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Abstract 
Aptamers are nucleic acid sequences that have been selected to bind to a ligand with high 

affinity and selectivity. Aptamers have great potential for use in various biotechnological and 

medical applications but understanding their structure is important to fully maximize their 

potential. In 2007 Sando et al. selected for an aptamer that targeted a tert-butyl (tBu) Hoechst dye 

developed in their lab. No formal studies were performed on the aptamer, but the team generated 

a predicted secondary structure that included a loop-stem element. When this project began, it was 

noted that the Hoechst DNA aptamer sequence was rich in guanines, creating the potential for the 

formation of a G-quadruplex structure. The research presented in this thesis aims to provide 

structural information regarding the Hoechst DNA aptamer. 

In Chapter 2, various biomolecular methods were used to better characterize the Hoechst DNA 

aptamer and variations of the Hoechst DNA aptamer. First, computational methods were used to 

model potential G-quadruplexes. Then, fluorescence was used to prove that the aptamer was 

binding to its ligand and to determine dissociation constants (Kd). Next, native gels provided 

evidence that the Hoechst DNA aptamer was forming a multi-stranded structure. Finally, circular 

dichroism (CD) suggested that the Hoechst DNA aptamer formed a G-quadruplex structure.  

In Chapter 3 nuclear magnetic resonance (NMR) was employed to gain structural information 

regarding the DNA aptamer bound to the tBu Hoechst dye. 1D Proton NMR experiments further 

proved that the DNA aptamer was binding to the tBu Hoechst dye, and further supported the 

potential presence of a G-quadruplex. Additionally, it was possible to tentatively assign the tBu 

peaks within the NMR spectra. Future work could provide additional structural information and 

could eventually lead to the elucidation of a solved structure for the DNA aptamer bound to the 

tBu Hoechst dye.   
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Chapter 1 Literature Review 
1.1 Structure and Functionality of Nucleic Acids 

In 1970 Francis Crick theorized about “The Central Dogma” stating that nucleic acids could 

transfer important information to other nucleic acids or to proteins.1,2 This led to the concept 

traditionally taught in biology classes; nucleic acids are carriers of information, where 

deoxyribonucleic acid (DNA) stores information before it is transcribed to ribonucleic acid 

(RNA).3 In the past few decades there have been many advancements to expand this basic 

understanding of nucleic acids. One such advancement was an improved understanding of the 

structure of both RNA and DNA. There are three levels of nucleic acid structure: primary, 

secondary, and tertiary.4 The primary structure refers to the sequence of nucleotides built from the 

three building blocks of nucleic acids; a phosphate group, a pentose sugar that is either ribose for 

RNA or deoxyribose for DNA, and a base.3 The phosphate group and pentose sugars make up the 

backbone of the nucleic acid with the bond angles between the atoms in the backbone creating 

torsion angles.5 The glycosidic bond formed between the base (N) and the sugar (C1’) is defined 

as the Chi angle, and can be classified as either syn or anti conformation based on the angle (Figure 

1.1).5  
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Figure 1.1 Syn and anti glycosidic angles in purines and pyrimidines.5 Red bond indicates the 
Chi angle. 

Nucleic acids form base pairing arrangements referred to as the nucleic acids secondary 

structure (Figure 1.2).4,6 The secondary structures can then interact with each other to form tertiary 

structures.4,7 Some examples of tertiary structures include triple helices created by a double helix 

interacting with a third strand, pseudoknots created by the loop of a hairpin interacting with a 

single strand, and kissing hairpins created by two hairpin loops interacting through base pairing 

(Figure 1.3).7 

 

Figure 1.2 Examples of secondary structures found in nucleic acids. The examples include a 
duplex, a single strand, a bulge, an internal loop, a junction, and a stem and loop structure known 
as a hairpin.4,7 
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Figure 1.3 Examples of tertiary structures found in nucleic acids. The structures are formed 
through interactions of secondary structures and include a triple helix, a pseudoknot, and a kissing 
hairpin.7 

Arguably, one of the most recognizable nucleic acid structures is the double stranded helical 

structure, or duplex structure. Within the classification of a double stranded helix, different forms 

of helices exist, with the most common being A-form RNA and B-form DNA.7,8 The formation of 

a nucleic acid helix results in a minor groove and major groove, although dimensions of the 

grooves differ between forms (Figure 1.4).8 These grooves are important as they allow the bases 

that are present inside the helix to be accessed by proteins, dyes, and other small ions.3,8 A-form 

RNA has a narrow major groove that can limit the base’s ability to interact with ligands.7 B-form 

DNA has a wide major groove and a narrower minor groove.5,7,8 
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Figure 1.4 Grooves of common helices in nucleic acids. A) The narrow but deep minor groove 
of B-form DNA and B) the deep and wide major groove of B-form DNA (PDB:1BNA).5,9  C) The 
shallow and wide minor groove of A-form RNA and D) the narrow and deep major groove of A-
form RNA (PDB:1QC0).5,10 Structures were rendered using Chimera.11  

Advancements in understanding the structures of nucleic acids go hand in hand with 

advances made in understanding the expansive functionality of nucleic acids. In the 1980s Cech 

and Altman published separate works discovering the catalytic capabilities of RNA. Their work 

demonstrated that RNA has the catalytic ability to cleave RNA.12,13 The splicing performed by the 

catalytic RNA was similar to protein enzymes and Cech decided to name the catalytic RNAs 

ribozymes to distinguish them. Research into different ribozymes has not slowed, leading to the 

recent discovery of a novel ribozyme in the human genome.14  
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1.2 Development of Aptamers and Their Applications 

In 1990 two separate research groups, Jack Szostak’s group at Harvard University and Larry 

Gold’s group at University of Colorado Boulder, both published papers explaining their processes 

for developing nucleic acid sequences with high binding affinity to a target. Tuerk and Gold called 

their process “systematic evolution of ligands by exponential enrichment” or SELEX, whereas 

Ellington and Szostak called their process “in vitro selection”.15,16 Tuerk and Gold’s research was 

focused on an RNA sequence that would bind to T4 DNA polymerase, whereas Ellington and 

Szostak’s work focused on RNA aptamers binding to small dyes. Collectively, this research 

demonstrated the ability of modern science to select for nucleic acid sequences that target a specific 

ligand. 

Despite the differing names, Tuerk and Gold’s and Ellington and Szostak’s processes follow 

similar steps (Figure 1.5). The processes begin with a large library pool of random oligonucleotide 

sequences.15,16 The sequences consist of two constant regions that are typically 18 to 30 bases, 

required for the polymerase chain reaction (PCR) amplification, with a random region in the 

middle.17 The random region can be quite varied in size, typically between 20 and 200 

nucleotides.17 The size of the starting library can vary but they often consist of 1015 to 1018 

sequences.16,18,19 The nucleotide library is combined with the target molecules.15,16 Sequences with 

affinity for the molecule will bind, whereas sequences without affinity will not bind and are washed 

away.15,16 Next the bound sequences are eluted from the target molecule.15,16 For selections 

utilizing RNA the sequences are then reverse transcribed into complementary DNA (cDNA).15,16 

The DNA or cDNA is then amplified using polymerase chain reaction (PCR).15,16 cDNA is then 

transcribed to generate RNA sequences.15,16 The amplified sequences, either DNA or RNA, then 

act as the nucleic acid library and the selection process is repeated multiple times with selective 
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pressures increasing each round.15,16 Once the desired number of selection rounds is completed, 

only high affinity binders for the target molecule remain.15,16 The remaining binders are then sent 

for sequencing.15,16 The term “aptamer”, originating from the Latin word “aptus” meaning “to fit”, 

was first used by Szostak’s team to describe these high affinity nucleic acids and is now commonly 

used to describe the nucleic acids developed by this process.  

 

Figure 1.5 Schematic of SELEX process. First a library of random nucleic acid sequences are 
combined with the target molecule and incubated. The unbound sequences are then removed, and 
the bound sequences are separated from the target molecule. Next the bound sequences are 
amplified. Once the process has been repeated 6-12 times with increasingly selective conditions, 
the final library is sent for sequencing.   

Since its discovery SELEX has been used to produce an assortment of RNA and DNA 

aptamers for a variety of targets.20–26 The modern definition of aptamers has evolved to nucleic 

acids that can bind to target ligands with high affinity and specificity. SELEX’s ability to select 
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for aptamers for a wide range of targets continues to create numerous possibilities for aptamer-

based applications.  

1.2.1 RNA and DNA Aptamer for the Same Ligand 

As stated previously SELEX can be used to select for both DNA and RNA aptamers but 

performing two selections, one DNA and one RNA, for the same target ligand can provide an 

interesting model for comparing structures. One example of DNA and RNA aptamers that bind 

the same ligands is the adenosine triphosphate (ATP) aptamers. In 1993, Sassanfar and Szostak 

utilized SELEX to select for an RNA aptamer that would bind to ATP, adenosine monophosphate 

(AMP), and adenosine.27 Two years later, Huizenga and Szostak published work in which they 

selected for a DNA aptamer that would target the same ligands.28 Over the next few years further 

research was performed on both aptamers resulting in solved structures for the aptamers bound to 

AMP.29,30 

Lin and Patel published the structure for the DNA aptamer one year after the solved RNA 

aptamer structure was released, allowing them to compare the two structures. Lin and Patel stated 

three notable differences between the DNA and RNA aptamers. The first difference was the 

number of AMP molecules bound per aptamer, with two equivalents of AMP binding to the DNA 

aptamer whereas the RNA is bound to only a single equivalent.29,30  The aptamers also differ in 

the sequence of the binding sites.29,30 The final difference was the secondary structure.29,30 While 

the differences between the aptamers are noteworthy, the similarities may be arguably even more 

interesting. Both aptamers have a similar binding pocket topology with a binding recognition 

element involving a guanine and AMP mismatched pair (Figure 1.6).29,30 
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Figure 1.6 Structures of ATP binding aptamers. A) ATP-RNA aptamer  (PBD: 1RAW).29 The 
yellow bases represent the binding pocket with the single AMP shown in orange.29 The blue 
nucleotide represents the G AMP mismatch pair.29,30 B) ATP-DNA aptamer (PDB: 1AW4).30 The 
yellow bases represent the binding pocket with the two AMP molecules shown in orange.30 The 
blue nucleotides represents the G AMP mismatch pairs.30 Crystal structures were rendered using 
Chimera software.11 

The ATP aptamers share the same ligand and form a similar binding pocket but differ in 

other elements, such as the number of ligands binding, the secondary structure, and the sequence 

of the binding site, as described above. The evidence provides further testimony to the diverse 

nature of nucleic acids and further supports the need for structural studies. The ATP-aptamers are 

an interesting case study that provides evidence to support the usefulness of studying structures of 

multiple nucleic acid types that bind the same target.  

1.2.2 Fluorophore binding Aptamers 

There is a specific subclassification of aptamers known as fluorophore binding aptamers. As 

the name suggests fluorophore binding aptamers target fluorescent molecules.20,21,31–33 Most small 
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molecule binding aptamers fold themselves around their ligands, creating a tertiary structure that 

incorporates the ligand, this is known as adaptive binding.29,34–37 Currently, there are several 

fluorophore binding aptamers that have solved structures. 

1.2.2.1 Spinach Aptamer 

The spinach aptamer was originally selected to bind to 3,5-difluoro-4-hydroxybenzylidene 

imidazolinone (DFHBI), a ligand that closely reassembles the fluorophore present in green 

fluorescent protein.38 Upon binding a green fluorescent signal is produced.38 In 2014 Warner et al. 

elucidated a crystal structure of the Spinach aptamer bound to the ligand. The structure showed 

that the ligand was bound in a site consisting of a G-quadruplex, a base triple, and a single unpaired 

guanine (Figure 1.7).39 It was demonstrated that the G-quadruplex was likely required but other 

aspects of the structure could be altered.39 In 2017 Fernandez-Millan et al. created what they 

described to be “an improved Spinach molecule” that they called iSpinach. iSpinach had various 

mutations that increased the brightness, improved thermal stability, and reduced the aptamer’s 

sensitivity to salt.40 iSpinach included five mutations and is a shorter version of Spinach. The 

mutations do not occur in the ligand binding site, therefore the team concluded the changes must 

be important to other aspects of the aptamer’s folding.40 A crystal structure was then determined 

for iSpinach.40 Achieving the structure of the original spinach aptamer allowed for the 

development of the improved iSpinach, providing testimony to the importance of understanding 

the structure of aptamers. 
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Figure 1.7 Original spinach aptamer structure. A) The original spinach aptamer with bases 
shown in purple, with DFHBI, green, in the binding site (PDB: 4TS2).39 In the PBD file there were 
two additional DFHBI not bound in the binding site, these were removed to simplify the figure.39   
B) Chemical structure of DFHBI. Crystal structure was rendered using Chimera.11 

1.2.2.2 Malachite Green Aptamer 

In 1999 when Grate and Wilson first utilized SELEX to select for the malachite green 

aptamer they hoped to develop a gene targeting methodology.26 Research for utilizing the aptamer 

for gene targeting was abandoned but further structural studies continued until eventually both a 

crystal structure and a solution structure were solved for the malachite green aptamer (Figure 1.8). 

The solution-structure shows the aptamer bound to malachite green,41 whereas the crystal structure 

shows the aptamer bound to tetramethylrosamine.42 Comparison of the structures showed one 

flexible binding site used by both aptamer conformations.41 This binding site consists of a 

quadruple base pairing at the base of the binding pocket and various other pairs and triple base 

pairs to form an asymmetrical loop.41,42 
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Figure 1.8 Malachite green aptamer structure. A) The malachite green aptamer, bases in teal, 
bound to tetramethylrosamine, purple (PDB: 1F1T).42 B) Chemical structure of 
tetramethylrosamine. C)  Solution structure of malachite green aptamer, bases in teal, bound to 
malachite green, orange (PDB: 1Q8N).41 D) Chemical structure of malachite green. Crystal and 
solution structures were rendered using Chimera.11 

1.2.2.3 Tertamethylrhodamine Aptamer 3 

In 2020, Duchardt-Ferner et al. determined a solution structure for the 

tetramethylrhodamine aptamer 3 (TMR3) (Figure 1.9). Tetramethylrhodamine is a fluorescent dye 

that emits light around 570nm.33 When TMR3 binds to the ligand the fluorescence emitted by the 

dye is quenched.33 The solution structure demonstrated that the 48-nucleotide aptamer consists of 

three helical stems meeting in a junction.33 Within the core of the junction sat the bound ligand.33 

Based on the three-stems determined in the solution structure Duchardt-Ferner et al. hypothesized 

that the size and sequence of the stem could be altered as long as the junction core is maintained.  
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Figure 1.9 Tetramethylrhodamine aptamer 3 structure. A) TMR3, bases in orange, bound to 
tetramethylrhodamine, teal (PDB: 6GZR).33 B) Chemical structure of tetramethylrhodamine. 
Solution NMR structure was rendered using Chimera software.11 

1.2.2.4 Corn Aptamer 

The corn aptamer is another example of a fluorophore binding aptamer with multiple 

solved structures. Originally in 2017 Warner et al. published a crystal structure of the corn aptamer 

bound to 3,5-difluoro-4-hydroxybenzylidene-imidazoli- none-2-oxime (DFHO).43 Shortly after, in 

2019, Sjekloca and Ferre-D'Amare published crystal structures for an aptamer bound to thiazole 

orange and an aptamer bound to thioflavin.44 The corn aptamer is set apart from other aptamers as 

its structure consists of a homodimer (Figure 1.10).43,44 In the corn aptamer the ligand is located 

between two G-quartets, one from each strand of DNA. The solved structure of the corn aptamer 

further demonstrates the diversity of aptamer-ligand complexes. 
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Figure 1.10 Structure of dimer corn aptamer complexed with various ligands. A) The corn 
aptamer, bases in green for one corn aptamer and pink for the second corn aptamer, bound to 
thiazole orange, orange (PDB: 6E84).44 B) Chemical structure of thiazole orange. C) The corn 
aptamer, bases in green for one aptamer and pink for another, bound to DFHO, blue (PDB: 
5BJO).43 D) Chemical structure of DFHO. Solution NMR structures were rendered using Chimera 
software.11 

1.2.3 Aptamers and Their Application in Biosensors 

Aptamer’s high affinity and selectivity for their targets make them excellent candidates for 

potential use in biosensors. Typically, biosensors contain two key parts: a biological recognition 

element, used to target a specific molecule, and a transducing element, used to create a detectable 

signal from a binding event.45 Aptamers are good candidates for the biological recognition element 

required in a biosensor design. Aptamers are also appealing for use in biosensors as the process of 
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SELEX begins with a desired target and then the aptamer is developed for that target, creating the 

potential for endless aptamer ligand pairs. In addition, it is possible to add functional groups, such 

as a biotin molecule, to the ends of aptamers in order to immobilize them on surfaces such as beads 

or biochips.22,46,47  

When designing a biosensor, it is important to consider the stability and by proxy the shelf 

life of the aptamer. DNA aptamers are considered to be highly chemically stable which is 

advantageous for biosensors, as it increases the shelf life of the aptamers and creates potential for 

the DNA aptamer to be reused many times.22,24,48,49 In comparison RNA aptamers are less stable, 

are more likely to degrade, and are susceptible to ribonuclease (RNase) degradation, therefore it is 

recommended that RNA aptamers be used only for single short measurements.50,51 But, the 

stability of RNA can be improved for use in biosensors through various methods. One method to 

reduce the likelihood of RNase degradation is with the addition of RNase inhibitors.50 Modifying 

the 2’-OH of the ribose group, with either an amino group or a fluoro group, can also be used to 

reduce RNase degradation without affecting the RNA aptamers binding properties.50–52 As long as 

one considers the stability of the aptamers and makes required modifications for RNA, both RNA 

and DNA aptamers have potential for utilization in commercial applications. 

1.2.3.1 Examples of the Application of Fluorophore Binding Aptamers in Biosensors 

Fluorophore binding aptamers can be particularly useful when engineering biosensors. As 

previously discussed, fluorophore binding aptamers bind to fluorescent molecules and upon 

forming an aptamer-ligand complex, produce a change in fluorescence intensity. The fluorescence 

produced when the aptamer binds to their ligand can be utilized to produce a detectable signal in 

a biosensor.  
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 The malachite green aptamer is one example of a fluorophore binding aptamer that has 

been used in biosensors.53,54 In 2004 Stojanovic and Kolpashchikov were the first to develop what 

they called an “modular aptameric sensor”. The sensor utilized two different aptamers connected 

through a stem, the malachite green aptamer, to act as a signal, and a recognition aptamer, to detect 

the target.53 The binding of the recognition aptamer to its target stabilizes the stem, resulting in 

stabilization of the malachite green aptamer-ligand complex to produce a detectable signal.53 The 

sensor was successful in detecting flavin mononucleotide, adenosine, and theophyilline.53 In 2010 

Xu and Lu created a biosensor that utilized the malachite green aptamer and adenosine aptamer to 

detect adenosine.54 This sensor begins with the two aptamers attached through a bridging strand to 

prevent the binding of malachite green.54 Once the adenosine aptamer binds to its ligand, 

adenosine, the bridging strand is removed, and the malachite green aptamer can bind to malachite 

green resulting in a detectable increase in fluorescence signal.54 Both biosensors demonstrate the 

potential to combine the malachite green aptamer with other aptamers to create label-free 

biosensors.  

 The Spinach Aptamer has also been utilized in biosensors. In 2015, Kellenberger et al. 

published a protocol wherein they described two methods, flow cytometry and fluorescence 

microscopy, in which the Spinach aptamer could be utilized for live cell imaging. Both methods 

utilized the original spinach aptamer and DFHBI to detect cyclic di-guanosine monophosphate  

levels.55 The protocol was created with the hope that others could make minor adjustments to 

create different biosensors with the Spinach aptamer, or with other versions of the Spinach 

aptamer.55 Despite the promising research into aptamer based biosensors, at the time of this thesis, 

research did not suggest any widely commercially available biosensors with this technology. The 
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general protocol developed by Kellenberger offers a glimpse into the ever-expanding potential of 

fluorophore binding aptamers.  

 

1.3 Hoechst Dye  

In the early 1970’s Hoechst AG, a German chemicals company, developed fluorescent 

bisbenzimide dyes for the purpose of staining double stranded DNA.56,57 Hoechst AG created 

multiple bisbenzimide dyes and named the products with the company name followed by the 

product number, for example Hoechst 33342.56 On one terminal end of the Hoechst dye is a methyl 

piperazine ring that is connected to two linked benzimidazole rings, which are further connected 

to a phenol group on the other terminal end (Figure 1.11).58 The variable R group on the phenol 

end of the dye differs between types of Hoechst dyes. 

 

Figure 1.11 Hoechst dye chemical structures. The table represents the different R groups that 
can be added to the terminal phenol of the Hoechst dye to create different variations of the dye.57 
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Hoechst dyes bound to DNA are excited at a wavelength of 345 nm and emit a fluorescence 

maximum peak at approximately 460 nm.56,59 Hoechst dyes target B-form, double stranded DNA 

(dsDNA) in adenosine-thymine rich (AT-rich) regions (Figure 1.12) and upon binding 

approximately 30-fold increase in fluorescence signal is observed.56,59–62 B-form DNA is the most 

commonly occurring form of DNA therefore Hoechst dyes are quite versatile and not overly 

selective with regards to staining AT-rich dsDNA.7,8,57,63 Despite the versatility with regards to 

DNA it should be noted that Hoechst dyes are not expected to bind to RNA.63 Solved structures 

have improved the understanding of Hoechst dyes specificity towards AT-rich regions.58,62,64 The 

thymine O2 and the adenine N3 (Figure 1.12B, Yellow) act to stabilize the complex through 

hydrogen bonds to the benzimidazoles NH groups (Figure 1.12B, Blue).58,62,64 Adenine’s H2 and 

the deoxyribose O4’ have van der Waals interactions to the dye (Figure 1.12B, Green).58,62,64 These 

interactions allow the dye to fit into the minor groove of the DNA (Figure 1.12). 



18 
 

 

Figure 1.12 B-DNA bound to Hoechst 33342.62 A) A dsDNA dodecamer bound to Hoechst dye 
33342 (PDB: 129D).62 Orange bases represent AT base pairs. Grey base pairs represent GC base 
pairs. B) Representation of the atoms interacting between DNA and dye. Green atoms show 
adenine 5 and adenine 6 H2 and O4’. Blue atoms show benzimidazoles. Yellow show thymine 7 
and thymine 19 O2 and N3. C) Shows the helix with surface rendered showing the placement of 
the dye in the minor groove (PDB: 129D).62 Structures were rendered using Chimera.11 

 In industry Hoechst dyes are commonly utilized in fluorescence microscopy, flow cell 

cytometry, and other cell staining applications for visualization of dsDNA.65 Hoechst dyes are 

advantageous for experiments that aim to visualize DNA non-specifically, but these dyes can have 

limitations when it comes to detecting a more specific target.63 Hoechst dyes have also been used 

in more novel experiments including their use in label-free aptamer based biosensors.66–68  

1.3.1 Development of a tert-Butyl Hoechst Dye and Aptamers 
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The versatility of the original Hoechst dyes is useful for staining cells and for some 

biosensor applications, but a more selective dye creates potential for more diverse applications, 

including uses in different types of biosensors. Sando et al. began experimenting with altering the 

structure of the Hoechst dye to create a ligand with a more selective target.20 The team developed 

a dye with a similar structure to Hoechst dye 33342, but they modified the terminal ring by adding 

two tert-butyl (tBu) groups (Figure 1.13). The team tested the binding affinity of the tBu dye 

through a melting temperature analysis, with a greater increase in melting temperature indicating 

binding of the dye to dsDNA. The melting temperature for the tBu dye with dsDNA was altered 

by a very small value, 0.1°C, therefore it was concluded the tBu dye was not binding to the 

dsDNA.20 Sando et al. concluded that the addition of these bulky tBu groups prevented the dye 

from fitting inside the helix of DNA and therefore the dye could no longer bind B-form DNA.20  

 

Figure 1.13 Chemical Structure of tBu Hoechst dye. The dye developed by Sando et al.20 The 
dye includes two tBu groups added to the terminal end of the dye to prevent the dye from binding 
to dsDNA.20 

Next, Sando et al. utilized SELEX to reselect for a DNA aptamer that would bind to the 

newly developed tBu Hoechst dye.20 The aptamer was 25 base pairs long and although the team 

produced a predicted secondary structure, no formal structural studies were performed on the 

aptamer. The predicted secondary structure developed by Sando et al. shows a AT-rich stem and 

a loop structure (Figure 1.14).20 Sando et al. performed various modifications to the aptamer’s 

stem and loop elements to observe the impact on ligand binding.20 It was concluded that both 
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hypothesized structural elements were important for the binding of the ligand. They predicted that 

the AT-rich stem provides a binding site for the dye while the loop provides accommodation for 

the tBu groups.20  

 

Figure 1.14 Predicted secondary structure of Hoechst DNA aptamer. The predicted structure 
includes two elements, a AT-rich stem and a loop structure. It is predicted that the stem is required 
to provide a binding site for the dye and the loop is required to provide space for the tBu group. 
Figure modified from Sando et al.20 

The following year Sando et al. published additional work wherein they used SELEX to 

reselect for an RNA aptamer that would bind to the same tBu Hoechst dye.21 The development of 

an RNA aptamer that binds to the tBu Hoechst dye is particularly interesting as the unmodified 

dye targets DNA and typically does not bind to RNA.63 In addition, the team had now created both 

a DNA and an RNA aptamer that would bind the same target. Sando et al. determined the 

dissociation constant (Kd) values for both aptamers and found the Hoechst RNA aptamer has a 

smaller Kd value compared to the Hoechst DNA aptamer, 35nM and 878nM respectively.20,21 

Similarly to the Hoechst DNA aptamer, Sando et al. developed a predicted secondary structure for 

the Hoechst RNA aptamer, but no formal structural studies were performed.21 In DNA, the Hoechst 

TA
C G

A
A
T

TT
C

G
G
G
A
T A A A

G
G
G
G
G

CC

5’ 3’



21 
 

dyes bind to AT-rich regions therefore Sando et al. predicted if an RNA aptamer were able to bind 

to the dye it would need to contain an adenine-uracil rich stem.21 However, based on the predicted 

secondary structure developed by Sando et al. this does not appear to be true.21 The predicted 

structure for the RNA contains a head-stem and bulge structural element (Figure 1.15).21 The 

prediction software used by Sando et al. was RA structure Version 4.4 program which is 

considered to be relatively accurate, but the predicted structure is not guaranteed.69   

 

Figure 1.15 Predicted secondary structure of Hoechst RNA aptamer. The predicted structure 
shows a stem-loop region and a bulge element present in the RNA aptamer. Figure modified from 
Sando et al.21 

As previously discussed, RNA and DNA aptamers have differing properties that can impact 

the applications of the aptamer. Creating a Hoechst dye that no longer binds to double stranded 

DNA but instead has both a DNA aptamer and an RNA aptamer, offers an interesting dynamic 

that can be further researched. Formal structural studies of the Hoechst tBu aptamers bound to the 

ligand could aid in the deployment of the aptamers in practical applications. Based on the precedent 

set by the ATP aptamers (Section 1.2.1), investigation of both the DNA and RNA Hoechst 

aptamers could lead to interesting discoveries and a better understanding of how the ligands are 

bound and recognized by the aptamers. 

1.4 G-quadruplexes 
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In the early 1960s it was observed that guanine-rich nucleic acids could form a gel, leading 

to the hypothesis of structures consisting of four hydrogen bonded guanines.70 These four—

stranded structures, seen in guanine rich nucleic acid sequences, would later become known as G-

quadruplexes.71–73 Since their discovery quadruplexes have been characterized in a variety of 

biological functions including telomeres,71,73,74 DNA replication,75 anti-cancer therapeutics,76,77 

and transcription.78  

A tetrad consists of four bases hydrogen bonded to form a planar square (Figure 1.16).71,72 

Tetrads can form from one strand of nucleic acid or they may include up to four different guanine 

rich strands.79,80 Tetrads that contain only one strand of nucleic acids create unimolecular 

quadruplexes, whereas tetrads with multiple strands can create dimeric, trimeric, or tetrameric 

quadruplexes.79,80 Quadruplexes are formed when at least two tetrads stack, but quadruplexes can 

also consist of more tetrads.71,72 Many structures of quadruplexes consist of GGGG tetrads, but 

quadruplexes can also include tetrads with alternative bases, such as GGGT tetrads (Figure 1.16). 

71,73,81–83 
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Figure 1.16 Examples of tetrads. A) GGGG tetrad.82,83 B) GGGT tetrad.82,83  

Varying tetrads is just one element leading to quadruplexes diversity. Quadruplexes can also 

differ in strand directionality and in glycosidic conformation, with both parameters being directly 

related to each other.71,72,80,84,85 The strand directionality can be either parallel or anti parallel with 

the glycosidic conformation as either syn or anti.71,72 To form quadruplexes additional base pairs 

must create “loops” linking the tetrads.71,72 The loops can differ in length and sequence.71,72 

Quadruplexes can vary dramatically based on how the different elements described above are 

combined. 

The formation of quadruplexes requires cations to help stabilize the structure.72,86,87 The 

guanines carbonyl groups are positioned such that they are pointed to the inside of the tetrads.72 

Cations, often potassium or sodium, are needed to help stabilize the quadruplex.72 The cations can 

be positioned between tetrads, or within the same plane as the tetrads.72,88 Generally potassium 

ions are better for stabilizing the quadruplex.89–91 When studying a G-quadruplex, designing 

experiments wherein the type of salt is altered, either potassium or sodium, can produce interesting 

dynamics to gain additional knowledge into the quadruplex.89 The importance of cations to 

stabilize the quadruplex must be considered when designing experiments aiming to study such 

structures.  

Another interesting advantage that G-quadruplexes have over other nucleic acid structures, is 

that G-quadruplexes are very thermodynamically stable.92 This stability can be important for the 

binding of ligands to the aptamer.92 The thermal stability of G-quadruplex also allows for 

experiments such as melting curves, wherein the type of salt present can be further varied for 

additional information.93–95 

Cumulative research into quadruplexes has demonstrated that quadruplexes are incredibly 

diverse in many aspects including their applications, their strand orientation, the number of strands 
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involved, and their syn/anti conformation. The amount of diversity within quadruplexes can 

complicate structural prediction as there are many possible solutions to the quadruplex structures.  

 

1.4.1 G-Quadruplex Aptamers 

G-quadruplexes have some qualities that make them particularly valuable in aptamers 

applications. G-quadruplexes are very structurally stable, which can be beneficial for aptamers. 

Guanine-rich aptamers have been employed in a variety of applications.96–98 One example is the 

thrombin-binding aptamer, which contains two stacked tetrads.99 A key characteristic of G-

quadruplexes is that they do not produce an immune response in patients, therefore, the thrombin-

binding aptamer has potential therapeutic applications.92,100 A second example of an aptamer 

containing a G-quadruplex is the insulin-binding aptamer.96 In 2019 Wu et al. developed an 

aptasensor that could detect insulin using this aptamer.96 This electrochemical aptamer based 

sensor utilizes a redox labelled insulin aptamer and upon binding of the aptamer to its ligand a 

change in structure of the aptamer results in a decreased electron transfer.96 The stability of G-

quadruplexes can play a key role in aptamer structure, stability, and their interactions with their 

ligands.  

1.5 Research Objectives 

Fluorophore binding aptamers are nucleic acids that have been selected to bind specifically to 

a fluorophore and produce an observable change in fluorescence.20,21,31–33 Sando et al. developed 

a novel tBu Hoechst dye that no longer bound double stranded DNA, and selected for two different 

nucleic acid aptamers, one DNA and one RNA, that would bind the tBu Hoechst dye. Two different 

aptamers that both target the same tBu Hoechst dye offer an interesting dynamic for research 

potential. Observing the similarities and differences between the two aptamer structures could 
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provide information regarding the binding of the dye. Both aptamers that were developed observed 

an increase in fluorescence intensity when bound to the tBu Hoechst dye.20,21 The published work 

focused on fluorescence studies and, although they presented potential structures for the aptamers, 

no formal structural studies were performed.20,21 As stated previously, aptamers are able to perform 

adaptive binding wherein they incorporate their ligand into their tertiary structure.29,34–36 

Performing biochemical experiments in addition to structural studies will aid in better 

understanding of the Hoechst DNA aptamer bound to its ligand. 

The research presented here aimed to characterize the binding of the Hoechst DNA aptamer 

to the tBu Hoechst dye developed by Sando et al. A combination of biochemical methods and 

nuclear magnetic resonance (NMR) experiments were used to observe variations of the Hoechst 

DNA aptamer-ligand complex, with a goal to gain knowledge into the structure. The biochemical 

methods include fluorescence, to confirm binding, native gels to observe the approximate size, and 

circular dichroism to test for G-quadruplexes. NMR data acquired for the DNA aptamer bound to 

the tBu Hoechst dye allowed for initial resonance assignments and modeling to provide a 

foundation for future studies. Future goals for this project would include obtaining a structure for 

the Hoechst DNA aptamer bound to the tBu Hoechst dye. Other projects are focused on obtaining 

a structure of the Hoechst RNA aptamer, which would complement this research and allow for 

comparison of structures. 
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Chapter 2 Biomolecular Characterization 
2.1 Introduction 

Characterizing a biomolecular system requires intensive investigation from various avenues. 

Some characteristics that can be explored include the binding affinity for the ligand and the 

potential presence of structural elements. In 2007 Sando et al. hypothesized a stem and loop 

structure based on the sequence of the Hoechst DNA aptamer, but since no formal structural studies 

were performed, there was an opportunity to further explore this ligand-complex. The methods 

utilized in this chapter to characterize the Hoechst DNA aptamer include computational modeling, 

fluorescence experiments, native gels, and circular dichroism. 

As discussed in Chapter 1, fluorophore binding aptamers are expected to produce a change 

in fluorescence upon binding to their target. This property can be incredibly useful for several 

applications, such as biosensors, but the change in fluorescence can also provide valuable 

information regarding the binding of the aptamer to its ligand. Based on the work published by 

Sando et al., it was expected that there would be an observable increase in fluorescence intensity 

at a wavelength of approximately 460nm when the aptamers are bound to the ligand.20 The increase 

in fluorescence observed upon the addition of the aptamer to tBu Hoechst dye can be used to 

confirm the binding of the aptamer to ligand and to determine the Kd for the aptamer.101  

When observing the sequence of the Hoechst DNA aptamer it was noted that many guanine 

bases were present. As discussed in Chapter 1, guanine rich sequences have the potential to form 

quadruplex structures. As the interest in quadruplexes grew, various computational methods were 

developed to aid in predicting the presence of a quadruplex within a given sequence.102–104 

ImGQfinder is one such software for predicting the presence of quadruplexes based on the 

sequence of a nucleic acid.105 The ImGQfinder is unique as the software allows for “imperfect” 
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quadruplexes containing single defects, wherein a tetrad contains three guanines and another base 

(either thymine, cytosine, or adenosine).105 Although ImGQfinder provides an excellent starting 

point for G-quadruplex prediction, this software only highlights the potential bases that may be 

involved in the quadruplex, and does not give information regarding the orientation of the 

quadruplex. As previously discussed in Chapter 1, G-quadruplexes can take on many diverse 

structures; therefore, the use of additional modeling software, such as Crystallography & NMR 

System (CNS), can aid in providing additional information regarding the folding of the quadruplex. 

As the name suggests, CNS, was developed for structural determination of biomolecules 

from both NMR and crystallography research.106,107 The software allows its user to input a nucleic 

acid sequence and various structural constraints, including data retrieved from NMR experiments, 

before the software returns a 3D structure output.106,107 The software can also be utilized to model 

systems to gain further insights.106,107 In this chapter CNS was utilized in combination with 

ImGQfinder to model potential structures of G-quadruplexes within the sequence. The models 

developed from the software were then used to guide further experiments.  

Once a predicted structure of the aptamer is achieved through computational software, key 

bases within the predicted quadruplex can be substituted for inosine. Inosine substitutions can be 

beneficial for NMR of quadruplexes and can test the validity of the models, as will be discussed 

in Chapter 3. Inosine has a similar chemical structure to guanine and can often be incorporated 

into a structure seamlessly, but in other cases inosine substitutions have been observed to disrupt 

nucleic acid structures.108,109 When performing inosine substitutions on a fluorophore binding 

aptamer, fluorescence emission scans can be used as an initial check for potential structural 

disruptions. Therefore, all inosine substituted samples were subjected to a fluorescence intensity 

scan prior to NMR studies. 
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When performing structural studies on DNA, it is important to consider the ability of nucleic 

acids to fold into a variety of multi-stranded structures, including dimers, trimers, or tetramers.44,110 

Native polyacrylamide gels can be utilized to compare the structures of different sequences, and 

may suggest whether a multistranded structure is present.87,111 Native gels can provide insight into 

the charge, shape, and size of a biomolecule.112–114 Importantly, native gels alone cannot confirm 

the exact number of strands in a nucleic acid structure, but they offer a comparison between the 

desired sample and a known ladder or other samples.112–114 The clues obtained from native gels, in 

combination with other biomolecular methods, can provide great insight into the structure of an 

aptamer and its ligand.   

Circular dichroism (CD) is an optical method used to gain information regarding 

conformation of nucleic acids in solution.105,115,116 CD can give structural insights and can indicate 

the presence of different elements, such as a G-quadruplex or B-form DNA.115–118 CD experiments 

have become common practice when studying G-quadruplexes as quadruplexes produce a 

recognizable output in CD.77,105,110 Both parallel and anti-parallel G-quadruplexes produce a 

positive peak at 210nm, with the parallel quadruplex also having a positive peak at 260nm and the 

antiparallel quadruplexes having a negative peak at 260nm and a positive peak at 290nm.115,117 CD 

is a method that works well in combination with other investigations as it can provide some 

conformational information. 

In this chapter the original DNA aptamer and various alterations of the Hoechst DNA 

aptamer were characterized through a combination of biomolecular methods. Firstly, 

computational methods were used to predict the presence of a possible quadruplex. Next, 

fluorescence was used to confirm binding of sequences to the ligand, check for structural 

disruptions in inosine samples, and to determine Kd values. Native gels were used to predict the 
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presence of multimer structures. Finally, CD was used to investigate secondary structures of the 

aptamers and to check for the presence of quadruplexes. The biomolecular characterization 

performed in this chapter in combination with the NMR studies presented in Chapter 3, provided 

insight into the Hoechst DNA aptamer bound to its ligand. 

2.2 Methods and Materials 

2.2.1 Molecular Graphics 

Molecular graphics created using UCSF Chimera software developed by the Resource for 

Biocomputing, Visualization, and Informatics at the University of California, San Francisco with 

support from NIH P41-GM103311.11 

2.2.2 G-quadruplex Structural Prediction and Modelling 

ImGQfinder is an online search tool that allows users to input a sequence with parameters, 

and the software will output bases that could potentially be involved in a G-quadruplex.105 

ImGQfinder does not specify details regarding orientations or bond angles of the quadruplex, 

therefore CNS version 1.3 was used to model different variations of the quadruplex to determine 

if the structures were possible.106,107 The URL for the CNS website is included in Appendix C. 

CNS allows for additional restraints to guide the folding of the nucleic acid. For the 

quadruplex, hydrogen bonding restraints were added to mimic the GGGT quadruplex seen in 

literature.82,83 Restraints were also added to create planarity within each of the tetrads. During 

NMR experiments, nuclear Overhauser enhancements (NOE’s) are produced when protons are 

within ~5Å of each other.119–121 Since CNS was created to calculate NMR structures it is possible 

to include NOE restraints within the model to specify distances between the protons. In the models 

presented here, NOE’s were added to the model between the two stacked quadruplexes. The 
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hydrogen bond distances and NOE restraints were created based on a solved structure of a human 

telomeric G-quadruplex (PDB:2HY9).122 Based on the input restraints, the CNS program simulates 

various annealing conditions, and if the structure is energetically possible, the software will output 

2D coordinate set and the structures energy values (Figure 2.1).106,107   

 

Figure 2.1 General flowchart of CNS. CNS accepts inputs including a sequence, distance 
restraints based on NOE data, hydrogen bond restraints, and planarity restraints. CNS then 
calculates structures through a series of annealing steps for the nucleic acid. 
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2.2.3 Purification of Nucleic Acids 

For this project all DNA was custom synthesized by Integrated DNA Technologies (IDT) 

in Coralville Iowa. Various alterations of the 25nt DNA aptamer sequence developed by Sando et 

al. were used (Table 2.1).20 All ordered DNA was desalted and deprotected by IDT. 

Table 2.1 DNA Sequences Utilized in Project. Inosine substitutions represented as I. 

Sequence Name Sequence 

Original DNA Aptamer 5’ CAATTCGGGATAAAGGGGGCCATTG 3’ 

I16 DNA Aptamer 5’ CAATTCGGGATAAAGI16GGGCCATTG3’ 

I25 DNA Aptamer 5’ CAATTCGGGATAAAGGGGGCCATTI25 3’ 

Extended Stem Aptamer 5’ GCCGCAATTCGGGATAAAGGGGGCCATTGCGGC 3’ 

I16 Extended Stem Aptamer 5’ GCCGCAATTCGGGATAAAG I16GGGCCATTGCGGC 3’ 

Once the nucleic acids were acquired the next step was to purify the samples using 

denaturing polyacrylamide gel electrophoresis (PAGE).123 Urea was added to the nucleic acids for 

a final concentration of 5M. The DNA aptamer was heated at 90°C for 10 minutes, before it was 

run on a 15% gel.123 The desired band on the gel was cut out and soaked in 300mM NaCl for 36 

hours to extract the nucleic acid.123 

The next step in the purification process of nucleic acids is to perform an ethanol 

precipitation for at least one hour at -20°C.123  MgCl was added to the ethanol precipitation of the 

DNA, resulting in a final concentration of 10mM MgCl, to improve precipitation yield.124,125 The 

sample was then centrifuged using the Sorvall Legend RT+ centrifuge (ThermoFisher Scientific, 

Waltham, MA) at a speed of 13200 rpm at 4°C for 45 minutes. The supernatant was removed, and 

the pellet was lyophilized before it was resuspended in water. Anion-exchange chromatography 

was then performed using fast performance liquid chromatography (FPLC) with the HiPrep 16/10 
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diethylaminomethyl (DEAE) FF anion-exchange column (GE Healthcare, Uppsala, Sweden). For 

the anion-exchange a low salt solution (150mM NaCl) and high salt solution (2M NaCl) were 

used. Another ethanol precipitation was then performed, followed by centrifugation, and the 

lyophilized pellet was again dissolved in water. The sample was then desalted with the FPLC using 

the HiPrep 5mL Desalting column (GE Healthcare, Uppsala, Sweden). The Nanodrop 2000 

(ThermoFisher Scientific, Waltham, MA) was then used to determine the final nucleic acid yield. 

2.2.4 Hoechst Dyes 

The bisBenzimide H 33342, or Hoechst 33342, was purchased from BioVision (Milpitas, 

CA). The tBu Hoechst dye was synthesized by Avery To in Dr. Graham Murphy’s lab at the 

University of Waterloo. To improve the solubility of the tBu Hoechst dye in water, a polyethylene 

glycol (PEG) tail was added to the C1 of the phenol group (Figure 2.2). The PEG tail used in this 

project was selected due to its similarity to the PEG tail used during the aptamer selection by Sando 

et al.20 

 

Figure 2.2 Chemical structure of tBu Hoechst dye synthesized by Avery To.  

2.2.5 Fluorescence Intensity 

Samples were prepared for fluorescence intensity scans by combining 40µM of the nucleic 

acid aptamer, 10µM Hoechst dye, and a PBS buffer (pH=7.4) similar to the selection buffer used 
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by Sando et al., consisting of 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4, and 

2.5mM Mg+2.20 The fluorescence experiments were performed using Molecular Devices 

SpectraMax M5 microplate reader (Molecular Devices, San Jose, CA) and a Greiner Bio-One 96 

well microplate (Greiner Bio-One, Kremsmünster, Upper Austria). The samples were excited by 

a wavelength of 345 nm and the emission was measured from 400 nm to 550 nm in 1 nm 

intervals.56,59 

2.2.6 Fluorescence Titration Experiments 

Fluorescence titration experiments were performed using Molecular Devices SpectraMax 

M5 microplate reader (Molecular Devices, San Jose, CA) and a Greiner Bio-One 96 well 

microplate (Greiner Bio-One, Kremsmünster, Upper Austria). The titration was performed with 

varying concentrations of DNA (0.4µM to 30µM), 1µM of tBu Hoechst dye, and a PBS buffer 

(pH=7.4) consisting of 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4, and 

2.5mM Mg+2. The samples were excited at 345 nm, and endpoint readings were taken at 465 nm. 

The endpoint was utilized due to the maximum relative fluorescence (RFU) observed in the 

fluorescence scans. Three triplicates of the titration for each aptamer were run. The triplicates were 

used to calculate an average and standard deviation for each aptamer. The resulting data was then 

fitted using non-linear least squares regression with the equation  

%	𝐹𝑚𝑎𝑥 = 𝐹𝑚𝑎𝑥	 ×	 ["#$%&'$	)$'*]
,!-["#$%&'$	)$'*]

, where Fmax is the maximum fluorescence at a large 

concentration of the nucleic acid and Kd is the dissociation constant.101  

2.2.7 Native PAGE Experiments 

Native PAGE experiments were utilized to observe non-denatured nucleic acids. 

Approximately 0.7µg of the nucleic acids were loaded on a 15% PAGE with 50% glycerol.123 
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Samples that include dye have approximately a 1:1 ratio of dye to DNA. A Low Weight Molecular 

Weight DNA Ladder (New England Biolabs, Ipswich, MA) with a size range of 25 base pairs to 

766 base pairs was utilized as a standard. The gel was directly transferred to the FluorChem FC2 

Imaging System (Alpha Innotech, San Leandro, CA) and excited by an ultra-violet light to observe 

the Hoechst dye fluorescence. Another native gel was run with the same conditions, but instead of 

immediately viewing, the gel was placed in a container with a 1x stain solution, diluted in tris-

borate-EDTA buffer from 10 000x SYBR Safe DNA gel stain (Invitrogen, Waltham, MA), and 

the container was wrapped in tinfoil.126 The gel was then incubated with the SYBR safe solution 

for 30 minutes on a shaker at 50rpm.126 The gel was then visualized using a green filter at 527nm 

on the FluorChem FC2 Imaging System and blue filter on the DRC III Fiber Optic Light Source 

Illuminator (Schott, Mainz, Germany).126 

2.2.8 Circular Dichroism Experiments 

Samples were prepared by combining 40µM relevant DNA, 50µM tBu Hoechst dye, and 

PBS buffer (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4, pH 7.4) with 2.5mM 

Mg2+. The samples were heated at 90°C for 5 minutes before cooling. The samples were then 

incubated at 4°C for at least 24hours prior to CD. CD experiments were performed using a Jasco 

J-815 spectropolarimeter (Jasco Inc., Easton, MD) and a 0.1cm pathlength quartz cuvette. A scan 

was taken from 320nm to 200nm, with a data interval of 0.5nm, response time of 1 second, band 

width of 0.5nm, and a scanning speed of 30nm minute-1. Four scans were accumulated. Baselines 

were established using two blanks: either a sample consisting of only buffer or a sample with buffer 

and 50µM tBu Hoechst dye. The baselines were then subtracted from their corresponding data. 

The resulting data was smoothed in python using Scipy’s Savitzky-Golay filter.127,128 All raw data 

can be found in Appendix A.  
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2.3 Results and Discussion 

Based on the guanine-rich sequence, it was important to address the potential presence of a 

G-quadruplex within the original DNA aptamer.104 To investigate, the sequence was input into 

ImGQfinder’s online software. ImGQfinder identified two possible G-quadruplexes in the Hoechst 

DNA aptamer, represented by the yellow highlight: 

 Option 1: 5’ CAATTCG7G8GATAAAG15G16GG18G19CCATT24G25 3’ 

 Option 2: 5’ CAATTCGG8G9ATAAAG15G16GG18G19CCATT24G25 3’ 

Based on literature, three different, commonly occurring, single-stranded quadruplex 

orientations were modelled with in CNS (Figure 2.3).79,80,84 ImGQfinder suggested two possible 

sets of bases for the G-quadruplex and literature provided three potential orientations, resulting in 

six possible quadruplexes to be tested in CNS.  

 

Figure 2.3 Possible architectures of G-quadruplex tested in CNS. Green arrows indicate the 
directionality of the nucleic acid strand from 5’ to 3’ and green boxes represent the bases. A) A 



36 
 

monomeric double chain reversal loop.72,80 B) A monomeric edgewise loop.72,80 C) A monomeric 
diagonal loop.72,80 

Within CNS the three different quadruplex architectures determined from literature were 

modelled with each of the sequences suggested by ImGQfinder, resulting in a total of six models 

(Table 2.2). CNS was able to produce structures for all six of the quadruplexes indicating that each 

suggested quadruplex structure was theoretically possible. Additional modelling information 

presented in Appendix C. 

Table 2.2 Quadruplexes Tested In CNS 

Quadruplex Name Quadruplex Bases Quadruplex Orientation  

Quadruplex A G7G8 G15G16 G18G19 T24G25 Diagonal Loop 

Quadruplex B G8G9 G15G16 G18G19 T24G25 Diagonal Loop 

Quadruplex C G7G8 G15G16 G18G19 T24G25 Double Chain 

Quadruplex D G8G9 G15G16 G18G19 T24G25 Double Chain 

Quadruplex E G7G8 G15G16 G18G19 T24G25 Edgewise Loop 

Quadruplex F G8G9 G15G16 G18G19 T24G25 Edgewise Loop 

After performing a structure calculation, CNS outputs required energies for various 

elements such as bond energy and NOE energy. A table with all the energies is included in 

Appendix D. The total energy for each structure was compared using a heatmap (Figure 2.4). The 

red, orange, and yellow colours for Quadruplex A and B structures indicate they have the highest 

energy, whereas Quadruplex E and F generally had lower energies, represented by green colours. 

The results from the models suggest that Quadruplex E and F are the most likely configurations. 

In addition to the energies, CNS outputs coordinates for the quadruplexes in a PDB file that can 

be visualized in Chimera, allowing for a better understanding of the predicted structure (Figure 

2.5). Although the modelling indicates that Quadruplex E and F are most likely, it does not confirm 
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that the quadruplexes are present.  If CNS was able to produce a structure, it was concluded that 

the quadruplex was possible, and the next step was to apply information gained to experimental 

methods. 

 

Figure 2.4 Heatmap for Quadruplex Energies. The energies in the table are total energy 
(kcal/mol) that are summed from energies for bonds, angles, improper dihedral, van der Waals, 
and NOEs. Red represents the quadruplexes that require the most energy. The high energy 
indicated more strain on the bonds and therefore these structures are less likely to form. As the 
energy decreases the colour changes to green, with the darkest green indicating the lowest energy.  
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Figure 2.5 PDB Output of Quadruplex F. From the 20 structures calculated by CNS, Quadruplex 
F Structure 10 was included as a representation of the quadruplex based on its low energy. 
Thymines are represented with orange bases, guanines are dark blue, adenines are pink, and 
cytosines are grey.  A) Front view. B) Side view. C) Top view. Structures were rendered using 
Chimera.11 

2.3.1 Generation of Inosine Substitution in the Hoechst DNA 

Aptamer 

 If there is a G-quadruplex present in the Hoechst DNA aptamer inosine substitutions may 

provide additional information, regarding the orientation of bases within the quadruplex. Literature 

and software suggest that there are multiple orientations that the quadruplex could adopt. 71,72,79–

83,105–107 Single inosine substitutions could provide important information if an appropriate guanine 

is substituted. An elimination process was then used to determine the guanines that were most 

suited for inosine substitution (Figure 2.6). ImGQfinder provided an output showing potential 

quadruplexes each consisting of two quadruples, eight bases total (Figure 2.6: Step 1). The 
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software suggested two possible sets of eight bases, resulting in nine potential bases that may be 

involved in the quadruplex. Based on this information guanine 7 and guanine 9 were eliminated 

as possible inosine substitutions as they may or may not be involved in the quadruplex, although 

they may be interesting for future studies (Figure 2.6: Step 2). One of the bases that may potentially 

be involved in the quadruplex is a thymine, that is not suitable for the inosine substitution as 

thymine is a pyrimidine and its structure varies too greatly from inosines (Figure 2.6: Step 3). The 

remaining six bases were then assessed based on the CNS generated structures.  

To optimize the NMR results acquired from a single inosine substitution, the substitution 

should produce a quadruple with the H2 of the inosine pointed towards the N8 of another guanine 

(Figure 2.7). Therefore, any inosine substitutions that may result in the H2 pointed to the thymine 

were eliminated. Combining the previous eliminations with the structures generated in CNS, two 

guanines, G16 and G25, were selected as possible candidates for inosine substitutions because in 

every model, substituting either G16 or G25 would result in H2 of the inosine pointing to a N8 of a 

guanine (Figure 2.6: Step 4). Once the bases were selected for inosine substitutions the next steps 

were to perform fluorescence emission scans to ensure the inosine was not disrupting the structure, 

which will be discussed in Section 2.3.3.2. 
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Figure 2.6 Flow chart for development of inosine samples. The original sequence (grey box) 
was input into ImGQFinder (Step 1). ImGQfinder produced two different sequences, with two 
unique bases (G7 and G9 highlighted in orange). Once the unique bases were eliminated (Step 2), 
T24 could also be eliminated as it was not suitable for substitution (Step 3). Based on the structures 
produced by CNS it was possible to narrow down to two bases (Step 4) that would be suitable for 
inosine substitution: G16 and G25.  

 

Figure 2.7 Ideal Inosine Substitution. A) Structure of a guanine base. B) Structure of inosine. C) 
An ideal inosine substitution with the red box indicating how the H2 of the inosine (I) is pointed 
towards a guanines N8 (G3). 
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2.3.2 Generation of an Extended Stem Aptamer 

Following the selection of the Hoechst DNA aptamer, Sando et al. generated a predicted 

secondary structure that consisted of a four base pair stem with a loop.20 Based on this predicted 

secondary structure, Sando et al. performed modifications to what they predicted to be a stem.20 

All the modifications presented produced a decrease in relative fluorescence enhancement, further 

supporting the team’s predicted structure.20 While the changes in relative fluorescence are 

consistent with the stem and loop structure proposed by Sando et al. in 2007, the changes to the 

sequence could also be consistent with a disruption of the single-stranded quadruplex structure 

predicted in this chapter. 

First, Sando et al. performed a series of sequence modifications on the eight bases believed 

to make up the four base pair stem.20 Two of these modifications included the addition of extra 

base pairs in the stem (Figure 2.8A and B).20 Additional base pairs within the stem may increase 

the stability of the stem and therefore prevent the formation of the G-quadruplex. Another 

modification to the sequence included changing T24 to an adenosine (Figure 2.8C).20 Again, this 

alteration would prevent the formation of the quadruplex as T24 is believed to be directly involved 

in the quadruplex. The final stem alteration removed bases 1 through 4 to remove one side of the 

stem (Figure 2.8D).20 While this alteration is not as obviously related to the potential G-

quadruplex, it may be possible that these bases play a role in guiding the secondary structure 

formation or are involved elsewhere in the structure. 
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Figure 2.8 Stem sequence modifications tested by Sando et al.20 Figure based on figure in Sando 
et al.20 Green boxes indicate where the alterations to the sequence were made. A) stem-mod4 
shows the addition of a AT base pair at the top of the stem, where the stem connects to the loop. 
B) stem-mod1 shows the addition of a GC base pair at the top of the stem, where the stem connects 
to the loop. C) stem-mod2 shows the alterations made to the bases in the stem. D) stem-mod3 
shows the removal of one side of the stem. Relative Ion/Ioff values were taken from Sando et al. 
where Ion/Ioff represents the enhancement in fluorescence and the values were set as relative values 
to compared them to the Ion/Ioff of the original aptamer. 
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In addition to the four base pair stem, the predicted secondary structure for the DNA aptamer 

included a 17 base pair loop.20 In 2007 Sando et al. performed sequence modifications to the 17 

bases involved in the loop, but once again, the presented data could also support the hypothesis of 

a G-quadruplex. The first sequence modification reduced the number of bases in the loop and 

changed all the bases in the loop to thymine (Figure 2.9A).20 The second modification kept all 17 

bases in the loop but changed them all to thymines (Figure 2.9B).20 Although the guanines in the 

stems were not altered both loops alterations eliminated most of the guanines that are predicted to 

make up the G-quadruplex.  

 

Figure 2.9 Loop sequence modifications tested by Sando et al.20 Green boxes indicate the 
changes made to the predicted loop of the DNA aptamer. A) loop-mod shows the smaller loop 
with all the bases substituted for thymine. B) loop-mod2 shows all the bases in the loop substituted 
for thymine. Relative Ion/Ioff values were taken from Sando et al. where Ion/Ioff represents the 
enhancement in fluorescence and the values were set as relative values to compared them to the 
Ion/Ioff of the original aptamer. 

The observed decrease in relative fluorescence intensity observed by Sando et al. in 2007 

following their sequence modifications could be interpreted as additional evidence for a stem-loop 

structure, but it could also provide evidence for the G-quadruplex theory presented here. To expand 

on the work performed by Sando et al. in 2007, another sequence alteration was developed for the 

research in this thesis. The alteration included four additional base pairs at the end of the predicted 
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stem (Figure 2.10). The hypothesis was that the formation of stable base pairing at the ends of the 

sequence would decrease the aptamer’s ability to form a G-quadruplex, resulting in a decrease in 

fluorescence intensity. This hypothesis was explored in 2.3.3.3. The aptamer with a long stem was 

denoted as “extended stem aptamer”, for the purpose of this work.  

 

Figure 2.10 Extended Stem Aptamer. The green box indicates the extra bases added. Adding 
base pairs to the end of the stem was predicted to encourage the stem-loop structure therefore 
decreasing the ability of the aptamer to form a quadruplex. 

2.3.3 Confirming Binding of Dyes to Samples by Fluorescence 

Intensity Scans 

2.3.3.1 Fluorescence Scan of Original DNA Aptamer and Hoechst 33342 

The first experiment that was performed with the original DNA aptamer and Hoechst 

33342 was a fluorescence emission scan. Considering that the dye produces an increase in 

fluorescence intensity upon binding, the fluorescence scan can provide an indication as to whether 

the dye was binding to the aptamer.20,56,59 The fluorescence experiment compared the fluorescence 

of the Hoechst 33342, without any nucleic acid, to the Hoechst 33342 with excess original DNA 

aptamer (Figure 2.11). The Hoechst 33342 dye with original DNA aptamer had approximately a 

21-fold increase in fluorescence at its maximum peak at 465nm, compared to dye on its own, 
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indicating that the aptamer was binding to the Hoechst 33342 dye. The Hoechst 33342 dye was 

originally developed to bind to DNA therefore it was not surprising that the dye would bind to the 

original DNA aptamer to some degree.   

 

Figure 2.11 Fluorescence data from microplate reader for Hoechst 33342 and original DNA 
aptamer. Both samples contain a PBS buffer (pH=7.4) with Mg2+. The control sample contains 
10µM Hoechst 33342 (grey) and the Hoechst DNA sample (blue) contains 40µM of the original 
DNA aptamer and 10µM Hoechst 33342 dye.  

2.3.3.2 Fluorescence Scan of Hoechst Aptamer Variations and tBu Hoechst dye 

The original DNA aptamer was selected by Sando et al. to bind to the tBu Hoechst dye, but 

prior to any other research it is important to confirm the formation of the aptamer-ligand complex 

through fluorescence.20,56,59 Once again, the binding was confirmed through a fluorescence scan. 

Scans were performed on one sample containing only tBu Hoechst dye, and another sample 

containing tBu Hoechst dye and original DNA aptamer. At 465mn, the sample with the original 

DNA aptamer and tBu Hoechst dye showed approximately a 16-fold increase in RFU, compared 
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to the samples with only dye (Figure 2.12). Again, this indicated that the original DNA aptamer 

was binding to the tBu Hoechst dye, as expected.  

Additionally, fluorescence scans were performed for the I16 DNA aptamer, the I25 DNA 

aptamer, the extended stem aptamer, and the I16 extended stem aptamer (Table 2.3). All samples 

containing aptamers and tBu Hoechst dye showed an increase in fluorescence compared to the 

sample with only tBu Hoechst dye. It was concluded that all variations of the Hoechst aptamer 

were capable of binding to the tBu Hoechst dye in some capacity (Figure 2.12).  

Table 2.3 Increase in RFU for Altered Hoechst Aptamer Sequences 

Sample x-fold increase in RFU 

Original DNA Aptamer + tBu Dye ~16 

I16 DNA Aptamer + tBu Dye ~13 

I25 DNA Aptamer + tBu Dye ~10 

Extended Stem Aptamer + tBu Dye ~21 

I16 Extended Stem Aptamer + tBu Dye ~12 

 

 

Figure 2.12 Fluorescence data from microplate reader for confirming binding of aptamers 
to tBu Hoechst dye. A) A fluorescence scan for original DNA aptamer, I16 DNA aptamer, and I25 



47 
 

DNA aptamer with tBu Hoechst dye. B) A fluorescence scan for the extended stem aptamer and 
the I16 extended stem. All samples include 10µM dye and PBS buffer (pH=7.4) with Mg2+. 
Samples were excited at a wavelength of 345nm. Where applicable samples contained 40µM 
DNA. 

2.3.3.3 Comparison of Kd Values by Fluorescence Titration 

Fluorescence titration experiments can be utilized to determine the Kd value for aptamer-

ligand complexes. As discussed previously in Section 2.3.2, based on the predicted G-quadruplex 

structure it was theorized that extending the stem could cause a disruption in the structure, resulting 

in a decreased binding affinity. Experimentally it was shown that the extended stem did not reduce 

the binding affinity (Figure 2.13). In fact, the Kd for the extended stem aptamer was smaller than 

the Kd of the original DNA aptamer. The extended stem aptamer was created with the hope of 

stabilizing the stem and preventing the formation of a quadruplex. Based on the fluorescence scan 

and the fluorescence titrations there was not a decrease in binding for the extended stem aptamer, 

contradicting the hypothesis. However, this does not necessarily disprove the presence of a G-

quadruplex as the extended stem could still form a G-quadruplex.  

 

Figure 2.13 Fluorescence titration of Hoechst aptamers. Averages were taken from three 
triplicates and the resulting data was fitted using non-linear least squares regression. Samples 
contained varying concentrations of DNA with 1µM tBu Hoechst dye and PBS buffer (pH=7.4) 
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with Mg2+. Samples were excited at 345 nm and fluorescence was measured at 465nm. The 
equation %	𝑭𝒎𝒂𝒙 = 𝑭𝒎𝒂𝒙	 ×	 [𝑵𝒖𝒄𝒍𝒆𝒊𝒄	𝑨𝒄𝒊𝒅]

𝑲𝒅-[𝑵𝒖𝒄𝒍𝒆𝒊𝒄	𝑨𝒄𝒊𝒅]
 , where Fmax is the maximum fluorescence at a 

large concentration of the nucleic acid and Kd is the dissociation constant, was used to fit the curve. 
Error bars were calculated utilizing three triplicate samples and a standard deviation equation. 
Graphing, Kd calculation, and confidence interval calculation were  all performed using GraphPad 
Prism.129 

2.3.4 Native PAGE Results 

To investigate the general size of the structures, a native PAGE was run (Figure 2.15). The 

size, shape, and charge of a molecule affect the migration of nucleic acids through the gel, therefore 

one cannot directly interpret the distance migrated as the size of the structure.112–114 First, the gel 

was observed without stain using the FluorChem FC2 Imaging System and a UV excitation (Figure 

2.14). It would be expected that any Hoechst dye present would emit a fluorescence signal, 

therefore viewing the gel prior to staining confirmed the presence of a bound aptamer-ligand 

complex. Wells without dye (Well 1, 2, 4) show no bands as would be expected. The original DNA 

aptamer with tBu Hoechst dye (Well 3) shows a single band high on the gel that is consistent with 

a high molecular weight molecule. The extended stem aptamer with tBu Hoechst dye (Well 5) 

shows a single, very bright band lower on the gel that is consistent with a monomeric structure. 

Since both Well 3 and Well 5 show a fluorescent tBu Hoechst dye band in the gel, it was concluded 

that at least some of the dye stayed bound as the DNA migrated into the gel. The high band in Well 

3 indicated that the original DNA aptamer was likely a multistranded structure because it moved 

slower in the gel. A sample may form a multistranded structure for various reasons but a high 

percent of guanines in a sequence or a high concentration of nucleic acid could result in a 

multistranded structure.94,130 The lower band in Well 5 indicated that the extended stem aptamer 

was likely a single stranded structure because it moved faster through the gel. Well 6 does not 

show a fluorescent band within the gel but it does appear to have some dye present on the surface 
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of the well, that may be a result of the Hoechst 33342 dye separating from the original DNA 

aptamer. The wells containing only tBu Hoechst dye (Well 7) and only Hoechst 33342 dye (Well 

8), did not show any migration of the dyes into the gel. 

 

Figure 2.14 Visualization of 15% PAGE without stain by UV excitation. Well 1 (DNA Ladder) 
contains the Low Weight Molecular Weight DNA Ladder (New England Biolabs, Ipswich, MA) 
ranging from 766bp to 25bp. Each well contains approximately 0.7µg of the nucleic acid and if 
applicable approximately a 1:1 concentration ratio of dye. Well 2 contains only the original DNA 
aptamer. Well 3 contains the original DNA aptamer and the tBu Hoechst dye. Well 4 contains only 
the extended stem aptamer. Well 5 contains the extended stem aptamer and tBu Hoechst dye. Well 
6 original DNA aptamer and the Hoechst 33342. Well 7 contains the tBu Hoechst dye and Well 8 
contains the Hoechst 33342 dye. 
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Next a gel was stained with SYBR Safe, and bands of DNA were clearly visible (Figure 

2.15). Well 2 showed two bands present for the original DNA aptamer without dye. In the next 

well over (Well 3), the original DNA aptamer with tBu Hoechst dye, showed two bands present. 

One brighter band appeared to migrate around the same distance as the 350bp ladder, and one less 

bright band migrated past the 25bp ladder. The higher band corresponded to the tBu Hoechst dye 

band seen in the gel that was visualized prior to staining (Figure 2.14). The presence of two bands 

appeared to indicate that under these conditions the original DNA aptamer has two different 

conformations, with the major form consisting of a multistranded structure that is bound to the tBu 

Hoechst dye.110 The extended stem without dye showed a smeared banded (Well 4), but once the 

dye was added the band becomes much more resolved (Well 5). The extended stem aptamer with 

tBu Hoechst dye (Well 5) produced a single bright band past the 25bp ladder, corresponding to the 

band seen in the gel prior to staining (Figure 2.14).  
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Figure 2.15 Photo of 15% PAGE stained with SYBR Safe. Well 1 (Low MW Ladder) contains 
the Low Weight Molecular Weight DNA Ladder (New England Biolabs, Ipswich, MA) ranging 
from 766bp to 25bp. Each well contains approximately 0.7µg of the nucleic acid and if applicable 
approximately a 1:1 concentration ratio of dye. Well 2 contains only the original DNA aptamer. 
Well 3 contains the original DNA aptamer and the tBu Hoechst dye. Well 4 contains only the 
extended stem aptamer. Well 5 contains the extended stem aptamer and tBu Hoechst dye. Well 6 
original DNA aptamer and the Hoechst 33342. 

2.3.5 Circular Dichroism Studies 

CD spectra produce maxima and minima at key wavelengths that can be indicative of 

secondary structures within a nucleic acid.105,115,116 Table 2.4 contains literature values for known 

CD peaks as well as the peaks observed in the CD spectra obtained for the original Hoechst 

aptamer and the extended stem aptamer. The CD spectrum for the original DNA aptamer without 
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tBu Hoechst dye and with tBu Hoechst dye were relatively similar (Figure 2.17). Both had 

maximum peaks around 263 nm and 205 nm and a minimum peak near 240 nm. The original DNA 

aptamer with dye had an additional minimum at 280 nm. Based on the literature values listed in 

Table 2.4, the 263 nm and 240 nm peaks in the CD spectrum of the original DNA aptamer are 

consistent with a parallel G-quadruplex. The minima at 280 nm and maxima at 205 were both 

enhanced when the tBu dye was added therefore the dye was likely enhancing a feature that is not 

generally characteristic of a quadruplex. The peak at 280 nm is also similar to the absorbance scan 

of the tBu Hoechst dye (Appendix A). The CD spectrum of the extended stem aptamer has similar 

maximum and minimum peaks suggesting that extending the stem does not prevent the formation 

of a G-quadruplex under these conditions (Figure 2.17). Although the bases were added with the 

hope of stabilizing the stem, the presence of the G-quadruplex in CD, proves these bases did not 

achieve the prevention of a quadruplex. Additionally, the extended stem aptamer with tBu Hoechst 

dye also contained a peak near 280 nm that was enhanced with the addition of the tBu Hoechst 

dye. 
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Table 2.4 Expected CD Peaks Corresponding to Nucleic Acid Structures 

Secondary Structure Maximum Minimum 

B-form DNA116 275 nm 240 nm 

Anti-parallel Quadruplex115,117,118 290 nm + 210 nm 260 nm 

Hybrid118 295 nm + 290 nm 245 nm 

Parallel115,117,118 264 nm 245 nm 

Original DNA Aptamer 266 nm + 220 nm + 200 nm 247 nm 

Original DNA Aptamer + tBu Hoechst dye 256 nm + 205 nm 241 nm + 286 nm 

Extended Stem Aptamer 260 nm + 221 nm + 200 nm 242 nm 

Extended Stem Aptamer + tBu Hoechst Dye 256 nm + 201 nm  241 nm + 278 nm 

 

 

Figure 2.16 CD scan of original DNA aptamer. Samples contain 40µM original DNA aptamer, 
50µM tBu Hoechst dye, and PBS buffer (pH 7.4) with Mg2+. Samples measured with 0.1cm 
pathlength quartz cuvette from 320nm to 200nm, with a data interval of 0.5nm, response time of 
1 second, band width of 0.5nm, and a scanning speed of 30nm minute-1. Four scans were 
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accumulated. Baselines were established using either only buffer or buffer with 50µM tBu Hoechst 
dye. The curve was smoothed in python using Scipy’s Savitzky-Golay filter.127 

 

Figure 2.17 CD of extended stem aptamer. Samples contain 40µM extended stem aptamer, 
50µM tBu Hoechst dye, and PBS buffer (pH 7.4) with Mg2+. Samples measured with 0.1cm 
pathlength quartz cuvette from 320nm to 200nm, with a data interval of 0.5nm, response time of 
1 second, band width of 0.5nm, and a scanning speed of 30nm minute-1. Four scans were 
accumulated. Baselines were established using either only buffer or buffer with 50µM tBu Hoechst 
dye. The curve was smoothed in python using Scipy’s Savitzky-Golay filter.127 

2.4 Conclusions 

The biomolecular methods presented in this chapter focused on exploring the presence of a 

G-quadruplex and on modeling the system to determine suitable NMR studies. The presence of a 

quadruplex was hypothesized due to the large number of guanines in the original DNA aptamer 

sequence. Computational modeling paved the way for the design of inosine substitutions and the 

development of an extended stem aptamer. At the beginning of this research, it was assumed that 

if a quadruplex was forming it would be a single stranded structure, therefore the models were 

built for a single stranded quadruplex. Fluorescence experiments demonstrated all sequences 
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appeared to be binding to the tBu Hoechst dye. The native gel indicated that the original DNA 

aptamer was mostly forming a multi-stranded structure under the native gel conditions, but the 

extended stem aptamer appeared to form a single stranded structure. Armed with this knowledge 

CD was performed on the original DNA aptamer and the extended stem aptamer. Within CD the 

original DNA aptamer followed trends that resemble a parallel G-quadruplex. The buffer used 

throughout this chapter was the same as the buffer utilized by Sando et al. to ensure similar 

conditions to the selection of the aptamer. Based on the biomolecular information presented here 

it appears that the original Hoechst DNA aptamer is forming a multi-stranded G-quadruplex 

structure under certain conditions, instead of the hairpin structure that was initially suggested. 
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Chapter 3 Characterization of Hoechst DNA 

Aptamer by NMR 
Fluorophore binding aptamers provide the opportunity to develop novel biosensors that are 

relatively affordable, sensitive, and highly selective. As previously discussed, there is large variety 

in biosensor design and because aptamers can fold into a large variety of structures, it is safe to 

say that there is a multitude of possibilities for aptasensor design. In Chapter 1, several solved 

structures for aptamers bound to their ligands and biosensors developed using such aptamers were 

introduced. Solving the structure of an aptamer-ligand complex provides invaluable information 

for any application of the aptamer-ligand complex. 

High-resolution NMR spectroscopy is an excellent tool for aiding in structural studies of 

biomolecules, including nucleic acids, in solution.131 In NMR-spectroscopy a sample is placed into 

a magnetic field and the spectrometer uses radiofrequency pulses to simultaneously excite all 

nuclei.131 The raw output is difficult to interpret as the signals are a function of time.131 To 

overcome this difficulty a mathematical method, known as a Fourier transformation, is applied to 

convert the data to a function of frequency.131,132 Once a Fourier transformation is applied, the data 

in a 1D spectrum is presented as frequency vs peak intensity, allowing for analysis to be performed 

on the spectrum.131,132 

The usefulness of Fourier transformation is not limited to one-dimensional spectra; it can 

also be applied to multidimensional NMR. After the Fourier transformation is applied to a 2D 

spectrum the data is presented with two frequency axis and the intensity displayed as a contour 

plot.131,132 There are a variety of different NMR experiments that can provide information about 

different parts of a nucleic acid structure, such as exchangeable protons vs non-exchangeable 

protons.120,121,133,134 Acquiring spectra from multiple types of experiments can produce spectra that 
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can then be overlaid to combine information. However, there are limitations to the information 

that can be retrieved from overlaid spectra. Nucleic acids are built from only four bases with very 

similar structures.7 Unfortunately, this results in many of the peaks within a nucleic acid NMR 

spectrum to be overlapped in a small region (Figure 3.1).135,136 For longer oligonucleotides, 

overlapping signals can make unambiguous assignment of the spectra difficult. As the nucleic acid 

grows in size the problem of overlapping peaks is also increased.135,136 In cases where the peaks 

cannot be assigned other methods may be utilized, such as base specific labelling, wherein all 

bases of one type can be fully or partially labelled, or isotope labelling of segments.136,137 

 

Figure 3.1 Approximate chemical shifts for nucleic acid protons in a NMR spectrum.138 As 
nucleic acids contain only four bases with similar structures there can be overlap within the NMR 
spectrum that can make assignment difficult.  

1D proton NMR experiments can be helpful for initial feasibility studies. 1D NMR 

experiments can be run quickly at lower concentrations, compared to 2D experiments.121 In 

particular a 1D titration experiment, wherein aliquots of dye are added until a 1:1 ratio of aptamer 
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to ligand is achieved, can be utilized to observe if binding is occurring.120,121 In  particular the 11-

14ppm region of the 1D spectrum contains peaks resulting from imino protons of base paired 

nucleotides.121 Therefore based on the sequence and predicted secondary structure of the nucleic 

acid, one can estimate the expected number of peaks present.121 Due to their quick and affordable 

nature, 1D experiments can be a very useful first step for providing initial information regarding 

the structure of a nucleic acid when bound to its ligand.   

While 1D experiments can provide some insight into the binding of aptamers to ligands, 2D 

experiments are important for obtaining more in-depth structural information. A commonly used 

2D NMR experiment that can provide useful structural information is a 2D nuclear Overhauser 

enhancement spectroscopy (NOESY) experiment. NOESY experiments provide information 

regarding longer range interactions within a molecule by producing NOEs (nuclear Overhauser 

enhancement) signals from through-space correlations for protons that are within ~5Å of each 

other.120,121,133,134 2D NOESY performed in 90% H2O/10% D2O are useful for assigning the imino 

protons.120,121 90%H2O/10%D2O NOESYs can be utilized to identify bases that are stacked on top 

of each other in a helix (Figure 3.2).120,121 NMR experiments can also be performed in 100% D2O. 

100% D2O NOESYs can allow for sequential assignments of the H8/H6 and H1’ protons (Figure 

3.3).120,121 Another 100% D2O experiment that is frequently used for nucleic acid NMR is a total 

correlation spectroscopy (TOCSY) that produces cross-peaks from through bond correlations 

allowing for the identification of the H5/H6 of cytosines and uracils (Figure 3.4).120,121,139 By 

combining information from these experiments one can gain additional insights into the structure 

of a nucleic acid.   
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Figure 3.2 Representation of the expected imino correlation proton in a 90%H2O/10%D2O 
spectrum. The black dotted line represents the NOEs that are expected between base pairs that are 
stacked (PDB:1BNA), the distance from the thymine H3 to the guanine H1 is ~3.9Å.9,121 Structures 
were rendered using Chimera.11 
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Figure 3.3 Representation of the expected resonances allowing for a sequential walk in a 
100% D2O Spectrum. Each dotted line represents a different NOE that can be used for sequential 
walking along the backbone (PDB:1BNA).9 1) Here, the walk begins at the H8-H1’ of a adenine 
with a distance of ~3.9Å. 2) Next, the H1’ of the adenine to the H6 of the thymine with a distance 
of ~4.0Å. 3) Finally, the H6 of the thymine to the H1’ of the thymine with a distance of 3.7Å.120 
This process can be repeated throughout the backbone of the nucleic acid. Structures were rendered 
using Chimera.11 
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Figure 3.4 Expected NOEs within cytosine and uracil in TOSCY Spectrum. The yellow arrows 
represent the intramolecular NOEs seen in nucleic acid base pairs.120,121,139 A) The intramolecular 
NOEs in a cytosine. B) The intramolecular NOEs in uracil.  

As discussed in Chapter 2, the large number of guanines present in the original DNA 

aptamer sequence raised the possibility of a G-quadruplex structure. There are certain 

methodologies that can be applied for studying quadruplex structures. As discussed, NOESY 

experiments can be used to correlate protons that are within ~5Å of each other.119–121,133,134 Within 

a quadruplex there are certain NOEs that can be expected. Similarly to bases that are stacked within 

a backbone, we would expect to see NOEs for H8-H1’ between stacked tetrads.85 The distance 

between the H8-H1’ differs between syn and anti conformations, with the syn conformation 

resulting in a shorter distance.71,82,140 The distances between protons are directly related to the 

intensity of the NOEs therefore intensity can indicate the glycosidic conformations, with strong 

intensity peaks indicating syn and more moderate intensity peaks indicating anti.71,82,85,140 

Additionally within the tetrad it is expected that there will be NOEs between the imino and H8 of 

the guanines (Figure 3.5A).85,141 For tetrads containing a thymine the same NOEs would exist for 

the guanines but the thymine would have additional peaks (Figure 3.5).82 
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Figure 3.5 Intermolecular NOEs of Exchangeable Protons in a G-quadruplex. A) GGGG 
tetrad NOEs.141 B) GGGT tetrad NOEs.82 Yellow arrows represent the NOEs between thymine 
and a guanine. Blue arrows represent NOEs between two guanines, based on PDB:3T5E and 
PDB:1XAV structures these protons are slightly larger than ~5Å apart.142,143  

When studying quadruplex structures it is common to substitute a guanine within the 

quadruplex with a inosine to aid in unambiguous assignment of NMR spectra.34,73,74,85,111,141,144–146 

Inosine substitution can be used to provide additional structural information regarding quadruplex 

structures. Inosine is a modified nucleic acid with a structure similar to guanine, but the amino 

group at N2 is replaced with an imino (Figure 3.6).73,97,147 However, it is important to note that 

despite its similar structure to guanine, some past research has demonstrated that the substitution 

of inosine at particular bases can completely disrupt the quadruplex structure.108,109 It has been 

theorized that the amino group of certain guanines may be critical for ligand recognition and for 

nucleic acid folding, therefore if a critical guanine is substituted for an inosine the structure will 

not properly fold.108,109 Although it is possible for the inosine to disrupt the structure, there are 

many examples of successful inosine substitutions.34,73,74,85,111,141,144–146 If the selected guanine is 

part of a quadruplex, and the quadruplex is able to fold, there will be a characteristic peak in the 
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13-14ppm region a 1D spectrum resulting from the inosines imino proton.85,111,141,145,146 The 

characteristic peak produced by the substitution of inosine can be combined with other NMR data 

to aid in assignment. 

 

Figure 3.6 Inosine Substitution into Tetrad. A) The structure of inosine with the substituted 
imino group circled in yellow. B) Yellow arrow represents the NOE between the H2 of inosine 
and the H8 of guanine in a G-tetrad.73,97 

The work presented in this chapter aimed to explore the binding of the Hoechst DNA 

aptamer through NMR.20,21 The Hoechst 33342 dye and the tBu Hoechst dye were utilized for 

NMR studies. In addition, different variations of the Hoechst DNA aptamer were explored. These 

variations include an extended stem aptamer and inosine substituted samples. Once the initial 

studies were completed further studies were performed utilizing a tBu Hoechst dye synthesized by 

Avery To in Dr. Graham Murphy’s lab at the University of Waterloo. 
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3.1 Methods and Materials 

3.1.1 Molecular Graphics 

Performed as described in 2.2.1.  

3.1.2 Purification of Nucleic Acids 

Performed as described in Section 2.2.3.   

3.1.3 Hoechst Dyes 

Performed as described in Section 2.2.4. 

3.1.4 NMR Spectroscopy Experiments 

Samples were prepared for NMR by dissolving the lyophilized nucleic acid into a 10 mM 

potassium phosphate buffer (pH=6.9) with 10 mM KCl. All NMR experiments were run using 

5mm NMR tubes with a total sample volume of 500µL. A Bruker DRX-600 spectrometer equipped 

with an HCN triple-resonance, triple-axis PFG probe was used to obtain all spectra. Non-

exchangeable protons were observed in 99.9% D2O (Cambridge Isotopes, Tewksbury, MA) using 

presaturation solvent suppression.148 D2O experiments include 2D CITY-TOCSY with a mixing 

time of 50 ms and 2D NOESY with a mixing time of 150 ms.149 For the tBu Hoechst dye a 

correlation spectroscopy (COSY) was acquired in D2O.150 Additionally rotating frame Overhauser 

effect spectroscopy (ROESY) experiments were performed in D2O with a mixing time of 80ms to 

observe any exchange peaks present.151 All D2O spectra were acquired at 298K. Exchangeable 

protons were observed in 90% H2O/10%D2O using 1-1 spin echo solvent suppression.152 Most of 

the 90% H2O/10%D2O experiments, including 1D proton NMR and 2D NOESY, were acquired 

at 277K.153 Some samples precipitated out at 277K, therefore they were run at 283K. Additionally, 

in samples that precipitated the salt concentration was increased to 80mM KCl. 1D proton NMR 



65 
 

experiments were utilized to observe a titration of the aptamer with dye in a step wise fashion. Dye 

was added in aliquots until a ratio of 1:1 was achieved. For 2D NMR experiments lyophilized 

aliquots of dye were added to the aptamer samples to yield a 1:1 ratio with the nucleic acid, unless 

otherwise stated. All relevant pulse programs are included in Appendix B. 

3.2 Results and Discussion 

3.2.1 Gaining Context through Proton Distances Calculated in 

Chimera  

As stated above, NOESY experiments allow for the visualization of protons that are within 

~5Å of each other, therefore predicting the distances between protons can aid in understanding 

what NOEs will be present. Chimera contains a tool to provide the distance between atoms in a 

structure.11 In Chapter 1 the structure of a dodecamer duplex bound to Hoechst DNA, solved by 

Sriram et al., was discussed.62 By importing that structure into Chimera, it is possible to observe 

distances between protons (Figure 3.7). Distances within ~5Å would be expected to produce a 

peak in a NOESY experiment, with shorter distances producing peaks with greater 

intensities.131,138 Observing the distance between protons in the solved duplex can provide some 

context regarding the binding of Hoechst 33342 to DNA. 
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Figure 3.7 Distance of Protons within Solved Crystal Structure of DNA dodecamer 
[d(CGCGAATTCGCG)] bound to Hoechst 33342. Protons were added to the structure for the 
purpose of distance measurements within the software (PDB:130D).62 A) A5H2 (yellow) with all 
protons within 5Å coloured green. Distances to DH3’/DH3/DH2/DCH2. B) A18H2 (pink) with all 
protons within 5Å coloured green. Distances to DH4’’/DH3’’/DH2’’’. Molecular graphics created 
using UCSF Chimera software.11  
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3.2.2 Original DNA Aptamer and Hoechst 33342 

1D proton NMR experiments can provide information regarding the folding of the nucleic 

acid and are a useful first step when performing structural studies on nucleic acids. Signals within 

the 11-14ppm region of a 1D spectrum originate from imino protons of base paired nucleotides, 

therefore it is possible to estimate the number of conformations present in the sample.120,121 

Initially a 1D spectrum was acquired on a sample containing only the original DNA aptamer 

(Figure 3.8). There are very few peaks present in the imino region of the spectrum, indicating that 

the free aptamer has very minimal structure present. A titration was then performed by adding 

aliquots of Hoechst 33342 dye to the nucleic acid in a stepwise fashion. Changes were observed 

in the spectra indicating the formation of additional secondary and tertiary structures. As dye is 

added more peaks were observed at 11-12ppm and above 14ppm, but the peaks were still very 

broad and noisy (Figure 3.8D). This indicates that the Hoechst 33342 dye is binding non-

specifically to the original DNA aptamer and there could be multiple conformations present, as the 

broad peaks are likely a result of conformational exchange.   



68 
 

 

Figure 3.8 1D Proton NMR of original DNA aptamer with Hoechst 33342 dye.  1D spectra in 
90% H2O/10%D2O using 1-1 spin echo solvent suppression, pH 6.9, at 277K. A) Stepwise titration 
of the original DNA Aptamer with Hoechst 33342. The dark purple sample is 0.8mM original 
DNA aptamer, the light purple sample is 0.8mM original DNA aptamer and 0.2mM Hoechst 
33342, the light blue sample is 0.8mM original DNA aptamer and 0.4mM Hoechst 33342, and the 
dark blue sample is 0.8mM original DNA aptamer and 0.9mM Hoechst 33342 dye. B) Overlay of 
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the original DNA aptamer with no dye (dark purple) and the original DNA aptamer fully bound to 
the Hoechst 33342 dye (dark blue). 

Although the peaks in the 1D spectra were quite broad, a 2D NOESY in 90% H2O/10%D2O 

at 277K, was performed with the original DNA aptamer bound to the Hoechst 33342 (1:1 ratio) to 

gain further information about the DNA-ligand complex (Figure 3.9). The spectrum showed far 

less peaks present than what would be expected for a sequence that is 25 nucleotides long. The 

evidence presented in the 2D in 90% H2O/10%D2O NOESY further supports the hypothesis that 

the original DNA aptamer is binding in multiple conformations. Based on the evidence provided 

in the 1D proton NMR and the 2D 90% H2O/10%D2O NOESY it appeared that assignments would 

not be possible for the original DNA aptamer and Hoechst 33342 complex therefore no further 

NMR studies were performed. At the time of this thesis no literature was found regarding NMR 

studies for the Hoechst DNA aptamer. 

 

Figure 3.9 2D NOESY of original DNA aptamer bound to Hoechst 33342 dye. NOESY 
spectrum in 90% H2O/10%D2O using 1-1 spin echo solvent suppression (pH 6.9), at 277K. The 
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zoomed in spectra on the left shows the 11-14ppm region where peaks would be expected for 
stacked base pairs.  

3.2.3 DNA Aptamers and the tBu Hoechst dye 

3.2.3.1 Original DNA Aptamer 1D Proton NMR 

As discussed above, 1D proton NMR experiments are relatively affordable and fast while 

providing useful initial insights into a ligand aptamer interaction. A titration of the original DNA 

aptamer with the tBu Hoechst dye was observed using 1D proton NMR. As the concentration of 

tBu Hoechst dye was increased, the peaks in the spectra increased in number and became sharper 

(Figure 3.10). Based on the final 1D spectrum of 1:1 dye to DNA, it appeared that the original 

DNA aptamer was binding to the dye in a single conformation. The DNA appears to be fully bound 

to the dye at a 1:1 ratio indicating a single stranded structure bound to one ligand instead of a 

multi-stranded structure.30,154 Therefore, the NMR spectrum is also not indicative of a multi-

stranded structure and does not support the native gel results. The differences in results could be 

due to the dye not migrating into the gel or due to the lower concentration of dye in gel compared 

to an NMR sample. The presence of the dye could force the aptamer into a single stranded 

conformation. Typically if a G-quadruplex is present there will be well-defined peaks in the 10.5-

12ppm region of a 1D proton NMR spectrum.93,108,155 It is important to note that peaks within the 

10.5-12ppm region of the spectrum can be a result of other structures as well, therefore it is not 

guaranteed the peaks are a result of a quadruplex but it does support the prediction.93,108,120,121,138,155 

In the spectrum of the original DNA aptamer bound to tBu Hoechst dye there are resolved peaks 

within that region. This evidence could support the presence of a G-quadruplex.  
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Figure 3.10 1D proton NMR of original DNA aptamer with tBu Hoechst dye. 1D spectra in 
90% H2O/10%D2O using 1-1 spin echo solvent suppression (pH 6.9), at 277K. A) Stepwise 
titration of the original DNA aptamer with tBu Hoechst dye. The dark purple sample is 1.0mM 
original DNA aptamer, the light purple sample is 1.0mM original DNA aptamer and 0.2mM tBu 
Hoechst dye, the blue sample is 1.0mM original DNA aptamer and 0.4mM tBu Hoechst dye, the 
teal sample is 1.0mM original DNA aptamer and 0.6mM tBu Hoechst dye, and the blue sample is 
1.0mM original DNA aptamer and 1.1mM tBu Hoechst dye. B) Overlay of the original DNA 
aptamer with no dye (dark purple) and the original DNA aptamer fully bound to the tBu Hoechst 
dye (black). 
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 There was a clear difference between the spectrum of the original DNA aptamer bound to 

the Hoechst 33342 versus the spectrum of the original DNA aptamer bound to the tBu Hoechst 

dye (Figure 3.11). The narrow and well-defined peaks in the tBu Hoechst dye spectrum indicated 

the binding of the dye resulting in unique tertiary structure, whereas the Hoechst 33342 spectra are 

very broad and noisy. It was clear that no assignment would be possible for the original DNA 

aptamer bound to Hoechst 33342, but structural determination of the original DNA aptamer and 

tBu Hoechst dye complex seems feasible.  

 

Figure 3.11 Comparison of original aptamer with Hoechst 33342 and tBu Hoechst dye. 1D 
spectra in 90% H2O/10%D2O using 1-1 spin echo solvent suppression (pH 6.9), at 277K. When 
the original DNA aptamer is bound to Hoechst 33342 the peaks are clearly much broader, and the 
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spectrum is overall noisier. The original DNA aptamer with the tBu Hoechst dye shows more 
defined peaks and it appears that the aptamer is forming a single well-defined structure. 

3.2.3.2 Extended Stem Aptamer 1D Proton NMR  

The extended stem aptamer was also initially tested with a 1D proton NMR experiment. The 

sample was prepared for NMR by adding NMR buffer and 10%D2O before storing the sample at 

~8°C in the refrigerator overnight. At the low temperature of ~8°C the sample (similarly to Figure 

3.12), therefore, to improve the solubility of the aptamer additional salt was added to a 

concentration of 80mM KCl and the NMR experiments were run at 283K instead of 277K (Figure 

3.13). A 1:1 ratio of dye and DNA was added prior to performing any NMR, in attempt to allow 

the aptamer to form its desired structure with the dye, therefore it was not possible to perform a 

titration of the extended stem aptamer with dye. The spectrum of the extended stem aptamer with 

tBu Hoechst dye showed a reasonable number of peaks in the 10-15ppm region of the spectrum, 

originating from the imino protons, based on the length of the sequence.120,121 As previously 

mentioned, if a quadruplex is present, resolved peaks in the 10-12ppm region would be expected. 

Within the 10-12ppm region of the extended stem aptamer spectrum there are fewer peaks, but the 

present of a G-quadruplex cannot be completely eliminated. 
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Figure 3.12 Precipitation of I25 aptamer in NMR tube. The white precipitate formed at the 
bottom of the tube after storing in the refrigerator overnight. Similar white precipitates were 
observed in the I16 DNA aptamer, extended stem aptamer and the extended stem I16 aptamer.  

 

Figure 3.13 1D proton NMR of extended stem aptamer with tBu Hoechst dye. 1D spectrum 
in 90% H2O/10%D2O using 1-1 spin echo solvent suppression (pH 6.9), at 283K. The peaks in the 
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extended stem aptamer spectrum are broader compared to the original DNA aptamer. The original 
DNA aptamer has more peaks present that indicate the presence of a unique tertiary structure 
compared to the extended stem aptamer.   

3.2.3.3 tBu Hoechst Dye NMR 

Performing NMR experiments on a sample containing only ligand without any nucleic acid 

present can be beneficial to indicate what peaks are resulting from the ligand and to observe any 

shift that may occur upon binding. Two experiments were performed on a 5mM sample of the tBu 

Hoechst dye: 1) a 1D proton NMR in 90% H2O/10%D2O (Figure 3.14), and 2) a COSY in 100% 

D2O (Figure 3.15). In 1990 Searle and Embry, and later in 1993 Embry et al., published papers 

that studied the NMR spectra of Hoechst 33258 bound to a DNA duplex.58,64 Aside from the 

addition of the tBu groups and PEG tail on the tBu Hoechst dye, the rest of the structure of dye 

remains the same as other Hoechst dyes, therefore the published data were used to provide 

direction when assigning the peaks in the spectra of the tBu Hoechst dye. Both papers assigned the 

DH6’-DH7’ and the DH6’’-DH7’’ peaks in approximately the 6.8-8.0ppm region of their spectra, 

with the DH6’-DH7’ peaks appearing at a higher chemical shift value. Additionally, the papers 

reported the DH2’’’-DH6’’’ and DH3’’’-DH5’’’ peaks around 3.0-4.0ppm. It would be expected 

that the DH2’’’-DH6’’’, DH3’’’-DH5’’’, DH6’-DH7’, and the DH6’’-DH7’’ would all produce 

through bond COSY or TOSCY peaks. The peaks between 3.0-4.0ppm were assigned to the PEG 

tail. Based on the literature values the peaks were tentatively assigned in the COSY spectrum 

(Figure 3.15) and the corresponding chemical shift values are listed in Table 3.1.  
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Figure 3.14 1D of tBu Hoechst dye with tentative assignments. 1D spectra in 90% 
H2O/10%D2O of 5.0mM tBu Hoechst dye using presaturation (pH 6.9), at 277K. 

 

Figure 3.15 2D COSY of tBu Hoechst dye. COSY spectrum in 100% D2O of 5.0mM tBu Hoechst 
dye sample (pH 6.9), at 298K. Blue boxes indicate approximate regions for the PEG tail and 
methylpiperazine groups.  
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Table 3.1 Corresponding Chemical Shifts of Dye Peaks 

Proton Approximate Chemical Shift of Assigned Peaks 

tBu Group 1.10ppm 

DH6’’ – DH7’’ 6.7/7.2ppm 

DH6’ – DH7’ 7.3/7.4ppm 

3.2.3.4 2D NMR Experiments 

Once the peaks in the COSY of the tBu Hoechst dye were tentatively assigned those 

assignments could be transferred to the TOCSY peaks of the original DNA aptamer and the 

extended stem aptamer, each bound to the tBu Hoechst dye. This is done by overlaying the spectra 

(Figure 3.16). Both aptamers contained similar peaks in the 6.8-8.0ppm region of their respective 

spectra, that were tentatively assigned as DH6’-DH7’ and DH6’’-DH7’’, having shifted from the 

unbound dye. The extended stem aptamer has an additional set of peaks that could be unbound 

dye, evidence of two dye molecules binding to the aptamer, or binding in more than one 

conformation. Each aptamer has additional TOCSY peaks in the 5.0-6.5ppm/6.5-7.5ppm region of 

their spectra that can be attributed to H5-H6 of the cytosines.120,121 
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Figure 3.16 TOCSY of extended stem aptamer and original DNA Aptamer to compare and 
assign dye peaks. TOCSY spectrum acquired in 100% D2O, with potassium phosphate buffer (pH 
6.9), at 298K. The original DNA aptamer contains four cytosine peaks as expected. 

The next step in exploring the Hoechst DNA structure was to perform a D2O NOESY and 

overlay the TOCSY assignments (Figure 3.17). Although the overlaid spectra provided new 

information, the spectra were also useful for further supporting the dye assignments discussed 

above. The peak at 0.3ppm in the spectra was tentatively assigned as the tBu groups. Based on the 

structure of the dye, one could predict expected NOE cross peaks based on distance to the tBu 

groups. For example, the DH3 and DH5 are very close to the tBu group so a cross peak would be 

expected, whereas the DH3’’’ and DH5’’’ are very far therefore no cross peak would be expected. 

Through this logic the tBu peaks were used to further confirm the COSY based assignments of the 

dye. The assigned DH2’’’-DH6’’’ and DH3’’’-DH7’’’ did not have NOE cross peaks to the tBu as 
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expected. The DH6’’-DH7’’ and DH6’-DH7’ are also far from the tBu groups and did not produce 

cross peaks to the groups. In addition to confirming previous dye assignments, the D2O NOESY 

also allowed for an additional tentative dye assignment. Two peaks at ~8.5ppm and ~8.8ppm did 

not have TOCSY peaks but did have NOEs to the tBu groups. These two peaks were tentatively 

assigned DH3-DH5 due to their proximity to the tBu groups and their expected lack of through 

bond signals. The two peaks were very intense therefore it was hypothesized that the peaks could 

be exchange peaks, which would later be investigated through a ROESY experiment.  

 

Figure 3.17 Overlay of non-exchangeable protons and TOCSY of Original DNA Aptamer. 
1.0mM original DNA aptamer in 100% D2O, with potassium phosphate buffer (pH 6.9), at 298K. 
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To further investigate the potential exchange peaks between the DH3-DH5 a ROESY 

experiment was utilized (Figure 3.18). If a rotating frame Overhauser effect (ROE) peak is a result 

of chemical exchange it would be expected that the peak would be positive, whereas NOE’s would 

be negative.138 Around ~8.5ppm there are no positive peaks present, therefore it is unlikely that 

the DH3-DH5 peaks seen in Figure 3.17 are exchange peaks. At approximately 0.3ppm and 

approximately 0.4ppm there are positive cross peaks indicating exchange peaks in this region of 

the spectrum. The exchange peaks are likely originating from exchange between the free and 

bound tBu groups. 

 

Figure 3.18 ROESY Experiment. ROESY spectrum in 100% D2O, with potassium phosphate 
(pH 6.9), at 298K. 

90% H2O/10%D2O NOESYs were also performed for the original DNA aptamer and the 

extended stem aptamer. Due to the precipitation issue the extend stem aptamer was run at 283K. 
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Within the 11-14ppm region of the spectra is where peaks from imino groups of stacked base 

pairs are expected. Overlaying the extended stem aptamer and original DNA aptamer show many 

similar peaks but a few peaks have been altered (Figure 3.19). Additionally there are fewer peaks 

in the extended stem aptamer. The changes in the spectrum suggests that extending the stem of 

the quadruplex does alter the structure. 

 

Figure 3.19 Comparison of exchangeable protons in the original DNA Aptamer and the 
extended stem aptamer. NOESY spectra in 90%H2O/10%D2O using 1-1 spin echo solvent 
suppression, potassium phosphate buffer (pH 6.9), at with extended stem aptamer at 283K and 
original DNA aptamer at 277K. 

3.2.3.5 Inosine Substitution 

Two versions of the original DNA aptamer with inosine substitution were obtained, I16 

DNA aptamer and I25 DNA aptamer. After the samples were prepared for 1D NMR and stored in 
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the fridge overnight, it was observed that a precipitate was forming in both samples. The salt 

concentration was increased in attempt to reduce precipitate formation. At a concentration of 

80mM KCl and 10mM phosphate buffer I16 DNA aptamer stayed in solution. For I25 DNA aptamer 

the salt concentration was increased to 150mM KCl but the sample continued to precipitate 

therefore no NMR experiments could be performed. Since I16 DNA aptamer remained in solution 

at an increased salt concentration it was possible to perform NMR experiments with the sample.  

As with previous samples a 1D 1H NMR of the I16 DNA aptamer with tBu Hoechst dye and 

a 2D 90% H2O/10%D2O NOESY was aquired. These spectra were overlaid with the original DNA 

aptamer for comparison.  Both the 1D proton NMR and the 2D 90% H2O/10%D2O NOESY 

contained broad peaks (Figure 3.20). The broad peaks and the precipitate forming further support 

the potential formation of a multi stranded structure, such as a dimer or a tetramer. There are 

differences between the 1D spectra indicating the I16 substitution is causing alterations to the 

structure. In the 2D NOESY there are peaks in the 7-9ppm/10-14ppm region that correspond to 

three adenine thymine base pairs in a stem. Within the 7-9ppm/10-14ppm region of the I16 

spectrum, peaks from the H2 inosine to the H8 on the guanine would be expected.73 Also within 

the 7-9ppm/10-14ppm region of the spectrum there would be a very intense and sharp peak from 

the inosine H2 to the imino of the inosine, if the imino is involved in a hydrogen bonded base 

pair.73,156 There are no addition peaks in this region that could correspond to the inosine-guanine 

or to intra inosine peaks. The lack of these peaks could indicate that the I16 is not involved in the 

quadruplex, but it could also indicate that the inosine is disrupting the structure. Additionally, the 

I16 spectrum was obtained at a lower concentration compared to the original DNA aptamer, which 

could also impact the sensitivity of the spectrum.  In both the I16 DNA aptamer and the original 
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DNA aptamer the adenine thymine base pair peaks are present therefore it does not appear that the 

structure is completely disrupted by the inosine substitution (Figure 3.21). 

 

Figure 3.20 I16 DNA Aptamer compared to original DNA Aptamer. Original DNA aptamer 
1D in 90% H2O/10%D2O using 1-1 spin echo solvent suppression, potassium phosphate buffer 
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(pH 6.9), at 277K. I16 DNA aptamer 1D in 90% H2O/10%D2O using 1-1 spin echo solvent 
suppression, pH 6.9, at 283K. Black spectra are the original DNA aptamer. Green spectra are the 
I16 DNA aptamer. NOESY spectra in 90%H2O/10%D2O using 1-1 spin echo solvent suppression, 
potassium phosphate buffer (pH 6.9), with original DNA aptamer at 277K and I16 DNA aptamer 
at 283K.  

 

Figure 3.21 Zoomed in H2O NOESY. The peaks circled in red are tentatively assigned as the H2 
peaks from bases paired adenines.  

Similarly to previous samples, the I16 extended stem aptamer precipitated in the refrigerator 

around ~8°C therefore the same steps were taken as the extended stem aptamer: running the NMR 

at 283K instead of 277K, adding tBu Hoechst dye to 1:1 ratio before cooling instead of doing a 

titration, and increasing the salt concentration to 80mM KCl instead of 100mM KCl. Once the I16 

extended stem aptamer was dissolved and remained in solution, a 1D proton NMR and a 2D 90% 

H2O/10%D2O NOESY were run (Figure 3.22). Similarly to the I16 DNA aptamer, the I16 extended 

stem aptamer did not contain additional peaks in the 7-9ppm/10-14ppm which could be due to a 

disruption in the quadruplex or it could be that I16 is not involved in the quadruplex. The extended 

stem aptamer and I16 extended stem aptamer 1Ds are relatively similar, indicating that the I16 
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extended stem modification does not alter the structure as drastically as the I16 DNA aptamer 

substitution does. 

 

Figure 3.22 I16 Extend Stem Aptamer compared to Extended Stem Aptamer. 1D in 90% 
H2O/10%D2O using 1-1 spin echo solvent suppression, potassium phosphate buffer (pH 6.9), at 
283K. Red spectra are the extended stem aptamer. Orange spectra are the I16 extended stem 
aptamer. NOESY spectra in 90%H2O/10%D2O using 1-1 spin echo solvent suppression, potassium 
phosphate buffer (pH 6.9), at with extended stem aptamer and I16 extended stem aptamer at 283K. 
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3.3 Conclusions 

The first NMR experiments presented in this chapter, aimed to characterize the original DNA 

aptamer with Hoechst 33342. However, the NMR spectra were noisy, and the peaks were broad, 

especially when compared to the original DNA aptamer with tBu Hoechst dye. The reason for the 

poor spectra is two-fold. First, the Hoechst 33342 was developed to bind to dsDNA and is not 

specific for the original DNA aptamer. Secondly, the original DNA aptamer was selected for the 

tBu Hoechst dye, therefore Hoechst 33342 was not the intended target for the aptamer. Although 

the experiments of the original DNA aptamer and Hoechst 33342 did not show much promise, the 

experiments with original DNA aptamer and tBu Hoechst dye did.  

By overlaying the COSY of the tBu Hoechst dye with the TOCSY of the extended stem 

aptamer and the original DNA aptamer, it was possible to tentatively assign the tBu Hoechst dye 

peaks. Based on the computational models of the hypothesized G-quadruplexes presented in 

Chapter 2, inosine substituted samples were tested. Unfortunately, the I25 DNA aptamer 

continually precipitated out of solution therefore no NMR could be performed. The resulting NMR 

spectrum of I16 DNA aptamer had many similarities compared to the non-inosine substituted 

samples, indicating that the I16 substitution was not completely altering the structure of the aptamer.  

The extended stem aptamer shows some differences when compared to the original DNA 

aptamer. The original DNA aptamer produced more well defined signals in the 10.5-12ppm region 

that are more consistent with a quadruplex structure compared to the extended stem aptamer. 

Overall, the NMR spectra presented in this chapter are consistent with the presence of a G-

quadruplex structure due to the presence of peaks in the 10.5-12ppm region of the spectra. Based 

on the NMR spectra presented in this chapter, elucidation of a structure should be achievable for 
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the original DNA aptamer bound to the tBu Hoechst dye. Well assignments were attempted, further 

research is required for concrete assignments.  
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Chapter 4 Summary and Future Work 
When the Hoechst DNA aptamer was first selected, a secondary structure consisting of a 

stem and loop was hypothesised. The stem was believed to provide a binding site and the loop was 

believed to provide adequate space for the bulky tBu groups on the dye to bind, but no formal 

structural studies were ever performed on the aptamer. This project aimed to better characterize 

the Hoechst DNA aptamer through biochemical and structural methods and lay the groundwork 

for detailed structural studies by NMR spectroscopy. Early on it was noted that the sequence was 

rich in guanines, providing the potential of a G-quadruplex. The hypothesis of a G-quadruplex 

focused on a single stranded structure and in Chapter 2 computational modeling was employed to 

test the feasibility of a quadruplex in the structure. A combination of online tools and modeling 

software supported the hypothesis of a single-stranded G-quadruplex and inosine substitutions 

were performed based on those models. Interestingly, the native gels presented in Chapter 2 

indicated that the original DNA aptamer was forming a multi-stranded structure. As discussed 

previously, it is not possible to determine how many strands of DNA are present in the structure 

in the native gel, as migration is a result of multiple factors. The CD experiments in Chapter 2 

suggested the presence of a parallel G-quadruplex. The native gel and CD provided the 

groundwork for the conclusion that the main structure the Hoechst DNA aptamer is forming a 

multi-stranded G-quadruplex structure under certain conditions. 

 Chapter 3 focused on gaining structural information through NMR experiments. There was 

a clear difference between the spectra of the original DNA aptamer with the Hoechst 33342 

compared to the tBu Hoechst dye, with Hoechst 33342 producing much broader peaks and nosier 

spectra. When comparing all the variations of the Hoechst aptamer, it was noted that the NMR 

spectra for the original DNA aptamer with tBu Hoechst dye produced the clearest peaks, indicating 
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a well-defined tertiary structure was forming, therefore assignment should be possible. While the 

NMR spectra support the presence of a G-quadruplex, they are not indicative of a multi-stranded 

structure. The reasoning for the presence of a single stranded structure in NMR is due to the 

aptamer appearing fully bound at a 1:1 ratio of DNA to dye. This is contradictory to the native gel 

results obtained in Chapter 2. Although native gels are not intended to denature DNA, the gels do 

heat up which could result in the separation of the DNA from the dye. The Hoechst dye is not 

negatively charged, and it would not move through the gel, therefore the structure observed in the 

native gel may not be representative of a fully bound aptamer-ligand complex. The evidence 

provided in the NMR experiments suggests that the aptamer equilibrates to a monomer at higher 

ligand concentrations. The Kd value of 4.7µM calculated by a fluorescence titration may support 

separation of the dye from the aptamer within the gel and therefor future experiments could study 

increased dye concentrations with the native gel sample.157,158 Through a COSY it was possible to 

assign the tBu Hoechst dye, and to transfer the dye assignments to spectra of the original DNA 

aptamer and the extended stem aptamer. Furthermore, inosine substituted samples were observed 

to contain many altered peaks for both the original DNA aptamer and the extended stem aptamer. 

While the work presented was able to provide insight into the previously undetected G-

quadruplex, there is still potential for additional research. As discussed in Chapter 1, potassium or 

sodium is required to help stabilize G-quadruplex structures. In the future, experiments to observe 

the difference between CD spectra with sodium vs potassium could provide additional information 

regarding the quadruplex present.89 Similarly comparing 1D proton NMR spectra with sodium, 

potassium, and low salt could also provide additional context regarding the G-quadruplex.89,91 It 

could also be interesting to expand the result to include UV melting curves with different salts 

present.93–95 Additionally, the inosine samples did not appear to be involved in a G-quadruplex but 
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running CD on the sample could indicate whether a quadruplex is present. There is still much work 

to be done characterizing this aptamer and ultimately, the end goal for future research would be to 

elucidate a solved structure for the original DNA aptamer bound to tBu Hoechst dye. 
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Appendix A: Supplementary Figures 

 

Figure A.1 CD Scan of original DNA aptamer and tBu Hoechst dye without Savizky-Golay 
Smoothing. Samples contain 40µM of DNA and were applicable 50µM tBu Hoechst dye. The 
scan was taken from 320nm to 200nm, with a data interval of 0.5nm, response time of 1 second, 
band width of 0.5nm, and a scanning speed of 30nm minute-1. Four scans were accumulated. The 
baselines of either buffer or buffer and tBu Hoechst dye were then subtracted from their 
corresponding data.  
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Figure A.2 CD Scan of extended stem aptamer and tBu Hoechst dye without Savizky-Golay 
Smoothing. Samples contain 40µM of DNA and were applicable 50µM tBu Hoechst dye. The 
scan was taken from 320nm to 200nm, with a data interval of 0.5nm, response time of 1 second, 
band width of 0.5nm, and a scanning speed of 30nm minute-1. Four scans were accumulated. The 
baselines of either buffer or buffer and tBu Hoechst dye were then subtracted from their 
corresponding data.  
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Figure A.3 Absorbance spectrum for tBu Hoechst dye. The maximum of the peaks are at 
344 nm, 261 nm, and around 205 nm.  
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Appendix B: NMR Pulse Programs  
1D 1H with 11-Spin Echo 

Solvent Suppression 

;zggpjrse 
;avance-version (13/08/01) 
;1D sequence 
; 
;V. Sklenar & A. Bax, J. Magn. Reson. 

74, 469 (1987) 
 
#include <Avance.incl> 
#include <Grad.incl> 
 
1 ze 
2 30m 
  d1 
  50u UNBLKGRAD 
  p1 ph1 
  d19 
  p1 ph2 
  4u 
  p16:gp1 
  d16  
  p1 ph3 
  d19*2 
  p1 ph4 
  p16:gp1 
  d16 
  4u BLKGRAD 
  go=2 ph31 
  30m mc #0 to 2 F0(zd) 
exit 
 
ph1=0 2 
ph2=2 0 
ph3=0 0 1 1 2 2 3 3  
ph4=2 2 3 3 0 0 1 1 
ph31=0 2 2 0 
 
;pl1 : f1 channel - power level for pulse 

(default) 

;p1 : f1 channel -  90 degree high power 
pulse 

;p16: homospoil/gradient pulse 
;d1 : relaxation delay; 1-5 * T1 
;d16: delay for homospoil/gradient 

recovery 
;d19: delay for binomial water 

suppression 
;     d19 = (1/(2*d)), d = distance of next 

null (in Hz) 
;ns: 8 * n, total number of scans: NS * 

TD0 
;ds: 4 

 
;for z-only gradients: 
;gpz1: 20% 
 
;use gradient files:    
;gpnam1: SMSQ10.100 

 
;$Id: zggpjrse,v 1.1 2013/08/30 

09:42:08 ber Exp $ 
1D 1H with Presaturation 

;SD_1Dpresat 
;avance-version 
;1D sequence with f1 presaturation 

 
#include <Avance.incl> 

 
"d12=20u" 
"d13=3u" 

 
1 ze 
2 d12 pl9:f1 
  p18*0.6 ph28 
  d13 
  p18*0.4 ph29 
  d12 pl1:f1 
  p1 ph1 
  go=2 ph31 
  wr #0 
exit 
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ph1=0 2 2 0 1 3 3 1 
ph28= 0 
ph29= 1 
ph31=0 2 2 0 1 3 3 1 
 
;pl1 : f1 channel - power level for pulse 

(default) 
;pl9 : f1 channel - power level for 

presaturation 
;p1 : f1 channel -  90 degree high power 

pulse 
;d1 : relaxation delay; 1-5 * T1 
;d12: delay for power switching                      

[20 usec] 
;d13: short delay                                    [3 

usec] 
 COSY  

;cosydfph 
;avance-version (12/01/11) 
;2D homonuclear shift correlation 
;phase sensitive 
;with double quantum filter 
; 
;phasecycle: A. Derome & M. 

Williamson, J. Magn. Reson. 88, 
;               177 - 185 (1990) 
; 
;$CLASS=HighRes 
;$DIM=2D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
#include <Avance.incl> 
 
"d13=4u" 
 
"in0=inf1" 
 
"d0=in0/2-p1*4/3.1416" 

 
1 ze 
2 d1 
3 p1 ph1 

  d0 
  p1 ph2 
  d13 
  p1 ph3 
  go=2 ph31 
  d1 mc #0 to 2 F1PH(calph(ph1, +90), 

caldel(d0, +in0)) 
exit 
 
ph1=1 1 1 1 0 0 0 0 
ph2=0 0 0 0 1 1 1 1 
ph3=1 2 3 0 2 3 0 1 
ph31=0 3 2 1 3 2 1 0 
 
 
;pl1 : f1 channel - power level for pulse 

(default) 
;p1 : f1 channel -  90 degree high power 

pulse 
;d0 : incremented delay (2D) 
;d1 : relaxation delay; 1-5 * T1 
;d13: short delay                                    [4 

usec] 
;inf1: 1/SW = 2 * DW 
;in0: 1/(1 * SW) = 2 * DW 
;nd0: 1 
;ns: 8 * n 
;ds: 16 
;td1: number of experiments 
;FnMODE: States-TPPI, TPPI, States 

or QSEQ 
 

;Processing 
 
;PHC0(F1): 90 
;PHC1(F1): -180 
;FCOR(F1): 1 
 
;$Id: cosydfph,v 1.9 2012/01/31 

17:49:22 ber Exp $ 
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 2D NOESY with 11-Spin Echo 

Solvent Suppression 

;SD_noe11ezg 
;2D NOE with 11echo and gradients 
;phase sensitive using States-TPPI 
;with presaturation during relaxation 

delay and mixing time 
;the shortest mixing time ~50 ms!!!! 

otherwise problems with radiation 
;damping 
;added decoupling, 9/15/94; thorsten 
;changed for DRX, 05/01/96; thorsten 
;modified for Topspin 3, Feb 15 2019, 

Sameer / UoGuelph 
 
;Allows you to center spectrum 

anywhere. 
;Uses cnst47/48 
; 1) set o2 to the desired center of 

spectrum in f1 
; 2) set cnst47 to the difference in Hz 

between o2 and water (the second value to 
water 

; 3) set cnst48 to the difference in Hz 
between o2 and the desired center of 
spectrum in f2 

; e.g. for a spectrum centered at 7.5 
ppm in F1/F2 @ 600 MHz, o2 = 4500, cnst47 
~ -1680, cnst48 = 0 

;changed 1/21/97 - ELW 
 
;d2 calculation added 3-22-97, td 
 
#include <Avance.incl> 
#include <Grad.incl> 
 
"d11=30m" 
"d16=200u" 
"l3=td1/2" 
"d0=(in0/2)-(p1*4/3.14159)" 
"d8=d9-p16-d16" 
"d2=1s/(cnst2*4)-(p1*0.667)" 
 

1  ze 
   d11 
2  d11 
3  d11 pl1:f1 
4  d11 
   LOCKH_OFF 
   d1  
   LOCKH_ON 
   p1 ph1 
   d0 
   p1 ph2 
   d8 
    p16:gp1 
    d16 fq=cnst47:f1  

 ;Water 
   p1 ph3 
   d2 
   p1 ph6 
    p16:gp2 
    d16 
   p1 ph7 
   d2 
   d2 
   p1 ph8 
    p16:gp2 
    d16 fq=cnst48:f1  

 ;Center 
   go=2 ph31 
   d11 wr #0 if #0 ip1 zd 
    lo to 3 times 2 
     d11 id0 
      lo to 4 times l3 
   LOCKH_OFF 
exit 
 
ph1= 0 2 0 2  1 3 1 3  2 0 2 0  3 1 3 1 
     2 0 2 0  3 1 3 1  0 2 0 2  1 3 1 3 
ph2= 0 0 2 2  1 1 3 3  2 2 0 0  3 3 1 1 
     2 2 0 0  3 3 1 1  0 0 2 2  1 1 3 3 
ph3= 0 0 0 0  1 1 1 1  2 2 2 2  3 3 3 3 
ph6= 2 2 2 2  3 3 3 3  0 0 0 0  1 1 1 1 
ph7= 0 0 0 0  1 1 1 1  2 2 2 2  3 3 3 3 
ph8= 2 2 2 2  3 3 3 3  0 0 0 0  1 1 1 1 
ph20=0 0 0 0  0 0 0 0  2 2 2 2  2 2 2 2 
ph31=0 2 2 0  1 3 3 1  2 0 0 2  3 1 1 3 
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;pl1: Proton power level 
;p1 :  90 degree proton pulse 
;d9 : the mixing time 
;d0 : incremented delay (2D) = in0/2-

(4/pi*p1) 
;d2 : delay for exitation maximum, 

calculated based  
;     on cnst2 = offset of first max in Hz 
;d11: delay for disk I/O                             

[30 msec] 
;gp1: Homospoil during mixing time 
;gp2: Watergate gradient 
;in0: 1/(SW)  
;nd0: 1 
;NS: 2,4 8,16 or 32 * n 
;DS: 4 
;td1: number of experiments 
;MC2: States-TPPI 
 

2D NOESY With Presaturation 

;SD_noesypr 
;avance-version 
;2D homonuclear correlation via 

dipolar coupling  
;dipolar coupling may be due to noe or 

chemical exchange. 
;phase sensitive using States-TPPI 

method 
;with presaturation during relaxation 

delay 
 
; changed presat to 'vladi-trick' 03-24-

96, td 
  
#include <Avance.incl> 
#include <Grad.incl> 
 
"d11=30m" 
"d12=20u" 
"d13=5u" 
"d16=200u" 
 
"l3=(td1/2)" 
"d0=((in0/2)-(p1*4/3.14159))" 
"p19=d9-d12-p16-d16" 

 
1 ze 
2 d11 
3 d11 
4 d12 pl9:f1    
  LOCKH_OFF 
  p18*0.8 ph29 
  d13 
  p18*0.2 ph30 
  LOCKH_ON 
  d12 pl1:f1  
  p1 ph1 
  d0 
  p1 ph2 
  d12 pl9:f1 
  p19 ph18 
  p16:gp1 
  d16 pl1:f1  
  p1 ph3 
  go=2 ph31 
  d11 wr #0 if #0 ip1 zd 
  lo to 3 times 2 
  d11 id0 
  lo to 4 times l3 
  LOCKH_OFF 
exit 

 
ph1 =0 2  
ph2 =0 0 0 0  0 0 0 0  2 2 2 2  2 2 2 2 
ph3 =0 0 2 2  1 1 3 3 
ph18=0 
ph29=0 
ph30=1 
ph31=0 2 2 0  1 3 3 1  2 0 0 2  3 1 1 3 
 
 
;pl1 : f1 channel - power level for pulse 

(default) 
;pl9 : f1 channel - power level for 

presaturation 
;p1 : f1 channel -  90 degree high power 

pulse 
;d0 : incremented delay (2D)                         

[3 usec] 
;d1 : relaxation delay; 1-5 * T1 
;d9 : mixing time 
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;d11: delay for disk I/O                             
[30 msec] 

;d12: delay for power switching                      
[20 usec] 

;d13: short delay                                    [3 
usec] 

;L3: loop for phase sensitive 2D using 
States-TPPI method: l3 = td1/2 

;in0: 1/(1 * SW) = 2 * DW 
;nd0: 1 
;NS: 8 * n 
;DS: 16 
;td1: number of experiments 
;MC2: States-TPPI 
 

 2D Dipsi-TOCSY 

;dipsi2esgpph 
;avance-version (19/02/08) 
;homonuclear Hartman-Hahn transfer 

using DIPSI2 sequence 
;   for mixing 
;phase sensitive 
;water suppression using excitation 

sculpting with gradients 
;(use parameterset DIPSI2ESGPPH) 
; 
;A.J. Shaka, C.J. Lee & A. Pines, J. 

Magn. Reson. 77, 274 (1988) 
;T.-L. Hwang & A.J. Shaka, J. Magn. 

Reson., 
;   Series A 112 275-279 (1995) 
; 
;$CLASS=HighRes 
;$DIM=2D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
prosol relations=<triple> 
 
#include <Avance.incl> 
#include <Delay.incl> 
#include <Grad.incl> 

 
"p2=p1*2" 

"d11=30m" 
"d12=20u" 
"d13=4u" 
 
 
"in0=inf1" 
 
"d0=in0*0.5-p1*4/3.1416" 
 
"TAU=de+p1*2/3.1416+4u" 
 
"FACTOR1=(d9/(p6*115.112))/2" 
"l1=FACTOR1*2" 

 
"acqt0=0" 
baseopt_echo 
 
1 ze  
2 d11 
3 d12 pl32:f1 
  d1 cw:f1 ph29 
  d13 do:f1 
  d12 pl1:f1 
  p1 ph1 
  d0 
  p1 ph2 
 
  50u UNBLKGRAD 
  p16:gp1 
  d16 pl10:f1 
     

 ;begin DIPSI2 
4 p6*3.556 ph23 
  p6*4.556 ph25 
  p6*3.222 ph23 
  p6*3.167 ph25 
  p6*0.333 ph23 
  p6*2.722 ph25 
  p6*4.167 ph23 
  p6*2.944 ph25 
  p6*4.111 ph23 
   
  p6*3.556 ph25 
  p6*4.556 ph23 
  p6*3.222 ph25 
  p6*3.167 ph23 
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  p6*0.333 ph25 
  p6*2.722 ph23 
  p6*4.167 ph25 
  p6*2.944 ph23 
  p6*4.111 ph25 
 
  p6*3.556 ph25 
  p6*4.556 ph23 
  p6*3.222 ph25 
  p6*3.167 ph23 
  p6*0.333 ph25 
  p6*2.722 ph23 
  p6*4.167 ph25 
  p6*2.944 ph23 
  p6*4.111 ph25 
 
  p6*3.556 ph23 
  p6*4.556 ph25 
  p6*3.222 ph23 
  p6*3.167 ph25 
  p6*0.333 ph23 
  p6*2.722 ph25 
  p6*4.167 ph23 
  p6*2.944 ph25 
  p6*4.111 ph23 
  lo to 4 times l1 
     

 ;end DIPSI2 
 
  4u 
  p16:gp2 
  d16 pl1:f1 
 
  p1 ph3 
 
  p16:gp3 
  d16 pl0:f1 
  (p12:sp1 ph4:r):f1 
  4u 
  d12 pl1:f1 
 
  p2 ph5 
 
  4u 
  p16:gp3 
  d16 

  TAU 
  p16:gp4 
  d16 pl0:f1 
  (p12:sp1 ph6:r):f1 
  4u 
  d12 pl1:f1 
 
  p2 ph7 
 
  4u 
  p16:gp4 
  d16 
  4u BLKGRAD 
 
  go=2 ph31 
  d11 mc #0 to 2 F1PH(calph(ph1, +90) 

& calph(ph29, +90), caldel(d0, +in0)) 
exit  
 
ph1=0 2 
ph2=0 0 0 0 2 2 2 2 
ph3=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 
ph4=0 0 1 1 
ph5=2 2 3 3 
ph6=0 0 0 0 1 1 1 1  
ph7=2 2 2 2 3 3 3 3 
ph23=3 
ph25=1 
ph29=0 
ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2 
 
;pl0 : 0W 
;pl1 : f1 channel - power level for pulse 

(default) 
;pl10: f1 channel - power level for 

TOCSY-spinlock 
;pl32: f1 channel - power level for low 

power presaturation 
;sp1 : f1 channel - shaped pulse 180 

degree 
;p1 : f1 channel -  90 degree high power 

pulse 
;p2 : f1 channel - 180 degree high 

power pulse 
;p6 : f1 channel -  90 degree low power 

pulse 
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;p12: f1 channel - 180 degree shaped 
pulse (Squa100.1000)   [2 msec] 

;p16: homospoil/gradient pulse 
;d0 : incremented delay (2D) 
;d1 : relaxation delay; 1-5 * T1 
;d9 : TOCSY mixing time 
;d11: delay for disk I/O                             

[30 msec] 
;d12: delay for power switching                      

[20 usec] 
;d13: short delay                                    [4 

usec] 
;d16: delay for homospoil/gradient 

recovery 
;l1: loop for DIPSI cycle: 

((p6*115.112) * l1) = mixing time 
;inf1: 1/SW = 2 * DW 
;in0: 1/(1 * SW) = 2 * DW 
;nd0: 1 
;ns: 8 * n 
;ds: 16 
;td1: number of experiments 
;FnMODE: States-TPPI, TPPI, States 

or QSEQ 
 

;use gradient ratio: gp 1 : gp 2 : gp 
3 : gp 4 

;              1 :    3 :   31 :   11 
 
;for z-only gradients: 
;gpz1: 1% 
;gpz2: 3% 
;gpz3: 31% 
;gpz4: 11% 
 
;use gradient files:    
;gpnam1: SMSQ10.100 
;gpnam2: SMSQ10.100 
;gpnam3: SMSQ10.100 
;gpnam4: SMSQ10.100 

 
;set pl32 to 0W when presaturation is 

not required 
;   use pl1 + 75 to 80dB to reduce 

radiation damping 
 

;Processing 
 
;PHC0(F1): 90 
;PHC1(F1): -180 
;FCOR(F1): 1 
 
;$Id: dipsi2esgpph,v 1.15 2019/02/11 

14:04:14 ber Exp $ 
 

2D ROESY 

;roesyphpr 
;avance-version (12/01/11) 
;2D ROESY with cw spinlock for 

mixing 
;phase sensitive 
; 
;A. Bax & D.G. Davis, J. Magn. Reson 

63, 207-213 (1985) 
; 
;$CLASS=HighRes 
;$DIM=2D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 

 
#include <Avance.incl> 
 
"d11=30m" 
"d12=20u" 
"d13=4u" 
 
"in0=inf1" 
 
"d0=in0/2-p1*2/3.1416-4u" 
 
"acqt0=0" 
 
1 ze 
2 d11 
3 d12 pl9:f1 
  d1 cw:f1 ph29 
  d13 do:f1 
  d12 pl1:f1 
  p1 ph1 
  d0  
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  4u pl11:f1 
  p15 ph2 
  go=2 ph31 
  d11 mc #0 to 2 F1PH(calph(ph1, +90) 

& calph(ph29, +90), caldel(d0, +in0)) 
exit 
 
ph1=0 2 2 0 1 3 3 1  
ph2=0 2 0 2 1 3 1 3 
ph29=0 
ph31=0 2 2 0 1 3 3 1 
 
;pl1 : f1 channel - power level for pulse 

(default) 
;pl9 : f1 channel - power level for 

presaturation 
;pl11: f1 channel - power level for 

ROESY-spinlock 
;p1 : f1 channel -  90 degree high power 

pulse 
;p15: f1 channel - pulse for ROESY 

spinlock 
;d0 : incremented delay (2D) 
;d1 : relaxation delay; 1-5 * T1 

;d11: delay for disk I/O                             
[30 msec] 

;d12: delay for power switching                      
[20 usec] 

;d13: short delay                                    [4 
usec] 

;inf1: 1/SW = 2 * DW 
;in0: 1/(1 * SW) = 2 * DW 
;nd0: 1 
;ns: 8 * n 
;ds: 16 
;td1: number of experiments 
;FnMODE: States-TPPI, TPPI, States 

or QSEQ 
 
;Processing 
 
;PHC0(F1): 180 
;PHC1(F1): -180 
;FCOR(F1): 1 

 
;$Id: roesyphpr,v 1.11 2012/01/31 

17:49:28 ber Exp $ 
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Appendix C: G-quadruplex Chemical Shifts and 

Restraints for Structure Calculations and 

Modelling 
URL for CNSsolve: http://cns-online.org/v1.3/ 

All restraints are in CNS format. All CNS taken from the CNS package: 

Brunger, A. T.; Adams, P. D.; Clore, G. M.; Delano, W. L.; Gros, P.; Grosse-Kunstleve, R. 

W.; Jiang, J.-S.; Kuszewski, J.; Nilges, M.; Pannu, N. S.; Read, R. J.; Rice, L. M.; Simonson, 

T.; Warren, G. L. Acta Cryst. 1998, 54, 905–921.  

Brunger, A. T. Nat. Protoc. 2007, 2 (11), 2728–2733.  

NOE Restraint Format: 

assi (atom identifier) (atom identifier) maximum distance estimated distance minimum 

distance 

Hydrogen Bond Restraint Format: 

assign (atom identifier)  (atom identifier) angle +angle -angle   

Planarity Restraint Format: 

selection=     ((atom identifier) or (atom identifier) or 

  (atom identifier) or (atom identifier) or 

   (atom identifier) or (atom identifier)) 

Quadruplex A 

NOE Restraints 

assi ( resid 15 and name H1 )( resid 16 and name H1 ) 3.5 2.5 2.5 

assi ( resid 8 and name H1 )( resid 7 and name H1 ) 3.5 2.5 2.5 

assi ( resid 18 and name H1 )( resid 19 and name H1 ) 3.5 2.5 2.5 

assi ( resid 25 and name H8 )( resid 24 and name H6 ) 4.0 2.5 2.5 
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assi ( resid 15 and name H1' )( resid 16 and name H8 ) 4.0 2.5 2.5 

assi ( resid 8 and name H1' )( resid 7 and name H8 ) 4.0 2.5 2.5 

assi ( resid 18 and name H1' )( resid 19 and name H8 ) 4.0 2.5 2.5 

Hydrogen Bond Restraints 

! for G15/ G8  base pair 

assign (resid 8 and name N1)  (resid 15 and name O6)    3.00   1.0     1.0   

assign (resid 8 and name H1)  (resid 15 and name O6)    2.10   1.0     1.0   

assign (resid 8 and name N2)  (resid 15 and name N7)    2.80   1.0     1.0   

assign (resid 8 and name H22) (resid 15 and name N7)    1.80   1.0     1.0   

! for G19/ T24  base pair 

assign (resid 19 and name O6)  (resid 24 and name N3)    3.00   1.5     1.5   

assign (resid 19 and name O6)  (resid 24 and name H3)    2.00   1.5     1.5   

assign (resid 19 and name N1)  (resid 24 and name O4)    3.00   1.5     1.5  

assign (resid 19 and name H1)  (resid 24 and name O4)    2.10   1.5     1.5 

! for G8/ G19  base pair 

assign (resid 19 and name N2)  (resid 8 and name O6)    3.00   1.0     1.0  

assign (resid 19 and name H22)  (resid 8 and name O6)    2.10   1.0     1.0   

assign (resid 19 and name N2)  (resid 8 and name N7)    2.80   1.0     1.0   

assign (resid 19 and name H21) (resid 8 and name N7)    1.80   1.0     1.0  

! for G15/ T24  base pair 

assign (resid 15 and name N2)  (resid 24 and name O4)    2.91   1.5     1.5   

assign (resid 15 and name H22)  (resid 24 and name O4)    2.91   1.5     1.5   

! for G16/ G7  base pair 

assign (resid 7 and name N1)  (resid 16 and name O6)    3.00   1.0     1.0   

assign (resid 7 and name H1)  (resid 16 and name O6)    2.10   1.0     1.0   

assign (resid 7 and name N2)  (resid 16 and name N7)    2.80   1.0     1.0   

assign (resid 7 and name H22) (resid 16 and name N7)    1.80   1.0     1.0   

! for G18/ G25  base pair 

assign (resid 18 and name N1)  (resid 25 and name O6)    3.00   1.0     1.0   

assign (resid 18 and name H1)  (resid 25 and name O6)    2.10   1.0     1.0   
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assign (resid 18 and name N2)  (resid 25 and name N7)    2.80   1.0     1.0   

assign (resid 18 and name H22) (resid 25 and name N7)    1.80   1.0     1.0   

! for G7/ G18  base pair 

assign (resid 18 and name N1)  (resid 7 and name O6)    3.00   1.5     1.5  

assign (resid 18 and name H1)  (resid 7 and name O6)    2.10   1.5     1.5   

assign (resid 18 and name N2)  (resid 7 and name N7)    2.80   1.5     1.5   

assign (resid 18 and name H21) (resid 7 and name N7)    1.80   1.5     1.5  

! for G25/ G16  base pair 

assign (resid 25 and name N1)  (resid 16 and name O6)    3.00   1.0     1.0   

assign (resid 25 and name H1)  (resid 16 and name O6)    2.10   1.0     1.0   

assign (resid 25 and name N2)  (resid 16 and name N7)    2.80   1.0     1.0   

assign (resid 25 and name H22) (resid 16 and name N7)    1.80   1.0     1.0   

Planarity Restraints 

! G8-G15  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 15 and name N1) or 

   (resid 15 and name N3) or (resid 15 and name C5)) 

weight = $pscale end 

! G19-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  19 and name N1) or (resid  19 and name N3) or 

  (resid  19 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G8-G19  

!-------------------------------------------------------------------- 

group 
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selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 19 and name N1) or 

   (resid 19 and name N3) or (resid 19 and name C5)) 

weight = $pscale end 

! G19-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  19 and name N1) or (resid  19 and name N3) or 

  (resid  19 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G7-T16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  7 and name N1) or (resid  7 and name N3) or 

  (resid  7 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

! G18-G25  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  18 and name N1) or (resid  18 and name N3) or 

  (resid  18 and name C5) or (resid 25 and name N1) or 

   (resid 25 and name N3) or (resid 25 and name C5)) 

weight = $pscale end 

! G7-G18  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  7 and name N1) or (resid  7 and name N3) or 

  (resid  7 and name C5) or (resid 18 and name N1) or 

   (resid 18 and name N3) or (resid 18 and name C5)) 
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weight = $pscale end 

! G25-G16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  25 and name N1) or (resid  25 and name N3) or 

  (resid  25 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

Resulting Model 

 

Figure C.1 Quadruplex A as Modelled in CNS.79,80,159 A) The bases with hydrogen bonds to 
form the predicted G-quadruplex. B) An overview with arrows to indicate the directionality of the 
DNA strand. 

Quadruplex B 

NOE Restraints 

assi ( resid 15 and name H1 )( resid 16 and name H1 ) 3.5 2.5 2.5 
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assi ( resid 9 and name H1 )( resid 8 and name H1 ) 3.5 2.5 2.5 

assi ( resid 18 and name H1 )( resid 19 and name H1 ) 3.5 2.5 2.5 

assi ( resid 25 and name H8 )( resid 24 and name H6 ) 4.0 2.5 2.5 

assi ( resid 15 and name H1' )( resid 16 and name H8 ) 4.0 2.5 2.5 

assi ( resid 9 and name H1' )( resid 8 and name H8 ) 4.0 2.5 2.5 

assi ( resid 18 and name H1' )( resid 19 and name H8 ) 4.0 2.5 2.5 

Hydrogen Bond Restraints 

! for G15/ G9  base pair 

assign (resid 9 and name N1)  (resid 15 and name O6)    3.00   1.0     1.0   

assign (resid 9 and name H1)  (resid 15 and name O6)    2.10   1.0     1.0   

assign (resid 9 and name N2)  (resid 15 and name N7)    2.80   1.0     1.0   

assign (resid 9 and name H22) (resid 15 and name N7)    1.80   1.0     1.0   

! for G19/ T24  base pair 

assign (resid 19 and name O6)  (resid 24 and name N3)    3.00   1.5     1.5   

assign (resid 19 and name O6)  (resid 24 and name H3)    2.00   1.5     1.5   

assign (resid 19 and name N1)  (resid 24 and name O4)    3.00   1.5     1.5  

assign (resid 19 and name H1)  (resid 24 and name O4)    2.10   1.5     1.5 

! for G9/ G19  base pair 

assign (resid 19 and name N2)  (resid 9 and name O6)    3.00   1.0     1.0  

assign (resid 19 and name H22)  (resid 9 and name O6)    2.10   1.0     1.0   

assign (resid 19 and name N2)  (resid 9 and name N7)    2.80   1.0     1.0   

assign (resid 19 and name H21) (resid 9 and name N7)    1.80   1.0     1.0  

! for G15/ T24  base pair 

assign (resid 15 and name N2)  (resid 24 and name O4)    2.91   1.5     1.5   

assign (resid 15 and name H22)  (resid 24 and name O4)    2.91   1.5     1.5   

! for G16/ G8  base pair 

assign (resid 8 and name N1)  (resid 16 and name O6)    3.00   1.0     1.0   

assign (resid 8 and name H1)  (resid 16 and name O6)    2.10   1.0     1.0   

assign (resid 8 and name N2)  (resid 16 and name N7)    2.80   1.0     1.0   

assign (resid 8 and name H22) (resid 16 and name N7)    1.80   1.0     1.0   
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! for G18/ G25  base pair 

assign (resid 18 and name N1)  (resid 25 and name O6)    3.00   1.0     1.0   

assign (resid 18 and name H1)  (resid 25 and name O6)    2.10   1.0     1.0   

assign (resid 18 and name N2)  (resid 25 and name N7)    2.80   1.0     1.0   

assign (resid 18 and name H22) (resid 25 and name N7)    1.80   1.0     1.0   

! for G8/ G18  base pair 

assign (resid 18 and name N1)  (resid 8 and name O6)    3.00   1.5     1.5  

assign (resid 18 and name H1)  (resid 8 and name O6)    2.10   1.5     1.5   

assign (resid 18 and name N2)  (resid 8 and name N7)    2.80   1.5     1.5   

assign (resid 18 and name H21) (resid 8 and name N7)    1.80   1.5     1.5  

! for G25/ G16  base pair 

assign (resid 25 and name N1)  (resid 16 and name O6)    3.00   1.0     1.0   

assign (resid 25 and name H1)  (resid 16 and name O6)    2.10   1.0     1.0   

assign (resid 25 and name N2)  (resid 16 and name N7)    2.80   1.0     1.0   

assign (resid 25 and name H22) (resid 16 and name N7)    1.80   1.0     1.0   

Planarity Restraints 

! G9-G15  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  9 and name N1) or (resid  9 and name N3) or 

  (resid  9 and name C5) or (resid 15 and name N1) or 

   (resid 15 and name N3) or (resid 15 and name C5)) 

weight = $pscale end 

! G19-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  19 and name N1) or (resid  19 and name N3) or 

  (resid  19 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 
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! G9-G19  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  9 and name N1) or (resid  9 and name N3) or 

  (resid  9 and name C5) or (resid 19 and name N1) or 

   (resid 19 and name N3) or (resid 19 and name C5)) 

weight = $pscale end 

! G15-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  15 and name N1) or (resid  15 and name N3) or 

  (resid  15 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G8-T16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

! G18-G25  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  18 and name N1) or (resid  18 and name N3) or 

  (resid  18 and name C5) or (resid 25 and name N1) or 

   (resid 25 and name N3) or (resid 25 and name C5)) 

weight = $pscale end 

! G8-G18  

!-------------------------------------------------------------------- 

group 
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selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 18 and name N1) or 

   (resid 18 and name N3) or (resid 18 and name C5)) 

weight = $pscale end 

! G25-G16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  25 and name N1) or (resid  25 and name N3) or 

  (resid  25 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

Resulting Model 

 

Figure C.2 Quadruplex B as Modelled in CNS.79,80,159 A) The bases with hydrogen bonds to 
form the predicted G-quadruplex. B) An overview with arrows to indicate the directionality of the 
DNA strand.  
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Quadruplex C 

NOE Restraints 

assi ( resid 7 and name H1 )( resid 8 and name H1 ) 3.5 2.5 2.5 

assi ( resid 15 and name H1 )( resid 16 and name H1 ) 3.5 2.5 2.5 

assi ( resid 19 and name H1 )( resid 18 and name H1 ) 3.5 2.5 2.5 

assi ( resid 25 and name H8 )( resid 24 and name H6 ) 4.0 2.5 2.5 

assi ( resid 7 and name H1' )( resid 8 and name H8 ) 4.0 2.5 2.5 

assi ( resid 15 and name H1' )( resid 16 and name H8 ) 4.0 2.5 2.5 

assi ( resid 19 and name H1' )( resid 18 and name H8 ) 4.0 2.5 2.5 

Hydrogen Bond Restraints 

! for G7/ G15  base pair 

assign (resid 15 and name N1)  (resid 7 and name O6)    3.00   1.0     1.0   

assign (resid 15 and name H1)  (resid 7 and name O6)    2.10   1.0     1.0   

assign (resid 15 and name N2)  (resid 7 and name N7)    2.80   1.0     1.0   

assign (resid 15 and name H22) (resid 7 and name N7)    1.80   1.0     1.0   

! for G18/ T24  base pair 

assign (resid 18 and name O6)  (resid 24 and name N3)    3.00   1.5     1.5   

assign (resid 18 and name O6)  (resid 24 and name H3)    2.00   1.5     1.5   

assign (resid 18 and name N1)  (resid 24 and name O4)    3.00   1.5     1.5  

assign (resid 18 and name H1)  (resid 24 and name O4)    2.10   1.5     1.5 

! for G15/ G18  base pair 

assign (resid 18 and name N2)  (resid 15 and name O6)    3.00   1.0     1.0  

assign (resid 18 and name H22)  (resid 15 and name O6)    2.10   1.0     1.0   

assign (resid 18 and name N2)  (resid 15 and name N7)    2.80   1.0     1.0   

assign (resid 18 and name H21) (resid 15 and name N7)    1.80   1.0     1.0  

! for G7/ T24  base pair 

assign (resid 7 and name N2)  (resid 24 and name O4)    2.91   1.5     1.5   
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assign (resid 7 and name H22)  (resid 24 and name O4)    2.91   1.5     1.5   

! for G8/ G16  base pair 

assign (resid 16 and name N1)  (resid 8 and name O6)    3.00   1.0     1.0   

assign (resid 16 and name H1)  (resid 8 and name O6)    2.10   1.0     1.0   

assign (resid 16 and name N2)  (resid 8 and name N7)    2.80   1.0     1.0   

assign (resid 16 and name H22) (resid 8 and name N7)    1.80   1.0     1.0   

! for G19/ G25  base pair 

assign (resid 19 and name N1)  (resid 25 and name O6)    3.00   1.0     1.0   

assign (resid 19 and name H1)  (resid 25 and name O6)    2.10   1.0     1.0   

assign (resid 19 and name N2)  (resid 25 and name N7)    2.80   1.0     1.0   

assign (resid 19 and name H22) (resid 25 and name N7)    1.80   1.0     1.0   

! for G16/ G19  base pair 

assign (resid 19 and name N1)  (resid 16 and name O6)    3.00   1.5     1.5  

assign (resid 19 and name H1)  (resid 16 and name O6)    2.10   1.5     1.5   

assign (resid 19 and name N2)  (resid 16 and name N7)    2.80   1.5     1.5   

assign (resid 19 and name H21) (resid 16 and name N7)    1.80   1.5     1.5  

! for G25/ G8  base pair 

assign (resid 25 and name N1)  (resid 8 and name O6)    3.00   1.0     1.0   

assign (resid 25 and name H1)  (resid 8 and name O6)    2.10   1.0     1.0   

assign (resid 25 and name N2)  (resid 8 and name N7)    2.80   1.0     1.0   

assign (resid 25 and name H22) (resid 8 and name N7)    1.80   1.0     1.0   

Planarity Restraints 

! G7-G15  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  7 and name N1) or (resid  7 and name N3) or 

  (resid  7 and name C5) or (resid 15 and name N1) or 

   (resid 15 and name N3) or (resid 15 and name C5)) 

weight = $pscale end 

! G18-T24  
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!-------------------------------------------------------------------- 

group 

selection=     ((resid  18 and name N1) or (resid  18 and name N3) or 

  (resid  18 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G15-G18  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  15 and name N1) or (resid  15 and name N3) or 

  (resid  15 and name C5) or (resid 18 and name N1) or 

   (resid 18 and name N3) or (resid 18 and name C5)) 

weight = $pscale end 

! G7-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  7 and name N1) or (resid  7 and name N3) or 

  (resid  7 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G8-T16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

! G19-G25  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  19 and name N1) or (resid  19 and name N3) or 
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  (resid  19 and name C5) or (resid 25 and name N1) or 

   (resid 25 and name N3) or (resid 25 and name C5)) 

weight = $pscale end 

! G16-G19  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  16 and name N1) or (resid  16 and name N3) or 

  (resid  16 and name C5) or (resid 19 and name N1) or 

   (resid 19 and name N3) or (resid 19 and name C5)) 

weight = $pscale end 

! G25-G8  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  25 and name N1) or (resid  25 and name N3) or 

  (resid  25 and name C5) or (resid 8 and name N1) or 

   (resid 8 and name N3) or (resid 8 and name C5)) 

weight = $pscale end 
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Resulting Model 

 

Figure C.3 Quadruplex C as Modelled in CNS.79,80,159 A) The bases with hydrogen bonds to 
form the predicted G-quadruplex. B) An overview with arrows to indicate the directionality of the 
DNA strand. 

Quadruplex D 

NOE Restraints 

assi ( resid 8 and name H1 )( resid 9 and name H1 ) 3.5 2.5 2.5 

assi ( resid 15 and name H1 )( resid 16 and name H1 ) 3.5 2.5 2.5 

assi ( resid 19 and name H1 )( resid 18 and name H1 ) 3.5 2.5 2.5 

assi ( resid 25 and name H8 )( resid 24 and name H6 ) 4.0 2.5 2.5 

assi ( resid 8 and name H1' )( resid 9 and name H8 ) 4.0 2.5 2.5 

assi ( resid 15 and name H1' )( resid 16 and name H8 ) 4.0 2.5 2.5 

assi ( resid 19 and name H1' )( resid 18 and name H8 ) 4.0 2.5 2.5 
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Hydrogen Bond Restraints 

! for G8/ G15  base pair 

assign (resid 15 and name N1)  (resid 8 and name O6)    3.00   1.0     1.0   

assign (resid 15 and name H1)  (resid 8 and name O6)    2.10   1.0     1.0   

assign (resid 15 and name N2)  (resid 8 and name N7)    2.80   1.0     1.0   

assign (resid 15 and name H22) (resid 8 and name N7)    1.80   1.0     1.0   

! for G18/ T24  base pair 

assign (resid 18 and name O6)  (resid 24 and name N3)    3.00   1.5     1.5   

assign (resid 18 and name O6)  (resid 24 and name H3)    2.00   1.5     1.5   

assign (resid 18 and name N1)  (resid 24 and name O4)    3.00   1.5     1.5  

assign (resid 18 and name H1)  (resid 24 and name O4)    2.10   1.5     1.5 

! for G15/ G18  base pair 

assign (resid 18 and name N2)  (resid 15 and name O6)    3.00   1.0     1.0  

assign (resid 18 and name H22)  (resid 15 and name O6)    2.10   1.0     1.0   

assign (resid 18 and name N2)  (resid 15 and name N7)    2.80   1.0     1.0   

assign (resid 18 and name H21) (resid 15 and name N7)    1.80   1.0     1.0  

! for G8/ T24  base pair 

assign (resid 8 and name N2)  (resid 24 and name O4)    2.91   1.5     1.5   

assign (resid 8 and name H22)  (resid 24 and name O4)    2.91   1.5     1.5   

! for G9/ G16  base pair 

assign (resid 16 and name N1)  (resid 9 and name O6)    3.00   1.0     1.0   

assign (resid 16 and name H1)  (resid 9 and name O6)    2.10   1.0     1.0   

assign (resid 16 and name N2)  (resid 9 and name N7)    2.80   1.0     1.0   

assign (resid 16 and name H22) (resid 9 and name N7)    1.80   1.0     1.0   

! for G19/ G25  base pair 

assign (resid 19 and name N1)  (resid 25 and name O6)    3.00   1.0     1.0   

assign (resid 19 and name H1)  (resid 25 and name O6)    2.10   1.0     1.0   

assign (resid 19 and name N2)  (resid 25 and name N7)    2.80   1.0     1.0   

assign (resid 19 and name H22) (resid 25 and name N7)    1.80   1.0     1.0   

! for G16/ G19  base pair 
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assign (resid 19 and name N1)  (resid 16 and name O6)    3.00   1.5     1.5  

assign (resid 19 and name H1)  (resid 16 and name O6)    2.10   1.5     1.5   

assign (resid 19 and name N2)  (resid 16 and name N7)    2.80   1.5     1.5   

assign (resid 19 and name H21) (resid 16 and name N7)    1.80   1.5     1.5  

! for G25/ G9  base pair 

assign (resid 25 and name N1)  (resid 9 and name O6)    3.00   1.0     1.0   

assign (resid 25 and name H1)  (resid 9 and name O6)    2.10   1.0     1.0   

assign (resid 25 and name N2)  (resid 9 and name N7)    2.80   1.0     1.0   

assign (resid 25 and name H22) (resid 9 and name N7)    1.80   1.0     1.0   

Planarity Restraints 

! G8-G15  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 15 and name N1) or 

   (resid 15 and name N3) or (resid 15 and name C5)) 

weight = $pscale end 

! G18-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  18 and name N1) or (resid  18 and name N3) or 

  (resid  18 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G15-G18  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  15 and name N1) or (resid  15 and name N3) or 

  (resid  15 and name C5) or (resid 18 and name N1) or 

   (resid 18 and name N3) or (resid 18 and name C5)) 
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weight = $pscale end 

! G8-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G9-T16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  9 and name N1) or (resid  9 and name N3) or 

  (resid  9 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

! G19-G25  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  19 and name N1) or (resid  19 and name N3) or 

  (resid  19 and name C5) or (resid 25 and name N1) or 

   (resid 25 and name N3) or (resid 25 and name C5)) 

weight = $pscale end 

! G16-G19  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  16 and name N1) or (resid  16 and name N3) or 

  (resid  16 and name C5) or (resid 19 and name N1) or 

   (resid 19 and name N3) or (resid 19 and name C5)) 

weight = $pscale end 

! G25-G9  

!-------------------------------------------------------------------- 



140 
 

group 

selection=     ((resid  25 and name N1) or (resid  25 and name N3) or 

  (resid  25 and name C5) or (resid 9 and name N1) or 

   (resid 9 and name N3) or (resid 9 and name C5)) 

weight = $pscale end 

Resulting Model 

 

Figure C.4 Quadruplex D as Modelled in CNS.79,80,159 A) The bases with hydrogen bonds to 
form the predicted G-quadruplex. B) An overview with arrows to indicate the directionality of the 
DNA strand. 

Quadruplex E 

NOE Restraints 

assi ( resid 7 and name H1 )( resid 8 and name H1 ) 3.5 2.5 2.5 

assi ( resid 16 and name H1 )( resid 15 and name H1 ) 3.5 2.5 2.5 

assi ( resid 18 and name H1 )( resid 19 and name H1 ) 3.5 2.5 2.5 

assi ( resid 25 and name H8 )( resid 24 and name H6 ) 4.0 2.5 2.5 
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assi ( resid 7 and name H1' )( resid 8 and name H8 ) 4.0 2.5 2.5 

assi ( resid 16 and name H1' )( resid 15 and name H8 ) 4.0 2.5 2.5 

assi ( resid 18 and name H1' )( resid 19 and name H8 ) 4.0 2.5 2.5 

Hydrogen Bond Restraints 

! for G8/ G15  base pair 

assign (resid 15 and name N1)  (resid 8 and name O6)    3.00   1.0     1.0   

assign (resid 15 and name H1)  (resid 8 and name O6)    2.10   1.0     1.0   

assign (resid 15 and name N2)  (resid 8 and name N7)    2.80   1.0     1.0   

assign (resid 15 and name H22) (resid 8 and name N7)    1.80   1.0     1.0   

! for G19/ T24  base pair 

assign (resid 19 and name O6)  (resid 24 and name N3)    3.00   1.5     1.5   

assign (resid 19 and name O6)  (resid 24 and name H3)    2.00   1.5     1.5   

assign (resid 19 and name N1)  (resid 24 and name O4)    3.00   1.5     1.5  

assign (resid 19 and name H1)  (resid 24 and name O4)    2.10   1.5     1.5 

! for G15/ G19  base pair 

assign (resid 19 and name N2)  (resid 15 and name O6)    3.00   1.0     1.0  

assign (resid 19 and name H22)  (resid 15 and name O6)    2.10   1.0     1.0   

assign (resid 19 and name N2)  (resid 15 and name N7)    2.80   1.0     1.0   

assign (resid 19 and name H21) (resid 15 and name N7)    1.80   1.0     1.0  

! for G8/ T24  base pair 

assign (resid 8 and name N2)  (resid 24 and name O4)    2.91   1.5     1.5   

assign (resid 8 and name H22)  (resid 24 and name O4)    2.91   1.5     1.5   

! for G7/ G16  base pair 

assign (resid 16 and name N1)  (resid 7 and name O6)    3.00   1.0     1.0   

assign (resid 16 and name H1)  (resid 7 and name O6)    2.10   1.0     1.0   

assign (resid 16 and name N2)  (resid 7 and name N7)    2.80   1.0     1.0   

assign (resid 16 and name H22) (resid 7 and name N7)    1.80   1.0     1.0   

! for G18/ G25  base pair 

assign (resid 18 and name N1)  (resid 25 and name O6)    3.00   1.0     1.0   

assign (resid 18 and name H1)  (resid 25 and name O6)    2.10   1.0     1.0   
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assign (resid 18 and name N2)  (resid 25 and name N7)    2.80   1.0     1.0   

assign (resid 18 and name H22) (resid 25 and name N7)    1.80   1.0     1.0   

! for G16/ G18  base pair 

assign (resid 18 and name N1)  (resid 16 and name O6)    3.00   1.5     1.5  

assign (resid 18 and name H1)  (resid 16 and name O6)    2.10   1.5     1.5   

assign (resid 18 and name N2)  (resid 16 and name N7)    2.80   1.5     1.5   

assign (resid 18 and name H21) (resid 16 and name N7)    1.80   1.5     1.5  

! for G25/ G7  base pair 

assign (resid 25 and name N1)  (resid 7 and name O6)    3.00   1.0     1.0   

assign (resid 25 and name H1)  (resid 7 and name O6)    2.10   1.0     1.0   

assign (resid 25 and name N2)  (resid 7 and name N7)    2.80   1.0     1.0   

assign (resid 25 and name H22) (resid 7 and name N7)    1.80   1.0     1.0   

Planarity Restraints 

! G8-G15  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 15 and name N1) or 

   (resid 15 and name N3) or (resid 15 and name C5)) 

weight = $pscale end 

! G19-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  19 and name N1) or (resid  19 and name N3) or 

  (resid  19 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G16-G19  

!-------------------------------------------------------------------- 

group 
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selection=     ((resid  15 and name N1) or (resid  15 and name N3) or 

  (resid  15 and name C5) or (resid 19 and name N1) or 

   (resid 19 and name N3) or (resid 19 and name C5)) 

weight = $pscale end 

! G8-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G7-T16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  7 and name N1) or (resid  7 and name N3) or 

  (resid  7 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

! G18-G25  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  18 and name N1) or (resid  18 and name N3) or 

  (resid  18 and name C5) or (resid 25 and name N1) or 

   (resid 25 and name N3) or (resid 25 and name C5)) 

weight = $pscale end 

! G16-G18  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  16 and name N1) or (resid  16 and name N3) or 

  (resid  16 and name C5) or (resid 18 and name N1) or 

   (resid 18 and name N3) or (resid 18 and name C5)) 
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weight = $pscale end 

! G25-G7  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  25 and name N1) or (resid  25 and name N3) or 

  (resid  25 and name C5) or (resid 7 and name N1) or 

   (resid 7 and name N3) or (resid 7 and name C5)) 

weight = $pscale end 

Resulting Model 

 

Figure C.5 Quadruplex E as Modelled in CNS.79,80,159 A) The bases with hydrogen bonds to 
form the predicted G-quadruplex. B) An overview with arrows to indicate the directionality of the 
DNA strand. 
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Quadruplex F 

NOE Restraints 

assi ( resid 8 and name H1 )( resid 9 and name H1 ) 3.5 2.5 2.5 

assi ( resid 16 and name H1 )( resid 15 and name H1 ) 3.5 2.5 2.5 

assi ( resid 18 and name H1 )( resid 19 and name H1 ) 3.5 2.5 2.5 

assi ( resid 25 and name H8 )( resid 24 and name H6 ) 4.0 2.5 2.5 

assi ( resid 8 and name H1' )( resid 9 and name H8 ) 4.0 2.5 2.5 

assi ( resid 16 and name H1' )( resid 15 and name H8 ) 4.0 2.5 2.5 

assi ( resid 18 and name H1' )( resid 19 and name H8 ) 4.0 2.5 2.5 

Hydrogen Bond Restraints 

! for G9/ G15  base pair 

assign (resid 15 and name N1)  (resid 9 and name O6)    3.00   1.0     1.0   

assign (resid 15 and name H1)  (resid 9 and name O6)    2.10   1.0     1.0   

assign (resid 15 and name N2)  (resid 9 and name N7)    2.80   1.0     1.0   

assign (resid 15 and name H22) (resid 9 and name N7)    1.80   1.0     1.0   

! for G19/ T24  base pair 

assign (resid 19 and name O6)  (resid 24 and name N3)    3.00   1.5     1.5   

assign (resid 19 and name O6)  (resid 24 and name H3)    2.00   1.5     1.5   

assign (resid 19 and name N1)  (resid 24 and name O4)    3.00   1.5     1.5  

assign (resid 19 and name H1)  (resid 24 and name O4)    2.10   1.5     1.5 

! for G15/ G19  base pair 

assign (resid 19 and name N2)  (resid 15 and name O6)    3.00   1.0     1.0  

assign (resid 19 and name H22)  (resid 15 and name O6)    2.10   1.0     1.0   

assign (resid 19 and name N2)  (resid 15 and name N7)    2.80   1.0     1.0   

assign (resid 19 and name H21) (resid 15 and name N7)    1.80   1.0     1.0  

! for G9/ T24  base pair 

assign (resid 9 and name N2)  (resid 24 and name O4)    2.91   1.5     1.5   

assign (resid 9 and name H22)  (resid 24 and name O4)    2.91   1.5     1.5   
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! for G8/ G16  base pair 

assign (resid 16 and name N1)  (resid 8 and name O6)    3.00   1.0     1.0   

assign (resid 16 and name H1)  (resid 8 and name O6)    2.10   1.0     1.0   

assign (resid 16 and name N2)  (resid 8 and name N7)    2.80   1.0     1.0   

assign (resid 16 and name H22) (resid 8 and name N7)    1.80   1.0     1.0   

! for G18/ G25  base pair 

assign (resid 18 and name N1)  (resid 25 and name O6)    3.00   1.0     1.0   

assign (resid 18 and name H1)  (resid 25 and name O6)    2.10   1.0     1.0   

assign (resid 18 and name N2)  (resid 25 and name N7)    2.80   1.0     1.0   

assign (resid 18 and name H22) (resid 25 and name N7)    1.80   1.0     1.0   

! for G16/ G18  base pair 

assign (resid 18 and name N1)  (resid 16 and name O6)    3.00   1.5     1.5  

assign (resid 18 and name H1)  (resid 16 and name O6)    2.10   1.5     1.5   

assign (resid 18 and name N2)  (resid 16 and name N7)    2.80   1.5     1.5   

assign (resid 18 and name H21) (resid 16 and name N7)    1.80   1.5     1.5  

! for G25/ G8  base pair 

assign (resid 25 and name N1)  (resid 8 and name O6)    3.00   1.0     1.0   

assign (resid 25 and name H1)  (resid 8 and name O6)    2.10   1.0     1.0   

assign (resid 25 and name N2)  (resid 8 and name N7)    2.80   1.0     1.0   

assign (resid 25 and name H22) (resid 8 and name N7)    1.80   1.0     1.0   

Planarity Restraints 

! G9-G15  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  9 and name N1) or (resid  9 and name N3) or 

  (resid  9 and name C5) or (resid 15 and name N1) or 

   (resid 15 and name N3) or (resid 15 and name C5)) 

weight = $pscale end 

! G19-T24  

!-------------------------------------------------------------------- 
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group 

selection=     ((resid  19 and name N1) or (resid  19 and name N3) or 

  (resid  19 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G16-G19  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  15 and name N1) or (resid  15 and name N3) or 

  (resid  15 and name C5) or (resid 19 and name N1) or 

   (resid 19 and name N3) or (resid 19 and name C5)) 

weight = $pscale end 

! G9-T24  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  9 and name N1) or (resid  9 and name N3) or 

  (resid  9 and name C5) or (resid 24 and name N1) or 

   (resid 24 and name N3) or (resid 24 and name C5)) 

weight = $pscale end 

! G8-T16  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  8 and name N1) or (resid  8 and name N3) or 

  (resid  8 and name C5) or (resid 16 and name N1) or 

   (resid 16 and name N3) or (resid 16 and name C5)) 

weight = $pscale end 

 

! G18-G25  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  18 and name N1) or (resid  18 and name N3) or 
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  (resid  18 and name C5) or (resid 25 and name N1) or 

   (resid 25 and name N3) or (resid 25 and name C5)) 

weight = $pscale end 

! G16-G18  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  16 and name N1) or (resid  16 and name N3) or 

  (resid  16 and name C5) or (resid 18 and name N1) or 

   (resid 18 and name N3) or (resid 18 and name C5)) 

weight = $pscale end 

! G25-G8  

!-------------------------------------------------------------------- 

group 

selection=     ((resid  25 and name N1) or (resid  25 and name N3) or 

  (resid  25 and name C5) or (resid 8 and name N1) or 

   (resid 8 and name N3) or (resid 8 and name C5)) 

weight = $pscale end 
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Resulting Model 

 

Figure C.6 Quadruplex F as Modelled in CNS.79,80,159 A) The bases with hydrogen bonds to 
form the predicted G-quadruplex. B) An overview with arrows to indicate the directionality of the 
DNA strand. 
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Appendix D: Energies From CNS 
Table D.1 CNS energies for Quadruplex A 

Structure Energy 

Total 

Energy 

Bond 

Energy 

Angle 

Energy 

Improper 

Dihedral 

Energy van 

der Waals 

Energy 

NOE 

1 462.191 17.835 61.442 35.190 176.673 21.043 

2 958.198 25.196 75.267 60.190 303.778 81.787 

3 687.614 23.609 63.176 45.677 234.240 53.840 

4 893.582 23.046 59.329 46.953 291.092 77.005 

5 586.580 16.827 66.132 34.169 197.047 39.849 

6 598.982 17.454 60.745 29.541 192.767 62.231 

7 838.161 34.949 65.626 28.345 220.321 55.445 

8 677.183 19.240 75.040 49.800 217.091 53.006 

9 935.407 28.689 68.351 53.405 299.055 82.096 

10 682.634 22.966 56.560 48.298 229.227 51.888 

11 616.761 18.668 60.147 24.227 186.686 38.794 

12 744.086 27.810 89.524 47.099 281.075 66.864 

13 671.029 20.997 66.685 40.364 217.475 43.444 

14 658.894 20.955 61.210 44.456 228.298 34.473 

15 961.592 22.066 55.401 57.348 270.690 81.344 

16 564.623 19.396 70.800 54.097 173.192 24.508 

17 941.722 23.875 56.739 32.541 208.577 39.393 

18 617.346 24.808 73.488 51.171 223.181 43.420 

19 486.130 20.803 65.548 33.431 204.427 24.822 

20 873.332 37.883 57.900 24.171 252.600 79.214 
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Table D.2 CNS energies for Quadruplex B 

Structure Energy 

Total 

Energy 

Bond 

Energy 

Angle 

Energy 

Improper 

Dihedral 

Energy van 

der Waals 

Energy 

NOE 

1 875.260 28.717 91.826 47.995 255.664 71.866 

2 876.906 24.861 77.413 63.731 318.960 92.634 

3 807.630 24.232 60.784 37.889 223.507 54.938 

4 606.306 14.393 65.457 35.531 202.523 46.586 

5 1174.810 34.111 68.572 27.109 257.326 48.158 

6 818.002 27.592 56.176 37.629 218.900 54.562 

7 792.797 30.411 54.303 21.010 210.959 56.185 

8 718.243 29.389 90.264 51.641 254.841 76.034 

9 687.719 25.258 74.471 52.601 254.311 61.171 

10 651.954 17.660 65.481 32.695 187.895 60.331 

11 1009.290 30.818 95.501 51.813 340.090 74.911 

12 667.162 26.783 98.453 55.042 249.899 65.460 

13 806.544 29.318 101.550 75.431 241.184 37.825 

14 755.352 23.244 72.975 33.327 270.830 51.707 

15 522.157 18.909 58.696 24.370 189.598 38.137 

16 684.329 14.500 52.397 32.480 189.428 46.645 

17 1009.110 25.300 69.445 59.253 275.678 86.964 

18 605.956 17.640 62.481 38.735 219.620 32.515 

19 980.704 23.102 61.393 57.177 263.072 82.718 

20 865.787 44.053 115.994 45.886 286.205 72.723 
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Table D.3 CNS energies for Quadruplex C 

Structure Energy 

Total 

Energy 

Bond 

Energy 

Angle 

Energy 

Improper 

Dihedral 

Energy van 

der Waals 

Energy 

NOE 

1 383.861 15.883 65.783 16.394 231.704 27.652 

2 318.861 12.267 49.956 17.437 169.231 23.604 

3 710.260 19.038 65.302 37.983 267.247 57.529 

4 340.908 15.236 64.007 13.790 204.221 26.781 

5 526.506 20.816 82.350 29.638 237.982 40.948 

6 382.077 18.243 76.690 16.676 210.456 28.185 

7 357.942 13.956 58.849 17.504 196.166 19.971 

8 566.736 15.330 57.169 42.571 196.675 27.017 

9 398.802 13.780 58.924 18.703 221.871 39.557 

10 430.859 20.001 61.637 36.709 189.663 37.617 

11 526.932 12.691 47.379 32.842 170.887 20.122 

12 324.406 14.709 55.979 13.728 196.129 23.226 

13 350.390 16.479 67.247 14.992 198.604 22.295 

14 459.868 15.372 63.217 18.253 224.150 40.888 

15 562.159 19.568 59.440 48.302 153.036 30.644 

16 899.838 28.088 87.690 47.441 307.505 72.329 

17 321.602 13.675 57.421 17.509 164.252 19.950 

18 785.744 25.953 94.760 50.919 260.085 58.981 

19 308.462 11.536 49.661 16.185 264.448 17.380 

20 631.714 21.414 69.566 41.565 158.001 42.782 
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Table D.4 CNS energies for Quadruplex D 

Structure Energy 

Total 

Energy 

Bond 

Energy 

Angle 

Energy 

Improper 

Dihedral 

Energy van 

der Waals 

Energy 

NOE 

1 344.652 14.036 59.422 17.189 181.209 22.013 

2 456.945 12.552 58.492 31.042 156.727 24.250 

3 299.502 13.796 52.655 10.821 188.599 21.949 

4 294.341 11.366 46.174 14.238 177.650 22.045 

5 395.151 11.090 50.892 27.815 133.604 7.720 

6 335.108 13.267 54.409 15.919 185.369 17.343 

7 681.814 15.980 64.467 34.594 240.195 39.175 

8 777.866 21.667 74.089 56.175 200.814 58.414 

9 288.941 10.281 45.601 16.234 143.904 16.813 

10 301.050 10.569 44.103 16.933 156.437 17.324 

11 441.795 14.779 54.016 18.431 213.639 42.133 

12 339.533 11.120 48.966 17.799 181.235 22.536 

13 363.970 12.785 56.824 20.274 197.156 17.594 

14 633.793 17.900 54.093 42.528 212.755 46.057 

15 517.475 21.468 82.384 37.369 231.796 40.146 

16 367.355 10.245 50.274 25.993 112.611 8.641 

17 325.582 13.784 56.267 12.779 201.533 21.035 

18 317.106 12.101 50.743 18.027 167.126 20.798 

19 413.417 13.852 56.762 18.803 180.423 35.344 

20 864.091 18.376 53.182 20.272 171.574 9.030 
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Table D.5 CNS energies for Quadruplex E 

Structure Energy 

Total 

Energy 

Bond 

Energy 

Angle 

Energy 

Improper 

Dihedral 

Energy van 

der Waals 

Energy 

NOE 

1 589.983 17.487 46.556 29.862 237.294 49.659 

2 282.393 10.569 42.606 15.899 145.548 18.144 

3 534.379 11.086 49.035 32.314 150.659 21.399 

4 642.876 16.479 50.935 37.879 237.967 41.518 

5 684.944 16.927 54.643 27.198 231.287 53.003 

6 277.666 9.109 39.572 16.108 142.944 17.324 

7 561.996 17.956 82.690 30.249 220.852 33.749 

8 843.993 17.472 60.708 49.179 306.566 73.566 

9 414.317 15.573 55.068 18.554 176.249 34.127 

10 504.172 14.900 57.318 27.009 190.243 32.184 

11 667.866 16.014 60.189 61.779 157.405 33.985 

12 378.511 14.732 62.132 20.515 198.399 28.258 

13 558.144 22.676 84.281 26.792 256.985 89.078 

14 293.191 9.784 40.538 16.611 157.721 17.196 

15 713.701 18.203 57.350 41.287 262.496 51.573 

16 456.406 16.182 59.061 19.382 215.770 48.387 

17 473.403 10.958 46.017 26.638 129.766 14.667 

18 676.599 19.506 59.124 34.418 175.299 29.631 

19 264.293 8.935 41.331 17.275 125.524 16.734 

20 411.640 13.734 48.888 23.813 202.979 54.575 
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Table D.6 CNS energies for Quadruplex F 

Structure Energy 

Total 

Energy 

Bond 

Energy 

Angle 

Energy 

Improper 

Dihedral 

Energy van 

der Waals 

Energy 

NOE 

1 336.582 13.415 58.438 18.683 170.912 21.074 

2 683.608 17.607 47.270 38.696 216.952 59.832 

3 376.931 11.570 48.090 14.575 153.355 28.191 

4 369.346 13.893 56.323 20.889 185.698 26.214 

5 307.746 9.718 43.912 16.287 159.463 20.214 

6 732.673 18.824 42.134 19.352 128.410 17.735 

7 596.466 18.670 64.593 53.872 239.616 55.777 

8 440.210 17.477 62.883 20.184 195.231 32.475 

9 324.840 14.880 57.969 13.401 186.044 30.730 

10 272.837 11.673 46.073 10.899 167.477 20.814 

11 413.317 17.548 53.324 18.036 223.247 54.422 

12 375.631 14.218 48.925 16.659 159.860 35.918 

13 382.561 12.880 46.733 19.847 162.646 34.676 

14 350.248 16.089 63.853 16.690 198.960 20.722 

15 412.421 16.039 53.335 17.817 191.762 44.311 

16 303.461 10.639 43.153 17.739 150.269 15.058 

17 318.736 11.566 48.660 17.774 157.148 13.955 

18 306.733 10.251 40.743 17.251 162.260 19.783 

19 640.167 17.453 53.187 33.717 222.939 43.125 

20 280.337 13.597 51.832 11.404 165.132 21.612 

 


