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Abstract 

Ribonucleic acid (RNA) aptamers are single-stranded nucleic acids that are typically 

selected through a process known as Systematic Evolution of Ligands by EXponential Enrichment 

(SELEX). These oligonucleotides can bind to small target molecules, including proteins and 

chemical toxins, with high specificity and affinity. They can be further modified with recognition 

elements, such as light-up fluorophore molecules, to become aptamer-based biosensors. In the year 

2008, Sando et al. selected for an RNA aptamer that is capable of specific binding to a Hoechst 

dye derivative with bulky tert-Butyl (tBu) groups, which prevents the non-specific binding to DNA 

sequences. The group performed some preliminary biochemical characterization experiments; 

however little information is currently known about the specific molecular interactions between 

the optimized Aptamer II-mini3-4 sequence and the tBu Hoechst dye. Therefore, this research 

project aimed to develop a complete biochemical profile of the SELEX-selected 71-nucleotide (nt) 

Aptamer II sequence and the optimized 29-nt Aptamer II-mini3-4 sequence. In addition, new RNA 

aptamer variants were developed within this research project to not only gain a deeper 

understanding of the aptamer’s folded conformation and binding interactions with the tBu Hoechst 

dye, but to also optimize the aptamer system further.  

In Chapter 2 fluorescence emission experiments were performed to determine if binding 

was present between the RNA aptamer variants and the derivative tBu Hoechst dyes. The 

fluorescence enhancement of each bound complex was also compared and evaluated to understand 

binding interactions within the aptamer systems. Moreover, fluorescence titration assays were 

conducted to estimate the binding affinities for between the interacting molecules. 

In Chapter 3 native polyacrylamide gel (PAGE) experiments were conducted to determine 

the conformation of the tBu Hoechst-bound and unbound conformations of the RNA aptamer 
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variants. In addition, isothermal titration calorimetry (ITC) experiments were employed as an 

alternative method to determine the dissociation constants of the studied aptamer systems. It was 

also used to obtain the thermodynamic and kinetic properties of each of the tBu Hoechst-binding 

RNA aptamers. The information gained within this research project was intended to lay the 

groundwork for future work including the structure elucidation of the Aptamer II-mini3-4 RNA 

sequence bound with the tBu Hoechst dye through nuclear magnetic resonance (NMR) 

spectroscopy techniques. It was also intended to aid in optimizing the aptamer system for its 

development as a building block for an aptamer-based biosensor that can be used for potential 

commercial applications. 
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1.0 Introduction  

The detection of small molecules is an integral process for many applications within 

commercial industries. For instance, medical diagnostic procedures often involve the identification 

of biological markers within the human body, such as those involved in cancer development.1 

Additionally, chemical toxin recognition can be essential for environmental conservation efforts, 

including the maintenance of clean bodies of water.2–4 Antibodies are a class of biomolecules that 

can be used as a therapeutic agent and molecular detection tool due to their ability to bind to target 

antigens.5 These molecules can be developed into drugs that are designed to combat medical 

conditions such as various autoimmune diseases and cancers. The production of antibodies, 

however, is expensive and can vary from batch to batch, hence reducing their detection accuracy.6 

The use of analytical instrumentation, such as high-performance liquid chromatography (HPLC), 

is another type of detection method that is commonly used by many scientific industries.7 For 

example, researchers within the pharmaceutical industry can rely on HPLC instrumentation to 

separate and analyze enantiomers of chiral molecules during the drug manufacturing process. 

Unfortunately, these analytical instruments cannot be used for the real-time detection of samples 

at environments located outside the lab.8 For instance, to test samples obtained from a body of 

water, the samples must first be transported to the lab and prepared for chemical analysis before 

detection can take place. The use of nucleic acid aptamer-based biosensors for small molecule 

detection has progressively become an appealing area of research due to their low production costs 

and ability to be employed at the sample source for real-time results.8–10 Hence, these aptamer-

based biosensors can potentially replace traditional recognition methods that are currently being 

used within commercial industries.   
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1.1 RNA Structure and Function 

Ribonucleic acid (RNA) is a complex biomolecule that until the last few decades, was not 

very well understood despite its presence in the majority of living organisms.11,12 It is well known 

that RNA is heavily involved in the production of proteins through the transcription of 

deoxyribonucleic acid (DNA) sequences into messenger RNA (mRNA), as well as through the use 

of transfer RNA (tRNA) and ribosomes for the assembly of the final protein products.11 Additional 

types of RNA molecules were also discovered in living systems that at first glance, appeared to be 

somewhat random and functionless but were later found to be involved in many biological 

processes. For instance, the untranslated region of mRNA sequences is sensitive to temperature 

changes and can aid in controlling gene expression.11,13 Moreover, small double-stranded RNA 

molecules, termed small interfering RNA (siRNA), target and silence foreign mRNA sequences 

through homology-directed recognition.14 Studies have also revealed that some RNA molecules, 

known as ribozymes, are capable of adopting defined structures and performing a wide range of 

catalytic functions, such as bond formation and breakage.11,15 For example, a study by Kruger et 

al.15 analyzed the self-splicing action of ribosomal RNA (rRNA) in Tetrahymena. From the results, 

it was concluded that the three-dimensional structure of the rRNA molecule is linked to its catalytic 

function. The rRNA sequence folds into specific arrangements such that the functional groups 

required for catalytic activity are exposed.16 Therefore, RNA molecules are involved in numerous 

roles within biological systems and the three-dimensional structures that these molecules form can 

have an influence on their ability to perform the desired function.  

RNA molecules are composed of four different nitrogenous bases; adenine (A), uracil (U), 

guanine (G), and cytosine (C); which are each attached to a ribose sugar molecule and a phosphate 

group forming the basic block called a nucleotide (nt).17 The molecular interactions, such as 



 4 

5’

3’

A B C D E F

G H

hydrogen bonding and stacking, between the bases of the RNA phosphate backbone can lead to 

the formation of unique secondary and tertiary structures that contribute to the overall three-

dimensional configuration of nucleic acids.16 Some of the notable elements that can be found 

within secondary structures include unpaired single-stranded (ss) regions, duplexes, internal loops 

and bulges caused by mismatched base pairs, hairpin loops, and junctions, as depicted in Figures 

1.1a-f.16,18 The folded three-dimensional structures of RNA is typically stabilized by additional 

tertiary interactions, shown in Figures 1.1g and h. For instance, two different loop regions of an 

RNA molecule’s secondary structure can interact to form a kissing hairpin (Figure 1.1g), or 

hydrogen bonds can form between unpaired nucleotides to produce pseudoknots within the RNA’s 

backbone (Figure 1.1h).16,19 Hence, the combination of these different nucleotide interactions 

allow for the various RNA molecules to take on the unique structures required to maintain their 

biological roles.   

 

 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Structural components of RNA. A look into the various elements that comprise the 
secondary structure of nucleic acids. The phosphate backbone can arrange into A) single-stranded 
regions, B) duplexes, C) internal loops, D) bulges, E) hairpins, and F) junctions based on the 
interactions between the nucleic acid bases.16 Some of the tertiary interactions that stabilize the 
overall RNA molecule include G) kissing hairpins and H) pseudoknots.16,19 Figure 1.1 was 
modified from Chastain and Tincoco16, as well as Lim and Brown19 using PowerPoint. 
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Under certain physiological conditions, such as viral infections,20,21 the nucleotide bases of an 

RNA molecule’s backbone can interact in a way that causes it to form a double-stranded (ds) anti-

parallel helix.22,23 These RNA helices primarily exist in a right-handed A-form, as shown in Figure 

1.2.22,24,25 Within the A-form helical structure, the ribose molecules adopt a C3’-endo sugar pucker 

conformation (Figure 1.2A), which in turn causes the base-pairs to have a large displacement of 

approximately 4 Å from the helical axis (Figure 1.2B).22,24 Therefore, A-form RNA contains wide 

and shallow minor grooves, as well as deep and narrow major grooves, as depicted in Figure 

1.2C.24,25 By studying the RNA’s helical structure and resulting grooves, one can gain some insight 

into its binding mechanisms with cellular macromolecules such as proteins.26,27 For example, 

certain protein molecules contain a double-stranded-RNA-binding motif (dsRBM), which binds to 

the interface of A-form RNA through site-specific interactions with the minor and major grooves 

of the helical structure.26,28,29 These protein-dsRNA complexes can take on several roles within 

cellular systems, including gene expression regulation and protecting the cell from potential 

pathogens.26 Thus, these types of studies help to further understand the impact that an RNA 

molecule’s structure may have on its intended biological function.  
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Figure 1.2: Double-stranded A-form helical RNA. The A) C3’-endo sugar puckering of the 
ribose molecule,24,30 as well as the B) top and C) side view of an A-form RNA helix (PBD: 
1RNA)22 to observe the base-pair displacement, as well as the major and minor grooves of the 
helix. Figure 1.2A was modified from Arias-Gonzalex30 using Chemdraw and Figures 1.2B-C 
were modified from Saenger.24 The molecular graphics were created using ChimeraX.31,32 
 

1.2 Aptamers 

RNA aptamers are single-stranded nucleic acid sequences, typically between 10-200 

nucleotides in length, that are capable of specific binding to target molecules with high 

affinity.6,7,33,34 They can be used to identify small ligands, such as chemical toxins or proteins. 

Upon interaction with a target molecule, the aptamer can undergo a process known as adaptive 

binding in which an unstructured aptamer sequence folds into a stable and defined three-

dimensional configuration around the ligand, as depicted in Figure 1.3A.35–37 Unbound RNA 

aptamers can also form complex three-dimensional structures with protein-like binding pockets 

that allow for the specific recognition of a target molecule (Figure 1.3B).38,39 The idea of specific 

Minor 

Minor 
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binding between nucleic acids and macromolecules was first conceived during the 1980s when 

structured RNA molecules produced by adenovirus and human immunodeficiency virus (HIV) 

were identified.40,41 These RNA structures were capable of specific binding to both cellular and 

viral proteins with high affinities.40 Specific target-binding nucleic acid sequences were later 

coined “aptamers” by a research group led by Szostak in the early 1990s.35,42 This discovery paved 

the way for innovative research, which focused on the development of a new type of molecular 

detection tool.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 1.3: Binding mechanisms of an RNA aptamer to its target molecule. A) Adaptive 
binding mechanism, where the aptamer folds around the small molecule.36 B) The binding of a 
folded RNA aptamer to its target molecule.39 The unbound RNA aptamer is in equilibrium between 
the folded and unfolded state before interaction with the target ligand. Figure 1.3A was modified 
from Da Costa et al.36 as well as Zhu et al.,43 and Figure 1.3B was modified from Elskens et al.39 
using PowerPoint. 
 

One of the most promising aspects of aptamers comes from their similarity to antibodies.5 Not 

only are the functions of aptamers and antibodies similar, with comparable levels of specificity 
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and affinity towards the molecules of interest, but aptamers appear to offer a wide range of 

advantages when compared to traditional molecular recognition techniques.6 Due to their small 

size, aptamers are able to overcome many of the biological obstacles faced by antibodies. For 

instance, aptamers can easily penetrate the membranes of solid tumors and form complexes with 

binding sites that are often inaccessible to large antibodies. Additionally, the chemical production 

of aptamers is often accompanied by high levels of accuracy and reproducibility.6,44 This is a great 

improvement from antibodies, which are prone to variations between each batch produced. The 

resulting differences may affect the specificity and strength of binding toward the target molecule. 

Moreover, aptamers are selected using in vitro techniques and as a result can be specific for toxic 

and immunogenic compounds.6 This is a great advantage over antibodies, which are produced 

within biological systems that may not be able to withstand these toxic compounds. Therefore, 

aptamer sequences serve as an alternative method for traditional molecular recognition techniques 

within commercial applications.   

Consequently, aptamers have emerged as a promising therapeutic and detection tool that can 

be used in a wide range of applications within medical industries, scientific communities, and 

environmental conservation programs. Numerous in vitro studies have identified RNA aptamer 

sequences that can behave as therapeutic agents for viral infections and diseases through specific 

binding to cell surface receptors.40 Although many of these identified RNA aptamers have great 

potential for drug development, there is only one aptamer that is actively being used within the 

medical industry.10 After extensive clinical trials, an RNA aptamer that targets the vascular 

endothelial growth factor isoform 165 was approved as a medical treatment for the eye disease 

macular degeneration.6,10 In addition to their role as a therapeutic agent, aptamers can be used in 

the lab as an imaging tool to visualize and understand specific intracellular structures and 
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processes.45 For instance, fluorophore-binding RNA aptamers can be fused to mRNA sequences 

to monitor the transcription mechanisms of a living cell.46 Furthermore, aptamers can be used help 

preserve natural resources by detecting and quantifying chemical contaminants. For example, 

aptamers have the potential to be used for the identification and removal of contaminants, such as 

mycotoxins, from drinking water sources.9 Hence, the function of RNA aptamers is extremely 

versatile, which goes to highlight their significance in the scientific community.  

Despite the many benefits of using aptamer sequences as a molecular detection tool, these 

oligonucleotides face their own set of difficulties when used in vivo. Although their small size 

promotes flexibility in movement and target binding, their function as therapeutic agents within 

the human body can be compromised. For instance, they are filtered through the kidneys at a much 

faster rate than other larger biological tools like antibodies.6,47 Therefore, these RNA sequences 

must undergo additional chemical modifications to improve their working lifetime, such as the 

attachment of bulky chains like polyethylene glycol (PEG) or fluorophore molecules to the 

nucleotide backbone, which can help to resist kidney filtration.6,47,48 Additionally, RNA aptamers 

have short half-lives of less than 10 minutes due to their high susceptibility to degradation by the 

enzyme ribonuclease (RNase).6,49 RNase A cleaves the phosphodiester backbone of RNA 

molecules through a transphosphorylation and a hydrolysis reaction (Figure 1.4), in which 

histidine-12 and histidine-119 likely act as the proton acceptors and donors within the catalytic 

mechanism.50–53 To resist recognition by RNases a mirror image of the aptamer, called a 

Spiegelmer, can be created.48 These resulting L-RNA aptamers not only display enhanced 

biostability compared to natural RNA sequences but also retains the same high affinity and 

selectivity for the target molecules.54–56 Published studies have revealed that Spiegelmer molecules 

can exhibit long half-lives of up to 40 hours when employed as drug molecules within the human 
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body.55,57 Therefore, before a desired aptamer sequence can be used for commercial applications, 

researchers must not only have an in-depth understanding of the aptamer and its target ligand, but 

they must also have extensive information regarding its potential working environment. This will 

provide the necessary information for aptamer sequence modifications to ensure its proper function 

for the desired length of time.  

 

 
 
 
 
 
 
 
 
 
Figure 1.4: RNA degradation mechanism by the RNase enzyme. Transphosphorylation and 
hydrolysis reaction mechanisms of the RNA molecule, catalyzed by RNase A.50,52 Figure 1.4 was 
modified from Raines52 as well as Palmer and Bonner,50 using Chemdraw.  
 

1.2.1 Aptamer Selection 

RNA molecules that function as aptamers have been identified in natural sources, such as 

those produced by viruses40 and those encoded by eukaryotes to form riboswitches.58 Many of the 

studied aptamer sequences in literature, however, have been generated through an in vitro selection 

process known as the Systematic Evolution of Ligands by EXponential Enrichment (SELEX).59 

This aptamer selection method was introduced to the scientific community during the 1990s by 

two separate research groups led by Gold and Szostak.35,59,60 Within the study conducted by Tuerk 

and Gold,60 SELEX was used to identify RNA sequences capable of specific binding to the enzyme 

T4 DNA polymerase. From the results, it was determined that not only were the isolated RNA 

sequences highly selective for the T4 enzyme and able to form strong binding interactions, but the 
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formation of the aptamer-enzyme complex alters the function of the enzyme by inhibiting its 

ability to replicate. Similarly, in the study conducted by Ellington and Szostak,35 the in vitro 

selection process was used to identify RNA molecules that are capable of binding to certain types 

of organic dyes. During the analysis of the resulting RNA molecules, similarities were observed 

between short segments of two of the isolated sequences. Through additional investigations, it was 

concluded that these conserved sequence motifs were involved in the binding to the target dyes. 

Thus, these preliminary studies highlighted the promise of SELEX within the research community 

by showcasing its ability to identify highly selective aptamer sequences. These studies also noted 

the potential applications of SELEX, such as for the isolation of both single- and double-stranded 

DNA aptamers, and for the selection of ribozyme molecules.35,60  

To identify highly selective RNA aptamers using the traditional SELEX method, an 

experiment would typically begin with a large pool of approximately 1015 randomized RNA 

fragments.38,60–62 These RNA sequences are transcribed from ssDNA templates, each consisting 

of fixed 3’ and 5’ primer binding sites surrounding a randomized nucleotide region.62 To briefly 

outline the SELEX process (Figure 1.5), as described in the paper by Tuerk and Gold,60 the pool 

of random RNA ligands is mixed with the target molecule, and the bound sequences are eluted out. 

The resulting eluted RNA molecules then undergo reverse transcription to produce complementary 

DNA (cDNA), which is then amplified using polymerase chain reaction (PCR). The amplified 

cDNA molecules are then transcribed back into RNA and used as the new pool of enriched 

sequences for the following round of SELEX. This process is typically repeated up to 15 times 

until there are only a handful of target-binding RNA sequences remaining in the selection pool.60,62 

During the later rounds of SELEX, the remaining RNA molecules are sequenced to evaluate the 
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sequence similarity. The binding strength between the target ligand and the isolated RNA 

molecules are also evaluated to identify the sequence that would be the ideal aptamer candidate.62  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: General overview of the SELEX process for selecting RNA aptamers. A large pool 
of randomized oligonucleotides is subjected to numerous rounds of selection and amplification.60 
The process is typically repeated up to 15 times, using both positive and negative controls to 
identify the RNA molecules capable of specific binding with high affinity to the target ligand.62 
Figure 1.5 was modified from Zhuo et al.62 using PowerPoint. 

 

Although SELEX is a relatively easy and straightforward method to produce aptamers, it is 

not without flaws.63 It is possible that a target molecule may be too small, hence reducing the 

potential surface interactions with the folded aptamer sequence.38 Consequently, this would make 

it difficult to isolate an RNA aptamer that can bind with the target ligand. A publication by 

Hasegawa et al.63 also noted that it is possible for aptamers with intricate structures required for 
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strong binding to the target molecule to reject PCR amplification and subsequently be lost from 

the pool of enriched nucleotides destined for additional rounds of SELEX. Moreover, aptamers 

may bind to compounds with similar structural components as the target molecule, hence 

decreasing the accuracy of the aptamer’s function.47 To help mitigate this problem, additional 

rounds must be included during the latter half of the SELEX process where these analogous 

structures are introduced as negative targets.62 Any oligonucleotide sequences that bind to these 

negative targets are then removed from the pool and excluded from future selection rounds. To 

further improve the selection process, researchers have also developed modified versions of the 

SELEX method to select aptamers under ideal conditions for both the aptamer sequence and the 

target molecule. For instance, high-throughput sequencing SELEX greatly shortens the aptamer 

selection process by identifying the enriched sequences during the earlier rounds of selection.62,64 

Additionally, in vivo SELEX was developed to help address the functionality of aptamer sequences 

when used for living systems by performing the selection process within model animals for a 

desired disease.62,65 Therefore, researchers much be aware of the potential barriers that may arise 

when selecting for a new aptamer system, however there are many modifications that can be 

incorporated into the selection process to help overcome these obstacles.  

 

1.2.2 Aptamer-Based Biosensors  

Biosensor are analytical devices, typically composed of a bioreceptor and transducer, that 

allow for the in vivo visualization and quantification of target molecules.66,67 The bioreceptor 

consists of a biomolecule, such as an enzyme, which acts to detect the target molecule, whereas 

the transducer produces a measurable signal using the energy released during the biorecognition 

event.66,68 These biosensors can be used for a wide range of commercial applications. For instance, 
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they can be employed as glucose monitors within the medical industry67,69 or as detectors for 

potential food-borne pathogens within the food industry.67,70,71 To visualize molecular interactions 

in vivo, aptamers can be modified with recognition elements, such as light-up fluorophores, to 

generate a type of aptamer-based biosensor also known as an aptasensor.46 The use of aptasensors 

for industrial functions is advantageous compared to other detection methods as the target ligand 

can be detected directly in solution without the need for additional sample treatments, such as 

washing or immobilization.72 Additionally, the fluorescence intensity produced upon binding to 

the target can be measured and quantified to determine the ligand concentration within the sample 

solution. Therefore, these aptasensors are useful tools for the rapid, real-time detection of target 

molecules.43 

There are a variety of approaches that can be used to generate a functional aptasensor; however, 

the method chosen should be based on considerations regarding the functional limitations of the 

aptasensor, the time required to produce the aptasensor, and the intended applications. For instance, 

aptamers can be fluorescently-labelled, in which a fluorophore molecule is covalently linked to 

the phosphate backbone of an aptamer, as shown in Figure 1.6A.72,73 Upon binding to the target 

ligand, the aptamer folds in a way that alters the chemical environment surrounding the 

fluorophore.72–74 Therefore, the aptasensor will exhibit either an increase or decrease in 

fluorescence intensity upon binding to the ligand. A study by Jhaveri et al.72 used this method to 

conjugate fluorescent labels to the adenosine triphosphate (ATP)-binding RNA and DNA aptamers 

that were previously selected by the Szostak research group.72,75,76 From the results, it was 

observed that not only did both the RNA and DNA aptamers retain their specificity for ATP, but 

they also showed that the fluorescence emission produced is proportional to the ligand 

concentrations present in the solution.72 The development of fluorescently-labelled aptamers, 
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however, can be both time-consuming and expensive. Extensive modelling and analysis must first 

be conducted to ensure that the linked fluorophore molecules do not interfere with the intended 

function of the aptamer.72,73  

As an alternative approach, aptasensors can also be generated through label-free methods.73 

Using this technique, the fluorescent molecules can exhibit a change in fluorescence intensity 

either upon the binding (Figure 1.6B) or displacement (Figure 1.6C) of a fluorophore molecule 

from the aptamer sequence.43,73  A study by Xu and Lu77 used the label-free method to develop a 

hybrid RNA aptamer, which is composed of the malachite green (MG) aptamer joined to the 

adenosine DNA aptamer, which was previously selected by Grate and Wilson78 as well as 

Huizenga and Szostak,76 respectively. In the absence of adenosine molecules, the binding of the 

aptamer to the MG dye is prevented by the addition of a bridging strand that remains hybridized 

to the fused RNA-DNA aptamer strand.77 Upon the addition of adenosine to the solution, the 

adenosine aptamer folds around the ligand which displaces the bridging strand. This allows for the 

MG aptamer to also fold around the fluorophore in a similar mechanism to the one displayed in 

Figure 1.6B. From the results, it was noted that not only was this hybrid aptamer sequence capable 

of specific binding to adenosine, but the fluorescence intensity produced upon recognition was 

once again proportional to the ligand concentration present in the solution. Moreover, a 2008 study 

by Huang and Chang79 used the adenosine-binding DNA aptamer and OliGreen (OG) dye to 

develop a label-free aptasensor for the detection of potassium ions. Upon interaction of the DNA 

aptamer with the potassium ions, the OG dye gets displaced and exhibits reduced fluorescence, 

similar to the mechanism outlined in Figure 1.6C. Thus, researchers have developed and 

investigated numerous methods to produce viable aptasensors. These methods can be applied to a 
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variety of aptamer systems and can be further modified to optimize their function as an optical 

biosensor.77 

 

 

 

  

 

 

 

 

 

 
 
 
 
 
 
 
Figure 1.6: Types of fluorescent aptamer-based biosensors. A) An example of a fluorescently 
labelled aptamer in which there is an increase in fluorescence intensity upon the formation the 
aptasensor-ligand complex.73 Examples of label-free aptamers where B) the fluorophore molecule 
undergoes an increase in fluorescence upon binding to the aptamer caused by target-induced 
conformational changes, and C) the fluorophore molecule undergoes a decrease in fluorescence 
upon displacement from the aptamer in the presence of the target ligand. Figure 1.6A was modified 
from Jhaveri et al.72 and Musumeci et al.,73 Figure 1.6B was modified from Xu and Lu,77 and 
Figure 1.6C was modified from Huang and Chang79 as well as Musumeci et al.73 using PowerPoint.   
 

1.2.3 Biochemical Characterization of Aptamers 

The biochemical characterization of aptamer-ligand systems is important for understanding 

the potential molecular interactions and mechanisms present between the aptamer sequence and 

its target molecule.80 Having a well-characterized aptamer system is essential for its potential use 
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in commercial applications, as it helps to ensure that the chosen aptamer can function efficiently 

when used for diagnostic or therapeutic purposes.47,80 For instance, determining the binding 

affinity between two molecules of interest through a measure of the dissociation constant (Kd) can 

provide some insight as to how tightly the molecules are bound to each other.81 Experimentally 

determined Kd values that fall within the nanomolar (nM) range are indicative of high binding 

affinities, while values that fall within the millimolar (mM) range are representative of 

significantly lower binding strengths between the molecules of interest.82,83 There are many factors 

that may contribute to a reduced binding affinity. For instance, an aptamer’s three-dimensional 

structure has the potential to limit interactions with the target molecule, hence reducing the binding 

strength.63 Therefore, if the experimental results reveal weak binding between the aptamer and its 

target molecule, then modifications such as the sequence refinement or truncation of a selected 

aptamer can be made to help improve the binding interactions for optimal function.39,63  

Examining the binding kinetics can also be useful for determining the rates of association (kon) 

and dissociation (koff) within an aptamer-ligand system.84 The data obtained for the binding 

kinetics can reflect the binding affinity, as shown in Equation 1, as molecules with tight binding 

interactions are often observed to have fast kon and slow koff rates.84,85   

                                                                       '
(!
= )"#

)"$$
                                                                     (1) 

In addition, the thermodynamic analysis of an aptamer system can aid in determining the potential 

ligand recognition and binding mechanisms.84,86,87 For instance, a measure of the Gibbs free energy 

(∆G ) can reveal the stability of an aptamer-ligand complex, as greater negative values are 

indicative of stronger associations between the molecules of interest.84 From the ∆G, additional 

information regarding the change in enthalpy (∆H) and change in entropy (∆S) of the complex 

formation can be calculated and evaluated, as shown in Equation 2.  
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                                                                  ∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                     (2) 

The analysis of the ∆H	  can help one to understand the specificity of aptamer-ligand 

associations.84,88,89 Negative enthalpies of large magnitudes are typically representative of 

energetically favourable interactions upon binding.84,88 For instance, negative ∆H values represent 

a net gain of hydrogen bonds and electrostatic interactions between the interacting molecules.84,90 

It could also point towards the stacking of base pairs and nucleotides within target nucleic acid 

molecules.91 Moreover, the analysis of the ∆S can reveal information regarding the degree of 

disorder present between interacting species within a target system.84,89,92 Limited mobility and 

conformational rigidity within a biological complex is often characterized by negative values. 

Whereas values with positive signs are indicative of favourable entropy changes, which are 

associated with the release of water molecules from the complex’s binding surface.90,92 Positive 

∆S values are also indicative of an increase in the intramolecular degrees of freedom and mobility 

within the target biomolecule system.84 When analyzing the change in thermodynamics properties 

with respect to varying environmental conditions, such as pH and temperature, it can reveal the 

optimal binding conditions for an aptamer-ligand system.86 Therefore, through an investigation of 

the binding affinity, as well as the kinetic and thermodynamic properties, a great deal of 

information can be gained regarding the interactions and overall behaviour of the aptamer-ligand 

complex. The resulting biochemical profile can a good indication of the next experimental steps 

that should be conducted, such as further optimizations to the aptamer sequence and the performed 

experimental conditions. 
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1.3 Fluorogen-Binding RNA Aptamers and their Applications 

Over the last few of decades, researchers have selected for RNA aptamers that can bind to 

small molecules with fluorogenic properties.93,94 Upon binding, these molecules display large 

increases in fluorescence. There are many examples of fluorogen-binding RNA sequences in 

literature, termed fluorescent light-up aptamers (FLAPs),93 including the Malachite Green, 

Spinach, Broccoli, Mango, Corn, Chili and Pepper RNA aptamers.78,95–100 Only a few model 

systems, however, have been summarized in Table 1.1 and Chapters 1.3.1 – 1.3.3 below. FLAPs 

have the potential to be used as building blocks for aptamer-based biosensors within commercial 

applications. These aptamer systems can be used as fluorescent tags to monitor cellular processes 

as well as bimolecular interactions,46,93,101 in a similar mechanism to the label-free aptasensors 

discussed in Chapter 1.2.2.73,77 For instance, studies conducted by Pothoulakis et al.102 and Guet 

et al.103 have demonstrated the ability of the 3,5-difluoro-4-hydroxybenzylidene imidazolinone 

(DFBHI)-binding Spinach RNA aptamer to act as a fluorescent tag for the localization of mRNA 

transcripts within live Escherichia coli and Saccharomyces cerevisiae cells.93,102,103 In addition, 

researchers have produced FLAP-RNA aptamer fusion complexes which allow for the real-time 

visualization of the biorecognition event through fluorescence enhancement.93,101 Functional 

FLAP-RNA constructs have been designed and synthesized for the Malachite Green and Spinach 

RNA aptamers, in which the fused RNA aptamers specifically bind to small molecules such as 

adenosine and S-adenosylmethionine (SAM).77,93,101,104,105 Despite the many potential applications 

of FLAPs, the use of these aptamer systems has been mainly limited to in vitro and live cell 

systems.93,101 Hence, further investigations and optimizations should be carried out to aid these 

FLAPs in becoming molecular tools for a broad range of commercial applications, including 

medical treatments and environmental conservation efforts.  
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Table 1.1: Examples of fluorogen-binding RNA aptamers in literature and their corresponding 
biochemical properties.  

RNA 
Aptamer 

Length 
(nt) Fluorogen Abbreviation Kd (nM) References 

Malachite 
Green 38 

Malachite Green MG 800 106 
117 107 

Tetramethylrosamine TMR ~ 40 106 
Pyronin Y n/a ~ 225  106 

Spinach 98 
3,5-Difluoro-4-

Hydroxybenzylidene 
Imidazolinone 

DFBHI 537 95 

Mango  29 Thiazole Orange 1-
Biotin TO1-Biotin 3.2 97 

  

1.3.1 Malachite Green RNA Aptamer 

Malachite green is a triphenyl methane-based dye (Figure 1.7B) that exhibits almost no 

fluorescence when unbound in solution.77,106 In the year 1999, Grate and Wilson78 performed in 

vitro selection and minimization experiments, which resulted in the production of a 38-nt RNA 

sequence that can specifically bind to the MG dye (Figure 1.7A). A year later, Baugh and 

Wilson106 performed competitive inhibition assays between the RNA aptamer and analogs of the 

MG chromophore and monitored the resulting binding interactions by fluorescence anisotropy. 

Through these investigations, it was found that the MG aptamer binds to the MG dye with a 

dissociation constant of approximately 800 nM (Table 1.1). These experiments also revealed that 

the MG RNA aptamer preferentially binds to planar analogs of the dye.106,107 For instance, the 

RNA aptamer was found to bind to tetramethylrosamine (TMR) (Figure 1.7C) and pyronin Y 

(Figure 1.7D) with dissociation constants of approximately 40 and 225 nM, respectively (Table 

1.1).106 Additional fluorescence titration experiments carried out by Babendure et al.107 discovered 

that the MG RNA aptamer has stronger binding interactions with the MG dye than previously 

believed, at a Kd of 117 nM, within environments that contain higher ionic strengths and without 

the presence of competing ligands. The group also determined that the MG dye undergoes a 2400-
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fold increase in fluorescence upon binding to the RNA sequence. The use of the MG RNA aptamer 

system for potential commercial applications, however, is not ideal. When exposed to laser 

irradiation, the MG dye may produce reactive oxygen species (ROS) that can be harmful to 

cells.93,101 Moreover, the reduced form of MG, leucomalachite green, is toxic to aquatic ecosystems 

and humans.108 Despite these disadvantages, the MG-binding RNA aptamer has become a model 

system that has helped pave the way for additional studies which focus on the development and 

optimization of FLAP systems.93  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7: Malachite Green RNA aptamer. A) Secondary structure of the 38-nt MG RNA 
aptamer. The chemical structures of the B) MG, C) TMR, and D) pyronin Y dyes. Figure 1.7 was 
modified from Baugh et al.106 using PowerPoint and Chemdraw.  
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1.3.2 Spinach RNA Aptamer 

DFHBI (Figure 1.8B) is a derivative of 4-hydroxybenzlidene imidazolinone (HBI), the 

fluorophore within green fluorescent protein (GFP),95,109 that was synthesized by Paige et al.95 to 

mimic the spectral properties of enhanced green fluorescent protein (eGFP). The group went on to 

perform SELEX for the eventual selection of a 98-nt RNA aptamer, termed the Spinach aptamer 

(Figure 1.8A), that can bind to the DFHBI dye. Through a series of characterization experiments, 

it was revealed that the RNA aptamer selectively binds to DFHBI with a Kd of 537 nM (Table 

1.1), even in the presence of similarly structured molecules, such as HBI. Upon binding to the 

RNA aptamer, the DFHBI dye was observed to display an approximate 2000-fold increase in 

fluorescence,95 similar to that of the malachite green dye.107 The group went on to demonstrate the 

potential in vivo applications of the Spinach aptamer, such as its use as a fluorescent tag for live-

cell imaging.95 Not only is DFHBI capable of permeating cell membranes, but it is also non-

cytotoxic unlike the malachite green dye.95,110 As a result, researchers have extensively 

characterized and further optimized the Spinach RNA aptamer system. For example, the Spinach2 

aptamer was developed to improve the thermostability and folding of the RNA sequence when 

used within in vivo systems.93,111 Furthermore, the Baby Spinach and iSpinach variants were 

developed to minimize the sequence length down to 51 and 69-nt, respectively.93,110,112 Therefore, 

the development of the Spinach aptamer was integral for showcasing the promise of FLAPs as a 

molecular tool within in vivo systems.  
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Figure 1.8: Spinach RNA aptamer. A) Secondary structure of the 98-nt Spinach RNA aptamer 
sequence and B) the chemical structure of the DFBHI dye. Figure 1.8 was modified Paige et al.95 
using PowerPoint and Chemdraw.  
 

1.3.3 Mango RNA Aptamer 

Similar to the DFHBI dye, thiazole orange (TO) is a low toxic asymmetric cyanine, that 

undergoes a large fluorescence enhancement upon interaction with double-stranded nucleic acids 

sequences.97,113 In the year 2014, Dolgosheina et al.97 synthesized a biotinylated derivative of the 

TO dye, named thiazole orange 1-biotin (TO1-Biotin) (Figure 1.9A), which prevents non-specific 

interactions with random nucleic acid sequences. The group performed SELEX and identified the 

Mango RNA aptamer sequence which contains a G-quadruplex forming 23-nt motif that 

participates in the specific binding to the TO1-Biotin dye. Characterization experiments revealed 

that the Mango RNA aptamer binds to the dye with a high affinity of 3.2 nM and the bound 

fluorophore exhibits an approximate 1100-fold increase in fluorescence. Similar to the Spinach 

aptamer, researchers have continued to optimize the Mango aptamer system through the 

development of the Mango II, III and IV RNA sequences.101,114 These new Mango sequences were 

produced to not only optimize their biophysical properties but also their performance when used 
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for in vivo applications, such as the subcellular localization of RNA molecules.114 Hence, the 

development and optimization of the Mango RNA aptamer has introduced an additional FLAP 

that can be used for molecular detection and visualization purposes within in vitro and in vivo 

systems. 

 

 
 
 
 
 
 
 
Figure 1.9: Chemical structure of the TO1-Biotin fluorophore. Figure 1.9 was modified from 
Dolgosheina et al.97 using Chemdraw. 
 

1.3.4 Derivative Hoechst Dyes 

In addition to the fluorophores that were briefly discussed in Chapter 1.3 – 1.3.3, Hoechst 

dyes are another type of fluorescent molecule that have been traditionally used as a non-

intercalating DNA stain within fixed and living cells.115–117 Hoechst dyes are crescent-shaped 

molecules that consist of a methyl piperazine ring bound to two consecutive benzimidazole rings 

and a phenol ring, as shown in Figure 1.10A.118 There are many derivatives of the Hoechst dye, 

which differ by the R-group on the terminal phenol ring.117 Hoechst 33258 was the first derivative 

to be synthesized in the early 1970s by the German company Hoechst AG.117,119 Since then, 

additional derivatives have been manufactured by the company, such as the Hoechst 33342 and 

Hoechst 34580 dyes. The modifications that were made to each of the Hoechst dye derivatives 

allow for slight variations in their function as a research tool. For instance, the Hoechst 33258 dye 

is often used for the staining of fixed cells while the Hoechst 33342 dye is often employed for the 

staining of live cells due to its heightened ability to permeate cell membranes.117,120  
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X-ray diffraction studies of the Hoechst 33258 and 33342 derivatives, conducted by Teng et 

al.118 and Sriram et al.121 respectively, have helped to visualize the binding interactions of the 

Hoechst dye to dsDNA.  The Hoechst dye binds non-covalently within the minor groove of B-

form helical DNA, specifically to regions rich in adenine-thymine (A-T) base pairs (Figure 

1.10B).118 Upon binding to dsDNA, the bonds within the Hoechst dye derivatives undergo a 

suppression in rotational freedom.117,122 As a result, the Hoechst dyes display an approximate 30-

fold increase in fluorescence when bound.117,119 Due to their ability to display a large fluorescent 

signal upon binding to double-stranded DNA and low cytotoxicity, Hoechst dyes have become 

popular research tools for the visualization of DNA sequences.117,120  

 

 

 

 

 

 

 

 

 

 

Figure 1.10: An example of a Hoechst-DNA complex. A) The molecular structure of the Hoechst 
dye, where the R group is -OH, -OCH2CH3 and -N(CH3)2 for the Hoechst 33285, 33342 and 34580 
derivatives respectively.117,119 B) An x-ray diffraction crystal structure, which shows the non-
covalent binding of Hoechst 33258 to the minor groove of B-form helical DNA (PDB: 1DNH).118 
The adenine and thymine bases of the DNA sequence are shown in red and dark blue respectively. 
The molecular structure was created using Chemdraw and the molecular graphics of the Hoechst-
DNA complex were created using ChimeraX.31,32 
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1.3.5 Selection of an RNA Aptamer Specific for Derivative Hoechst Dyes 

In the year 2007, a study conducted by Sando et al.123 synthesized a Hoechst dye derivative 

with bulky tert-Butyl (tBu) groups that prevents the non-specific binding to random dsDNA 

sequences. The group performed SELEX to identify and optimize a 25-nt DNA aptamer that can 

selectively bind to the tBu Hoechst dye. The group later went on to perform a second SELEX 

procedure to select for a 71-nt RNA aptamer, termed Aptamer II (Figure 1.11A), that can also 

bind to the tBu Hoechst dye (Figures 1.11C and D).46 To characterize the molecular interactions 

within the RNA-tBu Hoechst complex, surface plasmon resonance (SPR) and fluorescence 

emission experiments were subsequently carried out by the group. Through these investigations, 

Aptamer II was determined to have a strong affinity for the tBu dye, with a Kd of 35 nM. Upon the 

formation of the aptamer-dye complex, a 13.1-fold increase in fluorescence intensity was also 

observed. Hence, to further optimize the RNA aptamer, truncations and nucleotide mutations were 

introduced to the sequence. The modified sequences were evaluated through fluorescence emission 

assays to pinpoint the sequence that produced the largest increase in fluorescence intensity upon 

interaction with the tBu Hoechst dye. Eventually, an optimized 29-nt sequence was produced, 

termed Aptamer II-mini3-4 (Figure 1.11B), which displayed a 28.2-fold increase in fluorescence 

intensity when bound to the tBu Hoechst dye.  
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Figure 1.11: Sando selected RNA aptamers and their target derivative tBu Hoechst dyes. 
Predicted secondary structures of A) the 71-nt SELEX-selected RNA aptamer and B) the 29-nt 
Aptamer II-mini3-4 sequence that was optimized by Sando et al.46 in the year 2008. The chemical 
structures of C) the Hoechst 1b dye derivative that was used by the group for SELEX and SPR 
experiments, as well as D) the Hoechst 1a derivative that was used for fluorescence emission 
experiments. The bulky tBu groups that were added to the phenol ring of the dye are shown in red. 
Figure 1.11 was modified from Sando et al.46 using Chemdraw and PowerPoint.  
 

During the optimization investigations performed by Sando et al.,46 it was found that 

nucleotide modifications made to the bulge and head-stem regions of the predicted secondary 

structure of the Aptamer II-mini3-4 sequence significantly decreased the fluorescence emitted by 

the complex (Figure 1.12). This observation supported the hypothesis that the bulge region of the 

folded aptamer sequence likely accommodates the bulky tBu groups of the Hoechst dye. In a 

similar manner to the fluorogen-binding RNA aptamers that were discussed in Chapter 1.3, the 

group went on to suggest potential biosensor applications for the optimized RNA aptamer 

sequence. It was proposed and exemplified that the RNA sequence can be used as a blue-

fluorescent tag for the visualization of luciferase transcription within live cells.  
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Figure 1.12: Optimization of the Hoechst-binding RNA sequence. Comparison of the 
nucleotide modifications that were made to the minimized RNA aptamer sequences and the 
evaluation of fluorescence intensity that was produced upon binding to the non-biotinylated 
Hoechst 1a derivative.46 The group calculated the relative Ion/Ioff values through comparison with 
the fluorescence intensity that was produced by the tBu-bound Aptamer II sequence. Figure 1.12 
was modified from Sando et al.46 using PowerPoint.    
 

1.4 Research Objectives  

As mentioned in Chapter 1.3.5, Sando et al.46 selected for and optimized an RNA aptamer 

that is capable of specific binding to a tBu Hoechst dye derivative. The group conducted some 

preliminary biochemical studies (Table 1.2). However, the experiments performed were mainly 

focused on optimizing the tBu Hoechst-RNA aptamer’s fluorescence through sequence 

minimization. Consequently, limited information is currently known regarding the molecular 

interactions and binding mechanisms between the optimized 29-nt Aptamer II-mini3-4 sequence 

and the tBu Hoechst dye. Therefore, the focus of this research project was to first obtain a complete 

biochemical profile of the Aptamer II-mini3-4 and Aptamer II RNA sequences that were 

previously selected by Sando et al.46 This was done to develop an in-depth understanding of the 
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mechanisms present upon the formation of the optimized tBu Hoechst-Aptamer II-mini3-4 

complex and how it differs from the non-optimized SELEX-selected aptamer sequence.  

For this new research, additional RNA variants were also designed through nucleotide 

substitutions and sequence truncations to identify the tBu dye binding regions within the aptamer 

sequence as well as further optimize the aptamer system. Each of the RNA aptamer variants studied 

in this research project were evaluated through a combination of fluorescence emission, 

fluorescence titration, native polyacrylamide gel electrophoresis (PAGE), and isothermal titration 

calorimetry (ITC) experiments. These experiments were performed to determine the fluorescence 

enhancement, binding affinities, nucleic acid conformations, as well as the thermodynamic and 

kinetic properties of each of the variant RNA aptamers when complexed with the tBu Hoechst dye 

derivatives. Therefore, the biochemical experiments performed within this research project will 

hopefully lay the groundwork for the structure elucidation of the Aptamer II-mini3-4 sequence 

bound with the tBu Hoechst dye through nuclear magnetic resonance (NMR) spectroscopy 

experiments. The information gained from these experiments could also be helpful for the 

aptamer’s potential development as a building block for an aptamer-based biosensor that can be 

used for commercial applications.  

 

Table 1.2: Summary of the biochemical properties determined by Sando et al.46 for the tBu 
Hoechst-binding RNA aptamers. 

Aptamer Sequence Length (nt)  Kd (nM) Ion/Ioff ratio Relative Ion/Ioff ratio 
Aptamer II 71 35 13.1 1.00 

Aptamer II-mini3-4 29 n/a 28.2 2.15 
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2.0  Introduction  

As discussed in Chapter 1.4, the biochemical characterization of aptamer systems is 

important for understanding the specific molecular interactions and binding mechanisms between 

an aptamer and its target ligand.80 This information can be used to determine the ideal working 

conditions of a selected aptamer for potential commercial applications.86 It can also aid in 

identifying the specific modifications that can be made for the optimal function of an aptamer 

system. The tBu Hoechst-binding Aptamer II-mini3-4 RNA sequence has the potential to be 

developed as a FLAP for commercial applications, however extensive biochemical investigations 

must be first conducted on this aptamer system to understand its binding interactions. Sando et 

al.46 performed brief fluorescence intensity experiments to compare the maximum fluorescence 

emitted by the tBu-bound RNA aptamer variants for the optimization of the RNA sequence. 

Fluorescence experiments are advantageous as these assays utilize the fluorescence produced by 

the sample and can be carried out quickly with low sample concentrations.124 Therefore, the work 

done in Chapter 2 focused to characterize the Sando-selected RNA aptamers and some newly 

designed RNA variants through fluorescence techniques, including fluorescence emission and 

titration assays.  

When performing fluorescence emission assays, the emission spectra are obtained by exciting 

the sample with a series of excitation wavelengths and continuously recording the fluorescence 

emitted by the sample.46,125,126 As stated above in Chapter 1.3.4, Hoechst dye derivatives are 

known to display an increase in fluorescence intensity upon binding to A:T rich regions of DNA 

sequences.46,117 Therefore, an increase in fluorescence intensity at the corresponding emission 

wavelength is expected to be observed if binding is present between the tBu Hoechst dye and the 

RNA aptamer sequences. Moreover, fluorescence titration assays can be used to estimate the 
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dissociation constant between two molecules of interest.127 Through this method, as described in 

a study by Wang et al.,128 solutions of varying aptamer concentrations, ranging from zero to 

saturation, are prepared in a binding buffer and then incubated with a constant concentration of the 

fluorescent dye. Alternatively, the aptamer can be kept at a constant concentration while the dye 

concentrations vary. These aptamer-dye mixtures are then exposed to an excitation wavelength, 

and the fluorescence intensity produced by the complex is recorded based on the emission 

wavelength that produces the highest signal. The information that can be obtained from a 

fluorescence titration experiments, however, is limited to the binding affinity between the two 

molecules of interest. As a result, additional experiments must be conducted for a more in-depth 

molecular analysis of an aptamer-ligand complex.  

 

2.1 Materials and Methods 

2.1.1  RNA Aptamer Variants 

To carry out the biochemical characterization of the tBu Hoechst-RNA aptamer complex, 

experiments were first performed on the SELEX-selected Aptamer II (Figure 2.2A) and optimized 

Aptamer II-mini3-4 (Figure 2.2B) RNA sequences that were discussed within the 2008 Sando et 

al.46 publication. In addition, variations of the Aptamer II-mini3-4 sequence from the Sando et al. 

study were designed and synthesized, as shown in Table 2.1 and Figure 2.2 below. The 

nomenclature of the folded aptamer sequences that was used to discuss the RNA variants within 

this research project, including Helix 1 and 2, is depicted below in Figure 2.1.  
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Figure 2.1: Nomenclature of the RNA aptamer variants. Depiction of Helix 1 and 2 of the 
folded aptamers using the Original RNA sequence as an example. Figure 2.1 was made using 
PowerPoint.  
 

Each of RNA sequences that were used for experimentation were produced by in vitro 

transcription with T7 RNA polymerase (T7 RNAP). The Original RNA aptamer (Figure 2.2C) 

was the first variant to be designed. For this variant, the first three nucleotides of the 5’ end of the 

Aptamer II-mini3-4 sequence were changed to guanine for increased T7 RNAP activity and 

transcription yields.129,130 Subsequently, the last three nucleotides of the 3’ end of the sequence 

were changed to cytosine in order to conserve the base pairing within Helix 1 of the predicted 

aptamer structure through Watson-Crick base pairing. In addition, when examining the predicted 

tetraloop portion of the RNA aptamer sequence, a four nucleotide UUUU tetraloop was observed. 

This tetraloop sequence can be difficult to observe through NMR spectroscopy as it does not adopt 

a single conformation due to its dynamic nature.131 This was a concern for downstream 

experiments as this research project was focused on obtaining a biochemical profile that would 

eventually be used to support NMR spectroscopy experiments to study the structure of this tBu 

Hoechst-binding aptamer system. Therefore, two additional RNA aptamer variants were designed, 

one with a UNCG tetraloop and the other with a GNRA tetraloop, as shown in Figures 2.2D and 

E, respectively. These UNCG and GNRA tetraloop sequences have been very well characterized 
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in literature due to their stable structures and frequent presence in naturally occurring RNA 

sequences.131,132 Therefore, conducting NMR spectroscopy experiments with these two RNA 

tetraloop variants would be helpful in identifying which nuclear Overhauser effect (NOE) signals 

correspond to the UUUU tetraloop nucleotides of the Original RNA aptamer. Moreover, it was 

previously predicted by Sando et al.46 that the tBu groups of the Hoechst dye derivative interact 

with the internal bulge region of the folded RNA aptamer sequence. Hence, the Duplex RNA 

aptamer was designed in which the tetraloop portion of the aptamer was completely removed, as 

shown in Figure 2.2F. This was done to see if the tetraloop is required for the aptamer’s binding 

to the tBu Hoechst dye. Similarly, the Elongated Duplex RNA aptamer was designed in which the 

length of both Helix 1 and 2 of the aptamer sequence were extended, as displayed in Figure 2.2G. 

This was done to ensure that the sequence had enough nucleotides for the T7 RNAP to transcribe 

a stable elongation complex.129 It was hypothesized that extending these two stems would not 

interfere with the formation of the tBu Hoechst-RNA aptamer complex as the bulge region was 

believed to be the main binding region for the dye.46 Finally, the Short Stem RNA aptamer variant 

was designed in which Helix 1 was almost entirely removed from the sequence, as shown in Figure 

2.2H. This was done to determine if Helix 1 is involved in binding to the tBu Hoechst dye and to 

help identify which NOE signals arise solely from the first stem portion of the aptamer. Therefore, 

each of these aptamer variants were first subjected to biochemical characterization experiments to 

determine if the applied modifications affect binding to the tBu Hoechst dye and to ultimately gain 

deeper insights of the molecular interactions that are present in the tBu Hoechst dye-Aptamer II-

mini3-4 complex.  
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Table 2.1: Variant Hoechst RNA aptamer sequences used for biochemical characterization 
experiments. 

Variant Hoechst RNA 
Aptamer Sequence 

Aptamer II* 
5’-

GGGUGAUCAGAUUCUGAUCCAGGUUACCAAGCAGGUU
CGGCCUCGUCUGAGGUGAAGCUUGGAUCCGUCGC-3’ 

Aptamer II-mini3-4* 5’-GCCAAGCAGGUUCGUUUUCGAAGCUUCCA-3’ 
Original 5’-GGGAAGCAGGUUCGUUUUCGAAGCUUCCC-3’ 

UUCG Tetraloop 5’-GGGAAGCAGGUUCGUUCGCGAAGCUUCCC-3’ 
GAAA Tetraloop 5’-GGGAAGCAGGUUCGGAAACGAAGCUUCCC-3’ 

Duplex 5’-half 5’-GCCAAGCAGGUUCG-3’ 
Duplex 3’-half 5’-CGAAGCUUCCA-3’ 

Elongated Duplex 5’-half 5’-GGCCAAGCAGGUUCGCC-3’ 
Elongated Duplex 3’-half 5’-GGCGAAGCUUGGCC-3’ 

Short Stem 5’-GGCAGGUUCGUUUUCGAAGCC-3’ 
The * indicates the SELEX-selected and optimized Hoechst RNA aptamer sequences that were 
originally discussed within the 2008 Sando et al.46 publication. The bolded bases indicate the 
location of the predicted tetraloop portion within the aptamer sequences.  
 

 

 

 

 

 

 

Figure 2.2: Predicted secondary structures of the variant Hoechst RNA aptamer sequences 
used for experimentation. A) Aptamer II,46 B) Aptamer II-mini3-4,46 C) Original, D) UUCG 
Tetraloop, E) GAAA Tetraloop, F) Duplex, G) Elongated Duplex, and H) Short Stem RNA 
aptamers. The modifications that were made to the Helix 1 of the published Aptamer II-mini3-4 
sequence are shown in red and the modifications that were made to the predicted tetraloop portion 
are shown in green. Figure 2.2 was made using PowerPoint.  
 

2.1.2 Derivative Hoechst Dyes 

The tBu Hoechst dye derivatives used for the biochemical experiments shown in Figure 2.3 

below were synthesized by PhD candidate Avery To in Dr. Graham Murphy’s lab at the University 
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of Waterloo following the methodology developed by Sando et al.46,123 Two variations of the tBu 

Hoechst dye were studied, the tBu (PEG) Hoechst (Figure 2.3A) and the biotinylated tBu (PEG) 

Hoechst dye (Figure 2.3B). As it was previously discovered by Kyla Egerdeen, the addition of a 

PEG7 tail to the terminal phenol group of the tBu Hoechst dye was necessary for its solubility in 

water.133,134 It was predicted that the addition of this PEG tail would have little effect on the 

existing interactions present within the tBu Hoechst dye-Aptamer II-mini3-4 complex. This is due 

to the fact that the added PEG7 tail contains a similar chemical composition as the side chain of 

the Hoechst 1a and 1b derivatives (Figures 1.11C and D) that were originally used by Sando et 

al.46,133 for the selection of the RNA aptamer sequence and the subsequent biochemical 

experiments.  

 

 

 

 

 

 

 

 

 
Figure 2.3: Comparison of the chemical structures of the tBu Hoechst dye derivatives. A) 
The tBu (PEG) Hoechst (molecular weight (MW) = 945.22 g/mol) and B) the biotinylated tBu 
(PEG) Hoechst (MW = 1171.51 g/mol) dye derivatives that were used for experimentation. The 
chemical structures were created using ChemDraw.  
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2.1.3 RNA Transcription  

The RNA sequences used for biochemical characterization were enzymatically transcribed in 

vitro using the transcription mixture summarized in Table 2.2, which was modified from the 

method described by Milligan and Uhlenbeck.135 The buffer used for transcription was a Tris-

buffered saline (TBS), which consisted of 10 mM NaCl and 40 mM Tris at pH 8.3. The addition 

of low concentrations of dimethyl sulfoxide (DMSO) was used to increase transcription yields by 

altering the structure of T7 RNAP, which in turn enhances its activity.136,137 PEG 8000 was also 

added to improve transcription yields by acting as a crowding reagent to help improve the 

molecular interactions between the various reaction components.135,138,139 Moreover, since the T7 

RNAP is known to slowly lose activity over the course of the transcription reaction,140 an 

additional 0.125 – 0.135 mg/mL of enzyme was added to the transcription mixture halfway through 

the reaction to revive the enzyme’s activity and once again improve RNA yields. The DNA 

template strands that were used for transcription were custom designed for each RNA variant, as 

exemplified in Figure 2.4A, and were synthesized by Integrated DNA Technologies (IDT) (IDT, 

Coralville, Iowa). The template strands were annealed to a T7 promoter sequence for 4 min at 

90°C to create the DNA transcription template, as shown in Figure 2.4B.135 The T7 RNAP was 

obtained through the overexpression of His-tagged T7 RNAP in E. coli cells and the purification 

of the target protein on a nickel affinity column.135,141 Therefore, to obtain between 1-2 mM of the 

desired RNA aptamer in a final volume of 500 µL, a 10 mL RNA transcription mixture (Table 

2.2) was incubated in a 37°C water bath for 4-5 hours.135,138,142  
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3’-ATT ATG CTG AGT GAT ATC CCT TCG TCC AAG CAA AAG CTT CGA AGG G-5’
+1

5’-TAA TAC GAC TCA CTA TA-3’

3’-ATT ATG CTG AGT GAT ATC CCT TCG TCC AAG CAA AAG CTT CGA AGG G-5’

B

A 

 

 

Figure 2.4: DNA template examples. A) A DNA template strand that was designed for the 
Original RNA aptamer sequence and B) the corresponding DNA transcription template that was 
annealed for RNA transcription. The T7 promoter portion of the sequence is shown in bold, and 
the start of transcription is indicated by the red +1. Figure 2.4 was modified from Milligan and 
Uhlenbeck135 using PowerPoint.  
 

Table 2.2: Recipe for a 10 mL RNA transcription mixture to produce 1-2 mM of the target RNA 
aptamer in a final volume of 500 µL.   

Reagent Stock 
Concentration  

Volume Added 
(µL) 

Target 
Concentration  

MQW -- 850 -- 
DMSO 100% v/v 2000 20% v/v 

TBS Buffer 10× 1000 1x  
MgCl2 1000 mM  450 45 mM 
DTT 100 mM  500 5 mM 

PEG 8000 40% w/v 400 1.6% w/v 
NTPs 100 mM  750 7.5 mM 

DNA Template 20 µM 800 1.6 µM 

T7 RNAP 2.5 – 3.5 mg/mL  1000 0.25 – 0.35 mg/mL 
500* 0.125 – 0.175 mg/mL 

The * indicates the additional T7 RNAP that was added halfway through the transcription reaction 
to revive the enzyme’s activity and increase transcription yields. The 10× TBS buffer consisted of 
100 mM NaCl and 400 mM Tris (pH 8.3). 
 
 

2.1.4 RNA Purification  

Once the RNA transcription reaction was complete, an equal volume of 10 M urea was added 

to the transcription mixture in order to halt the activity of the T7 RNAP143 and denature the 

secondary structure of the transcribed RNA.144 Moreover, 20-50 µL of bromophenol blue (BB) 

dye was added to the transcription mixture to act as a dye marker for downstream purification 

methods.145 The transcribed RNA was then run on a denaturing urea PAGE gel to isolate the 
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Transcribed RNA product
N+1

Bromophenol Blue Dye

Unused NTPs

desired RNA aptamer from contaminants, such as erroneous transcription products, as shown in 

Figure 2.5.129,146  The percentage of acrylamide (19:1 acrylamide: bis-acrylamide) chosen for the 

denaturing gels was based on the number of bases present within the variant RNA aptamer 

sequences, as shown in Table 2.3, similar to the percent recommendations provided in the protocol 

by Green and Sambrook.147 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.5: Example of an intermediate UREA PAGE gel under ultraviolet (UV) shadowing 
using experimental data. The positions of the transcribed RNA product, as well as the positions 
of the erroneous transcription product (N+1), BB dye and unused nucleoside triphosphates (NTPs) 
on the gel.  
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Table 2.3: Percent acrylamide chosen for the UREA PAGE gels that were run for each of the 
variant Hoechst RNA aptamers.  

Variant Hoechst RNA 
Aptamer Number of Bases % Acrylamide 

Aptamer II 71 10 
Aptamer II-mini3-4 

29 13 Original 
UUCG Tetraloop 
GAAA Tetraloop 

Duplex 5’-half 14 

20 Duplex 3’-half 11 
Elongated Duplex 5’-half 17 
Elongated Duplex 3’-half 14 

Short Stem 21 15 
 

Once the gel had finished running, the band for the transcribed RNA product was then cut out 

of the gel, crushed and the RNA was extracted using 300 mM NaCl for 24 h at 4 °C.135,148 The 

extracted RNA was then isolated from the gel pieces using a sterile 0.45 µm filter, and the RNA 

was subjected to ethanol precipitation with 2.5 volumes of ice-cold 100% ethanol for 24 h at              

-20 °C.135,148,149 To further increase the RNA yield, the gel pieces underwent a second round of the 

crush and soak as well as ethanol precipitation procedures, as previously described above. The 

precipitated RNA was subsequently pelleted by centrifugation at 19680 × g for 45 min at 4 °C and 

the supernatant was discarded.148,149 The RNA pellet was resuspended in Milli-Q water (MQW). 

The ÄKTA purifier fast performance liquid chromatography (FPLC) system (Cytiva, Marlborough, 

Massachusetts) was then used with a 25 mL HiPrep diethylaminomethyl (DEAE) FF 16/10 weak 

anion-exchange column (GE Healthcare, Uppsala, Sweden) to separate the target RNA sequence 

from contaminant acrylamide through a low to high salt gradient from 0.150 M to 2 M NaCl, as 

shown in Figure 2.6A.150,151 The sample was then subjected to another round of ethanol 

precipitation for 24 h at -20 °C and was once again pelleted by centrifugation at 19680 × g for 45 
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min at 4 °C.148,149 The resulting RNA pellet was dissolved in MQW and the salt was removed from 

the sample through size exclusion chromatography, using a 53 mL HiPrep 26/10 desalting column 

(GE Healthcare, Uppsala, Sweden) on the ÄKTA FPLC system, as shown in Figure 2.6B.152 The 

purified RNA was then lyophilized, re-dissolved in MQW and the concentration was determined 

using the RNA-40 setting on a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, Massachusetts).153  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Example chromatograms of nucleic acids purified using the FPLC system. A) 
Depiction of the nucleic acid being eluted from the DEAE anion column through increasing salt 
concentrations and B) depiction of the removal of salt from the nucleic acid by running it through 
a size exclusion column. The values for the Abs254nm and conductivity axes were normalized for 
ease of read. Figure 2.6 was generated in Excel using example experimental data.  
 

2.1.5 Ultraviolet Absorption Spectra  

UV absorption spectra were obtained to determine the wavelengths at which the tBu Hoechst 

dye derivatives absorb maximally and hence the excitation wavelengths (λ&#) to be used for the 

subsequent fluorescence experiments.154,155 Two sets of the tBu dye samples were prepared, one 

dissolved in MQW and the other dissolved in 1× phosphate-buffered saline (PBS) (20 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). The samples contained approximately 

13 µM of the tBu Hoechst dye derivatives to keep the absorbance readings under 1.0 a.u. for 

accurate spectrophotometer measurements.156,157 The absorbances were measured from 250-500 
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nm in 1 nm steps, using UV-Vis semi-micro rectangular quartz cuvettes (Agilent, Santa Clara, 

California) and a Cary 4000 UV-Vis spectrophotometer (Varian, Palo Alto, California).158,159  

 

2.1.6 Determination of the Molar Extinction Coefficients by Ultraviolet Spectroscopy 

To determine the molar extinction coefficient of the tBu Hoechst dye derivatives, dilution 

series were performed in a similar manner to the method described by Cavaluzzi and Borer.157 The 

dye concentrations were determined by dry weight160 and the dye was dissolved in MQW. For 

accurate UV measurements, serial dilutions were carried out to obtain sample concentrations 

ranging from 25 – 1.56 µM and 30 – 1.87 µM for the tBu (PEG) Hoechst and biotinylated tBu 

(PEG) Hoechst dyes, respectively.157 The samples were prepared in triplicates for reliable data. A 

Cary 4000 UV-Vis spectrophotometer (Varian, Palo Alto, California) was zeroed with MQW and 

the absorbances were measured at 345 nm, using UV-Vis semi-micro rectangular quartz cuvettes 

(Agilent, Santa Clara, California). The wavelength used for absorbance measurements was 

determined through the performed UV absorption spectra experiments described in Chapter 2.1.5. 

The molar extinction coefficients of the tBu Hoechst dyes were calculated using the Beer-Lambert 

law (Equation 3), where A, 𝜀, C and l represent the sample absorbance, molar extinction coefficient, 

concentration, and cuvette pathlength, respectively.157,161  

                                                          𝐴 = 𝜀 ∙ 𝐶 ∙ 𝑙                                                                  (3) 

 

2.1.7 Fluorescence Emission Spectra  

To obtain the fluorescence emission spectra and analyze the increase in fluorescence produced 

upon binding of the variant RNA aptamers to the tBu Hoechst dye derivatives, the samples were 

prepared with 40 µM of the variant RNA aptamer, 13 µM of the tBu (PEG) Hoechst dye and 1× 
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PBS buffer (20 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4), similar to 

the method previously described by Sando et al.46 To ensure that the RNA aptamers were properly 

folded and existed as a single conformation in the sample solution, the RNA sequences mixed with 

1× PBS buffer were heat-treated according to Table 2.4, prior to the addition of the tBu Hoechst 

dye.162,163 Control samples were prepared with 13 µM of the tBu (PEG) Hoechst dye and 1× PBS 

buffer to observe the fluorescence emitted by the unbound tBu dye.46 The PBS buffer used in this 

study was similar to the selection buffer originally used by Sando et al.; however, it contained 

lower salt concentrations and no Mg2+ ions. The dye concentrations were determined using 

absorbance values obtained from a Cary 4000 UV-Vis spectrophotometer (Varian, Palo Alto, 

California) set to an λ&# of 345nm. The λ&#	was experimentally determined through the performed 

UV absorption experiments as discussed in Chapter 2.1.5. The concentrations of the biotinylated 

and non-biotinylated tBu (PEG) Hoechst dyes were calculated using molar extinction coefficients 

of 30000 cm-1 M-1 and 34700 cm-1 M-1, respectively. These values were experimentally determined 

through the performed dilution series discussed in Chapter 2.1.6. The samples were loaded into a 

96-well black U-bottom microplate (Greiner Bio-One, Kremsmünster, Upper Austria) and the 

fluorescence measurements were conducted using a SpectraMax M5 microplate reader (Molecular 

Devices, San Jose, California). Similar to the method described by Sando et al.,46 the emission 

spectra were collected by exciting the sample with a λ&# of 345 nm and recording the relative 

fluorescence units (RFU) produced over emission wavelengths (λ&!) ranging from 405-505 nm 

with 1 nm spacing.46,125 The Ion/Ioff ratios were calculated for each sample by dividing the 

maximum fluorescence produced by the variant RNA-tBu Hoechst dye complex by the maximum 

fluorescence produced by the control tBu Hoechst dye sample.46 For a more accurate comparison, 
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the data were normalized relative to the Original RNA aptamer-tBu (PEG) Hoechst complex, 

which was set to a relative Ion/Ioff ratio of 1.00.  

 

Table 2.4: Heat-treatment of the RNA aptamers prior to experimentation to ensure proper folding.  

Variant Hoechst RNA 
Aptamer Heat-Treatment 

Aptamer II 

70°C for 2 min in a water bath 
Fast cool on ice for 5 min  

Aptamer II-mini3-4 
Original 

UUCG Tetraloop 
GAAA Tetraloop 

Short Stem 
Duplex  70°C for 1 min in a water bath 

Slow cool at 1°C/min in a water bath for 1 hour Elongated Duplex 
 

2.1.8 Fluorescence Titration Assays 

To determine the binding affinities between the variant RNA aptamers and the tBu Hoechst 

dye derivatives, fluorescence titration assays were conducted.164 Prior to performing fluorescence 

titration tests on each of the RNA aptamer variants, however, a brief investigation was carried out 

to identify the optimal buffer conditions for binding using the Original RNA aptamer and tBu 

(PEG) Hoechst dye, as shown in Table 2.5. Buffer A (1× PBS with high salt and Mg2+ ions) was 

the original buffer used by Sando et al.46 to select for the RNA aptamer and conduct subsequent 

biochemical characterization experiments. Buffers B and C were variations of the original 

selection buffer that were used in this research project to test the effects of varying ionic strengths 

and the presence of Mg2+ ions on the aptamer system’s binding. Buffer B (1× PBS with low salt 

and without Mg2+ ions) was ultimately chosen for subsequent fluorescence titration experiments.  

 

 



 45 

Table 2.5: Summary of the buffer conditions tested for the fluorescence titration experiments to 
optimize the binding system. 
Buffer  Conditions Tested  Buffer Type Composition pH 

A High salt, Mg2+ 1× PBS 
137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4 and 2.5 mM 
Mg2+ 

7.4 B Low salt, no Mg2+  1× PBS 20 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, and 1.8 mM KH2PO4 

C Low salt, Mg2+  1× Tris-KCl  20 mM NaCl, 2.7 mM KCl, 25 mM Tris, 
and 2.5 mM Mg2+ 

 

The fluorescence titration samples were prepared with varying RNA concentrations ranging 

from 30 – 0.469 µM by serial dilution at a fixed tBu Hoechst concentration of 1.33 µM and in the 

presence of Buffer B (1× PBS with low salt and no Mg2+).128,165 The RNA concentrations used for 

the Aptamer II RNA variant were modified to 1250 – 19.5 nM, following the observation of 

stronger binding interactions with the tBu (PEG) Hoechst dye. The samples were prepared in 

triplicates and a buffer blank, which consisted of Buffer B in MQW, was prepared to subtract the 

background fluorescence from the sample readings.166 Like the fluorescence emission experiments, 

prior to the addition of the tBu Hoechst dye, the RNA aptamers mixed with Buffer B were heat-

treated according to the procedures listed in Table 2.4 to ensure proper RNA folding.162,163 The 

samples were once again loaded in a 96-well black U-bottom microplate (Greiner Bio-One, 

Kremsmünster, Upper Austria) and the fluorescence measurements were carried out using a 

SpectraMax M5 microplate reader (Molecular Devices, San Jose, California). Endpoint readings 

of the samples were read at λ&#  and λ&!  of 345 nm and 465 nm, respectively.122,167 These 

wavelengths were experimentally determined through the performed UV absorption and 

fluorescence emission experiments as discussed in Chapters 2.1.5 and 2.1.7. The raw fluorescence 

readings were processed using equation (4), where Fi represents the relative fluorescence intensity 

of the sample and Fmax represents the fluorescence intensity produced at saturation.164  
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                                                                𝐹* =	
[,*-./0]×3%&'
(!	5	[,*-./0]

	                                                                     (4) 

 The relative fluorescent intensities were normalized by dividing the values with the corresponding 

Fmax. The results were plotted on the graphing software, GraphPad Prism (GraphPad, San Diego, 

California), using non-linear regression and the one site-specific binding model to determine the 

dissociation constant between the variant RNA aptamers and the tBu Hoechst dye, as previously 

done by Jeon et al.164  

 

2.2 Results and Discussion  

2.2.1 Ultraviolet Absorption Spectra  

UV absorption spectra were obtained for both the tBu (PEG) Hoechst and the biotinylated tBu 

(PEG) Hoechst dyes to determine the wavelength at which the dye absorbs light maximally 

(λ!"# ).155 Hence, the λ&#  to use for the following fluorescence experiments. The tBu (PEG) 

Hoechst dye was found to absorb maximally at 339 nm when the dye was dissolved in water 

(Figure 2.7A) and in a 1× PBS solution (Figure 2.7B). Meanwhile, the biotinylated tBu (PEG) 

Hoechst dye was found to absorb maximally at 344 nm and 342 nm when dissolved in water 

(Figure 2.7C) and a 1× PBS solution (Figure 2.7D), respectively. These experimental λ!"# were 

similar to the λ&# of 345 nm that was previously reported by Sando et al.46,123 for the tBu Hoechst 

dye’s fluorescence. In addition, the presence of salts in the buffer solutions appeared to have little 

effect on the dye’s λ&#. Therefore, to remain consistent with the methods performed by Sando et 

al.,46 a wavelength of 345 nm was used to excite the dye samples within this research project. 
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Figure 2.7: UV absorption spectra to determine the 𝛌𝐦𝐚𝐱 . The tBu (PEG) Hoechst dye 
dissolved in A) MQW and B) 1× PBS. The biotinylated tBu (PEG) Hoechst dye dissolved in C) 
MQW and D) 1× PBS.  
 

2.2.2 Determination of the Molar Extinction Coefficients by Ultraviolet Spectroscopy 

A brief dilution series was performed on the unbound tBu Hoechst dye samples to determine 

their molar extinction coefficients through UV spectroscopy methods.157 The molar extinction 

coefficients of the dyes dissolved in water were determined to be 34700 cm-1 M-1  and 30000 cm-1 

M-1 for the tBu (PEG) Hoechst and the biotinylated tBu (PEG) Hoechst dyes at an λ&# of 345 nm 

(Table 2.6 and Appendix A Figure 4.1). Sando et al.46,123 previously used the molar extinction 

coefficient of the Hoechst 33342 dye to estimate the concentrations of their newly synthesized tBu 

Hoechst dye derivatives. As a result, there is currently no published data for the molar extinction 

coefficients of the tBu Hoechst dye derivates. When compared to other commercially available 
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Hoechst dyes, however, the experimentally determined tBu Hoechst dye extinction coefficients 

are considerably lower. For instance, the molar extinction coefficient of the Hoechst 33258 dye 

dissolved in water was previously determined to be 46000 cm-1 M-1 at 345 nm.168 A study by Paul 

et al.169 found that the addition of tBu groups to aromatic compounds slightly increases the molar 

extinction coefficient. The added tBu groups increase the electron density around the aromatic 

rings, which subsequently enhances the sample’s ability to absorb light.170 The addition of the 

PEG7 tail and biotin motif to the phenol ring of the tBu Hoechst dyes, however, may have negated 

the effects of the tBu groups and hindered the sample’s light absorption. These large and bulky 

side chains likely acted as crowding agents in the solution and proceeded to shield the light beam, 

hence reducing the sample’s measured absorbance and calculated molar extinction coefficient.171   

 

Table 2.6: Comparison of the experimentally determined molar extinction coefficients for the tBu 
Hoechst dye derivatives in water.  

Hoechst Dye Derivative Molar Extinction 
Coefficient (cm-1 M-1) 𝛌𝐞𝐱 (nm) Solvent 

tBu (PEG) Hoechst 34700 345 Water Biotinylated tBu (PEG) Hoechst 30000 
 

2.2.3 Fluorescence Emission Spectra of the RNA aptamer variants with tBu (PEG) Hoechst 

It is well known that unbound Hoechst dyes are almost nonfluorescent and will exhibit large 

increases in fluorescence intensity, approximately 30-fold, upon binding to DNA 

sequences.46,117,119 This trend was observed by Sando et al.,46 where a 28.2-fold increase in 

fluorescence intensity was observed upon binding of Aptamer II-mini3-4 to Hoechst 1a. Therefore, 

obtaining fluorescence emission spectra for each aptamer system was deemed an efficient way to 

determine if binding was present between the variant RNA aptamers and tBu (PEG) Hoechst dye. 

As can be seen in Figures 2.8A-D, each of the variant RNA aptamers appear to bind to the tBu 



 49 

(PEG) Hoechst dye, with maximum fluorescence intensities that range from approximately 2500 

– 5000 RFU. It was noted that the experimental λ&! of the tBu dye was found to be 465 nm, which 

was slightly off from the literature λ&! of 470 nm that was previously determined by Sando et al.46 

This difference likely arose from the minor deviations between the chemical compositions of the 

tBu Hoechst dye’s PEG tail that was used within this research project (Figure 2.3) and the Sando 

et al. published study (Figures 1.11C-D). 

For a more effective comparison of the fluorescent enhancements produced by the tBu dye 

upon binding to each of the variant RNA aptamers, the relative Ion/Ioff ratios were calculated as 

shown in Table 2.7. Since the Original RNA aptamer was the first variant to be produced and has 

the closest sequence similarity to Aptamer II-mini3-4, it was set to a relative Ion/Ioff ratio of 1.0. 

Aptamer II-mini3-4 was found to display a comparable relative Ion/Ioff ratio to the Original RNA 

aptamer at 0.956. These two aptamer sequences only differ by the substitution of three GC base 

pairs in Helix 1 of the folded aptamer. Therefore it can be assumed that these changes do not affect 

the overall conformation of the RNA aptamer that was formerly selected and optimized by Sando 

et al.46 Likewise, the Short Stem RNA aptamer was observed to exhibit a slightly greater 

fluorescence enhancement than the Original RNA aptamer when bound to the tBu (PEG) Hoechst 

dye, as can be seen through a relative Ion/Ioff ratio of 1.09. This indicated that the almost complete 

removal of Helix 1 has little to no impact on the overall tertiary structure of the RNA aptamer. 

Hence, it was hypothesized that tBu Hoechst dye likely sits within a groove located in Helix 2 of 

the folded aptamer sequence. When analyzing the fluorescence emission spectra for the UUCG 

Tetraloop, GAAA Tetraloop, Duplex, Elongated Duplex and Aptamer II RNA aptamer variants, 

they were all found to have lower relative Ion/Ioff ratios than the Original RNA aptamer at 0.788, 

0.887, 0.775, 0.440 and 0.285, respectively. The fluorescence emission results observed for the 
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Aptamer II RNA sequence agree with the data that was previously obtained by Sando et al.46 

Within the published study the Aptamer II-mini3-4 sequence was found to display a 2.15× increase 

in fluorescence intensity upon binding to the tBu Hoechst dye when compared to the Aptamer II 

RNA sequence (Table 1.2). Similarly, the fluorescence emission experiments performed in this 

research project yielded a 3.35× fluorescence increase when comparing the fluorescence of the 

tBu-bound Aptamer II-mini3-4 and Aptamer II RNA sequences. It should be noted, however, that 

the relative Ion/Ioff ratios are not an indication of how tightly the molecules of interest are interacting 

with each other. These values may instead provide some information regarding how the aptamer 

is bound to the dye.172 Upon binding to the minor grooves of nucleic acid sequences, the bonds 

within the Hoechst dye experience reduced rotational freedom, which in turn gives rise to the dye’s 

increased fluorescence intensity.117,122 Therefore, the discussed sequence modifications that were 

made to the RNA variants may have altered the overall geometry of the aptamer’s tertiary structure, 

through a change in the conformational stability of the major and minor grooves within Helix 2 of 

the aptamer. This may have changed the way the dye was able to lock into place within the folded 

aptamer sequence and ultimately reduced the amount of fluorescence emitted upon binding.122  
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Figure 2.8: Fluorescence emission assays of the variant RNA aptamers. Comparison of the 
fluorescence enhancement produced upon binding of the tBu (PEG) Hoechst dye to the Original 
RNA aptamer with the fluorescence intensity produced upon binding of the tBu dye to the A) 
UUCG and GAAA tetraloop, B) Aptamer II-mini3-4 and Duplex, C) Elongated Duplex and 
Aptamer II, and D) Short Stem RNA aptamer variants.   
 
 
Table 2.7: Comparison of the relative Ion/Ioff ratios produced by the tBu (PEG) Hoechst - variant 
RNA aptamer complexes. 

Variant Hoechst RNA Aptamer Relative Ion/Ioff 
Original 1.00 

Aptamer II 0.285 
Aptamer II-mini3-4 0.956 
UUCG Tetraloop 0.788 
GAAA Tetraloop 0.887 

Duplex 0.775 
Elongated Duplex 0.440 

Short stem 1.09 
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2.2.4 Fluorescence Emission Spectra of the Original RNA aptamer with biotinylated tBu 

(PEG) Hoechst 

When analyzing the fluorescence emission spectra of the Original RNA aptamer interacting 

with the biotinylated tBu (PEG) Hoechst dye (Figure 2.9), the maximum fluorescence signal was 

also found to be produced at 465 nm. Additionally, the fluorescence enhancement observed upon 

binding of the Original RNA aptamer to the biotinylated dye was once again lower, with a relative 

Ion/Ioff ratio of 0.711 (Table 2.8), than when bound to the non-biotinylated tBu dye. This indicated 

that the addition of the biotin group to the end of the tBu dye’s PEG7 side chain likely altered the 

way that the dye is able to sit within the Helix 2 grooves of the folded RNA aptamer sequence.122  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9:  Fluorescence emission assay of the variant tBu Hoechst dyes. Comparison of the 
fluorescence intensity emitted by the biotinylated versus non-biotinylated version of the tBu 
Hoechst dye when bound to the Original RNA aptamer.  
 

Table 2.8: Comparison of the relative Ion/Ioff ratios produced upon the interaction of the Original 
RNA with the biotinylated and non-biotinylated tBu (PEG) Hoechst dye. 

Variant Hoechst Dye Relative Ion/Ioff 
tBu (PEG) Hoechst 1.00 

Biotinylated tBu (PEG) Hoechst 0.711 
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2.2.5 Fluorescence Titration Binding Buffer Optimization 

Prior to conducting fluorescence titration assays on each of the variant aptamer systems, a 

brief investigation was conducted using the Original RNA aptamer and tBu (PEG) Hoechst dye to 

determine the optimal binding conditions, as shown in Figure 2.10. The use of Buffer A, which 

contained 137 mM NaCl and 2.5 mM Mg2+, resulted in relatively weak binding interactions with 

a Kd of 17.5 µM, as can be observed in Table 2.9. This result was not expected since Buffer A was 

the buffer that was originally used by Sando et al.46 to select for the RNA aptamer and perform 

subsequent biochemical characterization studies. As stated above, the group only performed SPR 

binding affinity studies on the SELEX-selected 71-nt Aptamer II with the biotinylated Hoechst 1b 

dye, which yielded a Kd of 35 nM (Table 1.2). Each of the sequence substitutions and 

minimizations that were made to Aptamer II was tested by the group solely through fluorescence 

emission assays. As a result, there are no literature values that can be used to compare the 

experimentally produced binding affinities for the variant RNA aptamers that were obtained within 

this research project. 

 It has been previously reported that selection buffers do not always offer the best binding 

conditions for aptamer systems; however, they can be improved by modifying the buffer’s existing 

component concentrations.173 Hence, to test the effects of reduced ionic strength on the binding 

interactions of the Original RNA-tBu (PEG) Hoechst complex, a second fluorescence assay using 

Buffer B, which contained only 20 mM NaCl and 0 mM Mg2+ ions, was carried out. The 

magnesium ions were excluded from this buffer due to difficulties with magnesium phosphate 

precipitation when preparing the 10× stock buffer solution.174 From this test, it was found that 

Buffer B gave rise to improved binding conditions with a Kd of 1.38 µM, as shown in Table 2.9. 

Therefore, these results suggest that the binding mechanisms of the Original RNA aptamer to the 
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A B C

tBu (PEG) Hoechst dye may be heavily dependent on its electrostatic interactions and 

environments with reduced salt concentrations yield the best binding results.173 Moreover, 

magnesium ions are often required for the stabilization of folded RNA aptamers, which can in turn 

improve the binding interactions between the aptamer and its target molecule.175,176 Since 

magnesium was previously excluded from Buffer B, another test was performed to determine if 

the presence of magnesium ions would also affect binding. Therefore, Buffer C, a tris buffer that 

contained 20 mM NaCl and 2.5 mM Mg2+ was tested on the aptamer system. The addition of Mg2+ 

ions to the low salt environment was found to produce a Kd of 2.54 µM (Table 2.9), which was 

slightly weaker than the binding affinity observed when Buffer B was used. This indicated that the 

binding interactions between the Original RNA aptamer and the tBu (PEG) Hoechst dye are not 

dependent on the presence of magnesium ions. Therefore, since it was found that reduced ionic 

strength is optimal and magnesium ions are not required for binding, Buffer B was chosen for 

future biochemical experiments since it had the closest chemical composition to the buffer 

originally used by Sando et al.46 

 

 

 

 

 

 
 
Figure 2.10: Binding buffer optimization through fluorescence titration assays. Comparison 
of the fluorescence titration curves for the Original RNA aptamer with tBu (PEG) Hoechst under 
different buffer conditions using A) Buffer A (high salt with Mg2+), B) Buffer B (low salt without 
Mg2+), and C) Buffer C (low salt with Mg2+).  
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Table 2.9: Comparison of the dissociation constants produced for the complex formation of the 
Original RNA aptamer with tBu (PEG) Hoechst under different buffer conditions. 

Buffer Buffer Conditions Tested Kd (µM) 95% Confidence Interval (µM) 
A High salt, Mg2+ 17.5 11.1 – 29.3 
B Low Salt, no Mg2+ 1.38 0.983 – 1.90 
C Low salt, Mg2+ 2.54 1.99 – 3.23 

 

2.2.6 Fluorescence Titration of the Variant RNA Aptamers with tBu (PEG) Hoechst 

To determine the approximate binding affinities of the variant RNA aptamers with the tBu 

(PEG) Hoechst dye, fluorescence titration experiments were performed as shown in Figure 2.11 

and Table 2.10. Through the analysis of the results, Aptamer II (Figure 2.11B) was found to have 

the tightest binding with the tBu (PEG) Hoechst dye, as can be seen through an experimentally 

determined Kd of 58.2 nM (Table 2.10). This result agrees with the literature value of 35 nM that 

was previously discussed in the Sando et al.46 publication (Table 1.2). Moreover, the Short Stem 

RNA aptamer (Figure 2.11H) was found to have the second strongest binding affinity for the tBu 

(PEG) Hoechst dye at a Kd of 0.895 µM (Table 2.10). The Short Stem sequence differs from the 

Original RNA aptamer by the removal of four base pairs from Helix 1 of the predicted secondary 

structure, as can be seen in Figure 2.2H. Therefore, the removal of Helix 1 appears to improve the 

aptamer’s binding interactions with the tBu (PEG) Hoechst dye. This hypothesis agrees with the 

fluorescence emission results previously discussed in Chapter 2.2.3, in which the formation of the 

Short Stem-tBu (PEG) Hoechst complex was found to produce a greater increase in fluorescence 

intensity than the Original RNA aptamer at a relative Ion/Ioff ratio of 1.09 (Table 2.7). Additionally, 

the Original, Aptamer II-mini3-4, UUCG Tetraloop and GAAA Tetraloop RNA aptamers (Figures 

2.11A, C-E) were all determined to have comparable binding affinities for the tBu (PEG) Hoechst 

dye, ranging from 1.38 – 2.10 µM (Table 2.10). These results make sense as minimal sequence 

changes were made to each of these variants. As briefly mentioned in Chapter 2.2.3, the Original 
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RNA and Aptamer II-mini3-4 sequences are identical apart from the substitution of three base 

pairs in Helix 1 of the aptamer (Figures 2.2B and C). In addition, only the nucleotides of the 

predicted tetraloop portion of the Original RNA aptamer were changed within the UUCG and 

GAAA Tetraloop RNA sequences (Figures 2.2D and E). Therefore, since the binding affinities 

for each of these variant RNA aptamers were similar, this indicated that the discussed sequence 

changes did not affect the binding regions of the aptamer. These results are interesting, however, 

when comparing the Original RNA aptamer with the Tetraloop RNA aptamer sequences. As 

discussed in Chapter 2.2.3, the UUCG and GAAA Tetraloop RNA variants were found to have 

lower relative Ion/Ioff ratios than the Original RNA aptamer at 0.788 and 0.887 (Table 2.7); 

however, the binding affinities are approximately the same for these three aptamer sequences. This 

suggests that the although the change from the dynamic UUUU tetraloop of the Original RNA 

aptamer to the stable UUCG and GAAA motifs likely increases the overall conformational rigidity 

of Helix 2, it did not affect the internal bulge binding region. Finally, when analyzing the molecular 

interactions between the Duplex and Elongated Duplex RNA aptamers and the tBu (PEG) Hoechst 

dye (Figures 2.11F and G), weaker binding interactions were observed compared to the other 

RNA aptamer variants, as was seen through determined Kd values of 8.51 µM and 3.40 µM, 

respectively (Table 2.10). Similar to the Tetraloop RNA variants, the relative Ion/Ioff ratios for the 

Duplex and Elongated Duplex RNA aptamers were found to be 0.775 and 0.533, as shown in Table 

2.7. Therefore, this indicates that although the tetraloop portion is not required for binding to the 

dye, its removal from Helix 2 consequently increases the conformational flexibility of the 

aptamer’s helical structure and reduces the binding interactions.  
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Figure 2.11: Binding affinities of the RNA aptamer variants. Comparison of the fluorescence 
titration curves produced for the A) Original, B) Aptamer II, C) Aptamer II-mini3-4, D) UUCG 
Tetraloop, E) GAAA Tetraloop, F) Duplex, G) Elongated Duplex, and H) Short Stem RNA 
Aptamers with the tBu (PEG) Hoechst dye under low salt conditions and in the absence of Mg2+ 
ions.  
 

Table 2.10: Comparison of the dissociation constants obtained for the variant RNA aptamers with 
tBu (PEG) Hoechst dye under low salt conditions and in the absence of Mg2+ ions.  

Variant Hoechst RNA Aptamer Kd (µM) 95% Confidence Interval (µM) 
Original  1.38 0.983 – 1.90 

Aptamer II 0.0582 0.0452 – 0.0741 
Aptamer II-mini3-4 2.10 1.38 – 3.15 

UUCG tetraloop 1.42 1.05 – 1.89 
GAAA tetraloop 2.05 1.30 – 3.18 

Duplex  8.51 4.27 – 18.0 
Elongated Duplex 3.40 2.35 – 4.88 

Short Stem 0.895 0.672 – 1.17 
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2.2.7 Fluorescence Titration of the Original RNA Aptamer with Biotinylated tBu (PEG) 

Hoechst 

An additional fluorescence titration assay was carried out to determine the binding affinity 

between the Original RNA aptamer with the biotinylated version of the tBu Hoechst dye as shown 

in Figure 2.12. The binding affinity of this aptamer system was found to be weaker at a Kd of 6.31 

µM (Table 2.11) than when bound to the non-biotinylated version of the dye. Similarly, as shown 

in Chapter 2.2.4, the relative Ion/Ioff ratio for this molecular interaction was determined to be 0.711 

(Table 2.8). The biotinylated tBu (PEG) Hoechst dye differs from the tBu (PEG) Hoechst dye by 

the addition of a carbonyl group, a four-carbon chain, and a biotin group to the end of the PEG7 

tail, as depicted in Figure 2.3. Hence, this once again supports the hypothesis that the addition of 

the biotin motif changes the way the tBu dye can interact with Helix 2 of the folded aptamer and 

consequently reduces its binding interactions.  

 

 

 

 

 

Figure 2.12: Binding affinity of the tBu Hoechst variants. Fluorescence titration curve of the 
Original RNA aptamer with the biotinylated tBu (PEG) Hoechst dye under low salt concentrations 
and without Mg2+ ions.  
 

Table 2.11: Comparison of the dissociation constants produced upon interaction of the Original 
RNA aptamer with the tBu Hoechst dye derivatives under low salt conditions and in the absence 
of Mg2+ ions.  

Hoechst Dye Derivative Kd (µM) 95% Confidence Interval (µM) 
tBu (PEG) Hoechst   1.38 0.983 – 1.90 

Biotinylated tBu (PEG) Hoechst 6.31 4.14 – 9.61 
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2.3  Conclusions  

The experiments performed in Chapter 2 focused on the biochemical characterization of the 

variant RNA aptamers complexed with the tBu Hoechst dyes through fluorescence techniques. 

This was done to determine if binding was present within each aptamer system and to evaluate the 

molecular interactions of the binding reaction. It also served to lay the groundwork for the structure 

determination of the Aptamer II-mini3-4 sequence complexed with the tBu (PEG) Hoechst dye. 

These experiments also allowed for the identification of specific regions within the RNA aptamer 

that are required for binding to the tBu dye and the potential conformational changes that may 

arise from the applied sequence modifications. Through the fluorescence emission and titration 

experiments, it was found that each of the designed RNA aptamer variants can bind to the tBu 

(PEG) Hoechst dye with nano to micromolar affinities at low salt concentrations and in the absence 

of Mg2+ ions.  

From the fluorescence data, the Aptamer II sequence was found to have the tightest binding 

interactions with the tBu (PEG) Hoechst dye, which was consistent with literature results.46 Out 

of all the minimized RNA aptamers that were studied within this research project, the Original and 

Short Stem sequences were found have the highest affinities for the tBu (PEG) Hoechst dye. These 

results were expected as the Original RNA aptamer most closely resembles the Aptamer II-mini3-

4 sequence that was originally selected and optimized by Sando et al. (2008).46 Additionally, the 

Helix 1 region of the RNA aptamer appears to not be involved in binding to the tBu dye. Therefore, 

its almost complete removal in the Short Stem RNA sequence had little to no effect on the 

aptamer’s binding and fluorescence properties. The stabilization of the tetraloop within the UUCG 

and GAAA Tetraloop RNA variants appears to increase the conformational rigidity of Helix 2, 

leading to a reduction in the fluorescence intensity produced by the dye. The complete removal of 
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the tetraloop from the Duplex and Elongated Duplex RNA aptamers appears to increase the 

conformational flexibility of the RNA helix and destabilizes the interactions with the tBu (PEG) 

Hoechst dye. Moreover, the biotinylation of the tBu (PEG) Hoechst dye seems to also decrease 

the aptamer’s ability to recognize and bind to the dye. To complement the data obtained through 

fluorescence methods and develop a more in-depth understanding of the molecular interactions, 

additional biochemical experiments through alternative techniques should be carried out. 
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3.0 Introduction  

As discussed in Chapters 2.2.6 and 2.2.7, fluorescence titration assays were performed to 

assess the binding affinities between the variant RNA aptamers and the derivative tBu Hoechst 

dyes. Performing these assays was advantageous as they allowed for the rapid determination of 

the dissociation constants with minimal sample quantities.127,177 It should be noted, however, that 

using fluorescence titration for the evaluation of binding affinities is faced with some limitations. 

Through this assay, the molecular interactions are assessed solely based on the intensity of the 

fluorescence produced upon binding at each given sample concentration.164 As a result, 

fluorescence-determined Kd values may not be a true representation of the specific binding 

mechanisms present within the aptamer systems. For instance, this method is not sensitive enough 

to detect the potential conformational changes of the RNA aptamer, such as the rise of structural 

heterogeneity upon binding to the target ligand.178 Moreover, if the RNA sequence forms multiple 

conformations in solution, the target ligand may bind to the various conformations with different 

fluorescence enhancements.179 This would likely result in an averaged-out fluorescence 

intensity180 that is recorded through the single endpoint measurements of the fluorescence titration 

experiment.167 This would consequently affect the calculated binding affinity for the interacting 

molecules.  

Isothermal titration calorimetry is an alternative biophysical method that analyzes the 

molecular interactions of a reaction based on the heat released or absorbed upon binding.178,181 Not 

only can ITC experiments obtain the binding affinity of a reaction with a higher degree of accuracy 

than fluorescence-based techniques, but it also calculates the various entropic and enthalpic 

contributions that arise from the molecular interactions.182 For instance, a single sample run can 

obtain information regarding the stoichiometry of the binding sites (N), the association constant 



 63 

(Ka), as well as thermodynamic properties including the ∆H, ∆S and ∆G of a reaction.92 Methods 

have also been developed which allow for the calculation of the kinetic parameters, including the 

kon and koff rates, from the equilibration time of each sample injection.85,183 Moreover, through the 

visual inspection of the endothermic and exothermic peaks produced during the sample titrations, 

one can gain some additional insight regarding the conformational stability of a folded aptamer 

sequence.184  

The information gained from these ITC investigations can be used to complement native 

PAGE experiments. These native gels aid in the visualization of a biomolecule’s native 

conformation in solution and under the desired experimental conditions.185 For instance, an RNA 

aptamer may exist as a monomer or it may form a multimeric structure, such as a dimer, trimer or 

tetramer.186–188 It is also possible for multiple conformations to co-exist within the same sample 

solution.186 Understanding the conformation of an RNA aptamer in its unbound and ligand-bound 

states can reveal an abundance of information regarding the overall structure and binding 

mechanisms of an aptamer system.185 Therefore, the work discussed in Chapter 3 was to conduct 

ITC and native gel experiments as additional methods to evaluate the binding affinities that were 

obtained through fluorescence titration assays and to compare the unbound versus tBu Hoechst-

bound conformations of the variant RNA sequences.189  

 

3.1 Materials and Methods 

3.1.1 RNA Aptamer Variants  

 The RNA aptamer variants used for experimentation were the same as those described in 

Chapter 2.1.1, except for the Aptamer II-mini3-4 sequence. This RNA sequence was excluded 

from investigations due to its similarity to the Original RNA aptamer.  
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3.1.2 Derivative Hoechst Dyes 

The derivative Hoechst dyes used for experimentation were the same as those described in 

Chapter 2.1.2. 

 

3.1.3 RNA Transcription  

 The RNA transcription was performed as described in Chapter 2.1.3.  

 

3.1.4 RNA Purification 

 The purification of the RNA sequences was performed as described in Chapter 2.1.4. 

 

3.1.5 Native PAGE for the Comparison of the Bound and Unbound RNA Conformations 

To compare the tBu-bound and unbound conformations of the Aptamer II, Original and Short 

Stem RNA variants, a 15% native gel was made with acrylamide solution (19:1 acrylamide: bis-

acrylamide), 1× tris-borate  ethylenediamine tetraacetic acid (EDTA) (TBE) buffer (0.892 M Tris, 

0.890 M Boric acid and 20 mM EDTA, pH 8.0) and MQW, similar to the method described by 

Arndt et al.190 For the tBu-bound RNA, samples containing 1.1 µg of the variant RNA aptamer 

and 1.1 µg of tBu (PEG) Hoechst dye, with 1× PBS buffer (20 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4) were prepared in a final volume of 5 µL191 and heat treated 

according to the conditions listed in Table 2.4.162,163 An equal volume of 100% glycerol was added 

to the RNA samples and the samples were promptly loaded into the native gel, as modified from 

the method described by Woodson and Koculi.191 Control RNA samples, which were used to 

observe the native conformation of the unbound RNA aptamers, were prepared by loading 1.1 µg 

of the RNA in 1× PBS buffer with 50% glycerol into the native PAGE gel. A low MW DNA size 
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marker (New England Biolabs, Ipswich, Massachusetts), ranging from 25 to 766 base pairs (bp) 

was also loaded into the native gel and used as a standard to analyze the resulting conformations 

of the bound and unbound RNA aptamer sequences.190,191 The gel was run at a constant voltage of 

260 V for approximately 30 min until the dye front of the MW ladder reached the bottom of the 

gel.192 To visualize the fluorescence of the RNA-bound tBu (PEG) Hoechst dye, the gel was 

imaged on a FluorChem FC2 Imaging System (Alpha Innotech, San Leandro, California), similar 

to the method described by Chew et al.193 A DRC III Fiber Optic Light Source Illuminator (Schott, 

Mainz, Germany) fastened with a blue excitation filter (433-517 nm) was used to excite the 

samples at 365 nm.  The fluorescence emitted by the samples at 465 nm was visualized through a 

SYBR green emission filter (502-572 nm) on the gel imager system. For the imaging of the RNA 

bands, the same gel was then stained for 30 min at 50 rpm on an Ocelot Rotator (Boekel Scientific, 

Feasterville Trevose, Pennsylvania)  with a 1× staining solution, which was prepared by diluting 

a 10 000× SYBR Safe DNA stock stain solution (Invitrogen, Waltham, Massachusetts) with 1× 

TBE buffer.193,194 The stained gel was imaged once again on the FluorChem FC2 Imaging System 

using the same blue excitation and green emission filters to visualize the RNA bands.193  

 

3.1.6 Native PAGE Time Experiment  

A brief time experiment was also conducted to monitor the change in binding interactions 

between the RNA aptamer and tBu (PEG) Hoechst dye over time. Samples containing 1.1 µg of 

the heat treated Original RNA aptamer (Table 2.4) and 1.1 µg of tBu (PEG) Hoechst dye, with 1× 

PBS buffer were prepared and loaded into 15% native PAGE gels with 50% glycerol.191 The native 

gels were run at a constant voltage of 260 V192 for different lengths of time (5 and 10 min). The 

imaging of the unstained gel to visualize the tBu (PEG) Hoechst dye’s fluorescence, the subsequent 
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staining of the gel with 1× SYBR safe solution and the imaging of the stained RNA bands were 

carried out as described above in Chapter 3.1.5.193,194  

 

3.1.7 Native PAGE for the Comparison of the Unbound Conformation of the RNA 

Aptamer Variants 

For a direct conformational comparison of the unbound RNA aptamer variants used in this 

study, a final native gel experiment was conducted. Samples containing 1.1 µg of the heat treated 

RNA (Table 2.4) in 1× PBS buffer were prepared for each of the RNA aptamer variants and were 

loaded into the native gels with 50% glycerol.191 The percent acrylamide used for the RNA variants 

is listed in Table 3.1 and was once again chosen based on the effective range of separation 

suggested by Green and Sambrook.147 As described in Chapter 3.1.5, a low MW DNA size marker 

was also loaded into the gel190,191 and the samples were run at a constant voltage of 260 V until the 

dye marker reached the bottom of the gel.192 The native gels were promptly stained with 1× SYBR 

stain solution194 and imaged with a blue excitation and SYBR green emission filter on the 

FluorChem FC2 Imaging System.193 
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Table 3.1: Percent acrylamide chosen for the native PAGE experiments based on the number of 
bases present within the variant RNA aptamer sequences.   

Variant Hoechst RNA 
Aptamer Number of Bases % Acrylamide 

Aptamer II 71 

15 

Aptamer II-mini3-4 

29 Original 
UUCG Tetraloop 
GAAA Tetraloop 

Short Stem 21 
Duplex 5’-half 14 

20 Duplex 3’-half 11 
Elongated Duplex 5’-half 17 
Elongated Duplex 3’-half 14 

 

3.1.8 Isothermal Titration Calorimetry of the RNA Aptamer Variants 

ITC experiments were conducted as an additional method to evaluate the binding affinities 

between the variant RNA aptamer-tBu Hoechst dye complexes, as well as to investigate the 

thermodynamic and kinetic properties of the aptamer systems.189,195 The experiments were 

conducted on a MicroCal iTC200 system (Malvern Panalytical, Malvern, Worcestershire), and the 

samples were prepared in a 1× PBS binding buffer (20 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4, pH 7.4) according to the concentrations listed in Table 3.2 below.196–198 These 

concentrations were optimized based on the dissociation constants that were determined from the 

performed fluorescence titration experiments (Table 2.10), similar to how previously described 

by Gilbert et al.197 Once again, the samples containing the RNA mixed with 1× PBS buffer were 

heat-treated according to the procedure listed in Table 2.4.162,163 The samples were degassed for 5 

minutes at room temperature using a Microcal Thermovac (Malvern Panalytical, Malvern, 

Worcestershire).197,198  
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Table 3.2: RNA and tBu Hoechst dye sample concentrations that were prepared for the ITC 
experiments at 25 °C. 

RNA System RNA Concentration 
(µM)  

Dye 
Concentration 

(µM) RNA aptamer  Dye 
Original RNA  

tBu (PEG) Hoechst 

50 600 UUCG Tetraloop 
GAAA Tetraloop  

Duplex  50  730 Elongated Duplex  50 
Short stem  30 860 
Aptamer II 20 400 

Original RNA Biotinylated tBu (PEG) 
Hoechst 550 80 

 

Each of the ITC runs was performed at 25 °C using the ITC parameters listed Table 3.3.  For 

the experiments where the tBu (PEG) Hoechst dye was used, the tBu dye was titrated into the 

sample cell containing the variant RNA aptamers.198,199 Whereas, for the experiments where the 

biotinylated tBu (PEG) Hoechst dye was used, the Original RNA aptamer was titrated into the 

sample cell containing the biotinylated dye. 

 

Table 3.3: ITC experimental and injection parameters that were used for each of the variant RNA 
aptamer-tBu dye systems at 25 °C.    

Experimental parameters 

Total number of Injections 80 
Reference Cell Power (µcal/s) 3 

Initial delay (s) 180 
Stirring Speed (rpm) 750 

Injection parameters 

Volume (µL) 0.5 
Duration (s) 1 
Spacing (s) 180 

Filter Period (s) 5 
 

Control experiments were also performed to determine the heat produced by the titration of 

the dye into the sample cell containing 1× PBS buffer as well as the titration of 1× PBS buffer 

into the sample cell containing the RNA aptamer.198 The control experiments were conducted as 
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single trials and the concentrations used for these experiments (Table 3.4) were chosen to best 

reflect the sample parameters that were used for the RNA aptamer-tBu Hoechst dye ITC 

experiments. The ITC runs were performed in duplicates for the variant RNA aptamers. Both the 

resulting data and standard deviations were reported as averaged values from the duplicate runs. 

The raw ITC files were processed using the AFFINImeter KinITC software (AFFINImeter, 

Santiago de Compostela, Spain) to extract the thermodynamic and kinetic information.200 For each 

ITC experiment, the first 1-4 injections were removed from the data set due to decreased 

magnitudes of heat produced, which were caused by anatomical limitations of the titrating 

syringe.197,201 To generate an equilibration time curve (ETC) that would be used for the 

determination of the kinetic rates,85,200 the raw ITC data was manually processed by setting the 

integration region and end of the signal for each sample peak.200 To properly fit the ETC curve, 

the kinetic data was processed such that the error was one magnitude lower than the association 

and dissociation rates.  

 

Table 3.4: Preparation of the tBu Hoechst dye and RNA control samples titrated into 1×	PBS.     
Sample type Sample  Concentration (µM) 
RNA control Original RNA  50 

tBu dye control 
tBu (PEG) Hoechst 670 

Biotinylated tBu (PEG) Hoechst  840 
80 

 

3.1.9 Isothermal Titration Calorimetry Temperature Series 

A multitemperature experiment of the Original RNA aptamer with tBu (PEG) Hoechst dye 

was performed at 5, 15, 25 and 35 °C using the same concentrations and ITC parameters as listed 

in Tables 3.2 and 3.3, to analyze how the molecular interactions change with varying 

temperatures.199,202 The ITC experiments were performed in duplicates and processed on the 
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AFFINImeter kinITC software as described in Chapter 3.1.8 to extract the thermodynamic and 

kinetic parameters. Once again both the resulting data and standard deviations were reported as 

averaged values from the duplicate ITC experiments. The temperature dependence of ∆H, van’t 

Hoff and Eyring linear plots were also generated from the multitemperature data series using the 

kinITC software.200 The change in heat capacity (∆C$) was calculated by the kinITC software from 

the linear slope of the ∆H  temperature dependence plot, which correlated the experimentally 

determined enthalpy changes with the corresponding reaction temperatures.92,203 Moreover, the 

enthalpic and entropic contributions of the binding reaction were determined using the van’t Hoff 

equation (5), where Keq and R represent the equilibration and gas constants, and T represents the 

temperature.204,205  

                                                    𝑙𝑛8𝐾:;: = 	−
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                                                                    (5)  

To determine the enthalpy of activation (∆‡H) and entropy of activation (∆‡S) for the association 

and dissociation reactions, the multitemperature data was further processed on the kinITC software 

using the Eyring equation (6), where R, h, k and  kB, represent the gas, Planck, rate and Boltzmann 

constants and T represents the temperature.206 
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3.2 Results and Discussion 

3.2.1 Native PAGE for the Comparison of the Bound and Unbound RNA Conformations 

To compare the conformations of the tBu Hoechst-bound and unbound RNA aptamers, a 

native gel was run and imaged.191 Similar to the native gels that were previously obtained by Ryder 

et al.207 and Yakhnin et al.208 for the visualization of protein-RNA interactions, distinct bands were 

expected to be seen for both the tBu-bound and unbound RNA sequences. In addition, since the 
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tBu (PEG) Hoechst dye fluoresces when interacting with the RNA variants, as demonstrated 

through the fluorescence emission experiments in Figure 2.8, bright fluorescent bands were 

expected to be observed under UV illumination for the bound samples within the unstained native 

gel. When analyzing the unstained native gel (Figure 3.1A), however, a single fluorescent band 

was observed in Lane 3 for the tBu-bound Aptamer II sequence. No bands were observed in Lanes 

5 or 7 of the unstained native gel which contained the tBu-bound Original and Short Stem RNA 

aptamers, respectively. The native gel was run at a high voltage of 260V, which caused the gel to 

heat up during electrophoresis.209 The prolonged exposure of the RNA-dye complex to a high-heat 

environment likely reduced the binding strength between the interacting molecules.210 Therefore, 

tight nanomolar interactions with slow dissociation rates were required for the complex to be 

visualized within the gel.207,208,211,212 Since the molecular interactions between Aptamer II and the 

tBu (PEG) Hoechst dye were determined to have a Kd of 58.2 nM (Table 2.10), these interactions 

were strong enough for the complex to remain bound while travelling through the heated native 

gel. The Original and Short Stem RNA aptamers on the other hand, have significantly weaker 

binding affinities at 1.38 µM and 0.895 µM (Table 2.10), respectively. These binding interactions 

were further reduced during electrophoresis which likely caused the complexes to fall apart.    

 When comparing the tBu-bound and unbound conformations of the Aptamer II sequence in 

Lanes 2 and 3 of the SYBR safe-stained native gel (Figure 3.1B), little to no changes in the overall 

hydrodynamic properties were observed. In addition, only the unbound forms of the Original and 

Short Stem RNA aptamers were imaged, as can be observed in Lanes 4 – 7 of the SYBR-stained 

gel shown in Figure 3.1B. Therefore, native gel experiments to compare the tBu dye-bound and 

unbound conformations of the UUCG Tetraloop, GAAA Tetraloop, Duplex and Elongated Duplex 

RNA sequences were not carried out since each of these aptamer variants were determined to have 
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micromolar affinities for the tBu dye (Table 2.10). Therefore, the RNA-tBu dye complexes would 

likely not be visualized within the unstained gel.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1: Bound versus unbound conformations of the RNA aptamer variants. A 15% 
native gel to compare the tBu-bound and unbound conformations of the Aptamer II, Original and 
Short Stem RNA aptamers. The same gel was imaged A) unstained and B) stained with 1× SYBR 
Safe dye.  
 

3.2.2 Native PAGE Time Experiment 

To test the hypothesis that micromolar binding affinities are not strong enough for the RNA-

tBu dye complex to remain intact during high voltage electrophoresis, a brief time experiment was 

conducted using two separate 15% native gels that were run for 5 and 10 minutes, as can be seen 

in Figure 3.2. From the results, it can be clearly seen that while the electrical current was applied, 

the Original RNA aptamer migrated into the gel, while the tBu (PEG) Hoechst dye remained in 

the well. Since the dye could not enter the gel, it was gradually repulsed from the well as time went 
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on. This was observed in Figures 3.2B where only trace amounts of the tBu (PEG) Hoechst dye 

remained in the well after the native gel had been run for 10 minutes and the RNA sequence had 

long since separated from the dye. To prevent the heating of the gel and ensure that the RNA-tBu 

Hoechst complex remains intact for imaging, it would have been best to run the native gel 

experiment in a cold room.213 In addition, the electrophoresis should have been run for a longer 

length of time at a lower voltage, such as 100 or 150 V, to further reduce the heat produced by the 

electrical current.190,209,213  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Time experiment to monitor the conformational changes over time. 15% native 
gels containing the tBu-bound RNA aptamers that were run for A) 5 and B) 10 minutes. At each 
time point, the unstained gels were imaged to observe the fluorescence of the tBu (PEG) Hoechst 
dye. The same gels were then stained with 1× SYBR safe dye and imaged again to view the RNA 
aptamer band. 
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3.2.3 Native PAGE for the Comparison of the Unbound Conformations of the RNA 

Aptamer Variants 

As the conformation of the tBu-bound complex could only be visualized for the Aptamer II 

sequence (Figure 3.1A), one final native gel experiment was performed to compare the unbound 

conformations of all the RNA aptamer variants that were used within this research project. From 

the 15% native gel shown in Figure 3.3A, the 71-nt Aptamer II sequence was observed to mainly 

exist in a dimeric conformation around the 75-bp size marker. Due to the large size of the aptamer 

sequence some variations in folding were present, as evident from the smearing observed in Lane 

2.191 In addition, the Original, Short Stem, UUCG Tetraloop and GAAA Tetraloop RNA aptamers 

were found to exist as monomeric structures and in a folded stem-loop conformation. This was 

apparent as distinct singular bands were imaged in Lanes 3 – 6 of the 15% native gel (Figure 3.3A). 

In addition, when comparing the RNA bands with the low MW DNA size markers in Lane 1 of 

the gel, their positions were well below the 25-bp marker. From the movement of the 29-nt Original 

(Lane 3), GAAA Tetraloop (Lane 5) and UUCG Tetraloop (Lane 6) RNA aptamers and their 

respective secondary structures (Figure 2.2C-E), their folded conformations likely form 

approximately 11 base pairs. This agrees with the predicted secondary structure that was 

hypothesized by Sando et al.46 for the Aptamer II-mini3-4 sequence. Additionally, based on the 

predicted secondary structure of the 21-nt Short Stem RNA aptamer (Lane 4) and the observation 

that it migrated slightly further down the gel than the Original, GAAA Tetraloop and UUCG 

Tetraloop RNA variants, its folded conformation likely forms approximately 8 base pairs. From 

the analysis of the 20% native gel imaged in Figure 3.3B, the Duplex RNA aptamer appears to 

also form a monomeric structure with potentially 10 base pairs, as evident by a single band in Lane 

2 of the gel. The addition of the extra base pairs to Helix 1 and 2 of the Elongated Duplex causes 
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it to form two very distinct conformations, a monomer at approximately 14 base pairs and a 

multimeric structure at the 75-bp size marker, as can be seen in Lane 3 of the native gel (Figure 

3.3B). Similar to the Aptamer II sequence, variations in folding were also observed for the 

Elongated Duplex through the large smear on the gel.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: SYBR Safe-stained native gels for the comparison of the unbound RNA aptamer 
variant conformations. A) A 15% native gel comparing the Aptamer II, Original, Short Stem, 
GAAA Tetraloop and UUCG Tetraloop RNA aptamers. B) A 20% native gel comparing the 
Duplex and Elongated Duplex RNA aptamers.  
 

3.2.4 Isothermal Titration Calorimetry of the RNA Aptamer Variants with tBu (PEG) 

Hoechst  

From the analysis of the control experiments, where 1× PBS buffer was titrated into the 

Original RNA aptamer and the tBu (PEG) Hoechst dye was titrated into 1× PBS buffer, the heats 

produced were found to be minimal (<0.1 µcal/s) as can be seen in Appendix A Figures 5.2A and 
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B. The endothermic peaks observed within the tBu Hoechst dye control experiment (Figure 5.2B) 

likely arose from the PEG7 tail that was added to the terminal phenol ring of the dye.214 When 

comparing the dissociation constants for the variant RNA aptamers that were obtained through 

ITC (Table 3.5) and fluorescence titration (Table 2.10), the results agree with each other as similar 

Kd values were observed. For instance, the Aptamer II RNA sequence was found to have the 

strongest binding interactions with the tBu (PEG) Hoechst dye, as can be seen through Kd values 

of 340 ± 30 nM (Table 3.5) and 58.2 nM (Table 2.10), which were obtained through ITC and 

fluorescence experiments respectively. In addition, the Short Stem RNA aptamer was once again 

found to have the second strongest binding affinity for the tBu (PEG) Hoechst dye at a Kd of 1.35 

± 0.08 µM (Table 3.5). This ITC result agrees with the Kd value of 0.895 µM that was determined 

through fluorescence titration (Table 2.10). Similarly, the Original RNA aptamer-tBu (PEG) 

Hoechst dye complex has an ITC-determined Kd value of 6.9 ± 0.4 µM (Table 3.5), which was 

slightly weaker than the fluorescence-determined Kd of 1.38 µM (Table 2.10). Through the 

fluorescence titration of the UUGC and GAAA Tetraloop sequences with the tBu (PEG) Hoechst 

dye, the binding affinities were found to be 1.42 µM and 2.10 µM (Table 2.10), respectively. 

Therefore, the ITC experiments for these two tetraloop variants were expected to yield dissociation 

constants of approximately 6 µM to match the results obtained for the Original RNA aptamer. 

When performing the ITC experiments for the UUCG and GAAA Tetraloop RNA aptamers 

however, weaker binding interactions were observed at 9 ± 1 µM and 13 ± 1 µM (Table 3.5), 

respectively. Despite the difference in binding affinities between the two methods, these ITC 

results make sense when compared to the fluorescence emission results (Table 2.7) in which 

weaker fluorescent enhancements were observed in comparison to the Original RNA aptamer. As 

it was previously discussed in Chapter 2, the tetraloop stabilization of the UUCG and GAAA 
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Tetraloop variants likely increases the conformational rigidity of Helix 2. Currently, the bulge46 

and Helix 2 regions of the folded Tetraloop sequences are the hypothesized binding regions for 

the tBu (PEG) Hoechst dye. Therefore, the decrease in binding interactions between Helix 2 of the 

Tetraloop RNA aptamers and the tBu Hoechst dye is reflected within the ITC data. Interestingly, 

the ITC experiments also revealed that the Duplex RNA aptamer has tighter binding interactions 

with the tBu (PEG) Hoechst dye than the Original RNA aptamer at a Kd of 3.8 ± 0.2 µM (Table 

3.5). These results were not expected as the fluorescence titration assay yielded a relatively weak 

binding affinity of 8.51 µM (Table 2.10). Upon further analysis of the processed ITC data in 

Figure 3.4E, large positive endothermic peaks were observed. Since it is known that the formation 

of biomolecule complexes is typically an exothermic process,215 these endothermic peaks may 

have arisen from conformational changes within the ligand-RNA aptamer complex.184 For 

example, the complete removal of the tetraloop sequence greatly decreases the stability of the 

Duplex complex. The Duplex strands likely break apart and then quickly reform prior to binding 

with the tBu Hoechst dye. These conformational rearrangements likely hindered the fluorescence 

of the tBu dye,216 which would explain why the fluorescence titration assay yielded such a high 

dissociation constant. Finally, the Elongated Duplex RNA aptamer was found to have a similar 

dissociation constant as the Original RNA aptamer, at a Kd of 6 ± 1 µM (Table 3.5). This ITC-

determined binding affinity was once again not expected as the fluorescence titration assay yielded 

a Kd of 3.40 µM (Table 2.10), which was slightly weaker than what was found for the Original 

RNA aptamer. When looking at the raw data in Appendix A Table 5.1, large variations in the 

dissociation constants were observed. For instance, replicates 1 and 2 of the ITC experiments 

produced Kd values of 10 ± 2 µM and 1.8 ± 0.3 µM, respectively. As it was previously discovered 

from the native gel experiments, the Elongated Duplex aptamer contains two main conformations, 
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a monomer and a multimeric structure (Figure 3.3). Without a more in-depth investigation, 

however, it is difficult to know the exact concentrations of the species populations and how they 

varied within each of the sample solutions that were prepared for ITC analysis. The fluctuations 

in the Elongated Duplex’s binding affinity likely arose from slight variations in the heat and cool 

procedure, which were caused by using a water bath and ice to anneal the RNA sequences, as 

described in Table 2.4. It should also be noted that the ITC experiments performed for the 

Elongated Duplex resulted in significant levels of noise, which may have affected the fit and 

reliability of the data (Figure 3.4F and Appendix A Figure 5.4F). Therefore, additional 

optimizations should be carried out to ensure that dependable and consistent ITC results are 

obtained for the biochemical analysis of this aptamer system.  

In addition to the Duplex RNA aptamer, the UUCG Tetraloop and Elongated Duplex aptamer 

sequences were also observed to produce positive endothermic peaks with each sample injection, 

as can be seen in Figures 3.4C and F. As mentioned above, these endothermic peaks are indicative 

of conformational changes within the ligand-aptamer system.184 These ITC results were 

particularly interesting when compared to the native gel experiments for the Duplex and UUCG 

Tetraloop aptamers. These two RNA sequences were found to form monomeric structures with no 

evidence of additional conformations in their unbound states (Figure 3.3). Therefore, the 

production of these endothermic peaks likely suggests that these two RNA sequences undergo 

conformational rearrangements only upon interaction with the tBu (PEG) Hoechst dye. Moreover, 

through the fluorescence emission experiments, the Duplex, Elongated Duplex and UUCG 

Tetraloop aptamer sequences were found to have low relative Ion/Ioff ratios in comparison to the 

Original RNA aptamer, ranging from 0.440 – 0.788 (Table 2.7). The conformational 

rearrangements of these RNA aptamers upon interaction of the tBu (PEG) Hoechst dye were likely 
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caused by both the stabilization of the aptamer’s tetraloop and its complete removal from the 

folded sequence. Hence, this subsequently affected the how the dye interacts with Helix 2 of the 

aptamer sequences and reduced the fluorescence emitted by the bound complexes. 

Through the performed ITC experiments, the thermodynamic properties of the aptamer 

systems were also evaluated, as shown in Table 3.5.189 When analyzing the enthalpy change at 

25 °C (∆H25) for the RNA aptamer variants bound with the tBu (PEG) Hoechst dye (Table 3.5), 

the Original RNA aptamer was found to have the most favourable binding interactions, as can be 

seen through a ∆H25 of -18.8 ± 0.5 kcal mol-1. This suggests that the conformation of the Original 

RNA aptamer is optimal for non-covalent interactions with the tBu (PEG) Hoechst dye.217 The 

Short Stem RNA aptamer was found a similar ∆H25 with a value of -16.2 ± 0.7 kcal mol-1. This 

was expected as the fluorescence data suggested that the removal of Helix 1 causes minimal 

conformational changes within the aptamer’s binding region. Moreover, the UUCG Tetraloop, 

GAAA Tetraloop and Duplex RNA aptamers were found to have slightly less favourable binding 

interactions than the Original RNA aptamer, with ∆H25 values of -14 ± 1 kcal mol-1, -13.7 ± 0.6 

kcal mol-1 and -11.5 ± 0.2 kcal mol-1, respectively. This data further supports the hypothesis that 

the change in the conformational stability of Helix 2 reduces the dye’s binding interactions with 

the aptamer sequence. Finally, the Aptamer II and Elongated Duplex sequences were found to 

have significantly less favourable binding interactions, through increased ∆H25 values of -5.49 ± 

0.06 kcal mol-1 and -2.1 ± 0.1 kcal mol-1, respectively. Once again, the trends observed for the 

∆H25 make sense as these two aptamer sequences form multiple conformations in solution. The 

tBu Hoechst dye likely binds interchangeably to the various conformations, which would 

consequently disrupt the noncovalent interactions within the binding sites and contribute to the 

increased ∆H25 values.84  
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In addition to the ∆H25, the change in entropy at 25 °C (T∆S25) was analyzed for each of the 

RNA aptamer variants, as shown in Table 3.5. When analyzing the T∆S25 of the variant RNA 

aptamers, the Original, Short Stem, UUCG Tetraloop, GAAA Tetraloop and Duplex RNA 

sequences were found to produce negative T∆S25 values ranging from approximately -4 to -12 K 

kcal mol-1. The negative values indicate that the formation of these tBu dye-RNA complexes 

appears to be an enthalpy-driven process.218 Upon binding of the tBu (PEG) Hoechst dye to these 

RNA sequences there is a loss in rotational and translational freedom, which contributes to the net 

negative entropy change.84,89 The Aptamer II and Elongated Duplex sequences on the other hand 

were found to have positive entropy change at 3.35 ± 0.08 K kcal mol-1 and 5.2 ± 0.2 K kcal          

mol-1, respectively. Therefore, the formation of these aptamer complexes appear to be entropy-

driven,218 which is likely a result of their structural heterogeneity. The concurrent stabilization and 

destabilization of the different tBu Hoechst-bound conformations likely increases the degree of 

disorder present within the aptamer system.84 This increased disorder is evidently large enough to 

overcompensate for the mobility loss that arises from the complex formation. As a result, the 

molecular interactions yielded a positive ∆S, as observed for the two aptamer systems. 
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Figure 3.4: Processed ITC and equilibrium isotherm data for the RNA aptamer variants. 
The titration of the tBu (PEG) Hoechst dye into the A) Original, B) Aptamer II, C) UUCG 
Tetraloop, D) GAAA Tetraloop, E) Duplex, F) Elongated Duplex, and G) Short Stem RNA 
aptamers at 25 °C. The data for the duplicate runs are presented in Appendix A Figures 5.4A-G.  
 

Table 3.5: Comparison of the averaged data for the binding affinities and thermodynamic 
properties of the variant RNA aptamers with the tBu (PEG) Hoechst dye at 25 °C.  

Variant RNA 
Aptamer 𝐊𝐀	(𝛍𝐌C𝟏) 𝐊𝐃 (µM) 𝚫𝐇𝟐𝟓	 

(𝐤𝐜𝐚𝐥	𝐦𝐨𝐥C𝟏) 
𝐓𝚫𝐒𝟐𝟓 

(𝐊	𝐤𝐜𝐚𝐥	𝐦𝐨𝐥C𝟏) 
Original RNA 0.151 ± 0.009 6.9 ± 0.4 -18.8 ± 0.5 -11.7 ± 0.5 

Aptamer II 3.1 ± 0.3 0.34 ± 0.03 -5.49 ± 0.06 3.35 ± 0.08 
UUCG Tetraloop 0.11 ± 0.01 9 ± 1 -14 ± 1 -7 ± 1 
GAAA Tetraloop 0.084 ± 0.007 13 ± 1 -13.7 ± 0.6  -7.0 ± 0.6  

Duplex 0.28 ± 0.01  3.8 ± 0.2  -11.5 ± 0.2  -4.1 ± 0.2  
Elongated Duplex 0.32 ± 0.06  6 ± 1  -2.1 ± 0.1 5.2 ± 0.2  

Short stem 0.96 ± 0.06  1.35 ± 0.08  -16.2 ± 0.7  -8.2 ± 0.7  
 

The ITC data were further processed through the AFFINImeter kinITC software to determine 

the equilibration times of each injection, which were then used to generate an equilibration time 

curve.85 This ETC plot was used to calculate the kinetic parameters, kon and koff, of the binding 

interactions.85,219 Through the analysis of the ETC plots for the RNA aptamer variants with the 
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tBu (PEG) Hoechst dye (Figure 3.5) and their derived kinetic properties (Table 3.6), the Aptamer 

II RNA sequence was determined to have the fastest association rate with the tBu dye, with a kon 

value of (1.4 ± 0.2) × 105 M-1 s-1. This result agrees with the fluorescence and ITC-determined 

binding affinities as Aptamer II was found to have tight nanomolar binding interactions with the 

tBu (PEG) Hoechst dye. As mentioned in Chapter 1.2.3, strong binding interactions are often 

accompanied with fast association rates.84,85 In addition, it was found that the Original, Short Stem, 

UUCG Tetraloop, GAAA Tetraloop, Duplex and Elongated Duplex RNA aptamers all have 

similar association rates with kon values in the 10H M-1 s-1 range. This indicated that each of the 

RNA aptamer variants have similar recognition mechanisms and specificities for the tBu (PEG) 

Hoechst dye.217 When compared to literature results, these experimental kon values fall within the 

expected range of approximately 103 – 108 M-1 s-1 for biomolecules that have micromolar affinities 

for their targets; however, they are among the slower association rates.87,220  

When analyzing the dissociation constants produced from the ETC plots (Table 3.6), the 

Aptamer II, Original, Short Stem, Duplex and Elongated Duplex RNA aptamers were found to 

have similar dissociation rates, with koff values in the 10-2 s-1 range. Meanwhile the UUCG and 

GAAA Tetraloop variants were discovered to have dissociation rates that were a magnitude faster, 

with koff values in the 10-1 s-1 range. It should be noted that these RNA aptamers have fast 

dissociation rates when compared to literature values, where 10-1 s-1 is considered a fast 

dissociation and 10-6 s-1 is considered a slow dissociation rate.220 Therefore, the comparable 

dissociation rates observed for the Aptamer II, Original, Short Stem, Duplex and Elongated Duplex 

RNA aptamers suggest that these folded sequences have similar geometric complementarities with 

the tBu (PEG) Hoechst dye, which increases their complex stability and subsequent dissociation 

half-lives.87,217,221 The faster dissociation rates observed for the Tetraloop variants once again 
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supports the hypothesis that the stabilization of the tetraloop sequence results in the conformational 

rigidity of Helix 2, which reduces the aptamer’s ability to adapt for ligand binding. This causes the 

tBu (PEG) Hoechst dye to dissociate from the bound Tetraloop variant complexes at a slightly 

faster rate than the other aptamer systems studied within this research project.  
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Figure 3.5: Processed ETC for the RNA aptamer variants. The titration of tBu (PEG) Hoechst 
dye into the A) Original, B) Aptamer II, C) Aptamer II-mini3-4, D) UUCG Tetraloop, E) GAAA 
Tetraloop, F) Duplex, G) Elongated Duplex, and H) Short Stem RNA aptamers at 25 °C. The data 
for the duplicate runs is presented in Appendix A Figures 5.5A-G. 
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Table 3.6: Comparison of the averaged data for the kinetic properties of the RNA aptamer variants 
with the tBu (PEG) Hoechst dye at 25 °C.  

Variant RNA Aptamer 𝒌𝒐𝒏	(𝐌C𝟏𝐬C𝟏) 𝒌𝒐𝒇𝒇	(𝐬C𝟏) 
Original RNA (1.4 ± 0.1) × 104 (9.3 ± 0.7) × 10-2 

Aptamer II (1.4 ± 0.2) × 105 (4.9 ± 0.8) × 10-2	 
UUCG Tetraloop (1.8 ± 0.3) × 104 (1.7 ± 0.3) × 10-1 
GAAA Tetraloop (1.2 ± 0.2) × 104 (1.5 ± 0.2) × 10-1 

Duplex (2.4 ± 0.2) × 104 (8.7 ± 0.6) × 10-2 
Elongated Duplex (1.2 ± 0.2) × 104 (3.9 ± 0.6) × 10-2 

Short Stem  (2.9 ± 0.2) × 104 (3.4 ± 0.2) × 10-2 
 

3.2.5 Isothermal Titration Calorimetry of the Original RNA Aptamer with Biotinylated 

tBu (PEG) Hoechst 

Initially, when optimizing the ITC experiments for the Original RNA aptamer and the 

biotinylated tBu (PEG) Hoechst dye, the dye was first titrated into the sample cell containing the 

RNA sequence, like the experiments that were performed for each of the RNA aptamer variants as 

described in Chapter 3.1.8. Upon analysis of the raw ITC data, it was noticed that the binding 

curves never reached saturation, even when higher concentrations of the biotinylated dye were 

titrated into the RNA sample, which resulted in large error bars (data not included in this thesis). 

Therefore, a control experiment was conducted where 840 µM of the biotinylated tBu (PEG) 

Hoechst dye was titrated into the sample cell containing 1× PBS to see if there were any unusual 

peaks of large magnitudes. As can be seen in Appendix A Figure 5.3A, the control run looked 

normal, and the heats produced were minimal (<0.02 µcal/s). This problem of aptamer saturation 

was solved by titrating the Original RNA aptamer into the sample cell containing the biotinylated 

tBu (PEG) Hoechst dye. Therefore, this suggested that at high concentrations, the biotinylated tBu 

(PEG) Hoechst dye may undergo self-aggregation and interfere with the complex’s binding 

interactions.222 It can be noted that the heats produced by the second control experiment, where 



 86 

1× PBS was titrated into the sample cell containing 80 µM of the biotinylated dye were also 

minimal (<0.02 µcal/s), as shown in Appendix A Figure 5.3B.  

When analyzing the ITC data for heats produced upon the interaction of the Original RNA 

aptamer with the biotinylated tBu (PEG) Hoechst dye (Figure 3.6), the results once again make 

sense and agrees with the fluorescence data. For instance, the fluorescence titration assay was 

found to produce an estimated Kd of 6.31 µM (Table 2.11), while the ITC experiments yielded a 

Kd of 13.3 ± 0.6 µM (Table 3.7). Moreover, through the analysis of the ∆H25, the interactions 

between the Original RNA aptamer and the biotinylated tBu (PEG) Hoechst dye were found to be 

less favourable at -14.6 ± 0.3 kcal mol-1 than when bound to the non-biotinylated dye (Table 3.7). 

In addition, although the entropy change for the biotinylated-Original aptamer system was also 

determined to be unfavourable, the magnitude was slightly lower than the non-biotinylated system, 

as can be seen through a T∆S25 of -7.9 ± 0.3 K kcal mol-1 (Table 3.7). Therefore, these 

thermodynamic properties agree with the performed fluorescence experiments which suggested 

that the addition of the biotin tag to the biotinylated tBu Hoechst dye interferes with its ability to 

form binding interactions with Helix 2 of the folded aptamer, hence hindering complex formation.  

 

 

 
 
 
 
 
 
 

Figure 3.6: Processed ITC and equilibrium isotherm data for the tBu Hoechst dye derivatives. 
the titration of the Original RNA aptamer into the biotinylated tBu (PEG) Hoechst dye at 25°C. 
The duplicate run is shown in Appendix A Figure 5.6.  
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Table 3.7: Comparison of the averaged data for the binding affinities and binding enthalpies of 
the Original RNA aptamer with biotinylated versus non-biotinylated tBu Hoechst dye at 25 °C. 

Hoechst Dye 
Derivative 𝐊𝐀	(𝛍𝐌C𝟏) 𝐊𝐃 (µM) 𝚫𝐇𝟐𝟓	 

(𝐤𝐜𝐚𝐥	𝐦𝐨𝐥C𝟏) 
𝐓𝚫𝐒𝟐𝟓 

(𝐊	𝐤𝐜𝐚𝐥	𝐦𝐨𝐥C𝟏) 
tBu (PEG) Hoechst 0.151 ± 0.009 6.9 ± 0.4 -18.8 ± 0.5 -11.7 ± 0.5 

Biotinylated tBu 
(PEG) Hoechst 0.077 ± 0.003  13.3 ± 0.6 -14.6 ± 0.3  -7.9 ± 0.3  

 
 

Through the analysis of the ETC plot (Figure 3.7) and its derived kinetic properties (Table 

3.8), the association rate for the binding of the Original RNA aptamer to the biotinylated tBu (PEG) 

Hoechst dye was found to be slightly slower than when the aptamer binds to the non-biotinylated 

dye. For instance, the kon values were determined to be (4.7 ± 0.5) × 103 M-1 s-1 and (1.4 ± 0.1) × 

104 M-1 s-1 for the binding of the biotinylated and non-biotinylated dye, respectively. In comparison, 

the dissociation constants fell within the 10-2 s-1 range for both of the derivative tBu Hoechst dye-

Original RNA complexes. Therefore, these results once again support the theory that the biotin 

motif reduces the recognition and binding mechanisms of the Original RNA aptamer to the 

biotinylated dye.217 Once bound however, the interacting molecules remain a stable complex due 

to the overall geometrical compatibility of the binding region.  
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Figure 3.7: Processed ETC for the tBu Hoechst dye derivatives. The titration of the Original 
RNA aptamer into the biotinylated tBu (PEG) Hoechst dye at 25 °C. The data for the duplicate run 
can be found in Appendix A Figure 5.7.  
 

Table 3.8: Comparison of the averaged data for the kinetic properties of the Original RNA aptamer 
with biotinylated versus non-biotinylated tBu Hoechst dye at 25 °C.  

Hoechst Dye Derivative 𝒌𝒐𝒏	(𝐌C𝟏𝐬C𝟏) 𝒌𝒐𝒇𝒇	(𝐬C𝟏) 
tBu (PEG) Hoechst (1.4 ± 0.1) × 104 (9.3 ± 0.7) × 10-2 

Biotinylated tBu (PEG) Hoechst (4.7 ± 0.5) × 103 (6.3 ± 0.7) × 10-2 
 

3.2.6 Isothermal Titration Calorimetry Temperature Series of the Original RNA aptamer 

with tBu (PEG) Hoechst 

To determine the effects of temperature on the binding interactions and potential conformation 

changes of the Original RNA aptamer-tBu (PEG) Hoechst dye complex, ITC experiments were 

performed at 5, 15, 25 and 35 °C (Figure 3.8).181,217,223 As can be observed from the results in 

Table 3.9, the binding interactions were the strongest at 5 °C with a Kd of 180 ± 30 nM. As the 
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temperature increased, the binding affinities gradually became weaker, until a 100-fold decrease 

in the binding affinity was observed at 35 °C with a Kd of 29 ± 2 µM. This trend of increasing 

binding affinities with decreasing temperatures has been previously observed in other biomolecule 

systems.224,225 When looking at the kinetic properties of the binding interactions with varying 

temperatures in Table 3.10 and Figure 3.9, it was found that the kon rates increased and the koff 

rates decreased with reducing temperatures. Therefore, this indicates that reduced temperatures 

may stabilize the tertiary structure of the Original RNA aptamer by reducing its conformational 

flexibility,226 thus increasing the speed at which it can recognize and bind to the tBu (PEG) Hoechst 

dye.217  Similarly, the increased stability of the aptamer may allow for the best geometrical fit of 

the dye within the aptamer’s groove, hence reducing the dissociation rate.  
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Figure 3.8: Processed ITC and equilibrium isotherm data for the temperature series. 
Titration of the tBu (PEG) Hoechst dye into the Original RNA aptamer at A) 5 °C, B) 15 °C C) 
25 °C and D) 35 °C. The duplicate runs are displayed in Appendix A Figures 5.8A-D.  
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Table 3.9: Averaged data for the binding affinities and thermodynamic properties obtained from 
the titration of 600 µM tBu (PEG) Hoechst into 50 µM Original RNA at different temperatures. 

Temperature 
(°C) 𝐊𝐀	(𝐌C𝟏) 𝐊𝐃 (µM) 𝚫𝐇𝟐𝟓	 

(𝐤𝐜𝐚𝐥	𝐦𝐨𝐥C𝟏) 
𝐓𝚫𝐒𝟐𝟓 

(𝐊	𝐤𝐜𝐚𝐥	𝐦𝐨𝐥C𝟏) 
5 5.6 ± 0.9  0.18 ± 0.03 -11.4 ± 0.3  -2.8 ± 0.3  
15 1.4 ± 0.2  0.73 ± 0.08 -16 ± 1 -8 ± 1  
25 0.151 ± 0.009 6.9 ± 0.4 -18.8 ± 0.5 -11.7 ± 0.5 
35 0.035 ± 0.002  29 ± 2  -18.5 ± 0.4  -12.1 ± 0.4  

  

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Processed ETC for the temperature series. The Original RNA aptamer titrated with 
tBu (PEG) Hoechst dye at A) 5 °C, B) 15 °C C) 25 °C and D) 35 °C. The duplicate run is in 
Appendix A Figures 5.9A-D. 
 

Table 3.10: Averaged data for the kinetic parameters obtained from the titration of 600 µM tBu 
(PEG) Hoechst into 50 µM Original RNA at different temperatures. 

Temperature (°C) 𝒌𝒐𝒏	(𝐌C𝟏𝐬C𝟏) 𝒌𝒐𝒇𝒇	(𝐬C𝟏) 
5 (5.4 ± 0.6) × 104 (1.0 ± 0.1) × 10-2 
15 (3.8 ± 0.3) × 104 (2.8 ± 0.3) × 10-2 
25 (1.4 ± 0.1) × 104 (9.3 ± 0.7) × 10-2 
35 (2.0 ± 0.3) × 103 (5.8 ± 0.8) × 10-2 
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Through the analysis of the temperature variance of ∆H (Figure 3.10A), the ∆C$  was 

calculated to be -250 ± 0.01 cal mol-1 K-1 (Table 3.11), which is indicative that the reaction 

becomes more exothermic with increasing temperatures.203 The negative	∆C$ also points towards 

specific binding with some conformational rearrangements upon the interaction of the Original 

RNA aptamer with the tBu (PEG) Hoechst dye.181,203,217 These conformational rearrangements 

likely arise from the dynamic UUUU tetraloop of the Original RNA aptamer, which increases the 

flexibility of the dye’s binding region in Helix 2. Moreover, the negative sign of the calculated 

change in heat capacity is also indicative of the exposure of polar surfaces within the folded RNA 

aptamer sequence, which likely play a role in the complex’s binding interactions.227,228 For instance, 

upon binding to the tBu (PEG) Hoechst dye the aptamer’s bulge region may protrude outwards to 

help accommodate for the bulky tBu groups. 

Upon closer inspection of the ∆H values (Table 3.9), the binding interactions appear to 

become more exothermic with increasing temperatures until a maximum ∆H of -18.8 ± 0.5 kcal 

mol-1 was observed at 25 °C, which is consistent with the calculated ∆C$ (Table 3.11). When the 

temperature was further increased to 35 °C the change in enthalpy was observed to slightly increase, 

through an averaged ∆H  value of -18.5 ± 0.4 kcal mol-1. Despite this slight increase, the 

temperatures studied within this research project produced a linear trend for the temperature 

dependence of enthalpy change, as shown in Figure 3.10A. Similarly, when analyzing the T∆S 

values produced from the multitemperature experiments, the entropy change gradually becomes 

more negative from 5 to 35 °C (Table 3.9). This makes sense as at higher temperatures there should 

be an increase in the molecular movement of the free RNA molecules in the sample solution.229 

Upon formation of the bound complex from the dynamic free molecules there would be a greater 

decrease in entropy within the aptamer system,84 which would contribute to the reduced ∆S values 
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observed at higher temperatures. In addition, the observation of more negative ∆S values with 

increasing temperature could be indicative of the formation of hydrophobic interactions between 

the tBu (PEG) Hoechst dye and the hydrophobic interior of the aptamer’s groove.230  

The production of the van’t Hoff plot (Figure 3.10B) from the multitemperature experiments 

revealed a ∆HVH of -30.6 ± 0.5 kcal mol-1 (Table 3.11) which is significantly larger than the ∆H25 

of -18.8 ± 0.5 kcal mol-1 (Table 3.9) that was previously determined through calorimetric methods. 

It has been noted in a study by Horn et al.205 that the enthalpy change determined through the two 

methods should yield similar results and any differences are not indicative of structural changes 

within the aptamer system. Therefore, the difference observed between the ∆H values that were 

calculated from the two methods may have arisen from experimental error. Moreover, the entropy 

change extracted from the van’t Hoff plot (∆SVH) was found to be unfavourable at -79 ± 2 cal    

mol-1 K-1, as shown in Table 3.11. The large and negative value ∆SVH suggests that the complex 

is quite stable with limited conformational rearrangements, as negative values are indicative of 

reduced degrees of freedom within the bound system.84,122,203,204  
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Figure 3.10: Plotted temperatures series. A) Temperature dependence of ∆H and B) van’t Hoff 
plot for the Original RNA aptamer with tBu (PEG) Hoechst dye, generated by the kinITC software 
from the multitemperature ITC experiments.  
 

Table 3.11: Thermodynamic properties calculated from the temperature dependence of ∆H and 
van’t Hoff plots. 

∆𝑪𝒑	(cal mol-1 K-1) ∆HVH (kcal mol-1) ∆SVH (cal mol-1 K-1) 
-250 ± 0.01 -30.6 ± 0.5 -79 ± 2 

  
 

Linear Eyring plots, such as those produced in Figure 3.11, are often used to characterize the 

activation energies and transition state entropies for the thermodynamic profile of the association 

and dissociation reactions.204,206 From the plots, the ∆‡Hon was found to be -17.1 ± 0.6 kcal mol-1 
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(Table 3.12) thus indicating that there is essentially no enthalpic barrier to overcome upon 

formation of the transition state from the unbound reactants.204,231 The ∆‡Hoff, on the other hand 

was determined to be 14.1 ± 0.6 kcal mol-1 (Table 3.12), which represents a large enthalpic barrier 

that is required to overcome for the formation of the transition state from the bound products. 

Therefore, these enthalpies of activation for the association and dissociation reactions support the 

hypothesis of a stable Original RNA-tBu dye complex and agree with the enthalpic data obtained 

in Tables 3.9 and 3.11. Additionally, the ∆‡Son and the ∆‡Soff were found to be -97 ± 2 cal mol-1 

K-1 and -17 ± 2 cal mol-1 K-1, respectively (Table 3.12). This indicated that the entropy 

contributions towards the transition state formation are unfavourable for both the association and 

dissociation reactions.204 It has been previously noted that the interpretation of the ∆‡S may be 

difficult as the formation of the transition state may be affected by external factors, such as steric 

hindrance or solvation effects.232,233 Nevertheless, the observation of an increased ∆‡ Soff in 

comparison to the ∆‡Son indicates that the formation of the transition state from the bound products 

results in increased disorder within the aptamer system.234 This is consistent with previously 

discussed entropic data (Table 3.9) and current understandings of the interactions within the 

Original RNA aptamer-tBu (PEG) Hoechst complex. 
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Figure 3.11: Eyring plots from the multitemperature series. The comparison of the A) kon and 
b) koff rates for the Original RNA aptamer with tBu (PEG) Hoechst dye at varying temperatures, 
generated by the kinITC software from the multitemperature ITC experiments. 
 

Table 3.12: Thermodynamic properties of the activation energies determined from the Eyring 
plots.  
∆‡Hon (kcal mol-1) ∆‡Son (cal mol-1 K-1) ∆‡Hoff (kcal mol-1) ∆‡Soff (cal mol-1 K-1) 

-17.1 ± 0.6 -97 ± 2 14.1 ± 0.6 -17 ± 2 
 

3.3 Conclusions 

The experiments discussed in Chapter 3 aimed to further characterize the variant RNA 

aptamers and tBu Hoechst dyes through more in-depth biophysical methods. The performed 

experiments allowed for a thorough analysis of the binding interactions present within each of the 
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aptamer systems through the acquisition of the thermodynamic and kinetic properties. The results 

were used to complement the fluorescence data discussed in Chapter 2. 

From the native gel experiments, only the tBu-bound conformation of the Aptamer II RNA 

sequence was visualized on the unstained gel due to its tight nanomolar binding interactions. The 

other RNA aptamer variants dissociated from the tBu (PEG) Hoechst dye due to decreased 

binding interactions under electrophoresis conditions. The visualization of the unbound 

conformations of the RNA sequences revealed that each of the aptamers, except for the Aptamer 

II and Elongated Duplex sequences, form monomeric structures in solutions containing the 

desired experimental conditions. The Aptamer II sequence was found to form a dimeric structure 

and exhibits variations in folding, while the Elongated Duplex forms two major species, a 

monomer and a multimeric complex. The ITC-determined binding affinities agree with the 

fluorescence titration assays, except for the Duplex and Elongated Duplex RNA aptamers. The 

complete removal of the tetraloop sequence causes the aptamers to undergo conformational 

rearrangements upon interaction with the tBu Hoechst dye, which likely affected the fluorescence 

produced by the bound complex.   

Overall, the conclusions that were drawn from the ITC experiments regarding the potential 

helical conformations and molecular interactions of the RNA aptamer variants were consistent 

with fluorescence methods. In agreement with the fluorescence data, the Original and Short Stem 

RNA aptamers were found to be the optimal systems for binding to the tBu (PEG) Hoechst dye. 

Both aptamer sequences are short in length, form monomeric structures in solution and have 

strong binding affinities for the tBu (PEG) Hoechst dye. They were also found to form the most 

favourable binding interactions between the hypothesized Helix 2 binding region and the tBu 

(PEG) Hoechst dye in comparison to all the other RNA aptamer variants studied within this 
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research project. Although the large size of the Aptamer II sequence promotes tight binding with 

the tBu (PEG) Hoechst dye, the variations in folding were found to reduce the favourable binding 

interactions and promote disorder within the bound system. Furthermore, the Duplex RNA 

aptamer was found to have strong binding interactions with the tBu (PEG) Hoechst dye, but its 

conformational rearrangements when bound to the tBu Hoechst dye also reduce the favourable 

binding interactions within the Helix 2 binding region. The conformational rigidity of the UUCG 

and GAAA Tetraloop RNA aptamers appear to hinder the aptamer’s ability to adapt for ligand 

binding, which not only reduces their binding strengths but also the favourable binding 

interactions within the aptamer systems. Moreover, the addition of extra base pairs to Helix 1 and 

2 of the Elongated Duplex resulted in the most significant changes to the aptamer system. The 

Elongated Duplex was found to contain two main species in solution with some additional 

variations in folding. Consequently, the large degree of variation within the aptamer system 

greatly reduces the favourable binding interactions and results in a higher degree of disorder. 

However, due to the poor fit of the ITC data further optimizations are required for a proper 

analysis of the Elongated Duplex’s biochemical properties. Finally, in accordance with the 

fluorescence experiments, the addition of the biotin motif of the biotinylated tBu (PEG) Hoechst 

dye was once again observed to reduce the binding recognition mechanisms of the Original RNA 

aptamer. Therefore, the in-depth biochemical analysis of the RNA aptamer variants and tBu 

Hoechst dye derivatives allowed for a better understanding of the binding mechanisms and the 

potential helical conformations of the folded aptamer sequences. This information can be used in 

conjunction with NMR spectroscopy experiments to aid in the three-dimensional structure 

elucidation of the Aptamer II-mini3-4 RNA-tBu (PEG) Hoechst dye complex.   
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Chapter 4: Summary and Future Work 
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4.0  Summary and Future Work 

Through the presented research project, an in-depth investigation of each RNA aptamer 

variant and tBu Hoechst dye derivative was conducted to obtain a complete biochemical profile, 

as summarized in Table 4.1. These biochemical investigations served to not only understand the 

molecular interactions that are present within the aptamer systems, but they were also conducted 

to help elucidate the three-dimensional structure of the tBu-bound aptamer by identifying the 

conditions and systems suitable for an NMR-based structure determination. The performed 

experiments also helped to reveal some optimizations that can be made to the aptamer system for 

its potential applications as a building block for the development of an aptamer-based biosensor.  

From the fluorescence results, the Original and Short Stem RNA aptamers were deemed the 

best candidates for an aptamer-based biosensor. Not only are these sequences short in length, at 

29 and 21-nt respectively, but the fluorescence experiments revealed that these two aptamers have 

the highest relative Ion/Ioff ratios and binding affinities for the tBu (PEG) Hoechst dye. Similarly, 

through the native gel and ITC experiments, the Short Stem and Original RNA aptamers appeared 

to form optimal complexes with the tBu (PEG) Hoechst dye due to their monomeric structures and 

favourable binding interactions. The ITC experiments also showcased the potential of the Duplex 

aptamer for development as an aptamer-based biosensor through its ability to consistently bind to 

the tBu (PEG) Hoechst dye with strong binding interactions. The Duplex aptamer, however, was 

found to undergo conformational rearrangements upon interaction with the tBu dye which affects 

the overall fluorescence produced by the complex. This may not be ideal for biosensor applications 

as strong fluorescent signals are required to detect binding to the target molecule.  
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Table 4.1: Summary of the biochemical properties determined at 25 °C for each of the tBu Hoechst-RNA aptamer systems that were 
studied within this research project. 

Aptamer System Fluorescence ITC 
RNA 

Aptamer 
Variant 

tBu Hoechst 
Dye Derivative 

Relative 
Ion/Ioff 

Kd 

(µM) 
Kd 

(µM) 
𝚫𝐇𝟐𝟓 

(𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 
𝐓𝚫𝐒𝟐𝟓 

(𝐊	𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 
𝐤𝐨𝐧 

(𝐌,𝟏𝐬,𝟏) 
𝐤𝐨𝐟𝐟 
(𝐬,𝟏) 

Original 

tBu (PEG) 
Hoechst 

1.00 1.38 6.9 ± 0.4 -18.8 ± 0.5 -11.7 ± 0.5 (1.4 ± 0.1) × 104 (9.3 ± 0.7) × 10-2 
Aptamer II 0.285 0.0582 0.34 ± 0.03 -5.49 ± 0.06 3.35 ± 0.08 (1.4 ± 0.2) × 105 (4.9 ± 0.8) × 10-2	 
Aptamer II-

mini3-4 0.956 2.10 n/a n/a n/a n/a n/a 

UUCG 
Tetraloop 0.788 1.42 9 ± 1 -14 ± 1 -7 ± 1 (1.8 ± 0.3) × 104 (1.7 ± 0.3) × 10-1 

GAAA 
Tetraloop 0.887 2.05 13 ± 1 -13.7 ± 0.6  -7.0 ± 0.6  (1.2 ± 0.2) × 104 (1.5 ± 0.2) × 10-1 

Duplex 0.775 8.51 3.8 ± 0.2  -11.5 ± 0.2  -4.1 ± 0.2  (2.4 ± 0.2) × 104 (8.7 ± 0.6) × 10-2 
Elongated 

Duplex 0.440 3.40 6 ± 1  -2.1 ± 0.1 5.2 ± 0.2  (1.2 ± 0.2) × 104 (3.9 ± 0.6) × 10-2 

Short Stem 1.09 0.895 1.35 ± 0.08  -16.2 ± 0.7  -8.2 ± 0.7  (2.9 ± 0.2) × 104 (3.4 ± 0.2) × 10-2 

Original Biotinylated tBu 
(PEG) Hoechst 0.711 6.31 13.3 ± 0.6 -14.6 ± 0.3  -7.9 ± 0.3  (4.7 ± 0.5) × 103 (6.3 ± 0.7) × 10-2 
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For future studies, further optimizations of the native gel experiments will be carried out to 

observe the derivative tBu Hoechst-bound conformations of all the RNA aptamer variants that 

were studied within this research project. For instance, the native gels will be run at lower voltages 

and in a cold room to reduce the heat produced during electrophoresis.190,209,213 Moreover, 

optimizations will be made to the ITC experiments for the Elongated Duplex to obtain a reliable 

fit of the processed data. This would help to improve the accuracy of the biochemical properties 

determined for the aptamer system, including the dissociation constant as well as thermodynamic 

and kinetic parameters. Hence, this would enhance the comparisons that can be made between the 

Elongated Duplex and the other RNA aptamer variants that were studied within this research 

project. Furthermore, it may be interesting to perform an ITC multitemperature series of the 

optimized Short Stem RNA aptamer at 5, 15, 25 and 35 °C for comparison with the results obtained 

for the Original RNA aptamer.199,202 SPR experiments will also be carried out between the RNA 

aptamer variants and the biotinylated version of the tBu Hoechst dye.235 This will serve as an 

additional method to evaluate the dissociation constant, as well as the kinetic properties of the 

binding reaction. Comparisons can also be made regarding how the aptamer systems behave in 

solution versus when surface-bound.236 Additionally, computational modelling, such as molecular 

docking and molecular dynamics experiments, will be carried out on each of the aptamer systems 

that were studied within this research project.237,238 This will help to visualize and evaluate the 

conformational flexibility and rigidity of the RNA aptamer variants when interacting with the tBu 

Hoechst dye derivatives. The molecular simulations will also aid in observing the binding 

interactions between the tBu Hoechst dyes and the proposed binding regions of the folded aptamer 

sequence, such as the bulge and Helix 2 regions. The information gained from these modelling 

studies, in combination with the biochemical investigations reported within this thesis will be used 
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to support NMR spectroscopy data for the eventual structure elucidation of the Aptamer II-mini3-

4-tBu Hoechst dye complex.239,240 A series of NMR samples will be prepared for the various RNA 

aptamer variants, including the Original, Short Stem, Duplex, UUCG Tetraloop and GAAA 

Tetraloop RNA variants. These newly designed RNA sequences can be used to identify which 

NMR signals correspond to specific regions of the folded aptamer sequence. For instance, the 

UUCG and GAAA Tetraloops can be useful in identifying which signals correspond to the 

tetraloop portion of the sequence. In addition, the Short Stem RNA aptamer can unambiguously 

reveal the signals which arise from Helix 1 of the RNA aptamer. Finally, an investigation was 

previously conducted by Kyla Egerdeen to characterize the biochemical and structural properties 

of the tBu Hoechst-binding DNA aptamer that was also selected by the Sando et al. research group 

in the year 2007.123,133 Further studies of the DNA aptamer are currently being carried out by 

present members of the Dieckmann Lab at the University of Waterloo. Therefore, it would be 

interesting to eventually compare the complete biochemical profiles and solved three-dimensional 

structures of both the RNA and DNA aptamer sequences when complexed with the tBu Hoechst 

dye derivative.   
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Appendix A: Supplementary Figures 

 

 

 

 

 

 

 

Figure 5.1: Dilution series to determine the molar extinction coefficient of the tBu Hoechst 
dye derivatives in MQW. A) tBu (PEG) Hoechst dye and B) biotinylated tBu (PEG) Hoechst dye.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Control ITC experiments for the Original RNA aptamer and tBu (PEG) 
Hoechst dye. A) 1× PBS titrated into 50 µM Original RNA and B) 670 µM tBu (PEG) Hoechst 
dye titrated into 1× PBS.    
 



 132 

C

BA

D

G

E F

B

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Control ITC experiments for the biotinylated tBu (PEG) Hoechst dye. A) 840 
µM biotinylated tBu (PEG) Hoechst dye titrated into 1× PBS and B) 1× PBS titrated into 80 µM 
biotinylated tBu (PEG) Hoechst dye.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Duplicate data for the processed ITC and equilibrium isotherm data for the 
RNA aptamer variants. The titration of the tBu (PEG) Hoechst dye into the A) Original, B) 
Aptamer II, C) UUCG Tetraloop, D) GAAA Tetraloop, E) Duplex, F) Elongated Duplex, and G) 
Short Stem RNA aptamers at 25 °C.  
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Table 5.1: Raw data for the binding affinities and thermodynamic properties of the variant RNA 
aptamer with the tBu (PEG) Hoechst dye at 25 °C.  

Variant RNA 
Aptamer Replicate 𝐊𝐀	(𝛍𝐌,𝟏) 𝐊𝐃 (µM) 𝚫𝐇𝟐𝟓 

(𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 
𝐓𝚫𝐒𝟐𝟓 

(𝐊	𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 

Original RNA 
1 0.18 ± 0.01 5.6 ± 0.4 -19.0 ± 0.6 -11.8 ± 0.6 
2 0.123 ± 0.006 8.1 ± 0.4 -18.6 ± 0.4 -11.6 ± 0.4 

Aptamer II 
1 3.7 ± 0.3  0.27 ± 0.02 -5.12 ± 0.05 3.84 ± 0.07 
2 2.5 ± 0.2 0.41 ± 0.04 -5.86 ± 0.07 2.86 ± 0.09 

UUCG 
Tetraloop 

1 0.10 ± 0.01 10 ± 1 -18 ± 2 -11 ± 2 
2 0.11 ± 0.01 9.0 ± 0.9 -10.7 ± 0.5 -3.8 ± 0.5 

GAAA 
Tetraloop 

1 0.109 ± 0.008  9.2 ± 0.7 -12.0 ± 0.3  -5.1 ± 0.3 
2 0.060 ± 0.005  17 ± 1 -15.4 ± 0.8  -8.9 ± 0.8 

Duplex 
1 0.36 ± 0.02  2.8 ± 0.1  -11.5 ± 0.2  -3.9 ± 0.2  
2 0.21 ± 0.01  4.8 ± 0.2  -11.5 ± 0.2  -4.2 ± 0.2 

Elongated 
Duplex 

1 0.10 ± 0.02  10 ± 2  -2.9 ± 0.2  3.9 ± 0.2  
4 0.54 ± 0.09  1.8 ± 0.3  -1.25 ± 0.04  6.6 ± 0.1  

Short stem 
1 0.51 ± 0.03  2.0 ± 0.1  -17.9 ± 0.8  -10.2 ± 0.8  
2 1.41 ± 0.09  0.71 ± 0.05  -14.6 ± 0.6  -6.2 ± 0.7  
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Figure 5.5: Duplicate data for the processed ETC for the RNA aptamer variants. The titration 
of tBu (PEG) Hoechst dye into the A) Original, B) Aptamer II, C) Aptamer II-mini3-4, D) UUCG 
Tetraloop, E) GAAA Tetraloop, F) Duplex, G) Elongated Duplex, and H) Short Stem RNA 
aptamers at 25 °C.  
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Table 5.2: Raw data for the kinetic properties of the RNA aptamer variants with the tBu (PEG) 
Hoechst dye at 25 °C.  

Variant RNA 
Aptamer Replicate 𝒌𝒐𝒏(𝐌C𝟏𝐬C𝟏) 𝒌𝒐𝒇𝒇(𝐬C𝟏) 

Original RNA 1 (1.8 ± 0.1) × 104 (9.9 ± 0.8) × 10-2 
2 (1.08 ± 0.07) × 104 (8.8 ± 0.6) × 10-2 

Aptamer II 1 (1.4 ± 0.2) × 105 (3.9 ± 0.6) × 10-2 
2 (1.5 ± 0.2) × 105 (6 ± 1) × 10-2 

UUCG Tetraloop 1 (1.9 ± 0.2) × 104 (2 ± 0.2) × 10-1 
2 (1.6 ± 0.4) × 104 (1.5 ± 0.3) × 10-1 

GAAA Tetraloop 1 (1.1 ± 0.2) × 104 (1.0 ± 0.1) × 10-1 
2 (1.2 ± 0.2) × 104 (2.0 ± 0.3) × 10-1 

Duplex 1 (2.6 ± 0.2) × 104 (7.4 ± 0.5) × 10-2 
2 (2.1 ± 0.1) × 104 (1.00 ± 0.07) × 10-1 

Elongated Duplex 1 (3.8 ± 0.5) × 103 (3.8 ± 0.5) × 10-2 
4 (2.1 ± 0.4) × 104 (3.9 ± 0.7) × 10-2 

Short Stem 1 (2.2 ± 0.1) × 104 (4.3 ± 0.3) × 10-2 
2 (3.5 ± 0.2) × 104 (2.5 ± 0.2) × 10-2 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Duplicate data for the processed ITC and equilibrium isotherm data for the tBu 
Hoechst dye derivatives. the titration of the Original RNA aptamer into the biotinylated tBu (PEG) 
Hoechst dye at 25 °C.  
 
 

Table 5.3: Raw data for the binding affinities and thermodynamic properties of the Original RNA 
aptamer with biotinylated versus non-biotinylated tBu Hoechst dye at 25 °C. 

Hoechst Dye 
Derivative Replicate 𝐊𝐀	(𝛍𝐌,𝟏) 𝐊𝐃 (µM) 𝚫𝐇𝟐𝟓	 

(𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 
𝐓𝚫𝐒𝟐𝟓 

(𝐊	𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 

tBu (PEG) Hoechst 
1 0.18 ± 0.01 5.6 ± 0.4 -19.0 ± 0.6 -11.8 ± 0.6 
2 0.123 ± 0.006 8.1 ± 0.4 -18.6 ± 0.4 -11.6 ± 0.4 

Biotinylated tBu 
(PEG) Hoechst 

1 0.090 ± 0.003  11.1 ± 0.4  -10.1 ± 0.1  -3.4 ± 0.1  
2 0.065 ± 0.003  15.5 ± 0.7  -19.1 ± 0.5  -12.5 ± 0.5 
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Figure 5.7: Duplicate data for the processed ETC for the tBu Hoechst dye derivatives. 
Processed ETC for the titration of the Original RNA aptamer into the biotinylated tBu (PEG) 
Hoechst dye at 25 °C. 
 

Table 5.4: Raw data for kinetic properties of the Original RNA aptamer with biotinylated versus 
non-biotinylated tBu Hoechst dye at 25 °C.  

Hoechst Dye 
Derivative Replicate 𝒌𝒐𝒏	(𝐌C𝟏𝐬C𝟏) 𝒌𝒐𝒇𝒇	(𝐬C𝟏) 

tBu (PEG) Hoechst 
1 (1.8 ± 0.1) × 104 (9.9 ± 0.8) × 10-2 
2 (1.08 ± 0.07) × 104 (8.8 ± 0.6) × 10-2 

Biotinylated tBu (PEG) 
Hoechst 

1 (3.9 ± 0.3) × 103 (4.4 ± 0.4) × 10-2 
2 (5.4 ± 0.6) × 103 (8 ± 1) × 10-2 
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Figure 5.8: Duplicate data for the processed ITC and equilibrium isotherm data for the 
temperature series. Titration of the tBu (PEG) Hoechst dye into the Original RNA aptamer at A) 
5 °C, B) 15 °C C) 25 °C and D) 35 °C.  
 
 
 



 138 

C

BA

D

Table 5.5: Raw data for the binding affinity and thermodynamic properties obtained for the 
titration of 600 µM tBu (PEG) Hoechst into 50 µM Original RNA at different temperatures. 

Temperature 
(°C) Replicate 𝐊𝐀	(𝐌,𝟏) 𝐊𝐃 (µM) 𝚫𝐇𝟐𝟓	 

(𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 
𝐓𝚫𝐒𝟐𝟓 

(𝐊	𝐤𝐜𝐚𝐥	𝐦𝐨𝐥,𝟏) 

5 1 6 ± 1  0.18 ± 0.03  -12.5 ± 0.2  -3.9 ± 0.2 
2 5.6 ± 0.8  0.18 ± 0.03  -10.3 ± 0.4  -1.7 ± 0.4  

15 1 1.7 ± 0.2  0.60 ± 0.05  -14.0 ± 0.7  -5.8 ± 0.7 
2 1.2 ± 0.2  0.9 ± 0.1  -17 ± 2  -9 ± 1  

25 1 0.18 ± 0.01 5.6 ± 0.4 -19.0 ± 0.6 -11.8 ± 0.6 
2 0.123 ± 0.006 8.1 ± 0.4 -18.6 ± 0.4 -11.6 ± 0.4 

35 1 0.030 ± 0.001  33 ± 1  -20.0 ± 0.4  -13.7 ± 0.4  
2 0.040 ± 0.003  25 ± 2  -17.0 ± 0.5  -10.6 ± 0.5  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Duplicate data for the processed ETC for the temperature series. The Original 
RNA aptamer titrated with tBu (PEG) Hoechst dye at A) 5 °C, B) 15 °C C) 25 °C and D) 35 °C.  
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Table 5.6: Raw data for the kinetic parameters obtained from the titration of 600 µM tBu (PEG) 
Hoechst into 50 µM Original RNA at different temperatures. 

Temperature 
(°C) Replicate 𝒌𝒐𝒏	(𝐌C𝟏𝐬C𝟏) 𝒌𝒐𝒇𝒇	(𝐬C𝟏) 

5 1 (6.4 ± 0.8) × 104 (1.2 ± 0.1) × 10-2 
2 (4.5 ± 0.5) × 104 (7.9 ± 0.9) × 10-3 

15 1 (3.4 ± 0.2) × 104 (2.0 ± 0.1) × 10-2 
2 (4.2 ± 0.4) × 104 (3.6 ± 0.4) × 10-2 

25 1 (1.8 ± 0.1) × 104 (9.9 ± 0.8) × 10-2 
2 (1.08 ± 0.07) × 104 (8.8 ± 0.6) × 10-2 

35 1 (2.1 ± 0.3) × 103 (7 ± 1) × 10-2 
2 (1.8 ± 0.3) × 103 (4.6 ± 0.7) × 10-2 

 


