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ABSTRACT

Postreplicative maintenance of genomic methylation
patterns was proposed to depend largely on the
binding of DNA methyltransferase 1 (Dnmt1) to
PCNA, a core component of the replication machin-
ery. We investigated how the slow and discontinu-
ous DNA methylation could be mechanistically
linked with fast and processive DNA replication.
Using photobleaching and quantitative live cell
imaging we show that Dnmt1 binding to PCNA is
highly dynamic. Activity measurements of a PCNA-
binding-deficient mutant with an enzyme-trapping
assay in living cells showed that this interaction
accounts for a 2-fold increase in methylation effi-
ciency. Expression of this mutant in mouse dnmt1~/~
embryonic stem (ES) cells restored CpG island
methylation. Thus association of Dnmt1 with the
replication machinery enhances methylation effi-
ciency, but is not strictly required for maintaining
global methylation. The transient nature of this
interaction accommodates the different kinetics of
DNA replication and methylation while contributing
to faithful propagation of epigenetic information.

INTRODUCTION

Genomic DNA in mammalian cells is commonly methyl-
ated at position 5 of cytosine residues in CpG sequences.
This epigenetic modification plays an important role in the
regulation of gene expression and chromatin structure and
is essential for normal development, cell differentiation,
X chromosome inactivation and genomic imprinting (1,2).
Cell-type-specific methylation patterns are established de
novo in early developmental stages by the action of
Dnmt3a and 3b and are then maintained through
subsequent cell generations primarily by the action of

Dnmtl (3,4). In somatic cells, Dnmtl is the predominant
DNA methyltransferase in terms of abundance, contribu-
tion to global methyltransferase activity and to genomic
methylation levels (2,5). Reduction of Dnmt1 levels leads
to hypomethylation, genomic instability and cancer (6).
Aberrant genomic methylation is often associated with
human disease and tumorigenesis (7).

Due to its strong preference for hemimethylated
substrate DNA in vitro (8-10) and its accumulation at
replication sites during S-phase (11,12) Dnmtl is thought
to act on hemimethylated CpG sites generated during
DNA replication. The association of Dnmtl with
replication factories was proposed as an efficient
mechanism for coupling maintenance of genomic methyl-
ation patterns to DNA replication (11). Later, direct
interaction with the replication processivity factor PCNA
was shown and a small PCNA-binding domain (PBD)
was mapped to the N-terminal region of Dnmtl (12,13).
This domain was also shown to be necessary for
recruitment of Dnmtl to DNA damage sites, suggesting
that it is responsible for coupling DNA repair and
restoration of methylation patterns (14). Thus, direct
interaction with PCNA would ensure that methylation
patterns are faithfully preserved in different situations
involving DNA synthesis. However, DNA replication is
highly processive taking about 0.035s per nucleotide
(15), while in vitro steady-state kinetic analysis of purified
recombinant Dnmt] revealed rather low turn-over rates
of about 70-450s per methyl group transfer (16).
Although DNA methylation by Dnmtl may be faster
in vivo, it is not likely to come close to the 3—4 orders of
magnitude faster DNA replication. In fact, cytosine
methylation is a highly complex reaction involving
recognition of hemimethylated CpG sites, binding of
S-adenosylmethionine, flipping of the cytidine base out
of the double helix, formation of a covalent bond
between the enzyme and the cytidine, transfer of the
methyl group and release of the covalent bond by
B-elimination (17-19). These considerations leave open
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the question of how DNA replication and methylation
are kinetically and mechanistically coordinated.

In addition to Dnmtl several other factors directly and
indirectly involved in DNA replication, such as DNA
Ligase I, Fenl, CAF-1 and Cyclin A have been shown to
redistribute to replication foci during S-phase (20-24).
Many of these factors have been found to interact directly
with PCNA, which forms a homotrimeric ring around the
DNA helix and serves as a platform for tethering them to
the replication machinery (25). Even taking into account
the trivalent nature of the PCNA ring, the sheer number
of its potential binding partners during replication makes
it clear that they cannot all possibly bind at the same time
in a constitutive manner.

The functional relevance of the interaction between
Dnmtl and PCNA and its contribution to the main-
tenance of epigenetic information after DNA replication,
however, remains unclear. We have addressed this
question by comparing the kinetics and activity of GFP-
tagged wild-type Dnmtl and PCNA-binding-deficient
mutants in live cell assays and Dnmtl deficient embryonic
stem (ES) cells. Our data show that the interaction of
Dnmtl with PCNA is highly transient, increases the
efficiency of postreplicative methylation by 2-fold, but is
not required for restoring CpG methylation in Dnmtl
deficient ES cells.

MATERIALS AND METHODS
Expression constructs

The expression constructs RFP-PCNA, GFP-Ligase,
GFP-Dnmt!™, GFP-Dnmt1*""”', GFP-Dnmt1<"**% as
well as the PBD-GFP construct were described earlier
(13,21,26,27). The GFP-Dnmt1?'®F  and GFP-
Dnmt17'%%S expression constructs were derived from the
GFP-DnmtI™ construct by overlap extension PCR
mutagenesis (28,29) using the outer forward primer
5-CAG ATC TCG AGC TCA AGC TTC-3, the inner
reverse primer 5-GTG TCA AAG CTC TGA TAG ACC
AGC-3, the inner forward primers 5-GAACCACCAG
GGAGACCACCATC-3 for Q162E and 5-CACGGCTC
ACTCCACGAAGG-3' for F169S and the outer reverse
primer 5Y-CTGGAATGACCGAGACGCAGTCG-3'.
The final PCR fragments containing the mutations were
digested with BglIl and HindIII and exchanged with the
corresponding fragment in the GFP-DNMT1™ construct.
Mutations were confirmed by DNA sequencing and
molecular size of fusion proteins was tested by expression
in HEK 293T cells and western blot analysis. For stable
transfections we inserted the cassette containing the wt
Dnmtl ¢cDNA fused to GFP from the GFP-Dnmtl™'
construct into the pCAG-IRESblast vector (30).

Cell culture, transfection and FACS-sorting

Human embryonic kidney (HEK) 293T cells and mouse
C2C12 myoblasts were cultured in DMEM supplemented
with 10% and 20% fetal calf serum, respectively, and
50 pg/ml gentamycine. HEK 293T cells were transfected
with polyethylenimine (Sigma) (31). For live cell observa-
tions C2C12 myoblasts were grown to 30-40% confluence

on Lab-Tek chamber slides (Nunc) or p-slides (Ibidi)
and transfected with TransFectin transfection reagent
(Bio-Rad) according to the manufacturer’s instructions.
Cells were then incubated overnight before performing
live cell analysis. Nuclear localization of GFP-Dnmt1™
was identical to endogenous Dnmtl as determined by
immunostaining with an affinity purified polyclonal
antiserum against the N-terminal domain of mouse
Dnmtl. GFP-Dnmtl localization was not affected by
additional co-expression of RFP-PCNA (controls not
shown). Dnmtl immunostaining showed that typical
expression levels of transfected GFP-Dnmtl constructs
in cells selected for live cell imaging were comparable to
those of endogenous Dnmtl protein (Supplementary
Figure 1). For stable expression of GFP-Dnmtl™',
C2CI12 cells were grown in a pl00 tissue culture dish
and transfected as described earlier. Cells were then
cultured with 10 pg/ml blasticidin for at least 20 days
before homogeneity and levels of expression were deter-
mined by fluorescence microscopy and western blotting
(Supplementary Figure 2). Mouse wild type and dnmtl ™/~
J1 ES cells (s allele) (5) were cultured without feeder cells
in gelatinized flasks as described (27). J1 cells were
transfected with Transfectin (BioRad) 3—4h after seeding
and GFP-positive cells were sorted with a FACS Vantage
SE cell sorter (Becton—Dickinson).

Co-immunoprecipitation

HEK 293T cells were transiently transfected with
expression plasmids as described above. After 48 h about
70-90% of the cells expressed the GFP constructs as
determined by fluorescence microscopy. Extracts from
~1x 107 cells were prepared in 200ul of lysis buffer
(20mM Tris/HCI pH 7.5, 150 mM NaCl, 0.5mM EDTA,
2mM PMSF, 0.5% NP40). After centrifugation super-
natants were diluted to 500 pl with lysis buffer without
NP40. Extracts were incubated with 1pg of a GFP-
binding protein coupled to sepharose (manuscript in
preparation) for 1h at 4°C with constant mixing.
Immunocomplexes were pulled down by centrifugation.
The supernatant was removed and 50 pul were collected
(referred to as non-bound). The beads were washed twice
with 1 ml of dilution buffer containing 300 mM NaCl and
resuspended in SDS-PAGE sample buffer. Proteins were
eluted by boiling at 95°C and subjected to SDS-PAGE
followed by immunoblotting. Antigens were detected with
a mouse monoclonal anti-GFP antibody (Roche) and a
rat monoclonal anti-PCNA antibody (32).

In vitro methyltransferase assay

Extracts from HEK 293T cells expressing the indicated
GFP constructs were prepared and immunoprecipitations
were performed as described above. After washing with
dilution buffer containing 300 mM NaCl the beads were
washed twice with assay buffer (100mM KCI, 10mM
Tris pH 7.6, ImM EDTA, | mM DTT) and resuspended
in 500 ul of assay buffer. After adding 30 pul of methyl-
ation mix {[*H]-SAM (S-adenosyl-methionine); 0.1 pCi
(Amersham Biosciences), 1.67 pmol/ul hemimethylated ds
35bp DNA (50 pmol/ul), 160 ng/ul BSA} incubation was



carried out for 2.5h at 37°C. The reactions were spotted
onto DES81 cellulose paper filters (Whatman) and the
filters were washed 3 times with 0.2 M (NH4)HCO3;, once
with ddH,O and once with 100% ethanol. After drying,
radioactivity was measured by liquid scintillation. Samples
without enzyme and with 2pg of purified human
recombinant DNMT]1 were used as negative and positive
controls, respectively.

Combined bisulfite restriction analysis (COBRA)

Genomic DNA was isolated by the phenol-chloroform
method (33) and bisulfite treatment was as described (34)
except that deamination was carried out for 4h at 55°C.
Primer sets and PCR conditions for CpG islands of
skeletal a-actin, H19 (region A) and dnmtlo promoters,
Xist exon 1 and intracisternal type A particle long terminal
repeats (IAP LTRs) were as described (35-39). PCR
products were digested with the following enzymes:
skeletal a-actin and dnmtlo promoters and IAP LTRs
with HpyCH41V (New England BioLabs); H/9 with
Bsh1361 and Xist with Taql (both from Fermentas).
Digests were separated by agarose electrophoresis except
for IAP LTR fragments, which were separated in 10%
acrylamide gels. Digestion fragments were quantified from
digital images using ImageJ software (http://rsb.info.nih.
gov/ij/). The results were corrected for PCR bias, which
was calculated as described (40). Briefly, COBRA assays
were performed on genomic DNA from untransfected
Dnmtl~'~ J1 cells methylated in vitro with recombinant
SssI methyltransferase (New England BioLabs) and mixed
in different proportions with unmethylated DNA from the
same cells (Supplementary Figure 6). Bias curves and
corrections were calculated using WinCurveFit (Kevin
Raner Software). For each amplified sequence digestion
with restriction enzymes whose recognition sequence
includes cytosine residues in a non-CpG context was
used to control for complete bisulfite conversion except
for the skeletal a-actin promoter, where bisulfite sequen-
cing revealed about 99% conversion efficiency in all
samples (Supplementary Figure 5).

Live cell microscopy, FRAP analysis and trapping assay

Live cell imaging and FRAP experiments were performed
on a TCS SP2 AOBS confocal laser scanning microscope
(Leica) using a 63 x /1.4 NA Plan-Apochromat oil immer-
sion objective. The microscope was equipped with a
heated environmental chamber set to 37°C. Fluorophores
were excited with the 488 nm line of an argon laser and a
561 nm solid state diode laser. Confocal image series were
typically recorded with a frame size of 256 x 256 pixels, a
pixel size of 100 nm, and with 150 ms time intervals. The
laser power was typically set to 2-4% transmission with
the pinhole opened to 3 Airy units. For FRAP analysis,
half of the nucleus was photobleached for 300 ms with all
laser lines of the argon laser set to maximum power at
100% transmission. Typically 20 prebleach and 400
postbleach frames were recorded for each series.
Quantitative evaluation was performed using Imagel.
The mean fluorescence intensities of the bleached
and unbleached region for each time point were back-
ground subtracted and normalized to the mean of the last
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10 prebleach values (single normalized). These values were
divided by the respective total nuclear fluorescence in
order to correct for total loss of nuclear fluorescence as
well as for the gain of nuclear fluorescence due to import
from the cytoplasm over the time course (double normal-
ized). Since the fluorescence in the bleached region differed
from cell to cell and typically did not reach background
level the values were also normalized to zero. Here, only
the distal two-thirds of the unbleached part in the first
postbleach frame were considered as reference to take into
account fast diffusing molecules invading into the
bleached half (triple normalized). For each construct
and cell cycle stage 6-10 nuclei were averaged and the
mean curve as well as the standard error of the mean
(SEM) was calculated. Half times of recovery were
calculated from the mean curves.

The trapping assay to measure postreplicative methyla-
tion efficiency in living cells was previously described (27).
5-Aza-2'-deoxycytidine (Sigma) was added at a final
concentrations of 30 uM and cells were incubated for the
indicated periods before performing FRAP experiments.
Microscope settings were as described above except that a
smaller ROI (3um x 3pum) was selected and the time
interval was set to 208ms. FRAP data were double
normalized as described above.

For presentation, we used linear contrast enhancement
on entire images. For color figures we chose magenta as
false color for red fluorescence to accommodate for
colorblindness.

RESULTS

Point mutations within the PBD abolish the interaction of
Dnmt1 with PCNA

We recently demonstrated a loss of association with
replication foci in early and mid S-phase of a GFP-Dnmt1
fusion construct with a deletion of the first 171 amino
acids which includes most of the PBD (GFP-Dnmt14'"'7")
(13). To address the function of the PBD in early and mid
S-phase more specifically and to exclude potential
misfolding of the protein due to the large deletion we
have generated GFP-Dnmtl constructs bearing single
point mutations of highly conserved residues within the
PIP (PCNA-interacting peptide)-Box g4l of the PBD
(GFP-Dnmt1?'%F and GFP-Dnmt1"'*®) (Figure 1).
Either of these mutant constructs were expressed in
C2C12 mouse myoblasts together with RFP-PCNA,
which served as S-phase marker (42). Both Dnmtl
constructs showed a diffuse nuclear distribution in early
and mid S-phase cells (Figure 2B and Supplementary
Figure 3), in contrast to the wild-type Dnmtl construct
(GFP-Dnmt1™) which was concentrated at replication
foci during early and mid S-phase (Figure 2A). In late
S-phase and G2, however, the wild type as well as all the
PBD mutant constructs, including GFP-Dnmt12" 7!,
were similarly concentrated at chromocenters (Figure 2A
and B and Supplementary Figure 1), confirming the
additional binding to heterochromatin in late S-phase
mediated by the TS domain (13). Co-immunoprecipitation
experiments confirmed that the QI62E point mutation
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Figure 1. Structure of Dnmtl and alignment of PCNA-binding
domains (PBD). (A) Schematic representation of the mouse Dnmtl
consisting of an N-terminal regulatory and a C-terminal catalytic
domain. The PBD, the TS domain, the Zn-binding domain (Zn), the
two bromo-adjacent homology domains (BAH) and the catalytic center
(PC motif) are highlighted. (B) Alignment of Dnmtl PBDs from
different species. Highly conserved residues are gray shaded. Accession
numbers: Mus musculus P13864; Homo sapiens P26358; Rattus
norvegicus Q97330; Bos taurus Q6Y856; Sus scrofa Q4TTV6; Ovis
aries Q865VS; Gallus gallus Q92072; Monodelphis domestica Q8MJ28;
Xenopus laevis Q6GQHO; Paracentrotus lividus Q27746; Xiphophorus
maculatus Q918X6; Brachydanio rerio Q8QGBS. (C) Alignment of
PBDs in different proteins from Mus musculus. Gray shaded amino
acids are highly conserved within the PIP-Box. Accession numbers:
Dnmtl P13864; Fenl P39749; p21 P39689; DNA Ligasel P37913;
Polymerase d/subunit Ap66 Q9EQ28; XPG P39749; UNG:P97931
MSH6 P54276.

abolishes the interaction between Dnmtl and PCNA
(Figure 2C). Similar results were obtained with GFP-
Dnmt1"'%®  and GFP-Dnmt1*"'"!"  (Supplementary
Figure 3). Thus, both Q162E and F169S point mutations
prevent accumulation of Dnmtl at replication foci during
early to mid S-phase, while localization at constitutive
heterochromatin in late S-phase and G2 is not affected.
These results clearly confirm the role of the PBD in
mediating the interaction between Dnmtl and PCNA
in vivo.

The PBD-mediated interaction of Dnmt1 at replication sites
is highly transient

To investigate the dynamics of the PBD-mediated inter-
action at replication sites we measured fluorescence
recovery after photobleaching (FRAP) of GFP-Dnmt1™"
throughout S-phase. GFP-Dnmt1%"" and RFP-PCNA were
co-expressed in C2C12 cells and a small square region of
interest (ROI) was bleached (Figure 3). Consistent with
earlier observations (26,43) RFP-PCNA showed hardly
any recovery within the observation period of 100s,
whereas in the same period GFP-Dnmtl recovered fully,
with very similar kinetics in early and mid S-phase, but
notably slower in late S-phase. This result shows that the
binding of Dnmtl at replication sites is more dynamic

during early and mid S-phase than in late S-phase, when
Dnmt 1 is likely slowed down by the additional interaction
with chromatin mediated by the TS domain (13).

To address the kinetic properties of the PBD-mediated
binding to replication sites more specifically, we per-
formed quantitative FRAP analysis of GFP-Dnmt1™" and
GFP-Dnmt1?"®F in Gl and early/mid S-phase. As
replication sites are not homogeneously distributed in
the nucleus, we chose to bleach half nuclei (half-FRAP) to
ensure that the bleached region contains a representative
number of potential binding sites (Figure 4A). In early/
mid S-phase nuclei GFP-Dnmt1™ recovered with a
halftime (#;,) of 4.740.2s and reached complete equili-
bration (#,,) in about 56s. These values place Dnmtl
among the more dynamic factors involved in chromatin
transactions previously determined with half-FRAP
analyses (44). In comparison to GFP-Dnmtl™, GFP-
Dnmt1?"?F showed a slightly increased mobility
(tiyp =44£02s; too ~45s), which is likely due to
the lack of binding to PCNA rings at replication sites.
In the absence of active reEplication sites in G1, GFP-
Dnmt1™ and DnmtI?'"®* showed nearly identical
kinetics, which were remarkably similar to the kinetics
of Dnmt1?'%?F in early/mid S-phase. These data indicate
that PCNA binding has only a minor contribution to
Dnmtl kinetics in S phase.

The recovery rates measured for the full-length con-
structs were considerably slower than the rate of GFP
alone (f;, =0.84+0.1s; 7o, ~10s), which was used to
control for unspecific binding events. As f;, is roughly
proportional to the cubic root of the molecular mass
(45,46), the ~8-fold size difference of GFP alone to the
full-length construct (27 and 210 kDa, respectively) would
only account for about a 2-fold slower recovery. Instead,
GFP-Dnmtl full-length constructs recover more slowly,
pointing to one (or more) additional and yet uncharacter-
ized cell cycle independent interaction(s).

In order to dissect the PBD-mediated interaction from
superimposing effects caused by other potential interac-
tions we assayed the FRAP kinetics of a GFP fusion with
the isolated PBD of Dnmtl, i.e. amino acids 159-178
(PBD-GFP). We found that in S—phase the recovery
was only about 2 times slower than GFP alone
(t1p = 1.5£0.1s; to ~165s), thus confirming the highly
transient nature of the PBD interaction with PCNA. In
non-S-phase cells, PBD-GFP showed an increase in
mobility (¢;, = 1.1£0.1s; t, ~I11s) similar to that
observed with the full-length wild-type construct.

For direct comparison we further analyzed another
PCNA-interacting enzyme, DNA Ligase I fused to GFP
(GFP-Ligase), and found a similar mobility shift in S
phase (¢, =24+£0.3s; to ~27s) compared to non-S-
phase cells (f;, =2.14+0.3s; 1o ~17s). Thus, with all
three PCNA-interacting GFP fusion proteins (GFP-
Dnmt1"™', PBD-GFP and GFP-Ligase), but not with the
PCNA-binding mutant, the transient association with the
replication machinery (PCNA) caused a slower recovery
as compared to Gl/non-S-phase (Figure 4B, inset).

Together the limited but significant contribution of the
PBD-mediated interaction to the kinetic properties of
GFP-Dnmtl and the high mobility of PBD-GFP in
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Figure 2. Mutation of the PBD abolishes Dnmt] interaction with PCNA and prevents accumulation at replication sites in early and mid S-phase.
(A, B) Confocal mid sections of living mouse C2C12 myoblasts expressing either GFP-DnmtI™ (A) or GFP-Dnmt1?'®*" (B). Cells were co-
transfected with RFP-PCNA to identify replication foci and to distinguish S-phase stages. Scale bars: 5pm. GFP-Dnmt1™" accumulates at replication
sites throughout S phase where it co-localizes with RFP-PCNA. In G2 cells a fraction of Dnmtl remains associated with the late replicating
pericentric heterochromatin. In contrast, GFP-Dnmt1?'®*F shows a fully dispersed nuclear distribution in early and mid S-phase stages, whereas in
late S-phase and G2 association with centromeric heterochromatin is still observed. (C) Endogenous PCNA efficiently co-immunoprecipitates
with GFP-Dnmt1™ but not with GFP-Dnmt12"%?F, Cell extracts were prepared from HEK 293T cells expressing either GFP-Dnmt1™ or GFP-
Dnmt11%%E, Precipitated proteins were detected by immunostaining with antibodies against GFP and PCNA, respectively.

S—phase clearly indicate that binding of Dnmtl to PCNA
at replication foci is highly transient.

Interaction with PCN A enhances methylation efficiency
in vivo only moderately

Next we investigated the contribution of the highly
transient interaction with PCNA to the postreplicative
methylation activity of Dnmtl. Earlier it was shown that
N-terminal deletions of mouse Dnmtl comprising the
PBD did not alter catalytic activity in vitro (47,48). To test

the catalytic activity of the GFP-Dnmtl constructs used in
this study they were expressed in HEK 293T cells,
immunopurified and directly assayed for methyltransfer-
ase activit%/ in vitro. While the catalytically inactive GFP-
Dnmt1¢***V mutant S,27) displayed only background
activity, GFP-Dnmt19'°*® and GFP-Dnmt12'"'7! exhib-
ited enzymatic activity comparable to GFP-DnmtI™"
(Figure 5D), indicating that neither the QI162E point
mutation nor deletion of the first 171 amino acids affect
the enzymatic activity of Dnmtl.
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Figure 3. Transient binding of Dnmtl at replication sites in different S-phase stages. (A) GFP-DnmtI™' (green) and RFP-PCNA (magenta)
co-expressed in mouse C2C12 cells co-localize at replication sites in early, mid and late S-phase. Fluorescence bleaching of a small region of interest
reveals fast recovery of GFP-Dnmt1™, whereas RFP-PCNA shows almost no recovery within the observation period. (B) Quantitative evaluation of
the FRAP experiments shown in (A) reveal a significantly faster recovery of GFP-Dnmt1™" in early and mid S-phase compared to late S-phase. Scale

bars: 5pm.

To establish whether the binding to PCNA is required
for postreplicative methylation in vivo, we tested the
activity of GFP-Dnmt1™" and GFP-Dnmt12'%*F in living
cells using a recently developed trapping assay (27). This
assay takes advantage of the catalytic mechanism of
DNA (cytosine-5) methyltransferases which involves
transient formation of a covalent complex with the C6
position of the cytosine residue. When the cytosine
analogue 5-aza-2’-deoxycytidine (5-aza-dC) is incorpo-
rated into the DNA during replication the covalent
complex of Dnmtl and 5-aza-dC cannot be resolved and
Dnmtl is trapped at the site of action. Time-dependent
immobilization, i.e. trapping of GFP-tagged Dnmtl at
replication foci can be visualized and measured by FRAP
and reflects enzymatic activity of the fusion protein.

C2C12 cells co-transfected with RFP-PCNA and either
GFP-Dnmt1™" or GFP-Dnmt1?'%%F as well as C2C12 cells
stably expressing GFP-Dnmt1™" were incubated in the
presence of 30 uM 5-aza-dC. In early S-phase the focal
enrichment of GFP-Dnmt1™" at replication sites increased
over time reflecting the accumulation of immobilized
enzyme and after 40 min GFP-Dnmt1™" was completely
immobilized (Figure 5A). Similar kinetics were observed
in mid S-phase (data not shown). As shown above GFP-
Dnmt1?'°*F displayed a diffuse nuclear distribution in
early S-phase cells (Figure 5B). However, with prolonged
incubation in the presence of 5-aza-dC an increasing focal
accumulation at replication sites was observed.
Quantitative FRAP analzsis revealed that the immobiliza-
tion rate of GFP-Dnmt12'%%E, which is a direct measure of
its enzymatic activity, was only about 2-fold slower than
GFP-DnmtI™, resulting in complete trapping after
~90 min. These results indicate that the PCNA-binding-
deficient mutant binds to DNA and is catalytically
engaged at hemimethylated sites generated during
replication.

Immobilization of GFP-Dnmt1™ at replication sites does not
prevent progression of the replication machinery

We then probed the stability of the interaction between
Dnmtl and the replication machinery by trapping Dnmtl
with 5-aza-dC and long-term live imaging. In the case of
stable interaction, covalent immobilization of Dnmtl
would be expected to stall the progression of the
replication machinery. C2CI12 cells co-transfected with
the GFP-DnmtI™ and RFP-PCNA constructs were
incubated in the presence of 10uM 5-aza-dC and
individual S-phase cells were imaged at consecutive time
points for an extended period of time (Figure 6).
Progressive separation of GFP-Dnmtl™ and RFP-
PCNA foci could be clearly observed over a time period
of ~2h, indicating that trapping of Dnmt1 did not prevent
the progression of replication factories. This result is
consistent with the FRAP kinetics of GFP-Dnmtl™
demonstrating the transient nature of the interaction
between Dnmtl and PCNA.

GFP-Dnmt1?'%%F rescues CpG methylation in Dnmt1 -I=
ES cells

To investigate the contribution to maintenance of
methylation patterns by the PBD-mediated interaction
with PCNA in vivo we transiently expressed either GFP-
Dnmt1™ or GFP-Dnmt1?'*F in Dnmt1 deficient mouse
ES cells, which are severely hypomethylated in all genomic
compartments (5,49). GFP-positive cells were isolated by
FACS sorting 24h and 48h after transfection and
methylation of single-copy sequences and intracisternal
type A particle (IAP) interspersed repetitive elements was
analyzed by COBRA. An increase in methylation at all
tested sites was observed in cells expressing either the wild
type or the mutant Dnmtl constructs already 24 h after
transfection (Figure 7 and Supplementary Figure 4A).
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the higher imaging frame rate. Rectangles indicate the bleached ROI. The column marked with ~#,, displays frames corresponding to the half time
of fluorescence recovery. The column marked with ~7,, displays the frames corresponding to approximately the time points when fluorescence
recovery reached the plateau. Bar: 5 pm. (B) Quantitative evaluation of FRAP experiments. Wild-type Dnmtl shows a small but significant decrease
in mobility in early/mid S-phase (dark blue curve) as compared to G1 phase (light-blue curve). A similar mobility shift between early/mid S and non-
S-phase cells is also seen for PBD-GFP (dark green and green curve, respectively) and for GFP-Ligase (dark gray and gray curve, respectively). No
such shift is observed for the PCNA-binding-deficient Dnmt] mutant (red and orange curve, respectively). GFP alone (light-green curve) is shown as
reference. For clarity only every fourth time point is displayed; data are represented as mean = SEM. Kinetic shifts are indicated by shadings in the

enlarged inset.
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Further substantial increase of methylation 48h after reported that re-expression of wild-type Dnmtl in
transfection was observed only for the skeletal w-actin dnmtl™/= ES cells does not lead to restoration of
promoter where the methylation level approached that methylation at imprinted genes since passage through
observed in wild-type cells. The result for the skeletal the germ line is needed for re-establishment of methylation
a-actin promoter were confirmed and extended by bisulfite patterns in these sequences (49). We analyzed the

sequencing (Supplementary Figure 5). It was previously promoter of the imprinted H/9 gene to control for the
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Figure 5. PCNA-binding-deficient mutant Dnmtl is catalytically active and shows moderately reduced postreplicative methylation activity in vivo.
(A—C) Trapping assay for the analysis of postreplicative methylation activity in vivo. (A, B) Confocal mid sections (upper panel) and corresponding
FRAP series (lower panel) of a C2C12 mouse myoblast cell co-transfected with RFP-PCNA and either GFP-Dnmt1™' (A) or GFP-Dnmt]?'¢?
(B) before and at selected time points after incubation with 5-aza-dC. Before drug treatment the observed cells were in early S-phase as indicated by
the RFP-PCNA pattern (left). Boxes indicate bleached ROI’s, which are shown magnified in the lower panels at indicated time points of the FRAP
series. Quantitative FRAP analysis is shown on the right. Scale bars: 5um. (C) Time-dependent increase of immobile fractions of GFP-DnmtI™" and
GFP-Dnmt12'%%F, Individual cells assayed at consecutive time points are indicated by closed (GFP-Dnmt1™') and open (GFP-Dnmt1?'%?F) symbols.
Character symbols represent different cells each assayed at a single time point. + symbol indicates data points obtained with C2C12 cells stably
expressing GFP-Dnmt1™ (C2C12-GMT1) without co-expression of RFP-PCNA. (D) In vitro methyltransferase assay for GFP-Dnmtl1"', GFP-
Dnmtl1*"™7' GFP-Dnmt1?'%*F and the catalytically inactive mutant GFP-Dnmt1<'?*V GFP fusions were expressed in HEK 293T cells,
immunopurified and the amount of [*H]CHj transferred to a hemimethylated oligonucleotide substrate was measured. To normalize for the amount
of precipitated protein aliquots were analyzed by SDS-PAGE and Coomassie staining (lower panel).



specificity of our assay and found that indeed expression
of neither GFP-Dnmt1™' nor GFP-Dnmt1?'%*F resulted
in increased methylation of this sequence (Figure 7). To
further evaluate methylation of repetitive sequences we

Figure 6. Immobilization of Dnmtl does not prevent progression of
DNA replication. S-phase C2C12 myoblasts expressing GFP-Dnmt1™"
(green) and RFP-PCNA (magenta) were imaged without drug
treatment (upper row) and at the indicated time points after addition
of 10 uM 5-aza-dC to the medium (lower row). In the control cell the
two constructs largely co-localize during transition from mid to late
S-phase, whereas in the presence of 5-aza-dC progressive separation of
green and red foci indicate immobilization of GFP-DnmtI™ at
postreplicative hemimethylated sites and progression of replication
foci containing RFP-PCNA. Projections of confocal mid sections are
shown. Scale bar: 5pum.

Skeletal c-actin promoter
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stained transiently transfected dnml~'~ cells with an
antibody against S-methylcytidine that detects highly
methylated satellite repeats present at mouse chromocen-
ters (pericentromeric heterochromatin). Restoration of
high DNA methylation levels at chromocenters was
observed in both cells expressing GFP-Dnmtl™" and
GFP-Dnmt1?"%*F (Supplementary Figure 4B).

The experimental procedures employed did not allow
detection of significant differences in remethylation
kinetics between the two constructs. Nevertheless, these
results show that the PCNA-binding-deficient mutant is,
like wild-type Dnmtl, able to rescue methylation of both
single copy and repetitive sequences in vivo.

DISCUSSION

Faithful replication of genetic and epigenetic information
is crucial to ensure the integrity and identity of proliferat-
ing cells. Earlier work has demonstrated that the main-
tenance methyltransferase Dnmtl binds to the replication
processivity factor PCNA and is thus recruited to
replication sites (12). The interaction between Dnmtl
and the replication machinery was proposed as a
mechanism for coupling maintenance of genomic methyl-
ation to DNA replication (11). By traveling along with the
replication machinery Dnmtl would be able to restore
symmetrical methylation as soon as hemimethylated CpG
sites are generated. The estimated kinetics of DNA
replication in vivo and DNA methylation by Dnmtl
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Figure 7. PCNA-binding-deficient mutant Dnmt] restores methylation of single-copy sequences in dnmtl ™'~
transiently transfected with either the GFP-Dnmt1™" or GFP-Dnmt12'%?

ES cells. Mouse dnmtl~'~ ES cells were

E constructs and FACS-sorted 24h and 48 h after transfection. Methylation

of single-copy sequences was assayed by COBRA. Shown are methylation percentages at assayed CpG sites with respect to genomic DNA from

dnmtl

/7 ES cells methylated in vitro with the recombinant methyltransferase SssI (100% methylation;

see also Supplementary Figure 6).

Mean values and standard errors of duplicate amplifications from each of two independent experiments are indicated.
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in vitro, however, differ by 3-4 orders of magnitude
arguing against a stable coupling. Although DNA
methylation may be faster in vivo it is not likely to come
much closer to the DNA replication rate. In other words,
it is reasonable to assume that methylating a cytosine
takes far longer than to incorporate it. Also, DNA
replication is essentially a continuous process, while
methylated CpG sites are encountered discontinuously in
vertebrate genomes. Stable binding of Dnmtl to the
replication machinery would stall replication at each
hemimethylated CpG site. Here we show that the
interaction of Dnmtl with the replication machinery
in vivo is highly dynamic and that immobilization of
Dnmtl at postreplicative hemimethylated sites does not
prevent the progression of DNA replication. The transient
nature of the interaction between Dnmtl and the
replication machinery allows rapid release and transfer
of Dnmtl to hemimethylated substrate sites, reconciling
the paradox of the relative rates of DNA replication and
methylation. According to basic principles of enzyme
kinetics the local enrichment of Dnmt1 at replication foci
would increase the postreplicative methylation rate. At the
same time, transient binding of Dnmt1 enables also other
replication factors to interact with PCNA. Similar binding
dynamics have been shown for the interaction of PCNA
with DNA Ligase I and Fenl (26) and may thus represent
a common feature of PBD-containing factors.

Interestingly, the interaction between Dnmtl and
PCNA is believed to be a major mechanism for the
methylation maintenance activity of Dnmtl, but its
functional relevance had never been tested experimentally.
Here we show two lines of evidence that this interaction is
not crucial for the maintenance of methylation patterns in
mammalian cells. First, postreplicative methylation rate of
wild-type Dnmtl measured in vivo is only 2-fold faster
than that of a PCNA-binding-deficient mutant. Second,
methylation of both single copy and repetitive sequences
in Dnmtl deficient ES cells was restored by this PCNA-
binding-deficient Dnmtl mutant with efficiency compar-
able to wild-type Dnmtl. The maintenance of DNA
methylation without direct coupling to the replication
machinery could in part be explained by the preference of
Dnmtl for hemimethylated sites (8—10). Also, genetic
manipulation in the mouse indicate that Dnmtl is at least
5-fold more abundant than necessary for maintaining
normal methylation levels (6,50). Thus, the combined
effect of the affinity for hemimethylated sites, relative
abundance and simple diffusion could explain the
relatively fast immobilization of PCNA-binding-deficient
mutants in the presence of 5-aza-dC. In addition, the
ability of Dnmtl to methylate nucleosomal DNA in vitro
(51-53), suggests that maintenance of DNA methylation is
not necessarily restricted to the short time window before
nucleosome assembly.

Recent structural data on Ligase I:PCNA and FEN-
1:PCNA complexes indicate that for these enzymes PCNA
does not simply serves as a loading platform for the
replication machinery, but also causes allosteric activation
(56,57). The data presented here cannot rule out a similar
mechanism for Dnmtl, but clearly show that interaction
with PCNA is not a prerequisite for enzyme activity

in vivo. The transient nature of this interaction also argues
against PCNA as a classic processivity factor for
postreplicative DNA methylation. The major role of the
PCNA interaction most likely is to increase the local
Dnmtl concentration and thereby enhance methylation
efficiency at replication sites.

Notably, it is still unclear whether the role and
regulation of Dnmtl is similar in different cell types and
species. While Dnmtl1 is clearly essential for maintenance
of DNA methylation in mouse cells (5,54), it seemed
dispensable in human tumor HCT116 cells (32). However,
two reports recently showed that DNMTI is essential for
maintenance of DNA methylation also in these human
tumor cells (32,55). It turned out that genomic methyla-
tion was maintained by a residual, truncated DNMTI1
form lacking the PBD, arguing that PCNA binding is not
strictly required in these cells (32).

Also, the requirement of Dnmt1 for cell viability remains
unsettled. In mouse fibroblasts inactivation of the dnmtl
gene caused a continuous loss of genomic methylation
leading to apoptotic cell death after several cell division
cycles (54). Similar results were obtained after depletion of
DNMTTI activity by RNA interference in human cells (32).
Surprisingly, conditional deletion of the DNMT1I locus in
the same cells caused immediate apoptotic cell death long
before substantial passive loss of genomic methylation
could occur (58) arguing for additional roles of DNMT]I.
In this regard, the association of Dnmtl with hetero-
chromatin in G2 phase and occasionally in mitosis in
mouse cells (13) would fit well with the mitotic catastrophe
observed upon deletion of the DNMTI gene in HCT116
cells. In addition, the PBD-mediated association of Dnmt1
with repair sites (14) may indicate a direct role in the
maintenance of genome integrity (59). Clearly, more
experiments are required to resolve the species and cell-
type-specific role and regulation of DnmtI.

In summary, we demonstrate that the association of
Dnmtl with the replication machinery is not strictly
required for maintaining global methylation but still
enhances in vivo methylation efficiency by 2-fold.
Whereas the benefit of Dnmtl to be directly recruited to
replication foci seems subtle in short-term cell culture
experiments, it may be more relevant in long-lived
organisms and in situations where the nuclear concentra-
tion of Dnmtl is limiting. Indeed, Dnmtl levels vary
considerably in different tissues and developmental stages
(60,61). Based on sequence features of the dnmtl gene a
modular structure was proposed to originate from an
ancestral DNA methyltransferase that evolved by stepwise
acquisition of new domains (47). Thus, the improved
efficiency of postreplicative methylation achieved by the
PBD-mediated transient binding to PCNA likely repre-
sents an additional safety mechanism, which was acquired
in the course of evolution and contributes to the faithful
maintenance of epigenetic information over the entire
lifespan of complex organisms.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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