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Monitoring gene expression in vivo is of great importance to biological studies, 

medical diagnostics and drug discovery.  The use of molecular beacons has enabled gene 

expression studies with the advantage of a low background and high selectivity.  

Unfortunately, the use of molecular beacons for intracellular mRNA monitoring has 

demonstrated a tendency to give false positive signals resulting from degradation by 

nucleases, and nonspecific binding by nucleic acid binding proteins.  Here, we are 

reporting a novel probe for in vivo mRNA monitoring.  The probe consists of two single 

strands of DNA, in which a PEG (polyethylene glycol) linker is used to tether these two 

sequences together.  On the 3' end of one strand, a fluorescence donor has been attached.  

To the 5' end of the other strand, another fluorophore acting as an acceptor is labeled.  

When the target containing the complementary sequence to the DNA strands is added, 

each strand binds to its corresponding target sequence bringing the two fluorophores in 

close proximity and allowing fluorescence resonance energy transfer to occur.  The 



x 

fluorescence changes of the two fluorophores have been shown to be proportional to the 

target concentration.  Using PEG to tether the two sequences has shown a higher signal 

enhancement than the probe without the linker.  A series of experiments was performed 

to optimize this probe, which includes altering the PEG linker length changing the PEG 

number of units and the distance between the two fluorophores.  Hybridization kinetic, 

sensitivity, and selectivity of linear probe were compared to those of molecular beacons.  

This probe is simple, highly sensitive, and selective and overcomes some of the 

limitations of molecular beacons.  It holds great potential for use in monitoring mRNA 

expression in living cells. 
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CHAPTER 1 
INTRODUCTION 

DNA/mRNA detection techniques play an important role in disease especially in 

gene expression studies.  Traditional techniques such as Northern Hybridization, Reverse 

Transcriptase Polymerase Chain Reaction (RT-PCR) and Southern blotting are time 

consuming.  Probes such as molecular beacons (MBs) and the novel linear probe have 

been developed because they offer several advantages over traditional DNA/mRNA 

techniques.  These fluorescence probes have a tremendous impact in drug discovery, 

disease diagnosis, gene expression studies and biomedical fields [1-4].  They offer 

several advantages; first, the ability to perform rapid analysis and fully homogeneous that 

requires no manipulations aside from mixing of the sample and the test solution [9-13].  

Second, an important feature of the fluorescence probe analysis is that the recognition of 

the target and optical reporting occurs simultaneously, which is an advantage for 

homogeneous high-throughput assays. Third, they are highly selective due to DNA 

hybridization to complementary sequences and allows for the detection of a single base 

mismatch [14, 15].  However, the use of MBs for mRNA/DNA hybridization studies has 

several drawbacks.  MBs can be difficult to design due to the hairpin structure which 

requires some expertise.  It has also been reported that the hairpin structure is not static 

and can fluctuate between different conformations [16].  MBs can suffer from 

degradation by cytoplasmic nucleases and can be destabilized due to protein interactions 

[7].  They can also simply open momentarily due to thermodynamic fluctuations giving 

rise to high false positive signal.  Nonspecific binding is another factor to take into 
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consideration for MB use.  For these reasons, scientists from different areas (molelcular 

engineer, chemist, biochemist, biologist etc.) are still working on the design, optimization 

and development of new probes that can achieve a higher selectivity and sensitivity. 

Introduction to Molecular Beacon 

Molecular beacons were first introduced in 1996 [5].  They are single strand DNA 

probe molecules that consist of a stem and a loop structure [17-19].  Figure 1.1 shows the 

molecular beacon structure and hybridization upon target addition.  The loop sequence is 

complementary to the single strand target DNA.  The stem portion consists of 5 to 7 base 

pairs complementary to itself so that prior to binding target DNA sequences the structure 

is in the closed state [20].   

 
Figure 1-1 Hybridization of Molecular beacon upon target addition. 

A fluorophore is covalently linked to the end of one arm (orange color) and a 

quencher is attached to the end of the other arm (blue color). Molecular beacons do not 

fluoresce when they are free in solution. However, when they hybridize to a single 

nucleic acid strand containing a target sequence they undergo a conformational change 

that restores the fluorescence.  Initially MBs were used for nucleic acid detection but they 

can also be used for mRNA and molecules with higher complexity.  The main advantages 

Complementary 
Target + 

 

Stem 

Loop 
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of these probes are: 1) the signal transduction mechanism for high sensitivity, 2) target 

detection without further separation [18], and 3) the ability to distinguish single base 

mismatches [18-22].   

Introduction to Linear Probe 

In our laboratory we developed a novel oligonucleotide based probe that can be 

used for hybridization studies and in vivo mRNA/DNA monitoring.  The basic principle 

of the probe is shown in Figure 1-2.  This probe consists of two single strands of DNA, in 

which a polyethylene glycol (PEG) linker is used to tether these two sequences together 

[8]. On the 3' end of one strand, a fluorescence donor has been attached (green color in 

Figure 1.2).  To the 5' end of the other strand, another fluorophore acting as an acceptor is 

attached (orange color in Figure 1.2). In the random unhybridized conformation of the 

probe, the two fluorophores will be away from each other in the absence of a target.  

When a target (green strand) containing the complementary sequences to both probes at 

adjacent positions is added, each strand will bind to its corresponding target sequence 

bringing the two fluorophores in close proximity and allowing energy transfer to occur. 

The energy transfer results in the quenching of the donor fluorophore and a fluorescence 

enhancement of the acceptor fluorophores.  

 Probe Characteristics 

 The linear probe is based on fluorescence which makes this probe very sensitive.  

It is capable of detecting the target hybridization without the need to separate hybridized 

and unhybridized probes.  This probe also allows for the detection of a single base 

mismatch demonstrating the selectivity of the assay.  It also has most of the advantages of 

the molecular beacons with the difference that does not cause a high false positive signal 

in the presence of nucleases and proteins. The linear probe is easier to synthesize and 
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simpler transduction mechanism (molecular beacon can have more than one 

conformation upon hybridization) and the hybridization rate is faster.  These properties 

allow us to use the linear probe for in vitro and in vivo measurement.  This thesis will 

mainly focus on in vitro characterization of this probe. 

 
 

 
Figure 1-2 Hybridization of the linear probe upon the addition of the complementary 

target DNA (X=PEG). 

 

+
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CHAPTER 2 
LINEAR PROBE DESIGN, HYBRIDIZATION AND IN VITRO 

CHARACTERIZATION 

In this chapter a complete description of the design, hybridization and 

characterization of the linear probe is reported.  The experiments will show that the linear 

probe has the potential for not only mRNA/DNA detection capabilities but also for future 

applications in biomedical fields given their specificity and sensitivity.   

Materials and Methods  

One of the most important steps in the development of the linear probe is the probe 

design.  The probe was designed using part of the β-tubulin sequence from Aplysia genes.  

This gene is highly stable and highly expressed within Aplysia cells.  The sequences used 

synthesized are in the Table 1-1.  All DNA synthesis reagents were from Glen Research. 

The probes and DNA were synthesized with an ABI3400 DNA/RNA synthesizer. FAM 

core pore glass (CPG) was used for all FAM labeled probe synthesis, while Cy5 was 

labeled using Cy5 phosphoramidite; 18 Spacer phosphamidite was used for introduction 

of PEG. For Cy5 labeled probes, ultramild deprotection phosphoramidite were used and 

then overnight incubation in 0.05M K2CO3/methanol. 

 The probe and target solutions resulted from deprotection were precipitated in 

ethanol. The resulting precipitates were then dissolved in 0.5ml of 0.1 M 

triethylammonium acetate (pH 7.0) for further purification with reverse phase high-

pressure liquid chromatography. RP-HPLC was performed on a ProStar HPLC Station 



6 

 

(Varian, CA) equipped with a fluorescent and a photodiode array detector. A C-18 

reverse phase column (Alltech, C18, 5µM, 250x4.6mm) was used. 

Table 1-1 Target sequences and the design of linear probe and molecular beacon 
Linear Probe: 5′-F1-CTC ATT TTG CTG ATG ACG-(X)n-TGT CTG GGT ACT CCT 
CC-F2-3′  where X represent PEG; F1=Cy5; F2=FAM 
5′-Oregon green-AGA GCG CCT CAG GGC-(X)n-GGA AGG AAG GCT GGA-Cy5-3′   
Molecular Beacon: 5′-FAM-CGC ACC TCC TCC CTC TTT TTG CTG GGT GCG-
dabcyl-3′ 
Targets: 
β-tubulin 5′-GCT CAT CAG CAA AAT GAG GGA GGA GTA CCC AGA CAG-3′  
β-actin 5′- GCC CTG AGG CGC TCT TCC AGC CTT CCT TCC-3′ 
Targets with T’s between the perfect complementary sequences: 
5′-GCT CAT CAG CAA AAT GAG TGG AGG AGT ACC CAG ACA G-3′ 
5′-GCT CAT CAG CAA AAT GAG TTT GGA GGA GTA CCC AGA CAG-3′ 
5′-GCT CAT CAG CAA AAT GAG TTT TGG AGG AGT ACC CAG ACA G-3′ 
5′-GCT CAT CAG CAA AAT GAG TTT TTT GGA GGA GTA CCC AGA CAG-3′ 
5′-GCT CAT CAG CAA AAT GAG TTT TTT TTG GAG GAG TAC CCA GAC AG-3′ 
Targets with A’s between the perfect complementary sequences: 
5′-GCT CAT CAG CAA AAT GAG AGG AGG AGT ACC CAG ACA G-3′ 
5′-GCT CAT CAG CAA AAT GAG AAG GAG GAG TAC CCA GAC AG-3′ 
5′-GCT CAT CAG CAA AAT GAG AAA GGA GGA GTA CCC AGA CAG-3′ 
5′-GCT CAT CAG CAA AAT GAG AAA AGG AGG AGT ACC CAG ACA G-3′ 
5′-GCT CAT CAG CAA AAT GAG AAA AAA GGA GGA GTA CCC AGA CAG-3′ 
Single base mismatch targets: 
5′-GCT CAT CAG CAA AAA GAG GGA GGA GTA CCC AGA CAG-3′ (AA) 
5′-GCT CAT CAG CAA AAG GAG GGA GGA GTA CCC AGA CAG-3′ (AG)  
5′-GCT CAT CAG CAA AAC GAG GGA GGA GTA CCC AGA CAG-3′ (AC) 
‘Random’ sequence target: 5′-CAG TTA CAT TCT CCC AGT TGA TT-3′ 

 

The first approach to test the new probe was done in a spectrometer (fluorolog-Tau 

3).  The buffer used for all the hybridization experiments consists of 20 mM Tris, 50mM 

of NaCl and 5 mM of MgCl2 with a pH of 7.5.  The solution consisted of 200 µL buffer 

and sufficient amount of probe and target to make a final solution of 300 nM. 

Probe Concentrations 

Each probe was purified using RP-HPLC (Variant, Walnut Creek, CA) and the 

targets using solid phase extraction.  Subsequently the absorbances of the linear probes 

were taken at 260 nm (CARY 100 Bio, UV/VIS spectrometer) to calculate the final 
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concentration of the probes.  The concentration of the Linear Probe 8 (LP 8), LP 12, LP 

16 and LP 20 were 32 µM, 72 µM, 80 µM and 66 µM respectively and the 

complementary target concentration was 66 µM.  The name of the probes (LP 8 etc.) is 

indicative of the amount of PEG units that each probe contains. The following sequence 

was used: 5’-Cy5-CTC ATT TTG CTG ATG ACG-(X)16-CTG TCT GGG TAC TCC 

TCC-FAM-3’; where X represents PEG units and where each polymer unit has a length 

of 23 Å [23].  The reasons for choosing PEG are: 1) provides mobility to the DNA 

sequences attached and 2) the lack of interaction with the nucleotides bases [23].   

Dye Selection 

Dye selection plays an important role in the design of any fluorescence probe.  

First, the efficiency of the energy transfer depends greatly on the selected dye, and that is 

because each dye covers a spectral region.  Second, it is necessary to evaluate the 

experimental conditions because factors such as pH and temperature can also affect the 

fluorescence characteristics of the fluorophores.   Fluorescein (FAM) and Cy5 were 

selected as the linear probe dyes.  FAM will be the donor molecule and Cy5 will be the 

acceptor.  This dye pair was selected for the following reasons; first, the fluorescence 

emission of the two dyes is completely separated; second, the excitation of Cy5 caused 

by absorption of the FAM excitation is negligible; and finally because both dyes have a 

spectrum overlap which allow the FRET or energy transfer to occur.  Figure 2-2 shows 

the absorbance and emission spectra for FAM and Cy5.  The absorption and excitation of 

the dyes are: 488 nm and 520nm for FAM and 643 nm and 665 nm for Cy 5.  Oregon 

green and Cy 5 was also used.  Oregon green coverts the same spectra region of FAM but 

it is more stable into the cell than FAM.  
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Figure 2-2 Absorbance and emission spectra for FAM and Cy5.  Excitation of FAM is 

488 nm with an emission of 520 nm and for Cy5 the excitation and emission 
are 643 nm and 665 nm, respectively. 

Hybridization Experiments and Conditions 

The goal of the first experiment was to prove that the polymer linker connecting the 

two sequences together does not interfere with the ability of the linear probe to hybridize.  

The first measurement was done for linear probe with a spacer length of 8.  First, we 

added 200 µL of buffer and 1.875 µL of probe to have a final concentration of 300 nM 

and followed by the target addition. 

  Figure 2-3 shows the emission spectra with 488 nm excitation before and after 

target addition.  The graph clearly shows a significant fluorescence decrease in 520 nm 

and an enhancement the fluorescence at 665nm.   The decrease and increase in 

fluorescence from FAM and Cy5 respectively is due to the target addition.  FAM is the 

donor dye and Cy5 is the acceptor.  The target hybridization results in the quenching of 
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the donor fluorophore and enhancement of the acceptor fluorophore.  This data showed 

that the system has undergoes a fluorescence resonance energy transfer (FRET) 

phenomena. 
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Figure 2-3 Emission spectra of linear probe before and after target addition.  Emission 

spectra of the probe (-), emission spectra of the probe after target addition (-). 
Buffer consisted of 20 mM Tris, 50mM of NaCl and 5 mM of MgCl2 with a 
pH of 7.5 

Similar pattern was found for the rest of the probes.  This experiment was very 

important because it allowed us to know if the probes have proper interaction with the 

target; it was the proof of concept.  The hybridization results were analyzed based on the 

fluorescence ratio of the two dyes, I665nm/I520nm where I665nm and I520nm represent the 

intensity of the Cy 5 and FAM respectively after target addition.  Figure 2-4 shows the 

preliminary results for the hybridization of the linear probes with target.  The graph 

shows that the linear probe can have as high as 22 times signal enhancement which is 

comparable with molecular beacons.  Notice that the linear probe reaches a maximum 

signal just a few seconds after the target addition, which demonstrates the rapid 

hybridization mechanism of the probe. 
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 Figure 2-4 Hybridization of the probes with target at 300 nM. 

Control Experiment 

The next set of experiment was a negative control experiment.  The goal was to 

investigate the selectivity of the linear probe.  The linear probe should not give any signal 

with the control target which has a non complementary sequence.  The control was 

synthesized using part of the Manganese Superoxide Dismutase (MnSOD) sequence as a 

target: CAG TTA CAT TCT CCC AGT TGA TT (non-complementary sequence, see 

Table 1.1).  We used linear probe 16 with the complementary target in 200 µL of buffer 

at a final concentration of 300 nM.  Figure 2-5 shows the results of the experiments.  The 

signal enhancement occurred when the probe was incubated with the complementary 

sequence.  No signal responses were observed for the non complementary sequence.  

This result not only showed that the linear probe hybridizes with the complementary 

target sequence but also is an indication of its selectivity as well. 
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Figure 2-5 Linear probe 16 with different targets; (-) Control-non complementary 

sequence, (-) Complementary DNA sequence.  

Spacer or Polymer Linker Length Effect 

In order to obtain a better or higher signal enhancement for the linear probe a series 

of experiments were conducted.  One of the first parameters that we studied was the 

effect of the polymer linker in the probe hybridization.  The measurements were taken in 

the spectrometer, with a final probe concentration of 300 nM.  Figure 2-4 and Figure 2-6 

show the differences in signal enhancement for the LP 8, LP 12, LP 16 and LP 20 with 

different spacer lengths in the probes.   Linear probe with 16 units resulted in the highest 

signal enhancement.  For this reason we used LP 16 as a probe for the following 

experiments to observe the results when we varied other parameters.  Figure 2-6 reflects 

that the spacer allows the two DNA sequences to remain hybridized and when half of the 

sequence has hybridized to the target, the other half has no other choice than to hybridize 

as well.  As a result, energy transfer can occur between these two dyes once hybridization 

has occurred.  
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Figure 2-6 Bar graphs that show the polymer linker effect. 

There are several reasons to suspect that destabilization of the probes occur when 

the linker is too large.  The lower enhancement of LP 20 could be the result of multiple 

target binding.  The linker is long enough to allow the two DNA strands to hybridize 

multiple targets and energy transfer is not likely to occur when this happens.  Also, a very 

large linker length makes the signal decrease to a point that the advantage of using 

linking DNA fragments would disappear [23].  On the other hand, a very short polymer 

linker is not capable of hybridizing efficiently and destabilizes the equilibrium in such a 

way that causes a decrease in the fluorescence. 

Fluorophores Distance 

To observe how the fluorophores distance affects the probes, in terms of energy 

transfer the following experiment was performed.  The theory behind this experiment is 

that energy transfer can be possible only if the dyes are at certain distances.  When the 
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gap between the donor and acceptor dye is to large, little or no signal enhancement will 

be observe.  The probe used was LP 16 and as targets we used thymine and adenine 

between the complementary sequences.   The targets used for these set of experiments 

were: a) target (no distance between dyes or perfect complementary sequence): GCT 

CAT CAG CAA AAT GAG GGA GGA GTA CCC AGA CAG, b) target 1T between the 

dyes: GCT CAT CAG CAA AAT GAG TGG AGG AGT ACC CAG ACA G, c) target 

that contains 3T between the dyes: GCT CAT CAG CAA AAT GAG TTT GGA GGA 

GTA CCC AGA CAG and three more targets with 4T, 6T and 8T.  The same experiment 

was performed with using adenine with the target that has the complementary sequence, 

1A, 2A, 3A, 4A, 6A and 8A bases between the dyes.  Energy transfer is directly related to 

the fluorophores distance; higher the distance between the dyes, lower signal 

enhancement.  Figure 2-7 shows the results for this experiment where the number of 

bases added in the target is plotted versus the ratio (665nm/ 520nm).  The highest 

fluorescence enhancement resulted from the target with the perfect complementary 

sequence.  Energy transfer resulted to be lower when we increased the distance between 

the fluorophores.  The data obtained for A and T presented similar pattern, the signal 

decreases with an increase base insertation.  This experiment also tells us that the 

fluorophores have to be in direct contact to obtain highest signal enhancement.  FRET 

efficiency depends on the distance of the donor and acceptor molecules.  It is known that 

FRET is not effective at Förster distances higher than 200 Å for biomolecules and it is 

recommended that the fluorophores are within 20 and 60 Å for higher energy transfer.  

Although in this experiment we did not determine the Förster distance it was very clear 

that the two fluorophores are very close in proximity. 
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Figure 2-7 Ratiometric measurements for targets which contain A’s and T’s between the 

dyes.  

Selectivity of the Linear Probe 

It is very important for the linear probe to be able to distinguish between the target 

molecules and other molecules in order to have biological applications.  In an attempt to 

observe the specificity of the linear probe, the following experiment was conducted.  

Targets sequences were prepared with a single base mismatch.  The perfect 

complementary sequence is GCT CAT CAG CAA AAT GAG GGA GGA GTA CCC 

AGA CAG (AT).  The next sequences are called AA, AG and AC, because A has a 

different complementary sequence; GCT CAT CAG CAA AAA GAG GGA GGA GTA 

CCC AGA CAG (AA), GCT CAT CAG CAA AAG GAG GGA GGA GTA CCC AGA 

CAG (AG) and GCT CAT CAG CAA AAC GAG GGA GGA GTA CCC AGA CAG 

(AC).  The discrimination or selectivity of the linear probe is shown in Figure 2-7.  

Indeed, the highest signal was produced by the target with the complementary sequence.    
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The mismatched sequences showed signal enhancements slightly different from each 

other.  Although the signal did not show significant differences, the linear probe has 

potential for monitoring a single base mismatch in the target, which would be important 

for single polymorphism detection.  The differences in signal could be due to the 

different affinities that each base has with a non-complementary base.  Their distinctions 

rely in hydrogen bonding between each mismatch base. 
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Figure 2-8 Selectivity of the probe using a single base mismatch. 

Salt Concentration 

Nucleic acids can interact reversibly with different species such as organic 

molecules, proteins and metal ions [24] and ions such as Mg2+and Na+ can play an 

important role in the ligands to nucleic acids because they are the major source of 

electrostatics contributions[25].  It has been well know for years that cations can stabilize 

the DNA duplex.  Ions such as Mg2+ and Na+ can have a significantly impact in the 

hybridization of oligonucleotides base probes with the target.  Studies have shown that 

Mg2+ coordinates with the phosphate backbone in the DNA to make a secondary 

structure.  Due to the importance of these ions in the hybridization, the following 

experiment was done: where the concentration of Mg2+ and Na+ was varied in buffer 
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solution.  Also as part of the characterization of the probe, the buffer condition that leads 

to the highest and fastest fluorescence enhancement was investigated.  The results of the 

hybridization of the linear probe can is shown in Figure 2-8, where a linear probe 

concentration was 300nM, target 300 nM, buffers that contain 20 mM Tris, 50 mM NaCl 

and different concentrations of Mg2+.  Magnesium concentration appeared to play an 

important role in the linear probe hybridization as expected.  In a real time experiment the 

hybridization kinetics were faster when 5 mM magnesium concentration was used.  

Consequently, 5 mM of magnesium concentration was used for all of the following 

experiments unless otherwise is specified. 
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Figure 2-9 Hybridization of the linear probe in a buffer with different concentrations of 

magnesium.  

In the following experiment we compared the effect in the hybridization when I 

varied sodium concentration.  The Figure 2-9 shows the hybridization of the linear probe 

with the target does not change significantly when NaCl concentration was varied.  The 

hybridization of the probes resulted to have similar values once the target was added 
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which indicate that the hybridization rate is not affected by the Na+ concentration.  The 

hybridization was almost constant at 150 s in all buffers.  Although, previous studies 

suggest that for this analysis it is important Na+ concentration in hybridization rates.      
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Figure 2-10 Hybridation of the linear probe with the target using 0, 5, 10, 25 and 50 mM 

of NaCl. 

Comparison of the Probe with Linker and no Linker 

The following experiment was conducted as part of the characterization of the 

probe.  It involves a direct comparison of the linear probe with the linker and the two 

DNA strands that do not contain the polymer linker tethering these two sequences 

together.  The main objective for this experiment was to investigate the role or the 

function of the polymer linker in the hybridization and equilibrium of the probe.  The  

β-tubulin sequence was used for both probes.  A calibration curve (See Figure 2-10) was 

done for both probes where different concentrations of target were used.  As you can see 

in the plot the probes have similar detection capabilities.  The main difference between 

these two plots appeared to be the dynamic range.  The probe with the linker has a larger 



18 

 

dynamic range than the probe without the linker, this can be explain because the linker 

allows the two sequences to stay together and the equilibrium is most likely to occurs 

over 1:1 ratios.  The DNA strands decreased the fluorescence when the ratio of 

probe:target was not larger than 1:1.   If we analyze this data in terms of equilibrium we 

can conclude that it is harder for the strands without the linker to bind the same target and 

result in energy transfer than the probe with the linker which allow both strands to bind 

the same target. 
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Figure 2-11 Calibration curve for the probe with linker and no linker. 

Thermal Stability 

In order to compare both probes (the probe with the polymer linker and the probe 

without), another experiment was performed where the thermal stability was studied.  

The probes were hybridized using 1:1 ratio and at a final concentration of 300 nM.  The 

fluorescence intensity was monitored at 488nm, 520 nm and 665nm from 15 ºC to 95 ºC.  

Using a water bath (RTE-111 from Neslab) the melting temperatures were found for the 

respective hybridized probes.  The melting temperature for both probes is show in the 
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Figure 2-11.  It is plotted as the derivative versus the temperature.  The derivative 

provides a mathematical formulation of the rate of change in this case the change in the 

fluororescence over the range of temperature.  The melting temperature of the linear 

probe and the probe with no linker were 67 and 30°C respectively.  The highest melting 

temperature of the linear probe indicates that it is more stable than the probe without the 

polymer.  This demonstrated the advantage of using a PEG linker to tether two DNA 

strands together, that is, the PEG dramatically increase local concentration of one strand 

to the other. The local concentration effect facilitates probe hybridization and stabilizes 

the hybridized product. This stability allows the linear probe to maintain the equilibrium 

even at high concentrations in the presence of target.  This is important in hybridization 

studies because the hybridization of the linear probe will not likely depend on the 

temperature below 67ºC. 
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Figure 2-12 Melting temperature for the polymer linker probe and no linker probe. 

Cell Measurements for the Linear Probe 

Fluorescence probes are useful for in vitro and in vivo measurements because of the 

sensitivity in either of these two environments.  Until now we have investigated the 

behavior of the linear probe in vitro, but it is very important to determine the response of 
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the linear probe into the cell for practical applications.  Cellular measurements for the 

linear probe (Figure 2-12), showing the hybridized (top) and unhybridized (bottom) states 

inside a cell.  On the left, detection at 520 nm and the right is the detection at 665 nm; 

detection at Oregon green dye nm and Cy5 respectively. For this purpose we used 

Oregon green instead of FAM because Oregon is more stable in the cell; however bothe 

dyes have the same absorption and excitation wavelength.  The sequence targeting was β- 

actin 5′-Oregon green-AGA GCG CCT CAG GGC-(X)n-GGA AGG AAG GCT GGA-

Cy5-3′ and the complementary target is β-actin 5′- GCC CTG AGG CGC TCT TCC 

AGC CTT CCT TCC-3′.  The image demonstrated the feasibility of using the linear 

probe inside a cell.  The two pictures at the top are the linear probe hybridized with its 

complement.  The green color represents the emission of Oregon green dye and the red 

color represents the Cy5 signal when the system is excited at 488 nm and the target is 

present in the cell.  The two pictures on the bottom show the cell excited at 488 nm 

without target, which means that the probe did not show any hybridization signals 

because the signal in Cy5 was not appreciable.  This experiment was completed as 

preliminary data to demonstrate how the linear probe works inside of a cell.  As seen in 

the image, there is a significant enhancement which indicates that the LP has potential for 

molecular recognition in vivo. 

Conclusions 

In this part of our work, the linear probe was developed and characterized.  First, 

the result showed that when the linear probe hybridizes is capable of having as high as 22 

fold signal enhancement which is comparable with the fluorescence enhancements found 

in molecular beacons.  Second, the highest signal enhancement for the linear probe 

resulted when the fluorophores were in very close proximity for the energy transfer to 
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occur.  Third, the spacer length ideal for this type of probe is 16 units of the linker PEG.  

We confirmed this with a series of experiments that proved the equilibrium may be 

affected with low or high PEG units.  We also noticed that the linker not only makes the 

probe simple but also adds an extra degree of flexibility to the probe without adversely 

interfering with the hybridization of the DNA strands.  The specificity of the probe was 

also investigated and we found that the linear probe is capable of differentiating a single 

base mismatch in the target sequence.  This finding plays an important role for the 

detection of a single nucleotide mutation in gene expression studies.  The linear probe 

demonstrates functionality in “in vivo” or “in vitro” environment using relatively low 

concentrations (as low as a few nM).  All the parameters were studied to determine the 

best set of conditions where the maximum signal enhancement can be reached. 

  

  
Figure 2-13 Linear probe hybridized and unhybridized states inside of the cell. 
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CHAPTER 3 
COMPARISON OF MOLECULAR BEACON AND LINEAR PROBE 

Molecular beacons and linear probes have been developed as tools for molecular 

recognition.  These fluorescence probes have excellent detection capabilities.  In this 

chapter a comparison of molecular beacons and linear probe will be discussed in terms of 

hybridization rates, deoxyribonuclease (DNase) resistance, effect of protein binding and 

performance in cellular extract. 

Fluorescence Probes with Deoxyribonucleases Reaction 

   There are many types of that DNases cleave the backbone of the DNA;.  Some 

DNases can cleave a single stranded DNA, others just double strand DNA; some are able 

to cut anywhere along the chain and others have very specific sequence requirements.  

Deoxyribonuclease I was used for this set of experiments. It cleaves at the phosphodiester 

linkage adjacent to pyrimidine nucleotides, yielding 5'-phosphate terminated 

polynucleotides with a free hydroxyl group on position 3'.  The molecular beacon used 

for this experiment targeted the same sequence as the linear probe (FAM-CGC ACC 

TCC TCC CTC TTT TTG CTG GGT GCG-dabcyl and FAM-CTC ATT TTG CTG ATG 

AGC (X)n CTG TCT GGG TAC TCC-Cy5 for the linear).  The buffer (20mM Tris, 50 

mM NaCl, 5mM MgCl2 at a pH of 7.5), target; GCT CAT CAG CAA ATT GAG GGA 

GGA GTA CCC AGA CAG (300nM) and probe concentration (300 nM) were the same 

as well.  The results for the experiment performed for both molecular beacon and linear 

probe are shown in Figure 3-1.  Molecular beacon hybridization with the complementary 

sequence resulted in a ~12 fold enhancement and ~16 signal enhancement was found for 
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DNase cleavage.  These results demonstrated that molecular beacons in the presence of 

DNase give false positive signals.  This phenomenon can be explained because DNase 

cuts the beacon sequence and destroys the integrity of the structure.  Consequently, the 

fluorophore is no longer quenched by the quencher resulting in the fluorescence of the 

dye.  Signal from MBs caused by DNase was actually higher than the complementary 

sequence, which is because the quencher and the fluorophores separate completely in the 

case of DNase digestion.  While the fluorophore and quencher remain linked to each 

other by one fragment of the double stranded DNA in the cDNA case [6].  Conversely, 

the linear probe with the complementary sequence has a 16 fold enhancement while no 

false positive signal was observed for the DNase.  However, a slight signal decrease was 

noticeable as a result of the linear probe degradation.  The decrease can also be explained 

because the DNase cut the probe in pieces causing a degradation of the linear probe and 

therefore a decrease in the fluorescence intensity. 
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Figure 3-1 Molecular beacon and linear probe mixed with complementary DNA sequence 

and DNase I.  Buffer: 20mM Tris, 50 mM NaCl, 5mM MgCl2 at a pH of 7.5. 
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Selectivity of the Linear Probe and Molecular Beacon 

The selectivity of the probe is very important for all types of applications.  The 

degree of selectivity for any probe is characterized by the ability to recognize minor 

differences in target sequences.  In this experiment we investigated the selectivity of the 

probe when a single nucleotide in the target sequence was varied.  Three hundred 

nanomolar concentrations were used for the probes and targets.  Figure 3-2 shows the 

response of molecular beacons and linear probe to different targets.  The sequences used 

for targets were: GCT CAT CAG CAA AAA GAG GGA GGA GTA CCC AGA CAG 

(AA), GCT CAT CAG CAA AAG GAG GGA GGA GTA CCC AGA CAG (AG) and 

GCT CAT CAG CAA AAC GAG GGA GGA GTA CCC AGA CAG (AC). 

Under the experimental conditions molecular beacons showed about 8 fold signal 

enhancement with the perfect complementary sequences (AT, data not shown).  In the 

following test we changed the T which is the perfect complementary sequence of the 

probes to A.  We also tested G and C and the signal enhancement decreased for all of the 

base mismatches.  The same experiment was run with the linear probe (conditions were 

not changed).  It also showed the highest signal enhancement with the perfect 

complementary sequence; AT which resulted in a signal increase of 20 (data not shown).  

A single base mismatch, AA, AC, and AG targets showed a decreased in the signal 

intensity.  The signal enhancement of the linear probe was higher than the molecular 

beacon.  However, in terms of selectivity the linear probe was slightly lower than the 

molecular beacon.  The advantage of the molecular beacon over the linear probe leaves 

us room for future probe optimization.  The degree of selectivity can be dramatically 

change varying the probe parameters such as fluorophore pair. 
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Figure 3-2 Comparison of selectivity of Linear Probe (red) and Molecular Beacon (blue). 

Both probes were hybridized under the same conditions. The selectivity of the 
probes to each target was normalized to the selectivity of perfect match target 
AT. 

Effects of the Presence of Cellular Extract in the Probes Hybridization 

Recent studies on molecular beacons have demonstrated that molecular beacons 

suffer degradation in the presence of cellular extract.  This experiment was done using 

sequences from Aplysia Californica.  The sequences were synthesized to develop 

experiments into Aplysia neurons in our laboratory.  Briefly, Aplysia is a gastropod 

mollusc suited for neurobiology mainly because of its large neurons (they are among the 

largest in the animal kingdom) [28].  Their simplicity with only a few hundred neurons, 

make this animal suitable to performed studies that conduct us to a better understanding 

of molecular events.  The central spinal ganglion extract (A ganglion is cluster of nerve 

cell bodies on the posterior root of a spinal nerve) was used for this experiment and 

similar results were found for central nervous system extract (data not show).  The buffer 

use for this analysis contained 20mM of Tris, 50 mM of NaCl and 5mM of MgCl2.  At a 

final concentration of 300 nM the probes were tested in the presence of a solution from 
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central spinal ganglion extract.  The Figure 3-5 shows the fluorescence intensity of both 

probes.  Molecular beacons have a 4 fold signal enhancement in the presence of the 

central spinal ganglion solution.  On the contrary, the linear probe did not have any signal 

enhancement when the same extract amount was added.  This experiment tells us that 

molecular beacons suffer of many conformational changes in the presence of cellular 

extract which explains the fluorescence enhancement that we observed.  On the other 

hand, the intensity of the LP remains almost constant in the presence of the extract.  A 

slight increase in the background of the probe can be explained by the addition of extra 

material into the solution.    
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Figure 3-3 Linear probe (―) and molecular beacon (―) that contains the sequence of 

Aplysia.  Additions of the central spinnal ganglion extract solution followed 
by the complementary sequence (linear probe). 
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Protein Studies 

The interaction of proteins with nucleic acid has been very important in molecular 

biology for years.  Protein-nucleic acid interaction can involve changes in conformations 

of both macromolecules and techniques able to identify these interactions are essential.  

Techniques such as DNA footprinting, filter binding assays, X-ray crystallography and 

fluorescence spectroscopy have been used to study protein-nucleic acid interaction [26] 

and the information obtained can vary for each methodology.  Fluorescence spectroscopy 

can be an excellent method because of the high sensitivity and low sample volume 

havving, fast and real time detection capabilities.  In the following experiment we are 

taking the advantage of the fluorescence signal to detect the protein binding event.  

Recent studies have shown that molecular beacos can interact with proteins causing a 

significant fluorescent enhancement [7].  Molecular beacons in the closed state are 

destabilized in the presence of protein in the solution allowing the fluorescence energy 

transfer to occur [7]. 

Experiment Conditions 

The protein used in the experiment was lactate dehydrogenase (LDH).  LDH is an 

enzyme in the glycolytic cycle that catalyzes the reversible interconvertion of lactate and 

pyruvic acid [26].  The five different isoenzymes of LDH bind ssDNA.  LDH was 

purchased from Sigma (St. Louis, MO).  The sequence of the molecular beacon used for 

this experiment was: FAM-CGC ACC TCC TCC CTC TTT TTG CTG GGT GCG-

dabcyl and F2-CTC ATT TTG CTG ATG AGC (X)n CTG TCT GGG TAC TCC-F1 for 

the linear probe.  The fluorophore attached to the molecular beacon was FAM and dabcyl 

as a quencher.  In the experiment the probe, protein and target were fixed at 300 nM and 

the buffer contained 20 mM of tris, 50 mM NaCl and 5mM of MgCl2.  Figure 3-7 shows 
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the result for this experiment.  First, in a real time experiment the hybridization of the 

molecular beacon was done with the perfect complementary target; which showed a 

twelve fold enhancement.  Using the same experimental conditions, the protein was 

added to the buffer with the MB and allowed to incubate until the signal reached a 

plateau; then the complementary target was added and the intensity was recorded for 

both.  The effect of protein on the molecular beacon hybridization can be observed in 

Figure 3-6.  The addition of the protein caused destabilization in the molecular beacons 

and therefore separation of the fluorophore/quencher which resulted in an increase in 

intensity.   

 
Figure 3-4 Molecular beacon hybridization: (-) target and (-) protein and target. 

The same experiment was performed using the linear probe and the comparison of 

the linear probe with molecular beacon was plotted in Figure 3-7.  Addition of LDH to 
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molecular beacon solution resulted in 5 fold increase in fluorescence intensity.  On the 

other hand the linear probe had just 1.5 fold enhancement; this result supported our 

theory that the linear probe does not bind with the protein.   
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Figure 3-5 Comparison of the linear probe with molecular beacon hybridization in the 

presence of lactate dehydrogenase (LDH). 

The high signal enhancement of the molecular beacon is the result of the 

conformational change induced by the presence of LDH.  In a real time experiment, the 

target or complementary sequence was added and the fluorescence enhancement 

recorded.  As a result, the hybridization changes of the probes were obtained in the 

presence of protein.  The figure below shows the enhancement for each probe in the 

presence of target.  For the MB and LP, the enhancement resulted in 2.5 and 7, 

respectively.  The low signal for the MB with the complementary target was the result of 

the opening of the probe caused by LDH binding.  The MBs did not show high signal 

enhancement for the target because some of the beacons were already open because of 

the presence of the protein in the solution. Conversely, LP has a hybridization of 7 fold 

which is the same signal value in the absence of the protein.  One of the most significant 
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differences of the LP and MBs is the protein addition.  When one is considering the use 

of MBs for intracellular detection one must be very careful.  These probes can interact 

with proteins to form either a DNA/protein complex or to simply open the MB causing a 

high false positive signal and the integrity of the assay can be at risk.   

Hybridization Rates 

The aim of this experiment was to understand and compare the kinetics of the 

linear probe and molecular beacons.  Three hundred nanomolar concentrations of probe 

and target were used for this experiment in buffer.  The hybridization of the probe was 

done in a real time experiment and the data was recorded in the Figure 3-8.  When we 

compare the hybridization rate of these two probes, LP has a higher rate of binding than 

the molecular beacon.  It was also evident that the hybridization of the LP reached the 

maximum intensity or the plateau in less than 400 seconds of target addition.  MBs in the 

same amount of time were still increasing in their intensity. 
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Figure 3-6 Hybridization rate comparison of molecular beacon and linear probe. 
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This interesting finding let us think that indeed the linear probe is having a faster and 

more efficient hybridization mechanism than that of the molecular beacons.  This is 

probably because the LP has the flexible linker allowing the two strands to stay together 

in a single open state (not open or closed state like MBs) which is something that does 

not happen with MBs.  The structure of MBs (loop and stem) fluctuates between different 

conformations in the absence of target and that could be a major concern for the 

hybridization rate.  It takes more time for the MBs to reach the equilibrium because of the 

conformational changes that are going through in the presence of target. 

Conclusion 

In this chapter we have compared the linear probe and the molecular beacons in 

terms of hybridization rates, deoxyribonuclease (DNase) resistance, effect of protein 

binding and performance in cellular extract.  These are important approaches because 

allow us to determine the conditions in which each probe work bests and their advantages 

and disadvantages in different conditions.  For example, if one wants to work in an 

environment where DNase can be an issue, probably the use of molecular beacons is not 

a good idea because of the degradation of MBs.  The same behavior is visible in the 

presence of proteins.  Probably one of the most important advantages of the LP over the 

MBs is the fast hybridization rate which reduces significantly the time of the assay. 
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CHAPTER 4 
SUMMARY AND FUTURE WORK 

Summary 

In this work we have characterized the linear probe and demonstrated the 

possibilities of using this probe for in vitro and in vivo analysis.  Here we also 

investigated the effect of the polymer linker on the assay under different conditions.  Our 

primary goals for this work were to explore the effects of a probe with a flexible linker 

for DNA/mRNA detection analysis, find the optimal working conditions for the linear 

probe and make a comparison of the linear probe with molecular beacons.  Despite the 

differences that exist between a molecular beacon and a linear probe (in terms of 

structure, hybridization mechanism, sensitivity and selectivity), we have to recognize that 

these probes have a great potential for real time analysis of DNA/mRNA and biological 

applications. 

Advantages of the Probe 

The developments for nucleic acid detection techniques are in demand and continue 

to increase for innumerable applications in molecular biology.  For example, the linear 

probe, which is one of the newest developments for nucleic acid detection, takes 

advantage of a fluorescent signal transduction mechanism that enables a very sensitive 

analysis at low concentrations and sample volumes.  The signal can increase more than 

20-fold when is used under the best conditions.  Also LP’s have the advantage of 

detection without separation which is a major problem for some existing methods.  

Another advantage of LP is their specificity; they have the potential to detect as low as a 
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single nucleotide mismatch.  Overall, molecular beacons showed higher sensitivity and 

selectivity than linear probe.  However, the linear probe has the advantage of minimizing 

false positive signals in the presence of DNase and cellular contents which is important 

for molecular recognition inside the cell. 

Future Work 

Probe Optimization 

The linear probe synthesized contained FAM and Cy5.  FAM has been known to have 

some pH dependency, low stability and high photobleaching.  Although, we have proved 

that the probe works well with FAM and Cy5 as dye pair; it is imperative for us to try 

other fluorophores to improve the energy transfer and enable higher fluorescence 

intensities for in vitro and in vivo analysis.  The used of a dye pair with a bigger spectra 

overlap which allows a more efficient FRET has been suggested.  Another important 

improvement for the analysis will be working at picomolar concentrations.  It will allow 

us to perform more sensitive assays and detect targets that are at a minimum 

concentration into the cell.   

Applications 

The linear probe was designed for in vivo DNA/RNA detection.  However, their 

use should not be limited to only this; it can also be very useful as a surface-

immobilizable biosensor.  Extensive research has been focused on the development of 

biosensors for proteins, nucleic acids and molecular recognition in general.  As a 

biosensor the linear probe will have the potential to detect DNA targets in real time with 

high sensitivity. 

RNA detection has been a challenge in molecular biology for the last years.  

Molecular beacons posses have the possibility of degradation by nucleases or opening by 
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binding proteins when placed in cells [6].  Conversely, the linear probe has been 

demonstrated to not be dependent on the environment and able to hybridize in almost any 

condition without adversely affecting the detection of the target but it will be very 

important to perform in vivo experiments to generate more data that shows the linear 

probe for mRNA/DNA detection in cells.  Monitoring gene expression is not an easy task 

but the LP promises to be a useful strategy for gene expression studies in molecular 

biology.   
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