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The Amino-Terminus of Mouse DNA Methyltransferase 1 Forms
an Independent Domain and Binds to DNA with the Sequence
Involving PCNA Binding Motif
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DNA methylation patterns in genome are maintained during replication by a DNA
methyltransferase Dnmt1. Mouse Dnmt1 is a 180 kDa protein comprising the N-terminal
regulatory domain, which covers 2/3 of the molecule, and the rest C-terminal catalytic
domain. In the present study, we demonstrated that the limited digestion of full-length
Dnmt1 with different proteases produced a common N-terminal fragment, which
migrated along with Dnmt1 (1–248) in SDS–polyacrylamide gel electrophoresis. Diges-
tion of the N-terminal domains larger than Dnmt1 (1–248) with chymotrypsin again pro-
duced the fragment identical to the size of Dnmt1 (1–248). These results indicate that the
N-terminal domain of 1–248 forms an independent domain. This N-terminal domain
showed DNA binding activity, and the responsible sequence was narrowed to the 79
amino acid residues involving the proliferating cell nuclear antigen (PCNA) binding
motif. The DNA binding activity did not distinguish between DNA methylated and
non-methylated states, but preferred to bind to the minor groove of AT-rich sequence.
The DNA binding activity of the N-terminal domain competed with the PCNA binding.
We propose that DNA binding activity of the N-terminal domain contributes to the
localization of Dnmt1 to AT-rich sequence such as Line 1, satellite, and the promoter
of tissue-specific silent genes.

Key words: DNA binding, DNA methylation, DNA methyltransferase, domain structure,
proliferating cell nuclear antigen.

Abbreviations: CBB, Coomassie Brilliant Blue R-250; DAPI, 40,6-diamidino-2 phenylindole; DTT, dithiothreitol;
HDAC, histone deacetylase; PCNA, proliferating cell nuclear antigen.

In vertebrates, the 5th positions of cytosine residues in CG
sequences in genomic DNA are often methylated (1, 2).
DNA methylation plays crucial roles in development (3)
and a variety of biological processes, such as genomic
imprinting (4) and carcinogenesis (5) via suppression of
certain genes (6). In vertebrates, two types of DNA methyl-
transferase activities have been reported, i.e., de novo and
maintenance types. In mouse, de novo type DNA methyla-
tion creates tissue-specific methylation patterns at the
implantation stage (7), and maintenance type methylation
ensures clonal transmission of gene-specific methylation
patterns during replication.

One of the DNA methyltransferases, Dnmt1, is respon-
sible for the latter activity. Dnmt1 localizes to replication
fork at S-phase and interact with replication machinery
through proliferating cell nuclear antigen (PCNA) to
methylate the newly synthesized hemi-methylated DNA
to maintain the methylation patterns (8–11). In addition,
Dnmt1 is recruited to the repair lesion with PCNA, playing
a role in maintaining the methylation patterns after repair
(12). Targeting of Dnmt1 gene results in global demethyla-
tion of genome and consequently causes death at early

stage of embryogenesis (13). Mouse Dnmt1 is composed
of 1,620 amino acid residues and 1/3 of them at the
C-terminus encode the sequences conserved among the
DNA (cytosine-5) methyltransferase family (14). The large
N-terminal and the C-terminal catalytic parts are sepa-
rated with a (KG)5-7 repeat (15–19). This large N-terminal
region is thought to be a regulatory region contributes to
the recognition of hemi-methylated DNA (14), and inter-
acts with several functional proteins such as transcription
factor DMAP1 (20), PCNA (9), histone deacetylase (HDAC)
(20,21), oncoprotein Rb (22, 23), methylated DNA binding
protein MeCP2 (24), heterochromatin binding protein 1
(HP1) (25), p53 (26), and de novo–type DNA methyla-
transferases DNMT3a and DNMT3b (27).

Margot et al. proposed to divide further the above large
N-terminal region into two regions, which are 1–353 and
the rest, judging from intron/exon size and exon arrange-
ment (28). The N-terminus 1–353 contains the sequences
interacting with DMAP1, HDAC2, PCNA, Rb, MeCP2,
Dnmt3a, and Dnmt3b (9, 20, 23, 24, 27). It was also
reported that this N-terminal region has DNA binding
activity (29–31). Araujo et al. reported that human
Dnmt1 fragment 122–417 contains the region for the recog-
nition of hemi-methylated DNA (30). However, Fatemi
et al. reported that the mouse Dnmt1 1–343 is not involved
in the recognition of hemi-methylated DNA (29). Consis-
tent with the report by Fatemi et al., we have reported
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that the N-terminal region 1–290 is dispensable for the
hemi-methylated DNA methylating activity (32).

In the present study, we demonstrated that limited
proteolysis of Dnmt1 with different proteases commonly
produced a fragment derived from the N-terminus, of
which size was identical to the sequence 1–248. Thus we
estimated that the N-terminal 1–248 forms an indepen-
dently folded domain. In addition, we narrowed the res-
ponsive sequence for the DNA binding activity to 119–197
of the N-terminal domain. This DNA binding activity
preferred to bind to the minor groove of AT-rich sequence.
Interestingly, the sequence responsible for the DNA bind-
ing partly overlapped with the PCNA binding motif, and
thus the binding of Dnmt1 to DNA competed with PCNA.

MATERIALS AND METHODS

Plasmid Construction—The 50-end cDNA encoding the
somatic type Dnmt1 1–118 was kindly provided by
Heinrich Leonhardt at Ludwig Maximilians University,
Munich, Germany. The truncated and mutated cDNAs
encoding the N-terminal regions of Dnmt1 were
PCR-amplified with recombinant Taq DNA polymerase
(Toyobo, Tokyo), and then subcloned into pGEX6P-1 (GE
Healthcare Bio-Sciences) or pET22b (Novagen). The amino
acid sequence of His-tagged Dnmt1 N-terminal region was
constructed to be identical to those corresponding to His-
tagged full-length Dnmt1 (32). The cDNAs of PCNA, wild
type and two mutants that cannot bind to DNA (33), kindly
provided by Toshiki Tsurimoto at Kyushu University,
Kyushu, Japan, were subcloned into pET23a (Novagen).
The nucleotide sequences of the cDNAs were verified by
the dideoxy methods (34).

Recombinant Protein Expression and Purification—
His-tagged full-length Dnmt1 was expressed in Sf9 cells
and purified as described elsewhere (32). All the
N-terminal constructs of Dnmt1 with GST- and His-tags,
and His-tagged PCNA were expressed in BL21-Codon
Plus-RIL (Stratagene, CA) at 18�C with 0.5 mM isopro-
pyl-1-thio-b-galactoside treatment. The expressed proteins
were purified using glutathione-Sepharose (GE Healthcare
Bio-Sciences) as described (35). His-tagged PCNA was pur-
ified with a HiTrap chelating Sepharose HP column (GE
Healthcare Bio-Sciences) according to the manufacturer’s
instruction, and then dialyzed against a buffer comprising
0.1 M NaCl, 1 mM EDTA, 10% (v/v) glycerol, 0.01% (w/v)
Triton X-100, 1 mM dithiothreitol (DTT), and 25 mM Hepes
(pH 7.9). Protein concentrations were determined by BCA
assay kit (Pierce, IL) using bovine serum albumin as a
standard.

Limited Proteolysis of Dnmt1—Dnmt1 was treated with
indicated amounts of chymotrypsin type II (Sigma, MO),
V8 (Wako, Osaka), or TPCK-Trypsin (Pierce), at 25�C in a
reaction buffer comprising 0.5 M NaCl, 0.5 mM EDTA,
10 mM Tris-HCl (pH 7.4). Unless otherwise mentioned,
after an hour incubation, the reaction was terminated by
adding protease inhibitor cocktail (Nakalai Tesque, Kyoto),
and were separated in a 10% SDS–polyacrylamide gel.

SDS–Polyacrylamide Gel Electrophoresis and Western
Blotting—Proteins were subjected to SDS–polyacrylamide
gel electrophoresis (36), and stained with Coomassie
Brilliant Blue R-250 (CBB). For Western blotting, protein
bands were electrophoretically transferred to PVDF

(Millipore) or nitrocellulose membranes (Schleicher &
Schuell) after the electrophoresis. The membranes were
blocked and immuno-stained with polyclonal anti His-tag
antibodies (MBL, Nagoya).

Gel Shift Assay—The oligonucleotide DNAs used for gel-
shift assay are summarized in Table 1. The synthesized
complementary oligonucleotides were annealed and then
used for gel shift assay. Double-stranded DNA (2 pmol), of
which the 50-end was labeled with [g-32P]-ATP (GE Health-
care Bio-Sciences) and T4 polynucleotide kinase (Toyobo)
in some of the experiments, was incubated with a series of
truncated proteins (5 pmol) at 30�C for 30 min in 25 ml of a
solution comprising 20 mM NaCl, 1 mM EDTA, 10% (v/v)
glycerol, 1 mM DTT, 1/1,000 (v/v) protease inhibitor cock-
tail, and 50 mM Tris-HCl (pH 7.6), and then the mixture
was subjected to electrophoresis in a 0.7% agarose gel with
1· TBE. The 32P-labeled DNA was determined by exposing
the dried gel to X-ray film and the radioactivity of the
shifted band was quantitated by exposing to an imaging
plate (Fuji Photo Film) (37). The non-labeled DNA was
stained with SYBR Green I (Invitrogen) and determined
in a FluoroImager as described (35).

The minor groove binding agents, distamycin A (Sigma),
40,6-diamidino-2-phenylindole (DAPI) (Nakalai Tesque), or
netropsin (Sigma), or the major groove binding agent,
methyl green (Nakalai Tesque), was preincubated with
annealed oligonucleotide, 26AT or 26CG, at room tempera-
ture for 15 min. After the preincubation, recombinant
Dnmt1 was added and further incubated at 30�C for
30 min. The mixture was subjected to electrophoresis
and analyzed as described above.

For the competition assay, 5 pmol of Dnmt1 was mixed
with 2 pmol of radio-labeled oligonucleotide, of which the

Table 1. Sequences of the oligonucleotide DNA used for gel
shift analyses.

Name Sequences

26CG 50-GCCTCCTTGGCTGACGTCAGAGAGAG-30

30–CGGAGGAACCGACTGCAGTCTCTCTC-50

26CA 50-GCCTCCTTGGCTGACATCAGAGAGAG-30

30-CGGAGGAACCGACTGTAGTCTCTCTC-50

26AT 50-GATTATTTAACTGATTTCATAAATAG-30

30-CTAATAAATTGACTAAAGTATTTATC-50

42U 50-GATCCGACGACGACGACGACGACGACGA-
CGACGACGACGATC-30

30-CTAGGCTGCTGCTGCTGCTGCTGCTGCTG-
CTGCTGCTGCTAG-50

42H1 50-GATCMGAMGAMGAMGAMGAMGAMGAM-
GAMGAMGAMGAMGATC-30

30-CTAGGCTGCTGCTGCTGCTGCTGCTGCTG-
CTGCTGCTGCTAG-50

42H2 50-GATCGTCGTCGTCGTCGTCGTCGTCGTCG-
TCGTCGTCGGATC-30

30-CTAGMAGMAGMAGMAGMAGMAGMAGM-
AGMAGMAGMAGMCTAG-50

42M 50-GATCMGAMGAMGAMGAMGAMGAMGAM-
GAMGAMGAMGAMGATC-30

30-CTAGGMTGMTGMTGMTGMTGMTGMTG-
MTGMTGMTGMTGMTAG-50

27U 50-TCAGACCACGTGGTCGGGTGTTCCTGA-30

30-AGTCTGGTGCACCAGCCCACAAGGACT-50

M denotes 5-methyl deoxycytosine. CpG sequence is indicated by
underlines.
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50-end was labeled with 32P, and indicated amounts of
unlabeled oligonucleotide, and then incubated at 30�C
for 30 min. The reaction mixture was subjected to a 6%
polyacrylamide gel or a 0.7% agarose gel with a 1· TBE
buffer, and the shifted bands were determined as described
above.

Nitrocellulose Filter Binding Assay—Double-stranded
oligonucleotide (2 pmol) radio-labeled at the 50 end
with 32P was incubated with 5 pmol of GST-Dnmt1
(119–197) under identical conditions described in the
‘‘gel-shift assay’’ section, except that the 50 mg/ml bovine
serum albumin was added to the incubation mixture. The
filter binding assay was performed as described by Fatemi
et al. (29) with a modification. The GST-Dnmt1 (119–197)-
bound nitrocellulose membranes were washed with 50 mM
Tris-HCl (pH 7.5), 20 mM NaCl, 1 mM EDTA, 10% (w/w)
glycerol. The radioactivity remained on the membranes
was determined with a BAS2000 (Fuji Photo Film).

Pull Down Assay—GST-Dnmt1 (119–197) (60 pmol)
bound to glutathione-Sepharose was incubated with
His-tagged PCNA (60 pmol), wild-type or mutants that
cannot bind to DNA (33), in the absence or presence of
180 or 600 pmol of annealed oligonucleotide, 26CG, in a
300 ml reaction mixture comprising 0.1 M NaCl, 10% (v/v)
glycerol, 0.01% (w/v) NP-40, 1 mM DTT, 1/1,000 (v/v)
protease inhibitors cocktail, and 25 mM Tris-HCl
(pH 7.5) as described (35). After the incubation at 30�C
for 30 min, the matrices were washed four times with
the binding buffer. Equivalent amount of total, unbound,
and bound fractions were loaded onto a 12% SDS–
polyacrylamide gel. The GST-Dnmt1 (119–197) and His-
tagged PCNA bands were determined by immuno-blotting
with anti-GST antibodies (35) and anti His-tag antibodies,
respectively.

RESULTS

N-Terminal Region of Dnmt1 Forms a Domain
Structure—Margot et al. reported that the large
N-terminal domain of Dnmt1, which is more than 100 kDa
and constitutes almost 2/3 of the molecule, can be divided
into two parts from the analyses of the exon-intron
arrangements and the nucleotide sequence homology
among several species. Mouse Dnmt1 can be divided into
the N-terminus domain comprising 353 amino acid resi-
dues and the rest that contains indispensable region for
the expression of DNA methylation activity (28). We
expected that if the N-terminal domain structure proposed
by Margot et al. forms an independently folded domain, the
N-terminal domain of Dnmt1 could be protected from pro-
tease digestion. To examine if this is the case, the purified
recombinant full-length Dnmt1 was digested with chymo-
trypsin (Fig. 1A). When Dnmt1, which had His-tag and 24
amino acid residues at the N-terminus as extra sequences,
was digested with increasing concentrations of chymotryp-
sin, a band migrated to an apparent position of 36 kDa was
produced at a low chymotrypsin concentration, 1/1,000
(w/w) of Dnmt1 (Fig. 1A, lane 3). The anti His-tag antibo-
dies immuno-detected this 36 kDa band as well as the
intact size Dnmt1, which is about 180 kDa (Fig. 1A,
lanes 6–8). In addition, the antibodies against the
N-terminal sequence (1–118) (38) also immuno-reacted
with the 36 kDa band (data not shown). The results clearly

indicate that the 36 kDa band is derived from the
N-terminus. The 36 kDa band was detected even after
8 h incubation with a low chymotrypsin concentration,
which was 1/1,000 (w/w) of Dnmt1 (Fig. 1B).

This N-terminus derived 36 kDa band was also detected
by V8 protease, trypsin (Fig. 1C), and thermolysin (supple-
mentary figure S1) digestions. V8 protease at 1/100 (w/w)
Dnmt1 wiped out intact 180 kDa Dnmt1 while the
36 kDa band remained (Fig. 1C, lane 4). The results
that an almost identical size 36 kDa fragment derived
from the N-terminus was produced by different proteases
indicate that this N-terminal 36 kDa sequence forms a
domain structure. When the recombinants of His-tagged
N-terminal Dnmt1 of 1–290 (exon 1–11) and 1–317 (exon
1–12), which migrated slower than the 36 kDa band, were
digested with chymotrypsin, the 36 kDa band was pro-
duced shortly after the treatment and accumulated during
the digestion (Fig. 1D). This further supports that the
N-terminal 36 kDa sequence stably exist as an indepen-
dent domain.

In addition to the 36 kDa band, a 22 kDa size band was
detected by the digestion with chymotrypsin, trypsin, and
thermolysin (Fig. 1B, lane 5, Fig. 1C, lane 8, and supple-
mentary figure S1). The production of 22 kDa band seemed
to follow that of 36 kDa band. This precursor-product rela-
tionship was clear when the recombinant N-terminal
Dnmt1 sequences were digested (see Fig. 1D). Thus the
results suggest that the 22 kDa band at the N-terminus
forms sub-domain structure. Judging from the molecular
mass, this 22 kDa fragment contains 1–118, which is lack-
ing in mammalian oocyte-type Dnmt1 (39). This region
possesses a typical coiled-coil sequence and conserved
among the species (40). It was reported that the V8 pro-
tease digests near the (KG)-repeat of Dnmt1 and produces
the 58 kDa C-terminus catalytic domain (14). The 58 kDa
band appeared after the 36 kDa band disappeared (data
not shown). The partial N-terminal sequence of this 58 kDa
band was identical to that reported by Bestor (14). The
hinge between the 36 kDa N-terminus domains and the
rest seems to be more susceptible to the proteolysis than
the hinge connecting the C-terminal catalytic domain and
the middle part of the molecule.

To estimate the cleavage site to produce N-terminal
domain, we next prepared the partial sequences of the
N-terminal region with the His-tag and extra sequences
identical to that of the full-length Dnmt1, and compared
their sizes with the chymotrypsin digest of the full-length
Dnmt1 in SDS–polyacrylamide gel electrophoresis
(Fig. 1E). As shown in Fig. 1E, the mobility of the recom-
binant of the Dnmt1 (1–248), which is the product of exon
1–9, seemed to be identical with that of the N-terminal
36 kDa band (see lanes 4, 8–10). This indicates that the
cleavage site by chymotrypsin was at or near the amino
acid number 248.

N-Terminal Domain of Dnmt1 Possesses DNA Binding
Activity—It was reported that the N-terminal region of
Dnmt1 has DNA binding activity (29–31). Fatemi et al.
have reported that mouse Dnmt1 (1–343) possesses CG
dinucleotide-specific DNA binding activity (29). To exam-
ine whether or not the N-terminal 1–248 domain contains
the CG-specific DNA binding activity reported by Fatemi,
GST-fused Dnmt1 (1–248) [GST-Dnmt1 (1–248)] and
GST-Dnmt1 (1–343) were purified (Fig. 2A), and then
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Fig. 1. Core domain in the N-terminus of Dnmt1. (A) Dnmt1
was digested with increasing concentrations of chymotrypsin. Fixed
amount of Dnmt1 (10 mg) (lanes 1 and 6) was digested with 1/10,000
(lanes 2 and 7), 1/1,000 (lanes 3 and 8), 1/100 (lanes 4 and 9), and
1/10 (lanes 5 and 10) (w/w Dnmt1) of chymotrypsin for 1 h.
(B) Dnmt1 (10 mg) (lane 1) was digested with 1/1,000 (w/w Dnmt1)
chymotrypsin for 6 min (lane 2), 30 min (lane 3), 2 h (lane 4), and 8 h
(lane 5). (C) Dnmt1 was digested with increasing concentrations of
V8 (lanes 1–5) and TPCK-trypsin (trypsin) (lanes 6-10). Dnmt1
(10 mg) (lanes 1 and 6) was digested with 1/10,000 (lanes 2 and 7),
1/1,000 (lanes 3 and 8), 1/100 (lanes 4 and 9), and 1/10 (lanes 5 and 10)
(w/w Dnmt1) for 1 h. (D) Dnmt1 (1–317) (exon 1–12, lanes 3–7),
(1–290) (exon 1–11, lanes 8–12), and purified full-length Dnmt1
(lanes 1 and 2) (10 mg protein each) were digested with 1/1,000
(w/w) of chymotrypsin for 0 min (lanes 1, 3, and 8), 6 min (lanes
4 and 9), 30 min (lanes 5 and 10), 2 h (lanes 2, 6, and 11), and 8 h
(lanes 7 and 12). (E) Dnmt1 (1–197) (exon 1–6, lane 1), (1–208)

(exon 1–7, lane 2), (1–234) (exon 1–8, lane 3), (1–248) (exon 1–9,
lanes 4 and 10), (1–276) (exon 1–10, lane 5), (1–290) (exon 1–11,
lane 6), and (1–317) (exon 1–12, lane 7) were expressed as fusion
with the identical His-tag and extra sequences to that of full-length
Dnmt1 at N-terminus, and purified with chelating-Sepharose. The
panels indicate Western blotting of the purified proteins and full-
length Dnmt1 digested with 1/1,000 (w/w Dnmt1) of chymotrypsin
for 1 h (lanes 8 and 9). All the mixtures were electrophoresed in 12%
SDS-polyacrylamide gels, and protein bands were stained with CBB
(panel A left), or immuno-stained with anti His-tag antibodies
(panels A right and B-E). Open and closed arrowheads and arrows
indicate the positions of full-length Dnmt1, the N-terminal 36 kDa,
and 22 kDa fragments, respectively. (F) The N-terminal domain of
Dnmt1 (1–248) identified in the present study is schematically illu-
strated. The tripartite structure predicted by Margot et al. is shown
as domain A, B, and C (28), and the interacting sites with various
functional proteins are indicated with underlines.
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Fig. 2. DNA binding activity of the N-terminal domain of
Dnmt1. (A) GST (lane 1), GST-Dnmt1 (1–248) (lane 2), and
GST-Dnmt1 (1–343) (lane 3) (2 mg protein each) were electrophor-
esed in a 12% SDS–polyacrylamide gel, and protein bands were
stained with CBB. (B) GST (lanes 1–4), GST-Dnmt1 (1–248)
(lanes 5–8), or GST-Dnmt1 (1–343) (lanes 9–12) was incubated with-
out probe, with 26CG, 26CA, or 26AT (Table 1). The mixtures were
electrophoresed in a 0.7% agarose gel with a 1· TBE buffer. DNA
was visualized with SYBR green I. (C) Radio-labeled 26AT was
incubated without (lane 1) or with (lanes 2–11) GST-Dnmt1
(1–248), and no (lanes 1 and 2), one (lanes 3–5), three (lanes
6–8), or ten (lanes 9–11) molar excess non-labeled 26CG (lanes 3,
6, and 9), 26AT (lanes 4, 7, and 10), or 26CA (lanes 5, 8, and 11). The
mixtures were electrophoresed as in B, and exposed to X-ray film.
(D) Radio-labeled 26AT and three molar excess of cold 26CG, 26AT,
or 26CA were incubated and electrophoresed as in C. The radio-
activity of the shifted bands were determined by a BAS2000 and

plotted. The average values – SD were calculated from five inde-
pendent experiments. (E) GST-Dnmt1 (1–248) (lanes 1–5) or
GST-Dnmt1 (1–343) (lanes 6–10) was incubated without probe
(lanes 1 and 6), with 42U (lanes 2 and 7), 42H1 (lanes 3 and 8),
42H2 (lanes 4 and 9), or 42M (lanes 5 and 10) probe (see Table I) as in
(B). (F) Radio-labeled 42U was incubated without protein (lane 1), or
with GST-Dnmt1 (1–248) (lanes 2–14), and then was chased with 1,
5, and 25 molar excess of 42U (lanes 3–5), 42H1 (lanes 6–8), 42H2
(lanes 9–11), or 42M (lanes 12–14) as competitor. After the incuba-
tion, the reaction mixtures were electrophoresed in a 6% polyacry-
lamide gel with a 1· TBE buffer, and the gel was subjected to
autoradiography. (B, C, E, and F) Open and closed arrowheads
indicate the positions of the shifted bands and free probes, respec-
tively. (G) Quantitative analysis of panel F. The radioactivity in the
shifted bands from five independent experiments was determined,
normalized to the radioactivity of the shifted bands without compe-
titors, and the average – SD was plotted.
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determined their DNA binding activity. For the binding
experiment, 26 bp double-stranded DNAs containing
one CG/GC (26CG), this CG/GC changed to CA/GT
(26CA), and AT-rich (26AT) sequences were used (Table 1).
GST-Dnmt1 (1–248) bound to 26CG in a similar level to
that of GST-Dnmt1 (1–343) (Fig. 2B, compare lanes 6 and
10). In addition, GST-Dnmt1 (1–248) and GST-Dnmt1
(1–343) bound to 26CA, which does not contain CG
sequence, to a similar level as that to 26CG (Fig. 2B, com-
pare lanes 6, 8, 10, and 12). Interestingly, GST-Dnmt1
(1–248) as well as GST-Dnmt1 (1–343) showed higher bind-
ing activity for 26AT, of which sequence was AT-rich and
contains no CG sequence (Fig. 2B, lanes 7 and 11). The
radio-labeled 26AT DNA bound to GST-Dnmt1 (1–248) was
efficiently competed by the addition of cold 26AT than
26CG or 26CA (Fig. 2, C and D), supporting that this
N-terminal domain preferentially binds to AT-rich
sequence. Different from the report by Fatemi et al. (29),
the DNA binding activity of the N-terminal domain did not
show any strong preference for the CG sequence but it
preferred to bind AT-rich sequence. Since the DNA binding
specificity of GST-Dnmt1 (1–248) was identical to that of
GST-Dnmt1 (1–343) (Fig. 2B), the sequence of Dnmt1
(249–343) may not be involved in the DNA binding activity
and its specificity.

The specificity of the methylated DNA binding activity of
the N-terminal domain is rather controversial. One report
argues that the sequence of human Dnmt1 122–417 includ-
ing PCNA binding motif specifically recognizes hemi-
methylated DNA (30). On the other hand, it was reported
that the N-terminal domain (1–343) does not discriminate
methylated and unmethylated DNA, but rest of the regions
613–748 and 1124–1620 are responsible for the recognition
of hemi-methylated DNA (29). Recently, we have reported
that the N-terminal domain is dispensable for the prefer-
ential methylation of hemi-methylated DNA (32).

To determine the DNA binding specificity of the
N-terminal 1–248, we examined the DNA binding activity
of GST-Dnmt1 (1–248) towards non-methylated, hemi-
methylated, fully methylated DNA, of which sequences
are shown in Table 1. Similar to the N-terminal DNA bind-
ing domain reported by Fatemi et al. (29), the GST-Dnmt1
(1–248) and GST-Dnmt1 (1–343) could not discriminate
unmethylated (42U), hemi-methylated (42H1 and 42H2),
and fully methylated (42M) double-stranded 42-bp DNA
containing 12 pairs of CpG sequences (Fig. 2E). Further-
more, the unmethylated DNA bound to GST-Dnmt1
(1–248) was equally competed by the addition of the unme-
thylated, hemi-methylated, or fully methylated 42-bp DNA
(Fig. 2, F and G). These results indicate that the DNA
binding property of GST-Dnmt1 (1–248) is distinct from
those reported by Araujo et al. (30). It seems reasonable
that the N-terminal domain showed no specificity for the
binding to hemi-methylated DNA, because the N-terminal
region (1–290) of Dnmt1 is shown to be dispensable for the
specific methylation of hemi-methylated DNA (32).

Responsible Region for the DNA Binding Activity—Next
we examined the sequence responsible for the DNA bind-
ing. We prepared a series of truncated forms of the
N-terminal domain of Dnmt1 (Fig. 3A). These truncated
proteins (Fig. 3B) were determined the DNA binding activ-
ity (Fig. 3C). The DNA binding activity of GST-Dnmt1
(1–290) was similar to that of GST-Dnmt1 (1–343).

Dnmt1 (1–290), of which N-terminal GST was removed,
bound to DNA in a similar level to that of GST-Dnmt1
(1–290) (supplementary figure S2), indicating that GST
did not affect the DNA binding activity. GST-Dnmt1
(1–197), GST-Dnmt1 (119–290), and GST-Dnmt1
(119–197) showed similar amounts of the shifted bands
as those of GST-Dnmt1 (1–248) and GST-Dnmt1
(1–343). GST-Dnmt1 (1–146) and GST-Dnmt1 (119–172)
showed weak but significant levels of DNA binding activ-
ity. Altogether, we concluded that 119–197 is sufficient for
the DNA binding activity. The sequences such as 119–146,
147–172 containing PCNA binding motif (160–172) (9), and
173–197 was expected to be indispensable for the DNA
binding, since not GST-Dnmt1 (1–118) but GST-Dnmt1
(1–146) could bind to DNA, not GST-Dnmt1 (119–146)
but GST-Dnmt1 (119–172) bound to DNA, and the DNA
binding level of GST-Dnmt1 (119–172) was lower that
that of GST-Dnmt1 (1–197). However, neither of the par-
tial sequences of GST-Dnmt1 (119–146), GST-Dnmt1
(147–197), nor GST-Dnmt1 (173–197) by itself could
bind to DNA, suggesting that the entire 119–197 sequence
may be necessary to form the three dimensional structure
for the recognition of DNA.

Amino acids sequences of Dnmt1, deduced from cDNA,
have been reported from at least three groups. The
N-terminal Dnmt1 (1–343) sequence used in this study
was identical to two of them (accession numbers,
AF162282 and BC048148). These two sequences give
S146V147, while that in the accession number X14805
gives F146 instead. Since the difference resides in the cri-
tical positions, we examined the DNA binding activity of
the N-terminal domain with F146. The mutated Dnmt1
(1–289) with F146 showed an identical binding activity
and specificity to that of Dnmt1 (1–290) with S146V147
(supplementary figure S3).

Mode of DNA Binding of GST-Dnmt1 (119–197)—
Different from the report by Fatemi et al. (29), the
N-terminal 1–248 preferred to bind not to the CG contain-
ing but to the AT-rich sequence (see Fig. 2, B, C, and D). We
further examined the DNA binding activity of GST-Dnmt1
(119–197). GST-Dnmt1 (119–197) bound to 27U as well as
26CG (Fig. 4A), suggesting that the responsible region did
not discriminate the CG sequence. Fatemi et al. reported
that GST-Dnmt1 (1–343) preferentially binds to the CG
sequence (29), however, even by an identical procedure,
a filter binding assay, the binding of GST-Dnmt1
(119–197) towards 26CG was not significantly higher
than that towards 26CA, in which a CG sequence was
changed to a CA sequence, but preferred to bind to the
AT-rich DNA, 26AT (Fig. 4B). To determine the binding
specificity of Dnmt1 (119–197) for CG-containing sequence,
its binding to 26CG was competed either with 26CG, 26CA,
or 26AT (Fig. 4, C and D). The binding was most effectively
competed with 26AT, and lesser extent with 26CG or
26CA within a similar range, that is, GST-Dnmt1
(119–197) showed higher binding activity towards 26AT
than towards 26CG or 26CA.

The sequence 119–197 responsible for the DNA binding
contains two copies of the sequences similar to the AT-hook
motif (Fig. 5A), which is known to bind to the minor grove
of AT-rich DNA with the consensus sequence of PRGRP
(41). Since GST-Dnmt1 (119–197) preferred to bind to the
AT-rich DNA, we examined the effect of the inhibitors that

768 I. Suetake et al.

J. Biochem.

 at U
niversidade Federal do Pará on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


are known to compete with the minor groove binding
proteins. As shown in Fig. 5B, distamycin A, which is an
anti-tumor drug that binds specifically to the minor groove
of AT-rich DNA (42), inhibited the DNA binding of
GST-Dnmt1 (119–197) to 26AT in a dose-dependent man-
ner (see lanes 3–5). Addition of identical concentrations of
distamycin A did not inhibit the binding of GST-Dnmt1
(119–197) to 26CG (Fig. 5C, lanes 3–5). This is due to
the preferential binding of distamycin A to the AT-rich
sequence. The binding affinity of distamycin A for

poly(dG-dC) is two order of magnitude lower than that
for poly(dA-dT) (43). Another minor groove binding agents,
DAPI and netropsin (44), also inhibited the DNA binding
activity (Fig. 5B, lanes 6–11). On the other hand, methyl
green, a major groove binding agent (45), did not effectively
inhibit the DNA binding activity, (Fig. 5B, lanes 12–14).
Similar to the case of distamycin A, addition of identical
concentrations of DAPI, netropsin, and methyl green did
not inhibit the binding of GST-Dnmt1 (119–197) to
26CG (Fig. 5C, lanes 6–14). Since minor groove binding

Fig. 3. DNA binding sequences in the N-terminal domain.
(A) Schematic illustration of the truncated constructs and their
DNA binding activity are summarized. Exon structure, PCNA bind-
ing site, and the sequence specifically deleted in the oocyte form are
also shown at the top. The narrowed sequence responsible for DNA
binding is indicated as horizontal arrow. The relative strength of the
DNA binding activities of GST-Dnmt1 (1–248) summarized in the

table was taken from Fig. 3C. (B) The purified truncated proteins of
the N-terminal region with GST tag at the N-terminus were elec-
trophoresed in a 12% SDS-polyacrylamide gel and stained with
CBB. (C) The DNA binding activity of the truncated forms of the
N-terminal region was determined by gel shift assay as in Fig. 2B
using 26CG as probe. The shifted bands and free probes are indi-
cated by open and closed arrowheads, respectively.
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(distamycin A and DAPI) and major groove binding
(methyl green) agents have been reported to have similar
DNA binding affinities (43, 46, 47), the results obtained in
the present study indicate that the N-terminal domain of
Dnmt1 recognizes mainly a minor groove of DNA for the
binding.

To examine the contribution of the AT-hook–like motifs
in the N-terminal domain for the DNA binding activity, the
crucial residues of P and R in the consensus sequence
RGRP of the AT-hook motif (41) in 126–136 were changed
to A and the recombinants were purified (Fig. 5D), and
then their DNA binding activity was determined by gel
shift assaying (Fig. 5, E and F). When the basic residues
were replaced with A, the mutants of R127A, R129A,
R133A, and R136A, lost the DNA binding activities, while
the P was replaced, the mutants containing P126A, P130A,
P132A, and P135A were not affected the DNA binding
activity (Fig. 5, E and F). As the consensus sequence of
RGRP in the AT-hook motif is not perfectly conserved in
the two likely motifs found in the N-terminal domain,
which are RSRP and RGPR (see Fig. 5A), the DNA binding
mode of the N-terminal domain through 119–197 may not
be identical to that of the reported AT-hook motif.

As the sequence 119–197 necessary for the DNA binding
contains also the PCNA binding motif at 160–172 (Fig. 3A),
it is likely that the sequence responsible for PCNA binding
is also involved in the DNA binding activity. To examine
this possibility, we next introduced mutations into the
PCNA binding motif. Three basic amino acid residues in
and near the motif were mutated, i.e., R161A, K171A, and
R176A. The mutants of R161A and K171A of GST-Dnmt1
(119–197) lost or decreased the DNA binding activity. On
the contrary, the mutant of R176A, of which mutation is
out of the PCNA binding motif, did not (Fig. 5, E and F).
The sequence responsible for the DNA binding covers the
PCNA binding site. Thus, not only the AT-hook–like
sequences but also the PCNA binding motif was involved
in the DNA recognition either directly or indirectly.

PCNA Competes with DNA for the Binding to the
N-Terminal Domain of Dnmt1—Since the sequence
responsible for the DNA binding in the N-terminal domain
of Dnmt1 was extended to that for PCNA binding, we next
determined whether or not the binding of the N-terminal
domain of Dnmt1 to DNA interferes with that to PCNA.
Under the examined conditions, PCNA alone did not show
any shifted band (Fig. 6C, lanes 2–4). PCNA might run off

Fig. 4. DNA binding activity of
GST-Dnmt1 (119–197). (A) The oligonucleo-
tide DNA, 26CG, 26AT, 26CA, or 27U, was
incubated with GST-Dnmt1 (119–197), and
then the DNA bound to the protein was deter-
mined by gel shift assay as in Fig. 2B. (B) DNA
binding activity was determined by filter bind-
ing assay. Radioactivity was determined and
normalized to that of 26AT. The average – SD
obtained from six independent experiments
is shown. (C) Radio-labeled 26CG was incu-
bated without (lane 1) or with (lanes 2–11)
GST-Dnmt1 (119–197), and no (lanes 1 and
2), one (lanes 3–5), three (lanes 6–8), or ten
(lanes 9–11) molar excess non-labeled 26CG
(lanes 3, 6, and 9), 26CA (lanes 4, 7, and 10),
or 26AT (lanes 5, 8, and 11). The mixtures were
electrophoresed as in A, and exposed to X-ray
film. (A and C) The shifted bands and free
probes are indicated by open and closed arrow-
heads, respectively. (D) Radio-labeled 26AT
and three molar excess of cold 26CG, 26AT,
or 26CA were incubated and electrophoresed
as in C. The radioactivity of the shifted bands
were determined by a BAS2000 and plotted.
The average values – SD were calculated from
four independent experiments.
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Fig. 5. Effects of the drugs and mutations on the DNA binding
activity of Dnmt1 (119–197). (A) The mouse DNA binding
sequence 119–197 is aligned with the corresponding human
sequence. The amino acid residues identical between mouse and
human were indicated as asterisks. The sequence homologous to
the AT-hook motif and PCNA binding sequence are indicated. The
mutated amino acid residues are indicated by underline. (B)
Radio-labeled 26AT and GST-Dnmt1 (119–197) were incubated in
the presence of 0.1, 1, and 10 mM distamycin A (lanes 3–5), DAPI
(lanes 6–8), netropsin (lanes 9–11), or methyl green (lanes 12–14).

The DNA bound to the protein was determined by gel shift assay as
in Fig. 2C. (C) Radio-labeled 26CG and GST-Dnmt1 (119–197) were
incubated and analyzed as in B. (D) CBB staining of GST,
GST-Dnmt1 (119–197), and the GST-Dnmt1 (119–197) mutated
at indicated positions (2 mg protein each) were electrophoresed in
a 12% SDS-polyacrylamide gel. (E and F) DNA binding activities of
GST, wild-type GST-Dnmt1 (119–197), and its mutants were deter-
mined as in Fig. 2B using the oligonucleotide DNA 26CG (E) and
26AT (F) as probes. (B, C, E, and F) The shifted bands and free
probes are indicated by open and closed arrowheads, respectively.
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from the linear DNA used in the binding assay, though
PCNA is known to bind to DNA (33). The addition of
PCNA to the reaction mixtures decreased the shifted
bands composed of the DNA and GST-Dnmt1 (119–197)
in a dose dependent manner (Fig. 6C, lanes 5–8). However,
the addition of PCNA to the Dnmt1 (119–197) with a muta-
tion at H168V, which cannot bind to PCNA (9), scarcely
affected the DNA binding activity (Fig. 6C, lanes 9–12).
The result indicates that the binding of Dnmt1
(119–197) to the PCNA competed with that to the DNA.
To further confirm that the inhibitory effect of PCNA on
the binding of Dnmt1 (119–197) to DNA is not through
the DNA binding activity of PCNA but a direct effect on
Dnmt1, the mutants of PCNA with K14A and R149A
that lack DNA binding activity (33) were employed. The
addition of these PCNA mutants also inhibited the DNA
binding activity of Dnmt1 (119–197) to a similar level as to
that of wild-type PCNA (Fig. 6C, lanes 17–20 and 29–32).
Altogether, it can be concluded that the binding of Dnmt1
(119–197) to DNA was directly competed with that to
PCNA through the common binding sequence in Dnmt1
(119–197).

Next, the effect of the addition of DNA on the direct
interaction between the N-terminal domain of Dnmt1
and PCNA was determined. Wild-type PCNA was pulled
down with the glutathione-Sepharose bound to GST-
Dnmt1 (119–197) in the absence of DNA (Fig. 7, upper
left panel, 0· DNA), supporting the previous report that
Dnmt1 binds to PCNA (9). PCNA with mutations in the
residues responsible for DNA binding (K14A and R149A
shown at left middle and lower panels) also bound to
GST-Dnmt1 (119–197) in the absence of DNA. The amount
of all types of PCNA bound to GST-Dnmt1 (119–197) was
decreased by the addition of DNA in a dose dependent
manner (Fig. 7, left panels, 3· and 10· DNA). These results
support the conclusion that PCNA and DNA binding to
the N-terminal 119–197 of Dnmt1 directly competes.

DISCUSSION

The N-Terminal 1–248 Forms a Domain Structure—In
the present study, we found that the N-terminus of Dnmt1
(1–248), encoded by exon 1–9, forms a domain structure.
Margot et al. have concluded that Dnmt1 molecule is

Fig. 6. Effect of PCNA on the DNA binding activity of the
N-terminal domain of Dnmt1. Wild-type (WT) and mutant
PCNA (K14A and R149A) (A), and GST-Dnmt1 (119–197) (WT)
and mutant GST-Dnmt1 (119–197) at H168V (H168V) (B) were
electrophoresed in a 12% SDS–polyacrylamide gel, and stained
with CBB. Two micrograms proteins were loaded in each lane.
(C) GST-Dnmt1 (119–197) (lanes 5–8, 17–20, and 29–32) or
GST-Dnmt1 (119–197) H168V (lanes 9–12, 21–24, and 33–36)

(5 pmol protein each) was mixed with oligonucleotide DNA,
26CG, in the absence (lanes 1, 5, 9, 13, 17, 21, 25, 29, and 33)
or the presence of 5.1 pmol (lanes 2, 6, 10, 14, 18, 22, 26, 30, and
34), 15 pmol (lanes 3, 7, 11, 15, 19, 23, 27, 31, and 35), or 45 pmol
(lanes 4, 8, 12, 16, 20, 24, 28, 32, and 36) of PCNA. The
reaction mixture was analyzed as in Fig. 2B. The shifted band
and free probes are indicated by open and closed arrowheads,
respectively.
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constituted of three separable domain structures, i.e., the
N-terminal, 1–352 encoded in exon 1–14, the middle part
containing zinc finger-like and polybromo-1 homology
domains, and the C-terminal catalytic region, according
to the sequence homology alignment and exon arrange-
ment analyses of the Dnmt1 deduced in several species
(28). The sequence comprising N-terminal domain identi-
fied in the present study did not completely match with
that reported by Margot et al. (28). Due to our biochemical
results, the core N-terminal domain is likely to be 1–248.

Even when the N-terminal domain was deleted, the
Dnmt1 neither changes its specific activity nor the speci-
ficity towards hemi-methylated DNA substrate (32). The
N-terminal domain is dispensable for the hemi-methylated
DNA methylating activity of Dnmt1. However, the
N-terminal domain (1–248) is reported to associate with
PCNA, which is a prerequisite factor for replication and
repair (33), and Dnmt1 is recruited to the PCNA existing
sites (8–12), expected to fully methylate the newly syn-
thesized hemi-methylated CG sites. In addition, the
N-terminal domain interacts with DMAP1 and HDAC2,
which are the factors involved in gene silencing (20).
Furthermore, the N-terminal domain binds another
DNA methyltransferases Dnmt3a and Dnmt3b, which
are reported to create DNA methylation patterns during
embryogenesis and in germ cells (23). Since the fidelity
of Dnmt1 itself to maintain DNA methylation patterns
during replication is low (32, 48) compared to that under
physiological conditions (49), the interaction of Dnmt1
with these de novo–type DNA methyltransferases, possibly
Dnmt3b, may help in maintaining the DNA methylation
patterns (50, 51). Therefore, it is rational to speculate that
the N-terminal domain is working as a platform for the
interaction with those factors that regulate the function
and localization of Dnmt1 (Fig. 1F).

The DNA Binding Activity of the N-Terminal Domain—
The sequence responsible for DNA binding in the
N-terminal domain was narrowed to 79 amino acid resi-
dues, which harbors AT-hook–like sequences and PCNA
binding motif. The domain preferred to bind to the
minor groove of AT-rich sequence (Figs. 4 and 5), and
did not discriminate the CG sequence and methylation
status (Figs. 2 and 4). These properties of the N-terminal
domain do not go along with the previous report that the
N-terminal 1–343 favors to bind CG containing DNA (29).

One reason for the discrepancy could be due to the
oligonucleotide sequence used for the binding study. To
determine the preferential binding towards the CG
sequence, a single CG site in the probe 26CG was changed
to CA in 26CA in the present study (see Table 1). On the
other hand, Fatemi et al. changed not only a CG site in
the 30 base pair oligonucleotide but also the flanking
three nucleotides (29). This adjacent nucleotide change
might have affected the binding activity of the N-terminal
domain of Dnmt1. Furthermore, it was reported by
another group that the DNA binding sequence (amino
acid residues 122–417) including PCNA binding motif,
which is located in human Dnmt1 (162–174), recognizes
hemi-methylated CG (30). In their report, hemi-
methylated hairpin oligonucleotide DNA was used for
the binding assay. As Dnmt1 specifically recognizes the
edge of fold backed single stranded DNA (52, 53), the
N-terminal domain might recognize such the unusual
structure other than hemi-methylated double stranded
DNA when hairpin oligonucleotide DNA is used. It may
not be reasonable to assume that the DNA binding site
near PCNA binding motif is contributing to the recognition
of hemi-methylated CG, since the region including PCNA
binding site is shown to be dispensable for the hemi-
methylated DNA methylating activity of Dnmt1 (32).

Possible Function of the DNA Binding Activity in
N-Terminal Domain—Since the N-terminal domain iden-
tified in the present study preferred to bind an AT-rich
sequence, Dnmt1 could be accumulated at AT-rich sites
such that the LINE-1 repetitive sequence (54), satellite
DNA (55), and many of the promoters of tissue-specific
genes (56). These sequences, though CG sequences are
infrequent, are highly methylated, except for the promo-
ters of tissue-specific genes in expressing cells (40, 57, 58).
Maintenance of the methylation of these regions is quite
important. Methylation of the promoters of tissue-specific
genes in non-expressing cells ensures a normal differen-
tiation state of the cells. The LINE-1 repeat becomes
hypomethylated in cancer cells, and hypomethylation of
the satellite DNA could be a trigger for carcinogenesis in
man (59–61). It is likely that the location of Dnmt1 contri-
butes to the maintenance of the methylation status in these
regions.

The DNA binding activity of the N-terminal domain
identified in the present study competed with the PCNA

Fig. 7. Effect of DNA on the
PCNA binding activity of the
N-teminal domain of Dnmt1.
Glutathione-Sepharose bound with
60 pmol of Dnmt1 (119–197) were
mixed with equal mol of His-tagged
PCNA in the absence or presence of
3 and 10 molar excess (· DNA) oligo-
nucleotide DNA, 26CG. As for
PCNA, wild type (upper panel),
K14A (middle panel), and R149A
(lower panel) were used. PCNA
and Dnmt1 of input (I), matrix
bound (B), and unbound (U) frac-
tions were determined by Western
blotting by anti–His-tag antibodies
(left panels) and anti-GST antibo-
dies (right panels).
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binding. This means that Dnmt1 bound to DNA through
the N-terminal domain cannot bind PCNA, and, vice versa,
Dnmt1 bound to PCNA cannot directly bind to DNA
through the N-terminal domain (Fig. 8). Although the
expression of Dnmt1 is highest at S phase, it is also detect-
able at G2 and M phases, at which phases Dnmt1 associ-
ates preferentially with heterochromatin (10). The
methylated cytosine residue prone to undergo spontaneous
deamination, and the resulting G/T mismatch is corrected
by a base excision repair (BER) pathway. BER in mamma-
lian cells occurs by two pathways termed ‘‘short-patch’’ or
single-nucleotide replacement and ‘‘long-patch’’ or several-
nucleotide replacement BER (62). The short-patch BER is
accomplished by DNA polymerase b without a help of
PCNA, and this newly repaired base pair becomes hemi-
methylated CpG. To recover this hemi-methylated state to
fully methylated form, Dnmt1 should be recruited to the
site. The DNA binding activity of the N-terminal domain
may contribute in locating Dnmt1 at such the hemi-
methylated CpG that is produced replication-independent
manner at non-S phase.

Supplementary figures available as figures S1–S3.
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