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ABSTRACT

Hairpin nucleic acid probes have been highly useful
in many areas, especially for intracellular and in vitro
nucleic acid detection. The success of these probes
can be attributed to the ease with which their
conformational change upon target binding can be
coupled to a variety of signal transduction mechan-
isms. However, false-positive signals arise from the
opening of the hairpin due mainly to thermal
fluctuations and stem invasions. Stem invasions
occur when the stem interacts with its complemen-
tary sequence and are especially problematic in
complex biological samples. To address the pro-
blem of stem invasions in hairpin probes, we have
created a modified molecular beacon that incorpo-
rates unnatural enantiomeric L-DNA in the stem and
natural D-DNA or 2’-O-Me-modified RNA in the loop.
L-DNA has the same physical characteristics as
D-DNA except that L-DNA cannot form stable
duplexes with D-DNA. Here we show that incorpor-
ating L-DNA into the stem region of a molecular
beacon reduces intra- and intermolecular stem
invasions, increases the melting temperature,
improves selectivity to its target, and leads to
enhanced bio-stability. Our results suggest that
L-DNA is useful for designing functional nucleic
acid probes especially for biological applications.

INTRODUCTION

Molecular beacons (MBs) are single-stranded nucleic acid
probes composed of three different functional domains:
stem, loop and fluorophore/quencher pair (Figure 1d) (1).
Stems function as locks that maintain the closed hairpin
structures when there is no hybridization with comple-
mentary targets so that the fluorescence is quenched
with high-quenching efficiency. Upon hybridization

between the loop and its complementary target, the MB
undergoes conformational changes from hairpin to linear
structure resulting in an increased fluorescence due to the
increased physical separation of the fluorophore and
quencher. Various fluorophore/quencher pairs can be
incorporated into experimental design so that multiple
targets can be monitored simultaneously. MBs have been
for real-time monitoring of RT–PCR (2,3) and mRNA
expression inside of living cells (4–6). Unlike traditional
mRNA analysis, MBs do not require pre- or post-
treatment of cells because, theoretically, they will not
give any fluorescence signal unless hybridizing with their
complementary targets. Indeed, MBs are selective enough
to distinguish single-mismatched targets since the principle
of MB’s target recognition is based on Watson–Crick base
paring.
Although initial MB applications have demonstrated

wide feasibility and great potential, challenges in probe
design and applications still remain. Since stems are
critical for maintaining a stable hairpin structure, major
difficulties often arise from the interruption of the stem
structure. There are two common causes of stem disrup-
tion which severely affect MB’s sensitivity and selectivity.
One problem is the undesired intermolecular interactions
between stems and their complementary sequences, called
stem invasion (Figure 1b). Although the ideal molecular
recognition scheme is between the loops of MBs and their
complementary targets (Figure 1a), there are always
chances that, especially in complex cellular environments,
the stems can hybridize with their matched sequences,
resulting in a high background signal and a poor
analytical selectivity (Figure 1b). This stem invasion by
non-target sequences should not be underestimated in real
biological samples since there could be high copy numbers
of short sequences complementary to part of the MB
stems. In theory, the expressed frequency of occurrence
of any particular stretch of RNA or DNA sequence with
n bases is 4�n (7). The average number of occurrences
of each particular sequence in human genome is
5� 109� 4�n (7). Table 1 summarizes the occurrence of
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