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A Xenopus DNA methyltransferase cDNA was isolated from a Xenopus oocyte cDNA
library by screening with the mouse DNA methyltransferase cDNA as a probe. The
elucidated nucleotide sequence gave a 4,470 nucleotide open reading frame, and the
predicted protein was composed of 1,480 amino acid residues, showing high homology to
animal DNA methyltransferases, especially in the catalytic domain in the carboxyl-
terminal region. The cysteine-rich region and the Lys-Gly repeat which were first found in
the mouse sequence were conserved in Xenopus. However, 200 amino acid residues at the
amino-terminus of Xenopus DNA methyltransferase were quite different from those of
mouse and human, but showed 70% homology with those of chicken. The cloned Xenopus
DNA methyltransferase cDNA expressed in COS1 cells showed a significant DNA methyl-
transferase activity. The size of the translation product of Xenopus DNA methyltransferase
cDNA expressed in COS1 cells was identical with that of the endogenous DNA methyltrans-
ferase in Xenopus A6 cells and also with the size of newly synthesized DNA methyltransfer-
ase in Xenopus oocytes. However, a slightly larger immunoreactive band of about 205 kDa,
and a small immunoreactive band of about 100 kDa, which were poorly labeled by short
incubation with radiolabeled amino acids, were the main bands in stage I-III and stage I'V-

VI oocytes, respectively.
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In vertebrates, the CpG dinucleotide sequence in genomic
DNA is often methylated at the 5th position of the cytosine
residue, and this methylation plays important roles in
various biological phenomena such as genomic imprinting
and X chromosome inactivation in mammals, and carcino-
genesis (1, 2). The common mechanism underlying these
phenomena is regulation of the expression of related genes
by DNA methylation. In animals, there are two types of
methylation activities, de novo and maintenance methyla-
tion activities. In mouse, de novo methylation contributes
to the establishment of tissue specific methylation patterns
at the implantation stage of embryogenesis (3), and
maintenance-type methylation activity ensures clonal
transmission of lineage-specific methylation patterns in
somatic cells (2, 4). De novo methylation activity is
physiologically important, but the enzyme that catalyzes
the activity has not yet been identified.

Up to the present, DNA methyltransferase (MT) that
favors introduction of a methyl group into the hemimeth-
ylated state of double-stranded DNA is the only methylase
that has been discovered in vertebrates. This MT is
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believed to be responsible for maintaining the methylation
pattern once formed in somatic cells. cDNA clones of MT
that catalyze maintenance-type methylation have been
isolated from mouse (MMT) (5), human (HMT) (6), and
chicken (CMT) (7). A homologous ¢cDNA of MT has also
been isolated from sea urchin (UMT) (8). MMT can be
divided into two distinct domains. The carboxyl-terminal
domain, composed of about 500 amino acid residues,
contains the catalytic site, which is conserved from bacte-
rial type II DNA cytosine methylases (5, 9). The amino-
terminal domain is thought to be a regulatory domain that
recognizes the hemimethylated CpG sequence (9) and
replication foci (10). The amino-terminal domain contains
a cysteine-rich, zinc finger-like motif (5, 9). A Lys-Gly
repeating sequence (KG-repeat) divides the amino- and
carboxyl-terminal domains (5, 9). Both the cysteine-rich
region and the KG-repeat are conserved in HMT, CMT, and
UMT (5-8).

When the MT gene is destroyed in mouse, the homo-
zygous mutant embryo cannot survive past midgestation
(11), and in the embryo, imprinting of Igf2, Igf2r, HI1S
(12), and even of Xist (13), which is thought to play a
crucial role in X chromosome inactivation (14), is canceled.
The embryonic stem cells harboring a homozygous muta-
tion for MT gene are able to proliferate as normal cells.
However, when the cells are induced to differentiate, they
do not survive (15). MT activity is indispensable for the
cells to differentiate, as well as for the establishment of
genomic imprinting in germ cells. In the mouse oocyte, a
3,000-fold larger amount of MT protein exists on the per
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cell basis (16). On the other hand, a negligible amount of
MT activity exists in the Xenopus oocyte. The MT activity
in Xenopus oocytes increases after fertilization (17).

In the present study, we report cloning of Xenopus MT
(XMT) ¢DNA. The predicted amino acid sequence was
compared with those of other animal MTs. The isolated
XMT will be a useful tool for examining the function of MT
during amphibian embryogenesis.

MATERIALS AND METHODS

Library Screening and Sequencing—A Xenopus oocyte
¢DNA library constructed in Agt10 (18) was kindly pro-
vided by Dr. D.A. Melton (Harvard University). The
library of 4 X 10° plaque-forming units was screened with a
2 kb fragment of the 3’ region of MMT ¢DNA (5) 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 XMT5
clone was isolated. The two clones, XMT10 and XMT5,
covered the entire coding region of XMT (Fig. 1B).

A series of overlapping deletions was generated using
exonuclease ITI (19), and sequenced by the dideoxy method
(20) using T7 DNA polymerase (Sequenase ver. 2.0, USB).
The sequence was determined for both strands. Ten
percent formamide was added to the polyacrylamide se-
quencing gels to improve the separation of GC-rich se-
quences (7).

Construction of XMT Expression Vector and Its Expres-
sion—The XMT5 and XMT10 clones were combined into a
single ¢cDNA, and inserted in an expression vector,
pKCRH2PL (21), which was provided by Dr. Y. Morimoto
(Mitsubishi Kagaku). MMT and CMT c¢DNAs subcloned
into the identical vector were also used (7, 22).

Plasmids were transfected to COS1 cells as described
(22), using the calcium-phosphate method (23), except that
the cells were recovered at 32°C with the growth medium
for 48 h. Post nuclear fractions and nuclear extracts were
prepared as described (24), and the latter was also used as
the enzyme source for activity measurements.

Cells—COS1 cells were maintained in Dulbecco’s modi-
fied Eagle’s MEM (DMEM), supplemented with 10% fetal
bovine serum (FBS), 100 units/ml of penicillin, and 100
ug/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 (25), containing
61% Leibovitz L-15 medium, 10% FBS, 100 units/ml of
penicillin, and 100 xg/ml of streptomycin, and were culti-
vated at 22°C.

Oocytes in different stages were surgically prepared from
female Xenopus anesthetized in ice-cold water (26). The
follicle cells were removed and oocytes were washed with
modified Barth’s medium.

Immunoprecipitation— Xenopus cells and oocytes were
incubated with 32 and 390 4 Ci/ml of EXPRE**S%*S (NEN),
respectively, in methionine and cysteine-free 0.7 X DMEM,
supplemented with 10% dialyzed FBS and 10 mM Hepes
buffer (pH 7.4) at 22°C for 5 h. COS1 cells transfected with
the plasmids containing MT ¢cDNA were cultivated at 32°C
for 48 h in the growth medium and then either harvested or
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further incubated with 32 xCi/ml of EXPRE*S$*S in
methionine and cysteine-free DMEM, supplemented with
10% dialyzed FBS at 32°C for 5h. Whole oocytes, post
nuclear fractions, or nuclear extracts were briefly sonicated
in 870 1 of 0.575% SDS, 2.9 mM EDTA, and 57.5 mM
triethanolamine buffer, pH 7.4, and boiled for 2 min. Tothe
sonicated mixtures were added 100 k1 of 20% (w/v) Triton
X-100, 20 x1 of 100 units/x] Trasylol, and 10 ¢l of 0.5 M
iodoacetamide. The solution was mixed, the immunoselect-
ed anti-MT antibodies (22) were added, and the reaction
mixture was incubated at 4°C overnight, then protein A-
Sepharose was added to precipitate the XMT-antibodies
complex. The protein A-Sepharose was washed three times
with 0.1% Triton X-100 and 0.75 unit/ml Trasylol in
phosphate-buffered saline. Proteins were solubilized in a
sample buffer and were electrophoresed in a 7% SDS-
polyacrylamide gel (27). Protein bands were detected by
staining with Coomassie Brilliant Blue R-250 or/and by
fluorography (28).

MT Activity—MT activities were determined as de-
scribed (22) except that the reaction mixtures were in-
cubated at 30°C. The protein concentrations were deter-
mined as described by Lowry et al. (29), using bovine
serum albumin as a standard.

RESULTS

Isolation and Sequencing of the Xenopus MT ¢cDNA—As
the chicken (avian) MT sequence is highly homologous to
those of mammalian MTs (7), we expected that the
Xenopus (amphibian) MT (XMT) sequence would also be
similar to those of mammalian MTs. Thus, we first screen-
ed the Xenopus oocyte cDNA library with the labeled
fragment of mouse MT (MMT) cDNA coding the catalytic
domain of the enzyme as a probe, and we cloned XMT10.
Using the 5'-end fragment of the XMT10 clone, we then
cloned XMT5. The two overlapping clones contained the
entire coding sequence of XMT (Fig. 1). The size of the
deduced nucleotide sequence of XMT cDNA was 5,033 bp
with poly(A). The A of the initiation methionine residue
(ATG) was at nucleotide position 260 and the T of the stop
codon (TAA) was at nucleotide position 4,730. The elu-
cidated nucleotide sequence contained a 4,470-nucleotide
open reading frame that encoded a protein of 1,490 amino
acid residues, the calculated molecular weight of which is
167,981. The predicted molecular weight of XMT is similar
to those of other vertebrate MTs (5-7).

Encoded Amino Acid Sequence of XMT c¢DNA Is
Homologous to Those of Other Animal MT ¢cDNAs—The
carboxyl-terminal domain composed of about 500 amino
acid residues contains the motifs which are responsible for
the catalytic activity (5). These motifs are conserved from
bacterial type I DNA cytosine methylases (5). Motif I is
expected to contribute to S-adenosyl-L-methionine binding
and motif IV contains the invariant Pro-Cys dipeptide
sequence that is known to be a part of the catalytic center
(30, 31). When the motifs of XMT were aligned with those
of MMT, HMT, CMT, and UMT, the sequences were highly
conserved among the species (Fig. 2A). More than 85% of
the amino acid residues were matched among the MTs
(Table I). The two motifs first found in MMT (5), a
zinc-finger-like cysteine-rich region, which resides in the
middle of the amino-terminal domain, and the KG-repeat,
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GCOOGCGGCT COTTCTTTCOUCA TTTGAAAMGGAGAGGCIOC TOCGT CTT GTGGGTCAC TG TG TCC TGTTGATT COCGC T TCACGOCGRC TTT TOGC TTGC TCOCTCTC TGTACAME
CGTTCTCCTTCCATTCCCAC TGTGOCGGGAAA FOOCAGACC TTOOOGCG TTGT GAGAME TGAGACA TCCCTGOG TG TGOGGGAA T TGAACCGCTTCTCTTTGGLCGAGTC TG TTT CAC
GCCTGTCOCCCCTATAGCC AT GOCOGOCCAGTOCAC TTCCTTOGC TCTGOC TGC TUA TGTCAGGAAACGTC TAAAGGA TTTGAAGAGTGA TCAGIA TCOAATGAC TGAGAAGGAACATGT
P AOSTSLALPADYRKRULULKDLKRDODGDOGMTEKTEHYVY
ACAGCAGAAC TGAGTTTGG TGCTTOGC TTCCTTGAAGCAGA TOCTAGAAACAACTGA TGATCTCGAGAGCAAG TT GAGCAGTGAAGAC TGTC TGAGGAAGGA TACCTTACAMAGT
0¢KLSLYLGFULEADARNKLNDLESKLSSEELSEEGYLTIXKY
GAAGTCTCTTC TGGGGAAGCAGT TGAGCTT TGAMACG T AGACC TTGE TTTGAACCGAGAACAAATGGC TGC TCCACCAATGGTACC TGOGGCAG TGA TGAGGAAGA TG TACAGTTGTC
KSLLGKOGLSFENYDLALNGETNGCSTNGTCGSDEEDYQLS
CGAGTCTAATACTTCTGGTG TTAAMAACCGCAACC TAGGAAMAGT AAAGTTAA TCGAGAAMCAAGAAA TCACCACCOCGTGOCOGLLCAT
ESNTSGVKNRKPRKSKVNGEHKKSPARARPSRSTAGKOPT
CATCCTCTCCA TGTTCTCTAAMGGGTCANCCAAGCGGAAATOCAG TGA TGA TGAGAAAGA TACAGATG TTCCAGC TGA
lLSIIFSKGSTKRKSSDDEKDIDVPADADOPEEKEKEEKRI
MAAMTOGAAG TT A TGAAMGOGACGACAAACGGTC TGA TGOGGAAGAAGG TAAAMGGCAMACC TG T TCAGCTACC AMGACGOC TOCACCAMATOCATCGA TTGCAGACAATATTT
XK1 EVNESEODKRSDAEEGKKAKPYQPPXTPPPKCHNDCROYHL
CGATGATCCAGACC TCANGTACTTTCAGGG TGATCCAGA TGATOCTCT AGACGAGCCAGAGA TGTTAACAGA TGAGCGATTATCACTTTT TGAGTCCAATGAGGA TGGC TT TGAGAGCTA
DDODPOLKYFOGOPDOALDEPEMNLTITIDERLSLFESMNEDGFESY
TGATGACCTCCCACMCATAMG TCACATGCTTCAGTGT TTATGATAAMGGGOCCATTTATGTCCTT TTGA TTCTGL TCTGATTGAGAAGAA TGTCGALC TGTACTTCAGTGUGGT TGT
DOLPOHKYTCFSVYDXKXKRGHLCPFDSGULIEXNYELYFSAVYY
AAMOOCATTTATGATGACAGOCCTTCTCTOGATGGTGG TGTACGAGCAAMGAAAC TTUGTOCCA TTAACGC TTEG TGGATAACTGG TTT TGATGGAGGAGAMAGOC TTTGATTGGGTT
XPIYDDSPSLODGGVYRAKKLGP I NA®WNYITGFDGOGEKALLIGEF
TACMCGGC TTTTOCAGACTACATCCTGATGGATCCCAG TGAMGAGTACAGEAGCATCTTTRCCC TGA TCGAGGAGAAGATCTACA TGAGTAAGATAGTTGTGGAATTCCTTCAAMTAA
TTAFADY | LMDPSEEYSSIFALIEEKIYMUSKIVYEFLONN
CCCTGATGTGAGCTATGAAGATC TGCTCAACAAGAT TGAGAC TGCCG T COCACCTTCAGCC TTAMCTTTAACCGC TTCACAGAAGACTCG TTGTT AAGGCA TGCACAGT TTGTGGTGGA
PDVSYEOLLNXIETAYPPSALNFNRFTEDSULLRHAOFYVYVYE
MCAMGTGGAGAGC TATGATGAGGC TGGTGACAGTGATGAGCAGCCTGT TATTGT AMC TCCCTUCA TGAGGGACC TCATAAMGC TAGC TGG TG TTAC TCTGGOCAAMGAOGAGCAGCAAG
QVESYDEAGODSDEOQOPVY I VTIPCHNRODLIKLAGYTLGKRRAAR
AGACAMICAA TCAGACATCCTACAAMGA T AGAGANGGACAAMGGACCGACAMGGCCACT ATCAGATTTTTGACACA TTCTTCTTCGAACAMTCGAAMGGA
RCTIRHPTK!EKODKGPTKATTTRLYYOQIFDTFFFEGGL'IEKD
GTOGCCAGTGCAMGCTTGCCAGOCTA

TGCAGAGAAGGAMATGGCA TCAACCGCAGGRCTTGTGG TGTTTGTGAGGTGTGTCAGCAACCAGACT

AEXKENGI XRRACGYCEYCQOQPDCGOCKACOAMNLKTFGGAGR
TACCAMCAAGOC TOCA TGCAGAGANGG TG TCCAAMOC T GOCAGTGAAAGAAGOCGA TGAAGA TGAGGAAGT TGAAGA TGT TC TOCTAGAAM TGCCATCACCCAAMAGA TCCTTCAGEG
TXOACMORRCPNLAYXKEADEDEEVYEDVYLPEMNPSPKKILOG
ANGAAGAAMAAL TOGAGAAGAAMACAGGATCTCTTGGGTOGGGGA TCCAGT TAMGACTGAAGGGAAGAAMGAATATTACCTGAAGGTGTCTATTGACTCTGAA

KKKKLEKXKKNRI SHYGODPYKTEGKKEYYLKYSIDSEILEVG
AGATTGTGTGTCAGTGAGTCCTGATAATCCAACAGAGCC TTTGTACTT GOCAAGGA TCACA TOCA TGTGOGAGGAANGGC TG TGGACAAM TGT TCCA TGLACACTGGTTCTGTCTTOGCAC
DCVSYSPODNPTEPLYLARITSHWEEGCGOQRFHAHRFCLGT
AGATACAGTCC TGRRGCTACA TCTGACCC TCTUGAGC TCTTTCTTGTGGA TGAA TGOGAGGACA TOCAGC TG TC TTA TATTCA TGGCAAMGTGAA TGTACTCTACAAAGCACCATCTGA
0O TYLGATSODPLELFLYDECEDMOLSY I HGXVYHNYLYKAPSDO
CAACTUGTTCA TOGAGGGAGGAACAGACAC TGAMTAMAGT TGTUGAAGATGA TGGAMCACTTACTTCTACCAGTTGTGGTATGA TCCAGAM TA TGCCCGG TTTGAGACCCCACCCAA
N YFMEGGTODTEIXKYYEDDGNTYFYOQOLWYDPEYARFETPPXKX
CCCTCAGTCTACAGAMGACAATAAGTATAAGT TCTGCACCAGT TG TGCCCGTCTGGA TGAAA TAMGGCAGAAMGAGAT ACCCAGAGT AMGCAA TCCCUTAGAGGAGC TCGACTCTAMMAT
POSTEDNKYKFCTSCARLDEIROKEIPRVSNPVYEELDSEIK.I
TTOCTACAGTACAGCTACAANGAATGA TGT ACATTATAAGGT TGGAGA TGGAGTGCTACACTTCCC TGATGCCTT T TCATTTAGTGT AMAC TGOG TAGCCC TATGAAGCGACCCCAGAG
CYSTATEKNODYHYKYGDGYLHFPDAFSFSVYKLGSPNKRPAQR
GAAGGATGA TGTOGATGAAGA TCTATACCCAGAATACTACCGCAMA TCATCAGACTACA TT AAGUGT AGCAMCC TGGA TGC TCCAGACCG T ACCGA TTROG TCGCATTANGGAGATCTT
KDDVYODEDLYPEYYRKSSDYIKGSNLDAPEPYRLGRIKEIF
CTOCAATAAGAGAAGTAATGGAAAGCCTAA TGAGGCAGA TATAAGCTOCGGA TTTACAMGTTTTACAGACCTGAMA TACTCACAAAGGTA TGAMAGCAAGTTACCATTCAGACATAM
CHNKRSNGKPNEADIKLRIYKFYRPENTHKGHNKASYHSDIN
CATGGTTTACTGGAGCGA TGAAGAGGC TGT AGTGGAGT T TAAGGCGGTGLAAGGACATTGTACAG TAGAA TATGGTGAAGA TCTAACCGAA TCCATTCAGGAGTA TTCTGCTGGAGGATC
WYYWSDEEAYVYEFXAYOGHCTVYEYGEDLTESI!IQEYSAGGS
AMGATCOCTTTTACTTOCTTGAGGCCTATAA TOCAAMGACCAMAGCTT TGAAGA TOC TCCAMCCATGC TOGUGG TOC TGT TAACAAAGGCAMGGAAMGGGLAAMGGAAMAGGCAAAGG
ORFYFLEAYNAKTKSFEDODPPHNHARGAYNKGKGKGKGKGKSGEG

CAAMCTCC TTCAMGTCAGAGM TAAACTOCCTAAACTOCGCACCTTGEATGTA
KTPSKSEMNEQLNSGODKLPKLRTLDYFSGCGGLSEGFHQIAG
CATATCTGAGACAMCTOGGCAA TAGAGAT GTUGGAGCE TRCAGCCCAGGLC TTCAGAC TGAMCAATCCTGGTACTACAGTGTTTAC TGAAGAC TGCAMCATTCTCCTGAAMCTAGT CAT
I SET MHNNAILEMURTREPAAQGAFRLNNPGTTYFTEDCNILLEKLVUM
TTCCCT. TOC TC TGOGGAGGGOCCCCC TROCAAGG TTTTAGTGGCA TGAACCGGTTTAACTCAAGAAC

'AGGGCAGOGGT TGCCOCAGAAAGGCGACG TGGAA
SGEXTHNSLGORLPOKGDVYEMLCGGPPCOGFSGMNRFNSRT
CTATTCAMGT TCAMGAACTCACTGGTUGTCTUGTATCTCAGC TACTG TGACTATTACAGACC TAMTACTTCC TCTT GGAAMOGTCOGGAACTTTGTATCATTCAAMAM TCGATGGT
YSKFKNSLYYSYLSYCDYYRPKYFULLENVYRMNFVYSFXEKSHNY
CCTTAAGCT AMCACTCCOC TGO TTGTACGCATGGGC TACCAGTOCACG TTTOGTGT TC TTCAGGC TGGOCAGT A TGG TG TAGCACAGACCCGCAGGAGAGCCATCGTACTOGCTAC TGC
LKLTLRCLYRMNGYOQCTFGYLQAGOQYGVAQTRRRAIVYLARAA
TOCAGGAGAGAAGCTTOCAA TGT TOOC TGAGCC TTTGCATGTGT TTOC TCCACG TCC TTGTACATTGAGTGTTGTAGT GGATGAAAAGAAA TA TG TCAGCAACACCACAAGAACGAAC TC
PGEKLPHUNFPEPLHVFAPRACTLSYYVYDEKKYYSHNTTRTITNS
CAGCCTTTTCCGACAATCACTGTOCOGGA TAC TATGTC TRACCTTCCAGMATTTGCAA TRGAGCC TC TGC TCTGGAA TCTC T TACAACGOGGAGCCTCAG TCCTOGTTCCAGAGICA
SLFRTITYROTNESDLPEIRMNGASALEI! SYNGEPQGSTEFOQRGEG
GATTOGTOGCTCACAGT ACCAACCAATACTCAGIGGA TCA TG TC TG TAAGGACA TGAGOGC TTTAG T TGC TGCCAGAA TGCGACACA T ACC TCTTGC TOCAGGC TCAGAC TGGOUGGA TCT
I RGSO0OYOQPILRODHYCKDOMSALYAARBRHIPLAPGSOWRDL
CCCCAACATGGAAGTTOGTT TGTOCGA TGGCACAACCTC TAGAMGTTGOGTTATACTCA TCA TGACAAGAAAA TGGGCGCAG TOGCAC TCGTOCATTAGAGGAGTCTGTTGTTG TTC
PHMEYRLSDGTTSRKLRYTHHDKKNGRSGTGALRGYCCCS

T TGGAMGACTGGAG TGGGA

TRAAGGCAAACAATGTGACCC TRCAGACOGOCAGTTTGGCACAC TGA TTCCCTOGTGOC TROCGCACAC TGGAMACCGACACAA TCACTAOOC TGGCTTGTA
EGKQCODPADROFGTLIPRCLPHTGHNRHMNHYAGLYGRLER®RD
CAGCTTCTTCAGCACCACTG TTACTAACCC TGAGOUCA TGGOCAACAGOGCOGTGTTC Y TCACCCAGAGCAGCA TOG TG TGG TGAG TG TCOGGGAATG TGS TOGGTCOCAAGIC TTTCC
SFFSTTVTITNPEPMUGKOCGGRYLHPEOGHRYYSYRECARSOQGTFTP
TGACACCTACAGACTGTTTGGTAATATCTTGGATAMCATAGGCAGG T GOGTANCOC TGTGOCGCCACC TCTGTCAAGAGCAA TCOGC TTAGAGATAMGTCGTG TGTTTTGACAAGGAT
DTYRLFGNILOKHROYGNAVPPPLSRAIGLEIXSCVYLTRAN
GAAAGAGAA TEGANCGGAAACCG TGAAGGE TGAAMGA T GGAMCAGA TTAACTCTCCTT TGRGGOCAGC TTACACTGAM TCATCCCTCCAGAATTAMGAGCAGATATTAMTCGGAC
KENGTETYKAEKMNETOD:?
ATTGTCTCTTCTGGTTGATCAMTTTTCTCTTCTOGTTGATCAATGTTGACATTOCAAGC TCTTAATTTTATCTOC TGAMCGGA TGAGC TOCGCAMCAGCACTTCTAAGMATTTTAA
MACAGTCGATTTTATTATACGTTGTTACG TTGOCGTCTTACC TCTCCACTTTGTATACGTGCGAATATGTAGTTTTTATATGTTGT AATATTTGAMTAMACTTCTCTTGTAAMAAA
A

indicated.
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Fig. 1. A: Nucleotide and deduced amino acid sequences of
XMT cDNA. The predicted amino acid sequence is shown below the
nucleotide sequence. Amino acids are shown in one letter code. The
sites for the initiation (ATG) and the termination codons (TAA) are
underlined. B: Schematic illustration of XMT ¢cDNA and clones
XMT?5 and XMT10. The coding region is shown as a shaded box. The
restriction sites of BamHI (B), EcoRI (E), HindIl (H), Xhol (X) are
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A
| I v Vi
¥MT DVFSGCGGLSEGFHOAGI 1045  TLWAIEMWDPAAQGAFRLNNP 1067  DVEMLCGGPPCGGFSGMNR 1119  RPRFFLLENVRNFVSYRRSMV 1164
HMT  ssstsssssss4434224 1039  s1stsssDsssssssisss 1061  sstssttsdssssssssss 1113  stsstssedtsssa3F eeet 1158
CMT  sttttissazssssssty 1075  ttsssstsEsessssssdss 1007  $sxtttdsssssssssss 1149  sssrressssasssFesss 1194
XMT  stsssssstessssstss 1035  sNtsstssCestsssstsss 1057  sttsstsszstssssssss 1109  ssKYsssrseesisFKKe2d 1154
UMT  stsAsstsstssstesss 1152  SStasaKEEsssstYssats 1174 sl tisssssssttssss 1226  sissvsressssasssKNst 1271
Vil Vit X X
MMT  MGYQCT 1180 VLOAGOYGVAQTRRRAI ILA 1202 HRVVSVRECARSQGFPDSY 1447 GNILDRHRQVGNAVPPPLAKAIGL 1474

HMT  s343%¢ 1174
CMT t3332% 1210
XWT  s33342 1170
UMT ss$3i3 1287

triitstisssas22Te 1442
tteststtssssttd2Te 1477
titssteesisaseE23TE 1437
tritreeisstaesaeTs 1554

t33ttKeistteaseadtidess 1469
titse st estssss4d23s 1504
ttis3KI3332432223SREt4s 1464
1S23sKe23 s34 MeAsEsM 1581

sttt daees 1196
t13238E8 2 822VEL 1232
st5s3sssteestesaVes 1192
|ts23333Pssss228232 1309

B.
MMT CGVCEVCOOPECGKCKACKDMVKFGGTGRSKQACLKRRC 575 KGKGKGKGKGKGK 1006
HMT  st3sssssstessssstssssss444See44422QE223 570 t3t¢tt4444P 1000
CMT ss3tgsssssasssstaQNtIs422Seee22322088s 603 ttiteteetsss 1032
XMT  tf3t33233D12032220AtL s As2 T2t M0232 564 trrtedtesssss 995
32331 | 33ASDE22TaE433 | $322152KA2223KDE22 671 ssxsasi3As 1110
C.
MMT  KKLESHTVPVGSRSE-~RKAAQSKSY | -PK | NSPKCPECGOHLDDPNLK-YQQHPEDAVDEPOMLTSEKLS | YDSTSTWFDTYEDSPMHRFTSFS 298
HMT  $E--—————--- PT-~K+MsRASTEMNSSTHP#2% |Q4G2Y$$3¢D32-2Gs23Ps2 2223222 INs 222 FSANESGEES+#AL2QsKL2Css 290
CMT KEGSEIK—-DE|TQ-~V4TSTP-———-A$TTP$%2YD3R*Y2+$2D22FF2GD4Ds s EssE444DsR2 s FLANEDGSES#2sL ¢0xKV22s2 322
XMT  NESEDKRSDAEEGKK--A#PVQP----- t1TPP13¢MDIR*Y2223sD2 2 YF4GD4Ds 2L $sxEs24DtRe L FEXNEDGSESsDsL +QtKVsC22 286

EEEEKAKVEPMSPSRDLRHKANHETAE-S$QPPLR*K*#R¢L+334D+3 |IFPGD#44+RE4Y | T+3DPR¢3LLTGDEGDAMS+DERLQ:K | thsC 398

MMT VYCSRGHLCPVDTGL | EKNVELYFSGCAKA | HDENPSMEGG | NGKNLGP | NOWWLSGFDGGEKVL | GFSTAFAEY | LMEPSKEYEP | FGLMQEK | 393
HMT  $ssKHtsss4|tssss222 {2sF222SE¢PLYSDDE2L s22VssstssssEes|TassssssA32328S2222242D22PEIASTEE223423s 385
CMT $3DK$33st1Fts3s32RE|$32222AVEPLYSDE2CLOtSVRALKS$38sAts | Tesss2ssAssssTazseDsss22E2sATSIARIR342 417
XWT  $2DK23$332F2S2E22233388s2AVVEPLYSDSE2L DssVRASKES22sAsS [ Tesss222A2232TE422Ds2324D23E24SS22AS|ES22 381
UNMT  $3DKSTH#ISAFSREME33sK332222YVEPLYSDE 42 T433sPTLRIs2¢2ELYTTe2sssHeAs 232222232 2VESEEL2KSFWTAVE432 403

MMT  YISKIVVEFLGNNPDAVYEDL INK IETTVPPST INVNRFTEDSLLRHAGFVVSQYESYDEAK 455
HMT 22333332822 S3SSToes882238822384GL L ss28t32883822383E 223283236 447
CMT  sHiz333333142RIVSEL2t| $44222sVGLIFsstss28s22322t8sEL2222246 479
XMT  tMt3t3s28283383VSetts sx2ssATssSALtFse2ss3se3Es2ses3ETL224223G 443
UMT  sMtssl|s42338VIP232s3| TAss$3323EG—Ctes22338s222ssE2s3243D3A 553
D.

homology

[] <25%
25-75%
B 75>

Fig. 2
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which divides the carboxyl- and amino-terminal domains
(5, 9), were also conserved in XMT (Fig. 2B and Table I).
Another sequence of about 200 amino acid residues in the
amino-terminal domain, which is responsible for localizing
MMT in the replication foci at late S phase (10), showed
about 63% matching among the MTs (Table I). The amino-
terminal portion of this targeting sequence was poorly
conserved, but the carboxyl-terminal portion was highly
conserved (more than 75% matching) among the animal
MTs (Fig. 2C). The amino-terminal 207 amino acid resi-
dues of MMT showed no significant homology with those of
the four animal MTs (Table I). However, when 207 and 208
amino acid residues of MMT and HMT, and 200 and 239

TABLE 1. Equivalent amino acid residues in the sequence
motifs among MTs. Predicted amino acid’ residues of MMT (5),
HMT (6), CMT (7), XMT (this work), and UMT (8) were aligned
using a program, ODEN/align, developed by Dr. Ina at the National
Institute of Genetics, Japan, and the motifs found and the amino-
terminal 207 amino acid sequence in MMT were compared with the
corresponding sequences in the other MTs.
Numbers of amino acid residues

- — Homology
Identical Similar* Sum
) @ 0+ T @

Whole molecule® 654 233 887 1,5602° 59.1
Eight motifs in catalytic domain

I 16 2 18 18 100

I 14 3 17 20 85.0

v 18 1 19 19 100

VI 15 5 20 21 96.2

vl 6 0 6 6 100

v 17 3 20 20 100

X 18 1 19 19 100

X 17 6 23 24 95.8
Cysteine-rich region 26 6 32 39 82.1
KG-repeat 12 1 13 13 100
Targeting signal for 113 43 156 248 62.9

replication foci
Amino-terminus 6 12 18 207 8.7

(10 18 28 13.5)¢

*The following amino acid residues in each group were considered as
equivalent. (i) A, 8, T, P, and G; (ii) N, D, E, and Q; (iii) H, R, and
K; ivyM,L,I,and V; (v) F, Y, and W. ®*Taken from the amino acid
sequence of MMT (5). “Numbers in parentheses are those calculated
after UMT was omitted.

H. Kimura et al.

amino acid residues of CMT and XMT (Fig. 3) were
separately aligned, the percentages of equivalent amino
acid residues were 70%. The homology of the entire
molecule of MTs is schematically illustrated in Fig. 2D.

XMT c¢cDNA Sequence Encodes Active Methyltransfer-
ase—The similarity of the deduced amino acid sequence of
XMT with those of the other vertebrate MTs indicated that
the XMT ¢DNA encoded MT. To confirm that the cloned
¢DNA actually encodes MT, the XMT clones covering the
entire coding sequence were combined into a single cDNA,
which was inserted in an expression vector containing SV40
promoter (pXMT), and expressed in COS1 cells. Meth-
yltransferase activities of the nuclear extracts from cells
transfected with the three separately constructed pXMT
clones were lower than that from cells transfected with
plasmids containing CMT or MMT, but were significantly
higher than that from cells transfected with the lacZ-
containing plasmid (Table IT).

Post nuclear fraction and nuclear extract of COS1 cells
transfected with the plasmids containing XMT, CMT,
MMT, or lacZ were immunoprecipitated with the specific
antibodies raised against MMT. As shown in Fig. 4, lanes 1
and 5, the antibodies precipitated a single major band with
a size similar to those of the bands precipitated from the
cells transfected with pCMT (lanes 2 and 6) and pMMT
(lanes 3 and 7). The amount of the expressed XMT band

TABLE [I. Methylation activities of transiently expressed
XMT in COS1 cells. The nuclear extract was prepared from COS1
cells transfected with pXMT (clones #1, #7, and #8), pCMT, pMMT,
or placZ. The activities were measured using poly(di-dC)-poly(dI-
dC) as the substrate.

DNA methyltransferase activity

Clone (pmol/h/mg protein)
oXMT #7 75
pXMT #8 8.8
pXMT #1° 5.4
pCMT 148.2
pMMT 263.2
placZ 1.9

*To construct pXMT #1 clone, EcoRI fragment of XMT6A clone was
used instead of that of XMT5. XMT6A is 203 nucleotides shorter in
the 5’ region than the XMT5 sequence shown in Fig. 1A.

Fig. 2. A: Eight highly conserved motifs of MTs coding catalytic domain. The conserved motifs I, II, IV, VII, VII, IX, and X are
presented. B: Alignment of the cysteine-rich region and the KG-repeat of animal MTs. C: Alignment of the sequence of MMT that is
reported to function as a targeting sequence to the replication foci with the corresponding sequences of MTs. A-C: Each of the
alignments was taken from the alignment of the entire MTs, using a program, ODEN/align, developed by Dr. Ina at the National Institute of
Genetics, Japan. The identical amino acid residues are indicated as (* ), and non-identical amino acid residues, compared with those of MMT,
are shown. D: Schematic illustration of the homology in MT molecule. The regions of the eight conserved motifs in the catalytic domain
(I, O, Iv, VI, vlI, VI, IX, X), cysteine-rich region (cys-rich), KG-repeat, and a targeting sequence to the replication foci (targeting) are
indicated by lines under the bar. The equivalent amino acid residues defined in Table I were used to calculate percentages of homology.

B EREERE

MPAQS—TSLALPADVRXRLKDLKRDODGMTEXEHYQQKL SLVLGFLEADARNKL NDLESKL SSEEL SEEGYLTKVKSLL 78
(2220 SN SRS I I I AU SN S T Ak I 22 3 X IR 2R FUN E2222 IR AR 2 MR 14

MPARSAPPPPALPPALRRRLRDLERDEDSL SEXETL QEKLRL TRGFLRAEVQRRL SALDADVRCRED SEERYLAKVKALL 80

GKQOLSFENVDLA—LNGETNGC STNGTCGSDEEDVQL SESNTSGVKNRKPR 127
Lttt s .ttt % ¢ £t ... 1t

RREL AAENGDAAKLF SRASNGCAGNGEEENERGGRGEDGAMEVEE AAASSSSSSSSSSSSSSSSSSSSSLLPAPRARKAR 160

KSKVNGENKKSPARARPSRSTAGKCPT | L SHFSKGS TKRKSSO—————DEKDTOVPADADOPEEKEXEEKRIK IEVNE 200
LB RRE RRRtt % K3 K RERRER RRbtRRREE . ... BEELE O RRrRRer 2
RSRSNGESKKSPASSRVTRS-SGRAPT | LSVFSKGS TKRK SEEYNGAVKPEVSAEKDEEEEEEL EEKEGDEKRIKIETKE 233

Fig. 3. Alignment of amino-terminal
sequences of MTs. The amino-terminal
sequences of 200 and 239 amino acid
residues of XMT and CMT, respectively,
are aligned. The identical amino acids are
marked (%) and similar amino acids as
defined in Table I are marked (.).
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Fig. 4. Immunoprecipitation of transiently expressed MTs in
COS1 cells. The plasmid pXMT #8 (lanes 1 and 5), pCMT (lanes 2
and 6), pMMT (lanes 3 and 7), or placZ (lanes 4 and 8) was
transfected into COS1 cells. After the recovery of the cells in growth
medium at 32°C for 48 h, post nuclear fractions (lanes 1-4) and
nuclear extracts (lanes 5-8) were prepared for immunoprecipitation.
The immunoprecipitated protein bands were analyzed in SDS-poly-
acrylamide gel stained with Coomassie Brilliant Blue R250. The
arrow indicates the bands for MT. Intense bands at around 50 k and
29k are the heavy and light chains of the anti-MT antibodies,
respectively. Molecular weight standards (M, X 10~%) are indicated.

that remained in the post nuclear fraction was comparable
to that of CMT or MMT, but the amount of XMT translocat-
ed into nuclei was low. A band of similar size was scarcely
detected in cells transfected with placZ, suggesting that the
detected band in the cells transfected with pXMT was
insert-dependent. We concluded that the isolated clone
encodes DNA methyltransferase.

XMT Protein Expressed from the cDNA in COS1 Cells Is
Identical in Size with Endogenous XMT—Xenopus
oocytes, which are arrested at an early stage of miosis, can
be classified into stages I to VI, largely according to size
(32). Overall growth from stage I to stage VI requires at
least 8 months. Stage I-III oocytes are less than 500 xm
and stage V-VI oocytes are larger than 1,000 gm. The size
difference between the full-grown stage VI oocyte, which is
ready for fertilization, and the stage V oocyte is not easy to
discern by simple observation. Oocytes in stage I-III or
stage IV-VI, Xenopus A6 cells, or pXMT-transfected
COS1 cells were radiolabeled, immunoprecipitated, and
electrophoresed. Coomassie Blue staining showed that the
size of the major XMT in stage I-III oocytes (Fig. 5A, lane
1) was distinctly larger than those in nuclear and post
nuclear fractions of A6 cells (lanes 3 and 4), which were
identical in size to the XMT expressed in COS1 cells (lanes
5 and 6). In stage IV-VI oocytes, the size of the immuno-
precipitated major band was about 100 kDa, and this
product seemed to be a degradation product of intact MT. In
addition to the 100 kDa major band, two weakly stained
bands that were identical to those of stage I-III cocytes and
A6 cells were also detected (lane 2). Fluorography of the
same gel, however, detected significant amounts of radio-
labeled bands in stages I-III and IV-VI oocytes that were
identical in size with that in A6 cells. Interestingly, the 100
kDa band found in stage IV-VI oocytes was not radio-
labeled, and the bands identical in size with those in A6 cells
became major bands in both stages I-III and IV-VI oocytes
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Fig. 5. Immunoprecipitation of endogenous XMT in oocytes
and cultivated cells. Xenopus oocytes in stage I-IT1 (14 oocytes, lane
1) or stage IV-VI (11 oocytes, lane 2), A6 cells (lanes 3 and 4), or
COS1 cells transfected with pXMT #8 (lanes 5 and 6) were labeled
with EXPRE*S*S, immunoprecipitated, and analyzed in an SDS
polyacrylamide gel. As for the cultivated cells, post nuclear fractions
(lanes 4 and 6) and nuclear extracts (lanes 3 and 5) were separately
prepared and immunoprecipitated. A. Coomassie Blue staining.
Intense bands at around 60 k and 29 k are heavy and light chains of
the anti-MT antibodies, respectively. B: Fluorography. The sheet was
exposed overnight (lanes 1 and 2) or for 1 h (lanes 3-6). Molecular
weight standards (M, X 10~?) are indicated.

(Fig. 5B, lanes 1-4). These results, especially the fact that
XMT expressed in A6 cells was identical in size with that
from XMT ¢DNA expressed in COS1 cells, indicate that the
cloned XMT c¢DNA was the maintenance-type MT of
Xenopus laevis.

DISCUSSION

We have isolated and sequenced the Xenopus MT c¢cDNA,
and we found that the predicted sequence was highly
homologous to those animal MT sequences. From this,
together with the results that the size of the immunodetect-
ed protein band of ectopic XMT was identical to that of the
endogenous XMT in A6 cells, and that the ectopic XMT
showed significant MT activity, we concluded that XMT
¢DNA encodes Xenopus MT. The cloned XMT may function
as a maintenance MT. The amino-terminal region, recog-
nizing hemimethylated DNA or replicating foci at late S
phase (10), is thought to be a regulatory domain of the
enzyme. The sequence of the amino-terminal domain of
XMT, including the Cys-rich region and the KG-repeat,
except for an about 200 amino-acid-residue sequence at the
amino terminus, was highly homologous to those of MMT,
HMT, CMT, and UMT. Even the 200 amino-acid-residue
sequence at the amino terminus showed 70% homology
when the XMT sequence was aligned with that of CMT.
This amino-terminal sequence, which was conserved
among mammals, amphibian and avian, might play a role in
interacting with the animal class-specific factors that
modulate MT activity or in the localization of MT.

In the present study, the molecular weight of XMT was
calculated to be 167,981 from the predicted amino acid
sequence. The apparent molecular weight of XMT in A6
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cells and that expressed in COS1 cells was estimated to be
about 190k from the mobility in SDS polyacrylamide gel.
This apparent size of XMT is similar to those of MMT and
CMT (Fig. 4). Xenopus oocytes at stage I-III expressed a
larger XMT band than that in A6 cells. In the advanced
stage, Xenopus oocytes contained a much smaller MT of
about 100 kDa as a major band. Interestingly, the large MT
band in stage I-III oocytes was radiolabeled rather weakly,
and the 100 kDa band in stage IV-VI oocytes was scarcely
radiolabeled. This labeling property of MT in oocytes
suggests that the abundant MT proteins found in oocytes
were translated in early-stage oocytes or even earlier. In
oocytes in both stages I-III and IV-VI, the major labeled
bands were at about 190 kDa, being identical in mobility to
that in A6 cells or ectopic XMT in COS1 cells. As the stage
I-IIT oocytes actively synthesize the 190 kDa MT species,
the larger size MT in stage I-III oocytes could be a
modification product of the 190 kDa species. However,
there is still a possibility that the 205 kDa species was not
produced from the 190 kDa band, but was the direct
translation product. Consequently, the small 100 kDa band
enriched in stage IV-VI could be a degradation product of
either 190 or 205 kDa species of MT. As stage I-VI oocytes
are arrested at the early stage of miosis, it is reasonable to
speculate that the genomic DNA may be partly exposed
and, thus, susceptible to methylation when an active MT is
near by. Since the DNA methylation state of the gene
directly affects the transcription activity, the localization
and/or activity of MT should be strictly regulated. During
mouse spermatogenesis, spermatocytes shut off the tran-
scription of MT mRNA that encodes active enzyme at the
pachytene stage where cross-over is occurring (33). In the
present study, interestingly, unusual MT proteins of
different sizes accumulated in different stages of oocytes,
though synthesis seemed to have occurred in early stage
oocytes or even earlier. The appearance of apparently
large- and small-size MTs in stage I-III and in advanced
stage IV-VI oocytes, respectively, could reflect the physio-
logical processes involved in the regulation of MT activity.

Like the mouse oocyte, the Xenopus oocyte contains
large amounts of MT protein. Coomassie Blue staining of
XMT in Fig. 5A, lanes 1 and 2, shows samples that were
immunoprecipitated from 14 and 11 oocytes in stages I-111
and IV-VI, respectively, while XMT in each of lanes 3 and
4 was from 10° A6 cells. Based on the Coomassie Blue
staining, Xenopus oocytes contain roughly 10° times more
MT than A6 cells on the per cell basis. In mouse, an about
3,000-fold larger amount of MT is detected in oocytes than
in mouse erythroleukemia (MEL) cells on the per cell basis
(16). Since the genomic imprinting phenomenon has not
been reported in amphibians, including Xenopus, it is
reasonable to speculate that the curious size changes and
abundance of MT in oocytes may contribute to other
important processes in embryogenesis.

The XMT expressed in COS1 cells showed extremely
low, though significant, MT activity. This is partly due to
low translocation efficiency of XMT into the nucleus. As
shown in Fig. 4, in lanes 1 and 5, most of the translated
XMT in COS1 cells remained in the post nuclear fraction,
that is, in the cytoplasmic fraction. A significant amount of
XMT was located in the cytoplasm as revealed by immuno-
fluorescence microscopy (data not shown). When pXMT-
transfected COS1 cells were recovered at 37°C, MT protein

H. Kimura et al.

and the activity were hardly detected (data not shown).
Folding of XMT after translation may be a temperature-
sensitive process. Neither Xenopus nor cultivated cells can
survive at high temperature, such as 37°C (25, 34), and
poly(A)polymerase from Xenopus is not active at 37°C,
though it is active below 25°C (35). Even 32°C, at which
temperature the cells transfected with XMT c¢cDNA were
recovered in the present study, may be too high for XMT to
form a proper conformation to be translocated into the
nucleus and/or to express full activity. On cultivation at
37°C, where almost no translation product of XMT was
detected, XMT may not form a proper conformation and
thus may be immediately eliminated by the cell machinery.

We thank Dr. Yasuko Miyake (National Cardiovascular Center
Research Institute) for her critical reading of the manuscript.
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