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Abstract: Nucleic acids often acquire new functions by forming a variety of complexes with metal ions.
Osmium, in an oxidized state, also reacts with C5-methylated pyrimidines. However, control of the sequence
specificity of osmium complexation with DNA is still immature, and the value of the resulting complexes is
unknown. We have designed a bipyridine-attached adenine derivative for sequence-specific osmium
complexation. Sequence-specific osmium complexation was achieved by hybridization of a short DNA
molecule containing this functional nucleotide to a target DNA sequence and resulted in the formation of
a cross-linked structure. The interstrand cross-link clearly distinguished methylated cytosines from
unmethylated cytosines and was used to quantify the degree of methylation at a specific cytosine in the
genome.

Introduction much less intractable than osmium tetroxide, with potassium
. . . . hexacyanoferrate(lll) as an activator and bipyridine as a reaction-
Metal complexes are involved in modulating the variety of 5 .cojerating ligand produces an osmium-centered complex with
str_uctL_Jres and fu_nctlp_ns of n_uclelc acids and I_abelmg of nucleic 5-methylcytosine (Scheme 1However, control of the sequence
aplds in many §C|ent|f|c studiés-or exgmple, rlbozymes have specificity of osmium oxidation of C5-methylated pyrimidines
divalent metal ions such as magnesium and cadmium ions asi, pna s still in its early stages, and thus the functional value
cofactors? Platinum(ll) complexes are known to form complexes

ith ine b . a ) d gadolini of the resulting complexes is unclear. If the chemistry for
with guanine bases in DNAEuropium(lll) and gadolinium- 400 ence-specific, efficient osmium complexation at the target

(Il) have been used for DNA labeling as red phosphors for g athyicytosine is established, the resulting osmium complex
fluorescence imaging and as a radiocontrast agent to enhance, ;4 produce a conceptually new assay for DNA methylation
images in magnetic resonance imaging, respectiv@gmium analysis.

is a metallic element that is usually absent from cells, but its We herein report a new aspect of osmisBNA complex-
oxides are C.hemlcal reagents that oxidize cz_aftmmbon_double . _ation, applicable to a simple, sequence-specific, quantitative
bo_nds_ o _d|ols and are oft_en used as a tissue _staln. Os_m'ummethylation analysis. We designed a bipyridine-attached adenine
oxidation is used as a thymine-targeting sequencing techRique,

nd thvmine b ] nverted to thvmine alveols b mi rnderivative for sequence-specific osmium complexation. Osmium
a o 6 € bases are converted to thymine glyco’s by osmiu complexation was achieved by hybridization of a short DNA
tetroxide® The combination of potassium osmate(VI), which is

molecule containing this functional nucleotide to a target DNA
sequence, resulting in a sequence-specific cross-linked structure.
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Scheme 1. Osmium Complexation at 5-Methylcytosine a H
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structure on osmium oxidation to sequence-specifically restrict b DNA1(N) 5-*2P-AAAAGAANGAGAAAA-3
the reactive pyrimidine. Cytosireadenine-mismatched base DNAT(N)  3-TTTTCTTNCTCTTTT-S
pairs adopt a wobble-type structure with the cytosine displaced Lanes 1.2 3 4 5 8
laterally into the major groove and the adenine into the minor G+A S8 ds

groove by hydrogen bonding between the 6-amino group of N’ G A
adenine and the N3 of cytosine (Figure &ajherefore, the N cmMmCcMCM
formation of a cytosineadenine-mismatched pair would cause - b B @ ew

partial disruption ofr-stacking of the DNA duplex and facilitate
oxidation at the C5C6 double bond of the cytosine forced out
of the DNA major groove. We prepared a short sequence con-
taining a methylated/unmethylated cytosiné3%-d(AAAA- M
GAAGNGAGAAAA)-3' (3?P-labeled DNA1L(N), N= 5-meth-
ylcytosine (M) or C), and examined the reactivity of the single-
stranded form, a fully matched helix, and a 5-methylcytosine
adenine-mismatched helix to osmium oxidatié?P-Labeled
DNAL(N) and the strand to be hybridized,-&TTTTCTC- Figure 1. Osmium complexation at an adenir&methylcytosine-
N'CTTCTTTT)-3 (DNAL'(N'), N =G or A), were added toa  mismatched base pair. (a) An adenimgtosine wobble base pdir(b)
mixture containing potassium osmate(VI1), potassium hexacy- Structural control of osmium complexation with a DNA strand containing
anoferrate(lll), and bipyridine, and the mixture was incubated 2" Unmethylated (C) or methylated cytosine (M).
at 0 °C for 5 min. The oxidized strand was cleaved at the
damaged pyrimidine base with hot piperidine (@@ 20 min), in which an adenine base and a bipyridine ligand were connected
and the products were analyzed as bands representing thevith an alkyl chain (Figure 2a). The bipyridine C4, where the
shortened strands using polyacrylamide gel electrophoresissubstituent does not hinder osmium complexatfomas linked
(PAGE, Figure 1b). Cleavage of tR&P-labeled DNA1(C) was  to the 6-amino group of adenine, which is a modifiable
negligible, regardless of the nature of the base opposite cytosinefunctional group locating in the DNA major groove. The best-
(lanes 1, 3, and 5). The oxidation of bases in a fully Watson  suited length of the alkyl linker was determined by molecular
Crick base-paired duplex was also strongly suppressed becausenodeling. The linker end of a ligand 6-{shethyl-2,2-bipyri-
of the protection of the C5C6 double bond by the stacking of  dine-4-yl)hexanoic acid was converted into an amino group
the flanking base pairs (lanes 3 and 4). The reaction of the to yield 1 (85%), followed by a nucleophilic attack df on
duplex containing a 5-methylcytosiradenine-mismatched base  6-chloropurine 2deoxyriboside to yiel® (95%) (Scheme 2).
pair specifically proceeded at the 5-methylcytosine (lane 6), The resulting bipyridine-tethered nucleoside “B” was incorpo-
although the reaction rate was slightly lower than that observedrated into a DNA strand by a conventional method using a
for a single-stranded state (lane 2). Mass spectrometric analysigphosphoramidite forr8. We prepared a 20-nucleotide fragment
of the oxidation product obtained from a nonradiolabeled of the p53 gene exon 5 containing a methylation hot spot as
DNA1(M)/DNA1’(A) duplex showed that an osmium-centered the target strand (Figure 2b, DNA2(R)and synthesized an
complex, as shown in Scheme 1, was formed at the 5-methyl- artificial DNA designed so tta B base was positioned opposite
cytosine of DNAL(M) (M + H]*, calcd 5085.60, found the target methylated/unmethylated cytosined@GTGAG-
5086.82). A 5-methylcytosineadenine-mismatched base pair GCBCTGCCCCCACC)-3(DNA2'). The reaction mixture was
gave an osmium complex at 5-methylcytosine, different from incubated at 50C for a period of 10 min. Reaction 6fP-
the negligible reactivity of the full-matched duplex. On the basis labeled DNA2(C) was not observed in the mixture containing
of the osmium complexation reactivity of the 5-methylcytosine  DNAZ2' (lane 7), similar to the results for mixtures lacking either
adenine-mismatched base pair, the connection between arpotassium osmate(VI) or DNAZlanes 16). Conversely, the
adenine base of a short DNA involved in a mismatched reaction of 32P-labeled DNA2(M) in the presence of both
hybridization and the bipyridine ligand required for osmium- potassium osmate(VI) and DNAProduced a product with a
centered complex formation should result in complexation at a higher molecular weight, which appeared as a band of low
specific 5-methylcytosine, regardless of other reactive bases inmobility on PAGE (Figure 2b (i), lane 8). Treatment of the
a long DNA strand. reaction product with hot piperidine eliminated the high-
Design of a Functional Nucleoside for Sequence-Selective molecular-weight band and produced a new band that indicated
Osmium Complexation.We designed a functional nucleoside cleavage of the strand at the 5-methylcytosine (Figure 2b (ii),
lane 8). The appearance of this new band suggests that an
interstrand cross-link, mediated by osmium complexation,

(8) (a) Hunter, W. N.; Brown, T.; Anand, N. K.; Kennard, Qature 1986
320, 552-555. (b) Hunter, W. N.; Brown, T.; Kennard, ®lucleic Acids
Res.1987, 15, 6589-6606. (c) Kalnik, M. W.; Kouchakdjian, M.; Li, B.

F. L.; Swann, P. F.; Patel, D. Biochemistry1988 27, 100-108. (d) (9) (a) Tornaletti, S.; Pfeifer, G. POncogenel995 10, 1493-1499. (b)
Okamoto, A.; Tanaka, K.; Saito, J. Am. Chem. So@004 126, 9458~ Greenblatt, M. S.; Bennett, W. P.; Hollstein, M.; Harris C.Gancer Res.
9463. 1994 54, 4855-4878.
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b DNA2(N) 5-2P-GGTGGGGGCAGNGCCTCACA-3

fragmentation by restriction enzyniéand cytosine deamination

by bisulfite salt!> In the former method, the CpG methylation-
sensitive restriction endonucleases have been used to survey
the extent of DNA methylation. The available target sequences
are limited, and comparatively large amounts of genomic
samples are required. In the latter method, the deamination of
unmethylated cytosines is mainly caused by the bisulfite salt;
that is, sodium bisulfite is used to convert cytosine residues
into uracil residues in single-stranded DNA, under conditions
whereby 5-methylcytosine remains “nonreactive”. Although the
sequence information is amplified by PCR after bisulfite
treatment, the long-term reaction causes serious damage to the
original sequence information by depyrimidination (the strand
that has not suffered damage falls below 0.1% with 16 h
incubation for strand lengths of 100 nucleotid¥sThe estab-

DNAZ' 3'-CCACCCCCGTCBCGGAGTGT-5 f . i !
lishment of methylation-typing techniques based on other

lLanes 1 2 3 4 5 6 7 8 . . .
concepts is necessary to elucidate the role of each methylation

N CMCMGCMECM i .
BBy o o B ol oo b o to proceed to the next stage of the present research involving
SNA; N rough scanning and scoring the methylcytosines in genes. The
. key points required for a newly designed assay for methylation

i — . . .. e
A typing are as follows: (1) sequence selectivity, (2) quantitative

@
+
>

analysis, (3) shorter reaction times, (4) less sample damage, and
(5) need for a smaller amount of genomic sample. The concept
of sequence-specific ICON has the capacity to meet these

criteria.

To construct a prototype for ICON-based methylation analy-
sis, we designed a model methylcytosine-typing experiment. We
prepared a fragment of the tumor suppresstinoblastoma
(RB1) gene exon 8 (5963959730) containing two methylation

z
!
¥

i linki ; ; ; (10) (a) Robertson, K. DOncogene2002 21, 5361-5379. (b) Miura, A.;
Figure 2. Interstrand cross-linking mediated by osmium complexation Yonebayashi, .. Watanabe, K.; Toyama, T.. Shimada, H.. Kakutani, T.

between 5-methylcytosine and a bipyridine-tethered adenine derivative. (a) Nature 200, 411 212-214. (c) Jones, P. L.. Wolffe, A. P. Sancer
Structure of an osmium complex between 5-methylcytosine and a newly Biol. 1999 9, 339-347. (d) Pogribny I. P.; Basnakian, A. G.; Miller, B.
designed bipyridine-tethered nucleoside, B. (b) Interstrand cross-link J.; Lopatina, N. G.; Pairier, L. A.; James, SCancer Res1995 55, 1894~

formation. (i) PAGE analysis of the samples after osmium complexation; 1901. _ .

o : i aridi . (11) (a) Tate, P. H.; Bird, A.RCurr. Opin. Genet. De. 1993 3, 226-231. (b)

(!I) PAGE analysis after hot piperidine treatment of the samples shown in Colot, V; Rossignol, J. LBioEssays1999 21, 402-411. (c) Feil, R.;

(0. Khosla, S.Trends Genet1999 15, 431-435. (d) Bird, A. Genes De.
2002 16, 6—21.

(12) (a) Hata, K.; Okano, M.; Lei, H.; Li, EDevelopment2002 129, 1983~
1993. (b) Howell, C. Y.; Bestor, T. H.; Ding, F.; Latham, K. E.; Mertineit,

occurred between DNA2(M) and DNA2The mass spectro- C.; Trasler, J. M.; Chaillet, J. RCell 2001, 104 829-838. (c) Constancia,

; ; : M.; Pickard, B.; Kelsey, G.; Reik, WGenome Red.998 8, 881—900. (d)
mfetrlc data for the produgt generatgd after osmium cqmplexatlon WUtz, A Smrzka, O. W.. Schweifer, N.. Schellander, K.. Wagner, E. F.:
with DNA2(M)/DNA2' directly indicate the production of a Ea;\llow, D.1 gél\éaétérae%%%z, ggg 745-749. (e) Li, E.; Beard, C.; Jaenisch,

. + . Nature .
cross-linked adduct ([M H] ' calco_l 9690.79, found 9688'_31)' (13) (a) Kanaya, T.; Kyo, S.; Maida, Y.; Yatabe, N.; Tanaka, M.; Nake_lmura,
The effect of the cross-link formation was also reflected in the r}\(/l rlxlnokue' M.Or;'co?(eréezooa; 22|,t 2322—'52_60- (b) gar;\)l/a&na, éa Hibi,
. . .; Nakayama, H.; Kodera, Y.; Ito, K.; Akiyama, S.; Nakao, @ancer
thermal stability of the duplex._The melting t.emperatuTa)( Sci. 2003 94, 418°420. () Toyota, M.; Sasaki, V.. Satoh, A.; Ogj, K.;
of the duplex DNA2(M)/DNA2 in 50 mM sodium phosphate Kikuchi, T.; Suzuki, H.; Mita, H.; Tanaka, N.; Itoh, F.; Issa, J.-P. J.; Jair,

_ . . K.-W.; Schebel, K. E.; Imai, KProc. Natl. Acad. Sci. U.S.£2003 100,
(pH = 7.0) and 100 mM sodium chloride was 3& before 781877823 (d) Karpf, A. R.; Jones, D. AOncogene2002, 21, 5496-
complexation (black dots in Figure 3), whereas Thevalue 5503. (e) Robertson, K. D.; Jones, P. @arcinogenesi®00Q 21, 461~

L . 467. (f) Schmutte, C.; Jones, P. Biol. Chem.1998 379, 377-388.
after complexation was 80 °C (red dots). Thus, the osmium  (14) (a) Kane, M. F.; Loda, M.; Gaida, G. M.; Lipman, J.; Mishra, R.; Goldman,

i i H.; Jessup, J. M.; Kolodner, RCancer Res1997 57, 808-811. (b)
complex was stable to heating. It was also determined by HPLC Okamoto A Tanabe K. Saito. ) Am. Chern. S62002 124 16562

analysis that there was no degradation of the cross-linked 10263. (c) Okamoto, ABull. Chem. Soc. Jpr2005 78, 2083-2097. (d)

i i H Nelson, P. S.; Papas, T. S.; Schweinfest, C.NAicleic Acids Resl993
StrUCtu.re qurmg mCUbatllon at ¢ Tor 24 h. ) 21, 681-686. (e) Tasserondejong, J. G.; Aker, J. Giphartgassle_GMe
Application to Methylation Analysis: Model Experiments. 1988 74, 147-149. (f) Butkus, V., Petrauskiene, L.; Maneliene, Z.;

. . . Klimasauskas, S.; Laucys, V.; Janulaitis, Mucleic Acids Resl987, 15,
These interstrand complexes formed by osmium and nucleic 7091-7102.

acids (ICON) should allow sequence-selective labeling and the (15) (a) Hayatsu, H.; Wataya, Y.; Kai, K.; lida, Biochemistry197Q 9, 2858~
K . . R 2866. (b) Gonzalgo, M. L.; Jones, P. Wucleic Acids Red.997, 25, 2529—
obstruction of PCR amplification at the target 5-methylcytosine. 2531. (c) Herman, J. G.; Graff, J. R.; Myanen, S.; Nelkin, B. D.; Baylin,

The sequence-selective distinction of unmethylated and methy- . B.Proc. Natl. Acad. _Sgr-o%ggﬁﬁugféig%gﬁgﬁ%égzgg%&d-?

lated cytosines is significant for studies of epigenetic mecha- 2997. (e) Frommer, M.; McDonald, L. E.; Millar, D. S.; Collis, C. M.;
i i i i i Watt, F.; Grigg, G. W.; Molloy, P. L.; Paul, C. [Proc. Natl. Acad. Sci.
nisms beca}use m.e.th)glatlon plays gruqal roles in thg regulatlon U.S.A.1992 86 1827- 1831, (h Warnecke. P. M.. Stirzaker, C.. Song. J..

of chromatin stability’® gene deactivatio® parental imprint- Grunau, C.; Melki, J. R.; Clark, S. Methods2002 27, 101—-107.

ine 12 i i i _ (16) (a) Tanaka, K.; Okamoto, ABioorg. Med. Chem. LetR007, 17, 1912
ing,*? and carcinogenest3. Conventional techniques for me 1915. (b) Raizis, A. M.; Schmitt, F.; Jost, J.#nal. Biochem1995 226
thylation detection can be divided roughly into two types: DNA 161-166.
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Scheme 2. Synthesis of a Bipyridine-Modified Adenine Derivative
_/—NH2
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95% OH 80%
2
N
HNT
N B o
N
4
GLF N
PMTON 6 v DNA synthesis
2
O\I?/O\/\CN
NPr, 3
immediately cooled to OC. Then, potassium osmate(VI) was
. ."-v-'- added, and the mixture was incubated at65or 60 min. The
6 ",--"" * reaction sample was filtered for deionization and amplified using
..-" real-time PCR. The methylation status of the target cytosine
s 51 o was determined from the increase in the SYBR Green |
< v fluorescent signal associated with the exponential growth of the
o 47 . PCR product. Amplification of the unmethylated DNA started
T 3] J first, and then the amplification of the methylated DNA started
& . several cycles later (Figure 5a). The ICON at the methylation
9. . site brought about this lag in the starting point of amplification.
R The amplification curves for the methylated duplexes almost
1 «"t":‘ overlapped those for a 0.1 concentration of the unmethylated
duplexes, suggesting that the PCR-blocking efficiency of ICON
. . . . was approximately 90%. The second derivative maximum of
40 50 60 20 80 90 the amplification curves, as an index for the amplification

Temperature (°C)

Figure 3. Measurements of the melting temperaturgs) (of DNA2(M)/
DNAZ2'. TheTn, of the duplex (2.5:M) before/after osmium complexation

starting point, exhibited a linear dependence on the logarithm
of the methylated duplex concentration (Figure 5b). The
proportion of methylation was also quantifiable in a similar

was measured in 50 mM sodium phosphate buffer (pH 7.0) containing 100 manner. A linear relationship between the amplification starting
mM sodium chloride. Black, before complexation; red, after complexation. point and the logarithm of the methylation proportion allowed

Absorbance versus temperature profiles were measured at 260 nm.

the calculation of the proportion of methylation at the target
cytosine (Figure 5c). An ICON with B-containing DNAs

hqt SpOtSl?t codor_1 251 (59683/4) and codon _255 (59695/6)designed for each target cytosine occurred easily depending on
(Figure 4)."Two B-incorporated DNAs were designed for one o amount of the DNA methylated at the target cytosine and
methylation target, which hybridized with the sense and was completely independent of the amount of other methylated

antisense strands, and their sequences were chosen to avoid tingNA (Figure 5d). Blocking of PCR by ICON at the methylation
hybr|d|;at|on between the B-mcorpora'ted.D.NAs themselves. site made possible the sequence-specific quantification of
A solution of the target duplex and the bipyridine-labeled DNAs methylation

containing all the reaction reagents except potassium osmate- S . .
(VI) was heated at 98C for 5 min to cause denaturation and Application to Methylatlon Analysis: The Mouse.Genome.
The sequence-specific ICON was used to quantify the methy-

(17) Mancini, D.; Singh, S.; Ainsworth, P.; RodenhiserA. J. Hum. Genet
1997 61, 80-87.
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lation of the mouse genome, which was collected from four
different tissues, kidney, liver, spleen, and testis. Two CpG
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RB1 exon -59731
eXongiecasoa s 59683/4 59695/6
5-CC ACTTTTACAG AAACAGCTGT TATACCCATT AATGGTTCAC CTN4GAACACC CAGGN,GAGGT CAGAACAGGA
— B

GTGCACGGAT AGCAAAACAA C-3'

B

iy

3-GG TGAAAATGTC TTTGTCGACA ATATGGGTAA TTACCAAGTG GAGN4.TTGTGG GTCCGNTCCA GTCTTGTCCT CACGTGCCTA TCGTTTTGTT G-5'

RB1(59683/4): Ny =M, N = C; RB1(59695/6): Ny =C, Nz =M

Figure 4. Sequence design for sequence-specific methylation quantification model experiments. Arrows indicate the primer binding sites. Black lines show
B-containing DNA probes for the 59683/4 methylation site. Gray lines show B-containing DNA probes for the 59695/6 methylation site. Details of the

sequences of primers and probes are given in the Experimental Section.

a 30 b 40 Table 1. Methylation Analysis of the Mouse Genome?
. ) ICON Bisulfite Mass Spec?
S x
S ‘5“ 30 115285676 115285805 115285676 115,285,805
< & 1 testis 8(7) 4 (4) 24 8
2 Q 2 kidney 96 (5) 91 (5) 93 83
§ 10 & 20 3 spleen 91 (8) 95 (15) 97 100
= 4 liver 95 (4) 69 (5) 95 45
0 - 10 a8The unit is %. Numbers in parentheses are standard deviation from
L 40 10" 1077 107 1018 10 five independent experimentsData from ref 18.
Cycles Mol
€ a5 d Conclusions
% 8 ' We have described a new, high value aspect of osmium
= 2 { .} DNA complexation. The discovery of this efficient osmium
> ; . . . . .
§34 £ 2 complexation reactivity for the 5-methylcytosinadenine-
° % i mismatched base pair enabled the design of a functional
« o { { nucleoside for sequence-specific DNA methylation analysis. The
329 321 ~ connection between an adenine base of a short DNA forming a
100 pos 10 . pos 700 5-methylcytosine-adenine-mismatched base pair by hybridiza-
[RB1(59695/6)] [RB1(59695/6)] tion and a bipyridine group required for osmium-centered

x 100 (%)

X 100 (%)
[RB1(59683/4)]+[RB1(59695/6)]

[RB1(59683/4)]+[RB1(59695/6)] complex formation results in the complexation at a specific
5-methylcytosine regardless of other reactive 5-methylcytosine
and thymine bases in a long DNA strand. Although 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 complexation at 5-methylcytosine and

optimization of PCR conditions suitable for ICON, we anticipate

Figure 5. Model experiments for sequence-specific methylation quantifica-
tion. (a) Typical amplification curves. Probes for 59683/4 detection (black
lines for Ny in Figure 4) were used for different concentrations of RB1-
(59683/4) (solid lines) or RB1(59685/6) (dotted lines). The amounts of
the starting DNA duplexes are 50 10715, 5.0 x 10716, and 5.0x 10717

mol. (b) Relationship between starting DNA duplex concentration and
amplification starting point. Probes for 59683/4 ;JNdetection (black
lines in Figure 4) were used for different concentrations of RB1(59683/4)

(circles) or RB1(59695/6) (squares). The amounts of the starting DNA
duplexes are 5.& 10715 5.0 x 10716, 5.0 x 107%7, and 2.5x 108 mol.

The y-axis shows the second derivative maxima of the amplification
curves. The means standard deviations of five independent experiments

are presented. (c) Linear relationship between the methylation proportion
and the amplification starting point in the experiments using the 59683/4

probes (black lines in Figure 4). Theaxis shows the second derivative
maxima of the amplification curves. Presented are mearstandard

that this new concept of sequence-specific short-term methy-
lation analysis supported by the chemical basis will be the
starting point for an epoch-making methylation-typing assay,
which will supersede conventional methods.

Experimental Section
N-(2-Aminoethyl) (4'-methyl-2,2-bipyridin-4-yl)hexanamide (1).

deviations from five independent experiments. (d) Relationship between a mixture of (4-methyl-2,2-bipyridin-4-yl)hexanoic acid (568 mg, 2.0

the proportion of methylation and the amplification starting point. A . :
sample including a mixture of RB1(59683/4) and RB1(59695/6) in mmol) and PyBOP (1.14 g, 2.2 mmol) in DMF (10 mL) was stirred at

different proportions was used in the presence of the probe for either 59683/4700M temperature for 30 min. To the solution was added ethylenedi-
(circles, black lines in Figure 4) or 59695/6 (squares, gray lines in Figure amine (222uL, 2.2 mmol), and the mixture was stirred at room
4). The means: standard deviations of five independent experiments are temperature for 2 h. The resulting mixture was concentrated in vacuo

presented. and diluted with chloroform. The organic phase was washed with 1 N
NaOH and brine, dried over MgS{and concentrated in vacuo to yield
sequences (chromosome 11, #115,285,676 and #115,285,805) (603 mg, 1.7 mmol, 85%) as a brown oitH NMR (400 MHz,

in a tissue-specifically differentially methylated region were CDCl) 6 8.46 (t, 2H,J = 5.4 Hz), 8.20 (d, 2HJ = 6.8 Hz), 7.12-
chosen as the targets, and four B-labeled DNAs were designed’-08 (M, 2H), 2.66 (quartet, 2H,= 7.8 Hz), 2.42 (s, 3H), 2.262.12

for these targets. A 60 min incubation and a 90 min PCR (™ 2H). 1.72-1.52 (m, 4H), 1.42-1.39 (m, 4H), 1.321.25 (m, 2H);

. . 13C NMR (100 MHz, CDCH) 8 155.9, 152.4, 148.8, 148.7, 148.0, 124.5,
analysis were performed with 20 ng of the mouse genome. 1,5 5151 9 151 1, 38.8, 36.2, 35.1, 29.9, 28.7, 26.7, 20.1; FABMS
Samples from different tissues exhibited characteristic methy- (NBA/CHCI3) mz327 ([(M + H)*]), HRMS calcd for GdHz:ONa ([(M

lation levels for the two methylation sites (Table 1). These data + H)+]) 327.2185, found 327.2184.
agree closely with the degree of methylation quantified by mass
spectrometric analysis of fragmented and bisulfite-treated ge-
nome sample¥

(18) Kitamura, E.; Igarashi, J.; Morohashi, A.; Hida, N.; Oinuma, T.; Nemoto,
N.; Song, F.; Ghosh, S.; Held, W. A.; Yoshida-Noro, C.; Nagase, H.
Genomics2007, 89, 326-327.
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(6-(2-(6-(4-Methyl-2,2'-bipyridin-4-yl)hexanamido)ethylamino)-
9H-purin-9-yl)-5'-O-dimethoxytrityl-2 '-deoxyriboside (2).To a solu-
tion of (6-chloro-H-purin-9-yl)-5-O-dimethoxytrityl-2-deoxyriboside
(11.0 g, 19.2 mmol) in DMF (50 mL) were added diisopropylethylamine
(23 mL) and1 (18.1 g, 55.4 mmol) in DMF (50 mL) at room
temperature, and the mixture was stirred atC%or 12 h. After diluted
with ethyl acetate (1 L), the resulting mixture was washed with brine,
dried over NaSQ,, filtered, and evaporated under reduced pressure.
The crude product was purified by silica gel column chromatography
(chloroform/methanot 50:1 containing 1% NkDH) to yield2 (15.8
g, 18.3 mmol, 95%) as a white solidH NMR (400 MHz, CB;OD) ¢
8.41 (dd, 2H,J = 4.8, 10.1 Hz), 8.17 (s, 1H), 8.12 (s, 1H), 8.04 (s,
2H), 7.33 (d, 2HJ = 7.3 Hz), 7.20 (d, 4H,) = 8.8 Hz), 7.15-7.08
(m, 5H), 6.71 (dd, 4H) = 4.0, 8.4 Hz), 6.38 (t, 1H]) = 6.2 Hz), 4.60
(quartet, 1HJ = 4.2 Hz), 4.10 (quartet, 1H,= 4.4 Hz), 3.66 (s, 6H),
3.43 (t, 2H,J = 5.9 Hz), 3.32-3.27 (m, 2H), 2.83 (dt, 1H) = 6.2,
13.5 Hz), 2.56 (t, 2HJ = 7.5 Hz), 2.44 (ddd, 1H) = 4.6, 6.2, 13.4
Hz), 2.36 (s, 3H), 2.11 (t, 2H = 7.1 Hz), 1.6+1.50 (m, 4H), 1.29
1.23 (m, 2H);*3C NMR (100 MHz, CROD) 6 176.3 160.0, 157.0,

ATP (Amersham) and T4 polynucleotide kinase using a standard
procedure. The'Eend-labeled DNA was recovered by ethanol precipi-
tation and further purified by 15% denaturing polyacrylamide gel
electrophoresis (PAGE).

Osmium Oxidation of %2P-5-End-Labeled DNA (Bipyridine Use).
The B-end-labeled DNA1(N) (10 pmol strand) to be examined was
incubated in a solution of zAM DNA1'(N’'), 5 mM potassium osmate,
100 mM potassium hexacyanoferrate(lll), 100 mM bipyridine, and 1
mM EDTA in 100 mM Tris-HCI buffer (pH 7.7) and 10% acetonitrile
at 0°C for 5 min. The reaction mixture was ethanol precipitated with
the addition of 1%L of 3 M sodium acetate (pH 5.0), 10 of salmon
sperm DNA (1 mg/mL), and 1 mL of cold ethanol. The precipitated
DNA was washed with 158L of 80% cold ethanol and dried in vacuo.
The precipitated DNA was redissolved in a0 of 10% piperidine
(v/v), heated at 90C for 20 min, and then evaporated to dryness by
vacuum rotary evaporation.

Osmium Oxidation of ¥2P-5-End-Labeled DNA (B-Containing
DNA Use). The 3-end-labeled DNA2(N) (10 pmol strand) to be
examined was incubated in a solution gil DNA2', 5 mM potassium

156.3, 154.7,153.8, 150.3, 150.0, 149.9, 146.2, 140.4, 137.10, 137.06 osmate, 100 mM potassium hexacyanoferrate(lll), and 1 mM EDTA
131.23, 131.20, 129.3,128.7,127.8, 126.0, 125.4, 123.6, 122.9, 114.0,in 100 mM Tris-HCI buffer (pH 70) and 10% acetonitrile at BD for

87.9, 87.6, 85.8, 72.6, 65.0, 55.7, 40.8, 40.3, 36.9, 36.0, 30.9, 29.6,10 min. The reaction mixture was ethanol precipitated with the addition

26.5, 21.2; FABMS (NBA/CHOH) m/z 863 ([(M + H)*]), HRMS
calcd for GoHssOeNs ([(M + H)*]) 863.4245, found 863.4235.
5'-O-Dimethoxytrityl-6- N-[9-(4'-methyl-2,2-bipyridin-4-yl)-3-oxa-
2-azanonyl]-2-deoxyadenine 3(2-cyanoethylN,N-diisopropylphos-
phoramidite) (3). To a solution of2 (432 mg, 0.5 mmol) and H-
tetrazole (35 mg, 0.5 mmol) in anhydrous dichloromethane (2.5 mL)

of 15 uL of 3 M sodium acetate (pH 5.0), 160L of salmon sperm
DNA (1 mg/mL), and 1 mL of cold ethanol. The precipitated DNA
was washed with 150L of 80% cold ethanol and dried in vacuo. For
determination of the reaction site, the precipitated DNA was redissolved
in 50 uL of 10% piperidine (v/v), heated at 9€ for 20 min, and then
evaporated to dryness by vacuum rotary evaporation.

was added 2-cyanoethyl tetraisopropylphosphorodiamidite (151 mg, 0.6 Polyacrylamide Electrophoresis of Reaction Sample§he dried-

mmol) under nitrogen. The mixture was stirred at room temperature.
After stirring for 1 h, the reaction mixture was diluted with dichlo-

up reaction sample was resuspended-26 uL of 80% formamide
loading buffer (a solution of 80% formamide (v/v), 1 mM EDTA, 0.1%

romethane (50 mL) and then washed with saturated sodium bicarbonatexylenecyanol, and 0.1% bromophenol blue). The sampl@s (B—10

solution (50 mL x 2). An aqueous layer was back extracted by
dichloromethane (50 mL). Combined organic layer was dried with

kecpm) were loaded onto 15% denaturing 19:1 acrylamide/bisacrylamide
gel containiig 7 M urea, electrophoresced at 1900 V for approximately

sodium sulfate and then evaporated. The crude mixture was dissolvedl h, and transferred to a cassette and storeet&Q °C with X-ray
in ethyl acetate and reprecipitated into hexane. Precipitate was filtrated film.

and redissolved in dry acetonitrile then evaporated in vacuo to gield
(two diastereomeric isomers) as a pale yellow foam (420 mg, 80%).

Melting Temperature (Tn) Measurements. All T, measurements
of the DNA duplexes (2.xM, final duplex concentration) were made

The product was used for conventional solid-phase DNA synthesis jnh 50 mM sodium phosphate buffer (pH 7.0) containing 200 mM sodium

without further purification: 3P NMR (160 MHz, CDCJ) 6 149.39,
149.28; FAB HRMS (NBA)Wz calcd for GeH72N10O/P ([(M + H)*])
1063.5318, found 1063.5292.

DNA Synthesis and Characterization.Artificial DNA was syn-

chloride. Absorbance versus temperature profiles were measured at 260
nm with a Shimadzu UV-2550 spectrophotometer equipped with a
Peltier temperature controller using a cell wia 1 cmpath length.

The absorbance of the samples was monitored at 260 nm from 5 to

thesized by the conventional phosphoramidite method by using an 90 °C, with a heating rate of 2C/min. From these profiles, first

Applied Biosystems 392 DNA/RNA synthesizer. Synthesized DNA was
purified by reverse phase HPLC on a 5-ODS-H column €050
mm, elution with a solvent mixture of 0.1 M triethylammonium acetate
(TEAA), pH 7.0, linear gradient over 30 min from 5 to 20% acetonitrile
at a flow rate 3.0 mL/min). Each ODN was characterized by MALDI-
TOF MS. DNAZ, 5-d(TGTGAGGCBCTGCCCCCACC)-3([M —
H]~, calcd 6347.30, found 6347.96). Probes for RB1 59683/4 methy-
lation site, 5-d(TGTTCBAGGTGAACCATTp)-3 (M — H]~, calcd
5901.97, found 5901.61),-8(CTCBAACACCCAGGCGAGp)-3([M

— H]~, calcd 5850.94, found 5849.51). Probes for RB1 59695/6
methylation site, 53d(AGGCBAGGTCAGAACAGGP)-3([M — H] -,
calcd 5995.04, found 5994.40),"'-8 CCTCBCCTGGGTGTTC-
GAp)-3 (M — H]~, calcd 5854.91, found 5854.81). Probes for mouse
chrll 115,285,676 methylation site-d{GCTCBGGGACCTCGT-
TGGp)-3 (M — H], calcd 5919.94, found 5919.37);&CCCCBA-
GCCCAAAGAGGAP)-3 (M — H]~, calcd 5859.96, found 5859.39).
Probes for mouse chrll 115,285,805 methylation sitd(ATACBT-
CACGGGCGTGACP)-3([M — H]~, calcd 5896.96, found 5895.37),
5'-d(TGACBTATATGCAGAAGCP)-3 (IM — H]~, caled 5920.00,
found 5919.29).

Preparation of 32P-5-End-Labeled DNA. The DNAs (400 pmol
strand) were Send-labeled by phosphorylation withid of [y-32P]-
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derivatives were calculated to determifig values.

Sequences of ICON Probes and PCR Primers in Methylation
Quantification Experiments. For model RB1 studyProbes for site
59683/4, 5d(TGTTCBAGGTGAACCATTp)-3 and 3-d(CTCBAA-
CACCCAGGCGAGP)-3 Probes for site 59695/6,-8(AGGCBAG-
GTCAGAACAGGp)-3 and 3-d(CCTCBCCTGGGTGTTCGAp)-3
Primers, 5d(ACAGCTGTTATACCCATT)-3 and 3-d(GTTGTTTTGC-
TATCCGTGCA)-3. For mouse genome studyrobes for chr1l 115,-
285,676, 5d(GCTCBGGGACCTCGTTGGp)-&and 3-d(CCCCBAGC-
CCAAAGAGGAD)-3. Probes for chrll 115,285,805;-&(ATAC-
BTCACGGGCGTGACPp)-3and 3-d(TGACBTATATGCAGAAGCp)-

3. Primers, 5d(GGAGCCTGCTGAGGCCTGT)‘3and B-d(CAGT-
GCAAAACCCAGGTTCA)-3; “p” is a phosphate group of the 8nd
to avoid that probes work as PCR primers.

Methylation Quantification. The model DNA duplex (100 nM or
the desired concentration) or genome DNA (20 ng) was added into a
solution (16uL) of B-containing DNA probes (1 nM each for the sense
and antisense strands), 100 mM potassium hexacyanoferrate(lll), 0.5
mM EDTA, ard 1 M sodium chloride in 50 mM Tris-HCI buffer (pH
7.7). The reaction mixture was incubated at°@for 5 min and then
cooled to 0°C immediately. To the mixture was added 25 mM
potassium osmate (4L), and the reaction was allowed to proceed at
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