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Nucleoside Ç, which contains a rigid nitroxide spin label, is

effectively reduced in DNA by sodium sulfide to the correspond-

ing amine, yielding a fluorescent probe (Çf) that can report the

identity of its base-pairing partner in duplex DNA.

Single nucleotide polymorphisms (SNPs) are single nucleotide

gene variations.1 SNPs in a protein-encoding region can result

in a mutant protein and subsequently predispose human

beings to common diseases and disorders.2,3 Thus, disease

diagnosis and identification of targets for drug discovery by

SNP detection is an active area of research. Most methods that

have been developed for detection of SNPs rely on monitoring

hybridization of an oligonucleotide probe to the sequence of

interest; the probe binds to the wild-type sequence but not to

DNAs containing an SNP.4 Hybridization is usually detected

by change in the fluorescence emission of a fluorophore that is

linked to the oligonucleotide probe. Hybridization assays

require a careful selection of the sequence of the oligonucleo-

tide probe and the annealing conditions, especially the tem-

perature. It would be advantageous if, instead of monitoring

hybridization, fluorescent DNA probes that signal single-base

mismatches within duplexes could be used.

A promising class of compounds for SNP detection are

modified nucleosides having fluorophores that are sensitive to

their proximal environment.5–7 One strategy for the design of

fluorescent nucleotides for SNP detection is conjugation of a

fluorophore to the nucleobase through a linker.8–11 For ex-

ample, Saito and coworkers have conjugated pyrene to pyri-

midine nucleosides and called them ‘‘base-discriminating

fluorescent nucleosides’’ (BDFs) because they can detect and

distinguish between mismatches. A different strategy is to

extend the aromatic ring system of the bases in natural nucleo-

sides and use the fluorescence of the base itself as a reporter

group.8,12–16 However, most of the fluorescent nucleobase

analogs that have been reported to date are limited in their

ability to differentiate between all the possible base-pairing

partners.9–12,14,17 In this communication we report a nucleo-

side containing a fluorescent base that is able to discriminate

between the four bases of DNA.

We have recently described nucleoside Ç (‘‘C-spin’’), an

analog of cytidine that contains a rigid spin label fused to the

nucleobase, for the study of nucleic acid structure and

dynamics by EPR spectroscopy (Fig. 1).18 Ç is structurally

related to the fluorescent nucleosides tC and tCO.19–21 Reduc-

tion of the nitroxide to the corresponding hydroxyl amine with

DTT yielded a fluorescent nucleoside which made nucleoside

Ç an attractive spectroscopic probe, because it can be used for

biophysical studies of nucleic acids by both fluorescence and

EPR spectroscopies. However, when studying the fluorescent

properties of oligomers containing this modification we found

that the hydroxyl amine was readily oxidized back to the

nitroxide upon exposure to oxygen, thereby quenching the

fluorescence. In the search for a more stable fluorescent

analog of Ç, we sought to reduce the nitroxide to the

corresponding amine.

Nitroxides have been reduced to amines by sodium sulfide in

DMSO and DMF.22 Limited solubility of nucleic acids in

polar aprotic solvents prompted us to investigate this reaction

in H2O. Reduction of nucleoside Ç with Na2S in water at

45 1C did indeed proceed to give the highly fluorescent amine

Çf (FF = 0.31) after 8 h and in nearly quantitative

yield (Scheme 1).

To study the reduction of Ç in DNA, an aqueous solution of

the oligodeoxyribonucleotide 50-d(GACCTCGÇATCGTG)

was treated with Na2S at 45 1C for 14 h. Analysis of the crude

reaction mixture by EPR spectroscopy revealed the disappear-

ance of the nitroxide (data not shown). Furthermore,

Fig. 1 Structure and base pair properties of Ç.

Scheme 1 Reduction of spin-labeled nucleoside Ç.
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denaturing polyacrylamide gel electrophoresis (DPAGE)

showed that the Na2S-treated DNA had become highly fluor-

escent (Fig. 2).

HPLC analysis of an enzymatically digested reduced oligo-

mer revealed five peaks (Fig. S1w), corresponding to the

nucleosides dC, dI (from enzymatic hydrolysis of dA), dG,

dT and Çf, showing that the spin-labeled nucleotide was

reduced by Na2S without affecting the other nucleotides. This

result was also verified by MS analysis of the reduced DNA

(Fig. S2w). Both the melting temperature (TM) (Table 1) and

CD spectrum (Fig. S3w) of a DNA duplex containing Çf

(Çf�G) are nearly identical to those of an unlabeled DNA

duplex, indicating that the modification has a negligible effect

on DNA duplex stability and conformation. CD spectra of the

duplexes containing a mismatch were also consistent with

B-form DNA (Fig. S3w).
To determine if Çf could be used as a fluorescent probe for

detecting single-base mismatches, four duplexes containing Çf

were synthesized (Çf�G, Çf�A, Çf�C and Ç
f�T, Table 1), each

of which contained a different base opposite Çf (G, A, C or T).

The fluorescent spectra of the Ç
f-containing DNAs were

recorded in an aqueous solution at 20 1C using excitation at

365.5 nm. The fluorescence of the four duplexes shows con-

siderable variation, to the extent that they can all be clearly

distinguished from each other (Fig. 3A). The duplex contain-

ing the Çf�A mismatch is the most fluorescent of the duplexes

and is similar to that of the single strand. The fluorescence

emission of the Çf�C and the Çf�T duplexes is between that of

Çf�A and the fully base-paired duplex (Çf�G). Although there

is not a large difference in the fluorescence intensity between

Çf�T and Çf�G at the higher wavelengths, Çf�T has a con-

siderably higher emission at lower wavelengths (395–410 nm).

As a result, the color emitted for Çf�T is light blue and

green–blue for Çf�G.

To determine if the mismatch detection was dependent on

the flanking sequence, we tested two other sequences (Fig. 3B

and C). In both cases, the mismatches can be clearly distin-

guished from each other and from the fully base-paired

sequence. Interestingly, the fluorescence intensity increases in

the same order for Çf�G, Çf�T and Çf�C for all three flanking

sequences (Fig. 3A–C). It is also noteworthy that there is a

much larger difference between the fluorescence of Çf�G and

Çf�T in the oligomers containing the pyrimidine flanking

sequences (Fig. 3B and C). In contrast to the order observed

for the Ç
f�G, Çf�T and Ç

f�C pairs, the relative fluorescence

for Ç
f�A was different for all three oligomers. However, the

Ç
f�A exhibits another striking difference in comparison to the

other pairs, namely, 3–4 maxima are observed in the fluores-

cence spectra for all the oligomers. This unusual pattern does

not appear to be flanking sequence-dependent. The reasons for

this phenomenon, which is not observed for the other Çf-pairs,

except to a much smaller degree for the other purine (Çf�G),

are not clear at this time.

One possible explanation for the mismatch-sensing property

of Çf is the ability of the nucleobases to which it is paired to

quench the fluorescence of Çf to different extents. The fluor-

escence spectra of Çf in 100 mM solutions of the nucleotides

are shown in Fig. 3D, showing that the four spectra do not

overlap. Furthermore, the fluorescence data for Çf�G, Çf�T
and Çf�C in all the oligomers and for Çf in the presence of

dGMP, dTMP and dCMP show the same trend. This is an

indication that the mismatch-sensing of Çf originates in its

fluorescence quenching by T, C and G. Further experiments

are required to explain the fluorescence of Çf�A, relative to the

Fig. 2 Analysis of DNA oligomers by DPAGE. A. 50-d(GACCTCG-

CATCGTG), B. 50-d(GACCTCGÇATCGTG) and C. reduced

50-d(GACCTCGÇfATCGTG).

Table 1 Melting temperatures and photophysical properties of DNA
14-mer duplexes containing Çfa

Duplex M N TM
b/1C DTM

c/1C FF
d lem

e/nm

C�G C G 62.8
Çf�G Çf G 62.5 �0.3 0.086 450
C�A C A 50.7
Ç
f�A Çf A 53.6 +2.9 0.302 425, 449, 477

C�C C C 45.7
Ç
f�C Çf C 45.2 �0.5 0.222 443

C�T C T 47.7
Çf�T Çf T 50.6 +2.9 0.118 445

a 2 mM duplex in 10 mM sodium phosphate, 100 mM NaCl, 0.1 mM

Na2EDTA, pH 7.0. b The TM values are accurate within �0.5 1C.
c DTM is the difference in the TM value between a duplex where either a

C or Çf is paired with the same nucleotide. d The fluorescence quan-

tum yields (FF) were calculated23 using anthracene as a standard24

and the values are accurate within �0.015. e Fluorescence emission

maxima.

Fig. 3 A–C. Fluorescence spectra of DNA oligomers; single-stranded

(red), Çf�A (light blue), Çf�C (green), Çf�T (blue) and Ç
f�G (black)

pairs in oligomers containing the flanking sequences 50-d(-GÇfA-) (A),

50-d(-TÇfT-) (B), and 50-d(-TÇfC-) (C). D. Fluorescence spectra of Çf

in a 100 mM solution of either dAMP, dCMP, dTMP or dGMP.
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other pairs, and the unusual shape of the Çf�A fluorescence

spectra.

In conclusion, we have shown that nucleoside Çf can

distinguish between the four bases of DNA when incorporated

into a DNA oligomer and hybridized to a target strand. This

nucleoside, like other BDFs, can potentially be used in efficient

homogenous assays for SNP detection that do not require

enzymes or time-consuming steps, while avoiding hybridiza-

tion errors. It is noteworthy that Ç
f can easily distinguish

between the four bases of DNA with significant fluorescence

intensity even when placed in a sequence adjacent to a G�C
base-pair, which has been reported to substantially quench the

fluorescence of other BDFs containing fluorescent

bases.12,13,17 Thus, it appears that the phenoxazine moiety,

which Ç is based on, is a useful scaffold that could be used for

synthesis of other fluorescent BDF derivatives. For example,

BDFs that emit at higher wavelengths would enable the use of

instruments that are currently being used in functional DNA

technology for SNP analysis. Research along those lines, along

with a more detailed structural and functional analysis of Çf

will be reported in due course.
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