (B) Early
Xenopus development. Significant stages of Xenopus development are presented.
(Quoted from Nieukoop and Faber, 1994.) Midblastura transition (MBT) is at stage 8.5.
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and yolk are accumulated for the early development. Nieukoop and Feber (1994)
classified the Xenopus embryos into the stages according to their morphological features
(Fig. 4B). Until first 12 cleavages, Xenopus embryos cleave synchronously. From the
13th cleavage, synchrony is lost concomitant to the onset of zygotic transcription (stage
8.5). This has been termed as “midblastula transition” (MBT) (Newport and Kirschner,
1982). Gastrulation (stage 9-12) is a complex step involving morphogenic
transformations and cellular movements. At this stage, the embryos form clear
anteroposterior polarity, three germ layers of ectoderm, endoderm, and mesoderm, and
establishes presumptive gut cavity. Neurulation (stage 13-20) is a step that involves the
formation and folding the neural plate, and then the formation of the neural tube.

In addition to the morphological advantages in manipulating the embryos, the
molecular tools are also available to study in detail (Sive et al,, 2000a). Thus the
microinjection technique using Xenopus embryos is useful in studying the role and
regulation of specific gene products that play important roles in embryonic
development.

Although genomic imprinting discovered in mammals is not reported in
Xenopus, the elucidation of the function of DNA methylation in Xenopus may

specifically shed light on the basic function of DNA methylation in vertebrates.
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CHAPTER?2. Cloning and expression of Xenopus laevis DNA methyltransferase

cDNA

2.1 INTRODUCTION

DNA methylation plays important roles in various biological phenomena such
as genomic imprinting and X-chromosome inactivation in mammals, tissue-specific
gene expression, and carcinogenesis (Tajima and Suetake, 1998). The common
mechanism underlying these phenomena is the regulation of expression of the related
genes by DNA methylation. In animals, there are two types of methylation activities, de
novo- and maintenance-type methylation activities. De novo-type methylation
contributes to the establishment of tissue-specific methylation patterns at the
implantation stage of embryogenesis (Monk, 1990), and maintenance-type methylation
activity ensures clonal transmission of lineage-specific methylation patterns in somatic
cells (Razin and Cedar, 1991; Toth et al., 1990).

Maintenance-type DNA methyltransterase (Dnmtl) favors to introduce a
methyl group into the hemimethylated state of double-stranded DNA, which appears
just after replication. Dnmtl is believed to be responsible for maintaining the
methylation pattern once formed in somatic cells. cDNA clones of Dnmtl have been
isolated from mouse (mDnmtl) (Bestor et al., 1988; Yoder et al., 1996), rat (Kimura et
al., 1998), human (hDNMT1) (Yen et al, 1992; Yoder et al.,, 1996), and chicken
(cDnmtl) (Tajima et al., 1995). An orthologous cDNA of Dnmt1 has also been isolated
from sea urchin (uDnmt1) (Aniello et al, 1996).

mDnmtl can be divided into two distinct domains. The carboxyl-terminal
domain, comprised of about 500 amino acid residues, contains the catalytic site, which

is conserved from bacterial type II DNA—(cytosine-5) methylases (Kumar et al., 1994).
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The amino-terminal domain is thought to be a regulatory domain that recognizes the
hemimethylated CpG sequence (Bestor et al., 1992), targets the molecule to replication
foci (Leonhardt et al., 1992; Liu et al., 1998), and is responsible for the cytoplasmic
retention in oocytes (Cardoso and Leonhardt, 1999). The amino-terminal domain
contains a Cys-rich, zinc finger-like motif (Bestor, 1992). A Lys-Gly repeating sequence
(KG-repeat) divides the amino- and carboxyl-terminal domains (Bestor et al., 1988).
Both the Cys-rich region and the KG-repeat are conserved in hDNMT1, ¢cDnmtl, and
uDnmtl (Yen et al., 1992; Tajima et al., 1995; Aniello et al, 1996).

As a first step to study the roles of Dnmtl in early development, I cloned
xDnmtl ¢cDNA from Xenopus oocytes ¢cDNA library. The predicted amino acids
sequence of xDnmtl was compared with those of other animals. Isolated xDnmtl
¢DNA will be a useful tool for examining the function of xDnmtl during amphibian

embryogenesis.
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2.2 MATERIALS AND METHODS

2.2.1 Library screening and cDNA sequencing

A Xenopus oocyte ¢cDNA library constructed in Agt10 (Rebagliati et al., 1985)
was kindly provided by Dr. D. A. Melton (Harvard University). The library of 4x10°
plaque forming units was screened with a 2 kbp fragment of the 3' region of mDnmtl
cDNA (Bestor et al., 1988) as a probe. In the primary screening, more than 50 positive
clones were detected. Among them, 20 clones were isolated and subcloned into the
EcoRI site of pUC19. Of these clones, the XMT10 clone, which contained the largest
insert, was analyzed. Using the 5-end EcoRI fragment of the XMT10 clone as a probe,
the library was rescreened, and the XMTS5 clone was isolated. The two clones, XMT10
and XMTS5, covered the entire coding region of xDnmtl (Fig. 5B). A series of
overlapping deletions was generated using exonuclease III (Sambrook et al., 1989), and
sequenced by the dideoxy method (Sanger et al.,, 1977) using T7 DNA polymerase
(Sequenase ver. 2.0, USB). The sequence was determined for both strands. 10%
formamide was added to the polyacrylamide sequencing gels to improve the separation

of GC -rich sequences (Tajima et al., 1995).

2.2.2 Construction of xDnmt1 plasmid and its expression

The XMT5 and XMT10 clones were combined into a single ¢cDNA, and
inserted into an expression vector, pKCRH2PL (Mishina et al, 1984), which was
provided by Dr. Y. Morimoto (Mitsubishi Kagaku). mDnmtl and c¢Dnmtl cDNAs
subcloned into the identical vector were also used (Tajima et al., 1995; Takagi et al.,
1995). Plasmids were transfected to COS1 cells as described (Takagi et al., 1995), using

the calcium-phosphate method (Chen and Okayama, 1987), except that the cells were
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recovered at 32 °C with the growth medium for 48 h. Post nuclear fractions and nuclear
extracts were prepared as described (Bestor and Ingram, 1983), and the latter was also

used as the enzyme source for activity measurements.

2.2.3 Cells

COS1 cells were maintained in Dulbecco's modified Eagle's MEM (DMEM)
(Sigma Chemical Co., MO), supplemented with 10% fetal calf serum (FCS), 100
units/ml of penicillin, and 100 pg/ml of streptomycin, and were cultivated in plastic
dishes at 37 °C in a 5% CO, atmosphere. Xenopus A6 cells were maintained in
modified L-15 medium (Smith and Tata, 1991), containing 61% Leibovitz L-15 medium
(Sigma Chemical Co., MO), 10% FCS, 100 units/ml of penicillin, and 100 pg/ml of

streptomycin, and were cultivated at 22 °C.

2.2.4 Antibodies

The antiserum reactive with xDnmtl was raised against a
glutathione-S-transterase (GST) tusion protein containing amino acids 389-1,490 of
xDnmtl expressed in Escherichia coli. To this end, the 3' end EcoRI fragment of
xDnmtl was ligated into pGEX2TH, kindly provided by Dr. H. Maruta (Ludwig
Institute for Cancer Research, Melbourne), and expressed in Escherichia coli strain
NMS522 in the presence of isopropyl-f-D-thiogalactopyranoside. The expressed GST
fusion protein accumulated in inclusion bodies. Inclusion bodies were purified
(Sambrook et al, 1989) and the GST fusion protein was further purified by
electroelution from an SDS-PAGE (Hunkapiller et al.,, 1983). The antibodies raised
against the protein in a rabbit were immunoselected using antigen-coupled Sepharose

CL-4B (Amersham Pharmacia Biotech AB, Sweden) as an atfinity matrix. Anti-mouse
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Dnmtl antibodies were raised and immunoselected as described (Takagi et al., 1995).

2.2.5 Western blotting

Post-nuclear fractions, or nuclear extracts was electrophoresed in a 7%
SDS-polyacrylamide gel according to the method described in Laecmmli (1970). After
electrophoresis, protein bands were electrophoretically transferred onto nylon
membrane. Anti-mDnmtl antibodies, a primary antibody, were reacted in PBS
containing 1% bovine serum albumin (BSA), 1% Triton X-100, 0.1% SDS, and 0.05%
sodium azide. The xDnmtl-antibody complex was detected with goat anti-rabbit IgG
antibodies conjugated with ['*I}-labeled protein A and was detected by exposing to

X-ray film with intensitying screen at —70 °C.

2.2.6 DNA methyltransferase activities

DNA methyltransferase activities were determined as described (Takagi et al,,
1995). The protein concentrations were determined as described by Lowry et al. (1951),
using BSA as a standard. The supernatant fractions were used as the source of the
enzyme. The reaction mixture contained 0.1 pg of poly(dI-dC)-poly(dl-dC) (Amersham
Pharmacia Biotech AB, Sweden) and 2 uCi of [’H]SAM (15.0 Ci/mmol, Amersham
Pharmacia Biotech AB, Sweden) in a volume of 25 ul reaction bufter (Takagi et al.,

1995).

2.2.7 Immunocytochemistry
A6 cells were fixed in 0.7x PBS containing 3.7% formaldehyde for 10 min at
room temperature and washed three times for 5 min each with PBS containing 0.1%

Triton X-100. For xDnmt1 staining, the fixed cells were washed twice for 10 min each
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with PBS containing 2% Triton X-100, 0.4% SDS, 1% BSA and 10% FCS and
incubated for overnight at 4 °C with anti-xDnmt1 polyclonal antibodies in an identical
buffer. The specimens were washed three times for 5 min each with PBS containing
0.1% Triton X-100 and incubated with ALEXA 488 conjugated anti-rabbit IgG
antibodies (Molecular Probes Inc., OR) for 2 h at room temperature in an identical
buffer. After the incubation, the samples were washed with PBS containing 0.1% Triton
X-100 and then immersed in PBS containing 50% glycerol..

For the staining of lamin, the fixed cells were washed twice for 10 min each
with PBS containing 0.1% Triton X-100 and incubated for overnight at 4 °C with
anti-rat lamin monoclonal antibody (clone MY 95) in an identical buffer. The specimens
were washed three times for 5 min each with PBS containing 0.1% Triton X-100 and
incubated with TRITC conjugated anti-mouse IgM antibodies (Chemicon International
Inc., CA) for 2 h at room temperature in an identical buffer. After washing with PBS

containing 0.1% Triton X-100, the samples were prepared as above.

2.2.8 Microscopy

An Olympus Epi-tluorescence microscope BX50 with an Olympus UPlanAPO
20x objective lens was used for examining the stained samples. Photographs were taken
with an Olympus PM-30 camera using Provia 400 (Fuji Photo Film Co. Ltd., Tokyo).

All the samples were exposed and printed under identical conditions.
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2.3 RESULTS

2.3.1 Isolation and sequencing of the xDnmt1 cDNA

As the chicken (avian) Dnmtl sequence is highly homologous to those of
mammalian Dnmtls, I expected that the Xenopus (amphibian) Dnmtl (xDnmtl)
sequence would also be similar to those of mammalian Dnmtls. Thus, I first screened
the Xenopus oocyte ¢DNA library with the labeled fragment of mouse Dnmtl
(mDnmtl) ¢cDNA coding the catalytic domain of the enzyme as a probe and cloned
XMT10. Using 5’-end fragment of the XMT10 clone, I then cloned XMTS5. The two
overlapping clones contained the entire coding sequence of xDnmtl (Fig. 5SA and B).
The size of the deduced nucleotide sequence of xDnmtl cDNA was 5,033 bp with
poly(A). The A of initiation methionine residue (ATG) was at the nucleotide position
260 and the T of the stop codon (TAA) was at the nucleotide position 4,730. The
elucidated nucleotide sequence contained a 4,470-nucleotide open reading frame that
encoded a protein of 1,490 amino acids residues, the calculated molecular weight of

which is 167,981.

2.3.2 Encoded amino acids sequence of xDnmtl c¢cDNA is highly homologous to
those of other animal Dnmtl cDNAs

The carboxyl-terminal domain composed of about 500 amino acids residues
contains the motifs that are responsible for the catalytic activity. These motifs are
conserved from bacterial type II DNA-(cytosine-5) methylases. Motif I is expected to
contribute to SAM binding and motif IV contains the invariant Pro-Cys dipeptide
sequence that is known to be a part of the catalytic center. When the motifs of xDnmt1

were aligned with those of mDnmtl, hDNMT1, ¢cDnmtl and uDnmtl, the sequences
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