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ABSTRACT: A novel nonfluorescent alkyne-modified coumarin
phosphoramidite was synthesized and successfully incorporated into
oligonucleotides, which were then used in highly efficient DNA
interstrand cross-linking and ligation reactions via “click” chemistry. The
template-directed fluorogenic ligation “click” chemistry reaction was
used for single nucleotide polymorphism analysis, where the target
DNA catalyzes the ligation of two nonfluorescent probes to generate a
fluorescent product. The upstream oligonucleotide probe is a
nonfluorescent alkyne-modified coumarin and the downstream probe
is an azide-modified oligonucleotide. When bound to a fully
complementary template, the oligonucleotides ligated to produce a
fluorescent product with a fluorophore at the ligation point. Wild-type
and mutant p53 alleles were used to demonstrate that template-directed
fluorogenic oligonucleotide ligation is sequence-specific and is capable of single nucleotide discrimination under mild conditions,
even without the removal of unreacted probes.

■ INTRODUCTION
The sequence-specificity and high efficiency of DNA-directed
chemical reactions have enabled their use in a wide variety of
applications.1,2 Interstrand cross-linking (ICL) and ligation are
important components of DNA-templated reactions. Induction
of ICL by chemical agents or photoactivation disrupts cell
homeostasis and replication, and is therefore an important
strategy in cancer therapy.3 In addition, cross-linked DNA
duplexes have been used to study DNA repair,4 gene
regulation,5 and the reversible control of DNA hybridization,6

and have also been utilized as aptamers and decoys to sequester
DNA-binding proteins.7 On the other hand, DNA-templated
ligation reactions have been used to monitor and detect specific
nucleic acids2,8−11 or proteins. 12 Several important issues, such
as bioorthogonality, functional group tolerance, and detection
of the formed product, must be considered when designing
DNA-diagnostic chemical reactions. The “click” chemistry
reaction is a regioselective and bioorthogonal process that is
clean, fast, and high-yielding; can be operated in aqueous
solutions; is tolerant of other functional groups; and requires
minimal workup and purification.13,14 Therefore, this method is
ideal for addressing the issues related to DNA-diagnostic
chemical reactions.
The Cu(I)-catalyzed azide−alkyne cycloaddition (CuAAC)

reaction, which is the most prominent example of click
chemistry,13 has attracted particular attention for use in DNA
cross-linking and ligation, as well as a variety of other biological
reactions.14 “Click” chemistry has been used to cross-link

complementary DNA strands through modified nucleobases or
sugar moieties.15−22 CuAAC reactions have also been used for
peptide-nucleic acid ligations by our group and others.23,24

Recently, fluorogenic CuAAC reactions between nonfluores-
cent alkynes and azides that form triazole complexes with
enhanced fluorescence have been optimized. These reactions
generate a fluorescent signal that differs between the starting
material and the resulting product25−28 and have been widely
used in bioconjugation labeling29−31 and fluorogenic prob-
ing.32−34 However, to our knowledge, the fluorogenic “click”
method has not yet been used in DNA-directed reactions and
no applications in this field have been reported.
In this study, we used the CuAAC reaction to develop a

template-dependent fluorogenic “click” reaction capable of
single nucleotide discrimination and demonstrated its ability to
detect specific DNA sequences. DNAs containing non-
fluorescent alkyne-modified coumarin or an azide group were
employed as probes for DNA-templated ligation and ICL, and
were used to detect single nucleotide polymorphisms (SNPs)
in the human p53 tumor suppressor gene. The fluorogenic
“click” reaction occurred only in the presence of the mutant
p53 gene (Scheme 1).
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■ EXPERIMENTAL PROCEDURES
General Methods and Materials. Reagents were obtained

from Aldrich or Fisher Scientific and used as received without
further purification. Columns and phosphoramidites used for
the synthesis of oligodeoxynucleotides (ODNs) were pur-
chased from Glen Research. T4 polynucleotide kinase was
purchased from New England Biolabs. [γ-32P]-ATP was
obtained from Perkin-Elmer Life Sciences. Radiolabeling was
carried out according to the standard protocols.35 Quantifica-
tion of radiolabeled ODNs was carried out using a Molecular
Dynamics Phosphorimager equipped with ImageQuant version
5.2 software. Fluorescence spectra were recorded on a Perkin-
Elmer LS55 Fluorescence Spectrometer using the quartz cell
with 10 mm path lengths at room temperature. The
concentrations of ODNs in water were determined by Varian
CARY-100 BIO UV−vis spectrophotometer at 260 nm. 7-
Ethynyl-4-hydroxymethyl-chromen-2-one (6) and succinimidyl
5-azidovalerate (10) were prepared as described before.23,36,37

Detailed protocols for synthesizing 6 and 10 are described in
the Supporting Information. 1H NMR, 13C NMR, and 31P
NMR spectra were recorded on a Bruker DRX 300 MHz
spectrophotometer. Chemical shifts (δ) are reported in ppm
relative to Me4Si (

1H and 13C) or H3PO4 (31P). Coupling
constants (J) are reported in Hz. Mass spectrometry was
performed in Prof. Jack W. Szostak’s lab at the Harvard
University and University of California-Riverside Mass
Spectrometry Lab.
7-Ethynyl-4-hydroxymethylchromen-2-O-(2-cya-

noethyl-N,N-diisosopropyl) Phosphoramidite (7). To a
solution of 6 (20 mg, 0.1 mmol) in dichloromethane (2 mL),
N,N-diisopropylethylamine (DIPEA) (33.6 μL, 0.18 mmol),
and 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (33.6
μL, 0.15 mmol) were added under an atmosphere of argon.
The reaction mixture was stirred at room temperature for 3 h
and diluted with EtOAc (30 mL). The organic layer was
washed with water (20 mL × 2) and saturated aqueous NaCl
(20 mL), and dried over anhydrous sodium sulfate. The solvent
was removed under reduced pressure. The crude product was
purified by column chromatography (EtOAc:hexane:Et3N =
66:33:1) yielding 7 as a white solid (28 mg, 70%). 31P (CDCl3,
300 MHz): δ 149.38. 1H NMR (CDCl3, 300 MHz): δ 7.50 (d, J
= 8.1 Hz, 1 H), 7.46 (s, 1 H), 7.28 (d, J = 8.1 Hz, 1 H), 6.61 (s,
1 H), 4.87 (t, J = 6.3 Hz, 1 H), 3.66−3.99 (m, 4 H), 3.28 (s, 1
H), 2.67 (t, J = 6.3 Hz, 1 H), 1.25 (d, 12 H). 13C NMR
(CDCl3): δ 160.4, 153.2, 151.7, 151.6, 127.9, 125.6, 120.6,
117.8, 117.6, 113.3, 82.0, 61.6, 61.3, 58.5, 58.2, 43.6, 43.4, 24.7,
20.6, 20.5.
Preparation of Oligodeoxynucleotides. ODNs were

synthesized via the standard phosphoramidite approach using
an Applied Biosystems model 394 instrument on a 1.0 μmol
scale. Unless otherwise specified, deprotection of the
nucleobases and phosphate moieties as well as cleavage of the
linker were performed under mild deprotection conditions
(40% aq. MeNH2 and 28% aq. NH3, v/v = 1:1) at room

temperature for 2 h. The crude ODNs were purified by 20%
denaturing polyacrylamide gel electrophoresis (PAGE). Com-
pound 7 was incorporated into ODNs using the phenoxyacetyl
(PAC) phosphoramidites. Deprotection and cleavage were
carried out with 28% aq. NH3 at room temperature for 2 h. C7-
Aminoalkyl ODNs were prepared using 3′-amino-modifier C7
CPG columns. Deprotection and cleavage of the ODNs were
carried out with 28% aq. NH3 at 55 °C for 12 h. To introduce
the azido group at the 3′-terminus, 100 nmol of C7-aminoalkyl
ODNs in 0.5 M Na2CO3/NaHCO3 buffer (pH 8.75, 40 μL)
were incubated at room temperature for 4 h in the presence of
succinimidyl-4-azidobutyrate (10) (20 μmol) in DMSO (12
μL) (Scheme 3).22

Determination of DNA Melting Temperature. The
thermal stability of DNA duplexes was determined on a Varian
CARY-100 BIO UV−vis spectrophotometer with the Cary Win
UV Thermal program using a 1.0 cm path-length cell. All
measurements were performed in 10 mM potassium phosphate
buffer (pH 7), 100 μM ethylenediaminetetraacetic acid

Scheme 1. Detection of a Mutated p53 Gene by a
Fluorogenic “Click” Reaction

Table 1. Oligodeoxynucleotides Used in the Study
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(EDTA), and 100 mM NaCl, with 4 μM + 4 μM single strand
concentration. The concentrations of the ODNs were
determined by measuring the absorbance at 260 nm. The
extinction coefficients at 260 nm of the ODNs were calculated
from the sum of the extinction coefficients of the monomeric
2′-deoxyribonucleotides. Samples were heated at 1 °C min−1

from 4 to 80 °C and the absorbance at 260 nm was measured at
1.0 °C steps. Three independent samples have been determined
to get the melting temperatures of DNA duplexes.
PAGE Analysis of Template-Directed “Click” Ligation

Reaction and the Kinetics Study. The 5′-32P-labeled ODN
8 (ODN 10 or ODN 4) (500 nM), ODN 11 (750 nM), and
templates (ODN 12a−d, 750 nM) were hybridized in 100 mM
NaCl and 10 mM potassium phosphate (pH 7). The “click”
ligation of DNA duplexes (50 nM) was performed in the same
buffer (10 mM pH 7 potassium phosphate, 100 mM NaCl)
under the optimized conditions (80 mM THPTA/4 mM
CuSO4/40 mM Na-ascorbate) at the designed temperature. A
control reaction was carried out in the absence of templates.
Aliquots were taken at the prescribed times and immediately
quenched with the equal volume of 95% formamide loading
buffer, and stored at −20 °C until subjecting to 20% denaturing
PAGE analysis. For kinetics study, three independent samples
were studied with the same procedures mentioned above.
Isolation of the Interstrand Cross-Link Product. ODN

4 (20 μM) and its complementary strand ODN 5 (1.5 equiv)
were hybridized in 100 mM NaCl and 10 mM potassium
phosphate buffer (pH 7). The cross-linking reaction of DNA
duplex (10 μM, 200 μL) was carried out in 10 mM potassium
phosphate (pH 7) and 100 mM NaCl in the presence of 80
mM THPTA/4 mM CuSO4/40 mM Na-ascorbate at room
temperature for 1 h. Then, 2 M NaCl solution (200 μL) and
cold ethanol (1.2 mL) were added, the mixture was incubated
at −80 °C for 30 min and DNA was precipitated by
centrifugation at 15000 g for 6 min at room temperature.
ODN 15 was purified by 20% denaturing PAGE. The band
containing the cross-linked product was cut, crushed, and
eluted with 200 mM NaCl, 20 mM EDTA (2.0 mL). The crude
product was further purified by C18 column eluting with H2O
(3 × 1.0 mL) followed by MeOH:H2O (3:2, 1.0 mL). ODN 15
was characterized by MALDI-TOF and fluorescence spectros-
copy. Its fluorescence (10 μM) was measured in water on a
Perkin-Elmer LS55 Fluorescence Spectrometer.
Detection of Interstrand Cross-Linking by Fluores-

cence Spectroscopy. The “click” reaction of DNA duplexes
(0.2 μM, 200 μL) was performed in 10 mM potassium
phosphate (pH 7) and 100 mM NaCl in the presence of 80
mM THPTA/4 mM CuSO4/40 mM Na-ascorbate for 1 h. The
reaction mixture was precipitated by adding 2.0 M NaCl (30
μL) and cold ethanol (690 μL), keeping at −80 °C for 30 min.
The DNA precipitates were collected by centrifugation at
15000 g for 6 min at room temperature. The precipitation
procedures were repeated twice. Finally, the DNA precipitates
were dissolved in 50 μL H2O and subjected to gel-filtration on
an Illustra G-25 column (GE Healthcare) to remove the
catalyst and salts. The final product was dissolved in 100 μL
water for fluorescence measurement.
Isolation of “Click” Ligation Products. ODN 10 (20

μM), ODN 11 (1.5 equiv), and ODN 12a (1.5 equiv) were
hybridized in 100 mM NaCl and 10 mM potassium phosphate
(pH 7). The “click” ligation of DNA duplexes (10 μM, 170 μL)
were carried out in 10 mM potassium phosphate (pH 7) and
100 mM NaCl under the optimized conditions (80 mM

THPTA/4 mM CuSO4/40 mM Na-ascorbate, room temper-
ature, 3 h). The reaction mixture was precipitated by adding 2.0
M NaCl (30 μL), cold ethanol (600 μL), and keeping at −80
°C for 30 min. The precipitates were dissolved in 50 μL H2O
and 50 μL loading buffer (10 mM EDTA, 95% formamide).
The ligation products were purified by 20% denaturing PAGE.
The band containing ligated product was cut, crushed, and
eluted with 200 mM NaCl, 20 mM EDTA (2.0 mL). The crude
product was further purified by C18 column eluting with H2O
(3 × 1.0 mL) followed by MeOH:H2O (3:2, 1.0 mL). The
ligation product was characterized by MALDI-TOF. The
fluorescence of ODN 16 (10 μM) was measured in water on
a Perkin-Elmer LS55 Fluorescence Spectrometer.

Detection of SNPs in P53 Tumor Suppressor Gene
with DNA-Templated Fluorogenic “Click” Reaction.
ODN 10 (0.4 μM) and ODN 11 (1.5 equiv) were hybridized
with DNA templates (ODNs 12a−d, 1.5 equiv) in 100 mM
NaCl and 10 mM potassium phosphate (pH 7). The “click”
ligation reaction of DNA duplexes (0.2 μM, 200 μL) was
carried out in 10 mM potassium phosphate (pH 7) and 100
mM NaCl under the optimized conditions (80 mM THPTA/4
mM CuSO4/40 mM Na-ascorbate, room temperature, 3 h).
After 3× precipitations (30 μL 2 M NaCl/690 μL ethanol, −80
°C, 30 min), the DNA precipitates were dissolved in 50 μL
water and subjected to gel-filtration on an Illustra G-25 column
(GE Healthcare). The DNA was reprecipitated, dissolved in
100 μL water, and the fluorescence determined.

■ RESULTS AND DISCUSSION

Experimental Design and Synthesis of Oligodeox-
ynucleotides. The aim of this study was to develop a simple
and effective DNA-templated fluorogenic reaction using “click”
chemistry, to demonstrate its ability to cross-link and ligate
DNA, and to evaluate its application for the detection of
specific nucleic acid sequences. Nonfluorescent DNA probes
that could be covalently bound via a CuAAC reaction were
designed. The use of nonfluorescent probes ensures a low
background signal that improves the sensitivity of DNA
detection. Covalent attachment between the two probes
produces a permanent fluorescent signal and does not require
removal of unreacted probes by stringent washing. Initially, we
chose coumarin derivatives as fluorogenic reporters because
they are biocompatible and easy to prepare, and their
fluorescence intensities can be tuned by varying the electronic
properties of the substituents at the aromatic rings.26

Coumarin analogues containing an alkyne group at the 7-
position or an azido group at the 3-position are nonfluorescent
but can undergo a “click” reaction to generate a fluorescent
product via formation of a triazole moiety.26 Azide groups
interact with phosphoramidite substrates via the Staudinger
reaction and are not compatible with solid-phase DNA
synthesis;38 therefore, alkyne-modified coumarin was used as
the reporter, which was incorporated at the 5′-terminus of
DNA probes. The phosphoramidite building block (Compound
7) of 7-ethynyl-4-hydroxymethylchromen-2-one (Compound
6) was prepared as shown in Scheme 2. Compound 6 was
synthesized as described previously (see Supporting Informa-
tion).36 PAC phosphoramidites were employed for synthesizing
oligodeoxynucleotides (ODNs) containing alkyne-modified
coumarin because a very mild deprotection condition can be
used, which prevents the decomposition of the functionalized
DNA probes.
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As shown in Scheme 3, ODNs containing an azide group at
the 3′-terminus (ODNs 4, 8, and 10) were generated as a result

of the reaction between 3′-amino-modifier C7-ODNs and
succinimidyl-4-azidobutyrate (Compound 10). Compound 10
was synthesized from methyl 4-bromobutanoate (see Support-
ing Information). All ODNs were purified by 20% denaturing
PAGE. The generation of ODNs containing alkyne-modified
coumarin or an azide group was confirmed by mass
spectrometry (Figures S2−6, Supporting Information).
Effect of the Alkyne-Modified Coumarin and Azide

Groups on ODN Duplex Stability. The efficiency and
sequence-selectivity of DNA-templated chemical reactions
depend on the formation of a stable DNA duplex and the
mismatch discrimination of the modified DNA probes,
respectively. In order for coumarin or an azide group to be
useful components of a probe capable of specific detection of a
complementary sequence, they must not disrupt the mismatch
discrimination ability of the probe. Therefore, the duplex
stabilities of ODNs containing an alkyne-modified coumarin
moiety or an azide group were examined (Table 2). The
melting temperature (Tm) of the duplex formed between
ODNs lacking coumarin moieties or azide groups was 53.1 °C
(ODN 2-ODN 1). Addition of a coumarin moiety increased
the Tm by 3.6 °C (ODN 2-ODN 5), while addition of an azide

group (ODN 4-ODN 1) slightly decreased the duplex stability
(ΔTm = −0.4 °C, relative to the ODN 2-ODN 1 duplex). The
ODN 4-ODN 5 duplex, which contained a coumarin moiety
and an opposing azide group, showed the greatest stability
(ΔTm = 4.6 °C). The addition of the coumarin moiety and the
azide group to the ODN probes did not affect the mismatch
discrimination between dC and dA (ΔTm = −17.4; ODN 4-
ODN 6). These data suggest that both azide and coumarin
moieties can be used as reporters for ODN probes designed to
detect SNPs.

Fluorogenic DNA Interstrand Cross-Linking via “Click”
Reaction. The ODN probes described above were designed to
target the region surrounding codon 248 in exon 7 of the p53
gene. This gene is often mutated in human cancer and an A to
G nucleotide transition is frequently observed at codon
248.39,40 ODN 4 was designed to discriminate between a
perfectly matched sequence containing dG at codon 248 (ODN
5) and a mismatched sequence containing dA at the same
position (ODN 6). A fluorogenic DNA ICL reaction using
“click” chemistry was performed using ODN 4, which
contained an azide group at the 3′-terminus, and ODN 5,
which contained an alkyne-modified coumarin moiety at the 5′-
terminus; the resulting duplex was named ODN 15 (Figure
1A). To ensure complete formation of the duplex, the “click”

Scheme 2. Synthesis of the Alkyne-Modified Coumarin
Phosphoramidite Building Block 7 from 7-Ethynyl-4-
hydroxymethylchromen-2-one (6)

Scheme 3. Synthesis of ODNs Containing an Azide Group

Table 2. Duplex Melting Temperaturesa

Duplex Tm (°C) ΔTm (°C)

5′-d(GCC TC C GGT TCA) (ODN 2) 53.1 ± 0.3
3′-d(CGG AGG CCAGT) (ODN 1)
5′-d(GCC TC C GGT TCAZ) (ODN 4) 52.7 ± 0.4 −0.4
3′-d(CGG AGG CCA AGT) (ODN 1)
5′-d(GCC TC C GGT TCA) (ODN 2) 56.7 ± 0.4 +3.6
3′-d(CGG AGG CCA AGT6) (ODN 5)
5′-d(GCC TC C GGT TCAZ) (ODN 4) 57.7 ± 0.8 +4.6
3′-d(CGG AGG CCA AGT6) (ODN 5)
5′-d(GCC TC C GGT TCAZ) (ODN 4) 40.3 ± 0.3 −17.4
3′-d(CGG AGA CCA AGT6) (ODN 6)

aMeasured in a buffer containing 0.1 M NaCl, 10 mM potassium
phosphate (pH 7), and 4 μM of each single-stranded ODN.

Figure 1. (A) Fluorogenic DNA ICL reaction between ODN 4 and
ODN 5. The mutated nucleotide in codon 248 of the p53 sequence is
shown in red. (B) Phosphorimage autoradiogram of denaturing PAGE
analysis of the “click” reaction between ODN 4 and ODN 5 ([ODN
4] = 50 nM, [ODN 5] = 75 nM) (ODN 4 was labeled with 32P at the
5′-terminus). The reaction was performed at room temperature with
THPTA, CuSO4, and sodium ascorbate at a ratio of 20:1:10.
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reaction was performed in 10 mM potassium phosphate buffer
(pH 7) containing 100 mM NaCl. Gel electrophoresis was
initially used to examine the efficiency of the ICL between
ODNs 4 and 5. ODN 4 was labeled at the 5′-terminus with 32P
and the cross-linking reaction was performed at room
temperature in the presence of Cu[I] and Tris-
(hydroxypropyltriazolylmethyl)amine (THPTA). Cu[I] was
generated in situ from CuSO4 and sodium ascorbate, and was
bound to its water-soluble ligand THPTA, which greatly
reduced the degradation of ODNs and increased the yield of
the “click” reaction.41,42 The DNA ICL reaction between ODN
4 and ODN 5 was highly efficient; a yield of approximately 90%
was produced within 30 min (Figure 1B, lane 2). A control
reaction performed in the absence of CuSO4, sodium ascorbate,
and THPTA did not produce a cross-linked product. Reduction
of the catalyst concentration produced a lower yield (79%;
Figure 1B, lane 5). The rate of DNA ICL followed first-order
kinetics (kICL = (1.1 ± 0.2) × 10−3 s−1; t1/2 = 10.5 min; Figure
S7B, Supporting Information). Apart from formation of the
cross-linked product, a byproduct (DNA*) was observed
(Figure 1B, lanes 2−5), which is likely caused by the side
reaction between azide-modified DNA and the ligand as it was
not formed in the absence of the ligand (Figure 1B, lane 1).
This has been reported in our previous work.23 The cross-
linked product (ODN 15) was purified by gel electrophoresis
and characterized by MALDI-TOF (m/z = 7914.1 [M+K]+;
calcd. m/z = 7914.0; Figure S8, Supporting Information).
Fluorescence spectroscopy revealed that the fluorescence

intensity of the cross-linking product ODN 15 was five times
higher than that of a mixture of unreacted ODN 4 and ODN 5
(10 μM each) (Figure 2A). This result is consistent with a
previous study, which demonstrated that addition of an alkyne
group at the 7-position quenches the fluorescence of a
coumarin moiety, while the formation of a triazole moiety
restores the fluorescent signal.36 Our results indicated that the
restored fluorescence was not quenched by duplex DNA;
therefore, alkyne-modified coumarin is a suitable reporter group
for DNA-templated fluorogenic reactions. Fluorescence spec-
troscopy was also used to monitor the DNA ICL reaction. The
fluorescence of the reaction mixture was measured before and
after completion of the “click” reaction. Enhanced fluorescence
intensity was observed upon addition of the catalyst (80 mM
THPTA, 4 mM CuSO4, and 40 mM sodium ascorbate) (Figure
2B), demonstrating that the DNA cross-linking reaction can be
monitored by fluorescence spectroscopy.
Finally, the selectivity of the DNA-templated fluorogenic

“click” reaction, which depended on the reaction temperature
and duplex stability, was examined. A cross-linked product
containing a single nucleotide mismatch (Figure S9B,
Supporting Information) was formed after incubation of
ODN 4 with ODN 6 at room temperature. The cross-linking
yield was comparable to that obtained with ODN 4 and its
perfectly matched ODN 5 complement. However, the
discriminative ability of ODN 4 toward ODN 5 and ODN 6
(approximately 10:1) was achieved when the reaction was
performed at 45 °C, which is slightly higher than the Tm of the
mismatched duplex (Figure 3). The perfectly matched duplex
(ODN 4-ODN 5) resulted in efficient ICL (yield of 83%),
while the ICL yield of the mismatched duplex (ODN 4-ODN
6) was less than 8%. These data indicate that the DNA-
templated fluorogenic “click” reaction is sequence-specific and
has the potential to be used for SNP detection.

Figure 2. (A) Fluorescence emission spectra of the gel-purified cross-
linking product (ODN 15; 10 μM) (solid line) and a mixture of
unreacted ODN 4 (10 μM) and ODN 5 (10 μM) (dashed line) (λex =
330 nm, slit width = 10 nm; λem = 410 nm, slit width = 10 nm). (B)
Fluorescence emission spectra of a reaction mixture containing ODN
4 (0.4 μM) and ODN 5 (0.4 μM) in the presence (solid line) or
absence (dashed line) of 80 mM THPTA, 4 mM CuSO4, and 40 mM
sodium ascorbate (λex = 330 nm, slit width = 5 nm; λem = 410 nm, slit
width = 15 nm). Reactions were incubated for 1 h at room
temperature; the catalyst, ligand, and salts were removed by
precipitation and by passing the reaction mixture through an Illustra
G-25 column. The spectra were measured in water (pH 7) at room
temperature.

Figure 3. Phosphorimage autoradiogram of denaturing PAGE analysis
of the “click” cross-linking reaction capable of single nucleotide
discrimination. Lane 1, ODN 4-ODN 5 in the absence of THPTA,
CuSO4, and sodium ascorbate; lane 2, ODN 4-ODN 5 in the presence
of THPTA, CuSO4, and sodium ascorbate; lane 3, ODN 4-ODN 6 in
the absence of THPTA, CuSO4, and sodium ascorbate; lane 4, ODN
4-ODN 6 in the presence of THPTA, CuSO4, and sodium ascorbate.
The “click” reactions were performed at 45 °C for 30 min; [ODN 4] =
50 nM, [ODN 5] = 75 nM, [ODN 6] = 75 nM (ODN 4 was labeled
with 32P at the 5′-terminus).
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DNA-Templated Fluorogenic “Click” Ligation and
Single Nucleotide Discrimination. Our preliminary experi-
ments established that the fluorogenic “click” ICL reaction can
be used to detect SNPs in DNA sequences. However, DNA
cross-linking has some limitations because it requires both
probe and target to be modified with either an azide or an
alkyne moiety, and modification of the target ODNs at specific
positions is difficult. This problem can be overcome by
developing a template-directed fluorogenic “click” ligation
reaction, in which two modified probes that are complementary
to a native target are employed. Development of DNA probes
that are capable of undergoing sequence-specific fluorogenic
“click” ligation reactions requires systematic design of suitable
length ODNs, as well as optimization of the distance between
the two probes, the reaction conditions, and the workup
procedures.
A number of templates (ODNs 12a−d) containing

sequences that flank and include codon 248 in exon 7 of the
p53 gene were generated. ODN 12b contained the wild-type
genetic sequence, while ODN 12a contained the mutated G
nucleotide associated with cancer. A 12-mer ODN (ODN 11),
which contained an alkyne-modified coumarin at the 5′-
terminus and was complementary to the 5′ region of the
templates (upstream of the SNP site), was used as the first
probe. ODN 4, which contained an azide group and was
complementary to the 3′ region of the templates (upstream of
the SNP site), was initially used as the second probe (Figure
4A); there was no nucleotide gap between the ODN 4 and
ODN 11 sequences. ODN 4 and ODN 11 were efficiently
ligated with a yield of 89% in the presence of the perfectly
matched target (ODN 12a). The “click” ligation followed first-
order kinetics (kL = 2.88 × 10−3 s−1) and was complete within 3
h when the reaction mixture was incubated at 28 °C (Figure
S10B, Supporting Information). The probes were unable to
discriminate between the perfectly matched ODN 12a template
and the mismatched ODN 12b template when the “click”
reaction was performed at room temperature; under these
conditions, ODN 12b produced a yield of 84% ligated product
18 (Figure S11A, Supporting Information). However, excellent
selectivity was achieved when the reaction temperature was
increased to 45 °C, which is higher than the Tm of the
mismatched duplex (40 °C for ODN 4-ODN 12a) (Figure
S11B, Supporting Information).
To be compatible with mild conditions, the fluorogenic

“click” ligation reaction must show sequence-selectivity at room
temperature; therefore, the lengths of the probes were
optimized in an attempt to achieve this requirement. Two
truncated versions of ODN 4, namely, ODN 8 (8-mer) and
ODN 10 (9-mer), were designed and the Tms of the DNA
duplexes were determined (Table 3). Stable duplexes were
formed between the perfectly matched template (ODN 14a)
and ODN 8 or ODN 10; the Tms of the duplexes were 37.5 and
44.1 °C, respectively (Table 3). The Tms of the mismatched
duplexes formed between ODN 8 or ODN 10 and templates
containing a SNP at codon 248 (ODNs 14b−d) were lower
than room temperature (<15 °C for the ODN 8-ODN 14b−d
duplexes and <21.5 °C for the ODN 10-ODN 14b−d
duplexes) (Table 3). These data indicate that both probes
could discriminate perfectly matched template (ODN 14a)
from mismatched templates (ODN 14b−d) at room temper-
ature with a ΔTm of greater than 22 °C.
To avoid steric hindrance between the azide and coumarin

moieties, ODN 8 and ODN 10 were designed to be positioned

one nucleotide downstream from ODN 11 (Figure 4A). The
“click” ligation reaction between ODN 11 and ODN 8 or ODN
10 was performed in the presence of ODNs 12a−d as target
templates (Figure 4A). As expected, the ligation reactions were
more efficient in the presence of the matched ODN 12a
template (Figure 4B and C, lane 2) than the mismatched ODN
12b−d templates (Figure 4B and C, lanes 3−5); however, the
ligation yield of ODN 8 (14.8%; Figure 4B, lane 2) was
markedly lower than that of ODN 10 (90.0%; Figure 4C, lane
2), which is possibly due to the relatively low Tm of ODN 8. In
most cases, not all wild-type targets are mutated identically;
some targets remain intact while others undergo different
mutations. Therefore, the ability of ODN probes to detect a
matched template in a mixture of different mismatched

Figure 4. (A) DNA sequences (ODNs 4, 8, 10, 11, and 12a−d) used
in the DNA-templated “click” ligation reaction. (B,C) Phosphorimage
autoradiogram of denaturing PAGE analysis of the “click” ligation
reactions between 75 nM ODN 11 and 50 nM ODN 8 (B) or ODN
10 (C) (ODN 8 or ODN 10 was labeled with 32P at the 5′-terminus).
Reactions were performed in the absence (lane 1) or presence (lanes
2−5) of 75 nM ODN 12a, b, c, or d; the presence of a mixture of
ODNs 12a−d (50 nM each) (lane 6); or the presence of a mixture of
ODNs 12b−d (50 nM each) (lane 7). All “click” reactions were
performed at room temperature for 3 h in the presence of THPTA,
CuSO4, and sodium ascorbate.
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templates is important for their use in cellular applications. To
investigate whether the ODN probes designed in this study
were capable of functioning under cellular conditions, the
fluorogenic “click” ligation of ODN 10 and ODN 11 was
performed in the presence of a mixture of matched (ODN 12a)
and mismatched (ODN 12b−d) templates. An efficient ligation
reaction with a yield of 74% was observed under these
conditions (Figure 4C, lane 6), while only a trace amount of
ligation product was observed in the presence of a mixture of
the mismatched ODNs 12b−d only (Figure 4C, lane 7).
ODNs 10, 11, and 12a were used to optimize the reaction

conditions for the template-directed “click” ligation reaction.
Optimization involved varying the ratio of THPTA to CuSO4
(Figure S12A, Supporting Information), the concentration of
CuSO4 (Figure S12B, Supporting Information), and the ratio of
CuSO4 to sodium ascorbate (Figure S13, Supporting
Information). The ratio of THPTA to CuSO4 had a large
effect on the ligation efficiency; the optimum ratio was
determined to be 20:1. The minimum concentrations of
CuSO4 and sodium ascorbate required for an efficient “click”
ligation were determined to be 4 mM and 8 mM, respectively.
The optimum conditions (80 mM THPTA, 4 mM CuSO4, and
40 mM sodium ascorbate; incubation for 3 h at 25−28 °C)
were used in all subsequent “click” ligation reactions and DNA
detection procedures.
The rate constant for formation of a ligation product

between ODN 10 and ODN 11 (kL= (2.3 ± 0.3) × 10−4 s−1;
t1/2 = 49.6 min; Figure S14B, Supporting Information) was
within the experimental error of that for ODN 4 and ODN 11
(kL= (2.9 ± 0.4) × 10−4 s−1; t1/2 = 40.1 min; Figure S10B,
Supporting Information). ODN 4 and ODN 11 are positioned
immediately adjacent to each other, whereas a single nucleotide
gap is present between ODN 10 and ODN 11. Therefore, these
data suggest that a nucleotide gap between the two probes does
not affect the ligation reaction. However, the rate of the “click”
ligation reaction was approximately four times slower than that
of the “click” ICL reaction (kICL = (1.1 ± 0.2) × 10−3 s−1;
Figure S7B, Supporting Information). The ODN 11-ODN 10

ligation product (ODN 16) was isolated and characterized by
MALDI-TOF (m/z = 6830.5 [M+H]+, calcd. m/z = 6831.3;
Figure S15, Supporting Information). The fluorescence
intensities of ODN 16 (10 μM) and a mixture of unreacted
ODN 10 (10 μM) and ODN 11 (10 μM) were measured. The
fluorescence intensity was enhanced approximately 11-fold (λem
415 nm) following formation of the ligation product (Figure
5A). Therefore, a highly efficient fluorogenic “click” ligation
reaction capable of single nucleotide discrimination at room
temperature was achieved by using a 9-mer ODN probe.

Detection of SNPs in the p53 Tumor Suppressor Gene
using a Fluorogenic “Click” Ligation Reaction. Having
developed a fluorogenic “click” ligation reaction capable of
single nucleotide discrimination, the utility of this method for
detecting SNPs was evaluated using wild-type and mutant p53
alleles. The ODN 12a−d templates were hybridized with
equimolar concentrations of ODN 10 and 11. THPTA, CuSO4,
and sodium ascorbate were added to the mixture to initiate the
ligation reaction and the samples were incubated at 25 °C for 3
h. After removal of the catalyst, ligand, and salts by

Table 3. Melting Temperatures of the Duplexes Formed
Between Matched and Mismatched Targets of ODN 8 and
ODN 10a

Duplex Tm (°C)

5′-dTGAACCGGAG-3′ (ODN 14a)
37.5 ± 0.5

3′-dZCTTGGCCT (ODN 8)
5′-dTGAACCAGAG-3′ (ODN 14b)

<15
3′-dZCTTGGCCT (ODN 8)
5′-dTGAACCTGAG-3′ (ODN 14c)

<15
3′-dZCTTGGCCT (ODN 8)
5′-dTGAACCCGAG-3′ (ODN 14d)

<15
3′-dZCTTGGCCT (ODN 8)
5′-dTGAACCGGAG-3′ (ODN 14a)

44.1 ± 0.6
3′-dZCTTGGCCTC (ODN 10)
5′-dTGAACCAGAG-3′ (ODN 14b)

21.5 ± 0.5
3′-dZCTTGGCCTC (ODN 10)
5′-dTGAACCTGAG-3′ (ODN 14c)

21.2 ± 0.5
3′-dZCTTGGCCTC (ODN 10)
5′-dTGAACCCGAG-3′ (ODN 14d)

19.9 ± 0.5
3′-dZCTTGGCCTC (ODN 10)

aMeasured in a buffer containing 0.1 M NaCl, 10 mM potassium
phosphate (pH 7), and 4 μM of each single-strand ODN. The position
of the mismatch in ODNs 14b−d of the p53 sequence is underlined.

Figure 5. (A) Fluorescence emission spectra of the gel-purified
ligation product (ODN 16; 10 μM) (solid line) and a mixture of
unreacted ODN 10 (10 μM) and ODN 11 (10 μM) (dashed line) (λex
= 330 nm, slit width = 10 nm; λem = 410 nm, slit width = 10 nm) in
water (pH 7) at room temperature. (B) Fluorescence emission spectra
of a reaction mixture containing 0.4 μM ODN 10 and 0.4 μM ODN
11 in the presence of different templates (ODNs 12a−d) in water at
the r.t. The catalyst, ligand, and salts were removed by precipitation
and by passing the reaction through an Illustra G-25 column. λex = 330
nm, slit width = 5 nm; λem = 440 nm, slit width = 15 nm. The spectra
were measured in water (pH 7) at room temperature.
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precipitation and by passing the reaction mixture through an
Illustra G-25 column, the DNAs were dissolved in water and
their concentrations were determined by measuring absorbance
at 260 nm with a Varian CARY-100 BIO UV−vis
spectrophotometer. The fluorescence intensity of 0.4 μM
DNA was measured using a Perkin-Elmer LS55 fluorescence
spectrometer. A control reaction was performed under the
same conditions in the absence of templates. The measured
fluorescence spectra were background corrected to the signal
from the control sample. The fluorescent signal was greatly
enhanced in the presence of the perfectly matched ODN 12a
target, indicating the occurrence of the fluorogenic “click”
ligation reaction (Figure 5B). However, the fluorescent signal
was not detectable above background levels in the presence of
the mismatched ODN 12b−d templates. ODN 10 and ODN
11 showed 10−20-fold selectivity (calculated as Fmatched/
Fmismatched) for the matched versus mismatched target
sequences, without the need to remove unreacted probes.
Therefore, the fluorogenic “click” ligation reaction can be used
for SNP detection under mild conditions and removal of
unreacted probes is not essential.
The fluorescence intensity of the ligation product ODN 16

(F = 360) was higher than that of the ICL product ODN 15 (F
= 210) at the same concentration (10 μM) (Figure S16,
Supporting Information). This result indicates slight fluores-
cence quenching of the cross-linking product but not the
ligation product. Charge transfer processes between nucleo-
bases and fluorophores in duplex DNA quench the fluorescence
intensity of the fluorophores.43 The ICL product exists as a
duplex that allows more efficient charge transfer from the
coumarin moiety to the nucleobases, which may account for the
decreased fluorescence intensity. By contrast, the ligation
product is a single-stranded DNA species, which prohibits
DNA charge transfer. Overall, the fluorogenic “click” ligation is
an excellent chemical reaction for specific DNA sequence
detection.

■ CONCLUSION

This report describes the development of a DNA-templated
fluorogenic “click” reaction that employs a nonfluorescent
alkyne-modified coumarin moiety. The “click” reaction was
used to ligate and cross-link two oligonucleotide strands, which
resulted in the formation of an enhanced fluorescent signal.
The fluorogenic “click” ligation and cross-linking reactions are
sequence-specific and are capable of rapid and easy detection of
DNA sequences with single nucleotide discrimination under
mild conditions. The use of nonfluorescent DNA probes
ensures a low background signal, which improves the sensitivity
of the technique. The covalent attachment of two probes via
“click” chemistry produces a permanent fluorescent signal,
which avoids the need to remove unreacted probes with
stringent washing procedures. This approach may be useful for
in vivo nucleic acid detection, as well as for the construction of
fluorogenic nanomaterials. The approach described here could
potentially be extended to develop strategies that enable
inexpensive, reliable, and accurate SNP analysis without the use
of costly equipment and reagents. Further investigations are
currently underway to develop a Cu-free fluorogenic “click”
reaction and methods for signal amplification.
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