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A Linear Beacon System Featuring an Internal Deoxyguanine Quencher 
Allows Highly Selective Detection of Single Base Mismatches
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The fluorescence intensity of a single-stranded oligonucleotide containing a fluorene-labeled deoxyuridine (UFl) unit 
increases by only 1.5-fold upon formation of its perfectly matched duplex. To increase the fluorescence signal during 
hybridization, we positioned a quencher strand containing a deoxyguanine (dG) nucleobase, functioning as an internal 
quencher, opposite to the UFl unit to reduce the intrinsic fluorescence upon hybridization with a probe. From an investiga-
tion of the optimal length of the quencher strand and the effect of the neighboring base sequence, we found that a short 
strand (five-nucleotide) containing all natural nucleotides and dG as an internal quencher was effective at reducing the 
intrinsic fluorescence of a linear beacon; it also exhibited high total discrimination factors for the formation of perfectly 
matched and single base-mismatched duplexes. Such assays that function based on clear changes in fluorescence in 
response to single-base nucleotide mutations would be useful tools for accelerating diagnoses related to various 
diseases.
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Figure 1. A linear beacon system designed in this study.

Introduction

Typical molecular beacons (MBs) are single-stranded oligo-
deoxynucleotides (ODNs) that, unless bound to their targets, 
possess a hairpin conformation. The 5' end of such an MB fea-
tures a fluorescent dye; a quencher dye is covalently attached 
to the 3' end. Therefore, when the beacon is not bound to its 
target, the hairpin structure positions the fluorophore and quen-
cher in close proximity and no fluorescence is observed.1 Se-
veral methods for the detection of single-nucleotide polymor-
phisms (SNPs) have been established, based on fluorescence 
responses upon allele-specific hybridization,2 enzymatic reac-
tions,3 DNA chips,4 and nanoparticles.5

Recently, we reported a new single-stranded, quencher-free 
MB for SNP typing; it consisted of only a single fluorophore (a 
fluorene-labeled deoxyuridine, UFl) positioned in the hairpin 
loop.6 When this MB undergoes DNA hybridization, it can dis-
criminate between fully matched and single base-mismatched 
sequences. When the fluorene unit is intercalated (located) with-
in a DNA duplex in the absence of base pairing (mismatched 
duplex), the fluorescence of the UFl unit is quenched as a result 
of photoinduced charge transfer originating from interactions 
with its neighboring nucleobases. The major drawback of this 
quencher-free MB system is its poor detection sensitivity, due 
to its intrinsic emission intensity. In this study, we employed a 
completely natural strand containing a deoxyguanine (dG) nu-
cleobase, known to be an internal quenching base because of 
its good electron-donating property,7-9 to minimize the intrinsic 
fluorescence of our MB system (Figure 1). We investigated sev-
eral parameters to improve the performance of the quencher, 
including its sequence dependency and neighboring base ef-
fects. We observed a clear improvement in the detection sen-
sitivity for the perfectly matched target when using this internal 
quencher-probe system. Indeed, our quencher-free linear bea-
con probe appears to be a useful tool for SNP typing.

Experimental Section

Synthesis of oligonucleotides. A fluorene-labeled phosphora-
midite was synthesized as described.6 ODNs were prepared 
using the β-cyanoethylphosphoramidite method on controlled 
pore glass supports (1 µmol) with a POLYGEN Professional 
12-Column DNA synthesizer and standard methods.10 After 
automated synthesis, the oligonucleotides were cleaved from 
the solid support and deprotected through treatment with 30% 
aqueous NH4OH (1.0 mL) for 10 h at 55 oC. The crude products 
from the automated ODN synthesis were lyophilized and diluted 
with distilled water (1 mL); they were then purified using high- 
performance liquid chromatography (HPLC; Grace VyDACTM 
C18 column, 250 × 10 mm; pore size: 120 Å). The HPLC mobile 
phase was held isocratically for 10 min using 5% acetonitrile/0.1 
M triethylammonium acetate (TEAA; pH 7.0) at a flow rate of 
2.5 mL/min. The gradient was then increased linearly over 10 
min from 5% acetonitrile/0.1 M TEAA to 50% acetonitrile/0.1 
M TEAA at the same flow rate. The fractions containing the 
purified ODN were pooled and lyophilized. Aqueous AcOH 
(80%) was added to the ODN; after standing for 30 min at am-
bient temperature, the AcOH was evaporated under reduced 
pressure. The residue was diluted with water (1 mL) and then the 
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Table 1. Thermal melting temperatures of modified and unmodified 
duplexesa

5'-d(GCGTACXCATGCG)-3'
3'-d(CGCATGNGTACGC)-5'

X N Tm (oC) X N Tm (oC)

dUFl dA 52.1 dT dA 57.3
dUFl dC 42.5 dT dC 41.2
dUFl dG 45.2 dT dG 50.5
dUFl dT 47.1 dT dT 48.5

aMeasured at 260 nm in 10 mM Tris-HCl buffer (pH 7.2) containing 100 
mM NaCl and 20 mM MgCl2. Uncertainty in values was less than 0.5 oC.
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Figure 3. Fluorescence spectra of the single-stranded ODN 1 and the 
duplexes formed between 1 and the targets 3-6. All spectra were record-
ed at 20 oC using 1.5 µM solutions of the samples in 10 mM Tris-HCl 
buffer (pH 7.2; 100 mM NaCl, 20 mM MgCl2), with irradiation at 340
nm.

ODN 1: 5'-d (GCG TAC UFlCA TGC G) -3'
ODN 2: 5'-d (GCG TAC TCA TGC G) -3'
ODN 3: 3'-d (CGC ATG AGT ACG C) -5'
ODN 4: 3'-d (CGC ATG CGT ACG C) -5'
ODN 5: 3'-d (CGC ATG GGT ACG C) -5'
ODN 6: 3'-d (CGC ATG TGT ACG C) -5'
ODN 7: 3'-d (CGG) -5'
ODN 8: 3'-d (T GGG T) -5'
ODN 9: 3'-d (AT GGG TA) -5'
ODN 10: 3'-d (CAT GGG TAC) -5'
ODN 11: 3'-d (G CAT GGG TAC G) -5'

Figure 2. DNA sequences used in this study.

solution was purified through HPLC under the same conditions 
described above. The concentrations of the ODNs were deter-
mined through measurements of UV-vis absorptions. For cha-
racterization, matrix-assisted laser desorption ionization time- 
of-flight (MALDI-TOF) mass spectra of the ODNs were record-
ed using a PE Biosystems Voyager System 4095 spectrometer 
operated in the positive-ion mode with a 1:1 mixture of 3-hy-
droxypicolinic acid (0.35 M) and ammonium citrate (0.1 M) as 
the matrix; the accelerating voltage was 25 kV.

Melting temperature (Tm) measurements. The unnatural and 
natural nucleosides were incorporated into the complementary 
ODNs 5'-d(GCGTACXCATGCG)-3' and 3'-d(CGCATGNG-
TACGC)-5' at the positions labeled X and N. In UV melting ex-
periments, the absorption of each sample [1.5 µM duplex in 100 
mM Tris-HCl buffer (pH 8.0) containing 1 mM MgCl2] was mo-
nitored at 260 nm from 5 to 90 oC at a heating rate of 1 oC/min, 
using a Cary 300 Bio UV-vis spectrophotometer. Melting temp-
eratures were determined using a derivative method and Cary 
Win UV thermal application software.

UV and fluorescence measurements. ODN solutions were 
prepared as described for the Tm measurements. Fluorescence 
spectra were obtained using a PTI Fluorescence System spectro-
fluorophotometer, with a cell path length of 1 cm and excitation 
at 340 nm. The excitation and emission bandwidth was 1 nm.

Results and Discussion

Incorporation of the fluorene-labeled deoxyuridine UFl into 
the central position of the ODN 1 was effected using standard 
protocols of automated DNA synthesis (Figure 2).6,10 The fluor-
escence properties of fluorophore-containing DNA are strongly 
dependent on the electron injection and transfer properties of 
the flanking bases; indeed, flanking cytosine and thymine nu-
cleobases are efficient quenchers for fluorophore emission in 
single-stranded oligonucleotides.11,12 Therefore, we positioned 
two deoxycytosine (dC) units as the bases flanking the UFl unit.

To evaluate the thermodynamic stability and selectivity of 
UFl in duplex DNA, we incorporated UFl and natural nucleosides 
into the complementary oligonucleotides 5'-d(GCGTACXCA-
TGCG)-3' and 3'-d(CGCATGNGTACGC)-5' at the positions 
labeled X (UFl, ODN 1; dT, ODN 2) and N (dA, dC, dG, and dT; 
ODNs 3-6, respectively). The melting temperature (Tm) of each 
duplex, a measure of the base pair stability, was determined 
through thermal denaturation experiments (Table 1). The duplex 
1·3 was 5.2 oC less stable than the natural duplex 2·3 in the same 
sequence context, but it was significantly (5.0 - 9.6 oC) more 

stable than typical duplexes formed between mispaired UFl and 
natural nucleotide units (dC, dG, and dT). Thus, despite the only 
modest stability of the UFl:dA pair, UFl differentiates strongly 
between its matched and mismatched nucleobases, participating 
selectively in a base pair with dA.

We also tested the hybridization properties through fluor-
escence measurements (Figure 3). First, we measured the fluor-
escence spectra of the single-stranded ODN 1 and the double- 
stranded DNAs 1·3-6, each at a concentration of 1.5 µM in Tris- 
HCl buffer (pH 7.2) containing 100 mM NaCl and 20 mM 
MgCl2, with excitation at a wavelength of 340 nm. The fluoresc-
ence excitation spectra of the single stand and its duplexes exhi-
bited a strong emission peak at ca. 430 nm. The fluorescence in-
tensities after hybridization with single base-mismatched targets 
(ODN 1·ODNs 4-6) were dramatically quenched [7.65- (dC), 
5.40- (dG), and 7.07-fold (dT)] relative to that of the single- 
strand ODN 1. Based on the relative fluorescence ratios between 
the fully matched and single base-mismatched duplexes, the 
fluorescence intensity of the matched duplex 1·3 was enhanced 
11.6-, 8.20-, and 10.7-fold relative to those of the single base- 
mismatched duplexes 1·4-6, respectively. Although these ratios 
are sufficiently high to allow the recognition of a single base 
mismatch, our linear beacon system exhibits low detection sen-
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Table 2. Relative fluorescence enhancement ratios upon hybridization
between a probe and its targetsa

Probe
Total discrimination factorb

dA/dC dA/dG dA/dT

1 11.6 8.20 10.7
1·8 10.1 10.6 11.2

1·11 12.3 10.5 11.5
aAll experiments were conducted using the same concentration (1.5 µM) of
DNA in 10 mM Tris-HCl buffer (pH 7.2; 100 mM NaCl, 20 mM MgCl2), 
with excitation at 340 nm. bRelative area ratios of fluorescence intensity 
(350 - 600 nm) between the perfectly matched target 3 and the mismatched
targets 4-6, with excitation at 340 nm.
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Figure 4. Fluorescence spectra of the single-stranded ODN 1 and the 
duplexes formed between 1 and the quenchers 7-11. All spectra were 
recorded at 20 oC using 1.5 µM solutions of the samples in 10 mM Tris-
HCl buffer (pH 7.2; 100 mM NaCl, 20 mM MgCl2), with irradiation at
340 nm.

sitivity because of its intrinsically high emission intensity; the 
fluorescence intensity of the fully matched duplex was enhanced 
only 1.5-fold relative to that of single-strand 1 (Table 2).

To minimize the intrinsic fluorescence of our linear beacon 
system, we introduced an internal dG quencher within a strand 
of fully natural nucleotides; the dG base was located in the cen-
tral position, opposite the UFl unit after hybridization with ODN 
1. Fluorescence quenching by dG has been described previous-
ly.7-9 Because dG has the lowest oxidation potential among the 
nucleobases, it serves as an intermolecular dynamic quencher 
nucleotide that operates through photoinduced electron transfer. 
We synthesized a series of dG-containing ODNs (7-11) as quen-
cher candidates having different nucleotide lengths (from 3 to 
11) to determine the optimal quencher length. Thermal denatura-
tion studies of the duplexes formed between ODN 1 and the 
quenchers 7-11, each at a concentration of 1.5 µM in the same 
aqueous buffer, revealed that only duplex 1·11 exhibited a melt-
ing temperature (Tm = 34.3 oC). Next, we measured the fluor-
escence spectra of the hybrids 1·7-11 to examine the effect of 
the quenchers on the fluorescence intensity (Figure 4). Surpri-
singly, the emission intensity of the linear beacon probe decreas-
ed significantly in all cases [3.7- (ODN 8), 2.9- (ODN 9), 3.4- 

(ODN 10), and 3.2-fold (ODN 11)], except for the hybrid 1·7, 
which exhibited no change in fluorescence intensity. This result 
indicates that the quencher ODN 7 is too short to undergo dy-
namic hybridization with the linear beacon 1. Notably, although 
we would expect ODN 8, with its five-nucleotide sequence, to 
have very low value of Tm, its quenching behavior was as ef-
ficient as those of the longer quenchers 9-11. These findings pro-
vide strong evidence for ability of dG to function as a dynamic 
internal quencher of the fluorescence of ODN 1, and that such 
a quencher should have more than three nucleotides for effective 
quenching.

We also examined the effect of the nucleotide context on the 
fluorescence intensity, positioning mismatched bases (dT in-
stead of dG) on both neighboring sides of the dG unit in strands 
of different nucleotide lengths, namely 3'-d(TTGTT)-5', 3'-d 
(ATTGTTA)-5', 3'-d(CATTGTTAC)-5', and 3'-d(GCATTGT-
TACG)-5' (data not shown). We observed no changes in 
fluorescence intensity in the presence of mismatched bases 
located around dG as a neighboring base. According to our re-
sults, improving the ability of quencher requires several con-
ditions to be met: (1) a dG base should be included opposite to 
the UFl in the sequence to induce dynamic electron transfer; 
(2) the quencher should feature at least five nucleotides; and 
(3) matched neighboring bases should be located next to the 
dG unit in the quencher sequence.

If a duplex of UFl quenched with a internal dG quencher would 
restore its emission intensity as a result of complementary base 
pairing, but remain in a quenched state upon mismatched hy-
bridization, such a system would be extremely useful for dA- 
specific SNP typing. To confirm the potential of such an SNP 
probe, we determined the discriminations toward single-nuc-
leotide modifications displayed by hybrids of the linear beacon 
probe and internal quenchers (1·8 and 1·11; Figure 5). Upon ad-
dition of the perfectly matched target (ODN 3) into solutions 
of both the quenched linear probes 1·8 and 1·11 (final con-
centrations of all strands: 1.5 µM; hybridization time: 5 min), the 
intensity of the fluorescence upon excitation at 340 nm under-
went a 7.6-fold increase for the hybrid 1·8 and an 8.6-fold in-
crease for the hybrid 1·11. In contrast, the formation of mis-
matched base pairs between UFl and dC, dG, and dT units result-
ed in 0.76- (ODN 4), 0.72- (ODN 5), and 0.68-fold (ODN 6) de-
creases in fluorescence intensity, respectively, relative to that 
of the quenched linear probe 1·8 and 0.70- (ODN 4), 0.81- (ODN 
5), and 0.75-fold (ODN 6) decreases in the fluorescence intensi-
ty, respectively, relative to that of the quenched linear probe 
1·11. Therefore, the total discrimination factors were 10.1 (dC), 
10.6 (dG), and 11.2 (dT) when using ODN 8 and 12.3 (dC), 10.5 
(dG), and 11.5 (dT) when using ODN 11 as internal quenchers 
for the recognition of single base mismatches (Table 2). These 
values are noteworthy because they suggest that this type of 
probe would be extremely useful for SNP typing, displaying a 
highly dA-selective fluorescence emission. Interestingly, we 
observed only small differences in the total discrimination fac-
tors between our previous quencher-free MB6 and our new linear 
beacon featuring an internal quencher strand. Furthermore, our 
new linear beacon system provided similar discrimination fac-
tors for single base mismatches in the presence of five- and elev-
en-nucleotide quencher strands, revealing that even a short (five- 
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Figure 5. Fluorescence spectra of the duplexes 1·8 (a) and 1·11 (b). 
All spectra were recorded at 20 oC using 1.5 µM solutions of the 
samples in 10 mM Tris-HCl buffer (pH 7.2; 100 mM NaCl, 20 mM 
MgCl2), with irradiation at 340 nm.

nucleotide) dG quencher was effective at reducing the intrinsic 
fluorescence of a linear beacon; because we also observed little 
effect on the total discrimination factors, our new linear beacon 
system acts as a highly dA-allele-selective fluorescent “turn on” 
probe for SNPs.

Conclusion

We have developed a new base-discriminating linear single- 
stranded beacon probe, minimizing the fluorescence of the probe 
itself by introducing dG-containing quencher that functions bas-

ed on internal quenching effects. As a result of its reduced in-
trinsic fluorescence, this probe exhibits a drastic change in fluor-
escence intensity when it hybridizes with its fully matched target 
sequence. Furthermore, the total discrimination factors were 
greater than 10 for all mismatched targets in the presence of even 
a short (five-nucleotide) dG quencher strand, allowing the re-
cognition of single base mismatches. The synthesis of this linear 
beacon is relatively simple and inexpensive because no artificial 
quencher is required; in addition, short nucleotides containing 
dG units as internal quenchers are readily prepared inexpen-
sively. Therefore, we expect that this type of beacon system mi-
ght become a powerful tool for the detection of single nucleotide 
alterations.
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