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5-Methylcytosine TC) is involved in the regulation of gene
expression and gene silencihlyloreover,™C is believed to cause
about one-third of all transition mutations responsible for human
genetic diseases and canéérherefore, it has become clinically
important to know the methylation status at specific sites in genomic
DNA. There are many reports mapping methylation patterns in
genomic DNA using the Maxam and Gilbert chemical modification
or the polymerase chain reaction (PCR) after sodium bisulfite-
mediated conversion of cytosine to urddiowever, these protocols
for the detection of cytosine methylation require complicated and
tedious procedures. In addition, the resulting data contain too much
information on the cytosine methylation of whole DNA sequences
for effective analysis of their functions. Therefore, the development
of a simple and convenient method for the site-specific discrimina-
tion of cytosine methylation is imperative for genomic studies.

Here we report a simple method for the discrimination of cytosine
and™C in duplex DNA using peptide nucleic acids (PNAs)o
our knowledge, this is the first direct method for detecting
methylated cytosines site-specifically in duplex DNA. We devel-
oped the detection method using a complex produced by PNA-
assisted DNA displacement in combination with fluorescence
resonance energy transfer (FRET). After treatment of the complex
with a restriction enzyme, strong fluorescence emission was
observed for the complex containing C (C-complex) in the target

sequence, whereas the fluorescence intensity for the complex

containing™C (MC-complex) was extremely weak.

The protocol for site-specific discrimination of C aftC is
outlined in Figure 1. Duplex DNA containing C at the target site
was incubated with two complementary PNAs to displace the DNA
strand, and the DNA target site was displaced as a “P-léop”
(complex | in Figure 1). Subsequently, a fluorescent probe
oligonucleotide (PO), with fluorescein attached to thertd and a
dabsyl group to the'3nd as a quencher, was added to hybridize
with the P-loop to produce a fluorescently labeled duplex, “PD-
loop” 7 (complex Il in Figure 1). The resulting complex was further
treated with a restriction enzyme. The duplex containing C at the
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Figure 1. Protocol for site-specific discrimination of cytosine (C) and
5-methylcytosinefC) in duplex DNA. Step 1: strand invasion of target
duplex DNA by PNAs. Step 2: hybridization of displaced DNA strand
with probe oligomerO). Step 3: specific cleavage by restriction enzyme.
“F" and “D” of PO denote fluorescein and dabsyl groups, respectively.

course for the fluorescence intensity of complex Il treated with
Hhal. The fluorescence emission for the C-complex increased
remarkably with increasing incubation time. On the other hand,
fluorescence emission for tH&C-complex was very weak. These
results suggest that it is possible to judge the methylation status of
cytosine at specific sites in duplex DNA by fluorescence micro-
scopic analysis of anlhal-treated fluorescein-containing complex.

Digestion of the complex Il with a different restriction enzyme
was also examinedHapll restriction enzyme cleaves the 6CGG-

target site should produce a strong fluorescence emission when the3' sequence, and the cleavage is suppressed by the presétce of

PO is digested, whereas little or no fluorescence emission should
be observed with the duplex containii@ at the target site, because
mC inhibits digestion by the restriction enzyrhe.

Initially, we investigated an 80mer DNA duplex containing C
(DNA 1/DNA 3) or ™C (DNA 2/DNA 3) at theHhal recognition
site (B-GXGC-3, X = C or ™C). DNA and PNA oligomers used
in this study are summarized in Table 1. According to the protocol
described in Figure 1, complex Il was prepared wi® 1 and
PNA 1, and the fluorescence emission resulting from the enzymatic
digestion of complex Il was monitored. Figure 2 shows the time
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at the recognition sit@ According to the protocol described above,
we examined the discrimination of cytosine & using the PD-
loop complex system on 80mer duplex DNBNA 4/DNA 6 and
DNA 5/DNA 6) containing 5CXGG-3 (X = C for DNA 4, or
mC for DNA 5). As a result ofHapll digestion of complex Il
containingPO 2andPNA 1, strong fluorescence derived from the
cleavage of PO was observed fof-GCGG-3, whereas the
fluorescence was very weak fot-6"CGG-3, as was observed
for Hhal digestion.

We next tested the site-specific detectioMGfin a 72mer duplex
DNA fragment DNA 7/DNA 9 for the C-complex, andNA
8/DNA 9 for the™C-complex), which corresponds to codons 270
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Table 1. DNA and PNA Oligomers Used in This Study

Target Duplex DNA3
5-(22mer)GATTTTTTTTGTCAGXGCATGGTTTTTTTTTAG(22mer)-3
DNA1: X =C;DNA2: X =mC
DNA 3: complementary strand &NA 1 andDNA 2

5-(22mer)GATTTTTTTTGTACCXGGGATGTTTTTTTTTAG(22mer)-3
DNA4: X =C;DNA5: X =mC
DNA 6: complementary strand &NA 4 andDNA 5
5'-(18mer) TICTCTTCCTCGTGXGCCGGTCTCTCCC/G(22mer)-3
DNA7: X =C;DNA8: X =mC
DNA 9: complementary strand &NA 7 andDNA 8

Probe Oligonucleotides (PQG9)

PO 1 5-FAAACCATGCGCTGACAAAD-3'
PO 2 5'-FAAACATCCCGGGTACAAAD-3’
PO 3 5'-FGACCGGCGCACAGAD-3'
Peptide Nucleic Acids (PNAS)
PNA 1 H-TTTTTTTTTT-NH2
PNA 2 H—CTCTTCCTCT-NR
PNA 3 H-GTCTCTCCCA-NR

a Recognition sites of restriction enzymidbsal andHapll are shown in
bold, and PNA-binding sites are in italieF” and “D” denote fluorescein
and dabsyl, respectivelyin PNA 1-3, “H” denotes a free amine end,
and “NH," denotes a carboxamide end.
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Figure 2. Change in fluorescence intensitl{ of the complex Il treated
with Hhal. Fluorescence was monitored at 518 nm. Fluorescence intensities
are designatedl) for C-complex DNA 1/DNA 3/PNA 1/PO 1) and @)

for MC-complex DNA 2/DNA 3/PNA 1/PO 1). Conditions used were 90

nM target duplex DNA, 1&M PNA, 900 nM PO, 10 mM Tris-HCI (pH
7.5), 10 mM magnesium chloride, 10 mM DTT, 50 mM sodium chloride,
10 units of enzyme, and an incubation time of 60 min a7

294 of exon 8 in the human p53 geHeThe target 5GCGC-3
site on the duplex DNA is one of the sequences where cytosine
methylation has been observed. By treating complex Il containing
PO 3, PNA 2, andPNA 3 with the restriction enzymeihal, the
fluorescence emission of the C-complex was enhanced with
increasing incubation time, whereas the fluorescence intensity for
the MC-complex was considerably weaker than that for the C-
complex. Fluorescence microscopic analysis of théisa-treated
mixtures was carried out in agarose gel to avoid diffusion of the
fluorescent products. Figure 3 shows the fluorescence image of
the gel piece. In the gel containing the C-complex, strong green
fluorescence was observed (Figure 3a), whereas only faint fluo-
rescence was detectable for gel containing@ecomplex (Figure
3b). Thus, the fluorescence experiment indicates that site-specific
detection of"C in a target DNA sequence is feasible by detection
of the fluorescence produced from cleavage of the PO by an
appropriate restriction enzyme.

As compared with currently available methods for evaluating
the methylation status of DNA? a major advantage of our method

(a) (b)

Figure 3. Microscopic observation of the gel slice containing thieal-
digested complex to detect cytosine methylation. (a) Fluorescence micro-
graph of the C-complex produced frobNA 4/DNA 6. (b) "C-complex
produced fromDNA 5/DNA 6.

is that cytosine methylation can be detected optically without time-
consuming procedures such as duplex denaturation and electro-
phoresis, although the general utility of our methods is limited by
the sequence restrictions imposed on the target sequences and the
well-described limitations for duplex invasion by PNAY.

In summary, we have developed a simple method for site-specific
detection of"C in duplex DNA using PNA. Strong fluorescence
was detected by the enzymatic digestion of the C-complex, whereas
the digestion of th&C-complex produced only a weak fluorescence.
Site-specific discrimination of cytosine methylation using the PD-
loop complex is extremely simple compared with oth€rdetection
methods. This method provides a useful tool for analyzing DNA
methylation.

Supporting Information Available: Experimental procedures and
spectral data (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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