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Single-nucleotide polymorphisms (SNPs) can serve as an
important indicator of genetic predisposition towards disease
states or drug responses.[1, 2a] The detection of rare base
substitutions within populations of DNA molecules is essen-
tial for studying the effects of DNA damage and for pool
screening for SNPs.[2b] There is thus an urgent need for
technologies suitable for sensitive, high-throughput SNP
detection.[3] Ideally, these methods would be single-step,
reagentless, room-temperature assays, suitable for clinical and
research use and compatible with microarray technologies for
massive analysis.[4]

Unfortunately, current technologies satisfy only some of
these requirements. For example, enzymatic SNP-detection
methods, such as endonuclease digestion,[5, 6] primer exten-
sion,[7] and ligation assays,[8] are very sensitive and specific
even at room temperature, but are complex, multistep
techniques that often require separation of the resultant
products before the presence of the target sequence can be
determined. These limitations have motivated the develop-
ment of simpler fluorescence-based assays with molecular
beacons,[9–11] binary probes,[12, 13] forced intercalation of thia-
zole orange (FIT) probes,[14] and base-discriminating fluores-
cent (BDF) probes.[15]

Molecular beacons (MBs) are stem-loop oligonucleotides
with self-complementary 5’ and 3’ ends that bring a fluoro-
phore–quencher pair into close proximity in the absence of a
target. Hybridization to a complementary target disrupts the
stem-loop and thereby induces a large increase in fluores-
cence upon segregation of the pair.[16] MBs are well-suited for
rapid SNP detection as they enable reagentless and quanti-
tative analysis without the need for separation steps.[9–10,16–19]

However, their reliance on the melting temperature of probe–
target duplexes as the basis for mismatch discrimination limits

potential targets to those whose melting temperatures can be
distinguished through precise temperature control. With a
few exceptions,[20, 21] MBs typically do not perform well at
room temperature without significant, empirical optimization
of their thermodynamics.[22]

Binary-probe assays avoid these limitations and enable
SNP analysis at room temperature.[8, 12, 13,23–25] These assays are
based on the use of a pair of nonidentical DNA probes that
form relatively short (7- to 10-nucleotide) duplexes at sites
adjacent to a target sequence. Signal detection is possible
through a ligation reaction,[8] fluorescence,[23] or colorimet-
ric[24] readouts, or by resonance energy transfer.[25] These short
hybrids are very sensitive to mismatches and can readily
distinguish single nucleotide substitutions. Therefore, the
approach is specific, sensitive, and reliable. However, the
addition of multiple exogenous reagents is required. Other
alternatives include thiazole orange modified FIT probes[14]

and BDF probes,[15] which are modified single-stranded DNA
molecules that produce only weak fluorescence in the absence
of a target, but emit strong fluorescence upon target
recognition. However, the specificity of these probes for
SNP detection is highly dependent on the length of the linker,
the conjugation site, and the sequence of the mismatched base
pairs. Thus, there remains a need for simple and efficient
room-temperature SNP assays without significant probe
optimization.

We present herein a strategy that combines advantages of
MBs and binary probes in a single triple-stem DNA structure
for robust single-step SNP detection in a homogeneous, room-
temperature system without addition of exogenous reagents.
This probe produces a negligible signal in the presence of
single-base-mismatched targets, but hybridization to a per-
fectly matched target induces a significant conformational
change that results in a large increase in the fluorescence
signal (Figure 1). Importantly, the triple-stem probe architec-
ture enables tuning of its sensitivity and selectivity towards
specific target sequences over a wide temperature range.

The triple-stem DNA-based SNP sensor consists of a
single 68-base DNA strand, 1, that has been modified with a
CAL Fluor Red 610 (FR610) fluorophore at the 3’ terminus
and a Black Hole Quencher (BHQ) at an internal position. At
room temperature, the probe self-hybridizes into three
separate, seven-base-pair (bp) Watson–Crick stems that
form a discontinuous, 21 base double helix[26] (Figure 1a,
left). In the absence of a target, this relatively rigid triple-stem
structure holds the fluorophore in close proximity to the
quencher; this arrangement results in very limited fluores-
cence (Figure 1 b). Upon hybridizing to a perfectly matched
17 nucleotide target (PM; 2), the triple-stem structure is
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disrupted, with separation of the fluorophore–quencher pair
(Figure 1a) and induction of a 29-fold increase in emission
intensity (Figure 1b). In contrast, when the probe was
challenged with a target containing a single base mismatch
in the middle of the sequence (1MM; 3), we observed only a
1.3-fold increase in emission intensity, even at a fourfold
higher concentration (Figure 1b); a two-base-mismatched
target (2MM; 4) did not produce any detectable increase in
fluorescence (Figure 1 b). An important feature of our probe
structure is that its design requires minimal optimization. As
an example, we synthesized a second triple-stem probe, 5,
with an A-to-G substitution at position 39 (from the 5’ end).
The sequence of this probe matches that of the 1MM target 3
perfectly, and the probe is thus mismatched with the PM
target 2. As expected, we observed a large (26-fold) increase
in emission intensity upon addition of the 1MM target 3, and
minimal signal enhancement was observed with the PM target
2 (see Figure S1 in the Supporting Information).

The thermodynamic stability of both the probe itself and
the probe–target duplexes enables remarkable specificity for
SNPs over a wide temperature range up to 60 8C. The triple-
stem probe is assumed to exist in three different phases in the

presence of targets:[27] phase 1, as a target–probe duplex;
phase 2, as a folded probe; and phase 3, as a random coil
(Figure 2a). At low temperatures, the probe hybridizes with

Figure 1. a) Mechanism of the SNP sensor. In the presence of a
perfectly matched (PM) target, the folded triple-stem DNA structure is
disrupted and fluoresces. In contrast, single-base-mismatched (1MM)
or two-base-mismatched (2MM) targets do not destabilize the dis-
continuous duplex, and the probe maintains its triple-stem structure
with quenched fluorescence. b) Emission spectra of the triple-stem
probe 1 (0.5 mm) following incubation at room temperature with the
PM target 2, the 1MM target 3, the 2MM target 4, or no target. The
fluorescence signal was measured at lex =590 nm and lem =610 nm,
and all targets were 17 bases in length.

Figure 2. The triple-stem probe 1 displays excellent discrimination
against mismatches. a) Proposed phase transitions of the triple-stem
probe in the presence of targets at different temperatures. b) The SNP
sensor retains its discrimination functionality up to 60 8C. Thermal
denaturation curves of the probe only, and the probe hybridized with
the PM target 2, the 1MM target 3, or the 2MM target 4. c) Gel image
of the triple-stem probe only (lanes 1 and 4), PM target 2–probe
samples (lanes 2 and 5), and 1MM target 3–probe samples (lanes 3
and 6). One set of samples was equilibrated for 3 h (lanes 1–3), the
other was equilibrated for three days (lanes 4–6). d) A calibration curve
of the PM target 2 and the 1MM target 3 for the triple-stem probe.
The inset shows the concentration dependence of the discrimination
factor of 17 base targets in the presence of the probe (0.5 mm).
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the PM target (phase 1), which gives rise to significantly
increased fluorescence (Figure 2b). As the temperature
increases, the duplex is destabilized, and the released probe
apparently refolds into its native structure (phase 2), which
results in significantly diminished fluorescence. For the PM
target, the transition from the target–probe duplex to the self-
complementary triple-stem structure occurred at 65 8C. At
temperatures above 82 8C, the folded probe melted into
random coils (phase 3), in which quenching efficiency is
reduced, and a small increase in fluorescence was observed. In
contrast, little fluorescence was observed for 1MM or 2MM
targets at low temperatures (Figure 2b), and the signals in the
presence of no target, the PM target, and mismatched targets
merged at higher temperatures.

To investigate the kinetic response of the triple-stem
probe, we performed time-resolved measurements with the
PM target (1 mm) and mismatched targets (4 mm). We define
the single-mismatch discrimination factor as the ratio of the
net fluorescence intensity observed with the PM target to that
observed with the 1MM target after subtraction of the
background fluorescence; thus, a larger discrimination
factor is indicative of greater specificity. Upon addition of
the PM target to a solution of the native, quenched probe, we
observed an exponential rise in fluorescence over time. In
contrast, almost no signal change was observed with mis-
matched targets (see Figure S2 in the Supporting Informa-
tion). The equilibration time constant for the PM target is
approximately 78 min, which is similar to that observed for
binary-probe methods[8, 12] but slower than that of MBs.[9–10]

The longer equilibration time presumably reflects the stability
of the triple-stem structure (Tm = 80.2 8C).[28, 29] However, this
method compares favorably with enzyme-mediated SNP-
detection methods:[5–8] A discrimination factor of 16 was
obtained after 30 min, with signal saturation occurring at a
discrimination factor of 28 after 3 h (see Figure S2 in the
Supporting Information). Moreover, we did not observe any
signal difference between samples that had been equilibrated
for 3 h (Figure 2c, lanes 1–3) and samples that had been
equilibrated for 3 days (Figure 2c, lanes 4–6). This result
strongly suggests that we are operating in the equilibrium
limit. Likewise, polyacrylamide gel electrophoresis indicated
that equilibration was complete within 3 h and that only
perfectly matched targets produced the 85 bp band corre-
sponding to the probe–target duplex (Figure 2 c, lanes 2 and
5). Under the conditions employed in this study, the
calculated hybridization efficiency of our system is approx-
imately 45% (Figure 2c, lanes 1 and 2; lanes 4 and 5), which
confirms that target concentration is an important factor for
hybridization efficiency.

Titration experiments confirmed that the triple-stem
probe displays remarkable specificity for perfectly matched
targets, with minimal response to even substantially higher
concentrations of mismatched targets. A peak discrimination
factor of 30 was reached when the probe was titrated with the
PM target (Figure 2 d, inset); in contrast, we observed only a
1.5-fold increase in fluorescence intensity in the presence of
the 1MM target at a concentration of 4 mm (see Figure S3 in
the Supporting Information). We observed a high degree of
discrimination over a wide target-concentration range up to

300 mm (data not shown); for example, a discrimination factor
of 4 was found in a comparative analysis with 32 nm of each
target, and a discrimination factor of 5 was found for 125 nm
PM target versus 4 mm 1MM target (Figure 2d). The titration
curve shows the nonlinear hyperbolic relationship between
DNA-hybridization efficiency and target concentration;[30–32]

it is reminiscent of an active-site titration in which the PM
target has high affinity and the 1MM target has low affinity.

To confirm the general applicability of the triple-stem
probe, we tested its capacity to discriminate against mis-
matched bases at different positions within the PM target. We
found discrimination factors ranging from 5.6 to 28.4
(Table 1); the highest level of discrimination occurred with
duplexes containing a C/C mismatch, whereas the lowest was

observed with an A/A mismatch. This result is consistent with
previous findings that the thermodynamics of mismatches
depend on the identity of the mismatched base pair as well as
the identity of its near neighbors.[33,34] The triple-stem probe
also displayed excellent discrimination for shorter (15 base)
and longer (19 base) targets (see Table S1 in the Supporting
Information).

We believe that the exceptional specificity of the triple-
stem probe originates from its thermodynamic stability; at
room temperature, the 21 bp discontinuous duplex in the
probe is less stable than the continuous 17 bp PM target–
probe duplex. Therefore, the presence of the PM target
disrupts the native probe structure efficiently, which results in
probe–target hybridization. In contrast, the native triple-stem
structure is markedly more stable than duplexes containing a
single mismatch and therefore inhibits 1MM target–probe
hybridization.

To better understand the thermodynamic basis for this
phenomenon, we used van �t Hoff plots[35] to investigate the
enthalpy and entropy changes that describe the phase
transition between phases 2 and 3 (DH0

2!3 and DS0
2!3), and

found that the triple-stem probe undergoes large enthalpy
and entropy changes (DH0

2!3 = 30� 3 kcalmol�1; DS0
2!3 =

85� 9 cal mol�1 K�1).
To construct the free-energy diagram[27, 35] for the three

phases of our probe, we measured the enthalpy and entropy

Table 1: Discrimination factors (DFs) of the triple-stem probe 1 for
single-base-mismatched targets that differ from the 17 base PM target 2
(5’-GCTGGCCGTCGTTTTAC-3’; mismatches are marked in red).

DNA target sequence
(5’–3’)

Peak
gain

DF Mismatched
base pair

GCTGGCCGTCGTTTTAC 888.5
GCTGGGCGTCGTTTTAC 113.4 7.8 G–G
GCTGGCGGTCGTTTTAC 80.9 10.9 G–G
GCTGGCCCTCGTTTTAC 31.3 28.4 C–C
GCTGGCCGACGTTTTAC 159.3 5.6 A–A
GCTGGCCGCCGTTTTAC 112.2 7.9 A–C
GCTGGCCGGCGTTTTAC 71.6 12.4 A–G
GCTGGCCGTGGTTTTAC 61.2 14.5 G–G
GCTGGCCGTAGTTTTAC 66.9 13.3 G–A
GCTGGCCGTCCTTTTAC 35.0 25.4 C–C
GCTGGCCGTCACTTTAC 55.9 15.8 C–A
GCTGGCCGTCGCTTTAC 65.9 13.5 A–C
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changes associated with the dissociation of duplexes with PM
and 1MM targets. The plot displays the expected linear
relationship between the inverse of melting temperature (1/
Tm) and R ln(T0�0.5P0) (in which R is the gas constant, T0 is
the initial concentration of targets, and P0 is the initial
concentration of the probe) (Figure 3a). The enthalpies and
entropies of the transitions from phase 1 to phase 2 (DH0

1!2

and DS0
1!2) were determined from these linear relationships,

and the Tm value was determined by using a series of solutions
containing the probe (50 nm) and various excess concentra-
tions of 17 base targets. A three-fold difference in DH0

1!2 and
DS0

1!2 was found for the PM target (DH0
1!2 = 90� 3 kcal

mol�1; DS0
1!2 = 240� 17 cal mol�1 K�1) and the 1MM target

(DH0
1!2 = 32� 2 kcalmol�1; DS0

1!2 = 76� 9 cal mol�1 K�1),
which indicates that mismatched targets dissociate from the
triple-stem probe more readily. On the basis of the measured
enthalpy and entropy changes in the three phases, the
thermodynamic stability associated with our triple-stem
probe has the following hierarchy: PM target–probe
hybrid @ 1MM target–probe hybrid� probe self-hybridiza-
tion. The dissociation of the probe–target duplex results in an

entropy gain when the duplex dissociates and an enthalpy loss
when the secondary structures reform in the probe. Because
the triple-stem probe undergoes significant self-reorganiza-
tion upon the dissociation (or formation) of probe–target
duplexes, both the enthalpic and entropic contributions to the
free energy of the probe–target dissociated state, especially in
the presence of a mismatched base pair, lead to significantly
improved specificity.

To further elucidate the origins of probe specificity, we
constructed free-energy diagrams of the probe in equilibrium
with its targets as a function of temperature (DG0 =

DH0�TDS0; Figure 3b). Phase 3 was chosen as the reference
state (DG3

0 = 0), because under these conditions the probe
and targets form random coils. The DG0 values for phases 2
and 3 were calculated according to reported equations.[27] The
predominant phase at each temperature is the phase with the
lowest free energy. It is clear from the free-energy diagram
that the transition range over which the probe–PM duplex is
stable and the probe–1MM duplex is unstable is significant
(F = 43.6 8C). Our triple-stem probe is therefore capable of
SNP discrimination over a wide temperature range.

We have reported a reagentless, single-step, fluorescence-
based method for rapid and accurate SNP detection on the
basis of a target-binding-induced conformational change of a
single, self-complementary DNA probe. Our probe can
readily discriminate 62.5 nm perfectly matched target against
as much as 4 mm single-base-mismatched target (a 64-fold
excess) within 30 min at room temperature; in contrast,
comprehensive studies revealed that robust single-mismatch
discrimination is typically observed at 60–70 8C with conven-
tional MBs.[36, 37] Our probe design shares similarity with
tripartite molecular beacons[38] and is elegantly simple: It is a
single, chemically modified DNA strand. The current detec-
tion limit of our method is approximately 10 nm (500 ngmL�1),
which preempts direct analysis of genomic DNA: The
concentration of genomic DNA obtained in standard
phenol/chloroform extractions is typically approximately
30 ng mL�1.[39] Thus, as in most MB approaches, PCR amplifi-
cation is necessary prior to detection.

Importantly, the design of the triple-stem probe is
straightforward and requires negligible optimization to
enable the specific SNP detection reported herein. This
feature offers an advantage for multitarget, parallel analysis
over conventional MBs, which require significant optimiza-
tion for each target sequence. Given that both DNA and
RNA probes can form triple-stem structures,[26] and that our
probe can be linked covalently to the surface of a solid-phase
substrate, we believe that this approach may provide a
scalable strategy for high-throughput SNP discovery and
analysis with microarray technologies.

Experimental Section
Materials: All chemicals were purchased from Sigma–Aldrich, Inc.
(Saint Louis, MO, USA) and used without further purification. The
fluorophore/quencher-labeled DNA oligonucleotides were synthe-
sized by Biosearch Technologies, Inc. (Novato, CA, USA), purified by
C18 HPLC, and the structures confirmed by mass spectrometry (see

Figure 3. Determination of thermodynamic parameters. a) The thermo-
dynamic parameters describing the dissociation of probe–target
duplexes were determined for the triple-stem probe (T) with 17 base
PM and 1MM targets after measuring the Tm values of the duplexes
that formed at varying target concentrations. The slope of each fitted
line is equal to the negative value of the enthalpy (�DH0

1!2), and the
y intercept is equal to the entropy (DS0

1!2). b) Free-energy change for
the three phases of a solution of the triple-stem probe in equilibrium
with 17 base PM and 1MM targets. The difference (F) between the
Tm values of PM duplexes (1PM) and 1MM duplexes (11MM) in the triple-
stem systems is 43.6 8C.
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Figures S4 and S5 in the Supporting Information). The sequences of
these modified oligomers are:

1: 5’-AGGCTGGATTTTTTATTTACCTTTTTTTAGGTAAA-
(BHQ)A-CGACGGCCAGCCTTTTTTTTTTTTTCCGTCGT-
T(CAL Fluor 610)-3’; 5 : 5’-AGGCTGGATTTTTTATT-
TACCTTTTTTTAGGTAAA-(BHQ)A-CGGCGGCCAGCCTTTT-
TTTTTTTTTCCGTCGT-T(CAL Fluor 610)-3’

The perfectly matched and mismatched DNA targets were
purchased from Integrated DNA Technologies Inc. (Coralville, IA,
USA), and were purified by HPLC. The sequences of these DNA
targets are:

15-base DNA targets: PM target: 5’-CTGGCCGTCGTTTTA-3’;
1MM target: 5’-CTGGCCGTAGTTTTA-3’

17-base DNA targets: PM target 2 : 5’-GCTGGCCGTC-
GTTTTAC-3’; 1MM target 3 : 5’-GCTGGCCCTCGTTTTAC-3’;
2MM target 4 : 5’-GCTGGCCCCCGTTTTAC-3’

19-base DNA targets: PM target: 5’-GGCTGGCCGTC-
GTTTTACC-3’; 1MM target: 5’-GGCTGGCCCTCGTTTTACC-3’

Fluorescence experiments: Experimental details of fluorescence
denaturation experiments, kinetic experiments, the determination of
melting temperatures (Tm), and the measurement of discrimination
factors are provided in the Supporting Information.

Polyacrylamide gel electrophoresis: Samples with the triple-stem
probe (0.5 mm) only, or the triple-stem probe (0.5 mm) hybridized with
the 17 base PM (1.0 mm) or 17 base 1MM (4 mm) targets (total
reaction-mixture volume: 100 mL) were equilibrated for 3 h or 3 days
and then analyzed on a 10% PAGE–TBE gel (TBE = Tris (2-amino-
2-hydroxymethylpropane-1,3-diol)–borate–ethylenediaminetetraace-
tic acid; Ready Gel, Bio-Rad Laboratories, CA, USA) at 120 V for
1 h. The gel was stained for 20 min with GelStar nucleic acid stain
(Lonza, Rockland, ME, USA) and imaged with a Kodak Gel Logic
EDAS 200 digital imaging system (NY, USA).
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