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ABSTRACT

DNA methyltransferase 1 (Dnmt1) has a central role in
copying the pattern of DNA methylation after
replication which is one manifestation of epigenetic
inheritance. With oligonculeotide substrates we show
that mouse Dnmt1 has a 30- to 40-fold preference for
hemimethylated DNA that is almost lost after addition
of fully methylated oligonucleotides. Using long
hemimethylated DNA substrates that carry defined
methylation patterns and bisulfite analysis of the
methylation reaction products, we show a 15-fold
preference for hemimethylated CG sites. Dnmti
moves along the DNA in a random walk methylating
hemimethylated substrates with high processivity
(>50 sites are visited on average which corresponds
to linear diffusion over 6000 bp). The frequency of
skipping sites is very low (<0.3%) and there is no
detectable flanking sequence preference. CGCTC
sites tend to terminate the processive methylation
of DNA by Dnmt1. Unmethylated DNA is modified
non-processively with a preference for methylation
at CCGG sites. We simulate the propagation of
methylation patterns using a stochastic model with
the specificity of Dnmt1 observed here and conclude
that either methylation of several sites is required to
propagate the methylation information over several
cellular generations or additional epigenetic informa-
tion must be used.

INTRODUCTION

Epigenetic information is defined as heritable but not encoded
in the DNA sequence (1). One form of epigenetic information
in human cells is methylation of cytosine residues in DNA at
the C5-position at CG sites [reviewed in (2,3)]. DNA

methylation is involved in a number of important biological
processes, like control of gene expression, imprinting,
development, X-chromosome inactivation, genomic integrity
and protection of the genome against selfish DNA elements
[reviewed in (2-7)]. On the other hand, erroneous DNA
methylation causes diseases including cancer [reviewed in
(1,8,9)]. The Dnmtl DNA methyltransferase is responsible
for the propagation of the DNA methylation information by
maintenance of the DNA methylation pattern after DNA
replication [reviewed in (10)]. The enzyme shows a preference
for hemimethylated CG sites as they appear after DNA rep-
lication. Its activity, therefore, leads to the re-establishment of
the same DNA methylation pattern as it was before replication.
The accuracy of the transmission of the methylation
information to the next cellular generation critically depends
on the degree of specificity of Dnmtl for hemimethylated
sites. Surprisingly, this property has not yet been characterized
sufficiently, and numbers ranging from 2- to 50-fold were
published for oligonucleotide substrates, depending on the
substrate, experimental test system and enzyme preparation
(11-15). Moreover, many groups have reported that Dnmt1
has reduced specificity in the presence of methylated DNA
(11,16-18) which would put into question the whole concept
of inheritance of methylation patterns. Other important
properties that determine the efficiency of this enzyme in
the remethylation of DNA after replication are its processivity
and whether it tends to skip hemimethylated target sites
or not. Here, we have studied the accuracy, processivity
and frequency of skipping sites by Dnmtl using long
hemimethylated DNA molecules that mimic physiological
substrates. Our data provide a framework for the under-
standing of the role of this enzyme in vivo.

MATERIALS AND METHODS

Detailed descriptions of the experiments can be found in
supplementary data. In brief, Dnmt1 was purified as described
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(11,19). Methylation of 30mer oligonucleotide substrates
containing one CG site was studied using radioactively labeled
AdoMet as described (11). Two different PCR products
comprising 634 and 566 bp were amplified from lambda
DNA using one 5'-phosphorylated and one standard primer
and processed to generate hemimethylated substrates basically
as described (19,20). Briefly, they were methylated using
either M.SssI or M.Hpall, then the upper strand of the
DNA was digested by incubation with A-exonuclease,
which specifically removes the 5'-phosphorylated strand.
After a fill in reaction using the same upper primer as before,
substrates were obtained that were hemimethylated at all CG
or CCGG sites. The substrates were methylated by Dnmt1 in
buffer containing 20 mM HEPES, pH 7.0, 1 mM EDTA,
30 mM NaCl, 7% glycerol, 25 pg/ml BSA and 1| mM AdoMet
at 37°C and methylation determined by bisulfite analysis
performed as described (21-23).

RESULTS AND DISCUSSION
Accuracy of Dnmtl for hemimethylated DNA

The mouse Dnmt1 enzyme used for these studies is full-length
enzyme with an additional His-tag at the N-terminal end. The
enzyme was prepared as described (11,19) and is over 90%
pure (Supplementary Figure 1). Initially, we have analyzed the
specificity of the Dnmtl enzyme for hemimethylated DNA
using 30 bp oligonucleotide substrates containing one cent-
rally positioned CG site. In agreement with previous results
(11), we observed a high preference for hemimethylated
substrates which is ~30- to 40- fold in the initial phase of
the methylation reaction (Figure 1A). Next, we used
hemimethylated DNA substrates to study DNA methylation
by Dnmtl on longer substrates, which is closer to a
physiological situation. First, the methylation of substrate 1
(634 bp) hemimethylated at all 54 CG sites was compared with
its unmethylated form under identical conditions (Supple-
mentary Table 1). As shown in Figure 2, dense methylation
was observed if the hemimethylated substrate was used (aver-
age methylation level: 58%), whereas methylation of the
unmethylated substrate was only sparse (average methylation
level: 4%) which indicates a 15-fold preference of Dnmtl for
the hemimethylated substrate. This ratio is identical to the
results obtained with oligonucleotide substrates after 10 min
of incubation (Figure 1). Thus, there are no large differences in
the specificity of Dnmtl for hemimethylated substrates if a
30mer oligonucleotide and longer DNAs are compared.
Next, we determined the methylation of the hemimethylated
and unmethylated oligonucleotide substrates in the presence of
an additional fully methylated oligonucleotide and observed
an almost complete loss of preference for the hemimethylated
target under these conditions (Figure 1B). Since in the cell
unmethylated, hemimethylated and fully methylated DNA is
present at the same time, this loss of specificity puts into
question the whole concept of maintenance methylation.
Therefore, we studied the methylation of an unmethylated
and hemimethylated long substrate in competition in the
same reaction mixture. Equimolar amounts of hemimethylated
substrate 1 and unmethylated substrate 2 (566 bp, 44 CG sites)
were mixed, incubated with Dnmtl as described before and
their respective methylation pattern was examined by bisulfite
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Figure 1. Methylation of unmethylated and hemimethylated oligonucleotides
by Dnmtl. Methylation was analyzed by incorporation of radioactive methyl
groups into the DNA.In (A) 1 uM of hemimethylated and unmethylated
oligonucleotides (CG30hm and CG30um) and 100 nM enzyme were used.
In (B) 1 uM fully methylated oligonucleotide (CG30fm) of the same sequence
was added.

analysis (Figure 3A, Supplementary Table 1). We observed
average levels of methylation of the hemimethylated and
unmethyltated substrates of 57 and 5%, which indicate that
the activity and specificity of the enzyme was not changed.

To study the capacity of Dnmtl to copy an existing
methylation pattern, we have prepared substrate 2
hemimethylated at all CCGG sites, but unmethylated at all
other CG sites. This DNA was incubated with Dnmtl and
methylation determined as before (Figure 3B, Supplementary
Table 1). We observed 61% of methylation at the
hemimethylated CCGG sites, while only 5% of the
unmethylated CG sites had become modified, such that
the preference was ~12-fold. These results demonstrate that
the presence of methylated DNA does not impair specific
methylation of longer hemimethylated substrates. The strong
allosteric activation and loss of specificity observed with
oligonucleotide substrates upon addition of methylated
DNA most likely is due to the artificial experimental setup
using short oligonucleotide substrates and that is unlikely to
affect the maintenance activity of Dnmt1 in the cell.

Processivity of Dnmt1

We analyzed the processivity of DNA methylation by Dnmt1
using hemimethylated and unmethylated substrates.
Processive methylation is defined by consecutive methylation
of one DNA substrate without dissociation of the enzyme from
the DNA. Processive methylation of DNA will result in a
stretch of methylated sites on the DNA that is not interrupted
by unmethylated sites. To determine the number of
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Figure 2. Methylation of unmethylated and hemimethylated long substrates in different reaction tubes. (A) Methylation of unmethylated substrate 1 by Dnmt1. In (B)
substrate 1 was prepared in hemimethylated state at all CG sites and used for methylation by Dnmt1. Methylation was analyzed after bisulfite modification of the
DNA, PCR amplification, cloning and sequencing of at least 20 individual clones for each DNA strand. In the figure, some examples of the clones obtained and
sequenced are shown. Methylated CG sites are shown black, unmethylated white.

consecutive methylation events on each substrate, we analyzed
the lengths of continuous stretches of methylated sites on each
DNA molecule for the experiments shown in Figures 2 and
3A. As shown in Figure 4A, Dnmtl modifies unmethylated
substrates in a distributive reaction, whereas on average 14—16
methyl groups were introduced during one binding event into
hemimethylated DNA (average: 16, median value: 14). This
number has to be taken as lower limit of processivity, because
in many cases the enzyme had reached the end of the substrate
molecule during its processive work, where no more
methylation is possible. In order to describe the observed
length distribution of methylated stretches, we apply the
theory of linear diffusion. Since there is no energy input for
the movement of Dnmt1 along the DNA, it follows a random
walk. As shown in Figure 4A the observed length distribution
of methylated stretches is fitted by the random walk model
with an average number of 54 diffusional steps under these
conditions, if one step is defined as the movement of the
enzyme from on CG site to the next. Since the average distance
of CG sites on our substrate is 10.6 bp, this means that the
enzyme diffuses on the DNA for about 6000 one bp steps. Due
to the random nature of the movement back and forth on the
DNA, it has a high chance to reach the next methylation site
within a distance of ~80 bp.

The nice fit of the observed lengths’ of continuously
methylated stretches by the random walk model indicates
that the data presented here are consistent with a random

walk of Dnmtl on the DNA. The methylation profiles are
not in agreement with a model proposing a preferential
movement of the enzyme in one direction, because then
one would expect an accumulation of methylation at one
end of the substrates, which is not observed.

Frequency of skipping target sites by Dnmt1

We checked the probability of Dnmtl to miss target sites
during the processive move on hemimethylated DNA. In
this case, one would expect to observe two modified sites
separated by one or two unmodified sites. Altogether on the
hemimethylated substrates, we observed 85 stretches of more
than two modified sites next to each other (>1000 methylated
sites in total). Within these only three gaps of a size of one or
two sites (indicative of the enzyme skipping one or two sites)
were detected. This result demonstrates that Dnmtl has a very
low probability to skip a hemimethylated target site
(P < 0.3%). Together with the result that Dnmtl does not
change its target strand during processive methylation of
DNA (19), it indicates that Dnmt1 keeps intimate contact to
the DNA for the duration of the diffusional walk.

Our data can be compared with results of Vilkaitis et al.
(2005) who performed a similar experiment using CG
hemimethylated substrates and bisulfite sequencing (24).
However, they report much shorter average lengths of the
processive methylation (median value: 5). In addition, within
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Figure 3. Methylation of unmethylated and hemimethylated substrate in one reaction. (A) Methylation of unmethylated substrate 1 and hemimethylated substrate 2
by Dnmtl in one reaction tube. Substrate 2 is hemimethylated at all CG sites in this experiment. (B) Methylation of substrate 2 hemimethylated at all CCGG sites.
Methylation was analyzed after bisulfite modification of the DNA, PCR amplification, cloning and sequencing of at least 20 individual clones for each DNA strand. In
the figure, some examples of the clones obtained and sequenced are shown. Methylated CG sites are shown black, unmethylated white. In (B) the hemimethylated

CCGG sites are shaded gray.

22 runs of methylated sites they reported 15 gaps of one or two
sites, indicating a much higher skipping rate of the enzyme
than observed here. One reason for the reduced processivity
and increased skipping rate could be in the preparation and
purification of the enzyme or the hemimethylated substrate or
the DNA sequence of the substrates. Vilkaitis et al. (2005)
worked with a truncated Dnmtl that had an N-terminal
deletion of 290 amino acid residues. However, the truncation
is unlikely to be of great influence, since in additional
experiments they did not observe differences between the
processivity of the full-length and truncated Dnmtl. In
addition, it is possible that slight variations between the buffer
conditions of both studies are responsible for the differences,

because changes in the salt content have been shown
previously to influence the processivity of DNA interacting
enzymes (25,26).

Termination of processive methylation

We observed that in the experiments with hemimethylated
DNA many stretches of methylated DNA terminated at the
sites 19 (10 cases) and 42 (11 cases) (Figure 4B). It is not
conceivable that these sites represent start sites for the DNA
methylation by Dnmt1, because due to the random movement
of Dnmtl backwards and forwards on the DNA, methylation
takes place on the 3’ and 5’ side of the original start site such
that the original start site most likely will be situated
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Figure 4. (A) Processivity of the methylation of the unmethylated and hemimethylated CG sites by Dnmt1. The figure displays the distribution of lengths of all
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binomial distribution of the corresponding parameters as indicated by the line, if the two sites 19 and 42 are disregarded. (C) Flanking sequence preference for

methylation of unmethylated DNA by Dnmtl.

somewhere in the center of the stretch of completely
methylated DNA.

Consequently, the sites 19 and 42 represent termination sites
that constitute barriers to the continuation of processive DNA
methylation by Dnmtl. To understand this observation, we
first investigated whether a large distance of these sites to
their next neighbor sites could be due to the preferential
termination of methylation. In our substrate, the CG sites
are separated by up to 36 bp. Within this distance, there is
no correlation detectable between the distances of CG sites to
their neighbor sites and the termination frequency (data not
shown), which indicates that the dwell time of Dnmt1 on the
DNA is sufficiently long to allow for traveling this distance in

most cases. Next, we analyzed for statistical significance: The
observed distribution of termination events at all sites (except
for the 10 and 11 events at sites 19 and 42) was roughly fitted
by a binomial distribution indicating no strong deviation from
statistics for most sites. However, the probability of finding
two sites with more than nine termination events in this dis-
tribution was very low (P = 1.4 x 10~%), which suggests that
these sites play a special role for Dnmtl. Interestingly, both
sites are flanked by the same CTC trinucleotide sequence on
their 3’ side. There was no sequence similarity on the 5’ side of
the CG sequence and there were no additional CGCTC sites in
our substrate. This result suggests that CGCTC sites function
as termination site for DNA methylation by Dnmtl either by



promoting dissociation of the enzyme from the DNA or by
forming a very tight interaction that prevents continuation of
linear diffusion. Further experiments will show if this
sequence also functions in other substrates and which mech-
anism is operative. It should be noticed that approaching a
CGCTC site not necessarily led to termination of processive
DNA methylation as indicated by the finding that several
continuously methylated stretches span over the CGCTC sites.

Depending of the sequence context, CGCTC sites also func-
tion as binding site of the CTCF insulator protein (CCCTC)
(27), which is involved in the control of imprinting and X-
inactivation (28). One role of CTCF is to separate methylated
and unmethylated parts of the DNA. On the basis of our data
one could speculate that CGCTC sites could result in insula-
tion of DNA methylation by a 2-fold effect: either by recruit-
ing CTCF protein or in a CTCF independent way by
preventing that Dnmtl moves to the adjacent DNA. Both
modes of action would result in the inhibition of spreading
of DNA methylation into unmethylated regions of the DNA.

Flanking sequence preferences of Dnmt1 for
methylation of unmethylated CG sites

In the experiments using unmethylated substrates, we observed
83 methylation events altogether. Since the number of
methylation events did not suffice for a simultaneous
statistical analysis with respect to next base pair on the 5
and 3’ side, we studied 5" and 3’ flanking preferences separately
(Figure 4C). Out data show that Dnmt1 prefers to methylate
DNA in a CCGG context which is methylated at ~10 times
higher frequency than all other sides. This conclusion is also
illustrated by the observation that on the unmethylated sub-
strates >40% of all methylation events occurred at CCGG sites
although these represented only 10% of all target sites. We
realized that by chance we observed a flanking preference on
the unmethylated DNA that is identical to the sequence used for
hemimethylation in the experiment shown in Figure 3B. How-
ever, the experiments shown in Figures 2 and 3A were carried
out completely independently from that shown in Figure 3B
such that there was no change of a partially methylation of the
unmodified substrates.

There is no preference for flanking sequences reported for
the catalytic activity of Dnmtl so far. Our finding agrees to
results by Flynn et al. (29) who reported increased binding of
Dnmtl to GCGG and CCGC sites. In contrast, the CCGG
flanking sequence is disfavored by Dnmt3a and Dnmt3b
(30). The difference in the flanking sequence preferences of
Dnmtl and Dnmt3a and 3b might allow in the future to
determine whether aberrant de novo methylation was due to
malfunction of Dnmtl or Dnmt3a and 3b.

Implications for the propagation of methylation
patterns in vivo

DNA methylation carries information that is used for control
of gene expression. One of the most fascinating questions
regarding DNA methylation is to understand how methylation
patterns are copied after DNA replication to achieve a stable
transmission of epigenetic information to next cellular gen-
erations. This function has been attributed to Dnmtl, which
can re-establish a methylation pattern after DNA replication
on the daughter strands of the DNA, because it prefers
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methylation at hemimethylated DNA sites. Errors in the pro-
pagation of methylation patterns are due to imperfect main-
tenance methylation as well as de novo methylation at
previously unmethylated sites. In order to explore the accuracy
of this mechanism we have analyzed the specificity of Dnmt1
for hemimethylated sites. Using long hemimethylated sub-
strates, we show that Dnmtl prefers hemimethylated sites
~15-fold over unmethylated, irrespective of the presence of
other sites in vicinity. This level of fidelity is compatible with
in vivo data, which indicate that methylation is maintained
with an accuracy of ~95% and de novo methylation occurs
with ~5% (31-33), suggesting an ~20-fold preference for
methylation of hemimethylated sites after DNA replication.
This preference of Dnmtl sets an upper limit of accuracy for
the propagation of punctual patterns of DNA methylation.
To simulate the process of the propagation of a DNA
methylation pattern, we apply the model of stochastic mainten-
ance of DNA methylation (31,33) and started with two popu-
lations of DNA molecules, one methylated at a certain site and
the other not, and followed the average methylation of both
populations over several generations (Figure 5). The informa-
tion content of the methylation pattern is given by the ratio of
the probabilities to find the site still methylated after N genera-
tions in the first population over finding it methylated in the
second population after the same time (discrimination factor).
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Figure 5. Simulation of the average methylation level of an unmethylated and
hemimethylated population of DNA molecules during several generations. For
the simulation an average level of maintenance methylation of 95% and a
20-fold preference for hemimethylated DNA was used. In (A) the average
methylation levels of the hemimethylated and unmethylated populations at
one CG site are shown, in (B) the discrimination factor (defined as the ratio
of the average methylation levels of both populations) is shown if one, three,
five or seven CG sites are concerned.
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If we assume a discrimination factor of 10 is required for trans-
mission of the epigenetic information, we observe that the
signal is lost already after three generations, if a single CG
site is considered (Figure 5). However, if the biological system
makes use of the combined reading of the methylation state of
several CG sites, our simulation suggests that combination of
5 sites would allow to propagate a signal over 18 cellular gen-
erations and 7 sites suffice to propagate the signal over
23 generations which is already close to the typical somatic
lifetime of many cells. This observation could explain why
methylation of more than one CG site is required for strong
gene inhibition and targeting of methyl cytosine binding
proteins to methylated DNA. On the other hand, in the light
of these data, it is not surprising that loss of methylation
information occurs during aging and development. In the cell
the specificity of maintenance methylation could be increased
by local differences in the rate of methylation of unmodified CG
which could be mediated by other chromatin modifications like
histone 3 at lysine 9 methylation. Such mechanism could make
use of Dnmt1 or one of the Dnmt3 enzymes and combine the
effects of the various epigenetic systems into self enforcing
epigenetic circuits whose state can be transmitted stably.
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