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Congratulations to Akimitsu Okamoto
Winner of the 2008 Organic & Biomolecular Chemistry Lecture Award

Dr Akimitsu Okamoto from RIKEN, Japan, is the winner of 
the 2008 Organic & Biomolecular Chemistry Lecture Award.  
In recognition of his significant contribution to the field of 
bioorganic chemistry, Dr Okamoto was presented with the 
award by OBC editor Vikki Allen at the 31st National Medicinal 
Chemistry Symposium, held at the University of Pittsburgh, US, 
in June 2008. In his lecture, entitled ‘DNA-Osmium Complex 
for DNA Methylation Analysis’, Dr Okamoto described an 
example of his work using osmium to investigate cells. 

The annual OBC Lecture Award is open to scientists who have 
made a significant contribution in any aspect of synthetic, 
biomolecular or physical organic chemistry and ideally will 
have an independent academic career of between 8 and 15 
years. The winner is selected from the nominees by a panel 
of judges. The winner of the 2009 Award will be announced 
shortly.

Dr Okamoto (left) receiving his award 
from OBC editor Dr Vikki Allen
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The development of a reaction for the detection of the presence/absence of one methyl group in a very
long DNA strand is a chemically and biologically challenging research subject. Several newly designed
chemical assays for the typing of DNA methylation are reported and discussed in this paper. A new
concept of sequence-specific short-term methylation analysis, supported by a chemical basis, is the
starting point for a novel methylation-typing assay, which will supersede conventional methods.

1 Introduction

Gene expression is regulated by the epigenetic modification of
biopolymers independent of their primary sequences. In par-
ticular, cytosine methylation, in which the C5 position of the
cytosine base is methylated enzymatically, plays a crucial role in
the regulation of chromatin stability, gene regulation, parental
imprinting, and X chromosome inactivation in females (Fig. 1).1–4

In addition, erroneous DNA methylation may contribute to
the etiopathogenesis of tumorigenesis and aging.5,6 Cytosine
methylation is one of the most important epigenetic events, and its
detection is very significant. Much effort has gone into developing
a simple reaction for 5-methylcytosine detection. Analysis of
the cytosine methylation status of a gene is very important for
understanding the expression mechanism of genetic information.
However, it is not easy to distinguish methylcytosine from cytosine,
i.e., to detect the existence of only one methyl group in a long
DNA strand. The development of a reaction for the detection of
the presence/absence of one methyl group in a DNA strand is a
chemically and biologically challenging research subject.
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Fig. 1 Cytosine methylation and epigenetic control of gene expression.

The establishment of methylation-typing techniques is necessary
to elucidate the role of each methylation, in order to proceed to the
next stage of the present research, which involves rough scanning
and scoring of the methylcytosines in genes. The existence of a
rapid and selective chemical reaction capable of distinguishing
between methylated and nonmethylated cytosines would be very
useful as a good method for efficiently analyzing the status of
cytosine methylation at a specific site in a gene.

The five key points required for a new chemical assay for
methylation detection are as follows.

(1) Sequence-selective assay: The focus of methylation studies
is changing from the storage of information on the amount
of methylation and the location of the methylation region to
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the elucidation of the status and role of each methylation. The
development of a conceptually new chemical approach to site-
specific detection is very important.

(2) Methylcytosine-positive assay: Reactions selective to methy-
lation sites should be developed. Conventional methods are non-
methylated cytosine-positive and methylated cytosine-negative.

(3) Simple detection process: The most facile method for
methylation detection is probably to directly label the signal-
sending units, such as fluorescent dyes, to the methylation sites.
To the best of our knowledge there is no fluorescent assay for
cytosine methylation detection, except for a DNA microarray of
sequence-converted DNA via bisulfite treatment.7,8

(4) Noncleavage assay: DNA samples are damaged by strand
scission during bisulfite treatment, as described below.9 Non-
specific cleavage complicates the detection process and reduces
quantification precision.

(5) Short-time assay: The bisulfite assay usually requires about
half a day for complete modification to obtain reliable results. A
shorter reaction time is desirable.

This paper introduces and discusses several newly designed
chemical assays for DNA methylation typing. The chemistry-
based assay includes many advantages that are quite different from
conventional assays. The new concept of sequence-specific short-
term methylation analysis supported by a chemical basis will be
the starting point for a novel methylation-typing assay.

2 Conventional bisulfite assay—disadvantages

Conventional techniques for methylation detection can be di-
vided roughly into two types: DNA fragmentation by restriction
enzymes10–16 and cytosine deamination by bisulfate salts.17–20 In
the former method, the CpG methylation-sensitive restriction
endonucleases were used to survey the extent of DNA methylation.
The available target sequences are limited, and comparatively
large amounts of genomic samples are required. The latter,
bisulfite method has now been widely applied for epigenotyping at
methylation hot spots and for the mapping of cytosine methylation
in the promoter region. Sodium bisulfite causes the deamination
of a cytosine residue in a single-strand DNA through formation of
a 5,6-dihydrocytosine-6-sulfonate intermediate at acidic pH. The
deaminated bisulfite adduct is converted into a uracil residue
through elimination of bisulfite at alkaline pH (Fig. 2). Methylcy-
tosine also yields thymine with sodium bisulfite, but the reaction
rate for the bisulfite adduct formation is much slower.21,22 The
difference in the rate of the adduct formation has been exploited
in the discrimination between cytosine and methylcytosine. In this
case, primer design and complete modification of DNA are very
significant in order to avoid false positives for methylcytosine and
thus to obtain reliable results. Thus, the bisulfite assay requires
long reaction times (5–24 h, normally an overnight reaction).

For precise mapping of DNA methylation patterns in CpG
islands, methylation-specific PCR (MSP) was developed based
on the modification of DNA by sodium bisulfite, which can
rapidly assess the methylation status of cytosines within a CpG
island.23,24 This assay entails initial treatment with sodium bisulfite,
converting all unmethylated cytosines to uracil, and subsequent
amplification with primers specific for methylated versus unmethy-
lated DNA. MSP requires only small quantities of DNA, and is
sensitive to small quantities of methylated alleles.

Fig. 2 Bisulfite assay and decomposition of the sulfonic acid adduct.

Recently, many further improved bisulfate assays have been
reported by many assay kit suppliers. However, there are still
serious problems. The biggest problem is DNA degradation during
the long reaction times.9 This issue reduces the quantitativeness
and reliability of the results of the methylation status analysis.

We investigated what percentage of the starting DNA degrades
during bisulfite assay.25 The decrease in the percentage of the
starting DNA strands during bisulfite treatment and the amount
of recovered DNA strands after neutralization of the reaction
mixture was analyzed using the intensities of HPLC peaks. The
decomposition rate constants of pyrimidine bases were determined
from the plot of the decrease in absorption versus the reaction
time of bisulfite treatment. The degradation rate constants for
the bisulfite adducts of uracil and thymine were calculated as
kUD = 4.1 ¥ 10-6 and kTD = 2.4 ¥ 10-6 s-1, respectively, which
indicate the decomposition rate constants of the adducts formed
by bisulfate addition and subsequent deamination from cytosine
and 5-methylcytosine, respectively (Fig. 2). Production of abasic
structures at pyrimidine sites was observed by mass spectroscopy,
suggesting that DNA degradation is caused via depyrimidination.
The amount of target degradation during bisulfite incubation was
quantified with quantitative PCR. Bisulfite treatment of a 100-
mer DNA was executed for 16 h under typical bisulfate assay
conditions. The sigmoid curves of quantitative PCR showed that
the 1014 copies of the DNA before the bisulfate assay became
only ca. 1011 copies after bisulfite treatment for 16 h. This is
0.1% of the original DNA amount, and suggests that a critical
level of degradation was caused via depyrimidination during
bisulfite treatment. The DNA sample should be carefully treated
for methylation status quantification, and pleiotropic analysis
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including chemical or molecular biological techniques is essential
to obtain more reliable methylation data.

3 Osmium oxidation of methylcytosine

The existence of a more rapid, target-selective, DNA-friendly
chemical reaction capable of distinguishing between methy-
lated and unmethylated cytosines would be promising as a
useful method for efficiently analyzing the status of cytosine
methylation at a specific site in a gene. The reactions of the
pyrimidine bases thymine and cytosine are well known, such as
photodimerization,26,27 Michael addition,28–30 and oxidation,31–34

but the number of reports on the chemistry of methylcytosine is
still limited. The oxidation of pyrimidine bases may be applicable
for the detection of the presence/absence of a methyl group at
cytosine C5 because the number of the substituents of the C5–C6
double bond are different. The C5–C6 double bond of thymine and
methylcytosine bases is known to be oxidized by osmium tetroxide
and the bases are converted into their glycols.35,36 Thymines in
single-stranded DNAs are also oxidized by osmium tetroxide and
this reaction is sometimes used for thymine sequencing.37–41

We have developed the sequence-selective oxidation of methyl-
cytosines (Fig. 3).42 One example of the reaction conditions is as
follows: 5 mM potassium osmate (an oxidant much less intractable
than osmium tetroxide), 100 mM potassium hexacyanoferrate(III)
(an activator), and 100 mM bipyridine (a reaction-accelerating
ligand) in 100 mM Tris-HCl buffer (pH = 7.7), 1 mM EDTA,
and 10% acetonitrile (for dissolution of bipyridine). The reaction
mixture was incubated at 0 ◦C for 5 min. The oxidized strand was
cleaved at a damaged pyrimidine base with hot piperidine, and then
analyzed as a band for a shortened strand using polyacrylamide
gel electrophoresis. Methylcytosines were oxidized efficiently by
exposure to the reaction mixture. The strand cleavage at nonmethy-
lated cytosine sites was negligible, whereas the methylcytosine-
containing DNA strands were sequence-selectively cleaved at the
methylcytosine sites. The MALDI-TOF MS data of methylated
DNA treated with the reaction mixture suggested that a stable
methylcytosine glycol–dioxidoosmium–bipyridine ternary com-
plex was formed. In addition, methylcytosines in single-stranded
DNA efficiently formed metal complexes, whereas the complex-
ation of methylcytosines in a duplex was completely suppressed.
This weak reactivity is probably attributed to inhibition of the

Fig. 3 Osmium complexation of 5-methylcytosine. (a) A scheme of
osmium complexation of 5-methylcytosine. (b) Sequence-selective osmium
oxidation induced by a guide DNA.

attack of an osmium complex on the p-orbital of a C5–C6 double
bond by the base stacking of the duplex structure.

Osmium complexation occurs for thymines as well as methyl-
cytosine in single-stranded DNA.42,43 We want to discriminate the
target methylation site from thymines and other methylcytosines.
The use of steric control, such as bulge structure formation, may be
effective for sequence-specific osmium complexation. For example,
efficient strand cleavage was observed at the methylcytosine site
in the bulged structure, like the reaction in a single-stranded
DNA. The calculated rate constants for methylcytosine-bulged
and cytosine-bulged duplexes were 1.11 ¥ 10-2 and 2.51 ¥ 10-5 s-1,
respectively. For easier analysis, we prepared a bulge-inducing
DNA (guide DNA) fixed on polystyrene beads. After generation
of the bulged structure by hybridization of the target DNA with
the guide DNA, the duplex was incubated in a reaction mixture
containing potassium osmate. After washing and treatment with
hot piperidine, the DNA amplification was monitored with
quantitative PCR. A curve with a retarded start and a small
curvature was displayed for a methylated sequence. This is clearly
distinguishable from the control curve, and may be a good method
for the detection of the existence of only one methyl group in a
long DNA strand.

The absolute structure of the resulting methylcytosine glycol–
dioxidoosmium–bipyridine ternary complex was analyzed by X-
ray crystallography.44 The ternary complex in DNA was digested
to the nucleoside level using a mixture of snake venom phos-
phodiesterase, nuclease P1, and alkaline phosphatase, and then
deaminated into the corresponding thymine derivative. The HPLC
analysis showed two peaks with an area ratio of 81 : 19. The
major product was crystallized in water and analyzed by X-ray
crystallography. The complex had a slightly distorted octahedral
geometry with coplanar glycol oxygens and bipyridine nitrogens.
The two Os–O double bonds were trans, and tilted 3–6◦ to
the bipyridine side. The structure of the glycol was the 5R,6S-
configuration. The minor complex was a diastereomeric isomer
containing 5S,6R-methylcytosine glycol. The predominant for-
mation of 5R,6S-glycol is probably due to the larger contribution
of the configuration of the nucleoside rather than that of the whole
structure of the DNA strand.

4 Methylation-selective fluorescence quenching

We used radio labels, piperidine treatment, and gel electrophore-
sis for methylation analysis, as described above. However, we
preferred not to use these methods for methylation analysis
because they are troublesome and time-consuming. We wished
to use fluorescence or something easier. Therefore, a fluores-
cent probe was developed for methylation analysis, based on
the control of the fluorescence emission from a fluorophore
fixed on DNA, using the methylcytosine-selective addition of
an osmium–bipyridine complex.45 We designed a DNA probe
with a microenvironment-sensitive fluorophore, 6-dimethylamino-
2-acylnaphthalene (DAN).46–52 The purine base modified with
DAN (D) can form a wobble base pair with pyrimidines (Fig. 4).
The treatment with potassium osmate and bipyridine drastically
changed the fluorescence intensity of the D-containing duplex with
high methylcytosine selectivity. The fluorescence of the duplex of
osmium-complexed DNA and the D-labeled probe was signifi-
cantly quenched compared to the fluorescence emission of the
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Fig. 4 Methylcytosine-selective fluorescence quenching involving
osmium complex formation at methylcytosine.

duplex of noncomplexed DNA and probe. Photoinduced electron
transfer occurred from the excited D base to the osmium complex
and this contributed to the quenching process. The fluorescence
quenching of D was very sensitive only to complexation of
methylcytosine opposite D.

5 Labeling of methylcytosine

A ligand bipyridine plays a very important role in acceleration
of osmium oxidation. Functionalized bipyridines facilitate the in-
corporation of signal units into the methylcytosine in the DNA of
interest through the coordination to the osmate. We designed tag-
attachable bipyridine ligands for direct methylcytosine labeling
and used them in fluorescent and electrochemical assays.53

We first confirmed that substitution at C4 of bipyridine does
not hinder the complexation with methylcytosine. Based on this
knowledge, a new ligand, 4-(6-(4-aminobutylamino)-6-oxohexyl)-
4¢-methyl-2,2¢-bipyridine, was synthesized. The formation of the
methylcytosine-selective complex using a ligand with an amino
linker made it possible to attach tags to the DNA methylation
sites (Fig. 5). The labeling reaction for the triad proceeded
quantitatively when using N-hydroxysuccinimidyl esters of the
labels.

Fig. 5 Direct labeling to methylcytosine mediated by osmium complexa-
tion. R = fluorescent dyes and redox-active units.

For example, a fluorescent dye was attached to the osmium
complex. We applied this fluorescence label on methylcytosine to
a fluorescence resonance energy transfer (FRET) system from the
neighboring fluorophores fixed to the hybridizing DNA. We pre-
pared a DNA strand labeled methylcytosine-selectively with hex-
achlorofluorescein (HEX), and investigated the FRET efficiency
from the complementary probe containing a fluorescein unit. In

the fluorescence spectrum of the hybrid on excitation at 495 nm,
in which the fluorescein is excited selectively, a signal at 535 nm
was observed from HEX, suggesting that FRET occurred from
the complementary fluorescein probe to a DNA strand labeled
methylcytosine-selectively with HEX. Cytosine methylation at the
desired site was analyzed as having high sequence selectivity,
although there are many labelable thymines and other methylcy-
tosines in the sequence. FRET worked effectively only for the HEX
label of the methylcytosine, which was located in the immediate
neighborhood of the fluorescein of the complementary probe.
Direct fluorescent labeling to methylcytosine enabled us to visually
judge the presence/absence of methylation of a cytosine, and the
sequence-selective analysis of cytosine methylation also became
possible by the use of FRET.

6 Methylcytosine-selective interstrand crosslinking

We also designed a new “ligand”.54 An adenine base of a
short DNA strand involved in a mismatched hybridization and
the bipyridine ligand required for osmium-centered complex
formation were connected (Fig. 6). The formation of a cytosine–
adenine-mismatched pair causes partial disruption of p-stacking
of the DNA duplex, and facilitates oxidation at the C5–C6 double
bond of the cytosine forced out of the DNA major groove. The
formation of a mismatched base pair and the location of bipyri-
dine should result in complexation at a specific methylcytosine,
regardless of other reactive bases in a long DNA strand.

Fig. 6 Structure of bipyridine–adenine conjugate B and sequence-selec-
tive interstrand crosslinking by osmium complexation.

The ligand-tethered nucleoside, B, formed interstrand com-
plexes at the target methylcytosine. The interstrand crosslinking
of the osmium complex with B-containing nucleic acid (ICON)
allowed sequence-selective labeling and the obstruction of PCR
amplification at the target methylcytosine.

A model methylcytosine-typing experiment was carried out to
construct a prototype for ICON-based methylation analysis. The
mixture containing a RB1 gene short fragment, potassium osmate
and ICON probes was incubated at 55 ◦C for 1 h. Quantitative
PCR assay after deionization showed sigmoid amplification curves
(Fig. 7). The amplification starting point exhibited a linear depen-
dence on the logarithm of the methylated duplex concentration.

24 | Org. Biomol. Chem., 2009, 7, 21–26 This journal is © The Royal Society of Chemistry 2009



Fig. 7 Sigmoid curves observed after quantitative PCR of ICON
products. Different concentrations of the starting DNA were used for
osmium oxidation.

A linear relationship between the amplification starting point and
the logarithm of the methylation proportion was also observed.
This relationship allowed the calculation of the proportion of
methylation at the target cytosine. An ICON with B-containing
DNAs designed for each target cytosine was formed easily,
depending on the amount of the DNA methylated at the target
cytosine, and was completely independent of the amount of other
methylated DNA. Blocking of PCR by ICON at the methylation
site made possible the sequence-specific quantification of methy-
lation.

The sequence-specific ICON was used to quantify the methy-
lation of the mouse genome, which was collected from different
tissues. Two CpG sequences in chromosome 11 in a tissue-specific
differentially methylated region were chosen as the targets, and
four B-labeled DNAs were designed for these targets. A 60 min
incubation and a 90 min PCR analysis were performed with 20 ng
of the mouse genome. Samples from different tissues exhibited
characteristic methylation levels for the two methylation sites,
which is in close agreement with the degree of methylation as
determined by mass spectroscopy analysis of fragmented and
bisulfite-treated genome samples.

ICON probe resulted in the complexation at a specific methyl-
cytosine regardless of other reactive methylcytosine and thymine
bases in a long DNA strand. There still remain further aspects to
be examined toward an easier-to-use methylation analysis, such
as further improvement of the reaction yield for osmium com-
plexation at methylcytosine and optimization of PCR conditions
suitable for ICON. However, this new concept of sequence-specific
short-term methylation analysis supported by the chemical basis
will be the starting point for an epoch-making methylation-typing
assay.

7 Other chemical assays

Other chemical reactions have also been studied for efficient
methylation analysis. Tanabe and coworkers used photosensi-
tized one-electron oxidation to detect methylcytosine in DNA.55

They used a sensitizing 2-methyl-1,4-naphthoquinone (NQ) chro-
mophore tethered to the interior of DNA strands for oxidation
(Fig. 8). Photoirradiation and subsequent hot piperidine treatment

Fig. 8 Photosensitizing unit 2-methyl-1,4-naphthoquinone tethered to
DNA.

of the duplex consisting of a methylated DNA strand and an NQ-
tethered complementary DNA strand cleaved the strand oxidized
at the target methylcytosine site, because the NQ chromophore
was arranged so as to be in close contact with the target
methylcytosine. Furthermore, well designed incorporation of the
NQ chromophore suppressed a competitive strand cleavage at
consecutive guanines. The low sensitivity of the detection due
to the low yield of methylcytosine-selective strand cleavage (ca.
5%) remains to be improved for establishment of a more general
method with higher sensitivity.

This research group also developed a fluorometric detection
system of DNA methylation based on a combination of a
photooxidative DNA cleavage and an Invader assay.56 Enzymatic
treatment of a mixture of a photochemically fragmented DNA
strand at methylcytosine and a hairpin-shaped probe possessing
a fluorophore-quencher pair resulted in an enhancement of
fluorescence intensity. This system allows for the detection of
methylcytosine in DNA in subfemtomole amounts by monitoring
the fluorescence change.

Bareyt and Carell reported the oxidation of methylcytosine by
vanadium species or sodium periodate.57 They used a combination
of V2O5–lithium bromide or sodium periodate–lithium bromide
(Fig. 9). The strand breaks in methylated cytosines were observed
by denaturing polyacrylamide gel electrophoresis after treatment
of the reaction product with hot piperidine. Although oxidation
of guanine to 8-oxoguanine occurs with V2O5–lithium bromide,
the sodium periodate–lithium bromide system suppressed the
modification of all other nucleobases. They mentioned that the
mechanism proceeds via the formation of a bromonium cation
intermediate at the C5–C6 double bond of the pyrimidine rings.
Although piperidine treatment is essential before analysis and we

Fig. 9 Methylcytosine-selective oxidation via the formation of a bromo-
nium cation intermediate.
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have to pay attention to reaction time and temperature to avoid
cleavage at thymines and guanines, the methylcytosine-selective
reaction with the sodium periodate–lithium bromide system would
be one of useful chemical methods for a rapid and easy-to-use
analysis of epigenetic information in genes.

Conclusion

We have described a new method of chemical analysis of methyl-
cytosine. New chemical reactions targeting 5-methylcytosine offer
a promising prospect for a new methylation assay that is quite
different from conventional ones. Further aspects still need to
be examined, however, in order to arrive at simpler methylation
analysis. Further improvements of the methylcytosine-selective
reaction will afford a more reliable epigenotyping method that
could replace conventional methylation analysis.
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