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Nitric oxide (NO) is an important endogenous regulatory
molecule,1 andS-nitrosothiols are believed to play a significant role
in NO storage, transport, and delivery.2 On the basis of their ability
to generate NO in vivo,S-nitrosothiols can be used as therapeutic
drugs.3 Conversely, NO and its derivatives are suspected of having
cytotoxic, carcinogenic, and mutagenic properties.4 A number of
theoretical and experimental studies have assessed the damage to
DNA by NO and its derivatives and have suggested that NO-
induced mutagenesis arises from the initial nitrosation of the amino
group of nucleobases, followed by deamination.5 While studying
specific reactions with DNA, we became interested in whether or
not sequence-specific delivery of NO to a specific site of DNA
followed by specific deamination would be possible. Such a method
would be useful to better understand NO-induced DNA damage.
Furthermore, if NO-induced deamination of a target nucleobase
could be controlled, it would become an innovative biological tool
for manipulating a gene at a single nucleobase level.6 In this study,
we have established an innovative method for the highly efficient
and selective delivery of NO to cytidine and 5-methylcytidine in a
sequence-specific method.

We designed a NO-transfer reaction fromS-nitroso thioguanine
to an imino tautomer of cytosine (Figure 1). Ab initio calculations
suggested that NO-transfer would proceed with low activation
energy, accompanied by hydrogen transfer from N3 of cytosine to
N1 of thioguanine.7 We also expected the proximity effect within
the duplex to be beneficial for NO transfer.

The thioguanosine derivative was synthesized and incorporated
into ODN 1 according to the methods reported previously.8

Nitrosation of the thioguanosine-containing ODN1 was carried out
by a NO transfer reaction withS-nitroso-N-acetylpenicillamine
(SNAP) under alkaline conditions at pH 10.9 The reaction progress
was followed by HPLC, and a new peak2 was isolated (Figure 2).
The nitrosyl group of the isolated peak2 was identified by a method
established by the Nagano group, in which the diaminofluorescein
derivative (DAF2) reacts with the NO+ species to generate
fluorescent DAF2-triazole.10-14

It should be noted that the nitrosylated ODN2 exhibits high
stability with a half-life of about 1 week at room temperature at

pH 7. The same nitrosation reaction of the monomer thioguanosine
with SNAP produced no nitrosylated product but the disulfides of
thioguanosine and SNAP, indicating that the high stability of the
nitrosyl group of ODN2 is attributable to its incorporation into
the ODN.15

An interstrand NO-transfer reaction was carried out using ODN
2 and its complementary ODN3 (X ) dC or dmC) and was followed
by HPLC (Figure 3). Figure 3A illustrates the HPLC change of
the reaction between2 and3 (X ) dmC), and its conversion yields
from 2 to 1 are plotted in Figure 3B. A similar conversion curve
of 2 to 1 was obtained with ODN3 with dC. As3 and4 could not
be separated by HPLC, the peak containing a mixture of3 and4
was isolated, and their nitrosyl species were analyzed with DAF2.
The increase of DAF2-triazole obtained from the isolated peak
including3 and4 correlates well with the conversion of2 to 1.13,14

Almost the same amounts of DAF2-triazole were detected from
the initial ODN2 and the product ODN4 (X ) dC or dmC) isolated
after 8 h, indicating that NO transfer from2 to 3 (X ) dC or dmC)
occurred in almost quantitative yields.13 These results with DAF2
show that the conversion of2 to 1 corresponds to NO transfer
reaction.

In contrast to the rapid reaction of2 with dC or dmC-bearing
ODN 3, a transfer reaction was not observed either with ODN3
having dT, dA, or dG at the target site or with ODN5-7 having
dC at a nontarget site (Figure 3B).17 Glutathione did not react with
2 even at high concentrations (1 mM). These results indicate that
the highly selective reactivity of2 is due to the efficient proximity† Japan Science and Technology Agency.

Figure 1. Design ofS- to N-nitroso transfer.

Figure 2. Nitrosation of thioguanosine-bearing ODN. The reaction was
carried out using 0.3 mM1 and 6 mM SNAP in carbonate buffer at pH 10
at room temperature. The reaction mixture was analyzed by HPLC (ODS
column, 1 mL/min; solvent A) 0.1 M TEAA buffer; solvent B) CH3CN,
linear gradient from 10 to 30% over 20 min, 40% for 30 min; monitored at
260 nm). See also Figures 7 and 9 in Supporting Information.
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effect between theS-NO thioguanosine and the target dC and dmC
in the duplex.17

Since nitrosylation of an amino group of a nucleoside is reported
to cause deamination,5 we next analyzed deaminated products.
Specific deamination of dC and dmC, i.e., the formation of dU and
dT, respectively, imply specific nitrosylation of their 4-amino group.
After the NO-transfer reaction with ODN3 (X ) dC) was
completed, the mixture was kept at pH 5 for 4 days, and then ODN
4 (X ) dC) was isolated and subjected to enzymatic digestion with
BAP and VPDE. HPLC analysis of the hydrolysates showed peaks
of dU (8%) and the dC-diazoate18 (14%) together with dG and dA.
Similarly, ODN4 (X ) dmC) was isolated from the reaction mixture
of NO-transfer with ODN3 (X ) dmC), but the mixture was kept
at pH 5 for 1 day in the presence of CaCl2. It should be noted that
the transformation ratio from dmC to dT was as high as 42% together
with dmC-diazoate (13%)19 (Figure 4B). Since other deaminated
products were not observed in Figure 4B, it has been clearly
demonstrated that NO is transferred selectively to 4-NH2 of dmC.

The samples of ODN4 isolated after treatment under acidic
conditions were analyzed with DAF2, decreasing the NO level to
about 80% for X) dC and to about 50% for X) dmC compared
to those analyzed immediately after the transfer reaction. These
results indicate that the remaining NO species in ODN4 spontane-
ously return to dC or dmC when the ODN is hydrolyzed to

nucleosides. These findings agree with the known fact that
nitrosylated species of 4-NH2 of the monomer dC and dmC are so
unstable that they predominantly return to dC and dmC together
with the deaminated products and the corresponding diazotes.18,19

Retention of NO species in DNA4 for a long time in solution
exhibits remarkable contrast to its monomer chemistry. A detailed
study is being conducted to determine the exact structure of DNA
4.

In conclusion, we have demonstrated the first example of
sequence- and base-specific delivery of nitric oxide to cytidine and
5-methylcytidine. The selectivity and efficiency of NO transfer
followed by deamination exhibited in this study are extremely high
compared to the conventional methods of using NO gas or other
nitrosating agents. The innovative method described in this study
would be useful to better understand the role of NO in DNA
damage. Applications of this new NO delivery method to selective
induction of point mutation at the translation or polymerization steps
are now ongoing.
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Figure 3. NO transfer reaction with the use of ODN2. The asterisk (*)
indicates that a representative tautomer is shown. A: The reaction was
carried out using 10µM each of2 and ODN3, 5-7, or 1 mM glutathione
in 50 mM MES buffer containing 100 mM NaCl at pH 7 at 25°C, and
followed by HPLC. B: Closed circles and curve correspond to the reaction
with 3 (X ) dC or dmC); the thick line corresponds to the reaction with3
(X ) dT, dA, or dG) or5-8.

Figure 4. Detection of thymidine from 5-methylcytidine. A: The control
experiment was carried out using ODN1 and the target ODN3 and analyzed
as described in B. B: After 8 h, the NO transfer mixture was kept at pH 5
in the presence of 1 mM CaCl2. The compound producing peak4 in Figure
3A was isolated, hydrolyzed with BAP and VPDE, and analyzed by HPLC.
The peak marked with an asterisk corresponds to dmC-diazoate.19
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