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It is commonly accepted that the DNA of Drosophila
melanogaster does not contain 5-methylcytosine, which
is essential in the development of most eukaryotes. We
have developed a new, highly specific and sensitive
assay to detect the presence of 5-methylcytosine in
genomic DNA. The DNA is degraded to nucleosides,
5-methylcytosine purified by HPLC and, for detection
by 1D- and 2D-TLC, radiolabeled using deoxynucleo-
side kinase and [y-32P]JATP. Using this assay, we show
here that 5-methylcytosine occurs in the DNA of
D.melanogaster at a level of ~1 in 1000-2000 cytosine
residues in adult flies. DNA methylation is detectable
in all stages of D.melanogaster development.
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Introduction

Methylation of DNA is a unique way of encoding
information because it is heritable but, nevertheless, can
be edited. Mammalian DNA contains ~1-2 mol% of
5-methylcytosine, with ~2—10% of all cytosine residues
being modified (Razin and Riggs, 1980; Ehrlich and
Wang, 1981). Similar methylation of the C> position of
cytosine residues at CpG or CNG sites is observed in many
species of all phylogenetic kingdoms (Doerfler, 1983;
Bestor and Verdine, 1994; Cheng, 1995; Colot and
Rossignol, 1999). In mammals, CpG methylation is
implicated in the regulation of chromatin structure
(Jones and Wolffe, 1999), gene repression (Tate and
Bird, 1993; Colot and Rossignol, 1999), parental imprint-
ing (Feil and Khosla, 1999) and X chromosome inactiv-
ation in females (Migeon, 1994; Colot and Rossignol,
1999). The importance of DNA methylation is under-
scored by the finding that mice nullizygous for the DNA
methyltransferases Dnmt1 or Dnmt3b are not viable and
die during embryogenesis (Li et al., 1992; Okano et al.,
1999). Moreover, erroneous DNA methylation is an
important factor in human disease because it contributes
to tumorigenesis (Jones and Laird, 1999) and ageing
(Toyota and Issa, 1999). Mutations in the human Dnmt3b
gene cause ICF [immunodeficiency, (para)centromeric
instability and facial abnormalities], a hereditary disease
(Hansen et al., 1999; Okano et al., 1999; Xu et al., 1999).
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The methylation status of the DNA from Drosophila
melanogaster has been controversial over decades.
Although a small amount of methylcytosine had been
detected by methylcytosine-directed antibodies (Achwal
et al., 1983, 1984), other studies using restriction site
protection, McrBC digestion, nearest neighbor analysis
and HPLC did not provide evidence for modified cytosines
(Rae and Steele, 1979; Frankel and Smith, 1981; Szyf
et al., 1982; Doerfler, 1983; Patel and Gopinathan, 1987;
Tweedie et al., 1997, 1999; Lyko et al., 1999). As a
consequence of the overwhelming evidence that argues
against DNA methylation in D.melanogaster, it has
become general opinion that this species does not contain
5-methylcytosine (Alberts et al., 1994; Mathews and
van Holde, 1995; Voet and Voet, 1995; Lewin, 1997).
Recently, in apparent contrast to this view, a homolog of
the Dnmt2 protein has been identified in D.melanogaster
(Hung et al., 1999; Tweedie et al., 1999). The Dnmt2
family comprises homologs in Schizosaccharomyces
pombe, mouse and human. These proteins contain all
amino acid sequence motifs characteristic of cytosine-C>
methyltransferases, but so far catalytic activity could not
be detected in vivo or in vitro (Okano et al., 1998;
Van den Wyngaert et al., 1998; Yoder and Bestor, 1998).
However, it has been shown that a variant of the S.pombe
Dnmt2 in which one amino acid residue is deleted is
catalytically active (Pinarbasi et al., 1996). Moreover,
homologs of proteins known to interact with methylated
DNA have been identified in D.melanogaster (Hung et al.,
1999; Tweedie et al., 1999). The presence of these proteins
in the proteom of D.melanogaster has prompted us to re-
investigate the incidence of 5-methylcytosine in the DNA
of this species.

Results and discussion

Preparation of DNA and McrBC analysis

Genomic DNA was isolated from D.melanogaster (oreR)
at different stages of development, i.e. from embryos
before 4 h of development, between 4 and 8 h of
development, from larvae and from adult flies. To detect
DNA methylation, McrBC restriction was carried out with
each of these samples. The McrBC restriction system, in
the presence of GTP, cleaves DNA containing two R™C
(R =A or G) sites within a distance of 80-2000 bp
(Stewart and Raleigh, 1998). However, no difference was
detectable between samples incubated with or without
GTP, demonstrating the absence of McrBC restriction
(Figure 1). This result is in agreement with similar
observations recently made by others (Lyko et al.,
1999). It indicates that during all stages of development
the level of DNA methylation in D.melanogaster must be
lower than in mammals.
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HPLC separation and dNK labeling of nucleosides
To detect methylcytosine with higher sensitivity, the DNA
was enzymatically hydrolyzed to nucleosides. The nucleo-
sides were separated by reversed-phase HPLC and the
fractions containing cytidine and methylcytidine were
collected (Figure 2A). These samples were incubated with
deoxyribonucleoside kinase (dNK) and [y-3?P]JATP to
obtain labeled CMP and ®CMP. Labeled mononucleotides
were separated from the radiolabeled ATP by thin layer
chromatography (TLC). To calibrate the HPLC separation,
HPLC was carried out with hydrolysates of a PCR product
and an oligonucleotide (oligo-C) that do not contain
methylcytosine, as well as of calf thymus DNA and a
second oligonucleotide (oligo-™C) both containing
methylcytosine. As shown in Figure 2A, cytidine elutes
after 8 min and methylcytidine elutes from the HPLC
column after 11 min. A small methylcytidine peak was
also detected after 11 min with calf thymus DNA (data
not shown). Therefore, two fractions were collected in
preparative HPLC runs: the C-fraction (7-9 min), con-
taining the cytidine, and the ™C-fraction (10-12 min),
which contains the methylcytidine.

To estimate the sensitivity of the ANK-mediated detec-
tion of nucleosides, we carried out phosphorylation of
different amounts of cytidine by dNK using [y-32P]ATP.
The reactions were analyzed by 1D-TLC on PEI-cellulose,
which easily separates CMP and ATP. As shown in
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Fig. 1. McrBC cleavage of DNA isolated from D.melanogaster (+, with
1 mM GTP; —, in the absence of GTP). As a control, the cleavage of
pBW201 plasmid DNA and A DNA is shown. pBW201 is methylated
at CCGG sequences at the first cytosine (+, with 1 mM GTP; —, in the
absence of GTP; —-E, without McrBC). A DNA (MBI Fermentas) is not
methylated at cytosine residues.

Fig. 2. (A) ODx¢g nm profiles of the HPLC separation of mononucleo-
sides obtained from an enzymatic hydrolysis of DNA from adult
D.melanogaster and two oligonucleotides used as control (oligo-C,
which does not contain deoxymethylcytidine, and oligo-™C, which does
not contain deoxycytidine). Two fractions were collected to quantify
the deoxycytidine and deoxymethylcytidine content of the samples (C-
fraction, 7-9 min; ™C-fraction, 10-12 min). (B) Sensitivity of the
enzymatic detection of deoxynucleosides using dNK. Different
concentrations of deoxycytidine (Sigma) were incubated with dNK
and analyzed by 1D-TLC as described in Materials and methods. The
assay can detect 1 nM deoxycytidine in a 20 pl reaction volume
corresponding to 20 fmol. (C) Control reactions of the HPLC/dNK
assay. In the left panel, a 1D-TLC analysis of dNK-treated C- and
MC-fractions of calf thymus DNA (Sigma) is shown. Methylcytidine is
clearly detected in this reaction. In addition, 1D-TLC analyses of a
dNK reaction using the ™C-fraction of identically treated samples of
yeast RNA (Boehringer Mannheim) and of dNK reactions with

200 nM dCMP are displayed, confirming that ribonucleosides and
deoxyribonucleotides are not detected in the HPLC/dNK assay.

(D) Detection of methylcytosine in DNA isolated from D.melanogaster
at different stages of development (after 0—4 and 4-8 h of develop-
ment; L, from larvae; A, from adult flies). Shown are 1D-TLCs of
dNK-treated ™C-fractions. As a control, analyses of an identically
treated sample of oligo-C that does not contain methylcytosine are
shown. For comparison, the result obtained with C-fraction, which
contains the cytidine, from adult flies is displayed.

5-methylcytosine in the DNA of D.melanogaster

Figure 2B, as little as 20 fmol of deoxycytidine in 20 pl
can be detected with this assay (lane labeled ‘1 nM’),
demonstrating the high sensitivity of detection that is due
to radioactive labeling of the nucleoside.

To check the reliability of the HPLC/dNK assay, several
controls were performed. (i) As shown in Figure 2C,
methylcytosine is readily detected in the ™C-fractions of
DNA isolated from calf thymus. Even higher amounts
of methylcytosine were detected in the ™C-fraction of
oligo-"C (data not shown). (ii) In the analyses of the
mC-fractions obtained with the PCR product and oligo-C,

A fractionI fraction Il
(7-9 min) (10-12 min)
\N_~
C=CGT A L 100
_— T 80
E ==}
= T 60
q |= 18
g l oligo-CT 40
+ 20
alig—a—"‘C_
i i 1 II i i i : i -1 } -1 0
0 10 20 30
t [min]
B 2z 3333z
s “Zxx =%
cvr QO O00 000 ¢
ATP 0 . 8
c calf thymus =C-fractions
& <5 = &
r Z — 3
urE 2% S ¢
CMP ‘ [ s »
mCMP| o . ; ’
Atp | ¥ 4 . ’
D m( fractions
I.: = r‘é“ C fraction
T % = < & fromadult
=Y S drosophila
CMP
mcnu;, Doy, %

ATP .....

6919



H.Gowher, O.Leismann and A.Jeltsch

A water mC fraction mC fraction mC fraction
oligo-mC  calf thymus DNA Drosophila DNA
T™P
# TaTP o : :
=nCMP
' ¢
CM’ ’
B 10430%-11* 11°-11*30¢ 11°30%-12* 12¢-12°30**
*TI avy &2 *
.0 “ -
€ § @ ’

Fig. 3. (A) 2D-TLC analyses of MC-fractions of DNA from calf thymus, D.melanogaster and oligo-™C labeled with dNK. As a control, a 2D-TLC
analysis of a reaction in which dNK is incubated with water is displayed. The relative positions of all four major nucleotides as well as of ATP were
identified by 2D-TLCs with standard compounds. The "CMP spot in DNA isolated from D.melanogaster is marked with an arrow. (B) 2D-TLC
analysis of the elution profile of methylcytidine from the HPLC column. In this experiment, DNA from adult flies was hydrolyzed and subjected to
HPLC. Twenty fractions were collected between 5 and 15 min. In this figure, a 2D-TLC analysis of the fractions collected between 10.5-11, 11-11.5,
11.5-12 and 12-12.5 min is displayed, showing that only the fractions collected between 11 and 12 min contain methylcytidine. The "CMP spot in

DNA isolated from D.melanogaster is marked with an arrow.

only background signals were observed (Figure 2C and
data not shown). This background signal was also
observed in reactions without the addition of substrate
(Figure 2B and C, lanes labeled ‘water’). 2D-TLC
analyses showed that the background is due to the
presence of bound cytidine and thymidine in the enzyme
preparation (see below and Figure 3A). (iii) Although no
RNA contamination of the DNA samples was detectable
on the agarose gels (data not shown), we wanted to exclude
the contribution of ribonucleosides to the signals observed
with the ™C-fraction. Therefore, 20 ug of yeast RNA were
digested and subjected to HPLC analysis. Whereas uridine
elutes within the C-fraction (7-9 min), none of the major
ribonucleosides elutes in the ™C-fraction (10—12 min), and
in the enzymatic analysis of the ™C-fraction from RNA,
only a background signal was obtained (Figure 2C).
(iv) A similar analysis carried out with dUMP (hydrolysis,
HPLC analysis, OD,ggnm detection) confirmed that
deoxyuridine, which may be present in trace amounts in
DNA, elutes after 9 min from the HPLC and does not
contribute to the signal observed in the ™C-fraction.
(v) Finally, we checked whether dNK might be able to
catalyze an exchange reaction between nucleotides and
ATP. To this end, high concentrations of dCMP and CMP
were incubated with dNK, but we did not detect any
increase in the background signal (Figure 2C and data not
shown). This result confirms that exchange reactions are
not detected under our experimental conditions and,
hence, trace amounts of nucleotides (either ribo- or
deoxy-) in the DNA hydrolysate would not affect the
results of the HPLC/ANK analysis.

We have employed the HPLC/dNK assay to investigate
the presence of methylcytosine in the DNA prepared
from D.melanogaster. As shown in Figure 2D, the
signal obtained with the ™C-fractions of DNA from
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D.melanogaster was significantly higher than the back-
ground. These data suggest that significant amounts of
5-methylcytosine are present in DNA isolated from
D.melanogaster in all stages of development, i.e. in early
embryos, in late embryos, in the larval stage and in adult
flies (Figure 2D). We repeatedly found that DNA from
adults contained the lowest amounts of methylcytosine.

Detection of methylcytidine by 2D-TLC

Since the 1D-TLC analysis does not allow the separation
of MCMP from CMP, we attempted to visualize directly
the presence of S-methylcytosine in the DNA of
D.melanogaster. To this end, DNA from adult flies was
hydrolyzed to nucleosides, which were separated by
HPLC. C- and ™C-fractions were collected and labeled
with dNK. To identify the labeled base exactly, we used a
2D-TLC technique, which allows the separation of all
natural and modified bases (Kuchino ez al., 1987; Oakeley,
1999). In this system, the positions of all natural
nucleotides were determined by using dNK-labeled
standard nucleosides. "CMP was identified by using
mC-fractions of oligo-m"C and calf thymus DNA. As
shown in Figure 3A, in the 2D-TLC system MCMP is
well separated from ATP as well as from CMP and TMP,
which were formed by phosphorylation of cytidine and
thymidine, which co-purify with the dNK. No "CMP was
detected in ™C fractions of oligo-C (data not shown). The
2D-TLC analyses clearly demonstrate the presence of
MCMP in the dNK-labeled ™C-fraction of DNA from adult
D.melanogaster (Figure 3A). This result strongly supports
the conclusions drawn from the 1D-TLC analyses. Finally,
we subjected a new sample of DNA from adult
D.melanogaster to HPLC separation, and collected 20 frac-
tions each for 30 s, from 5 to 15 min. The fractions were
incubated with dNK and the labeled nucleotides analyzed



by 2D-TLC. As shown in Figure 3B, methylcytidine is
only present in the two fractions collected between 11 and
12 min, demonstrating that the results of the dNK labeling
are in excellent agreement with the elution profile of the
bases from the HLPC column as detected by QD?Z00nm
(Figure 2A). This result confirms the presence of
methylcytosine in the DNA of D.melanogaster.

Estimation of the amount of methylicytosine in the
DNA of D.melanogaster

To estimate the degree of DNA methylation in
D.melanogaster, we first determined the ™C/C ratio of
the DNA from calf thymus by comparing the amounts of
cytidine and methylcytidine in the corresponding HPLC
fractions. To this end, several dilutions of the C- and
MC-fractions from each HPLC run were incubated with
deoxynucleoside kinase and analyzed by 1D-TLC to find
dilutions of each fraction that resulted in the same signal.
According to this analysis, ~1-5% of all cytidines in calf
thymus DNA are methylated (data not shown). This
amount agrees with the ratio of the areas of the cytidine
and methylcytidine peaks in the HPLC analysis (~2%
methylcytidine with respect to cytidine) and to reported
amounts of methylcytosine in mammalian DNA (2-5%).
To evaluate the amount of methylcytosine in the DNA of
D.melanogaster, the relative intensities of the "CMP spots
of D.melanogaster DNA and calf thymus DNA on the 2D-
TLC plates were compared (Figure 3A). The "CMP spot
of D.melanogaster DNA turned out to be 25% of that of
calf thymus DNA. Considering the amounts of DNA
applied to the HPLC in both cases, a ratio of 1/1300 for
methylcytosine/cytosine in D.melanogaster DNA can be
estimated—~50 times lower than in mammals. This low
amount is comparable to values determined with an
immunological method (1/2500) (Achwal et al., 1984). It
explains why the modified base could not be detected in
the McrBC cleavage assays, because if only 1 in 1000
cytosines is modified the average distance of modified
McrBC recognition sites is 20 000 bp, much too far to
induce DNA cleavage by McrBC (Stewart and Raleigh,
1998). Similarly, such low amounts of methylation are not
detectable by conventional HPLC or restriction protection
analyses.

Conclusions
The results obtained with the D.melanogaster DNA
provide strong evidence for the presence of 5-methyl-
cytosine in D.melanogaster. Moreover, the combination of
enzymatic hydrolysis, HPLC, dNK labeling and 2D-TLC
provides high specificity and sensitivity for the detection
of methylcytosine in genomic DNA, which is due to
several advantages of this procedure. First, with HPLC,
methylcytidine can be quantitatively separated from all
other nucleosides, thus allowing the detection of methyl-
cytidine in the virtual absence of other nucleosides.
Secondly, the deoxynucleoside kinase allows the radio-
active labeling of deoxynucleosides with high specific
activity and selectivity. Thirdly, with the 2D-TLC
analysis, all labeled bases can be identified unequivocally.
The detection of methylcytosine in the DNA of
D.melanogaster is in agreement with several observations:
(1) D.melanogaster contains a gene for a putative DNA
methyltransferase (Hung et al., 1999; Tweedie et al.,

5-methylcytosine in the DNA of D.melanogaster

1999); (ii) proteins that resemble methylcytosine binding
proteins have been identified in D.melanogaster (Hung
et al., 1999; Tweedie et al., 1999); (iii) other insects also
contain methylcytosine (Adams et al., 1979; Deobagkar et
al., 1982; Patel and Gopinathan, 1987; Field, 1989;
Devajyothi and Brahmachari, 1992; Tweedie et al.,
1999); (iv) the artificial introduction of high levels of
DNA methylation by transgenic expression of the murine
Dnmt3a DNA methyltransferase in D.melanogaster leads
to lethality during development (Lyko et al., 1999),
indicating that methylation causes a biological response;
and (v) 5-azacytidine is cytotoxic in D.melanogaster and
leads to increased levels of recombination (Katz, 1985;
Osgood and Seward, 1989; Pontecorvo et al., 1992). This
drug is toxic because it forms covalent complexes between
the DNA and DNA methyltransferases (Ferguson et al.,
1997; Jackson-Grusby et al., 1997) that require recombin-
ation for repair (Barbe et al., 1986; Bhagwat and Roberts,
1987; Lal et al., 1988).

Several roles of cytosine methylation have been
suggested in mammals. Whereas some of these functions,
like reduction of transcriptional noise (Bird, 1995) or
protection from selfish genetic elements (Bestor and
Tycko, 1996), require an exhaustive methylation of the
genome, others do not. For example, DNA methylation
within the promoter regions of a few genes would suffice
for an epigenetic control of gene expression during
development or to establish a genetic imprint.

Materials and methods

Materials

DNA preparations from 300 adult flies (D.melanogaster oreR) or
corresponding amounts of individuals in earlier stages of development
underwent seven steps of phenol/chloroform extraction and ethanol
precipitation. Oligonucleotides were purchased from Interactiva (Ulm,
Germany) in an HPLC-purified form. Calf thymus DNA was from Sigma
and yeast total RNA from Boehringer Mannheim. All standard
nucleotides and nucleosides were purchased from Sigma.

MecrBC digestion

For the McrBC cleavage reactions, 0.5-1 ng of the DNA preparations
from D.melanogaster were incubated with 20 U of McrBC (NEB) in an
assay buffer provided by the supplier, in the absence or presence of 1 mM
GTP for 1 h. Since McrBC is strictly dependent on GTP for DNA
cleavage, specific DNA cleavage can only be observed in the presence of
GTP (Figure 1). DNA cleavage was analyzed by agarose gel
electrophoresis.

HPLC analyses

For the HPLC analyses, samples were treated with RNase A, purified over
QiaAmp columns (Qiagen) and precipitated with ethanol. HPLC
separation of the nucleosides was carried out as described (Jeltsch et al.,
1999). Approximately 5 ug DNA of each preparation were degraded to
nucleosides using P1 nuclease, Serratia marcescens nuclease and shrimp
alkaline phosphatase (Amersham), and subjected to reversed-phase
HPLC. To increase the resolution in the region of the methylcytidine
peak, a modified gradient was used: # = 0 min, 100% solvent A (100 mM
triethylammonium acetate pH 6.5); linear gradient to ¢ = 15 min, 15%
solvent B (100 mM triethylammonium acetate pH 6.5, 30% acetonitrile);
linear gradient to =30 min, 100% solvent B; t =35 min, 100%
solvent B. As a control, two oligonucleotides [oligo-C: d(AGACGG-
TGGTCGGGTTCGACG); oligo-"C: d(GAAG"CTGGGAMCTT™C™C-
GGAGGAGAGTG™CAA)], a PCR product and DNA from calf thymus
were hydrolyzed to nucleosides and subjected to HPLC separation.
Cytidine elutes after 8 = 0.5 min and methylcytidine after 11 = 0.5 min.
In the preparative runs, two fractions were collected: a C-fraction
(7-9 min), which contains the cytidine, and a ™C-fraction (10-12 min),
containing the methylcytidine. The fractions were dried in a vacuum,
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washed twice in water/ethanol (90:10) and finally dissolved in 10 pl of
water.

dNK labeling and 1D-TLC analyses

A clone containing the gene for the multisubstrate dNK was obtained
form M.Johansson (Stockholm, Sweden) and the enzyme was purified as
described (Johansson et al., 1999). To detect deoxycytidine and
deoxymethylcytidine in the HPLC fractions, 6 pl of the dissolved
samples were incubated with 30 nM dNK in 15 ul of buffer (50 mM
Tris—-HCI pH 8.5, 5 mM MgCl,) containing 0.25 ul of [y-32P]ATP
(370 MBg/ml; NEN) for 3 h. Reaction mixture (1.5 ul) was spotted onto a
TLC plate (Polygram CEL 300 PEI, 5 X 20 cm; Machery-Nagel, Diiren,
Germany). The TLC was run in 1 M KH,PO,, dried and the radioactivity
analyzed using an instant imager (Canberra Packard). Prior to the
phosphorylation reaction, the deoxyribonucleotide kinase was incubated
with 40 nM unlabeled ATP for 10 min. Comparison of the efficiencies of
phosphorylation of the ™C-fraction from oligo-™C and the C-fraction
from oligo-C confirmed that dNK equally accepts deoxycytidine and
deoxymethylcytidine as substrates (data not shown).

2D-TLC analyses

For the 2D-TLC analyses, samples were treated as described, except that
only 2 ul of the dissolved HPLC fractions were used for dNK labeling.
The 2D-TLCs were carried out on cellulose TLC plates (Cellulose CEL
400-10, 20 X 20 cm; Macherey-Nagel, Diiren, Germany). The first
dimension was run in isobutyric acid/water/ammonia (66:33:1, v/v/v).
The plate was dried in air and developed in the second dimension with
isopropanol/concentrated HCl/water (70:15:15, v/v/v). The plate was
dried and the radioactivity analyzed using an instant imager (Canberra
Packard).
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