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Abstract Recently published results (Nucleic Acids Res. 26,
5573^5580, 1998) suggest that the ribonuclease sensitivity of the
DNA demethylation reaction may be an experimental artifact
due to the possible tight binding of the nucleases to the
methylated DNA substrate. Using an improved protocol we
show for two different systems that demethylation of hemi-
methylated DNA is indeed sensitive to micrococcal nuclease,
requires RNA and is not an experimental artifact. The purified
5-MeC-DNA glycosylase from chicken embryos and G8 mouse
myoblasts was first incubated for 5 min at 37³C with micrococcal
nuclease in the presence of Ca2+ in the absence of the DNA
substrate. Upon blocking the nuclease activity by the addition of
25 mM EGTA, the DNA demethylation reaction was initiated by
adding the labeled hemimethylated DNA substrate to the
reaction mixture. Under these conditions the DNA demethyla-
tion reaction was abolished. In parallel controls, where the
purified 5-MeC-DNA glycosylase was pre-incubated at 37³C
with the nuclease, Ca2+ and EGTA or with the nuclease and
EGTA, RNA was not degraded and no inhibition of the
demethylation reaction was obtained. As has already been shown
for chicken embryos, the loss of 5-MeC-DNA glycosylase
activity from G8 myoblasts following nuclease treatment can
also be restored by the addition of synthetic RNA complemen-
tary to the methylated strand of the substrate DNA. No
reactivation of 5-MeC-DNA glycosylase is obtained by com-
plementation with a random RNA sequence, the RNA sequence
complementary to the non-methylated strand or DNA, thus
ruling out a non-specific competition of the RNA for the binding
of the nuclease to the labeled DNA substrate.
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1. Introduction

In a series of studies on DNA demethylation carried out
with L8 myoblasts and F9 teratocarcinoma cell lysate, Weiss
et al. [1] showed that the reaction was sensitive to ribonu-
cleases and insensitive to proteinase K. They concluded that
DNA demethylation occurs through nucleotide excision cata-
lyzed by a ribozyme. Later Swisher et al. [2] reported that the
demethylation of DNA in L8 myoblasts was sensitive to pro-
teinase K and that the ribonuclease sensitivity observed by
Weiss et al. was an experimental artifact. In this case a very
tight binding of the ribonuclease to the DNA substrate could
possibly inhibit the demethylation reaction.

In chicken embryos we have previously shown [3] that the
demethylation of a hemimethylated oligonucleotide requires
both protein and RNA. RNA was isolated from SDS-
PAGE puri¢ed enzyme and cloned [4]. We have also shown
that the RNA tightly associated with 5-MeC-DNA glycosy-
lase is very rich in CpGs and when added to the ribonuclease
inactivated enzyme it could restore the full glycosylase activ-
ity. Further studies carried out with in situ hybridization with
one representative RNA showed that it was only expressed in
dividing and di¡erentiating cells [5]. Colocalization of this
RNA with DNA methyltransferase was also observed [5].
As we have already shown for chicken embryos, in growing
mouse G8 myoblasts, demethylation of hemimethylated DNA
is also ribonuclease sensitive and requires RNA. Additional
controls rule out a non-speci¢c e¡ect of the nuclease on the
DNA substrate.

2. Materials and methods

2.1. Puri¢cation of chicken embryo 5-MeC-DNA glycosylase
Puri¢cation of crude nuclear extracts from 12 day old chicken em-

bryos and the various chromatographic steps were carried out as
previously described [6].

2.2. Puri¢cation of mouse G8 myoblast 5-MeC-DNA glycosylase
Packed G8 myoblasts (4 g) were resuspended in 12 ml of 10 mM

Tris pH 7.5, 1 mM EDTA, 5 mM DTT, 1 mM spermine, 0.25 mM
spermidine and 2 mM benzamidine. The cell suspension was left on
ice for 30 min and homogenized with 20 strokes in a Dounce glass
homogenizer. Nuclei were lysed by adding slowly a 1/10 volume of 4
M (NH4)2SO4 bu¡ered with Tris to pH 8.0. The lysate was stirred on
ice for 30 min and then centrifuged for 3.5 h at 50 000 rpm at 2³C in a
SW 56 Beckman rotor. The supernatant was precipitated with solid
ammonium sulfate (0.4 g/ml solution). After 1 h on ice the precipitate
was sedimented by centrifugation at 30 000 rpm for 30 min in a SW 40
Beckman rotor. The sediment was dissolved in 3 ml of 20 mM
HEPES pH 7.5, 10 mM EDTA, 100 mM KCl, 2 mM DTT, 2 mM
benzamidine, 10% glycerol and dialyzed for 3-4 h at 4³C against two
changes of 1 liter of the same bu¡er. Chromatography on heparin-
Sepharose was carried out as previously described [6].

2.3. 5-MeC-DNA glycosylase assay
The standard assay of 5-MeC-DNA glycosylase was carried out as

previously described [6]. The end-labeled DNA substrate was double
stranded hemimethylated oligonucleotide with a methylated CpG on
the lower strand 5P-TCACGGGATCAATGTGTTCTTTCAGCTCm-
CGGTCACGCTGACCAGGAATACC-3P. The reaction product was
analyzed on 20% polyacrylamide-urea sequencing gels. Gels were ex-
posed for 30^60 min to X-ray ¢lms at 380³C. Various combinations
of controls and micrococcal nuclease treatments are outlined in
Table 1.

2.4. Complementation test of ribonuclease inactivated 5-MeC-DNA
glycosylase with RNA

Table 1 shows the sequence of steps for the assembly of the pre-
incubation mixture with active and inactivated micrococcal nuclease.
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Micrococcal nuclease was preferred to ribonuclease A because its
activity can be better controlled by Ca2� and EGTA. Micrococcal
nuclease was activated with 4 mM CaCl2 and it was inactivated
with 25 mM EGTA. As a further precaution, EDTA was added to
a ¢nal concentration of 12.5 mM. For each reaction with 2 Wg of
puri¢ed 5-MeC-DNA glycosylase (fraction post carboxymethyl
(CM)-Sepharose), 60 units of micrococcal nuclease were incubated
for 5 min at 37³C or alternatively 30 Wg of post heparin-Sepharose
fraction was incubated with 10 units of micrococcal nuclease. The
optimal concentration of micrococcal nuclease was determined exper-
imentally. For example, Fig. 1 shows that a 5 min incubation at 37³C
of 50 ng labeled RNA with 60 units of micrococcal nuclease is su¤-
cient to completely digest the RNA (lane 2). When the same amount
of RNA is incubated for 30 min at 37³C in the presence of 4 mM
CaCl2, 60 units of micrococcal nuclease, inactivated by the addition of
25 mM EGTA and 12.5 mM EDTA, very little degradation of the
RNA was observed (lane 3). In addition, each assay received 100 units
of recombinant porcine ribonuclease inhibitor which has been shown
to reduce the background of ribonuclease activity in the 5-MeC-DNA
glycosylase preparation. The basic reaction mixture consisted of
20 mM HEPES, pH 7.5, 50 mM NaCl, 4 mM Pefabloc, 50 Wg enzyme
grade BSA, 5 mM DTT, 100 units of recombinant porcine ribonu-
clease inhibitor in a total volume of 80 Wl. Where indicated in Table 1
(a and b), 10^60 units of micrococcal nuclease, 4 mM CaCl2 and/or
25 mM EGTA, 12.5 mM EDTA and 2 Wg of puri¢ed chicken embryo
5-MeC-DNA glycosylase (fraction post CM-Sepharose) or 30 Wg of
puri¢ed G8 myoblast 5-MeC-DNA glycosylase (fraction post heparin-
Sepharose) were added to the reaction mixture. The demethylation
reaction was initiated by the addition of the labeled hemimethylated
DNA substrate. Complementation assay of the nuclease treated
5-MeC-DNA glycosylase was carried out by adding appropriate
RNA (5^10 Wg) or DNA together with the labeled DNA substrate
(10^50 ng substrate). The RNA sequence complementary to the meth-
ylated strand was 5P-GUGACCGGAGC-3P whereas the sequence of
the opposite non-methylated strand was 5P-GCUCCGGUCAC-3P.
The random non-complementary sequence was 5P-CUCUCUCU-
CUU-3P. Upon incubation for 1 h at 37³C the reaction mixture was
diluted to 150 Wl with H2O, phenol and chloroform extracted and
precipitated with ethanol. Upon centrifugation the sediment was dis-
solved in 95% formamide dye, denatured for 5 min at 95³C and
separated on a 20% polyacrylamide urea sequencing gel.

2.5. Chemicals and enzymes
Benzamidine was purchased from Fluka AG (Buchs, Switzerland).

Pefabloc was obtained from Boehringer Mannheim; micrococcal nu-
clease (Staphylococcus aureus) was from Promega. Polynucleotide kin-
ase and restriction enzymes were purchased from Bio¢nex (Praroman,
Switzerland). [Q-32P]ATP triethylammonium (3000 Ci/mmol) was pur-
chased from Amersham, oligonucleotide RNAs were synthesized by
Microsynth (Balgach, Switzerland) and all other oligonucleotides
(methylated or otherwise) were synthesized in house by Mr. Peter
Mu«ller.

3. Results and discussion

3.1. Pre-incubation of puri¢ed 5-MeC-DNA glycosylase with
micrococcal nuclease in the absence of DNA substrate
abolishes subsequent demethylation reaction

In the upper panel of Fig. 2, reactions were carried out with
puri¢ed 5-MeC-DNA glycosylase from chicken embryos
whereas in the lower panel all reactions were done with a
post heparin-Sepharose fraction prepared from mouse G8 my-
oblast cellular extracts. The ¢rst four lanes of Fig. 2 (upper
and lower panels) are the controls as outlined in Table 1.
Micrococcal nuclease is only active in the presence of Ca2�

(4 mM) and is inactivated by EGTA (25 mM). In lanes 1 and
2 prior to the addition of the puri¢ed 5-MeC-DNA glycosy-
lase (enzyme E), micrococcal nuclease was present in its in-
activated form. No nuclease but EGTA and EDTA were
added to the reaction mixture of lane 3 whereas lane 4 had
no further addition. In lane 5, micrococcal nuclease was acti-
vated by Ca2� and lane 6 is a blank. After incubation for
10 min on ice, puri¢ed 5-MeC-DNA glycosylase was added
to the assay mixtures 1^5 and samples were further incubated
for exactly 5 min at 37³C. These conditions were su¤cient to
inactivate 5-MeC-DNA glycosylase (lane 5). All samples were
then returned to ice for 15 min and where indicated in Table
1, EGTA and EDTA were added to the reaction mixture.
Only at this point the end-labeled hemimethylated substrate
was added to all samples. The reaction mixtures were then
incubated for 1 h at 37³C. The results in Fig. 2, lanes 1 and
2 (upper and lower panels) clearly show that in the presence
of micrococcal nuclease in its inactive form, no inhibition of
DNA demethylation is observed. However, treatment for
5 min at 37³C with the active nuclease abolishes 5-MeC-

Table 1
Assembly of the reaction mixtures 1^6 shown in Fig. 2

Pre-incubation before adding the labeled DNA substrate consisted
of a and b, where E is the puri¢ed 5-MeC-DNA glycosylase; c: the
reaction mixtures were incubated for 5 min at 37³C. In d, EDTA
and EGTA were added where indicated. In e, the reaction was initi-
ated by the addition of the labeled hemimethylated DNA and all as-
say mixtures were incubated for 1 h at 37³C.

Fig. 1. Sensitivity of 50 ng end-labeled RNA: GUGACCGGAGC
to 60 units of micrococcal nuclease. Lane 1 is the labeled RNA
alone. In lane 2, the same RNA was treated for 5 min at 37³C with
60 units of micrococcal nuclease and in lane 3 the micrococcal nu-
clease was inactivated with 25 mM EGTA, 12.5 mM EDTA. Upon
addition of the labeled RNA, incubation was continued for 30 min
at 37³C. The reaction product was separated on a 20% polyacrylam-
ide-urea gel. The arrowhead shows the intact labeled RNA.
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DNA glycosylase activity (lane 5). In an additional control
where 5-MeC-DNA glycosylase was pre-incubated at 37³C
in the presence of only Ca2� (prior to the addition of
EGTA) or when the sequential addition of all components
of the pre-incubation mixture was permutated, no inhibition
of DNA demethylation was observed (results not shown).
Since in all tubes the labeled DNA substrate was added
only upon the inactivation of micrococcal nuclease, it cannot
be argued that the di¡erence obtained in lanes 1 and 2 and the
micrococcal nuclease test in lane 5 is due to a coating of the
DNA substrate with the nuclease. Similar observations were

made in experiments where ribonuclease A activity was con-
trolled by the porcine ribonuclease inhibitor. However, in
these experiments very large quantities of the inhibitor were
required for the complete inhibition of the nuclease [4].

3.2. The nuclease inactivated 5-MeC-DNA glycosylase from
G8 myoblasts inactivated by micrococcal nuclease can be
selectively reactivated with a speci¢c RNA sequence

We have previously shown that the puri¢ed 5-MeC-DNA
glycosylase from chicken embryo, which had been inactivated
by ribonuclease A, or micrococcal nuclease was reactivated by
the addition of speci¢c RNA [4]. Similarly the results shown
in Fig. 3 strongly suggest that in mouse G8 myoblasts, the
nuclease inactivated 5-MeC-DNA glycosylase is also capable
of reactivation by the addition of synthetic RNA complemen-
tary to the methylated strand (lanes 3 and 4). In lane 3, 10 Wg
of 5P-GUGACCGGAGC-3P (2-O-ribose methylated) and in
lane 4, the same unmodi¢ed RNA were added together with
the labeled DNA probe to the reaction mixture. In contrast,
oligo RNA complementary to the opposite non-methylated
strand showed no e¡ect (lane 5). The same concentration of
an oligo RNA with no complementarity to either strand was
also ine¡ective (lane 6). Therefore, these results rule out a
non-speci¢c competition of the RNA for the binding of the
nuclease to the labeled DNA substrate. In addition, the above
results suggest that the demethylation of DNA observed in

Fig. 2. Sensitivity of DNA demethylation reaction to micrococcal
nuclease. In the upper panel reactions were carried out with 2 Wg
5-MeC-DNA glycosylase (post carboxymethyl-Sepharose fraction)
from chicken embryos whereas in the lower panel the reaction was
performed with 30 Wg 5-MeC-DNA glycosylase (post heparin-
Sepharose fraction) from mouse G8 myoblasts. The conditions of
reactions 1^6 are as outlined in Table 1 and in Section 2. The reac-
tion product was separated on 20% polyacrylamide-urea gel. The ar-
rowhead shows the correct position of the cleavage product.

Fig. 3. Complementation test of nuclease inactivated DNA demeth-
ylation reaction with synthetic RNA. The reaction product was sep-
arated on a 20% polyacrylamide-urea gel. The arrowhead shows the
correct position of the cleavage product. The experiment was carried
out with 15 Wg of post Heparin-Sepharose fraction from mouse G8
myoblast cellular extracts. Lane 1 is the positive control pre-incu-
bated as in 1 of Table 1, in the absence of nuclease. Lane 2 is the
enzyme treated with 10 units of micrococcal nuclease (details see
Table 1, line 5). Lane 3 is as lane 2 except that following the pre-in-
cubation with micrococcal nuclease, EGTA, EDTA and 10 Wg of
GUGACCGGAGC (2-O-methyl-ribose modi¢ed) were consecutively
added and incubated for 1 h at 37³C in the presence of labeled sub-
strate DNA. Lane 4 is as lane 3 with the same RNA sequence but
unmodi¢ed. Lanes 5 and 6 are as lane 3 except that oligos
GCUCCGGUCAC and CUCUCUCUCUU which are not comple-
mentary to the methylated strand of the hemimethylated substrate
were added to the incubation mixture respectively. Lane 7 is a blank
incubated with no further additions (see Table 1, line 6).

Fig. 4. The upper panel is a complementation test with short oligo-
deoxyribonucleotides (11 bases) with micrococcal nuclease inacti-
vated 5-MeC-DNA glycosylase puri¢ed from mouse G8 myoblasts.
Lane 1 is the positive control incubated with the intact enzyme.
Lane 2 is the enzyme treated with micrococcal nuclease. Lanes 3^5
are as lane 2 except that EGTA, EDTA, the oligonucleotides and
the labeled DNA substrate were added consecutively following the
pre-incubation with micrococcal nuclease. The incubation conditions
were basically the same as for Fig. 3. Lane 3 received 10 Wg of
GTGACCGGAGC (complementary to the methylated strand). Lane
4 received 10 Wg of GCTCCGGTCAC (complementary to the non-
methylated strand) and lane 5 received 10 Wg of double stranded oli-
gonucleotide (duplex of oligos of lanes 3 and 4). Lane 6 is a blank.
The reaction products were separated on a 20% polyacrylamide-urea
gel. The larger arrowhead indicates the correct position of the cleav-
age product and the small arrowheads show the non-speci¢c cleav-
age products. The lower panel is an assay of 5-MeC-DNA glycosy-
lase as in lane 1 of the upper panel except that oligonucleotides
were added to the intact enzyme. Lanes 2^4 received respectively 10
Wg of GTGACCGGAGC, GCTCCGGTCAC and a duplex of the
two previous oligos. Lane 5 is a blank. Reaction products were ana-
lyzed as in the upper panel.
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mouse G8 myoblasts [7] may be very similar to that described
for the developing chicken embryos. As a further test for a
possible masking of the labeled DNA by micrococcal nucle-
ase, a complementation test with synthetic oligodeoxynucleo-
tides was carried out. The 5-MeC-DNA glycosylase inacti-
vated by micrococcal nuclease was incubated with a 1000-
fold weight excess of single stranded oligonucleotides comple-
mentary to the upper and lower strand of the DNA probe
respectively. The results shown in Fig. 4 (upper panel), lanes
3^5, show that no complementation was achieved with either
single or double stranded DNA. However, it is interesting to
note that in lane 5, in the presence of a 1000-fold weight
excess of non-labeled double stranded DNA, there is a dra-
matic increase in random nicks (small arrowheads) of the
DNA probe. We have so far no explanation for this non-
speci¢c DNA degradation. In the present case it could still
be argued that the non-labeled oligonucleotide could possibly
compete with hemimethylated DNA substrate for the binding
of 5-MeC-DNA glycosylase. The lower panel of Fig. 4 shows
that the addition of a 1000-fold weight excess of either single
or double stranded oligonucleotides (lanes 2^4) did not sig-
ni¢cantly compete for the activity of 5-MeC-DNA glycosy-
lase. Therefore, it is logical to conclude that in the present
reaction there is most probably no masking of the labeled
DNA probe by the micrococcal nuclease. A similar conclusion
was drawn from the results presented in the complementation
assay of Fig. 3. In all assays presented here, the main di¡er-

ence between the test of Weiss et al. [1], Swisher et al. [2] and
ours is the use of hemimethylated DNA as a substrate in the
presence of EDTA, EGTA and the puri¢ed enzyme. In the
presence of symmetrically methylated DNA substrate (meth-
ylated on both strands), the same protein fractions puri¢ed
from G8 myoblasts and chicken embryos showed no signi¢-
cant activity. Therefore, the e¡ect of the nuclease on the pu-
ri¢ed 5-MeC-DNA glycosylase was only tested on hemimeth-
ylated DNA substrate. We believe that the di¡erence between
our results and those of Swisher et al. [2] is probably due to a
di¡erent type of mechanism of demethylation. A comparison
between the two mechanisms will only be possible once the
enzymes involved are puri¢ed, sequenced and cloned.
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