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Oligodeoxynucleotides (ODNs) have been widely used for inhibiting the gene expression in antisense or
antigene methods, and the interstrand cross-linking (ICL) forming ODNs have been expected to ensure
the inhibition by these methods. Previously, we reported a highly efficient and selective ICL reaction
toward cytosine using the 2-amino-6-vinylpurine derivative under acidic conditions. In this Letter, we
report the synthesis of ODN containing 6-amino-2-vinylpurine derivatives and evaluation of the
cross-linking reactivity.

� 2012 Elsevier Ltd. All rights reserved.
Synthetic oligonucleotides (ONs) are attractive tools in biology,
and they have been developed to control the gene expression both
in vitro and in vivo. These applications are based on the ability of
the ONs to form highly sequence-specific complexes with nucleic
acid targets of interest. The antisense ONs inhibit the translation
of mRNA by induction of the RNase H endonuclease activity to
cleave the RNA–DNA heteroduplex.1 Alternatively, ONs hybridize
with the target RNA to act through steric hindrance (RNase H inde-
pendent mechanism).2 A variety of chemically modified ONs has
been designed and synthesized to overcome the drawbacks of a
natural ON. Some ONs modified in either the carbohydrate part
or the phosphate backbone do not elicit RNase H activity. Recently,
such ONs have been applied to regulation of the gene expression
by a different strategy from a conventional method for inhibiting
the translation.3 20-O-Methyl RNA ONs and phosphorodiamidate
morpholino ONs (PMO) are employed to block splicing signals,
resulting in induced exon skipping.4 In addition, 20-modified
ONs5, PMO6 and a locked nucleic acid (LNA)7 have been used to
study the micro RNA (miRNA), which endogenously expresses
small regulatory non-coding RNAs that play key roles in diverse
cellular processes.8 Interstrand cross-linking reactions (ICL) are ex-
pected to improve the efficiency for regulation of the expression by
irreversibly binding to the target RNA through steric blocking.
There are numerous of reports on ICL forming ODNs using trigger-
ing signals such as photo irradiation9 or chemical reactions.10

Recently, photo-cross-linked reactions with cytosine in RNA have
ll rights reserved.
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demonstrated the ability to promote RNA editing and to possibly
manipulate the RNA function.11

We have demonstrated that oligonucleotides bearing 2-amino-
6-vinylpurine (2-AVP:1) achieve a highly selective cross-linking to
the cytosine base in DNA under acidic conditions.12 The high selec-
tivity of 1 might be due to the proximity effect by the formation of
a complex between 1 and the cytosine base with two hydrogen
bondings under acidic conditions. Based on these results, we have
designed 6-amino-2-vinylpurine (6-AVP) derivatives (2), expected
to form a complex with the thymine base under neutral conditions
(Fig. 1A). It is known that the 2-aminopurine-deoxythymine (dT)
pair decreases the duplex stability compared to the deoxyadenine
(dA)-dT pair13 (Fig. 1B), and we expect that 6-AVP (2) could form a
more stable duplex than 2-AVP (1).

During the synthesis of 2a, it turned out that the vinyl group
with 2a exhibited a very low reactivity with a nucleophile. Thus,
the carboxyl methyl substitution at the vinyl group was added to
increase the reactivity, because introducing an electron-withdraw-
ing substituent on the vinyl group increases its reactivity.14 In this
Letter, we report the synthesis and evaluation of the cross-linking
reactivity with the 6-AVP derivatives (2).

The synthesis of the oligodeoxynucleotide (ODN) incorporating
6-AVP derivatives (2a) is summarized in Scheme 1. The 6-amino-2-
idodo-purine derivative (3) was synthesized according to a
previously reported procedure.15 The palladium-catalyzed cross-
coupling reaction of 3 with n-Bu3SnCHCH2 produced the vinyl
derivative which was, without purification, reacted with sodium
methane thiol to afford 4 (73% in 2 steps; Scheme 1). It was found
that the addition of the thiol to the vinyl group proceeded very
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Scheme 2. Reagents and conditions: (a) (1) n-Bu3Sn(COOMe)C@CH2 (9), Pd(PPh3)4,
CuI, 60 �C, DMF 71%, (2) 1-octanethiol, iPrOH, 49%; (b) (1) (PhOCH2CO)2O, Pyridine,
quant, (2) n-Bu4NF, THF, (3) DMTrCl, Py, 22% in two steps, (4) (i-Pr)2NP(Cl)OC2H4CN,
DIPEA, CH2Cl2 0 �C, 48%; (c) (1) synthesis using an automated DNA synthesizer, (2)
28% aqueous NH3, (3)10% CH3COOH.
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Figure 1. Design of the novel cross-linking agents.
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Scheme 1. Reagents and conditions: (a) (1) n-Bu3SnCH@CH2, Pd(CH3CN)2Cl2,
CH3CN, 60 �C, (2) CH3SNa, CH3CN, H2O 73% for two steps; (b) (1) PhOCH2COCl,
1-HOBT, CH3CN, Pyridine, 93%, (2) n-Bu4NF, THF, 82%; (c) (1) DMTrCl, Py, 92%, (2)
(i-Pr)2NP(Cl)OC2H4CN, DIPEA, CH2Cl2 0 �C, 29%; (d) (1) synthesis using an auto-
mated DNA synthesizer, (2) 28% aqueous NH3, (3)10% CH3COOH; (e) (1) 2 equiv
MMPP, (2) aqueous NaOH 3 days.
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slowly (3 days), and this suggested that the reactivity of the vinyl
group with 2a is very low compared to 1, which reacted with the
thiol group within 2 h. The 6-amino group of the nucleoside deriv-
ative (4) was protected with phenoxyacetyl, and subsequent
deprotection of the TBS group with TBAF afforded the diol product
(5). Two subsequent steps following the standard method were
carried out to prepare the phosphoramidite precursor (6) that is
the building block for incorporation into ODN by automated DNA
synthesis. The sulfide-protected ODN (7) was obtained in good
yield by subjecting 6 to an automated DNA synthesizer after puri-
fication with RP-HPLC. The ODN (7) was then converted to ODN (8)
by oxidation with magnesium monoperphthalate, following elimi-
nation of the sulfoxide group under alkaline conditions.

The synthesis of ODN (2b) incorporating a carboxyl-substituted
vinyl derivative is summarized in Scheme 2. The vinylstannane re-
agent (9) was prepared by regioselective hydrostannation of the
terminal alkyne.16 The cross-coupling reaction between 3 and 9
was performed with Pd(PPh3)4 and CuI in DMF to produce the vinyl
derivative in a good yield. The vinyl derivative was dissolved in
2-propanol (0.01 M) and the solution was slowly added to excess
1-octanethiol to produce the octanethio derivative (10).
Attempts to protect the 6-amino group of the nucleoside deriv-
ative (10) using phenoxyacetyl chloride resulted in producing a
complex mixture. The protection of the amino group of 10 was per-
formed with phenoxyacetic anhydride to give the desired product
in good yields. After deprotection of the TBS group, the conven-
tional method produced the phosphoramidite precursor (11).

The methyl acrylate-bearing ODN (12) was synthesized on an
automated synthesizer using 11 and cleaved from the support with
28% ammonia, which had eliminated the sulfide group.

The purified ODN was (12) treated with 10% CH3COOH to give
the deprotected ODN. The structures of all the ODNs were deter-
mined by MALDI-TOF measurements.

The cross-linking reactions were conducted under acidic and
neutral conditions between the functionalized ODNs (8 and 12)
and target DNAs (13a) (N = dG, dA, dC, dT) or RNAs (13b) (N = G,
A, C, U) labeled with fluorescein at the 50 end and analyzed by
gel electrophoresis with 20% denaturing gel (Fig. 2A).

The formation of the slower mobility band indicates the cross-
linked adduct, and the yields of the adduct can be obtained by
quantification of both the lower and higher mobility bands. The
ODN (8) did not give the adduct at all, as anticipated from the
reactivity of the vinyl derivative (2a) with the thiol. In contrast,
the ODN (12) incorporating the methyl acrylate nucleoside pro-
duced adducts with the target DNA and RNA. Figure 2 illustrates
the reactivity of the ODN (12) toward the different target site
(N = A, G, C, T or U) in DNA or RNA. Under acidic conditions, the
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Figure 2. Analysis of cross-linking reactions by gel electrophoresis. (A) Gel electrophoresis of the cross-linking reaction after 24 h (B) Comparison of the reaction yields
calculated from the gel electrophoresis analysis of the cross-linking using 12 and target DNA (13a) (N = dG, dA, dC) or RNA (13b) (N = G, A, C). The reaction was performed
with 10 lM ODN (12) and 5 lM target ODN (13) in 0.1 M NaCl, 50 mM MES, pH 5.0 (a) or pH 7.0 (b), at 30 �C.

S. Kusano et al. / Bioorg. Med. Chem. Lett. 22 (2012) 6957–6961 6959
reactivity decreased in the order of A � G > C� T to DNA and
A > G > C > U to RNA. On the other hand, the order of reactivity
changed to G > C > A� T, U under neutral conditions. Contrary to
our design, ODN (12) produced the adducts to thymine or uracil
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in low yields. The time course of the cross-linking to the target
DNA and RNA of ODN (12) is shown in Figure 2B. The cross-linked
adducts were formed in the highest yields by the reaction with
adenine in DNA and RNA under acidic conditions. On the other
hand, under neutral conditions, the ODN (12) produced adducts
with guanine in DNA and RNA in the highest yields. It is interesting
that the change in the pH conditions causes a drastic change in the
base selectivity. The thermal stability of the duplex was estimated
by measuring the melting temperature (Tm) of the duplex formed
between the stable ODN (7) or ODN (8) and DNA targets under
neutral conditions (Supplementary data). The melting profile of
ODN (7) or (8) suggested that the stable duplex would be formed
with the target DNAs under the reaction conditions. The most
favorable Tm values were found when the 6-AVP derivative is
placed opposite to dT, however, the corresponding duplexes are
less stable than the A:T duplex by 4 �C. A comparison of the Tm
values between the 2-AVP derivative and 6-AVP derivative indi-
cates that the destabilizing effect of the 6-AVP derivatives is lower
than that of the 2-AVP derivative. These results have suggested
that 6-AVP (2) could form a more stable duplex than the 2-ami-
no-6-vinylpurine (2-AVP) (1). However, the reactivity of 2-AVP
(1) with the target base is higher than that of 6-AVP (2).12 The
differences in the thermal stability could not explain the reaction
efficiency and base selectivity of the cross-linking reactions.
The cross-linking reactions between ODN (12) and the target
DNA bearing G, A or C were also analyzed by HPLC, and the chro-
matograms are summarized in Figure 3.

The mixing of 12a and 13a in the buffer produced three or four
peaks, which might be attributed to the duplex or some complexes,
that were observed in the HPLC chart. After 48 h, these peaks
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essentially decreased and converged into a main peak with the
retention time of around 10 min in each reaction. Each new peak
was isolated and its MALDI-TOF mass spectra measured. The ob-
served molecular weight of the cross-linked adducts was in accord
with the general structure (14) containing the target strand (13a)
and reactive ODN (12b) with a carboxylic acid (R1=H) (Fig. 4).
The unreacted ODNs (12) after 48 h in each reaction displayed a
molecular weight corresponding to 12 with a carboxylic acid and
methyl ester (R1=CH3). The 6-AVP with carboxylic acid (12b) was
isolated by HPLC and the cross-linking reactions with target DNA
(13) were examined, but no cross-linked products were observed.
These results suggested that the ODN (12a) with a methyl ester re-
acted with target DNA and that the cross-linked products might be
hydrolyzed under the reaction conditions.

Each purified cross-linked product was cleaved by a hydroxyl
radical for confirmation that the cross-linking reactions of 12 took
place at the opposing base in the target strand. However, the cross-
linked products were unstable under the hydroxyl radical cleavage
conditions and decomposed into each strand. To obtain more in-
sight into the cross-linking reaction, the purified cross-linked prod-
uct was digested by enzymatic hydrolysis, but the cross-linked
product was not observed in the hydrolysates. Thus, it is difficult
to precisely determine each structure.

In conclusion, we have synthesized the 6-AVP derivatives, ex-
pected to cross-link with thymine, and evaluated the cross-linking
reactivity. The ODN containing the non-substituted 6-AVP deriva-
tive (2a) can form a stable duplex with the target DNA under the
stated reaction conditions but did not produce any adducts to
the target DNA or RNA, due to the low reactivity of the vinyl group.
On the other hand, introduction of a carboxyl group onto the vinyl
group of the 6-AVP derivative (2b) increased the cross-linking
reactivity to produce the adducts except for the thymine target
base. These results have provided useful information for the design
of new cross-linking agents.
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