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This opinion covers the field of molecular beacons (MBs),

in which nucleic acids are molecularly engineered to have
unique functions for the investigation of biomolecules.
Molecular beacons have been used in a variety of formats, and
this review discusses four: first, in vitro RNA and DNA
monitoring; second, biosensors and biochips based on
MBs; third, real-time monitoring of genes and gene
expression in living systems; and finally, the next generation
of molecular beacons that will be highly useful for studies
with proteins, molecular beacon aptamers. These unique
applications have shown that MBs holds great potential

in genomics and proteomics where real-time molecular
recognition with high sensitivity and excellent specificity

is critical.
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Abbreviations

FRET fluorescence resonance energy transfer
MB molecular beacon

MBA  molecular beacon aptamer

RET resonance energy transfer

Introduction

In the post-genomic and proteomic era, a continued
demand exists for biomolecular recognition probes with
high sensitivity and selectivity for use in quantitative
studies of genomic and proteomic information. These
are particularly important for fundamental biomedical
studies, disease diagnosis and drug discovery. Since the
first report in 1996 [1], molecular beacons (MBs) (shown
in Figure 1) have become a class of DNA probes that is
widely used in chemistry, biology, biotechnology and
medical sciences for biomolecular recognition [2-8],
due in part to their ease of synthesis, unique functionality,
molecular specificity and structural tolerance to various
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modifications. In the traditional format, MBs act like
switches that are normally closed — or ‘off’. Binding
induces conformational changes that open the hairpin
and, as a result, the fluorescence is turned ‘on’. The stem
structure holds the fluorophore and the quencher in close
proximity to one another, preventing the fluorophore
from emitting a signal as a result of resonance energy
transfer (RET) [1,9]. Once the single stranded loop por-
tion of the MB hybridizes to the target, the stem melts
and the resulting spatial separation of the fluorophore
from the quencher leads to an enhancement in fluores-
cence signal.

MBs can be used in a variety of applications where studies
were initially not possible. These have included solution-
based RNA-DNA interaction investigations, living sys-
tems measurements, biosensor designs, as well as pro-
tein—-DNA interaction studies. While the basic function of
MBs is similar for most of the bioanalytical methods that
employ them, each MB is individually tailored to meet
the needs of the application. Because of the unique
structural and thermodynamic properties of MBs, these
probes offer several advantages for biotechnology method
development, one of which is their ability to differentiate
between two target DNA sequences that differ by as little
as a single nucleotide [10,11]. This degree of molecular
specificity is very advantageous in a variety of bioanaly-
tical applications, such as real-time PCR monitoring
[11,12], DNA array development [13,14] and DNA ana-
lysis. Another advantage of MB probes is their inherent
signal transduction mechanism. With appropriate fluor-
ophore and quencher pairs and MB designs [15], very
high signal-to-background ratios of more than 200 are
possible when binding occurs under optimal conditions
[9]. The signal transduction of MBs also enables the
detection of target DNA in situations where it is not
possible or desirable to isolate the probe—target hybrids
from an excess of the unhybridized probes. These char-
acteristics make them particularly attractive to biologists
as well as chemists for bioanalytical applications. While
there have been many interesting applications and fun-
damental studies on MBs, this review focuses on the
recent bioanalytical applications of MBs, mainly the
aforementioned four areas.

In vitro RNA and DNA monitoring

One common use for MBs has been for real-time mon-
itoring of DNA or RNA amplification during PCR.
Because the non-hybridized MB has minimal fluores-
cence, the increasing fluorescence signal after each cycle
is representative of the increasing concentration of
the amplified sequence. MBs have also provided an
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Figure 1
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Structural characteristics of molecular beacon probes. (a) A typical molecular beacon DNA probe. (b) Molecular beacon working principle.

important tool for DNA sticky-end pairing analysis [16]
(shown in Figure 2). Intermolecular sticky-end pairing
causes a severe loss in the fluorescent signal in MB DNA
probes during hybridization. Such assays enable the
observation and quantitation of DNA sticky-end pairing
as well as the study of various biophysical processes
that involve DNA sticky-end pairing, including non-
homologous end-joining and DNA self-assembly. Another
important finding was that higher analytical sensitivity can
be achieved by designing the MB to incorporate one side
of the MB stems for sequence specificity.

In addition, DNA cleavage can be evaluated using MB
probes as ‘molecular break lights’ for monitoring and
studying enediynes [7,8,17]. Similarly, homogeneous for-
mats (with no wash or separation steps) for nuclease
activity, incorporating a microplate-based quenching
fluorescence assay, are possible using the MB technology,
which could have an impact in pharmaceutical develop-
ment. Just as DNA cleavage is detectable using MBs,
studying the joining of DNA fragments, or ligation, has
also been accomplished [18]. Because MBs can be used
for real-time monitoring of DNA hybridization, this assay
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enables real-time monitoring of the ligation reaction and
its kinetics in homogeneous solutions. Given the general-
ity, simplicity, speed and sensitivity of such approaches to
monitor DNA cleavage and ligation mechanisms, these
methodologies could be easily adapted to a high-through-
put format and become a new method of choice in
modern drug discovery to screen for novel protein-based
or small-molecule-derived DNA cleavage agents.

Biosensing applications

While solution applications of MBs have been widely
applied, their use in biosensor development has become
popular as well. Various applications of surface-immobi-
lized MB sensors have been described including minia-
turized hybridization assays developed with positional
separation in fiber optic bundles [19] and microarrays
[12-14]. Using commercially available aldehyde-coated
glass slides, the detection of Francisella tularnsis has been
accomplished with amine functionalized MB in a micro-
array format [20]. The array demonstrated characteristic
MB specificity toward complementary oligonucleotide
sequences, single-nucleotide mismatch sequences and
multiple nucleotide mismatches. In human disease diag-
nostics, gene expression studies, and gene profiling, MB-
immobilized magnetic nanoparticles, or genomagnetic
nanocapturers, have been developed to collect, separate
and detect trace amounts of DNA or RNA molecules with
one single-base difference [21]. As a result, this newly
developed technique could be useful for a variety of
sample sources in forensic, medical and biotechnological
fields.

Although the majority of surface immobilized probes
incorporate a single dye-based quencher molecule into
the signal transduction mechanism and the material to
which the probe is attached serves only a passive role,
some attention has been paid to developing alternative
approaches. Gold offers particularly attractive molecular
characteristics and has been extensively used in biotech-
nology and nanotechnology for signal transduction pur-
poses [22]. At the core of these approaches is a gold
surface that has the ability to quench fluorescent mole-
cules. By immobilizing a fluorophore-functionalized hair-
pin onto a gold surface, in the absence of target, the
fluorescence is quenched due to the close proximity of the
fluorophore to the gold surface [23]. With improvements,
these methods hold promise in the area of microarray
technology because of the surface enhancement capabil-
ities of roughened metal substrates.

In most biosensor applications, the sensitivity of the MBs
immobilized on a silica surface is usually low. New MB
probes have been designed to enable a larger separation
between the surface and the surface-bound MBs by
adding a poly-T linker at one stem end of the MB probe
[24]. Using these MB probes, a DNA array has seen
limited improvement in analytical sensitivity. On the
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other side, ways to improve MB biosensing capability
are under current investigation. For example, the reaction
kinetics of single MB molecule on a liquid—solid interface
has been studied to better understand how an MB is
hybridized on a surface [25]. As shown in Figure 3, single
MB molecules were imaged during the hybridization to
individual cDNA probes. Among 400 MB DNA probes
that were tracked, 349 MBs (87.5%) were hybridized
quickly and showed an abrupt fluorescence increase,
whereas 51 probes (12.5%) reacted slowly, resulting
in a gradual fluorescence increase. This ratio stayed
about the same when varying the concentrations of cDNA
in MB hybridization on the liquid-surface interface.
Statistical data of the 51 single-molecule hybridization
images showed that there was a multi-step hybridization
process. The results enabled a better understanding
of DNA hybridization processes using single molecule
techniques, which will improve biosensor and biochip
development.

Gene monitoring in living systems

The ability to detect and quantitate changes in gene
expression, especially in real-time and with a degree of
sensitivity suitable to monitor minor changes at a single
cell level, will have considerable value in functional
genomics. RNA analysis within a living cell has proven
to be a tremendous challenge to biologists. With the rise
of functional genomics, our fundamental understanding
of RNA synthesis, transport pathways, and subcellular
localization is increasingly important. Real-time measure-
ments of mRNA 7z vivo and in vitro have allowed new
directions to be investigated.

MBs have been reported for the detection of basic fibro-
blast growth factor mRNA in human trabecular cells [26],
human c-fos mRNA in transfected Cos7 cells [27], and B-
actin mRNA in K562 human leukemia cells [28] and in
PTK2 cells [29]. These early studies have shown the
promise of MB’s applicability in monitoring genes in
living systems, but the results were mostly preliminary.
Successful implementation of MBs for mRNA detection
depends on a combination of rational sequence design,
efficient probe insertion into the cell, and optimized
fluorescence imaging conditions. It is also important to
choose an appropriate portion of the mRNA target
sequence that will be accessible to the probe and a loop
sequence and will be non-complementary to other pos-
sible interfering sequences. This is often accomplished
using software to predict secondary structures of the
mRNA sequences, the NCBI Gene Bank, and intuitive
engineering. Synthesizing several MBs for a single
mRNA is frequently done. It is expected that not all of
the MBs will yield fluorescence enhancements when
testing iz vitro and in vive. Computer programs that
predict secondary structures of DNA are also useful for
optimizing the MB design. An excel algorithm has
recently been developed to aid in MB design by
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A wide variety of sensitive assays can be developed based on the molecular beacon structural conformation changes in the presence of both
proteins and nucleic acids. (a) MBs can exhibit a substantial amount of intermolecular interactions as a result of sticky-end pairing of the MB
stems in the presence of target nucleic acids. Two complementary sticky ends from two MB hybrids can pair to form a short double helix, leading
to association of the two hybrids at one end. These two MB hybrids can form a closed structure, ([MB],), by pairing the other two sticky ends or
polymerizing into a multimolecular structure, [MB],, (n > 3), by pairing with more hybrids. With sticky-end pairing, fluorophore (orange circle) and
quencher (blue circle) are drawn together again, causing fluorescence quenching. (b) DNA cleaving enzymes, or nucleases, can also be

monitored by using the ability of the enzymes to cut the MB into short sequences. Eventually, the enzyme cleaves the stem sequence and
destabilizes the hybrid in such a manor to restore the fluorescence of the fluorophore. (c) Ligase activity can also be monitored, where the MB is
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Single molecular beacon DNA hybridization at a liquid—solid interface.
Individual MB DNA probes and their hybridization have been
followed at an interface using fluorescence imaging microscopy.
Each one of the major peaks represents one individual molecular
hybridization event.

generating a series of possible MB sequences based on a
20 base loop [30]. Once an MB has been found to yield an
appropriate response, it can be inserted into the cell by
means of liposome delivery or by direct microinjection.
Both of these methods have been demonstrated to main-
tain the physiological and structural integrity of the cells.

Recently, strategic MB and experimental design resulted
in the visualization, distribution and trafficking of mRNA
in Drosophila melanogaster oocytes [30]. DNA and peptide
nucleic acid MBs were also successfully used to detect
rRNA in solution and cells [31]. Solution-based DNA
analysis assays have been demonstrated and are promis-
ing for intracellular measurements. The first example is a
reversible MB design that can be used to determine the
concentration of single-stranded DNA in solution by a
ratiometric fluorescence measurement caused by fluores-
cence resonance energy transfer (FRET) [32]. Also, two
MB beacons used simultaneously to hybridize adjacent
regions of the same target, resulting in FRET, has also
been investigated [30]. These two approaches reduce
false-positive signals in detecting target nucleic acids
because of an increased signal-to-background ratio com-
pared with that seen in single MB assays. The dual FRE'T
MBs provide an interesting technique for sensitive RNA
detection and quantitation in living cells.
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Intracellular measurements using fluorescent intensity
often do not yield reproducible results. Fluorescent ratio-
metric measurements can be better. To solve this pro-
blem, the microinjection of two probes, one MB probe for
the target sequence and one reference probe for optical
signal calibration, proves to be more reproducible, reli-
able and quantitatable for the target nucleic acids in
the cytoplasm of single living cells. With these new
approaches for MB intracellular measurements, it is pos-
sible to more effectively and reliably monitor and quan-
titate in real-time mRNA inside living cells, as shown in
Figure 4.

Protein study

Although MBs were originally designed to bind and
recognize specific nucleic acids, these probes can also
lead to increased fluorescence upon binding to certain
proteins. The protein recognition ability of MBs was first
recognized with an K. co/i single-stranded DNA-binding
protein [33]. These results demonstrated that while MBs
are sensitive and somewhat selective to DNA-binding
proteins, they are not specific enough to be capable of
distinguishing a particular protein, and a more selective
protein recognition mechanism is required.

The combined sensitive signal transduction mechanism
of MBs with the specific protein-binding capability of
aptamers results in a novel class of analytical probes
termed molecular beacon aptamers (MBAs) [34]. Apta-
mers are single-stranded DNA or RNA molecules, gen-
erally 25-60 nucleotides in length, that have been
selected in a process termed SELEX from a combinator-
ial library by their ability to bind a specific target [35-37].
The MBAs developed to date can be described by three
general classifications: FRET fluorophore/quencher
pairs, FRET donor/acceptor pairs, and single labeled
anisotropy probes. An example of a FRET-based quench-
ing MAB is the one developed using the known and well-
studied thrombin aptamer. When bound to thrombin, the
aptamer exists primarily in its quadruplex form containing
two G-quartet structures, but in free solution, it can adopt
either conformation, depending in part on the ionic
strength and temperature. This conformation shift pro-
vides the basis for the MBA. By labeling the two ends of
the aptamer with a fluorophore and quencher pair, apta-
mer binding of thrombin forces the quencher adjacent to
the fluorophore, resulting in a substantial decrease in
fluorescence. Similarly, a donor and acceptor fluorophore
can be positioned on either end to create a two fluor-
ophore FRET probe [34,38]. Binding of target protein can
be detected by monitoring the fluorescence of F2 directly
or preferably by the ratio of fluorescence of F2/F1. The

(Figure 2 Legend continued) designed to be complementary to the ligated product. Initially, DNA1 and pDNA2 (5’ phosphorylated DNA) can
individually bind to the probe, creating two adjacent bases that are not connected by a phosphodiester bond, or a nick. As a result of the two
sequences binding to the MB, the fluorescence slightly increases. Once the nick is formed, the DNA ligase can bind and join the two target
sequences. The full complementary strand then has the ability to fully restore the fluorescence of the MB.
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Figure 4
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Intracellular imaging of single cells using MB DNA probes. A ratiometric approach has been used to minimize experimental variations and enable
more reliable data collection. On the top row are the cellular response for ‘closed’ MBs. On the bottom row are the cellular responses for

‘open’ MBs. (a) and (d) are the fluorescence emission images of a reference probe. (b) and (e) correspond to fluorescence emission images of
the MB probe response. (c) and (f) are representative ratiometric images of the MB responses by dividing the image from the MB by the image

of the reference probe.

two fluorophore approach also enables the use of ratio-
metric imaging measurements. As a result, a much
improved signal to background ratio and therefore much
higher sensitivity in protein imaging are obtained. The
third class of molecular aptamer probes is based on
monitoring the change in fluorescence anisotropy upon
protein binding [38—40]. Anisotropy probes are con-
structed by labeling an aptamer with a single fluorophore.
When the labeled aptamer is bound with its target pro-
tein, the rotational motion of the fluorophore becomes
much slower as a result of the larger molecular weight of
the aptamer—protein complex. This results in a significant
increase in fluorescence anisotropy that can be monitored
using plane-polarized light. One particular advantage of
anisotropy probes is that they are more universal than the
FRET-based probes. With further development, MBAs
are expected to be useful as intracellular protein recogni-
tion agents to probe proteins in different environments
and to monitor protein—-DNA/RNA interactions.

Conclusions

With the completion of the human genome project, there
has been a rapid shift in focus from simply collecting and
archiving genomic data to utilizing genetic analysis for
prediction and discovery. The developmentand utilization
of new quantitative tools for research across disciplinary
interfaces will prove vital in achieving these objectives.
MBs are ideally suited for and hold great promise in
genomics and proteomics. More research is expected for
three areas. First, MB application in mutation detection for
a variety of disease diagnostics and disease mechanism
studies. Gene expression under different conditions will

also be studied with precise quantitation. The extraordin-
ary target-specific capability along with the availability of
different fluorophore-quencher pairs makes MB probes
extremely useful for multiplex analysis applications as
well. These excellent properties also make MBs exqui-
sitely suited for use in the identification of genetic alleles or
particular strains of infectious agents. Second, MBAs are in
the early stages of development, but their potential will be
further explored, especially in their application to proteo-
mics. As the first target in cell-based aptamer selection,
cancer proteomics will prove to be an interesting area to
investigate. A third area is the improvement of MB design.
There are three important areas where improved MB
design must improve before many more practical applica-
tions of MBs and MBAs become easily accomplishable
with unique features and important advantages: first, MBs
should be made with lower background signal and higher
signal enhancement, especially for surface immobilizable
MBs in biosensor and biochip applications; second, MBs
should be made more robust against components of the
cellular environment such as nuclease enzymatic cleavage;
thirdly, MBs should be made with multiple functions to
realize recognition and then functionalization. All of these
developments will open the possibility of using easily
obtainable and designer DNA molecules for genomics
and proteomics studies, for molecular diagnosis of diseases,
for molecular therapy and for new drug development.

Acknowledgements

This work was partially supported by NIH grants, by an NSF NIRT Award
and by National Key Basic Research Program (2002CB513100) of China
Natural Science Foundation.

Current Opinion in Chemical Biology 2004, 8:547-553

www.sciencedirect.com



References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. Tyagi S, Kramer FR: Molecular beacons: probes that fluoresce
upon hybridization. Nat Biotechnol 1996, 14:303-308.

2. Noya O, Patarroyo ME, Guzman F, De Noya BA:
Immunodiagnosis of parasitic diseases with synthetic
peptides. Curr Prot Peptide Sci 2003, 4:299-308.

3. Fang X, Li J, Perlette J, Wang K, Tan W: Molecular beacons:
novel fluorescent probes. Anal Chem 2000, 72:747A-753A.

4.  WangK, LiJ, Fang X, Schuster S, Vicens M, Kelley S, Lou S, Li JJ,
Beck T, Hogrefe R, Tan W: Novel fluorescent molecular beacon
DNA probes for biomolecular recognition. In Biomedical
Photonics Handbook. Edited by Vo-Dinh T. Washington: CRC
Press; 2003:57.1-57.2.

5. Solomon B: Towards diagnosis and treatment of Alzheimer’s
disease. In Immunization Against Alzheimer’s Disease and Other
Neurodegenerative Disorders. Edited by Selkoe DJ, Christen Y.
Heildelberg: Springer-Verlag; 2003:11-19.

6. Tsourkas A, Bao G: Shedding light on health and disease using
molecular beacons. Briefings in Funct Genomics Proteomics
2003, 1:372-384.

7. LiJJ, Geyer R, Tan W: Using molecular beacons as a sensitive
fluorescence assay for enzymatic cleavage of single-stranded
DNA. Nucleic Acids Res 2003, 28:e52.

8. Perlette J, Li J, Fang X, Schuster S, Lou J, Tan W: Novel DNA
probes for detection and quantification of protein molecules.
Rev Anal Chem 2002, 21:1-14.

9. TyagiS, Bratu DP, Kramer FR: Multicolor molecular beacons for
allele discrimination. Nat Biotechnol 1998, 16:49-53.

10. Wang H, Li J, Liu H, Liu Q, Mei Q, Wang Y, Zhu J, He N, Lu Z:
Label-free hybridization detection of a single nucleotide
mismatch by immobilization of molecular beacons on an
agarose film. Nucleic Acids Res 2002, 30:e61.

11. Manganelli R, Tyagi S, Smith I: Real-time PCR using molecular
beacons: a new tool to identify point mutations and to analyze
gene expression in mycobacterium tuberculosis. In Methods in
Molecular Medicine vol. 54, Mycobacterium tuberculosis
Protocols. Edited by Parish T, Stoker NG. Humana Press; 2001:
295-310.

12. Vet JAM, Van der Rijt BJM, Blom H: Molecular beacons: colorful
analysis of nucleic acids. Expert Rev Mol Diagn 2002, 2:77-86.

13. Broude NE: Stem-loop oligonucleotides: a robust tool for
molecular biology and biotechnology. Trends Biotechnol 2002,
20:249-256.

14. Lou HJ, Tan W: Femtoliter microarray wells for ultrasensitive
DNA/mRNA detection. Instrumentation Sci Technol 2002,
30:465-476.

15. Marras SAE, Kramer FR, Tyagi S: Efficiencies of fluorescence
resonance energy transfer and contact-mediated quenching
in oligonucleotide probes. Nucleic Acids Res 2002, 30:e122.

16. Li JJ, Tan W: A real-time assay for DNA sticky-end pairing
using molecular beacons. Anal Biochem 2003, 312:251-254.

17. Nozaki S, Tomioka Y, Hishinuma T, Inoue M, Nagumo Y,
Tsuruta LR, Hayashi K, Matsumoto T, Kato Y, Ishiwata S et al.:
Design, production, and characterization of recombinant
neocarzinostatin apoprotein in Escherichia coli. J Biochem
2002, 131:729-738.

18. TangZ,WangK, TanW, LiJ, LiuL, Guo Q, Meng X, Ma C, Huang S:
Real-time monitoring of nucleic acid ligation in homogenous
solutions using molecular beacons. Nucleic Acids Res 2003,
31:e148.

19. Epstein JR, Leung APK, Lee KH, Walt DR: High-density,
microsphere-based fiber optic DNA microarrays. Biosensors
Bioelectronics 2003, 18:541-546.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Molecular beacons Tan, Wang and Drake 553

Ramachandran A, Flinchbaugh J, Ayoubi P, Olah GA, Malayer JR:
Target discrimination by surface-immobilized molecular
beacons designed to detect Francisella tularensis.
Biosensors Bioelectronics 2004, 19:727-736.

Zhao X, Tapec-Dytioco R, Wang K, Tan W: Collection of trace
amounts of DNA/mRNA molecules using genomagnetic
nanocapturers. Anal Chem 2003, 75:3476-3483.

Daniel MC, Astruc D: Gold nanoparticles: assembly,
supramolecular chemistry, quantum-size-related properties,
and applications toward biology, catalysis, and
nanotechnology. Chem Rev 2004, 104:293-346.

Du H, Disney MD, Miller BL, Krauss TD: Hybridization-based
unquenching of DNA hairpins on au surfaces: prototypical
“molecular beacon” biosensors. J Am Chem Soc 2003,
125:4012-4013.

Yao G, Tan W: A molecular beacon based array for sensitive
DNA analysis. Anal Biochem 2004, 331:216-223.

Yao G, Fang X, Yokota H, Yanagida T, Tan W: Monitoring
molecular beacon DNA probe hybridization at single molecule
level. Chemistry 2003, 9:5686-5692.

Matsuo T: In situ visualization of messenger RNA for basic
fibroblast growth factor in living cells. Biochim Biophys Acta
1998, 1379:178-184.

Tsuji A, Koshimoto H, Sato Y, Hirano M, Sei-lida Y, Kondo S,
Ishibashi K: Direct observation of specific messenger RNA in a
single living cell under a fluorescence microscope.

Biophys J 2000, 78:3260-3274.

Sokol DL, Zhang X, Lu P, Gewirtz AM: Real time detection of
DNA.RNA hybridization in living cells. Proc Nat/ Acad Sci USA
1998, 95:11538-11543.

Perlette J, Tan W: Real time monitoring of mRNA hybridization
in single living cells. Anal Chem 2001, 73:5544-5550.

Bratu DP, Cha B, Mhlanga MM, Kramer FR, Tyagi S: Visualizing
the distribution and transport of mRNAs in living cells.
Proc Natl Acad Sci USA 2003, 100:13308-13313.

Santangelo PJ, Nix B, Tsourkas A, Bao G: Dual FRET molecular
beacons for mRNA detection in living cells. Nucleic Acids Res
2004, 32:e57.

Nitin N, Santangelo PJ, Kim G, Nie S, Bao G: Peptide-linked
molecular beacons for efficient delivery and rapid

mRNA detection in living cells. Nucleic Acids Res 2004,
32:e58.

Li J, Fang X, Schuster S, Tan W: Molecular beacons: a
novel approach to detect protein-DNA interactions.
Angew Chem Int Ed 2000, 39:1049-1052.

Li JJ, Fang X, Tan W: Molecular aptamer beacons for real-time
protein recognition. Biochem Biophys Res Comm 2002,
292:31-40.

Ellington A, Szostak JW: In vitro selection of RNA molecules
that bind specific ligands. Nature 1990, 346:818-822.

Robertson DL, Joyce GF: Selection in vitro of an RNA enzyme
that specifically cleaves single-stranded DNA. Nature 1990,
344:467-468.

Tuerk C, Gold L: Systematic evolution of ligands by exponential
enrichment: RNA ligands to bacteriophage T4 DNA
polymerase. Science 1990, 249:505-510.

Fang X, Cao Z, Beck T, Tan W: Molecular aptamer for real-time
oncoprotein platelet-derived growth factor monitoring by
fluorescence anisotropy. Anal Chem 2001, 73:5752-5757.

Lou HJ, Brister JR, Li JJ, Chen W, Muzyczka N, Tan W:
Adeno-associated virus Rep78/Rep68 promotes localized
melting of the Rep binding element in the absence of ATP.
Chem Bio Chem 2004, 5:100-108.

Fang X, Sen A, Vicens M, Tan W: Synthetic DNA: aptamers to
detect protein molecular variants in a high throughput
fluorescence quenching assay. Chem Bio Chem 2003,
4:829-834.

www.sciencedirect.com

Current Opinion in Chemical Biology 2004, 8:547-553



	Molecular beacons
	Introduction
	Biosensing applications
	Gene monitoring in living systems
	Protein study
	Conclusions
	Acknowledgements
	References and recommended reading


