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Hybridization of two complementary nucleic acid strands is
extensively used in the analysis of specific DNA/RNA
sequences in real-time PCR, DNA microarrays, and tech-
niques for RNA monitoring in living cells. The design of the
hybridization probes is based on A–T and G–C complemen-
tarity and may seem straightforward. However, single-
stranded DNA and RNA analytes often form stable secon-
dary structures under assay conditions. The analysis of such
folded analytes is often complicated because a region of
interest may be involved in intramolecular hybridization and
become inaccessible for hybridization with a probe. This
complication severely limits sensitivity and creates and
insurmountable obstacle for the detection of single nucleotide
differences between two analytes.[1] Herein we demonstrate
an approach that allows analysis of single-nucleotide poly-
morphisms (SNPs) in folded analytes in real time at room
temperature.

SNPs are the most abundant class of genetic variations in
humans, accounting for 80–90 % of the difference between
the genomes of two individuals.[2] There are over 3 million
validated SNPs, although the actual number is believed to be
in the range of 10 million. SNP analysis is important in
population-based genetic risk assessment, molecular diagnos-
tics, pharmaceutical drug development, linkage analysis, and
identity testing in forensic applications.[3]

An important advantage in nucleic acid analysis came
with the introduction of real-time hybridization probes,[4]

which allow instant fluorescent signal readout without the
need to separate the probe–analyte hybrid from the excess of
unbound probes. A state-of-the-art tool for real-time nucleic
acid analysis is the molecular beacon (MB) probe,[4d, 5] which is
a fluorophore- and quencher-conjugated DNA hairpin (Fig-
ure 1a). Binding to a specific analyte separates the fluoro-
phore from the quencher, thus enabling a fluorescence
increase. Herein we demonstrate that MB probe is inefficient
in detection of stem-loop folded analytes and suggest an
alternative approach for the analysis of such problematic
analytes in real time.

As a model analyte we chose a fragment of the gene that
encodes tau protein (Tau-WT, Figure 1b). It was shown
earlier that SNPs in this sequence cause genetic predisposi-
tion for Alzheimer�s disease.[6] It is important that the disease
is linked with SNPs located within a specific stem structure,
such as Tau/0 C and Tau/-1 A (Figure 1b). A single mutation
that reduces stem stability leads to the alternative mRNA
splicing, which eventually causes the production of the mutant
protein capable of forming nerve tissue-distracting filaments.

An MB probe containing a loop segment complementary
to Tau-WT analyte was designed (MB-tau; Figure 1b). MB-
tau was unable to generate a significant fluorescence increase

Figure 1. Molecular beacon probe for the analysis of Tau-WT analyte.
a) The hybridization of MB probe to a hairpin-folded analyte. The SNP
site is indicated by an asterisk. The equilibrium is shifted toward the
dissociated state. b) The primary and secondary structures of Tau-WT
analyte and MB-tau. Two naturally SNPs are indicated and designated
as Tau/0C and Tau/-1A. The nucleotides complementary to MB-tau
are indicated by the bar. c) The fluorescent signal-to-background (S/B)
ratios of MB-tau in the presence of different concentrations of Tau-WT
(g) and a hairpin structure-free oligonucleotide C15
(GCG GCA GTG TGA GTA), which is complementary to the loop frag-
ment of MB-tau (a). Average values of three independent measure-
ments with one standard deviation as error bars are presented.
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in the presence of Tau-WT analyte (Figure 1c, dotted curve).
A maximum S/B ratio of about 1.5 in the presence of 100 nm
Tau-WT was detected. In contrast, addition of an equivalent
amount of C15 (an oligonucleotide complementary to MB-
tau), which did not form secondary structure, generated
significant concentration dependent fluorescence increase
(Figure 1c, dashed curve).

This result demonstrates the low efficiency of the MB
probe to report the presence of secondary-structure-folded
analytes by fluorescence. Indeed, the MB probe and the
analyte exist preferably in the dissociated state at the
concentrations used. The dissociated forms were stabilized
by the formation of the four-base-pair stem in MB-tau probe
and the six-base-pair stem plus the wobble G-T base pair in
the analyte (Figure 1b). This explanation was supported by
the observations that neither annealing nor increased incu-
bation times resulted in higher fluorescence (data not shown),
thus indicating weak interaction of MB-tau probe with the
analyte at the concentrations used (ca. 100 nm). A significant
fluorescence increase was observed only when the analyte
concentration was increased up to about 1000 nm. It should be
noted that normally MB probes detect circa 1–5 nm targets
that do not form secondary structures.[5] This severe reduction
in sensitivity of the MB approach is undesirable for the
majority of practical applications. For the analytes that form
strong secondary structures, the reduced hybridization effi-
ciency and the low sensitivity of linear hybridization probes
have been reported previously.[1]

To enable SNP analysis of secondary structure-compli-
cated analytes, we suggest the following general approach.
The analyte is incubated with a universal MB (UMB) probe
and a set of two target-specific adaptor oligonucleotides,
strand f and strand m (Figure 2). Strands m and f contain
fragments complementary to the analyte (analyte-binding
arms) and fragments complementary to the MB probe (MB-
binding arms). In the absence of specific nucleic acid analyte,
the MB-binding arms of strands m and f only weakly interact
with the MB probe because each arm hybridizes to a
relatively short (9 nucleotide) fragment of UMB. In the
presence of analyte, the long analyte-binding arm of strand f
hybridizes to the fragment adjacent to the SNP site and thus
unwinds the analyte secondary structure. The resultant
complex contains the SNP site in a single-stranded region
that is accessible for analysis. Subsequent hybridization of
strand m and the MB probe results in the formation of a
quadripartite complex, which contains MB probe in highly
fluorescent open conformation. Importantly, strand m con-
tains a short analyte-binding arm that forms a stable hybrid
only with the fully complementary analyte. The presence of a
single base mismatch in the case of mutation will destabilize
the quadripartite complex, resulting in its decomposition into
MB probe, strand m, and strand f–analyte duplex. In this
proof-of-concept study we demonstrate that this approach
indeed allows SNP analysis in tau-protein-encoding nucleic
acid fragment.

UMB probe, strand m, and strand f were incubated in the
presence of different concentrations of Tau-WT analyte for
15 min at room temperature followed by fluorescent meas-
urements (Figure 3, solid curve). The concentrations of

adaptors strands m and f were pre-optimized to produce the
highest possible signal-to-background ratio (S/B). Therefore,
at the concentrations of strands used, a significant back-
ground in the absence of the analyte was avoided, whilst
allowing the highest possible analyte-dependent fluorescence
increase. The fluorescent signal increased in a concentration-
dependent manner and reached a S/B of 9 at the analyte
concentration of 100 nm. The signal was significantly above
the background even in the presence of 5 nm analyte. This
sensitivity corresponds to the sensitivity of the conventional
MB probes.[5] When a single-base-mismatched analyte Tau/
0C or Tau/-1 A was added, the fluorescence of the samples
was close to background levels (Figure 3, dashed lines). These
results show excellent selectivity of the MB-based tripartite

Figure 2. The tricomponent MB-based probe for SNP analysis in
secondary structure-forming analytes. a) Probe design. Strands f and m
contain analyte-binding arms and MB-binding arms. The SNP site in
the analyte is indicated by an asterisk. b) Tripartite probe for the
analysis of Tau protein-encoding sequence. The primary and secondary
strictures of the universal MB (UMB) probe and the quadripartite
complex with the analyte are shown. The mutated nucleotide positions
are indicated.

Figure 3. Fluorescence intensities of the tricomponent MB-based
probe in the presence of different concentrations of the fully comple-
mentary analyte Tau-WT (c) or one of the single-base mismatched
analytes Tau/0C (a) and Tau/-1A (b).
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probe, which is in agreement with the earlier findings of high
hybridization specificity of binary and multicomponent
probes.[7] These data support the concept for the analysis of
secondary-structure-folded nucleic acids suggested in
Figure 2. Importantly, not only the probe detects the analyte
in real time, but it is also capable of accurate SNP genotyping
at ambient temperatures.

To demonstrate the general applicability of the approach,
T13 analyte, an oligonucleotide that forms a stem–loop
structure with 13 nucleotide-long stem was designed (Sup-
porting Information, Figure S1, Table S1). The design of the
adaptor strands was straightforward: the analyte-binding
arms of the new strands sequences were made to be
complementary to the new analyte, whilst the MB-binding
arms remained the same to allow optimal interaction with
UMB. It was found that anti-T13 probe efficiently detected
T13 with high signal-to-background ratio (Supporting Infor-
mation, Figure S2). Like the probe described above, the anti-
T13 construct efficiently discriminated single-base-substi-
tuted oligonucleotide targets against T13 analyte (Supporting
Information, Figure S2). These data suggest that the proposed
approach is applicable for analytes of arbitrary nucleic acid
sequence, and even long stem fragments do not necessarily
prevent accurate SNP genotyping under mild hybridization
conditions.

It is of practical interest to analyze nucleic acids that are
involved in hybridization. For example, Frank-Kamenetskii
and co-workers have been developing an elegant approach
that takes advantage of PNA oligomers to open double-
stranded DNA and make it available for hybridization with
MB probe.[8] The study presented herein demonstrates that
self-assembling multicomponent probes can be designed to
analyze secondary-structure-folded nucleic acids. In these
probes, each constructing element is specialized to serve a
distinct function. Strand f forms a stable complex with the
analyte, which unwinds its secondary (and perhaps tertiary)
structure. Strand m forms a short sensitive to a mismatch
hybrid with the SNP site and, therefore, is responsible for the
probe specificity. The MB-probe reports the formation of the
quadripartite complex. It is not surprising that splitting the
functional roles between the three specialized components
results in a superior tool for nucleic acid analysis. It is
important that this approach is cost-efficient in the case of
multiple targets analysis. Indeed, the sequence of the
universal MB probe is independent on the analyte sequence
and, therefore, it can be synthesized in bulk amounts and used
efficiently for the analysis of any DNA or RNA. At the same
time, analyte-specific strands m and f are relatively inexpen-
sive oligonucleotides that can be used without HPLC
purification. To sum up, this study demonstrates advantages
of a smart muticomponent probe in which each component
serves distinct function. This design may find a number of
applications in nucleic acid detection techniques of the future.

Experimental Section
All of the oligonucleotides were custom-made by Integrated DNA
Technologies, Inc (Coralville, IA). For the fluorescence assay with
MB-tau probe, MB-tau and an analyte were mixed in a buffer

containing 2 mm MgCl2, 50 mm Tris-HCl, pH 7.4, at a final concen-
tration of 100 nm for the MB-tau probe and 1–100 nm for the analytes.
For the fluorescence assay with a tricomponent probe, strand m,
strand f, UMB, and an analyte were mixed in a buffer containing
20 mm MgCl2, 50 mm Tris-HCl, pH 7.4, with strands m and f, and
UMB being at 100 nm and the analytes being at 1–100 nm. Fluores-
cence spectra were recorded on a Perkin–Elmer (San Jose, CA) LS-55
luminescence spectrometer with a Hamamatsu xenon lamp (excita-
tion at 485 nm; emission 517 nm) after 15 min of incubation at room
temperature (22 8C). The data of three independent measurements
are presented with an error margin of one standard deviation.
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