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(Background: Dnmt] faithfully propagates DNA methylation patterns to the next generation.
Results: The DNA methylation activity of Dnmtl was stimulated by the direct interaction of the SRA domain of Uhrfl and

Conclusion: The SRA facilitates DNA accession to the catalytic center.
Significance: The RFTS and SRA interaction contributes to the correct feeding of the hemi-methylated DNA to the catalytic

N

J

Dnmtl is responsible for the maintenance DNA methylation
during replication to propagate methylation patterns to the next
generation. The replication foci targeting sequence (RFTS),
which plugs the catalytic pocket, is necessary for recruitment of
Dnmt1 to the replication site. In the present study we found that
the DNA methylation activity of Dnmtl was DNA length-de-
pendent and scarcely methylated 12-bp short hemi-methylated
DNA. Contrarily, the RFTS-deleted Dnmt1 and Dnmt1 mutants
that destroyed the hydrogen bonds between the RFTS and cata-
lytic domain showed significant DNA methylation activity even
toward 12-bp hemi-methylated DNA. The DNA methylation
activity of the RFTS-deleted Dnmt1 toward 12-bp hemi-meth-
ylated DNA was strongly inhibited on the addition of RFTS, but
to alesser extent by Dnmt1 harboring the mutations that impair
the hydrogen bond formation. The SRA domain of Uhrf1, which
is a prerequisite factor for maintenance methylation and selec-
tively binds to hemi-methylated DNA, stimulated the DNA
methylation activity of Dnmtl. The SRA to Dnmt1 concentra-
tion ratio was the determinant for the maximum stimulation. In
addition, a mutant SRA, which had lost the DNA binding activ-
ity but was able to bind to Dnmtl, stimulated the DNA meth-
ylation activity of Dnmtl. The results indicate that the DNA
methylation activity of Dnmtl was stimulated on the direct
interaction of the SRA and Dnmt1. The SRA facilitated accept-
ance of the 12-bp fluorocytosine-containing DNA by the cata-
Iytic center. We propose that the SRA removes the RFTS plug
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from the catalytic pocket to facilitate DNA acceptance by the
catalytic center.

DNA methylation of cytosine is a key epigenetic modifica-
tion and crucial for normal development of mammals (1-3).
The global methylation patterns in the genome are established
at an early stage of embryogenesis and in germ cells and then
propagated to the next generation thereafter in a cell lineage-
dependent manner. DNA methyltransferases, e.g Dnmt3a and
Dnmt3b, are responsible mainly for the establishment of DNA
methylation patterns, and another DNA methyltransferase,
Dnmtl, for the maintenance of the patterns.

Mouse Dnmtl is a large molecule comprising 1620 amino
acid residues. The N-terminal 243-amino acid sequence under-
goes independent folding (4), this domain playing a role as a
platform for it to interact with many factors such as transcrip-
tion repressor DMAP1 (5), Dnmt3a and Dnmt3b (6), Rb2 (7),
proliferating cell nuclear antigen (PCNA) (8), DNA (4), protein
kinase CDKL5 (9), and casein kinase Ckl 6&/e (10). It was
reported that PCNA, which is known to slide on replicating
DNA with DNA polymerase, recruits Dnmt1 to facilitate main-
tenance methylation (8). However, it was also reported that a
Dnmtl1 lacking this independent N-terminal domain contain-
ing the PCNA binding sequence exhibits processive DNA
methylation activity toward hemi-methylated DNA, which rep-
resents maintenance DNA methylation (11). Following the
independent N-terminal domain, there are multiple domains
(see Fig. 1A): the replication foci targeting sequence (RFTS),? a

3 The abbreviations used are: RFTS, replication foci targeting sequence; CBB,
Coomassie Brilliant Blue R-250; F, 5-fluorocytosine; SRA, SET and RING fin-
ger-associated; Uhrf1, ubiquitin-like with PHD and ring finger 1.
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Zn-finger like CXXC motif (CXXC), two bromo-adjacent
homology domains, and the catalytic domain. The catalytic
domain is highly homologous to those of the bacterial DNA
(cytosine-5) methyltransferase family (12). The RFTS is neces-
sary for Dnmtl to target a replication site (13). Recently, we
determined the three-dimensional structure of mouse Dnmt1
lacking the N-terminal platform domain by x-ray crystallogra-
phy (14). The RFTS, CXXC motif, two bromo-adjacent homol-
ogy domains, and catalytic domain show almost independent
folding. However, a striking feature is that the RFTS plugs the
catalytic pocket. Substrate DNA cannot gain access to the cat-
alytic center unless the RFTS is removed from the catalytic
pocket. Recently, Song et al. reported the co-crystal structure of
the Dnmtl catalytic domain with fluorocytosine-containing
DNA (15). Comparison of the two three-dimensional struc-
tures clearly indicates that the RFTS domain must be removed
from the catalytic pocket for maintenance DNA methylation.

For the propagation of DNA methylation patterns in vivo
during replication, Uhrfl (ubiquitin-like with PHD and ring
finger domains; also known as Np95 and ICBP90) was reported
to be a prerequisite factor (16). The SRA (SET and RING finger-
associated) domain of Uhrfl specifically recognizes hemi-
methylated CpG and flips the methylated cytosines out of dou-
ble-stranded DNA (17-19). Recently, it was reported that
Dnmtl recognizes ubiquitylated lysine 23 of histone H3, which
is catalyzed by the RING finger E3 ligase activity of Uhrf1 and is
a necessary step for maintenance methylation (20).

In the present study, we have demonstrated that the direct
interaction between the SRA of Uhrfl and Dnmtl contributes
to the removal of the RFTS from the catalytic pocket to allow
access of the substrate hemi-methylated DNA to the catalytic
center.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant Dnmtl—Truncated and mu-
tated mouse Dnmt1 cDNAs were subcloned into pFastBac-Htb
(Invitrogen) with the GST c¢DNA inserted in-frame at the 5’
end. The baculovirus harboring Dnmtl ¢cDNAs coding 291-
1620 and 602—-1620 was expressed in Sf9 cells and purified as
described elsewhere (11, 14). The mutant Dnmt1(291-1620)
with E531A/D532A, E531K/D532K, and D554K were purified
as for the wild-type Dnmtl. All of the constructs were con-
firmed by dideoxy sequencing (21).

As for preparation of the recombinant RFTS, 291-601 of
Dnmtl was subcloned into the EcoRI and Xhol sites of
pGEX6P-1. The wild-type and the Dnmt1 harboring mutations
E531A/D532A and D55K were expressed in Escherichia coli
BL21(DE3) CodonPlus-RIL with 0.5 mm isopropyl B-p-1-thio-
galactopyranoside at 16 °C for 24 h. The expressed proteins
were purified with a GSH-Sepharose column. To remove the
GST tag, the eluate was treated with PreScission protease (GE
Healthcare) and reloaded onto the GSH-Sepharose column,
and the flow-through fractions were collected.

Preparation of Recombinant SRA of Uhrfl—Mouse Uhrfl
coding SRA(409-617) or with mutation D474A/R496A was
subcloned into the BamHI and Xhol sites of pGEX6P-1 or
pET30a with a GST sequence added at the 5’ end in-frame.
DNA sequences were confirmed by the dideoxy method (21).

380 JOURNAL OF BIOLOGICAL CHEMISTRY

The SRA protein was induced for expression in E. coli
BL21(DE3) CodonPlus-RIL with 0.5 mMm isopropyl B-p-1-thio-
galactopyranoside and then cultured at 18 °C for 16 h. The
expressed proteins were purified with a GSH-Sepharose col-
umn. To remove the GST tag, PreScission protease was used as
described for the RFTS.

Protein Concentration—The concentrations of purified
recombinant Dnmtl, RFTS, and SRA were determined from
the absorption at 280 nm with a Nanodrop 2000 spectropho-
tometer (Thermo Scientific). The protein concentrations used
for the pulldown assaying were determined with a BCA Protein
Assay kit (Pierce).

Oligonucleotide DNA—The following DNA sequences are
the methylated strands of the hemi-methylated DNA used
for methylation activity measurements (Gene Design, Mino,
Osaka); 12-bp, 5'-GCAATCMGGTAG-3'; 16-bp, 5'-CGGCA-
ATCMGGTAGAC-3’; 20-bp, 5'-GACGGCAATCMGGTAG-
ACGA-3'; 30-bp, 5'-ACGACGACGGCAATCMGGTAGAC-
GACGACG-3'; 42-bp, 5'-GATCCGACGACGACGGCAAT-
CMGGTAGACGACGACGACGATC-3';42 bp-12CpG, 5'-G-
ATCMGAMGAMGAMGAMGAMGAMGAMGAMGAMG-
AMGAMGATC-3'. M in the sequences denotes 5-methylcyt-
osine. As for the 12-bp F-DNA, 5-methylcytosine was replaced
by 5-fluorocytosine. Equal amounts of the methylated and
complementary strand oligomers (100 um each) in 50 mm
NaCl, 1 mm EDTA, and 10 mm Tris-HCI, pH 8.0, were incub-
ated at 97 °C for 5 min and then gradually targeted to 70 °C after
2 h, 50 °C after 4 h, and then to 15 °C after 2 h.

DNA Methylation Reaction—DNA methylation activities
were determined as described elsewhere (10), in brief, in a total
volume of 25 ul of reaction buffer comprising 5 mm EDTA, 50
mM NaCl, 2.7 m glycerol, 0.2 mm PMSF, and 20 mm Tris-HCl,
pH 7.4. As for the standard assay, 6.4 nM Dnmtl, 66 nm DNA,
and 2.2 uMm *H-labeled-S-adenosyl-L-methionine (10 or 15
Ci/mmol) (PerkinElmer Life Sciences) were used unless other-
wise stated. Reaction mixtures were incubated at the indicated
temperatures for several different times, and then the specific
activity (mol of CH; transferred to DNA/h/mol of Dnmtl
enzyme) was determined within a linear time course range. The
activation energies of DNA methylation activities of Dnmt1
were determined from the slopes of Arrhenius plot; the loga-
rithms of DNA methylation activities obtained (In(DNA meth-
ylation activity), ordinate axis) against inverse temperatures
(1/T, abscissa). The activation energy, which is —(In(DNA
methylation activity)-T)-R (gas constant; 8.314 J/T-mol), was
calculated from the slope of a linear regression. As for determi-
nation of the effect of the SRA on the DNA methylation activity,
the SRA was premixed with DNA and then incubated for 30
min on ice, unless otherwise indicated in the figure legends.

The 5’ end of 12-bp F-DNA was labeled with T4 polynucle-
otide kinase (Toyobo) and [y->’P]JATP (6000 Ci/mmol; MP
Biomedicals). Dnmt1(291-1620) or Dnmt1(602-1620) (6.4
pmol) was incubated with 10 pmol of labeled F-DNA and 60
pmol of S-adenosyl-L-methionine, in the absence or presence of
5 or 20 pmol of the SRA in a 25-ul reaction mixture comprising
50 mMm NaCl, 20% glycerol (w/v), 0.2 mm EDTA, 0.2 mm PMSF,
1 mm DTT, and 20 mm Tris-HCI, pH 7.4, followed by incuba-
tion at 37 °C for 1 h. After the incubation, the mixtures were
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subjected to SDS-polyacrylamide gel electrophoresis in a 7.5%
gel. The protein bands were visualized with Coomassie Brilliant
Blue R-250 (CBB) (Nacalai Tesque) staining and a BAS2000
Bioimage analyzer (Fuji Film), and then exposed to x-ray film
(Fuji Film). The amount of F-DNA bound to Dnmt1 was quan-
titated with Image-Gauge software (Fuji Film), and the protein
band stained with CBB was quantitated with Quantity One
(Bio-Rad).

Pulldown Assaying of Dnmtl with Uhrfl—SRA or SRA-
(D474A/R496A) (1.5 wg) was mixed with GST-Dnmt1(291-
1620) (1.2 pg), GST-Dnmt1(602-1620) (1 ug), or GST-RFTS
(2.3 ug) coupled to GSH-Sepharose, respectively, and then
incubated at 25 °C for 30 min in a 40 ul of binding buffer com-
prising 50 mm NaCl, 10% glycerol, 0.1% (w/v) Nonidet P-40,
and 50 mm Tris-HCl, pH 7.4. Dnmt1(291-1620) (1 pg) or
Dnmt1(602-1620) (0.8 ug) was mixed with GST-SRA (3 ug)
coupled to GSH-Sepharose, respectively, and then incubated
under the same conditions as above. Then, the beads were
washed three times with binding buffer. The bound, unbound,
and washed fractions were precipitated with 10% (w/v) trichlo-
roacetic acid. The protein bands were separated by SDS-poly-
acrylamide gel electrophoresis in a 12% gel. The protein bands
were visualized with CBB.

Gel Shift Assaying—The indicated amounts of the RFTS,
SRA, or SRA and RFTS were incubated with 12-bp or 42-bp
DNA with one hemi-methylated CpG (0.2 uMm) in a solution
comprising 50 mm NaCl, 20% glycerol (w/v), 0.2 mm EDTA, 0.2
mM PMSF, 1 mMm DTT, and 20 mm Tris-HCI, pH 7.4, at 4 °C for
30 min. After the incubation, the mixtures were subjected to
0.8% agarose gel electrophoresis in 0.2 X TBE and 2% glycerol at
4 °C with 150 V for 10 min. DNA was stained with GelGreen
(Biotium) and visualized with a fluoro-imager, Typhoon FLA
9500 (GE Healthcare).

RESULTS

Dnmtl Containing the RFTS Cannot Methylate Short Hemi-
methylated DNA—In the previous study on the x-ray crystal
structure of mouse Dnmt1, we found that the RFTS plugs the
catalytic pocket (14). This indicates that the RFTS has to be
removed from this position for the DNA methylation. Interest-
ingly, however, even in the presence of the RFTS, Dnmtl can
methylate hemi-methylated DNA (11, 14). On the contrary,
Syeda et al. reported that recombinant Dnmtl1 containing the
RFTS exhibited no DNA methylation activity when a short
hairpin hemi-methylated DNA was used as the methyl acceptor
(22). We assumed that the difference between our and Syeda’s
results may be the length of the methyl group acceptor DNA.
Short DNA may not be able to gain access to the catalytic center
when the RFTS is plugging the catalytic pocket.

To determine whether or not the DNA length is the determi-
nant for the accession of DNA to the catalytic pocket for
DNA methylation activity, we prepared 12-, 16-, 20-, 30-, and
42-bp double-stranded hemi-methylated DNA, each of
which contained one hemi-methylated CpG site. Recombinant
Dnmt1(291-1620) and Dnmt1(602—1620) (Fig. 1A4), containing
and lacking the RFTS, respectively, were purified, and we deter-
mined the DNA methylation activity toward these substrates.
As shown in Fig. 1B, Dnmt1(291-1620) could not methylate
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FIGURE 1. DNA length-dependent DNA methylation activities of
Dnmt1(291-1620) and Dnmt1(602-1620). A, schematic illustrates Dnmt1.
Dnmt1 has a multidomain structure (4, 14). The Dnmt1 constructs, Dnmt1(291-
1620) (2917) and Dnmt1(602-1620) (602) used in this study are indicated. B, DNA
length-dependent DNA methylation activity of Dnmt1(291-1620) (left panel,
297) and Dnmt1(602-1620) (right panel, 602) toward hemi-methylated DNA
of 12, 16, 20, 30, and 42 bp with one hemi-methylated CpG is shown. C,
Dnmt1(602-1620) was incubated with the RFTS, and then the DNA methyla-
tion activity toward 12-bp (blue) and 42-bp hemi-methylated DNA (red) was
determined. Specific activities of DNA methylation (mol of CH, transferred/h/
mol of Dnmt1) were determined. The average activities = S.D. (error bars; n =
3) are shown. The inhibition of Dnmt1(602-1620) was statistically significant
at 50, 100, and 200 nm RFTS (p < 0.001).

12-bp hemi-methylated DNA, but showed significant activity
toward the DNA longer than 16-bp hemi-methylated DNA,
and then the activity increased as the DNA length increased.
Different from Dnmt1(291-1620), Dnmt1(602—1620) lacking
the RFTS showed significant DNA methylation activity even
when 12-bp hemi-methylated DNA was used as the methyl
group acceptor. Increasing DNA length only mildly increased
the DNA methylation activity of Dnmt1(602—1620). These
results indicate that the 12-bp short hemi-methylated DNA
used in the present study cannot gain access to the catalytic
center by displacing the RFTS from the catalytic pocket to be
methylated. For access to the catalytic center, the DNA length
must be >12 bp.

The RFTS coding 291- 601 of Dnmt1 was separately purified
and added to Dnmt1(602-1620), and then the DNA methyla-
tion activity toward 12-bp and 42-bp hemi-methylated DNA
was determined. The RFTS added to the reaction mixture did
not affect the DNA methylation activity when 42-bp hemi-
methylated DNA was used as the methyl group acceptor. How-
ever, the RFTS domain inhibited the DNA methylation activity
toward 12-bp hemi-methylated DNA in a dose-dependent
manner (Fig. 1C). This is consistent with the report that the
DNA methylation activity of Dnmt1 lacking the RFTS domain
is inhibited on the addition of the RFTS when a short hemi-
methylated hairpin DNA is used as the substrate (22). This sug-
gests that short DNA such as 12-bp hemi-methylated DNA
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FIGURE 2. Dnmt1(291-1620), which disrupted the hydrogen bonds between the RFTS and catalytic domains, exhibits significant DNA methylation
activity toward 12-bp hemi-methylated DNA. A, image of the four hydrogen bonds between the RFTS (light violet) and catalytic domains (light blue) of
Dnmt1 (taken from Protein Data Bank ID code 3AV6). The hydrogen bonds between the side chains of Glu-531, Asp-532, and Asp-554, and the main chain of
Leu-593 in the RFTS and Lys-1537, Arg-1576, Ser-1495, and Thr-1505, respectively, are shown. B, DNA methylation activities of Dnmt1(291-1620) (297),
Dnmt1(602-1620) (602), and Dnmt1(291-1620) with E531A/D532A, and D554K determined at 37, 30, 25, and 20 °C (bars from left to right), respectively, toward
42-bp DNA with 12 hemi-methylated CpG. Average activities = S.D. (error bars; n = 3) are shown (left panel). The logarithms of DNA methylation activities
obtained (In(DNA methylation activity), ordinate axis) against inverse temperatures (1/T, abscissa) are plotted (Arrhenius plot) (right panel). C, DNA methylation
activities of Dnmt1(291-1620) (297), Dnmt1(602-1620) (602), and Dnmt1(291-1620) with the mutations E531A and D532A (E531A/D532A), D554A (D554K),
and E531K and D532A (E531A/D532K) determined toward 12-bp hemi-methylated DNA as in Fig. 1. D, Dnmt1(602-1620) incubated with the RFTS domain
without any mutation (WT, red) or with mutation E531A/D532A (dark green) or D544K (light green). Then the DNA methylation activity toward 12-bp hemi-
methylated DNA was determined. The average values * S.D. (n = 3) are plotted. £, the indicated amounts of the RFTS incubated with 12-bp or 42-bp DNA with

one hemi-methylated CpG (0.2 um). After the incubation, the mixtures were subjected to gel electrophoresis, and then DNA was visualized.

cannot efficiently gain access to the catalytic center when the
RFTS domain occupies the catalytic pocket, whereas long DNA
can.

Mutant Dnmt1(291-1620) That Impairs the Hydrogen Bonds
between the RFTS and Catalytic Domain Significantly Meth-
ylates 12-bp Hemi-methylated DNA—The RFTS is anchored to
the catalytic pocked through four hydrogen bonds between
Glu-531, Asp-532, Asp-554, and Leu-593 in the RFTS and Lys-
1537, Arg-1576, Ser-1495, and Thr-1505 in the catalytic
domain, respectively (14) (Fig. 2A4). For this, there is an energy
barrier for removal of the RFTS domain from the catalytic
pocket to make DNA accessible to the catalytic center. The
difference in activation energy between Dnmt1(291-1620) and

382 JOURNAL OF BIOLOGICAL CHEMISTRY

Dnmt1(602-1620) as to DNA methylation is about 80 kJ/mol
(14). It is, therefore, expected that impairment of the hydrogen
bonds formed between the RFTS and catalytic domains makes
it rather easy to remove the RFTS from the catalytic pocket
through lowering of the activation energy, which means that
even the 12-bp hemi-methylated DNA can gain access to the
catalytic center. We replaced amino acid residues Glu-531 and
Asp-532, or Asp-554 in the RFTS of Dnmt1(291-1620), which
form hydrogen bonds through their side chains, purified the
recombinants, and then determined the DNA methylation
activity. As shown in Fig. 2B, the Dnmt1(291-1620) mutations
harboring E531A and D532A (E531A/D532A), and D554K in
the RFTS significantly lowered the activation energy for the
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FIGURE 3. The SRA binds to the RFTS of Dnmt1 and induces DNA meth-
ylation activity toward 12-bp hemi-methylated DNA. A, the SRA was incu-
bated with GST-tagged Dnmt1(291-1620) (GST-297), Dnmt1(602-1620) (GST-
602),or Dnmt1(291-602) (GST-RFTS) bound to GSH-Sepharose. After the incu-
bation, input (), unbound (U), wash (W), and bound (B) fractions were
analyzed by SDS-polyacrylamide gel electrophoresis. The protein bands were
visualized by CBB staining. Equivalent amounts of samples were loaded,
other than for the input (/) fractions, the amounts loaded being one fourth of
those of the other fractions. B, Dnmt1(291-1620) (291) or Dnmt1(602-1620)
(602) was incubated with GST-tagged SRA (GST-SRA) bound to GSH-Sephar-
ose. Input (/), unbound (U), wash (W), and bound (B) fractions were analyzed
as in A. C, DNA methylation activities of Dnmt1(291-1620) (blue) and
Dnmt1(602-1620) (red) toward 12-bp hemi-methylated DNA were titrated
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DNA methylation activity, the activation energies being calcu-
lated to be 97 and 90 kJ/mol, respectively. Under identical con-
ditions, the activation energies of Dnmt1(291-1620) and
Dnmt1(602-1620) were 133 and 34 kJ/mol, respectively.
Expectedly, the replacement of Glu-531 and Asp-532 with ala-
nine or lysine, or Asp-554 with lysine in the RFTS in
Dnmt1(291-1620) partially but significantly exhibited the
DNA methylation activity toward 12-bp hemi-methylated
DNA (Fig. 2C). This further supports that the 12-bp short
hemi-methylated DNA cannot remove the RFTS from the cat-
alytic pocket of wild-type Dnmt1(291-1620) and thus cannot
gain access to the catalytic center of Dnmt1.

As shown in Fig. 1C, the addition of separately prepared
RFTS to the reaction mixture inhibited the DNA methylation
activity of Dnmt1(602-1620) toward 12-bp hemi-methylated
DNA. The RFTS carrying the E531A/D532A or D554K muta-
tions showed almost no effect on the DNA methylation activity
of Dnmt1(602-1620) compared with that of the wild-type
RFTS fragment (Fig. 2D). Considering that the RETS could not
bind to the substrate DNA by itself (Fig. 2E), this result could be
a reflection of the fact that the RFTS mutants were less stably
anchored to the catalytic pocket due to their impairment in the
hydrogen bond formation with the catalytic domain.

The SRA Domain of Uhrfl Stimulates DNA Methylation—
Uhrf1 is a prerequisite factor for maintenance DNA methyla-
tion in vivo (16). The SRA of Uhrfl specifically binds hemi-
methylated CpG-containing DNA and flips the methylated
cytosine out of the double-stranded DNA (17-19). Because the
RFTS is the sequence that brings Dnmtl to the replicating
region (13), and Uhrfl is co-localized with Dnmt1 in the repli-
cation region (16), it is reasonable to speculate that direct or
indirect interaction of the RFTS and SRA contributes to the
removal of the RFTS from the catalytic pocket, thus allowing
DNA access to the catalytic center. According to an in vitro
binding study, the SRA bound to Dnmt1(291-1620) containing
the RFTS and the RFTS itself (Dnmt1(291-601)) (Fig. 3A).
However, the SRA did not bind to the Dnmt1(602—-1620) lack-
ing the RFTS (Fig. 3B). These results indicate that the RFTS
interacts directly with the SRA.

As described above, Dnmt1(291-1620) could not methylate
12-bp hemi-methylated DNA, but Dnmt1(602-1620) could. If
the SRA contributes to the removal of the RFTS from the cata-
lytic pocket, Dnmt1(291-1620) containing the RFTS may
exhibit DNA methylation activity toward the 12-bp DNA on
the addition of the SRA. As shown in Fig. 3C, Dnmt1(291—
1620) exhibited a significant level of DNA methylation activity
depending on the addition of the SRA in a dose-dependent
manner. Under these conditions, the DNA methylation activity

with the SRA. The specific activities of DNA methylation (mol of CH; trans-
ferred/h/mol of Dnmt1) were determined, and the average activities = S.D.
(error bars; n = 3) are shown. The stimulation of the DNA methylation activi-
ties of Dnmt1(291-1620) was statistically significant at all of the SRA concen-
trations examined (p < 0.001), except for 0.05 um SRA where p < 0.01. D, DNA
methylation activities toward 12-bp hemi-methylated DNA were determined
by titrating the SRA with a fixed amount of DNA and three different concen-
trations of Dnmt1(291-1620): 6.4 (light brown), 19.2 (light green), and 57.6 nm
(blue). Average activities = S.D. (n = 3) are shown (upper panel). The concen-
trations of SRA in the upper panel were normalized with Dnmt1 and the DNA
methylation activities are replotted (lower panel).
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FIGURE 4. The mutant SRA as the amino acid residues responsible for flipping of the methylated cytosine out of double-stranded DNA cannot bind to
12-bp hemi-methylated DNA but can stimulate DNA methylation activity. A, image of the structure of the SRA bound to hemi-methylated DNA and
flipping out of the methylated cytosine (5mC) of the double-stranded DNA is shown. Asp-474 is holding 5mC, and Arg-496 is stabilizing the orphaned Gly. The
red arrow indicates the flipping of 5mC. The structure data were taken from PDB accession number 2ZKD. B, gel-shift assaying of the SRA and that with
D474A/R496A was performed as in Fig. 2E. 12-bp hemi-methylated DNA (0.2 um) was incubated with the indicated amounts of the SRA or the mutant. Free DNA
(arrows) and DNA-bound SRA (arrowheads) are shown. C, DNA methylation activities of Dnmt1(291-1620) (12.8 um) toward 12-bp hemi-methylated DNA were
determined by titrated with SRA (WT, red) or SRA(D474A/R496A, blue). The average activities = S.D. (n = 4) are shown. The stimulation of the DNA methylation
activities of Dnmt1(291-1620) was statistically significant at all of the SRA (D474A/R496A) concentrations examined (p < 0.001), except for 0.1 um SRA
(D474A/R496A) where p < 0.05. Error bars, S.D. D, the SRA or mutant was incubated with GST-tagged Dnmt1(291-1620) (GST-297) bound to GSH-Sepharose.
After the incubation, input (/), unbound (U), wash (W), and bound (B) fractions were analyzed by SDS-polyacrylamide gel electrophoresis. The protein bands
were visualized by CBB staining. Equivalent amounts of samples were loaded, other than for the input (/) fractions, the amounts loaded being one fourth of

those of the other fractions.

of Dnmt1(602-1620) was not stimulated by the addition of the
SRA. This indicates that the SRA contributes to allowing 12-bp
hemi-methylated DNA to gain access to the catalytic center,
possibly by removing the RFTS from the catalytic pocket.

SRA-dependent Short DNA Methylation Activity of
Dnmtl1(291-1620) Is Due to Direct Interaction between the SRA
and Dnmt]—Dnmt1(291-1620) activity was titrated with the
SRA with three different concentrations of Dnmt1 and a fixed
amount of 12-bp hemi-methylated DNA (Fig. 3D, upper panel).
With higher Dnmt1(291-1620) concentrations, the SRA con-
centrations necessary for the maximum activation were higher.
Interestingly, when the SRA concentration was normalized to
that of Dnmt1(291-1620) and replotted, the titration curves
with different concentrations of Dnmt1(291-1620) almost fit
an identical curve (Fig. 3D, lower panel). These results strongly
suggest that direct interaction between the SRA and Dnmtl is
crucial for the 12-bp hemi-methylated DNA methylation
activity.

Because it is known that the SRA domain binds specifically to
hemi-methylated DNA to flip the methylated cytosine out of
the double-stranded DNA (17-19), we next examined whether

384 JOURNAL OF BIOLOGICAL CHEMISTRY

or not the SRA-12-bp hemi-methylated DNA complex is a
functional substrate for Dnmt1(291-1620). It was reported that
Asp-474-and Arg-496 of Uhrf1 in the SRA recognize the methyl
group of the flipped out methylated cytosine and orphaned gua-
nine, respectively (17) (Fig. 4A4). The mutant SRA (D474A/
R496A) did not show significant 12-bp hemi-methylated DNA
binding activity (Fig. 4B). The DNA methylation activity of
Dnmt1(291-1620) was titrated against the mutant SRA (Fig.
4C). Despite the lack of DNA binding activity, the mutant SRA
stimulated the DNA methylation activity of Dnmt1(291-1620)
toward 12-bp hemi-methylated DNA. As shown in Fig. 4D,
the mutant SRA significantly bound to Dnmt1(291-1620)
although its amount was apparently less compared with that of
the wild-type SRA. The results clearly indicate that the interac-
tion of Dnmt1 and the DNA-free SRA solely affects the stimu-
lation of the DNA methylation activity.

The Interaction between the SRA and Dnmt1 Promotes Acces-
sion of DNA to the Catalytic Center—Because the effect of the
SRA was examined as DNA methylation activity, the assay sys-
tem comprised many steps; removal of the RFTS domain from
the catalytic pocket, accession of hemi-methylated DNA to the
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FIGURE 5. Interaction between the SRA and RFTS domains facilitates
accession of 12-bp hemi-methylated DNA to the catalytic center of
Dnmt1. A, the SRA binding to 12-bp hemi-methylated DNA was competed
for by the RFTS in a dose-dependent manner. SRA (0.6 um) and 12-bp hemi-
methylated DNA (0.2 um) binding was competed for with 1-50-fold higher
concentrations of RFTS and then analyzed by gel shift assaying. B,
Dnmt1(291-1620) or Dnmt1(602-1620) was incubated with 12-bp *?P-la-
beled F-DNA in the absence or presence of the SRA. After the reaction, sam-
ples were subjected to SDS-polyacrylamide gel electrophoresis, and the pro-
tein bands and radiolabeled F-DNA were visualized with CBB (top panel) and
autoradiography (middle panel), respectively. Arrows and arrowheads indicate
free Dnmt1 and Dnmt1 bound to F-DNA, respectively. The radioactive bands
visualized with a BAS2000 were quantitated and normalized to those of the
CBB-stained Dnmt1 bands (bottom panel).

catalytic center, and transfer of a methyl group to cytosine.
Reportedly, the SRA binds to hemi-methylated DNA, and the
SRA and Dnmtl cannot bind to the same hemi-methylated
DNA at the same time due to steric hindrance (17). To methyl-
ate hemi-methylated DNA bound to the SRA, the SRA must
release the DNA. To this end, the SRA binding to DNA was
competed for by the RFTS. As shown in Fig. 54, the RFTS
significantly inhibited the DNA binding of the SRA in a dose-
dependent manner. This suggests that the direct interaction
between the RFTS and SRA forces the release of the hemi-
methylated DNA from the SRA. The interaction between the
RFTS and SRA domains may facilitate not only the removal of
the RFTS domain from the catalytic pocket but also access of
the substrate hemi-methylated DNA to the catalytic center.
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It was reported that the cysteine residue at the catalytic cen-
ter of Dnmtl1 covalently traps F-DNA, in which the methylcy-
tosine of hemi-methylated DNA was replaced with fluorocyto-
sine (23). To evaluate directly the accession of DNA to the
catalytic center, 12-bp F-DNA was synthesized. DNA methyla-
tion reactions were performed for Dnmt1(291-1620) and
Dnmt1(602-1620) using 12-bp F-DNA, of which the 5’ end was
labeled with 2P, in the absence and presence of the SRA. The
reaction mixtures were subjected to SDS-polyacrylamide gel
electrophoresis, and the radioactive bands associated with
Dnmt1 were quantitated. As shown in Fig. 5B, F-DNA scarcely
bound to Dnmt1(291-1620), but the binding significantly
increased in the presence of the SRA. On the contrary,
Dnmt1(602-1620), which lacks the RFTS, gave F-DNA-bound
bands regardless of the presence or absence of the SRA. The
results clearly indicate that the interaction between the RFTS
and SRA allows the short 12-bp DNA to gain access to the
catalytic center.

DISCUSSION

As found in the previous study, there is an energy barrier as to
removal of the RFTS from the catalytic pocket to provide room
for DNA (14). This energy barrier is due to the hydrogen bonds
formed between the RFTS and catalytic domains. In the present
study, DNA longer than 16-bp and the interaction of the RFTS
of Dnmtl with the SRA domain in Uhrfl were shown to con-
tribute to the displacement of the RFTS from the catalytic
pocket and to the allowance of access of hemi-methylated DNA
to the catalytic center.

Dnmt1(291-1620) but not Dnmt1(602—-1620) scarcely meth-
ylated 12-bp short hemi-methylated DNA (Fig. 1B). Because
Dnmt1(602-1620), which lacks the RFTS, methylated 12-bp
hemi-methylated DNA, the catalytic domain of Dnmt1(602—
1620) by itself was able to recognize 12-bp hemi-methylated
DNA as a methyl group acceptor. On the contrary, hemi-meth-
ylated DNA longer than 16-bp was able to be methylated even
by Dnmt1(291-1620). Dnmt1(291-1620) harboring mutations
of the RFTS involved in the hydrogen bonds with the catalytic
domain showed significant DNA methylation activity toward
12-bp hemi-methylated DNA (Fig. 2C), indicating that impair-
ment of the hydrogen bonds between the RFTS and catalytic
domains cannot inhibit completely the accession of 12-bp
hemi-methylated DNA to the catalytic center. Regarding lon-
ger hemi-methylated DNA, the DNA was apparently able to
remove the RFTS from the catalytic pocket, yielding the DNA
methylation activity. This is supported by the observation that
exogenously added RFTS effectively inhibited the DNA meth-
ylation activity of Dnmt1(602—1620) only when 12-bp hemi-
methylated DNA was used as the methyl group acceptor, i.e. not
that DNA toward 42-bp (Fig. 1C). In addition, the mutated
RFTS as to the residues involved in the hydrogen bond forma-
tion was less effective in inhibiting the DNA methylation activ-
ity (Fig. 2D). Apparently, the DNA methylation activity of
Dnmt1(291-1620) was saturated when the DNA was longer
than 30 bp (Fig. 1B). It was found that 12-bp DNA tightly inter-
acts with the Dnmt1 catalytic domain on co-crystallization of
the F-DNA and the catalytic domain of Dnmt1 (15). The pres-
ent study suggests that hemi-methylated DNA of longer
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than 16 bp can interact directly with Dnmt1(291-1620) to
remove the RFTS from the catalytic pocket. Considering that
Dnmt1(291-1620) can processively methylate hemi-methyl-
ated DNA (11), the extra DNA sequence of longer than 16-bp,
which was determined to interact with the Dnmtl catalytic
pocket, may contribute to the processive methylation property
of Dnmt1 as to DNA.

The RFTS is responsible for recruitment of Dnmtl to the
replication region (13) and interacts with Uhrfl during replica-
tion (16). Because Uhrfl is a prerequisite factor for mainte-
nance methylation in vivo (16), the removal of the RFTS from
the catalytic pocket should be dependent on the interaction of
Dnmt1 with Uhrfl in the replicating region. The interaction of
the SRA of Uhrf1 with the RFTS of Dnmt1 to remove the RETS
from the catalytic pocket and to provide hemi-methylated DNA
to the catalytic center could be a fail-safe mechanism that con-
tributes to the faithful inheritance of the methylation patterns
by the next generation. Because the SRA binds selectively to
hemi-methylated DNA (17-19), the function of the SRA may
not be limited to the displacement of the RFTS from the cata-
lytic pocket of the Dnmt1 but also to the processivity of the
methylation of hemi-methylated DNA. The RFTS and SRA
interaction-dependent release of hemi-methylated DNA (Fig.
5A) following the removal of the RETS from the catalytic pocket
is an important step for the correct feeding of the hemi-meth-
ylated DNA from the SRA to the catalytic center of Dnmt1.
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