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In order to design molecular beacons that 

function optimally under a given set of assay 
conditions, it is important to understand how their 
fluorescence changes with temperature in the 
presence and in the absence of their targets. As 
shown by the green fluorescence versus 
temperature trace below, at lower temperatures 
molecular beacons exist in a closed state, the 
fluorophore and the quencher are held in close 
proximity to each other by the hairpin stem, and 
there is no fluorescence. However, at high 
temperatures the helical order of the stem gives way 
to a random-coil 
configuration, separating the 
fluorophore from the 
quencher and restoring 
fluorescence.  The 
temperature at which the 
stem melts depends upon the 
GC content and the length of 
the stem sequence. If a target 
is added to a solution 
containing a molecular 
beacon at temperatures 
below the melting 
temperature of its stem, the 
molecular beacon spontaneously binds to its target, 
dissociating the stem, and turning on its 
fluorescence. How the fluorescence of the probe- 
target hybrid varies with the temperature is indicated 
by the red fluorescence versus temperature trace. At 
low temperatures, the probe-target hybrid remains 
brightly fluorescent, but as the temperature is raised 
the probe dissociates from the target and tends to 
return to its hairpin state, diminishing the 
fluorescence significantly. The temperature at which 
the probe-target hybrid melts apart depends upon 
the GC content and the length of the probe 
sequence. The longer the probe and the higher its 
GC content, the higher the melting temperature of 
the probe-target hybrid. It is important to note that 
the probe-target hybrid melting temperature can be 
adjusted independently from the melting 
temperature of the stem by selecting a target region 
of appropriate length. The fluorescence versus 
temperature profiles of the molecular beacon that 
were used in this  example indicate that  this 

molecular beacon is suitable for assays that are 
performed below 55 °C, because below 55 °C the 
free molecular beacons remain dark, yet the probe- 
target hybrids form spontaneously and are stable. 

 
The process of molecular beacon design begins 

with the selection of the probe sequence. If you are 
designing molecular beacons to detect the synthesis 
of products during polymerase chain reactions, you 
can select any region within the amplicon that is 
outside the primer binding sites. The probe 
sequence of the molecular beacon should be so long 

that at the annealing 
temperature of the PCR it 
is able to bind to its target. 
In order to discriminate 
between amplicons that 
differ from one another by 
as little as a single 
nucleotide substitution, 
the length of the probe 
sequence should be such 
that it dissociates from its 
target at temperatures 7- 
10 °C higher than the 
annealing temperature of 

the PCR. If, on other hand, single-nucleotide allele 
discrimination is not desired, longer and more stable 
probes can be chosen. The melting temperature of 
the probe-target hybrid can be predicted using the 
“percent-GC” rule or “nearest neighbor” rules 
(available in most probe or primer design software 
packages). The prediction should be made for the 
probe sequence alone before choosing the stem 
sequences. In practice, the length of the probe 
sequence usually falls in the range between 15 and 
30 nucleotides. 

 
After selecting the probe sequence, two 

complementary arm sequences are added on either 
side of the probe sequence. The length and the GC 
content of the stem sequence is designed in such a 
way that at the annealing temperature of the PCR, 
and in the absence of the target, the molecular 
beacons remain closed and non- fluorescent. This is 
ensured by choosing a stem that melts 7-10 °C 
higher than the annealing temperature of the PCR. 



Usually the stems are 5-7 base pairs long and have 
a very high GC content (75 to 100 percent). The 
melting temperature of the stem can not be predicted 
by the percent-GC rule, since the stem is created by 
intramolecular hybridization. Instead, a DNA folding 
program, such as the Zuker DNA folding program, 
which is available on the internet at 
http://www.unafold.org/mfold/applications/dna-
folding-form.php, is utilized to estimate the 
melting temperature of the stem. In general, 5 
base pair- long GC-rich stems will melt between 55 
and 60 °C, 6 base pair-long GC-rich stems will melt 
between 60 and 65 °C, and 7 base pair-long GC-
rich stems will melt between 65 and 70 °C. 
Although any arbitrary sequence can be used in 
designing the stems, don’t use guanosine residues 
near the end to which the fluorophore is attached 
(instead, use them at the end where the quencher 
is attached), as guanosine residues tend to 
quench the fluorophore. Longer stems can be 
used to enhance the specificity of the molecular 
beacons. 

 
It is important that the conformation assumed by 

the free molecular beacons be the intended hairpin 
structure, rather than other structures that either do 
not place the fluorophore in the immediate vicinity of 
the quencher, or that form longer stems than 
intended. The former will cause high background 
signals, and the latter will make the molecular 
beacons sluggish in binding to the targets. A 
folding of the selected sequence by the Zuker DNA 
folding program will reveal such problems. If 
unexpected secondary structures result from the 
choice of the stem sequence, a different stem 
sequence can be chosen. If on the other hand, 
unexpected secondary structures arise from the 
identity of the probe sequence, the frame of the 
probe can be moved along the target sequence to 
obtain a probe sequence that is not self- 

complementary. Small stems within the probe’s 
hairpin loop that are 2 to 3 nucleotide long do not 
adversely effect the performance of molecular 
beacons. 

 
As with PCR primers, the sequence of the 

molecular beacon should be compared with the 
sequences of the primers, using a primer design 
software program to make sure that there are no 
regions of substantial complementarity that may 
cause the molecular beacon to bind to one of the 
primers, causing primer extension. Also, the primers 
that are used should be designed to produce a 
relatively short amplicon. In general, the amplicons 
should be less than 150-basepairs long. Molecular 
beacons are internal probes that must compete with 
the other strand of the amplicon for binding to the 
strand that contains their target sequence. Having a 
shorter amplicon allows the molecular beacons to 
compete more efficiently, and therefore produces 
stronger fluorescence signals during real-time PCR. 
In addition, smaller amplicons result in more efficient 
amplification. And finally, the magnitude of the 
molecular beacon signal can be increased by 
performing asymmetric PCR, in which the primer that 
makes the strand that is complementary to the 
molecular beacon is present at a slightly higher 
concentration than the other primer. 

 
Molecular beacons can also be designed with the 

help of a dedicated software package called Beacon 
Builder, which is available from Premier Biosoft 
http://www.premierbiosoft.com/molecular_beacons/ 

 
If this design process appears daunting to you, or 

if you encounter difficulty in designing your first set 
of molecular beacons, please feel free to drop me an 
e-mail message. 


