Molecular Beacons and Other Hairpin Probes

Natalia E. Broude
Boston University, Boston, Massachusetts, U.S.A.

INTRODUCTION

Stem-loop (hairpin) DNA oligomer probes provide
increased specificity of target recognition as compared
with linear DNA probes. Invention of molecular beacons,
a variant of stem-loop oligonucleotides, which are able to
fluoresce upon hybridization but are ‘‘dark’ in the
absence of the target, made possible real-time monitoring
of hybridization process. A variety of robust assays using
diverse, structurally constrained oligonucleotides have
been developed that exploit endless number of formats
and detection methods.

Hairpin DNA oligonucleotides are also used as
different components in many DNA amplification meth-
ods providing higher specificity and lower background.
Thus, these structured probes are an indispensable tool in
modern biotechnology and diagnostics.

ENHANCED SPECIFICITY OF HAIRPIN
DNA PROBES

Specificity of probe/target hybridization is a crucial factor
determining efficiency of most nucleic acid-based meth-
ods used in diagnostics and biotechnology. Hybridization
specificity is determined as a match-versus-mismatch
discrimination: binding to sites that differ from the
perfectly complementary sequences even by a single base
pair substitution is characterized by a substantial free-
energy penalty.!'! If the free-energy penalty is high
enough, a set of conditions (so-called stringency con-
ditions) can be found where perfect complexes will be
considerably more stable than the complexes contain-
ing mismatches.

Stem-loop DNA probes are single-stranded oligonu-
cleotides containing a sequence complementary to the
target that is flanked by self-complementary target-
unrelated termini. Thermodynamic analysis of hybridiza-
tion characteristics of linear and stem-loop DNA probes
proved that it is a general feature of structurally
constrained probes to distinguish mismatches over a
larger range of temperatures or other experimental
parameters comparing to unstructured probes. >
Thus, stem-loop DNA probes allow for a wider window
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of stringency conditions, which provide better match/
mismatch discrimination.

MOLECULAR BEACONS

Molecular beacon (MB) is a stem-loop DNA oligonucle-
otide, which carries a fluorophore and a quencher at the
3'- and 5'-ends'*”! (Fig. 1A). In the absence of the target,
these molecules form closed stem-loop structures in which
fluorophore and quencher are in close proximity—this
results in fluorescence quenching. In the presence of the
DNA or RNA target, molecular beacon forms a complex
with it, which brings apart the fluorophore and the
quencher. Once the fluorophore and quencher are spatially
separated, the fluorescence develops under illumination
and quantitatively reports on the presence of the target
(Fig. 1A).

Molecular beacons, being inactive in absence of the
target, do not require purification of the hybridization
product from the excess MB and thus provide simple,
homogeneous (close-tube) format of the assay and,
consequently, a possibility of real-time hybridization
monitoring. This feature of MBs made them a tool of
choice in many applications. They were used for detection
of single nucleotide polymorphisms, in quantitative PCR,
in isothermal amplification, as DNA microarray-immobi-
lized probes and biosensors, and as antisense probes for
detecting RNAs in vivo (for reviews, see Refs. [6,7]).
Recent developments were directed toward simplification
of the MB approach and creation of the °‘label-free’’
optical biomolecular sensors. For example, immobiliza-
tion of fluorophore-labeled MBs on a gold surface
allowed using the surface as a quencher, thus eliminating
the need in quenching moiety in the beacon structure.'™
Fully unlabeled stem-loop DNA probes were used as
electrochemical DNA sensors capable of detecting
femtomoles of DNA by electrochemical signal rather
than by optical signal.”!

Fluorescence monitoring allows quantitative kinetic
analyses of the conformation changes of molecular
beacons. Therefore they have also become a useful tool
in studies on conformational changes of DNA under
various conditions or caused by various types of reagents
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Fig. 1 Outline of different assays using molecular beacons. (A) Molecular beacon is in a closed (‘‘dark’’) form in the absence of the
target, and a fluorophore (red) and a quencher (gray) are in a close proximity, which quenches fluorescence. Upon hybridization with the
target, the beacon changes its conformation, which results in spatial separation of the fluorophore and quencher. As a result, bright
fluorescence reveals the presence of a target. (B) Tripartite molecular beacons with universal arms and varying loop provide flexibility
in design and reduced cost. (C) Schematics of the beacon-like Scorpion probe approach. Incorporation of a stem-loop-shaped probe into
the PCR primer allows unimolecular target detection, which ensures faster kinetics and higher stability of the complex as compared with

bimolecular reaction. (View this art in color at www.dekker.com.)

interacting with nucleic acids. These studies include
real-time monitoring of DNA cleavage caused by enzymes
or chemicals, protein—DNA interaction studies, and studies
of various dye interactions with duplex DNA. Conforma-
tional studies of single-stranded DNAs as well as kinetic
and thermodynamic characteristics of triplex formation
have also been performed using molecular beacons. !

Structural Variants of Molecular Beacons

There are several derivatives of ‘‘classical’’ MBs, which
differ from the conventional stem-loop DNA oligonucleo-
tides. First, it was shown that the linear DNA oligonu-
cleotides without self-complementary termini (stemless)
but bearing fluorophore and quencher at the 5'- and
3'- ends could work as MBs.!'*! Later, the same was report-
ed for the peptide nucleic acid (PNA) oligomers.''! PNAs
are DNA mimics with pseudopeptide (polyamide) back-
bone instead of sugar—phosphate one in DNA. Apparently,
the flexibility of the sugar—phosphate and polyamide

backbones of DNA and PNA, respectively, in combi-
nation with a strong hydrophobic interaction between
the fluorophore and the quencher, keeps these struc-
tures preferably in a closed form in the absence of a
target.!'"-1?]

Specificity, Sensitivity, and Reproducibility

Molecular beacons exhibit exceptional sequence specific-
ity because of the favorable structure energetics. They are
used in combination with different amplification technol-
ogies, such as polymerase chain reaction (PCR) and
rolling circle amplification (RCA), which allows real-time
amplification monitoring. Fluorescence detection is
very sensitive: an increase of a signal over the back-
ground in the presence of the target up to two orders of
magnitude can be achieved. Thus sensitivity of PCR and
RCA in the presence of molecular beacons can be as high
as single molecule in case of PCR and 10—-100 molecules
in case of RCA. Another important feature of MBs is the
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Fig. 2 Examples of application of stem-loop DNA structures in amplification methods. (A) Hairpin-shaped primers allow hot-start
PCR because they anneal to the target only at high temperature upon denaturing of the stem. (B) The PCR suppression approach.
Genomic PCR is digested with a restriction enzyme and ligated with specially designed adapters. During the PCR, only the DNA
fragments containing the target are efficiently amplified, while the vast number of the target-unrelated fragments remains intact.

possibility of multiplex analysis by using MBs with
different fluorophores.

Advantages and Limitations

The major advantage of MBs is the possibility of real-time
hybridization monitoring. This provides simple close-tube
format of the assay, which reduces chances of contami-
nation and false positives. Among other advantages of
hairpin probe application in biotechnology and diagnostics
are an endless number of formats and detection methods.

Current limitations of MB technology include the high
cost of MB synthesis and their instability in the presence
of DNA polymerases with exonuclease activities. The
efforts, therefore, in this respect are directed toward
simplification and/or generalization of the beacon design.
An example of simplification of MB design is the use of
MBs immobilized on a gold surface, which serves as a
quencher.”® Tripartite MBs with universal parts carrying
fluorophore and quencher and sequence-specific oligonu-

cleotides allow flexibility in MB design!'* (Fig. 1B). This
approach also brings down the MB cost. Application of
chemically modified MBs, which are not cleavable by
exonucleases (e.g., PNA beacons or 2-O-methyl-deoxy
containing MBs), is a way to overcome instability of MBs
in the presence of exonucleases.!'!"'¥!

Combination of Molecular Beacon Approach
with Other Technologies

Molecular beacons have been incorporated in many
detection techniques using DNA amplification with the
aim of real-time process monitoring. However, the area of
MB applications is much wider and is not limited by DNA
amplification methods. Catalytic MBs represent a next
generation of molecular probes with the potential to
amplify signals and thus to detect nucleic acid targets
without PCR amplification.!'™ These MBs are DNA
constructs that combine the features of molecular beacons
and hammerhead-type deoxyribozymes with RNase

Marcer DekkER, Inc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1



ORDER |-

Molecular Beacons and Other Hairpin Probes

Hybridization and/or |
ligation 3

Fig. 3 Outline of two major approaches for application of
immobilized stem-loop DNA oligonucleotides. (A) Sequence-
specific capturing and mutation detection using immobilized
stem-loop probes. (B) DNA microarrays with hairpin probes for
DNA/protein interaction studies. (View this art in color at
www.dekker.com.)

activity, which are located on two different modules.!" In
the absence of a target, the beacon hybridizes with the
deoxyribozyme module. When the target is present, the
beacon changes its conformation and allows the substrate
(a stemless fluorogenic oligonucleotide) to hybridize with
the deoxyribozyme module. The deoxyribozyme cleaves
the substrate, which results in increasing fluorescence,
substrate dissociation, and beacon hybridization with the
deoxyribozyme. Thus, the cycle is repeated. This
approach is just in the development stage, but in the
proof-of-principle experiments, it was shown that it
initiated catalytic events."'!

The combination of PNA-based technology with
molecular beacons opened the possibility of targeting
duplex DNA without prior denaturation. PNA openers are
short PNA oligomers, which invade duplex DNA and
locally expose a single-stranded region within duplex
DNA forming a P-loop complex. Locally denatured DNA
region serves as a unique target for sequence-specific
binding of DNA or PNA probes forming PD- or PP-loops,
respectively.!'®! If the probes are DNA or PNA beacons,
they are capable of real-time reporting on cognate targets
located within the preopened double-stranded DNA. 121

USE OF STEM-LOOP OLIGONUCLEOTIDES
IN DNA AMPLIFICATION AND
MICROARRAY TECHNOLOGY

Stem-Loop Structures in DNA Amplification
Stem-loop DNA constructs are also used for different

purposes in both thermocycling and isothermal DNA
amplification (Fig. 2). For example, stem-loop primers
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allow hot-start PCR and thus increased specificity of
amplification."”"®! Scorpion probes are designed to serve
simultaneously as a PCR primer and as a molecular
beacon.['! During PCR, when the primer is extended and
the target is synthesized, the stem loop unfolds and the
loop sequence hybridizes intramolecularly with amplified
target, thus developing fluorescence (Fig. 1C). The
scorpion primer approach uses a unimolecular mechanism
of probe—target hybridization, which ensures faster
kinetics and higher stability of the probe-target com-
plex.['1

Design of the large stem-loop constructs from DNA
restriction fragments by ligation of special GC-rich
adapters forms the basis of the PCR suppression (PS)
technology (Fig. 2B). To perform suppression PCR,
genomic DNA is digested with a restriction enzyme and
ligated with an adapter with a high GC content.***" As a
result, long self-complementary ends flank each single-
stranded DNA fragment. These self-complementary
termini form duplexes during each PCR annealing step,
so that the fragments adopt large stem-loop structures,
which makes PCR with the adapter—primer (A-primer)
alone relatively inefficient. This effect is called PCR
suppression (PS). However, the PCR is efficient with two
primers, A-primer and target-primer (T-primer). In this
case, only DNA fragments with the target are efficiently
amplified on the background of all other fragments
without a target. Several variants of PS approach were
used in subtractive hybridization, cDNA and genomic
differential displays, and in multiplex PCR (see Ref. [6]
for a review). Hairpin structures were also used for
elimination of PCR errors from amplified DNA.*?
Specially designed primers forming stem loops allow also
isothermal amplification of DNA; this method is desig-
nated as loop-mediated amplification (LAMP).!?*->4

Stem-Loop Structures in DNA
Microarray Technology

Hairpin DNA probes can be immobilized on the surface of
microarrays and used in hybridization experiments for
mutation detection (Fig. 3A)'*> and DNA/protein inter-
action studies (Fig. 3B).1*°! Kinetic analysis confirmed
better performance of stem-loop structures as compared
with linear oligonucleotides.?”!

CONCLUSION

Stem-loop oligonucleotide constructs are widely used in
molecular biology, genomics, and diagnostic biotechnol-
ogy. Two major factors are responsible for such broad
applications of these DNA constructs: 1) enhanced
specificity of the probe—target interaction and 2) the
possibility of close-tube real-time monitoring formats.
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There is no doubt that many new applications of hairpin
probes will be developed in the future. Especially useful
will be the methods that may allow direct detection of
target molecules without prior amplification.

ACKNOWLEDGMENTS

This work was supported by the Hamilton-Thorne
Biosciences via sponsored research agreement. The
author thanks Vadim Demidov for critical reading of
the manuscript.

REFERENCES

10.

11.

Cantor, C.R.; Smith, C.L. Genomics; Wiley & Sons, Inc.:
New York, 1999; 74.

Roberts, R.W.; Crothers, D.M. Specificity and stringency
in DNA triplex formation. Proc. Natl. Acad. Sci. U. S. A.
1991, 88 (21), 9397-9401.

Bonnet, G.; Tyagi, S.; Libchaber, A.; Kramer, F.R.
Thermodynamic basis of the enhanced specificity of
structured DNA probes. Proc. Natl. Acad. Sci. U. S. A.
1999, 96 (11), 6171-6176.

Tyagi, S.; Kramer, F.R. Molecular beacons: Probes that
fluoresce upon hybridization. Nat. Biotechnol. 1996, 14
(3), 303-308.

Tyagi, S.; Bratu, D.P.; Kramer, F.R. Multicolor molecular
beacons for allele discrimination. Nat. Biotechnol. 1998,
16 (1), 49-53.

Broude, N.E. Stem-loop oligonucleotides: A robust tool for
molecular biology and biotechnology. Trends Biotech.
2002, 20 (6), 249-256.

Vet, J.A.;; Van der Rijt, B.J.; Blom, H.J. Molecular
beacons: Colorful analysis of nucleic acids. Expert Rev.
Mol. Diagn. 2002, 2 (1), 77-86.

Du, H.; Disney, M.D.; Miller, B.L.; Krauss, T.D.
Hybridization-based unquenching of DNA hairpins on
Au surfaces: Prototypical ‘‘molecular beacon’’ biosensors.
J. Am. Chem. Soc. 2003, 7125 (14), 4012-4013.

Fan, C.; Plaxco, K.W.; Heeger, A.J. Electrochemical
interrogation of conformational changes as a reagentless
method for the sequence-specific detection of DNA. Proc.
Natl. Acad. Sci. U. S. A. 2003, 100 (16), 9134-9137.
Livak, K.J.; Flood, S.J.; Marmaro, J.; Giusti, W.; Deetz, K.
Oligonucleotides with fluorescent dyes at opposite ends
provide a quenched probe system useful for detecting PCR
product and nucleic acid hybridization. PCR Methods
Appl. 1995, 4 (6), 357-362.

Kuhn, H.; Demidov, V.V.; Coull, J.M.; Fiandaca, M.J.;
Gildea, B.D.; Frank-Kamenetskii, M.D. Hybridization of
DNA and PNA molecular beacons to single-stranded and
double-stranded DNA targets. J. Am. Chem. Soc. 2002,
124 (6), 1097-1103.

Demidov, V.V. PD-loop technology: PNA openers at
work. Expert Rev. Mol. Diagn. 2001, / (3), 343-351.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

REPRINTS

Molecular Beacons and Other Hairpin Probes

Nutiu, R.; Li, Y. Tripartite molecular beacons. Nucleic
Acids Res. 2002, 130 (18), e94.

Tsourkas, A.; Behlke, M.A.; Bao, G. Hybridization of
2'-0O-methyl and 2’-deoxy molecular beacons to RNA and
DNA targets. Nucleic Acids Res. 2003, 30 (23), 5168—-
5174.

Stojanovic, M.N.; de Prada, P.; Landry, D.W. Catalytic
molecular beacons. Chembiochemistry 2001, 2 (6), 411—
415.

Bukanov, N.O.; Demidov, V.V.; Nielsen, P.E.; Frank-
Kamenetskii, M.D. PD-loop: A complex of duplex DNA
with an oligonucleotide. Proc. Natl. Acad. Sci. U. S. A.
1998, 95 (10), 5516-5520.

Solinas, A.; Brown, L.J.; McKeen, C.; Mellor, J.M.; Nicol,
J.; Thelwell, N.; Brown, T. Duplex scorpion primers in
SNP analysis and FRET applications. Nucleic Acids Res.
2001, 29 (20), e96.

Kaboev, O.K.; Luchkina, L.A.; Tret’iakov, A.N.;
Bahrmand, A.R. PCR hot start using primers with the
structure of molecular beacons (hairpin-like structure).
Nucleic Acids Res. 2000, 28 (21), ¢94.

Ronaghi, M.; Pettersson, B.; Uhlen, M.; Nyren, P. PCR-
introduced loop structure as primer in DNA sequencing.
BioTechniques 1998, 25 (5), pp. 876-878, 880-882,
884.

Siebert, P.D.; Chenchik, A.; Kellog, D.E.; Lukyanov, K.A.;
Lukyanov, S.A. An improved PCR method for walking in
uncloned genomic DNA. Nucleic Acids Res. 1995, 23 (6),
1087-1088.

Lukyanov, K.A.; Launer, G.A.; Tarabykin, V.S.; Zaraisky,
A.G.; Lukyanov, S.A. Inverted terminal repeats permit the
average length of amplified DNA fragments to be regulated
during preparation of cDNA libraries by polymerase chain
reaction. Anal. Biochem. 1995, 229 (2), 198-202.

Kaur, M.; Makrigiorgos, M. Novel amplification of DNA
in hairpin structure: Towards a radical elimination of PCR
errors from amplified DNA. Nucleic Acids Res. 2003, 37/
(6), e26.

Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.;
Watanabe, K.; Amino, N.; Hase, T. Loop-mediated
isothermal amplification of DNA. Nucleic Acids Res.
2000, 28 (12), e63.

Nagamine, K.; Kuzuhara, Y.; Notomi, T. Isolation of
single-stranded DNA from loop-mediated isothermal
amplification products. Biochem. Biophys. Res. Commun.
2002, 290 (4), 1195-1198.

Broude, N.E.; Woodward, K.; Cavallo, R.; Cantor, C.R.;
Englert, D. DNA microarrays with stem-loop DNA probes:
Preparation and applications. Nucleic Acids Res. 2001, 29
(19), €92.

Wang, J.; Bai, Y.; Li, T.; Lu, Z. DNA microarrays with
unimolecular hairpin double-stranded DNA probes: fabri-
cation and exploration of sequence-specific DNA/protein
interactions. J. Biochem. Biophys. Methods 2003, 55 (3),
215-232.

Riccelli, P.V.; Mandell, K.E.; Benight, A.S Melting studies
of dangling-ended DNA hairpins: effects of end length,
loop sequence and biotinylation of loop bases. Nucleic
Acids Res 2002, 30 (18), 4088—-4093.

Marcer DekkER, Inc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1



Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints' link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materiasis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, ater or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at
http://www.dekker.com/servlet/product/DOI/101081EEDGP120020717


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=CNV&title=Nerve+Growth+Factor+Receptor+Immunoreactivity+in+Breast+Cancer+Patients&offerIDValue=18&volumeNum=19&startPage=692&isn=0735-7907&chapterNum=&publicationDate=09%2F30%2F2001&endPage=697&contentID=10.1081%2FCNV-100106144&issueNum=7&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+10%3A04%3A49&publisherName=dekker&orderBeanReset=true&author=Marcello+Aragona%2C+Stefania+Panetta%2C+Anna+Maria+Silipigni%2C+Domenico+Leo+Romeo%2C+Giuseppe+Pastura%2C+Mario+Mesiti%2C+Stefano+Cascinu%2C+Francesco+La+Torre&mac=KOc5%jLbXeGnmCkxsN2GaA--
http://s400.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=SPI&publication=Encyclopedia&title=Molecular+Beacons+and+Other+Hairpin+Probes&offerIDValue=18&volumeNum=&startPage=846&isn=0-8247-5502-2&chapterNum=&publicationDate=&endPage=850&contentID=10.1081%2FE-EDGP-120020717&issueNum=&colorPagesNum=0&pdfStampDate=11%2F11%2F2004+23%3A00%3A54&publisherName=dekker&orderBeanReset=true&author=Natalia+E.+Broude&mac=XpNI9m83pSF$8roTHOIZrQ--

