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ABSTRACT

A method based on Web-based tools is
presented to design optimally functioning
molecular beacons. Molecular beacons, flu-
orogenic hybridization probes, are a power-
ful tool for the rapid and specific detection
of a particular nucleic acid sequence. How-
ever, their synthesis costs can be consider-
able. Since molecular beacon performance
is based on its sequence, it is imperative to
rationally design an optimal sequence be-
fore synthesis. The algorithm presented
here uses simple Microsoft® Excel® formu-
las and macros to rank candidate se-
quences. This analysis is carried out using
mfold structural predictions along with oth-
er free Web-based tools. For smaller labo-
ratories where molecular beacons are not
the focus of research, the public domain al-
gorithm described here may be usefully em-
ployed to aid in molecular beacon design.

INTRODUCTION

This report describes a method to aid
the design of molecular beacon se-
quences. Molecular beacons are a new
optical tool that can be used to detect the
presence of a specific DNA sequence in
a mixture of targets. First demonstrated
by Tyagi and Kramer (4), molecular
beacons are fluorogenic oligonucleotide
probes that signal hybridization with a
complementary nucleic acid target (3).
These DNA oligonucleotides contain a
5′ fluorophore, a 3′ quenching group,
and 4–6 complementary bases on the 3′
and 5′ “stem” ends so that, unless the in-
ner “loop” region hybridizes to a com-
plementary nucleic acid, the fluores-
cence of the beacon in its hairpin
configuration is quenched (Figure 1).
When hybridized with a complementary
oligonucleotide, the hairpin structure
linearizes, distancing the fluorophore
and quencher to yield fluorescence. The
usefulness of molecular beacons to sig-
nal a hybridization event depends on

their molecular structure. Therefore,
each molecular beacon must be de-
signed such that its sequence confers the
correct conformation in the hairpin un-
hybridized state and the linear form
when hybridized to the intended target.

While designing molecular beacons
that function properly is more complex
than the design of simple linear probes,
the advantages of molecular beacons
outweigh the difficulties in their proper
design. Traditionally, linear oligonu-
cleotide probes used to identify hy-
bridization of a specific nucleic acid se-
quence are tagged with fluorescent or
radioactive labels and hybridized to a
sample. Unhybridized probes are
washed away if the sample is anchored
to a solid surface (e.g., blot or tissue), or
they are digested if the target is in solu-
tion (e.g., PCR or FISH). Remaining
probe is assumed to be hybridized to the
target and is quantified. The post-pro-
cessing steps in these methods can alter
the true conditions of hybridization and
thus prevent the technique from being
used in real-time and in vivo.

An essential aspect of molecular bea-
cons is that the beacon cannot have a
target hybridized in the loop region and
still maintain its duplex conformation in
the stem region. The rigidity of the
DNA helix prevents beacon-target hy-
brids from coexisting with stem hybrids.
If designed correctly, then a perfectly
matched beacon-target hybrid will be
energetically more stable than the bea-
con hairpin conformation. In addition, a
mismatched beacon-target hybrid will
not open the hairpin of the stem because
of its lower energetic stability. These
features impart a high level of specifici-
ty for the exact target sequence.

In addition to specificity for the de-
sired target sequence, optimal design of
molecular beacons dictates that fluores-
cence quenching of the beacon in the
absence of a target should only occur in
the correct hairpin conformation so that
the 5′- and 3′-ends are in close proximi-
ty. While the sequence of the loop re-
gion is constrained to be complementary
to the desired nucleic acid target, the
stem region sequence can contain any
possible combination of nucleotides.
Therefore, it is useful to predict what
conformations are most likely for a mol-
ecular beacon of a given sequence.

While one could in theory synthe-
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size a large number of molecular bea-
cons with different stem sequences and
then test each one for effectiveness, the
current costs associated with synthesiz-
ing the oligonucleotide with attached
quencher and fluorophore makes this
unpractical. On average, commercial

synthesis of a molecular beacon on the
50-nM scale currently costs $400
(companies polled included Integrated
DNA Technologies, Biosearch Tech-
nologies, Stratagene, Genset, TriLink
Biotechnologies, and Sigma Genosys).
As such, it is imperative to design a

beacon that will yield optimal results
before synthesis. An algorithm that can
predict which sequences will be most
suitable for use as beacons minimizes
the costs associated with synthesizing
and testing many beacons.

MATERIALS AND METHODS

The design method proposed here
determines which sequences are most
likely to assume the desirable hairpin
conformation for optical molecular
beacon effectiveness. The algorithm
embodies four components: a Mi-
crosoft® Excel® spreadsheet to gener-
ate candidate sequences based on user
input, a Web site server to establish the
stability of candidates, an Excel spread-
sheet to rank sequences according to
their suitability, and a Web site to check
for dimerization. A compressed copy of
the Excel example spreadsheet can be
obtained from http://www.bae.lsu.
edu/tmonroe/beaconalgorithm/Beacon-
AlgorithmV1.zip. The visual basic
macros contained within the Excel file
have been tested for compatibility on
PC-based versions of Microsoft Excel
97, 2000, and XP. As described below,
the other two components are readily
accessible online.

RESULTS AND DISCUSSION

The first step in the selection
process is the generation of all possible
candidate sequences. This is done in
the “Stem Generator” sheet of a Mi-
crosoft Excel file (Figure 2). The algo-
rithm generates all possible stem se-
quences for a stem length of five bases,
then concatenates them with the inner
loop sequence, and formats the data set
to be sent to mfold, a DNA folding pro-
gram. mfold is a public domain, Web-
based RNA/DNA structural prediction
package designed and maintained by
Dr. Michael Zuker (http://www.bioinfo.
rpi.edu/~zukerm/). Using the thermo-
dynamic parameters established by
SantaLucia (2), the mfold program pre-
dicts the most likely secondary struc-
tures for an entered DNA sequence.
mfold alone could be used to predict the
structure of a single sequence, but the
optimization of multiple sequences is
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Figure 1. Schematic diagram that illustrates a hybridization assay of a nucleic acid target and com-
plementary molecular beacon. Properly designed molecular beacons (A) in the stem-loop configura-
tion should have little fluorescent signal. When hybridized to a complementary nucleic acid target, the
beacon linearizes, distancing the quencher from the fluoropohore and generating a fluorescent signal.
Molecular beacons with suboptimal stem sequences can self-hybridize in conformations other than the
desired stem-loop structure and give false-positive signals (B).

Figure 2. Screenshot of the Excel spreadsheet used in this algorithm to design optimal molecular
beacon sequences. Using macros and formulas, candidate stem sequences are generated, which are then
sent to the mfold server for folding analysis. Sequences are then ranked according to proper conforma-
tions for optimal molecular beacon performance.



currently a trial-and-error process.
Once the mfold calculations are com-
plete, our algorithm ranks the se-
quences according to their desirability
as molecular beacons.

The first step in beacon design is to
determine the “loop region” sequence
of the molecular beacon. This typically
20-mer sequence will be complemen-
tary to the target of interest. While the
Excel file presented here does not
specifically design this portion of the
beacon, this step can be readily accom-
plished by using a number of Web-
based and freeware tools, such as
Primer3® (1). These packages will de-
termine the optimal sequence of a hy-
bridization probe for an entire gene or
other sequence of interest. The molecu-
lar beacon stem sequences that flank
the loop region are then determined in
the Excel file. Most molecular beacons
have stem regions ranging from four to
seven bases in length. Given that each
nucleotide can have one of four bases, a
stem n bases long could have n4 differ-
ent sequences. We used the rules sug-
gested by Tyagi and Kramer (4) to nar-
row the number of possibilities. The
sequence of the stem should be de-
signed such that the melting tempera-
ture is 7°C–10°C above the annealing
temperature of the target and its com-
plementary region (e.g., annealing tem-
perature of primers in PCR). For most
applications, the G-C content of the
stem should be 70%–80% (i.e., if stem
length is five bases, then four bases
should be either G or C). Sequences
with a 5′ guanine should be avoided,
since guanine may quench the attached
fluorophore (3).

Our algorithm generates all possible
1024 sequences for a beacon with five
stem-forming bases on the 5′-end and
also generates the complementary
bases on the 3′-end that will form the
stem. However, applying the Tyagi
rules mentioned previously, this num-
ber of candidate sequences is reduced
to 96. Using simple formulas in an Ex-
cel spreadsheet, the algorithm then con-
catenates these 5′ and 3′ sequences with
the entered loop region sequence and
generates a dataset in the format to be
analyzed further.

This dataset is then copied and
pasted into a form at the DNA quick-
fold server, http://www.bioinfo.rpi.edu/

applications/mfold/old/rna/form3.cgi,
which can accept batch entries, as long
as the sequences are less than 200 bases
in length. The mfold engine then calcu-
lates the most likely configurations for
each sequence and estimates the nega-
tive free energy for each possible con-
figuration. The results can be obtained
in several formats, both graphical and
ASCII text formats. The graphical for-
mats are striking, but analysis of a large
number of sequences by image analysis
can be tedious. We have found that the
ASCII files generated are easier to ma-
nipulate for optimizing the best candi-
date sequences. The ASCII datasets
(“.CT” file in which all results are con-
catenated) are readily imported into the
Excel spreadsheet using a macro and
filtered so that only configurations with
the correct stem alignment in the hy-
bridized state remain. As seen in Figure
3, the records of the “.CT” file can be
used to determine which sequences
have bases hybridized in the correct
configurations (5).

Using simple, editable formulas
within Excel, candidate hairpin se-
quences are evaluated for the number
of the hybridized bases and that the cor-
rect bases are hybridized. For an n-base
beacon with a five-nucleotide stem
length, only five bases should hybridize
in the correct hairpin. In addition, base
#1 and base #n should hybridize, as
should #5 and #n-4. In this approach,
an additional stipulation that we em-

ploy is that a given sequence should
have only one possible conformation. If
a beacon is synthesized that has several
possible conformations, then the likeli-
hood of mixtures of correct and incor-
rect hairpins increases, leading to false-
positive signals from the beacons in the
absence of hybridization targets. If a
candidate sequence returns several pos-
sible conformations, then it is omitted
from the optimal sequence list to en-
sure that the only likely conformation is
the correct hairpin. It is important to
note that the user can easily modify the
rules or add additional stipulations
should a particular hybridization appli-
cation require a higher stringency.

Once all sequences that did not meet
these requirements are filtered out, the
remaining sequences are ranked by stem
stability based on the negative free ener-
gy obtained from mfold. While this
ranking should predict the stability of
the correct stem-loop conformation, it
does not account for the possibility that
the beacons can form dimers with each
other. A Web-based application for de-
signing PCR primers was used to ana-
lyze the most promising candidate se-
quences from the previous step for their
dimer conformations. The top 10 candi-
date sequences with the lowest free
energies from the previous ranking were
individually analyzed using Integrated
DNA Technologies’ Web-based Oligo
Analyzer 2.5© (http://www.idtdna. com/
program/oligocalc/oligocalc.asp). In ad-
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Figure 3. Example of the ASCII “.CT” file output from mfold for the folding of a typical molecular
beacon sequence. The first record in this text file displays the sequence length, predicted free energy
change, and sequence name. The subsequent records contain (a) the index, (b) the base of that index, (c)
the index of the 5′-connecting base, (d) the index of the 3′-connecting base, (e) the index of the hy-
bridized base, and (f) the historical numbering of the base index in the original sequence. When there is
no hybridization between given bases, a zero is returned for (e) (5).



dition to the negative free energies for
hairpin conformations, this applet calcu-
lates free energies for the self-dimeriza-
tion of two oligonucleotide sequences.

While kinetics suggest that unimole-
cular “hairpinning” hybridization is
more likely than bimolecular (dimeriza-
tion) hybridization, it is interesting to
look at the thermodynamic predictions
of a dimerization versus hairpin calcula-
tion. Using negative free energy values,
the analysis of beacon dimer pairs could
be important, since the dimers often
form more stable conformations, which
are 5–10 kcal/mol lower than the most
stable hairpins for a given sequence.
Dimerization of two beacons leading to
overhanging ends can position the
quencher too far from the fluorophore of
the hybridized beacon and thus give a
false-positive signal. Therefore, if
dimerization is likely, it is important that
the dimer conformation favor alignment
without overhangs. Two molecular bea-
cons with the same loop sequence but
different stem sequences were analyzed
with the algorithm described here. These
sequences had similar hairpin negative
free energies from mfold but were ana-
lyzed further for dimerization. The
dimer conformation of most negative
free energy for sequence 1 (5′-ACGCG-
GCCCAAGCTGGCATCCGTCACGC-
GT-3′) is an overhanging end with hy-
bridization between the two strands at
the underlined sequence. This confor-
mation would distance the 5′ fluo-
rophore from the 3′ quencher in both
strands and give a false-positive signal.
In comparison, the dimer confirmation
of most negative free energy for se-
quence 2 (5′-CGTGCGCCCAAGCTG-
GCATCCGTCA- GCACG-3′) predicts
the two strands hybridized at both ends
(underlined). This conformation places
the 5′ fluorophore of one strand in close
proximity to the 3′ quencher of the op-
posing strand, yielding an appropriate
stem hybridization and quenched fluo-
rescent signal. Because the most likely
dimer conformation for sequence 2 pre-
dicts an appropriate stem hybridization,
sequence 2 would be a better choice than
sequence 1 for optimal beacon perfor-
mance.

Identification of sequences with the
most stable hairpin, only one hairpin
conformation, and the correct dimer
conformation substantially narrows the

number of sequences to be synthesized
and further evaluated. We have used
this approach to successfully design
two different molecular beacons. The
validity of this approach for applica-
tions where the target sequence is vari-
able cannot be assessed from our sim-
ple test using a small number of
constrained target sequences. Since this
algorithm was first developed, Beacon-
Designer®, a more flexible commercial
software package, has been released by
PremierBioSoft (Palo Alto, CA, USA).
This program allows the user to enter a
long target sequence directly from Gen-
Bank® and determines optimal beacon
sequences to detect that target. As in
the approach detailed here, BeaconDe-
signer appears to rely on the mfold
server to determine the folded confor-
mation and negative free energies of the
beacon. For laboratories that are pro-
ducing large numbers of molecular bea-
cons, the BeaconDesigner package
may be an attractive option. However,
for smaller laboratories where molecu-
lar beacons are not the focus of re-
search, the public domain algorithm de-
scribed here may be a better initial
alternative to aid in their design efforts.
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