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Abstract 

Fluorescent Modified Nucleosides and Their Impact on Structure and Function of 
a Model Aptamer 

Abigail Van Riesen        Advisor: 

University of Guelph. 2016   Professor Richard A. Manderville 

 

A number of non-natural nucleic acid monomers were synthesized and employed 

in a model system in an effort to demonstrate the potential for expanding the chemical 

repertoire of previously known functional nucleic acids. Aptamers, a type of functional 

nucleic acids capable of target-specific binding, have been employed in a variety of 

applications which take advantage of their functionality offered by the structures formed 

as a result of their intramolecular interactions. These interactions are the basis of the 

formation of structures such as the G-quadruplex, a structure composed of stacked 

guanine-tetrads, which is adopted by a well-studied model aptamer for thrombin. The 

synthesis of modified guanine probes, 8-(4ʹʹ-styryl)-2ʹ-dG (StydG), 8-(4ʹʹ-cyanostyrene)-2ʹ-

dG (CNdG), as well as modified 5-furyl-2′-deoxyuridine (FurdU) are presented in this 

thesis. The investigations herein detail the synthesis and incorporation of modified 

nucleic acids into this model aptamer, TBA, thereby demonstrating the effects of 

expanding the chemical repertoire on functionality, as determined by parameters such 

as binding, fluorescence, and stability. 
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Chapter 1: Introduction 
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1.1 DNA Structure and Function 

The seminal work on elucidating the structure of deoxyribonucleic acid (DNA), by 

Watson and Crick in 1953, revealed the secondary structure.1  This ultimately set the 

course of nucleic acids research for many years as interest in structural aspects was 

amplified, and as a result nucleic acids were widely considered to be solely capable of 

storage of genetic material. Interestingly, it was Crick who was one of the first, along 

with Woese and Orgel, to propose the potential for functionality beyond genetic storage, 

such as capability to perform catalytic functions, in what is now known as the “RNA 

World” hypothesis.2,3,4 This theory changed the focus of nucleic acids research, as it led 

to a series of discoveries that confirmed their capabilities that ranged beyond storage of 

genetic material. The Nobel-prize winning discovery of naturally occurring RNA, which 

was shown to be capable of catalytic splicing, was the initial evidence in support of the 

functionality of nucleic acids.5,6 The structural versatility of nucleic acids that enables 

this functionality comes from interactions with its essential constituents. DNA is 

composed of three essential components: a nitrogen-containing nucleobase, a 

monosaccharide sugar, known as deoxyribose, and a phosphate group. There are four 

natural DNA nucleobases: guanine (G), adenine (A), thymine (T) and cytosine (C). The 

two-carbon nitrogen ring bases, A and G, are referred to as purines, while the one-

carbon nitrogen ring bases, T and C, are known as pyrimidines. Nucleobases are 

connected to the 2’-deoxyribose sugar through a β-glycosidic bond to form 

nucleosides.1,7 
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Figure 1. Oligonucleotide containing four nucleotides linked together with 
phosphodiester bonds. Nucleobases (A), (G), (C), and (T) are shown in green, yellow, 
red and blue respectively.

 

Nucleosides are joined to a phosphate covalently bonded to the 5’-OH, which in 

turn joins the deoxyribose sugar of the one nucleoside to the 3’-OH pentose sugar 

position of the other, forming the stable phosphodiester backbone of DNA. This 

repetitive alternating sugar-phosphate pattern continues on to form a single-stranded 

oligonucleotide (Figure 1). The exposed negatively charged phosphates cause the 

outside of the DNA to have an overall negative charge, susceptible to complexing with 

monovalent cations (typically Na+ or K+),8,9 divalent cations (Mg2+),10,11 and cellular 

proteins (DNA-binding proteins containing cationic amino acid residues).12,13  
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Nucleobases possess two edges for which interaction, via hydrogen bonding, 

can occur: the Watson-Crick edge and the Hoogsteen edge (Figure 2).1,14,15,  The edge 

of one base can potentially interact in a plane with any one of the edges of a second 

base, and can do so in either syn or anti orientation. This is made possible by the 

rotational ability of the nucleobases offered by the glycosidic bond.1,16 Nucleosides 

generally show a stronger preference for the anti conformation, with the exception of G, 

where syn is more sterically favourable.15  

Figure 2. Guanosine in syn and anti conformations about the glycosidic bond. 



5 
 

      

 

Figure 3. A) Watson and Crick hydrogen bonding between base pairs. B) Hoogsteen 
bonding between base pairs. The N3 of C is protonated to provide the second H-bond 
to stabilize the G:C pair. 

 

DNA molecules can consist of two biopolymer strands coiled around each other 

to form a double helix conformation known as B-DNA. This form is one the most 

prevalent types of DNA duplexes detected in cells. B-DNA is made up of two anti-

parallel DNA strands that interact through Watson-Crick base pairing. Residues reside 

in anti orientation base pair alignments and secondary structure can be further defined 

by its major and minor grooves (Figure 4). 
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Figure 4. Structure of B-form DNA. Two annealed antiparallel oligonucleotides are held 
together by hydrogen bonding, base stacking and salt interactions (PDB:114D).17 

 

From an energetic point of view, the primary contribution to the stability of the 

DNA double helix is the stacking of the bases on top of each other.  Stacking energy is 

a measure of the energy required to de-stack or melt a region of double-stranded 

DNA.18 There is strong sequence dependence on the amount of stabilizing energy 

generated from base stacking. G:C steps have three H-bonds and A:T steps have only 

two, therefore, oligonucleotides that are G:C rich are more thermostable. Sometimes 

when two bases pair they do not always line up perfectly with one another limiting 

stacking interactions with adjacent base-pairs.  

The factors described above in the context of a DNA double-helix, including 

hydrogen-bonding faces, bond rotation, and stacking capabilities, enable DNA to adopt 
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conformations beyond the canonical B-form double helix. There are several other 

choices of higher order DNA structures available for oligonucleotides including, hairpin, 

cruciform, G-quadruplex, A-motif, i-motif and triplexes. Of these, G-quadruplexes have 

become of increasing interest, viewed as a key component in the development of 

biotechnology and therapeutics, and thereby a major focus of upcoming sections 

herein.19,20,21 

1.2 Functional Nucleic Acids 

The use of functional nucleic acids (FNAs) in biotechnology and therapeutic 

applications was largely enabled by the development of a methodology for the synthetic 

derivation of FNAs, arguably a more pivotal development in the field of FNAs research 

than the initial Nobel-prize winning discovery of naturally occurring FNAs. 

.  

This synthetic derivation methodology enabled researchers to derive a variety of 

FNAs capable of taking on a myriad of functional roles such as ligand-binding and/or 

Figure 5. Classification of functional nucleic acids (FNAs). 
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catalysis.22 Classes of FNAs can be categorized and distinguished based on their 

functionality, as shown in Figure 5.  

Catalytic FNAs can be further split into ribozymes (RNAzymes) and 

deoxyribozymes (DNAzymes), both of which are oligonucleotides capable of catalyzing 

a specific chemical reaction, often cleavage of an oligonucleotide substrate, similar to 

the action of other biological enzymes. 

 Non-catalytic FNAs include Spiegelmers and DNA/RNA aptamers. Spiegelmers 

are synthetically derived RNA-like molecules built from L-ribose units.23 Aptamers are a 

class of non-catalytic FNAs which bind their targets with high affinity and specificity due 

to their ability to form specific three-dimensional structures. Aptamers can bind a large 

variety of biological targets, including nucleotides/nucleosides/nucleobases, cofactors, 

amino acids, carbohydrates, dyes and small molecules. The diversity in potential 

targets, in addition to many of their biological impacts have made them a popular tool in 

target detection,24,25,26 and as a therapeutic agent.27,28,29  

1.3 Aptamers 

Aptamer research quickly gained momentum beginning in the early 1990’s 

following the development of a synthetic method for their derivation, in a process known 

as in vitro selection or Systematic Evolution of Ligands by Exponential Enrichment 

(SELEX) (Figure 6).30,31 This ground-breaking methodology sparked interest in 

derivation of FNAs with capabilities that can be applied to as diagnostic or therapeutic 

applications.32,33 Since its initial discovery, aptamer applications have widened the use 

of aptamer-based biosensing agents that can detect a wide variety of targets.21 The 



9 
 

versatility of nucleic acids as a biopolymer, capable of producing structures that can 

bind targets or perform catalysis, is best understood following consideration of the 

process used for the derivation of the FNAs.  

 

Figure 6. Summary of SELEX for DNA aptamers. 

 1.4 SELEX  

Aptamer SELEX begins with the chemical synthesis of a large DNA pool with a 

region of random, or mutagenized, sequence flanked on each end by a constant 

sequence containing a DNA polymerase primer region.34 Depending on the length (N) of 

the sequences being sampled in the random region, the number of possible 

combinations of aptamer sequence will be 4N. These primers are used for amplification 

of functional sequences following the separation of functional from non-functional 

sequences within the pool. This is done by the separation of the most strongly bound 

DNA molecules, which are then amplified by a few cycles of polymerase chain reaction 

(PCR) and separated once more, to once again identify the most active sequences. 
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This cycle is repeated until the active sequences become enriched and more abundant 

in the pool, at which point those sequences are used as suitable aptamers for the target 

of interest.7,34,35 

After multiple rounds of SELEX, the initial large pool, usually composed of 1012–

1015 different sequences, will diminish and become a small pool of sequences enriched 

with an aptamer specific for the target that was introduced. In order to select the 

enriched aptamer, usually 5-15 rounds of this cycle are required. At this stage, the 

enriched sequences are cloned and tested to determine the sequence that performs 

best.36  

 Using this process, aptamers have been successfully selected for a variety of 

targets, including proteins, cofactors, heavy metals, and toxins.34,36,37 In SELEX studies, 

thousands of nucleic acid sequences can be sampled and, after a few cycles of 

selection and amplification, a single functional molecule from the initial population can 

be isolated.  

 This synthetic approach allows the derivation of aptamers that are sensitive to a 

large variety of targets, simply by amplifying sequences that show desired capabilities in 

the presence of any target of interest.  

1.4.1. Modifications 

 

 Modifications to the SELEX parameters in successive rounds enable isolation of 

highly sensitive and specific aptamers. 
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Specificity 

 The ability of an aptamer to bind a target of interest, while having low binding 

affinity for similar targets, is referred to as its specificity. To ensure high specificity, a 

process known as counter-selection may be carried out. Typically, during SELEX, the 

same target is used in each round. In counter-selection, a similar target is used in place 

of the target of interest for one round, and any sequences capable of binding in the 

presence of this undesirable target are eliminated from the pool. The existence of a 

common sequence between the selection and counter-selection pools would indicate 

that the sequence codes for a motif that is sensitive to both targets. Thus, the 

elimination of these sequences prior to the next round ultimately produces an aptamer 

that is more specific for the target of interest than similar targets.35,36 

Sensitivity  

 Sensitivity is related to the aptamer’s affinity for the target. Higher affinity will 

ensure lower amounts of the target are needed for binding and the subsequent 

structure-switching to occur. Aptamer affinity for the target is related to the extent of a 

variety of molecular interactions, such as base stacking, electrostatic interactions, van 

der Waals interactions and hydrogen bonding.38 To ensure amplification and 

subsequent enrichment of sequences which possess the highest affinity for the target of 

interest, incubation time with the target can be shortened in subsequent rounds of 

selection -- for example, from 5 h to 1 h to 1 min -- to ensure that only the sequences 

with the highest affinity are further amplified and tested in additional rounds.   
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Structure elucidation 

Following their derivation, structural analyses of the higher-order structures 

formed by these functional sequences are used to reveal their folding and hybridization 

patterns to determine the resulting structural motifs. With the G-quadruplex being one of 

the commonly found motifs, interest in this fascinating structure has grown in recent 

years.39 

1.5 G-Quadruplexes 

Nucleic acids can form a very wide range of structures, in addition to the 

canonical B-form duplex DNA. c (GQ). It was noted in 1910 that G behaved differently 

from all other nucleobases, in that it could self-associate at millimolar concentrations, 

forming a polycrystalline gel.40 It took over 50 years for the structure responsible to be 

discovered and described as a “G-quartet” arrangement.41  

A G-quartet, also known as a G-tetrad, is formed when four guanines arrange 

and become engaged in hydrogen-bonding via their Watson-Crick and Hoogsteen 

faces, such that the guanines are related by a four-fold rotation axis and are nearly 

coplanar. 39 Each of the four guanine bases engage with each other by acting as both 

hydrogen bond donor and acceptor. This is done through the use of the N1 and 

exocyclic amine of C2 of the Watson-Crick face and the O6 and N7 of the Hoogsteen 

face, yielding eight hydrogen bonds that contribute to the planar G-tetrad (Figure 7A). 

This orientation directs each guanine’s O6 carbonyl oxygen into the central core of the 

tetrad. The tetrad can then stack with other tetrads to form the more highly ordered GQ 

structure. Monovalent cations are found in the intricacies of the core and interact with 
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four or eight guanines (depending on cation size).42,43 These structures can form linear 

aggregates when tetrads stack on top of each other as their large planar surfaces of the 

tetrads possess strong van der Waals attractions. Typically, two, three or four G-

quartets are stacked within a GQ (Figure 7B). 

A)    B)  

Figure 7. A) Guanine tetrad of four guanines stabilized by a monovalent central metal 
ion. B) Example of a two-tetrad GQ with monovalent central metal ion.   

 

GQs can adopt a wide variety of sequence-dependent structures, all possessing 

the characteristic stacks of G-tetrads at their core (Figure 8). Study of the physical 

interactions that govern GQ formation and their higher-ordered assemblies is important 

to understand. Knowledge of the structure and function of biologically relevant GQs can 

aid in the engineering of aptamer molecules.  

The topologies that GQs can adopt can be classified according to the orientation 

of the DNA strands (Figure 8).44 GQs can be formed from one (unimolecular), two 

(bimolecular) or four (tetramolecular) separate strands of DNA and can display a wide 

variety of motifs, which are in part a consequence of various possible combinations of 

strand direction, as well as variations in loop size and sequence.41,45,46   
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Thus, GQ structures can be parallel, antiparallel or hybrids thereof. Antiparallel 

GQs have both syn and anti guanines, arranged in a way that is unique for a given motif 

and set of strand orientations. GQ structures can be extremely stable, although the 

topology and stability of the GQ structure depend on many factors including, length and 

sequence composition, loop size, strand stoichiometry and alignment, and the nature of 

the binding cation. 

1.5.1 Grooves 

 

  If all four strands that participate in a guanine tetrad core are parallel, the four 

grooves are all of medium size. However, if the guanine tetrad core has antiparallel 

strands, it can result in wide, medium, and narrow grooves.39,47 

 

Figure 8. A variety of GQ topologies. A) Intramolecular antiparallel GQ topology with 
two tetrads and lateral loops. B) Intramolecular parallel GQ topology with two tetrads 
and propeller loops. C) Dimeric antiparallel GQ topology with two tetrads and 
diagonal loops. D) Tetramolecular parallel GW topology with three tetrads and no 
loops.   
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1.5.2 Loops 

 

In biological contexts, multimerization is relatively unlikely, and so, most interest 

has focused on unimolecular GQs. This requires at least four runs of Gs to be joined 

together by at least three loops. These loops can vary in length, sequence and 

directionality, all of which contribute to the final topology of the GQ structure.  

Loops may link positions on the top or bottom of the stacks and can result in the 

formation of diagonal or lateral loops, depending on which guanines are being linked.48 

From structural studies of various GQs, it has been reported that most loops are not 

loose and flexible, although that could be a manifestation of difficulties involved in the 

structural elucidation involving long flexible loops.49 For unpaired bases, stacking 

interactions with the guanine tetrad closest to the loops are important. Any of the four 

bases forming the boundary that faces a guanine tetrad can engage in the formation of 

planar structures that stack well on the tetrad core. 

Loop characteristics are influenced by the directionality of the four G-rich runs 

that make up the GQ core. Some directionalities include parallel, which requires double-

chain reversal loops, antiparallel, where two run in each direction and either lateral or 

diagonal loops and a hybrid-type, where three run in one direction and the fourth in the 

other permitting a mixture of loop types.49-53 ,50,51,52,53 

1.5.3 Stability 

 

The binding energy arises from three main factors: hydrogen-bonding between 

the guanines in a plane, π–π interactions between the guanines in adjacent planes and 
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charge specific interactions between the partially negative O6 of the guanines and 

cations.44,49,54 Energetic analysis of various GQs has shown that hydrogen-bonding 

makes the greatest contribution to the stability of the DNA GQs, approximately 50 

percent; aromatic base stacking and ion coordination account for the remaining 50 

percent.49,55  

Ions 

 The formation and stability of G-quadruplexes are dependent on the monovalent 

cation that occupies the central cavities between the stacks. The cation neutralizes the 

electrostatic repulsion of the inwardly pointing guanines oxygens thereby increasing GQ 

stability.49,56 The Na+ can sit in the plane formed by these atoms, due to its relatively 

small size, compared to the larger K+, which requires a nonplanar component. Thus, it 

lies between two G-quartets, as shown in Figure 7B. To accommodate the hexa-

coordinate stereochemistry, the individual nucleobases may dome out of the plane to an 

extent that their repositioning can be balanced by the stacking energies.57  

A recent study shows that the parallel strand structures are more stable in dry 

environments and aqueous solutions containing K+ within the tetrad of guanine; but 

conversely, the anti-parallel structures are more stable in solutions containing the 

Na+ within the tetrad of guanine.56 

Stacking Geometries 

The GQ is an interesting structure that has a number of stacked G-tetrads, four 

grooves, three types of loops, and a large diameter involved in π-π stacking 

interactions, all of which define a unique and distinct structure.52,58 
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Within a single G-tetrad, the hydrogen bond polarity is defined in the direction of 

hydrogen bond donor to acceptor, from N2-H to N7 and from N1-H to O6 as briefly 

mentioned before. Thus, the stacking of adjacent G-tetrads can be characterized as the 

relative polarity of the Hoogsteen hydrogen-bonding pattern.43 Two neighboring G-

tetrads can adopt two various possible geometries, and belong to either same-polarity 

or opposite-polarity classes, where their polarities are in the same direction or opposite 

direction respectively (Figure 9).  

 

Figure 9. Stacked G-tetrads exhibiting opposite polarity (left) and same polarity (right). 

The possible geometries of stacked guanine bases are fundamentally different 

between same- and opposite-polarity stacked G-tetrads. Stacking of the aromatic rings 

of guanines where the 5-member rings overlap, is termed ‘5-ring’ stacking, 6-member 

overlap is termed ‘6-ring’ etc.49,59 Within a G-quadruplex core the geometries of stacked 

guanines are related to the glycosidic conformation of the base,60 and are referred to in 

these terms of syn and anti.  
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1.6 Stability and Topology: Duplex vs G-Quadruplex 

1.6.1 Thermal Melting 
 

The stability of various conformational forms of DNA, in this case GQs and 

duplexed DNA, can be measured by a thermal denaturation experiment. Ultraviolet 

thermal melting (Tm) curves are commonly used to determine the stability of a nucleic 

acid structure.  Heating a nucleic acid oligonucleotide structure results in a change in its 

ultraviolet absorbance and directly reflects the conformational change of the molecule in 

solution. As mentioned before, this change in absorbance is a reflection of the base-

stacking interactions becoming disrupted within the molecule and can be quantified by 

monitoring UV absorbance during denaturation. Such melting experiments can be 

analyzed to determine the thermodynamic basis of the DNA structure stability. In most 

cases, where duplex DNA is being monitored, thermal denaturation experiments are 

performed by recording absorbance at 260 nanometres (nm) as a function of 

temperature.50 As the temperature increases, the double strand begins to dissociate or 

melt resulting in a rise in the absorbance intensity by about a 25 percent. The 

temperature at which 50 percent of DNA is denatured is the melting point. However, it 

may be preferable to record absorbance at other wavelengths depending on the original 

structure. Unlike duplex DNA, GQ denaturation does not lead to large changes in 

absorbance at 260 nm. In this case it is possible to follow this denaturation at other 

wavelengths such as 295 nm where 50-80 percent change in absorbance is 

observed.16,61,62 The change in Tm between an unmodified GQ and one that contains a 

modification of a DNA base (ΔTm) can be used to determine the relative stability of the 

modified GQ.  
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1.6.2 Circular Dichroism  

 

Further structural elucidation of DNA structures often involves circular dichroism 

(CD). Circularly polarized light is measured as it interacts with the DNA sample. CDs of 

DNA arise from the asymmetric backbone sugars and the helical arrangement of its 

constituents. Aside from many other structure elucidation methods (nuclear magnetic 

resonance, x-ray crystallography and Raman spectroscopy) CD spectroscopy is ideal 

for tracking conformational transitions between discrete nucleic acids arrangements and 

is the primary method to confirm the presence of a GQ. The method is fast and highly 

sensitive. It can be used to distinguish between parallel and anti-parallel quadruplexes, 

as well as duplex DNA. B-DNA form, provides a conservative CD spectrum with small 

amplitude bands: a positive band around 280 nm and a negative one around 245 nm 

(Figure 10). Parallel GQ structures show a distinct positive CD band at about 260 nm 

and a negative CD band at approximately 240 nm. This can be differentiated from anti-

parallel GQ where a strong positive band is seen around 295 nm and a negative band 

at 260 nm.63 The difference between the CD spectra of B-form DNA and quadruplex 

DNA allows for easy identification of duplex quadruplex exchange (Figure 9). This 

exchange can also be monitored by observing changes in photophysical properties.16 
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Figure 10. CD spectral overlay of the thrombin-binding aptamer (TBA). Anti-parallel GQ 
DNA is expressed in green (solid line), with distinct positive peak at ~ 295 nm and 
negative peak at ~ 260 nm. B-form duplex DNA is seen in red (dotted line) with low 
intensity peaks; positive at ~ 280 nm and negative at ~ 245nm. 

1.7 Aptasensor Development 

1.7.1 Biosensors 
 

Just because the DNA aptamer binds to the target with high specificity and 

selectivity, does not mean it possesses reporter character. Further modifications or the 

addition of other small molecules can satisfy this requirement. Thus, aptamers are often 

combined with additional reporter elements to form biosensors. A typical biosensor is 

comprised of two basic elements: a biological recognition element (enzyme, antibody, 

receptor, etc.) and a transducer that converts this target recognition event into a signal 

(electrochemical, optical, thermal, etc.).64 Unlike other analytical methods akin to 

spectrophotometry or mass spectrometry, which typically need several steps in one 

analysis, biosensors are simple-to-operate analytical devices. Biosensors based on 

aptamers as biorecognition elements have been termed “aptasensors”.65 The 

application of aptamers in the field of biosensors takes advantage of the high affinity 
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and tunable properties of aptamers, while their sensitivity is greatly influenced by the 

transducer. There are a number of promising transducers currently being used for 

aptasensor applications.66,67,68,69 These aptasensors can be categorized based on the 

signal transduction mechanism of their transducer components, such as 

electrochemical or optical.21 

1.7.2 Fluorescence-Based Optical Aptasensor  

 

Aptamers have been converted to optical aptasensors by the incorporation of a 

fluorophore coupled with a quencher with overlapping spectral properties; often in a 

manner which places them in proximity to allow energy transfer from the fluorophore to 

the quencher in accordance with the principles of Förster Resonance Energy Transfer 

(FRET). This approach takes advantage of one of the key determinants of FRET, 

distance, to convert dually labelled the aptamers to aptasensors capable of generating a 

signal following target binding.64 This is made possible by converting the change in 

structure observed upon the presence of target to a change in the spacing between a 

fluorophore and quencher pair which results in the fluorophore reaching its high energy 

state. Thereby taking advantage of the distance-dependence of fluorescence intensity in 

FRET to make an optical aptasensor.  

1.8 Fluorescence 

Fluorescence is a photon emission process that occurs during molecular 

relaxation from electronic excited states.70,71 This process involves the transition 

between electronic and vibrational states of fluorescent molecules known as 

fluorophores. 



22 
 

Fluorescence use has increasingly gained momentum as it has become a key 

component to a myriad of scientific applications, including but not limited to, 

environmental monitoring,72,73 clinical chemistry,74 DNA sequencing,75 and cellular 

imaging.76 Increased use of fluorescence is a result of its immense sensitivity and that it 

is safer to use (compared to the alternative of radioactive labeling).  

 In singlet excited states the electron in the excited orbital is paired to the second 

electron in the ground state orbital and this allows for quick return to the ground state 

and the subsequent emission of a photon. This rapid emission results in a typical 

fluorescent lifetime to be approximately 10 nanoseconds. Fluorescence usually occurs 

from aromatic molecules primarily as a result of their alternating π-conjugated systems. 

Fluorescence spectral data includes the absorption and emission spectrum, although 

often only the emission spectra is presented. It is a plot of fluorescent intensity, arbitrary 

units (a.u.), and wavelength, measured in nanometers (nm). The emission spectra are 

dependent on the chemical structure of the fluorophore (a fluorescent molecule) and the 

solvent in which it is dissolved and so the spectra can vary considerably. The process 

that occurs between the absorption and emission of light can be illustrated by the 

Jablonski diagram (Figure 11). The singlet ground, first and second electronic states are 

labelled as S0, S1 and S2 respectively.77 At each of these levels, the fluorophores can 

exist in different vibrational energy levels. 
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Figure 11. Simplified Jablonski diagram. 

 

This method functions by using a selected wavelength of light to excite the 

electrons of the fluorophore from the singlet ground electronic level (S0) to the excited 

state of either S1 or S2. With few exceptions, molecules rapidly relax to the lowest 

vibrational level of S1; this process is called internal conversion. Internal conversion is 

complete prior to emission and reinforces that fluorescence emission generally results 

from a thermally equilibrated state or the lowest-energy vibrational level of S1. 

Molecules in the S1 can also undergo spin conversion to the triplet state, T1, and 

emission from this state results in phosphorescence.78 This conversion is known as 

intersystem crossing. 
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1.8.1 Fluorescence Emission Characteristics 

1.8.1.1 Stokes Shift  

 

The Stokes shift describes the difference between the fluorescence photons 

during excitation and emission and was first described in 1852.79 The vibrational 

relaxation process occurs rapidly, within femtoseconds to picoseconds. It is this 

relaxation process that is responsible for the Stokes shift. Examination of the Jablonski 

diagram reveals that the energy of the emission is typically less than that of the 

absorption thus fluorescence usually occurs at lower energies (longer wavelengths). 

Loss of energy between excitation and emission is observed for fluorescent molecules 

in solution, and this is typically the result of the rapid decay to the lowest vibrational 

level of S1. An excited electron can undergo further energy loss its move towards 

thermal equilibrium. Additionally, the Stokes shift can change in response to solvent 

effects, complex formation, and energy transfer.80  

1.8.1.2 Fluorescence Quenching 

 

 Fluorescent intensity can be minimized through a variety of processes and is 

referred to as quenching. One mechanism of quenching is called collisional quenching 

and it occurs when the excited-state of the fluorophore is deactivated upon contact with 

another molecule in solution, known as a quencher. Fluorescence quenching can also 

occur by a variety of other mechanisms. Fluorophores can form non-fluorescent   

complexes with quenchers, known as static quenching, and occurs in the ground state 

independent of molecular collisions.  
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1.8.1.3 Fluorescent Polarization (FP) 

 

To provide information on the size and shape of the molecule, and rigidity of the  

environment, anisotropy data is commonly used in many biochemical applications of 

fluorescence. FP functions based on the photoselection of excited fluorophores induced 

by polarized light. Excitation of only a selection of fluorophores occurs in response to 

the polarized light. These fluorophores are those with their absorption transition dipole 

parallel to the electric vector of the excitation. Emission occurs with the light polarized 

along a fixed axis in the fluorophore and the relative rotation determines the measured 

anisotropy. The rotation can be decreased if the fluorophore is bound to a 

macromolecule. For example, when an aptamer binds its target resulting in a large 

complex, the rotational motion is slowed, yielding higher anisotropy.  

1.9 From DNA Adducts to Internal Probes 

The weak intrinsic fluorescence emission intensity of all four nucleosides 

(fluorescence quantum yield of ~ 1.0 x 10-6),81 prevents the application of powerful 

analytical tools, such as fluorescence spectroscopy, to study DNA structure and 

dynamics. What was once noted as DNA damage in natural processes, can now be 

utilized as a synthetic tool to extend the DNA alphabet, thereby providing a solution to 

naturally occurring DNA’s lack of intrinsic fluorescence. DNA addition products, called 

adducts, are formed when natural DNA bases become modified through covalent 

linkage. Biologically, the presence of DNA adducts observed in vivo is often the result of 

interactions with cancer causing agents. For example, a major component chemical of 

tobacco smoke, acetaldehyde, forms a DNA adduct with the exocyclic amine of dG.82 
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Cisplatin a chemical used in cancer treatment, binds to DNA and causes crosslinking, 

leading to death of the cell cellular machinery.34,83 Modifications to G commonly occur 

when compared to the other remaining bases due to the high oxidation potential of G 

relative to C, T, and A, making it mist susceptible to electrophilic attack.84,85 

 

Figure 12. The C8 site of deoxyguanosine (dG) that can undergo chemical modification 
by hydroxyl radicals, aromatic amines, and nitroaromatic compounds. 

 

Of particular interest has been the C8 site of dG, which is susceptible to a variety 

of damage.86,87,88,89,90 Shown in Figure 12 is a common site (C8) of deoxyguanosine 

(dG) that is modified by carcinogenic agents.  A hydroxyl radical is able to react at the 

C8 of dG, resulting in the formation of 8-oxo-dG. Arylamines and heterocyclic amines 

produce bulky DNA adducts and have been reported to cause major lesions.91 

Polycyclic aromatic hydrocarbons (PAHs), upon bioactivation can produce aryl radical 

species that covalently attach to the C8-site of dG to produce carbon-linked C8-aryl-dG 

adducts.91 For example, when a phenoxyl radical reacts with a nucleobase, a 

fluorescent bulky DNA adduct can result as seen in Figure 13. Here the phenolic radical 

reacted with dG forming 8-(4”-hydroxyphenyl)-dG with a quantum yield of 0.44.80  



27 
 

 

Figure 13. Formation of 8-(4”-hydroxyphenyl)-dG upon DNA exposure to a phenolic 
radical.  

 

Additional studies revealed that phenolic C8-purine adducts act as fluorophores 

in neutral conditions, with quantum yields ranging from 0.25 to 0.56.92 Replacement of a 

natural dG base with a fluorescent synthetic alternative can overcome DNA’s 

nonemissive character. Such modified bases are commonly referred to as “fluorescent 

probes”.  

Fluorescence spectroscopy is a sensitive and accurate method to detect 

molecular interactions. Since aptamers can be modified with fluorescence tags, different 

approaches have focused on how to generate fluorescence-labeled aptamers and 

detect fluorescence signal changes in response to an aptamer binding to its target.64, 93-

106 93,94,95,96,97,98,99,100,101,102,103,104,105,106  

1.9.1 Internal Fluorescent Probes 
 

Internal probes are small fluorescent molecules that structurally mimic a 

nucleobase or are covalently bonded to a nucleobase by synthetic means. Internal 

probes are advantageous since they mimic natural bases and can therefore be 

incorporated into oligonucleotides. They can maintain oligonucleotide integrity without 

perturbing the binding of the aptamer to the target but probe impacts on the structure 
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and stability of the oligonucleotide can greatly vary depending on the structural and 

electronic nature of the modification.107,108,109  

One way to avoid oligonucleotide secondary structural perturbation is by 

modifying the C8 site of dG, as this location does not interrupt H-bonding. A variety of 

C8-aryl-dG adducts have been previously studied in the Manderville lab. NMR, 

molecular dynamics and solid-state structures reveal that C8-aryl-dG adducts show a 

strong preference for the syn conformation. 

C-Linked aryl modifications extend the purine π system and result in fluorescent 

nucleobase analogues. Push-pull characteristics can occur from the placement of an 

electron-withdrawing group at the C8 position of the electron-rich dG, and can result in 

visible emission.  

When an appropriate recognition element (GQ) and the reporter (internal probe) 

are combined, the result is a functional biosensor, capable of detecting a target of 

interest and then emitting a recordable fluorescent signal.   

 

1.9.2 External Fluorescent Probes 
 

 External probes are exogenous fluorescent molecules that can interact with 

different DNA structures. The cationic distyryl dye, 2,4-bis(4-dimethylaminostyryl)-1-

methylpyridinium, preferentially interact to GQs, and can result in a 100-fold increase in 

emission intensity.110 Alternatively, some external probes interact with duplex DNA 

structures. Some classical examples include ethidium bromide, which intercalates 

between DNA base pairs and Hoechst 33258, which binds to the DNA minor groove at 

A:T rich sites.111 
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1.9.3 Conjugated Fluorescent Probes 

 

 Conjugated probes typically have an end-label fluorescent tag and an end 

label quencher attached to the 5ʹ and 3ʹ ends respectively of an oligonucleotide. 

Quenching occurs when the fluorophore and quencher are in proximately by either a 

stem-loop structure, when quencher and fluorophore are on the same nucleotide, or a 

duplex structure, with the quencher on one strand close to the fluorophore on the other. 

As the GQ folds, the oligonucleotide is separated from the complementary strand or 

opens up from the stem loop, thereby separating the fluorophore from the quencher 

producing a detectable signal.16,112 End-label fluorescent probes are commonly used 

and are commercially available. One method that uses end-label probes is the 

TaqMan® assay. This assay employs the use of a quencher and fluorophore pair 

covalently attached to the 5’-end of the oligonucleotide and where the fluorophore 

“lights-up” upon hydrolysis.113 Some common end-label fluorophore examples include 

fluorescein, cyanine derivatives, and boron-dipyrromethene (BODIPY); and some 

common quenchers include Dabcyl, BHQ, and TAMARA.,114,115 Both conjugated probes 

and external probes interrupt conformational preferences of the DNA structures making 

them less suitable candidates for use as fluorescent probes in comparison to internal 

probes.116 

1.10 Thrombin Binding Aptamer 

 Thrombin is a serine protease (a protein-cutting enzyme) that acts to cleave 

fibrinogen in order to promote blood clotting.  Thrombin helps stops bleeding when an 

injury is inflicted; however, it can cause problems when over-activated causing a 

disorder known as thrombosis.117,118 
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Figure 14. A) Crystal structure of thrombin (yellow) bound to TBA (grey) (PDB: 4DII).43 
B) Representation of the TBA GQ where grey squares represent the Ts found in the 
loop positions and G rectangles represent Gs found in the tetrads. 

 

Thrombin binding aptamer (TBA) is an example of a GQ, unimolecular, chair-like, 

anti-parallel aptamer that recognizes one of the exosites of human thrombin. Following 

binding, TBA inhibits thrombin-induced platelet aggregation. It was studied in phase 1 

clinical trials for its anti-coagulant properties to inhibit clot-bound thrombin, reducing 

arterial thrombus formation.119 

The first TBA was developed via SELEX in 1992, bearing the sequence 5’-

GGTTGGTGTGGTTGG-3’.120 This 15-mer oligonucleotide demonstrated high affinity 

and specificity for its target and has been extensively studied. Krauss and colleagues 
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crystallized TBA bound to thrombin, to confirm its structure of two stacked tetrads 

connected by three loops in a chair-like conformation. The two TT loops were 

determined to be the essential site of aptamer binding and act as a pincer-like system 

that embraces the protruding region of the thrombin motif. The TGT loop, found on the 

opposing side of the GQ, does not come in contact with the protein and participates in 

non-specific packing contacts. 

The central metal ion is essential for GQ formation and, in the case of TBA, the 

central metal ion (either Na+ or K+) is positioned between the two G-tetrads. There is a 

slight alteration in aptamer shape due to the ionic radii of each ion. The K+ sits in a 

centred position, able to coordinate with all four guanine O6 atoms of both quartets, 

perfectly forming an overall spherical shape. The Na+ is too small to bind all eight O6s 

and, as a result, the ion sits closer to one tetrads’ four oxygen atoms, lying out of plane, 

which then forms a prolated spheroid.120 The G bases of the tetrad alternate syn and 

anti and allow for the stable 5-ring stacking orientation. Much research has been 

performed on TBA, making it a good model for the study of probe effects. 

1.11 Synthesis of Modified 8-Aryl-Vinyl-dG Probes 

 The advantages of internal nucleobase probes can be exploited to produce 

useful information regarding the probes’ environment as well as an “off-to-on” signal 

upon target binding. Fluorescent modifications to the C8 position of guanine can be 

produced in a manner that does not disrupt the ability of the base to be form base-

paring interactions.16,121 Recently, it has been reported that directly attached 8-aryl 

probes are limited to the syn-orientation of the glycosidic bond, rather than the preferred 

anti-orientation of unmodified dG.113 Vinyl-bridged derivatives can alleviate the 
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restriction of the glycosidic bond orientation and lower the potential of the modification 

to perturb DNA structures. These derivatives also provide the added benefit of red 

shifted emission into the visible region.122,123,124 Examples of vinyl bridge probes are 

shown in Figure 15. 

 

Figure 15. Examples of 8-aryl-vinyl-dG probes found in the literature with modifications: 
(a) 8-(4″-acetylstyrene)-2′-dG (b) 8-(4”-styryl)-2’-dG and (c) 8-vinyl-benzothienyl-dG and 
8-(4″-acetylstyrene)-2′-dG. 122,134 

  

Previous methods in the Manderville laboratory for the synthesis of C8-modified 

dG probes have used the Suzuki-Miyaura coupling reaction for the synthesis of C8-

modified nucleobases. These cross-coupling reactions have been shown to produce 

modified nucleosides in excellent purity and yield.125 Suzuki-Miyaura coupling reactions 

have three major steps in the catalytic cycle (Scheme 1).  Typically, a derivative of 

triphenylphosphine is used in the first step and involves a ligand (L) to activate a 

palladium catalyst. Here, the palladium couples to a halide (X), forming an 

organopalladium complex R-Pd(II)L2-X through oxidative addition. The next step 
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involves transmetallation with an organoboron compound, to form an organopalladium 

complex, R-Pd(II)L2-Rʹ, and requires the activation of the organoboron compound with a 

base. The third step is reductive elimination; this occurs as the product is produced and 

the catalyst is regenerated to continue the cycle.126   

 

Scheme 1. Catalytic cycle of the Suzuki-Miyuara cross-coupling reaction. 

 

The use of the Suzuki-Miyaura coupling reactions for the synthesis of C8-aryl-dG 

modified nucleobases is commonly reported in the literature.127,128  This method of 

synthesis couples 8-bromo-2ʹ-deoxyguanosine (8-Br-dG) (an organohalide) to an aryl-

boronic acid. This reaction can be executed in a water:acetonitrile mixture, requiring a 

water-soluble triphenylphosphine derivative, typically tris(3-sulfophenyl)phosphine 
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trisodium salt hydrate (TPPTS), and a water-soluble catalyst palladium (II) acetate 

(Pd(OAc)2 (Scheme 2).127  

 

 

Scheme 2. Synthesis of 8-vinyl-aryl-dG probes using Suzuki-Miyaura coupling. 

 

1.12 Incorporation of Modified Nucleosides into Oligonucleotides 

 Phosphoamidite chemistry coupled with automated oligonucleotide synthesis is 

the primary method for the site-specific incorporation of modified nucleobases into 

oligonucleotides in the Manderville laboratory, and is an effective and simple method. 

16,121,129 

1.12.1 Synthesis of Modified Nucleobase Phosphoramidites 
 

           Preparation of modified guanine nucleobase phosphoramidites for incorporation 

into oligonucleotides is a three-step process (Scheme 3). The first step requires the 

protection of the N2 exocyclic amine, using dimethylformamide diethyl acetal. Once this 

site protected, the next step is protection of the 5ʹ-OH, and 4,4ʹ-dimethoxytrityl chloride 

(DMT-Cl) is generally used. This reaction is slightly more selective to the 5ʹ-OH rather 
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than the 3ʹ-OH due to steric effects that allow higher reactivity of the primary alcohol. 

This group is readily removed in acidic conditions yielding a bright orange DMT cation.  

 

Scheme 3. Preparation/synthesis of guanine phosphoramidites for use in automated 
solid-phase DNA oligonucleotide synthesis. 

  

The next step is to incorporate a phosphite group at the 3ʹ-OH of the sugar. This 

can be done using phosphate-triester chemistry, with the phosphitylating agent 2-

cyanoethyl-N,N-diisopropylchlorophosphoramidite, to complete the final step.130,131,132 

The phosphoramidites are then ready to be incorporated into oligonucleotides using a 

DNA synthesizer. 

1.12.2 Automated DNA Synthesis 
 

 A DNA synthesizer is used to perform an automated process for oligonucleotide 

synthesis and builds the oligonucleotide one nucleotide at a time on a solid support. 
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Protection, coupling, and de-protection steps repeat until the strand is complete. Solid 

supports that contain the first 3ʹ base can be purchased with the desired starting 

nucleotide, providing the first nucleotide for automated synthesis. There are four 

significant cyclic steps that continue until production of the desired oligonucleotide is 

complete (Scheme 4). First, the solid support is deprotected (detritylated) which 

removes the 5ʹ-O-DMT protecting group with dichloroacetic acid (DCA). This is followed 

by activation and coupling, where a condensation reaction is catalyzed by tetrazole. The 

tetrazole works by protonating the N,N-diisopropyl phosphoramidite, thereby creating a 

good leaving group, the diisopropylamino moiety. Then, 5ʹ-OH of the initial base can 

displace the amino group of the newly introduced base thereby forming a two-base-long 

oligonucleotide. A capping step is then required to prevent the formation of truncated 

oligonucleotides. In this step, any residual unreacted 5ʹ-OH groups are acetylated. This 

prevents them from reacting in subsequent coupling steps. Capping is followed by 

oxidation of the phosphite triester into the phosphate triester.  The cycle can then be 

continued as before, with detritylation of the 5ʹ-OH. This cycle is repeated until the 

oligonucleotide of the desired length has been synthesized. Once completed, the 

oligonucleotide is cleaved from the solid support and deprotected with ammonium 

hydroxide, yielding the final oligonucleotide product.130 These oligonucleotides are then 

typically purified based on charge, using anion-exchange HPLC with an increasing 

ammonium acetate salt gradient, or based on hydrophobicity, using reverse-phase 

HPLC with an ion-pairing agent and an increasing acetonitrile gradient 

(triethylammonium acetate).130 
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Scheme 4. Solid-phase phosphoramidite oligodeoxynucleotide synthesis cycle.  
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1.13 Purpose of Research 

Previously, 8-furyl-dG (FurdG) and 8-thienyl-dG (ThdG) were incorporated into 

TBA and their effects on the GQ and duplex stability were determined. Furthermore, the 

photophysical properties of the emissive 8-aryl-dG probes were compared within the 

duplex versus the GQ structure. Interestingly, the emission intensity of the probes was 

amplified in the GQ structure compared to the intensity in the single strand and duplex 

DNA. Due to attachment of the bulky aryl ring to the C8 site of dG, a syn conformation is 

most energetically favourable. Because of this preference, both FurdG and ThdG 

destabilized the duplex structure by -6.5°C and -8.0°C in Tm respectively. However, 

when the modification was placed in a syn position (position 5) within the GQ, a 

significant stabilization was observed, with FurdG and ThdG exhibiting an increase of 

9.0°C and 7.0°C respectively compared to the Tm of the unmodified TBA GQ. For native 

TBA the duplex (Tm=64.5°C) is more stable than the GQ (Tm=53.3°C), favouring 

GQduplex exchange by adding the complementary strand to the GQ structure. 

However, the ability of the 8-aryl-dG base to destabilize the duplex and stabilize the GQ 

permitted duplexGQ exchange. Given that the modified base is more emissive in the 

GQ compared to the duplex, fluorescence spectroscopy was utilized to monitor 

duplexGQ exchange by measuring the increase in emission intensity of the internal 

probe.  

Although 8-aryl-dG probes with the aryl ring directly attached to the C8 site 

exhibited promising emission switching properties, they also have some limitations. One 

limitation is that the excitation wavelength, λex ~ 320nm, falls within the UV region of 

DNA and an ideal probe would undergo excitation by visible light (>450 nm). Also, it 
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would be advantageous to have an internal probe that is able to be incorporated into 

anti positions of the GQ-folding aptamer and is not restricted to syn positions within the 

G-tetrad. This would allow for a more complete study of an antiparallel aptamer and the 

study of other aptamer motifs, like parallel GQs, where the Gs are all in an anti 

conformation. 

Previous work in the Manderville lab studied two modified 8-aryl-vinyl-dG 

derivatives, 8-vinyl-benzothienyl-dG (vBthdG) and 8-(4″-acetylstyrene)-2′-

deoxyguanosine (vAcPhdG) (Figure 15).133,134 While both probes exhibited the desired 

red-shift in emission compared to their C8-aryl-dG counterparts, they also had 

limitations including, insolubility, quenching, and GQ structure perturbation. Chapter 2 of 

this Thesis focuses on the development of C8-vinyl-aryl-dG probes, providing insight on 

the effects of probe placement and its relationship to target binding as well as 

fluorescent photophysical characteristics of the vinyl aryl derivatives.  

A common assumption is that GQ formation is associated with target binding, but 

GQ folding can be induced in response to a variety of factors. If GQ folding occurs, a 

reportable emission is produced, whether or not the target is present. Unwanted GQ 

folding can result in false positives, providing an “on” signal when no target is present. 

Further inspection of aptamer-target interactions is essential to develop an aptamer 

model that undergoes structure-switching only in the presence of its target. Chapters 2 

and 3 dissect probe-target interactions and the incorporation of modified nucleobases 

into TBA and its complementary strand. One T mimic, 5-furyl-2′-deoxyuridine, and two G 

mimics, 8-(4”-cyanostyrene)-2’-dG and 8-(4”-styryl)-2’-dG, were synthesized and 
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incorporated into the aptamer to detect GQ folding and target-binding. This research 

has the potential for applications in a variety of GQ aptasensor systems. 
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Chapter 2: Synthesis and Incorporation of C8-Vinyl Probes 

into the Thrombin Binding Aptamer 
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2.1 Introduction 

Nucleic acids research has expanded in recent years beyond its role as genetic 

information provider, largely as a result of the emergence of FNAs. As the importance of 

interactions among the components of nucleic acids and their targets has been further 

elucidated for a number of well-known FNAs, the understanding of the interactions 

necessary for binding and/or catalysis has been more defined. 

A number of research groups, including the Manderville laboratory, have 

recognized the potential for furthering the chemical repertoire available for interaction 

with targets, through the incorporation of non-natural nucleic acids containing chemical 

modifications that allow favourable interactions such as π-stacking.  Chemical 

modifications of aptamers increase chemical diversity for improved therapeutic 

applications,135,136 and molecular target binding affinity.137,138,139,140,141 Aptamer base 

modifications can also create a fluorophore with emission that is sensitive to the 

environment resulting in a versatile tool for target detection.142 Knowledge of how 

aptamers bind to their targets can be useful for optimizing aptamer length and 

establishing preferred sites of aptamer modification for a wide range of bioanalytical and 

therapeutic applications.143 

Previous investigations involving aptamer-target interactions by members of the 

Manderville lab have focused on the use of internal fluorescent nucleobase mimics for 

monitoring target binding on the basis of probe emission intensity and wavelength 

changes.144 In order to obtain a probe that can be successfully incorporated in diverse 

aptamer motifs, it is essential that the structure of the probe demonstrates versatility. 

Ideally, it should be able to be positioned in either syn, anti, or loop positions since a 
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large majority of structural information of the nucleotide positions within the aptamer are 

often not entirely known and flexible variant is preferred as it allows incorporation in all 

loop structures. Previously studied C8-aryl-dG probes, such as ThdG, are able to map 

which positions in a GQ where structure is not known since a significant destabilization 

is observed in anti positions, and stabilization in syn; thereby providing GQ structural 

information. Although these conformational specific probes can be used to aid in GQ 

structure elucidation, they may not be able to optimally function within functional 

biosensor in particular positions. Therefore, it was important to develop probes able to 

be placed in anti, syn, and loop positions, so that their use is not restricted. Thereby 

allowing structural elucidation studies that determine if incorporation of a particular 

modified nucleobase in different positions hinders the aptamer from acquiring the 

folding necessary to achieve its optimal shape required for functionality. 

Darian Blanchard synthesized and studied vBthdG and vAcPhdG analogues with 

hopes to overcome the challenge presented by the directly attached C8 aryl analogues. 

One major challenge, from a biological and aptasensor perspective, is the insolubility of 

vBThdG in water. This probe would not be particularly useful for biological work or point-

of-care testing as water is the testing medium.  vAcPhdG was soluble in all tested solvents 

and as the solvent became more polar, quenching effects were observed. Dual 

emission was also demonstrated due to the acetyl rotating out of plane, resulting in 

peaks at 488nm and 584nm. Although the latter emission approaches the yellow region 

in the visible spectrum, it is the minor peak with reduced emission intensity (quantum 

yield of 0.03). This is due to the stabilization of the lower energy; charge transfer twisted 

state. Thus its use is more suited for monitoring changes in emission intensity and 
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wavelength in crowded environments. To avoid these quenching effects, the various 

modifications would need to have a substituent that could be rotated out of the plane. 

2.2 Synthesis of 8-vinyl-aryl-dG Nucleosides and Phosphoramidites 

Two nucleosides StydG (1a) and CNdG (1b) were synthesized by Suzuki-Miyaura 

cross-coupling127 between 8-Br-dG and vinylboronates with yields of 75% and 56% 

respectively (Scheme 1.5). The vinylboronates used in the reaction were trans-2-

phenylvinylboronic acid (purchased from SigmaAldrich), and 2-cyanovinylphenyl boronic 

acid (synthesized by postdoctoral fellow Prashant Deore). The vinyl nucleosides were 

converted to the corresponding phosphoramidite analogues 5a and 5b using standard 

phosphoramidite synthesis.128,145, All new compounds were characterized by NMR and 

HR-mass spectrometry to confirm purity and identification, the phosphoramidites were 

then directly carried forward for use in oligonucleotide synthesis to prevent oxidation.122 
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Scheme 5. Overview of 8-vinyl-aryl-dG phosphoramidite synthesis where R is either a 
hydrogen (StydG) or a cyano moiety (CNdG).  

 

2.3 Solvatochromic-Photophysical Properties of Modified dG Probes 

A variety of UV-Vis and fluorescence experiments were performed on StydG and 

CNdG in order to determine the sensitivity of C8-vinyl-aryl-dG probes to their 

environment. The absorbance and emission spectra of the probes were measured in a 

variety of solvents, including water, methanol, ethanol, DMSO, DMF, acetonitrile, THF, 
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chloroform, and acetone. Both probes exhibited sensitivity to the solvent environment 

demonstrated by both wavelength maximum and intensity data (Tables 1 and 2).  

StydG has been previously published with the λex and λem maxima at 350nm and 

450nm respectively. By further modifying the styryl motif to increase conjugation the 

emission should subsequently red-shift as the absorption maximum moves to longer 

wavelengths.  

Table 1. Solvatochromic spectral properties StydG. 

Solvent λabs
a 

(nm) 

λem
a 

(nm) 

Δνb 
(cm-1) 

H2O 272, 350 
 

456 6593 

methanol 273, 340 
 

441 6736 

ethanol 273, 340 
 

433 6317 

acetonitrile 276, 342 
 

442 6615 

chloroform 272, 343 
 

427 5735 

DMSO 
 

275, 362 
 

460 6832 

DMF 284, 359 
 

456 5925 

THF 255, 347 
 

440 6091 

acetone 347 444 6296 

a absorbance maximum and emission wavelengths are recorded in nm using a 
concentration of 10 μM. b Stokes Shift (Δν) is calculated as (1/λabs - 1/λem).  
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Table 2. Solvatochromic spectral properties CNdG. 

Solvent λabs
a 

(nm) 
λem

a 
(nm) 

Δνb 
(cm-1) 

H2O 268, 360 
 

510 8640 

methanol 364 
 

500 7473 

ethanol 273, 368 
 

495 6972 

acetonitrile 271, 371 
 

497 6833 

chloroform 267, 377 
 

470 5248 

DMSO 
 

279, 390 
 
 

518 6336 

DMF 284, 385 
 

514 6519 

THF 296, 379 
 

495 6183 

acetone 381 499 6206 

aAbsorbance maximum and emission wavelengths are recorded in nm using a 
concentration of 10 μM. b Stokes Shift (Δν) is calculated as (1/λabs - 1/λem).  
 

 

The CNdG modification has the largest emission shift (~40 nm) in response to 

polarity and has potential to be a probe that can provide a “commentary” on its 

environment. Molecules that have large dipole moments will show a blue shift as the 

solvent moves from polar to nonpolar. This is seen for both StydG and CNdG. When a 

fluorophore is excited, it will generally have a larger dipole moment than in the ground 

state. Before radiative decay, the solvent molecules undergo solvent relaxation as they 

reorient in response to polarity change of the molecule in the excited state. Solvent 
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relaxation results in the energy of the excited state to be lowered producing a longer 

wavelength. 146Therefore, molecules that have a large change in dipole moment will 

have a larger Stokes shift (Δν). CNdG’s electron withdrawing group results in a larger 

dipole moment and its resulting large Δν of 8640 cm-1 in water and 5248 cm-1 in 

chloroform when compared to StydG where its Δν is 6593 cm-1 in water and 5735 cm-1 in 

chloroform.  

 

 

 
If one group is electron-releasing and other is electron-withdrawing, exhibiting 

push-pull character, the magnitude of red shifts will likely increase. This is attributed to 

the increased electron drift from the electron-donating group to the electron-withdrawing 

group through the π-conjugated system. Because the solvent is polar, the planar 

Figure 16. The emission spectra of the modified nucleobases, StydG (blue solid) and 
CNdG (green dotted), in water. 
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charge-transfer state predominates.147 Thus, the electron-withdrawing character of 

these groups allows for the formation of a planar charge separated species, as opposed 

to a twisted variant, in response to excitation. Allowing for further red-shifted emission 

upon returning to the ground state, due to the increased conjugation as a result of their 

planarity. CNdG have the most conjugation of the series and is illustrated as having the 

furthest shift to the red compared to the other modified dGs. 

Both derivatives demonstrate sensitivity with their environments and they all 

exhibit a red-shift when in a polar solvent, with only one emission peak being produced 

as a result of a planar state. There is a positive relationship between increasing solvent 

polarity and Stokes shift, with the greatest shift produced by CNdG.  

  Quantum yields were calculated for the dG analogs and their brightness was 

determined and compared to vBthdG and vAcPhdG in Table 3. The quantum yield 

determines how many photons were absorbed compared to how many were emitted 

through the system. The brightness factor is calculated as a function of extinction 

coefficient multiplied by the quantum yield in water (ɛ x ФH2O) and was determined using 

the comparative method148. Because the endpoint would be to use these probes in 

environmental detection or biological applications, they must be able to function in 

water.  
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Table 3. Quantum yields and brightness of C8-aryl-vinyl-dG adducts 

Probe ФH2O
a ɛc 

(M-1cm-1) 

Brightnessd 

StydG 0.28 
0.24 
--b 

0.03 

26,500 7420 
CNdG 25,705 6169 

vBthdG -- -- 
vAcPhdG 13,802 566 

aQuantum yield determined using the comparative method with quinine bisulfate in 0.5 
M H2SO4 (Фfl = 0.55). b Quantum yield was unattainable in water, due to vBthdG’s 
insolubility. cExtinction coefficient calculated using Beers Law. d Brightness factor is 
calculated as ɛ x ФH2O.  

 
 

  Both StydG and CNdG show a significant increase in their quantum yield and 

brightness values in water compared to the previously synthesized C8-vinyl-aryl-

dG probes. The quenching of vAcPhdG is likely due to the destabilization of the 

charge-transfer planar state and a stabilization of the less emissive lower energy 

charge-transfer twisted state. This is a pattern observed with other various donor-

acceptor biphenyls, and directly attached donor-acceptor dG probes, due to an 

increase in the polarity and H-bonding ability of the solvent which stabilizes the 

charge-separated biradicaloid species produced in the charge transfer twisted 

state.132,149,150 Thus, this quenching mechanism is likely avoided due to the linear 

orientation of the cyano modification in CNdG which is unable to twist out of plane.  

 

Both CNdG and StydG probes responded to solvent polarity, moving to the red as 

polarity increased with a slight reduction in emission intensity, and could be employed to 

map environment in other applications.151 CNdG displays a promising combination of 

desired probe characteristics. Its excitation and emission is 355 nm and 510 nm with a 
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large Stokes’ shift (155 nm) and emission in the green of the visible spectrum. The 

emission of CNdG is similar to that of 5-carboxyfluorescein (5-FAM), emission 517 nm, a 

standard fluorescent tag used in most biochemical research.152 5-FAM is an end label 

probe and they are known to perturb structure many DNA structures making them less 

advantageous candidates for use as fluorescent probes in comparison to internal 

probes.114 

 

2.4. 8-Vinyl-Aryl-dG Probe Impacts on Duplex and GQ Structure 

Both StydG and CNdG were converted into phosphoramidites and incorporated 

into TBA via solid-phase synthesis, in order to determine their effects on DNA structure. 

As mentioned before, previous probes produced in the Manderville lab demonstrated a 

destabilization of the duplex DNA and in the anti positions of TBA. In order to determine 

the internal probes’ ability to participate in duplexGQ exchange without perturbing the 

GQ structure, the probes were incorporated into syn (G5), anti (G6), and loop (G8) 

positions of the aptamer. The sequence for TBA is as follows: 5’-

GGTTGGTGTGGTTGG-3’.16 The modified oligonucleotides were then analysed via UV-

thermal melting (Tm) and circular dichroism (CD) to determine the probe’s effect on the 

stability and global structure of GQ and duplex structures. 

2.4.1 Thermal Melting Analysis  

 

Thermal melting analysis was performed on the six modified TBA (mTBA) 

oligonucleotides in order to determine their effects on duplex and GQ structure. Directly 

attached probes lacking the vinyl linker have shown a strong preference for the syn 

configuration due to unfavourable steric interactions. Structure destabilization was seen 
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by a large reduction in duplex Tm and by the complete destabilization of the GQ when 

placed in an anti position. 108,132,153,154 

Table 4. Duplex and quadruplex (GQ) thermal melting (Tm) data of StydG and CNdG, both 

in positions 6 and 8 of TBA. 

 
Base 

 
Tm

a 

Duplex (˚C) 

 
ΔTm

b 

Duplex 

 
Tm

c 

GQ  

 
ΔTm

d 

GQ  

 
ΔTm 

(GQ-duplex)  
dG 64.5 ---- 53.3 ---- -11.2 

StydG-5 55.8 -8.7 59.3 +6.0 +3.5 
StydG-6 58.1 -6.4 47.3 -6.0 -10.8 
StydG-8 57.1 -7.4 53.3 0.0 -3.8 
CNdG-5 53.0 -11.5 58.2 +5.1 +5.2 
CNdG-6 55.5 -9.0 51.6 -1.7 -3.9 
CNdG-8 56.0 -8.5 61.0 +7.7 +5.0 

aTm values of duplexes (3.0 μM) in 100mM sodium phosphate buffer pH 7.0 with 100 μM 
NaCl. bΔTm=Tm (modified duplex) – Tm (control duplex). cTm values of GQ (3.0 μM) in 
100 mM K+-phosphate buffer pH 7.0 with 100 mM KCl. dΔTm= Tm (modifed GQ) – Tm 
(control GQ). Absorbance was monitored at 260 nm for duplexes, 295 nm for 
quadruplexes, with a heating rate of 0.5 ºC min-1, 5 ramps were conducted and all 
values are reproducible within 3%. 

 

The results of thermal melting analysis are shown in Table 4. Both probes share 

a destabilizing effect when in the duplex by approximately the same magnitude, with a 

range of 6 ˚C, as expected, since StydG and CNdG are almost structurally identical. 

Although all modified dGs destabilize the duplex, the destabilization energy difference 

between syn and anti positions are reduced when compared to directly attached 8-aryl-

dG probes.134 Additionally, directly attached base modifications placed in G8 position 

located within the TGT loop, showed significant destabilization. This effect is not seen 

with the vinyl-aryl-dG bases, where the linker likely alleviates steric tensions in this 

position, resulting in Tm increase. 
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When looking at the modifications in the GQ structure, the vinyl linker in the 

modification significantly reduce the destabilizing effects, with ΔTm -6.0˚C and -1.7˚C for 

StydG and CNdG respectively. Directly attached probes have shown a destabilization of 

20˚C.134 There is still a slight preference for the syn position as the vinyl linkage does 

not remove all unfavourable steric interactions. In general, the modifications show a 

uniform trend of slight destabilization in anti and slight stabilization in syn, which was 

expected.  

Interestingly, there are observed differences between StydG and CNdG loop Tm 

data. StydG has virtually no effect on the native stability, but is stabilizing in comparison 

to the two previous vinyl derivatives that had a destabilizing effect from -3.3˚C – -4.2˚C. 

The stabilization effects induced by the probes is likely due to stacking interactions with 

the G-tetrad.104 CNdG has a larger stabilizing effect than the StydG modification of almost 

8.0˚C and may be a result of the electron-withdrawing cyano substituent that can 

enhance the π-stacking interaction by withdrawing π-electron density from the benzene 

ring, reducing the electrostatic repulsion with the other bases in the tetrad.155 All six 

mTBAs exhibit minimal perturbations of their duplex or GQ structure. Unlike directly 

attached C8-aryl-dG internal modifications, these new derivatives do not show a 

detrimental destabilization of the duplex (-6.4°C – -11.5°C) and can be compared to the 

similar results of previous vinyl analogs, vBthdG and vAcPhdG (-4.4°C to – -14.4°C). This 

trend is also similar to many C8-aryl-dG modifications lacking the vinyl linker where 

duplex destabilization has reported to be -3.3°C – -16.3°C.156 The more significant 

contribution that the C8-vinyl-aryl-dG probes offer is versatility in all positions. Previous 

analogs have reported over a 20.0°C decrease in GQ stability when placed in anti 
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positions where StydG and CNdG maximally perturb GQ formation by -6.0°C.156 

Therefore, the addition of the vinyl group allows for probe location in syn, anti, and loop 

positions a permitting for further inspection of individual base contributions to the 

aptamer and its ability to bind its designated target. An advantage of C8-aryl-dG 

adducts is that the duplex is significantly destabilized and so duplexGQ exchange 

was easily accomplished. A positive ΔTm, between GQ and the corresponding duplex in 

each position, should allow for successful duplex to GQ exchange. Unfortunately, 

position 6 of both mTBAs shows a negative value (-10.8°C and –3.9°C) indicating an 

energetic preference for the duplex and, as a result, hindering duplex to GQ formation.  
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Inspection of the GQ (dotted) absorption spectra for all positions using either 

modification show a very bulky peak with a pronounced shoulder peak ~290nm (Figure 

17). For all six mTBA strands, a substantial increase in DNA-to-probe energy transfer 

Figure 17. Duplex (solid traces) vs GQ (dotted traces). mTBA with StydG (blue) in 
positions (A) G5, (C) G6, and (E) G8 and CNdG (green) in positions (B) G5, (D) G6, (F) G8. 
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efficiency is seen in GQ structures when compared to their respective duplexes. This 

increase is a result of cation placement and subsequent interactions within the GQ.122 

The increased quantum yield seen in the unmodified guanine residues upon O6 

coordination has been suggested to be responsible for the significant energy transfer 

mediated by the GQ.154 The increase in energy transfer as well as the increase of the 

290 nm peak provide a reliable and sensitive for detection of the mTBA’s folded state. 

Observed energy transfer of mTBA at position 6, for both CNdG and StydG, show an 

approximate 3-fold increase in intensity, whereas positions 5 and 8 show an 

approximate 2-fold increase. Energy transfer efficiency may result in larger intensity due 

to its sandwiched location within the GQ.  The vinyl probes did not exhibit the reduced 

emission intensity seen in the aryl-dG modifications. Therefore, a quencher must be 

used to satisfy off-to-on structure switching required in a biosensor.  

2.4.2 Circular Dichroism 

 

Global structures of the modified TBA duplexes and GQ’s were confirmed by CD 

experiments. Spectra of the oligonucleotide samples (3 μM) were acquired at 15ºC in 

the same buffer solutions used for thermal melting analysis. CD spectra of both StydG 

and CNdG (Figure 18) duplex are similar to unmodified TBA duplex structures. They 

show patterns characteristic of B-form DNA sigmoidal CD curves. Analysis of GQ global 

structures of StydG and CNdG provided confirmation of the GQ folding under all metal ion 

conditions. The K+ GQ has the same characteristic peaks as the unmodified quadruplex 

in the same conditions.4 These include positive peaks at 290 nm, 250 nm and 210 nm, 

and a negative peak at 270 nm. The CNdG and StydG modified TBA CD spectrum does 
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not show any pronounced changes in comparison to the unmodified TBA 

oligonucleotide in K+ buffer system.  

 

Figure 18. CD spectra of A) mTBA G-quadruplex of CNdG in positions 5, 6 and 8 in 
red, orange and green respectively. mTBA GQ of StydG in positions 5, 6 and 8 in red, 
orange and green respectively. B) Duplex CD spectra mTBA bound to the unmodified 
complementary strand. StydG mTBA duplex strands in positions 5, 6 and 8 are in red, 
orange and green respectively. CNdG mTBA duplex strands in positions 5, 6 and 8 are 
in light blue, dark blue and purple.    

2.5 Quenching Studies 

The final step in the formation of a functional biosensor is the switching of off to 

on upon target detection. A common biosensor model is to have a quencher paired to 
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the fluorophore. This is almost exclusively seen as an end-label quenching system of a 

unimolecular or bimolecular strand system (Figure 19) but a common consequence to 

this approach is the inhibition of target binding.157  

 

 
Figure 19. End label quenching mechanisms where the quencher (blue) reduces 
emission intensity of fluorophore (yellow) until target binding (green) where the light-up 
can occur. A) Bimolecular system and B) unimolecular system.   

 
When the quencher and the fluorophore are in proximity quenching, occurs 

through a static or FRET mechanism, and upon target binding, the quencher is 

displaced, resulting in an increase in fluorophore emission intensity.   

Unlike directly attached probes that have been studied in the lab,16 vinyl modified 

dGs incorporated into the TBA strand do not show quenching upon duplex formation 

with the native unmodified complementary strand as seen in Figure 17.  

It is imperative to pair the mTBA strands with an appropriate quencher to fulfill 

the biosensor requirements. Two internal modified base quenchers were provided from 

the Hudson lab at the University of Western Ontario (Figure 20). 
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These phosphoramidite quenchers were incorporated into the complementary 

strand of TBA (5’-CCAACCACACCAACC-3’) at position 8 and were then annealed to 

the mTBA containing the CNdG or the StydG modification. CD was performed (Figure 21), 

and displays the conventional duplex signature with a positive peak at 260 nm and a 

negative peak at 240 nm. Thermal melting studies where performed, as described 

previously, to determine their quenching efficiency and effect on duplex stability.  

Figure 20. Phosphoramidite quenchers synthesized and provided by the Hudson 
Research Group at the University of Western Ontario. A) DABCYL-pC and B) para-
nitrophenyl-pC (PNPh-pC). 
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Figure 21. CD spectra of CNdG mTBA and quencher oligonucleotide duplex. A) CNdG in 
position 5, 6, and 8, paired with the DABCYL-pC quencher oligonucleotide are red, 
orange and green respectively. CNdG in position 5, 6, and 8, paired with the para-
nitrophenyl-pC quencher oligonucleotide are light blue, dark blue and purple 
respectively. B) StydG in position 5, 6, and 8, paired with the DABCYL-pC quencher 
oligonucleotide are red, orange and green respectively. StydG in position 5, 6, and 8, 
paired with the para-nitrophenyl-pC quencher oligonucleotide are light blue, dark blue 
and purple respectively. 
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Conventionally, when a fluorophore is placed close to the quencher (within 20-

100Å), the intensity of the fluorescence of the fluorophore, or donor, decreases and a 

slight increase is observed for the quencher.158 This effect is due to the efficiency of 

fluorescence resonance energy transfer (FRET), where FRET quenching is exhibited. 

Alternatively, if the quencher-fluorophore pair are brought even closer to one another 

the fluorescence of both donor and acceptor exhibit a reduction in intensity. At 

proximity, the majority of the absorbed energy is released as heat, and only a small 

portion is radiative, known as static or contact quenching. 

 

 

 

Figure 22. Fluorescence of modified TBA duplexed with DABCYL-pC (red), P-NO2-Ph-
pC (yellow) and native 15-mer complements containing StydG (blue) or CNdG (green). 
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The modified dG in A) and B) position 5, C) and D) are position 6, and E) and F) 
position 8.      

Typically, FRET quenching predominates, exhibited in adjacent and randomly 

coiled probe pairs, where the donor and acceptor moieties remain at distance where 

static quenching is not possible. Alternatively, when competitive hybridization occurs, as 

in a duplex, the moieties are close enough to one another that static quenching 

predominates.158 Inspection of Figure 21, reveals minimal between DABCYL-pC and P-

NO2-Ph-pC as all strands are successfully quenched. This is to be expected as static 

quenching is the mode that would predominate even in the situation where there is the 

greatest distance between quencher and fluorophore; the quencher is in position 8 and 

the modification is in position 5.  

One feature of static quenching is that all fluorophores are quenched to about the 

same extent, regardless of whether there is an overlap in the emission spectrum with 

the absorbance of the quencher. This characteristic is useful to differentiate between 

contact and FRET quenching.158 The absorption maxima of DABCYL-pC and P-NO2-

Ph-pC are approximately 450 nm and 400 nm respectively and reinforces the 

occurrence of contact quenching, since the emission maxima of CNdG is 510nm and 

StydG are 450 nm. 

Due to the proximity of the quencher to all positions, the mechanism of 

quenching for all fluorophore-quencher pairs is likely static. The greatest proof of static 

quenching would be at position 8, where the modified quencher and internal probe are 

directly opposed from one another. Both P-NO2-Ph-pC and DABCYL-pC can efficiently 

quench both CNdG or StydG at position 8. It is interesting that P-NO2-Ph-pC displays 

greater static quenching ability, where the relative intensity (Irel) of quenching is 10.0 for 
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CNdG and 10.2 for StydG (Table 5). This suggests that DABCYL-pC has less efficient 

static quenching capabilities. DABCYL-pC also has an ideal spectral overlap with the 

StydG modification and yet it fails to quench the modification as effectively in static 

conditions when compared to P-NO2-Ph-pC, where DABCYL-pC Irel for CNdG and StydG 

is 6.4 and 3.2 respectively.  

If FRET quenching were to occur, it would be expected that StydG and DABCYL-

pC pairs would offer the greatest quenching of the fluorophore since StydG emits at 

450nm and DABCYL-pC absorbs at 450 nm. In addition, there would be little, if any 

quenching of the CNdG mTBA, since the emission of the fluorophore (510 nm) and the 

absorption of either quencher (P-NO2-Ph-pC: 400 nm and DABCYL-pC: 450 nm) have 

little spectral overlap. This reinforces the concept that spectral overlap does not play an 

important role in static quenching and consequently the quencher with the furthest 

spectral overlap, P-NO2-Ph-pC (maximum absorption at 400 nm), is the most efficient 

static quencher.  
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Table 5. Thermal melting temperatures of native and modified complementary strands 
and relative quenching intensities. 

Modification 
 

Base a 
 

Tm
b
 

(°C) 
ΔTm

 c
 

(°C) 

Irel
 d 
 

StydG-5 C 55.8 -- -- 
P-NO2-Ph-pC 55.7 -0.1 6.4 
DABCYL-pC 
 

52.2 -3.6 21.8 

StydG-6 C 58.1 -- -- 
P-NO2-Ph-pC 58.3 +0.2 6.2 
DABCYL-pC 
 

57.1 -1.0 2.3 

StydG-8 C 57.1 -- -- 
P-NO2-Ph-pC 53.8 -3.3 10.2 
DABCYL-pC 
 

64.5 +7.4 3.2 

CNdG-5 C 53.0 -- -- 
P-NO2-Ph-pC 54.6 +1.6 4.4 
DABCYL-pC 
 

53.7 +0.7 5.8 

CNdG-6 C 55.5 -- -- 
P-NO2-Ph-pC 57.1 +1.6 2.7 
DABCYL-pC 
 

60.2 +4.7 1.6 

CNdG-8 C 56.0 -- -- 
P-NO2-Ph-pC 59.4 +3.4 10.0 
DABCYL-pC 57.8 +1.8 6.2 

a Modified quenchers positioned at C8 of the complement. bDuplex a samples (3.0 μM) 
in 100mM Na+ buffer pH 7.0 with in 100mM sodium phosphate buffer at pH 7.0 with 
100mM NaCl. c ΔTm determined by Tm native complement – Tm modified complement. 
Corresponding bases positioned at C-8 of the complement. dIrel is the emission 
intensity (I) of the unmodified duplex with respect to the modified quencher (Iunmodified 

duplex/I modified duplex). 

 

Although modifications in positions 5 and 6 are likely quenched via a static 

mechanism, fluorescent data suggests that FRET quenching may be participating in 

overall quenching effects in some locations. Looking at the StydG modification in position 

5, the furthest away from the internal quencher, it is observed that the most dramatic 

and efficient quenching occurs when paired to DABCYL-pC (Irel = 21.8). It was already 
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established that DABCYL-pC and StydG have an ideal spectral overlap where maximum 

emission and absorption of the fluorophore quencher pair occurs at 450 nm and it is 

possible FRET quenching interactions are taking place here. An Irel of only 6.4 is 

observed for StydG in the same location when paired to P-NO2-Ph-pC where there is no 

spectral overlap and thus no FRET quenching.  

P-NO2-Ph-pC, as established earlier, is likely more efficient at static quenching, 

where it shows the highest quenching efficiency at positions 6 and 8 for both 

modifications, little difference is seen between quenchers when paired to CNdG at 

position 5 (Irel of P-NO2-Ph-pC = 4.4 and Irel of DABCYL-pC = 5.8) and are both likely 

functioning under a static quenching mechanism.  

Even though binding affinity for the complementary strand is the force that brings 

both quencher and fluorophore together, the possibility exists for the two moieties could 

attract or repel one another when in proximity. Thus, melting temperatures were 

determined for all strands. A maximum destabilization of -3.3°C and stabilization +7.4°C 

effects where observed for StydG position 8 when paired to P-NO2-Ph-pC and DABCYL-

pC respectively. These results indicate that strong stabilizing interactions can occur 

between some fluorophore-quencher pairs.  Overall, little destabilization or stabilization 

occurred in all positions when paired to the quenchers and both quenchers were able to 

successfully quench the internal fluorophores, providing the turn-off property needed in 

a functional biosensor (Figure 23).  
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Figure 23. Upon thrombin binding the complementary strand with either P-NO2-Ph-pC 
or DABCYL-pC dissociate allowing the mTBA to fold into a GQ and a subsequent 
increase in emission intensity of the probe. 

 

2.6 Probe Placement: Impacts on the Dissociation Constant (Kd) 

It is essential to determine the effects of the modification on binding. A common 

struggle in aptamer development is to meet the low binding requirements necessary for 

useful probe.159 Thermal melting studies only provide information about general GQ 

won the protein and will therefore be interacting with specific residues of the protein. 

Therefore, binding studies were performed on the mTBA strands using fluorescence 

polarization. Anisotropy measurements were acquired using 3 μM oligonucleotide 

samples at 37 ºC in their corresponding potassium buffer solutions with 24 additions of 

0.1mM thrombin. The calculated dissociation constants are summarized in (Table 6). 

The unmodified dissociation constant of TBA to its thrombin target was determined 

using a (FAM)-labeled TBA and fluorescence polarization (FP), which provided a Kd 

value of 4.9 μM.  
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Table 6. Protein binding affinities of TBA modified with CNdG and StydG in positions G5, 

G6 and G8.   

Modification λmax 
abs 
(nm) 

λmax 
em 
(nm) 

Δva 

(m°) 
Kd

b R2 

Native ---- ---- ------ 4.9 0.987 

CNdG-5 355 510 155 28.2 0.977 

CNdG-6 355 510 155 1.9 0.993 

CNdG-8 355 510 155 2.0 0.975 

StydG-5 350 450 100 2.53 0.964 

StydG-6 350 450 100 1.7 0.985 

StydG-8 350 450 100 3.2 0.968 

aStokes shift (Δv) obtained by the Δλ between positions of the band maxima of 
the absorption and emission spectra. b Dissociation constant, Kd, (x10-6 μM) values were 
obtained through SigmaPlot single ligand binding. 

 

Surprisingly, almost all of the modifications were shown to significantly improve 

binding, reducing the Kd by more than half in most cases. This was not expected as the 

Tm data showed destabilization of the GQ in position 6 of both mTBA strands (Table 4). 

Thus, Tm data alone cannot predict the effects the target will have on the GQ structure 

and binding capabilities. Position 6 for both CNdG and StydG were shown to destabilizing 

with reference to their Tm data yet position 6 has the best binding outcomes enforcing 

that GQ stability does not necessarily dictate binding ability. 

In order to decipher the contributions that the probe has on binding ability, it is 

essential to look at the aptamer bound to the thrombin protein. Krauss and colleagues 
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produced a crystal structure of the TBA-protein complex (PDB: 4DII).43 The two TT 

loops interact with the protein where the Ts in positions 3 and 12 protrude into the 

hydrophobic pocket of the protein and undergo π-stacking with protein residues. The 

TGT loop on the opposing side is solvent exposed and does not directly interact with the 

protein. Positions 7 and 8 of the loop are shown to π-stack on top of the GQ tetrad, 

whereas position 9 sticks out into the solvent. Position 6 is sandwiched between 

positions 7 and 5 and the addition of the styryl moiety could contribute to the stacked π 

system and in turn allow for a more compact GQ, held tighter against the protein target. 

Residues in loop positions are known to contribute to a capped GQ and provide tighter 

packing and therefore a more stabilized GQ,160 and so the styryl moieties of CNdG and 

StydG adducted to position 8 in the loop could also stabilize TBA-thrombin complex.  

Unexpectedly, the CNdG modification in position 5 demonstrated significant 

reduction in binding, if any binding occurred at all (Kd = 28.2 x 10-6 μM). This is more 

than a 5-fold decrease in binding and the corresponding binding curve is not present 

(Figure 24).  The only difference between the modified dGs in position 5 is the electron-

withdrawing cyano group of CNdG. 
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Figure 24. Binding curves of CNdG and StydG mTBA to thrombin. Thrombin protein was 
titrated into solution and fluorescence polarization was performed. Binding curves of 
TBA to thrombin were determined through SigmaPlot. StydG mTBA positions 5, 6, and 8 
are in red, orange and green. CNdG mTBA positions 5, 6, and 8 are in light blue dark 
blue and purple. 

 

Again, inspection of the crystal structure can help clarify this observation (Figure 

25). The positively charged guanidinium of the arginine residue in thrombin protrudes 

into TBA and interacts with the negative electron cloud above the dG base in position 5 

and contributes to binding. When this position is modified with the addition of an 

electron-withdrawing group, such as the CNdG modification, the electron density is 

drawn away from the core guanine structure, leaving the base with a more positive 

charge. This positive charge would indefinitely result in unfavourable electrostatic 

interactions, repelling the positive guanidinium of the residue that would normally stack 

with the G base, potentially disrupting or preventing binding entirely.  
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Figure 25. TBA-thrombin complex with CNdG in position 5 highlighted in blue and the 
rest of TBA in grey. In red is the arginine 77 of the thrombin protein and thrombin 
protein in yellow.  

 

2.7 Conclusions 

With hopes to further expand the DNA alphabet, providing modified bases 

capable of more than just hydrogen-bonding interactions, a series of modified dG bases 

were made. Of those bases, CNdG had the most conjugation and was able to provide a 

red-shift in the emission maximum (λem 510 nm).  CNdG also exhibited stabilized charge 

separation in water which resulted in its relatively high quantum yield (Φ=0.24). StydG 

also exhibited a red-shifted emission maximum (λex 450 nm) when compared to the 

previously studied aryl-dG probes and was also relatively bright in water (Φ=0.28). StydG 

and CNdG were both incorporated into TBA where their effects on duplex and GQ 

structure stability were studied. Both probes increased the stability of duplex and GQ 

structures when compared to the previously studied aryl-dG probes, especially when 

placed in an anti position. Stabilization of the GQ structure was an important feature, as 
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many probes have shown to perturb the aptamer from folding into its necessary 

structure and prevent target-binding.161 Aptamer binding ability was also studied. The 

CNdG and StydG probes not only avoided perturbation of the GQ-protein complex, but 

enhanced it, by almost 3-fold in most cases. Finally, in order to meet the requirements 

of a biosensor, the mTBA strands were paired with the appropriate quencher to provide 

off-to-on structure-switching character. These studies clearly exemplify the importance 

of research and development of post-SELEX aptamer modifications as these studies 

have highlighted their multifaceted and beneficial characteristics. 
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Chapter 3: Defining Nucleoside Environment Within a DNA 

Aptamer-Protein Complex, using a Molecular Rotor Probe 
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3.1 Introduction  

The development and utilization of fluorescent modified nucleobases, for use in 

aptamer-based detection of biologically relevant targets, has become an area of 

increasing interest due to their application in various therapeutic and detection 

platforms.162  

Recent research objectives in the Manderville laboratory, including the studies in 

the previous chapter, focused on the development of fluorescent modified C8-dG 

internal probes. These probes are conventionally placed in G positions 5, 6 and 8 

representing syn, anti and loop positions respectively. A majority of these probes rely on 

the same quenching mechanism where the probe exhibits quenched emission in duplex 

DNA that turns-on in the GQ due to energy-transfer from unmodified dG within the 

tetrad.132  

The 8-heteroaryl-dG probes have been designed to minimally perturb and even 

enhance thrombin-binding affinity, in addition to their exhibition of useful fluorescence 

switching properties,16,156 it was desirable to simplify the detection platform. 

DuplexGQ exchange, detailed in Chapter 2, risked the occurrence of false positives, 

where liberation from the complement resulted in the “light-up” of the probe and was not 

necessarily induced by target-binding.  Complex matrices, where certain metal cations 

and ligands that promote GQ formation are in high concentration, can induce a false 

positive response.163,164 This led to the development of a platform independent of 

complementary strand-quenching, where an increase in fluorescence emission intensity 

would be the result of target binding alone, eliminating false positives. Thus, this chapter 
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will outline an alternative nucleobase probe capable of exhibiting a change in emission 

response solely due to target-binding. 

 

3.1.1 T Loop Positions  

 

Previous studies have incorporated 2-amino purine (2-AP), an adenine 

derivative, into duplex and GQ structures.165 Similar to many probes in the Manderville 

laboratory, 2-AP fluorescence is decreased with base stacking and increased with 

solvent exposure. When incorporated into TBA, 2-AP was shown to be extremely 

sensitive to its environment. The fluorescence emission intensity of the probe was 

quenched in the duplex and increased when folded into the GQ aptamer. Fluorescence 

emission intensity had the most significant increase, 30-fold, when placed into positions 

3 and 12.165 These two positions are form one of the two T-T loops that are responsible 

for binding to thrombin’s exosite.43 

However, 2-AP has a number of limitations specific to its incorporation into TBA. 

2-AP is an adenine derivative. Adenine is not found in the unmodified TBA sequence 

and a pyrimidine to purine transversion will likely disrupt GQ folding and thrombin 

binding. As a result, non-specific target binding could occur, a regressive aptamer 

characteristic. An expected reduction in GQ Tm was observed indicating that the probe 

perturbs the GQ structure.166  Development of a modified T residue that can be 

incorporated into loop positions of the GQ, and demonstrate sensitivity to its 

environment, would allow for a more complete study of the T-loops’ role in thrombin 

binding.   
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The 5-furyl-2′-deoxyuridine (FurdU) nucleobase has been shown to exhibit dual 

probing characteristics. The probe exhibits sensitivity to the polarity and rigidity of its 

environment and is called a “molecular rotor”. 167 When probe that can freely rotate 

experiences rigidification, from either solvent viscosity or stacking interactions, a 

subsequent increase in fluorescence emission intensity occurs. The furan probe exhibits 

quenched emission intensity when placed in a solvent where it can freely rotate (water). 

Here, the aryl ring is free to rotate in solution and nonradiative relaxation occurs from a 

twisted charge transfer state. However, if the rotation is hindered, either through solvent 

viscosity or molecular crowding effects, the probe exhibits a dramatic increase its 

fluorescent emission intensity.167,168 Thus, the FurdU probe displays sensitivity to the 

polarity of its environment. This feature can be used to determine which Ts in the 

aptamer are solvent-exposed when in a GQ or a GQ-thombin complex.   

 The two TT loop regions of TBA have been previously reported to be 

responsible for binding where positions 3 and 12 protrude into the protein. Thus, 

placement of a modified T residue in those positions should demonsstrate rotor 

character in response to the protein binding.169,170 FurdU (Figure 26) was developed by 

the Tor laboratory167,171,172,173 and has yet been employed for monitoring protein-DNA 

interactions using its molecular rotor character to decipher which residues of the 

aptamer bind to the protein target.     

3.2 Thermal Melting Studies 

The FurdU nucleobase was incorporated into the six different T sites of TBA 

(Figure 26) via solid phase DNA synthesis and its structural impacts and emissive 

response within the duplex and GQ were determined. The emissive response of the 
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FurdU probe at the various T positions upon thrombin binding supported expectations 

derived from the crystallized structure of the TBA-thrombin complex (PDB: 4DII).43 

 
Figure 26. Structure of FurdU, the antiparallel GQ produced by TBA in the presence of 
K+ with T residues highlighted in red and the mTBA sequences containing the FurdU 
modification.   

 

Thermal melting studies (Table 7), were carried out to determine position specific 

effects of FurdU on duplex and GQ stability. The T mimic dU probe exhibited minimal 

effects on duplex stability regardless of its location (± 1.0°C), indicating that the probe is 

able to maintain its Watson and Crick base pairing to form a stable duplex. 167,172 

However, when in the GQ the probe stabilized positions 4, 9 and 13 seen as an 

increase in the Tm (+3.0°C – 6.5°C), and a slight destabilization at positions 3, 7 and 12 

(-1.5°C – 2.0°C). The observed changes in thermal stability induced by FurdU are 

supported by structural studies.43,174,175,176 
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Table 7. UV-Thermal melting parameters for duplex (D) and GQ formation by native and 
FurdU-modified TBAa 

 

mTBA Tm
b 

D,Na+ 

(°C) 

ΔTm
 

D,Na+ 

Tm
c 

GQ,K+ 

ΔTm 

GQ,K+ 

native 64.5 − 53.5 − 

FurdU-3 64.0 −0.5 51.5 −2.0 

FurdU-4 63.5 −1.0 60.0 +6.5 

FurdG-7 65.0 +0.5 52.0 −1.5 

FurdG-9 64.5 0.0 56.8 +3.0 

FurdU-12 64.5 0.0 52.0 −1.5 

FurdU-13 64.0 −0.5 56.5 +3.0 

aTm values are in °C and reproducible within 3%. b Samples (3.0 uM) in 100mM Na+ 
buffer pH 7.0 with in 100mM sodium phosphate buffer at pH 7.0 with 100mM NaCl. c 

Samples (3.0 uM) in 100mM K+ phosphate buffer pH 7.0 with 0.1 M KCl. 

 

Position 9 of TBA stacks with the G in position 8 of the TGT loop, and the 

adjacent G-tetrad.35 Enhanced stacking would be expected upon replacement of T with 

FurdU at these stacking sites, ultimately stabilizing the GQ. Conversely, positions 3, 7 

and 12 do not have strong interactions with adjacent nucleotides, and are freely 

accessible to solvent. 168,169,177 Therefore the probe was successful at providing accurate 

commentary of T loop residue interactions within the GQ structure on the basis of 

thermal melting parameters.   
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3.3 Circular Dichroism  

Circular dichroism (CD) was utilized to confirm the duplex and the antiparallel GQ 

topology of the FurdU mTBA samples. Typical duplex CD spectra were obtained with the 

signature peaks. Negative peaks are seen at 240 nm and positive peaks at 260 nm, 

while GQ CD spectra confirmed an antiparallel structure with positive peaks at 245 and 

290 nm and negative peaks at 260 nm (Figure 27). 43,156 

3.4 Fluorescence Studies  

 The emission and excitation spectra of the FurdU mTBA GQ (dashed traces) and 

duplex (solid traces) samples are summarized in Figure 28. The spectra highlights 

FurdU’s ability to differentiate between the two topologies. The absorption maxima can 

be deemed insensitive to polarity changes, whereas the emission spectra displays a 

red-shift and increased emission intensity positively correlated with increasing solvent 

polarity.171 Thus, it is expected that probe emission intensity would increase where the 
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Figure 27. Circular dichroism of FurdU mTBA samples. FurdU position 3, 4, 7, 9, 12 and 
13 are in red, orange, green, blue, purple and black respectively.  



80 
 

probe experienced greater solvent exposure in the GQ, when compared the apolar 

duplex environment.167 

 

 

Figure 28. Fluorescence excitation and emission spectral overlays of mTBA 
oligonucleotides.  Solid lines represent duplexes in Na+ buffer; dashed lines represent 
GQs in K+.  Emission spectra were recorded with excitation at 316 nm.  

 

 The emission intensity increase can be seen at the solvent exposed position 7 

and 12 where the probe exhibited higher fluorescence intensity (4-5-fold increase), 

compared with the corresponding probe emission in the duplex.  Position 3 is also a site 

that is exposed to the solvent and here emission intensity does not appear to be as 

drastic (1.6-fold) likely due to the highly emissive nature of the probe within the duplex.  

In locations where the probe stacks, stabilizing the GQ the FurdU probe exhibited 

quenched GQ emission intensity in position 4, no changes in emission intensity in 

position 13 and a minor enhancement in position 9 when compared with duplex 

emission. The FurdU probe at positions 3, 7 and 12 have significant absorption peak at 

approximately 250 nm that is absent in the duplex excitation spectra. This peak is also 
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observed in the absorbance spectrum of the free nucleoside FurdU.173 Similarly, dual 

absorption maxima for the push-pull 8-aryl-dG probes have been observed. The blue-

shifted peak has been attributed to a twisted nonplanar biaryl structure, while the red-

shifted maxima would represent the fully conjugated planar structure.134 

Therefore, the absence of the 250 nm absorbance peak of the duplex is because 

of the preferential formation of the planar probe structure, instead of the twisted 

structure, due to π-stacking interactions. In positions that are solvent exposed, the FurdU 

probe would be free to rotate between twisted and planar states.    

 

Table 8. Photophysical parameters for FurdU-mTBA duplex (D) and GQ structures 

FurdU 

site 

λemDuplex 

(nm)a 

ΔvDuplex 

(nm)b 

λemGQ 

(nm) 

ΔvGQ 

 (nm) 

Δ (Δv) 

(nm)c 

Irel
d 

3 412 96 421 105 9 1.6 

4 418 102 419 103 1 0.7 

7 417 101 428 112 11 3.6 

9 408 92 421 105 13 1.3 

12 415 99 428 112 13 5.0 

13 417 101 420 104 3 1.0 

a Wavelengths of emission (λem) for Duplex and GQ were recorded with excitation at 316 
nm at 10 °C. b Stokes shift (Δv) (λem – 316 nm) for D and GQ. c Relative Stokes shift for 
GQ (Δv) – Duplex (Δv). dRelative emission intensity for GQ/D. 

 

The photophysical parameters of the various FurdU mTBA samples are 

summarized in Table 8. Positions 3, 7 and 12 provided the greatest increase in relative 

emission intensity (Irel), and significant increases in Stokes shift values were also 

observed. In contrast, positions 4 and 13 did not show a significant increase in emission 
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intensity and minimal Stokes shifts. The only exception was at position 9 where a large 

Stokes shift was observed and a relatively small Irel value (1.3). Overall, the observed 

emission changes of the FurdU probe in TBA roughly correlated with emission changes 

noted for 2-AP. 166 2-AP also exhibits emission intensity increases in the GQ relative to 

the duplex when placed in sites not involved in π-stacking. 166 

Therefore, the main factors for the emission intensity increase observed in the 

mTBA compared with the modified duplex is due to the combination of a change in 

environment polarity and the loss of π-stacking interactions. 178  Therefore, the 

molecular rotor properties of the FurdU probe,31 cannot play a role in the enhanced 

emission in the GQ relative to the duplex because the greatest relative intensity 

increase occurred at loop sites where the probe is fully solvent-exposed with decreased 

rigidification of the fluorophore. 

3.5 Thrombin Binding Studies 

  Thrombin titrations were preformed to determine binding affinity of the mTBAs 

and to monitor site-specific emissive response of the probe upon protein binding.  A 2-

fold emission intensity increase occurred at positions 3 and 12 in response to thrombin 

(dashed traces, Figure 29). As mentioned earlier the crystal structure of the TBA-

thrombin complex (PDB: 4DII) illustrates that positions 3 and 12 form hydrophobic 

contacts with exosite I of the thrombin protein which was previously described as 

pinchers, grabbing onto the protein.43 On the other side of the aptamer is the TGT loop 

where 4 and 13 contribute to GQ stability via G-tetrad stacking interactions and do not 

protrude into the hydrophobic protein binding pocket.179,169 
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Figure 29. Fluorescence titrations (3 uM mTBA) carried out with thrombin at 25 °C, 
initial trace of GQ depicted by solid line, while dashed traces depict emission upon 
successive addition of thrombin. Emission spectra were recorded with excitation at 316 
nm.  

 

Changes in emission wavelength intensity (Δ(λem) and emission intensity (Irel) in 

the thrombin-mTBA complex compared to the corresponding photophysical parameters 

for the free mTBA GQ structure are summarized in Table 9. Positions 3 and 12 revealed 

the greatest increase in emission intensity and subsequently provided the largest 

wavelength changes, showing a blue-shift upon thrombin binding.  This observation is 

consistent with their interaction with hydrophobic residues within the thrombin binding 

site, and would be expected to decrease probe emission due to its sensitivity to polarity.  

However, the interaction of the probe with the protein binding pocket would also be 

expected to decrease free rotation of the biaryl fluorophore, resulting in increased 

brightness due to the molecular rotor properties of the nucleobase probe.  Thus, at 

positions 3 and 12, a loss of probe rotation appears to have a greater impact than the 

decrease in probe polarity to cause the overall probe fluorescence emission increase.    



84 
 

 

Table 7. Photophysical parameters and dissociation constants for thrombin binding by 
FurdU-mTBA.       

 

 

 

 
 

 

 

 

 

 

 

a Change in emission wavelength of mTBA GQ + thrombin versus free GQ.  
b Relative emission intensity for GQ + thrombin/GQ. 

 

 

Previously, binding studies were conducted in the Manderville lab on mTBA 

using directly attached 8-aryl-dG probes within the tetrad at position 5 (syn) compared 

to the 5′-FAM-labeled TBA sample and irrespective of location within the strand. The 

constants obtained were relatively insignificant (± 0.1-0.4).156 In chapter 2, binding 

studies revealed enhanced binding due to stacking interactions as well as enhanced 

stacking with a thrombin arginine residue.  

Dissociation constants are summarized in Table 9 for the FurdU-mTBA samples 

concluding that binding affinity is strongly location-dependent as outlines in chapter 2.  

When the FurdU probe was positioned at 4, 7, 9 and 13 the Kd values (3.5 to 6.1 μM) did 

not deviate to far from 5′-FAM-labeled TBA. However, FurdU position 3 and 12 exhibited 

a significant enhancement in binding affinity with values of 0.8 and 1.5 μM respectively. 

FurdU Δ(λem) (nm)a Irel
b Kd ( μM) 

3 −3.0 2.0 0.8 ± 0.1 

4 0.0 1.4 6.1 ± 0.4 

7 −1.0 1.2 3.5 ± 0.4 

9 0.0 1.4 5.9 ± 0.8 

12 −7.0 2.2 1.5 ± 0.2 

13 0.0 1.1 4.9 ± 0.5 
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These results were to be expected as positions 3 and 12, which have been previously 

shown to directly interact with the protein by protruding into the exosite.43 

A model of the mTBA-thrombin structure illustrated in Figure 30 shows the 

pincher-like insertion of the FurdU probe at positions 3 and 12 into the protein 

hydrophobic binding pocket. Both base positions appear to undergo stacking 

interactions with protein residues. Overall, increased stacking interactions with thrombin 

residues coupled with enhanced lipophilic environment found within pocket of the 

exosite, consequently enhances stability and binding ability. 

  

 

Figure 30. Structure of TBA in grey, highlighting FurdU in position T3 and T12 in red, 
bound to K+ (purple sphere) and thrombin protein in yellow (Protein Data Bank, 4DII).43 
Enlarged with the PyMOL molecular graphics system showing positions FurdU position 
T12 on the left and FurdU position T3 on the right.  

 

3.6 Conclusions 

These results show the impact of the fluorescent FurdU probe within the three 

unique loops of the 15-mer TBA, which folds into an antiparallel GQ upon target binding, 

in this case the thrombin protein. The FurdU probe could be utilized to survey different 

environments by monitoring changes in emission wavelength and in fluorescence 

intensity in order to determine the environment around the probe. Placement of the 
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modified dU was able to support the findings in literature and predictions based on the 

crystal structure.  

Not only does the FurdU probe exhibit environment sensitivity, but it also responds 

to rigidity via emission intensity, demonstrating rotor characteristics. If the probe is 

placed in a location that is able to stack with residues residing in the protein target, 

enhanced binding is observed. These characteristics can be used as a tool to plot which 

bases are solvent-exposed through changes in environment polarity, in addition to 

identifying which bases interact with the protein due to enhanced rigidity, and lastly, 

which positions enhance binding capabilities through π-stacking interactions. This 

investigation also provided support for previous structural NMR and X-ray 

crystallography studies describing thrombin binding to TBA. Therefore, rotor probes 

have the potential to dissect new aptamers where little information is known in a timely 

matter. Additionally, they provide a solution to the risk of false positives by eliminating 

the need for a complementary strand to quench the fluorophore. Only upon target 

binding will fluorescence emission intensity increase, an attractive trait for 

environmental toxicological testing or therapeutic applications.  
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Chapter 4: Materials and Methods 
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4.1 General Procedures  

4.1.1 Materials 

  

Commercial compounds, including trans-2-phenylvinylboronic acid, were 

purchased from Sigma Aldrich (St. Louis, MO). All unmodified oligonucleotides were 

purchased from Sigma Aldrich (Oakville, ON), including TBA’s complementary strand. 

Triethylammonium acetate (TEAA), ammonium acetate, and phosphate buffers used in 

HPLC studies were prepared from glacial acetic acid, triethylamine, ammonium acetate, 

and potassium phosphate. High purity Milli-Q water (18.2 MΩ·cm at 25°C) was used for 

buffers and spectroscopic studies.  

4.1.2 Equipment  

 

1H and C13 NMR spectra were recorded on 300 or 400 MHz spectrometers in 

either DMSO-d6 or CDCl3. Unless specified all NMR experiments were carried out at 

room temperature and processed using TopSpin 2.1 and 3.1 software. UV-Vis 

measurements were recorded on a Cary 300-Bio UV-Visible Spectrophotometer 

equipped with a 6 × 6 Multicell Block Peltier, stirrer and temperature controller with 

Probe Series II. Fluorescence polarization was recorded on a 1 x 4 temperature 

controlled PTI QuantaMaster. Fluorescence measurements were recorded on a PTI 

Alphascan-2 spectrofluorometer equipped with a 1 × 4 Multicell Block Peltier, stirrer 136 

and temperature controller with Probe Series 283. Circular dichroism measurements 

were recorded on a Jasco J-815 CD spectropolarimeter equipped with a 1 × 6 Multicell 

block thermal controller and a water circulator unit.  
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4.1.3 Photophysical Measurements  

 

Stock solutions of the nucleoside adducts used for spectroscopic measurements 

were prepared in DMSO (4 mM). Quartz glass cells from Hellma Analytics were used for 

all spectroscopic measurements. UV-Vis spectra were recorded using 100-QS cells with 

a light path of 10 mm, and fluorescence spectra recorded using 101-QS cells with a light 

path of 10 × 10 mm for all nucleoside solutions. Oligonucleotide UV-Vis spectra were 

recorded using 108.002-QS cells with a light path of 10 mm. Oligonucleotide 

fluorescence spectra were recorded using 108.002F-QS cells with a light path of 10 × 2 

mm. All spectra were recorded using 119.004F-QS with a 10 x 4 mm light path. All UV-

Vis and fluorescence measurements were recorded at RT, unless otherwise noted, with 

stirring and baseline correction. UV-Vis spectra were recorded from 400 to 220 nm. 

Fluorescence excitation spectra were recorded at the maximum emission wavelength of 

the fluorophore and emission spectra were recorded at the maximum excitation 

wavelength to 600 or 650 nm. 137  

4.1.4 Oligonucleotide Synthesis  

 

The modified nucleobases were incorporated into TBA using solid phase 

oligonucleotide synthesis and was preformed as described using phosphoramidite 

chemistry coupled with automated DNA synthesis with the use of a DNA synthesizer. 

TBA (5′-GGTTGGTGTGGTTGG-3’) synthesis was carried out on a 1 μmol scale using 

an automatic MerMaid DNA synthesizer. Oligonucleotide synthesis reagents: modified 

phosphoramidite (via standard β-cyanoethylphosphoramidite chemistry), unmodified 

phosphoramidites (bz-dA-CE, ac-dC-CE, dmf-dG-CE, and dT-CE), activator (0.25 M 5-
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(ethylthio)- 1H-tetrazole in CH3CN), oxidizing agent (0.02 M I2 in THF/pyridine/H2O, 

70/20/10, v/v/v), deblock (3% DCA in dry DCM), cap A (THF/2,6-lutidine/acetic 

anhydride), cap B (methylimidazole in THF), and solid supports (5′-DMT-dC(Ac), or 5′-

DMT-dG(dmf) 1000 Å CPG). Reagents were used following referenced protocols. Once 

synthesis was completed, oligonucleotides were cleaved from the solid support and 

deprotected using 1 mL of 30% ammonium hydroxide solution at 55 °C for 3 h and 

purified by RP-HPLC.  

4.1.5 Oligonucleotide Purification  
 

The modified TBA oligonucleotide solutions were first filtered using syringe filters 

(PVDF 0.20 μm). Purification was performed using an HPLC instrument equipped with 

an autosampler, a diode array detector (monitored at 254 nm and λ abs of the 

incorporated modified), and autocollector. Separation was carried out at 45°C using a 5 

μm reversed-phase (RP) semipreparative C18 column (100 × 10 mm) with a flow rate of 

3.3 mL/min. Various gradients of buffer B (30:70 aqueous 50 mM TEAA, pH 

7.2/acetonitrile) in buffer D (95:5 aqueous 50 mM TEAA, pH 7.2/acetonitrile) were used 

to separate the oligonucleotides. Buffer B ran at 100% for 25 min, then buffer D was 

increased to 15% for 2 min. At t=27 min buffer D was increased to 80% and then 

90%min after 3 min. Finally, buffer B was increased to 100% for the last 2 min. 

Collected DNA samples were repeatedly lyophilized to dryness and dissolved in MΩ 

water. 

 4.1.6 Oligonucleotide Quantification  
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Quantification was performed with UV−Vis measurements. Extinction coefficients 

of unmodified oligonucleotides were obtained from the following website: 

http://www.idtdna.com/analyzer/applications/oligoanalyzer. Standard 10 mm light path 

quartz glass cells from Hellma GmbH&Co were used for quantification. The 5-aryl-dU 

and 8-vinyl-aryl-dG modified oligonucleotides were assumed to have the same 

extinction coefficient as the unmodified oligonucleotides.  

4.1.7 Mass Spectrometry Analysis  
 

High resolution Mass Spectrometry (HRMS) was conducted at the Biological 

Mass Spectrometry Facility at the University of Guelph by Dr. Dyanne Brewer and Dr. 

Armen Charchoglyan. Samples were prepared in 10% MeOH/90% Milli-Q H2O 

containing 0.1% ammonium acetate, and analyzed by direct infusion on an Agilent UHD 

6530 Q-ToF Mass Spectrometer operating in nanospray ionization at 20 μL/min. Low 

resolution MS analysis was obtained on a Bruker AmaZon SL spectrometer equipped 

with an ion trap through direct injection. Masses were acquired in the negative ionization 

mode with an electrospray ionization source. Oligonucleotide samples were prepared in 

90% Milli-Q filtered water/10% methanol containing 0.1 mM ammonium acetate. Full 

scan MS spectra were obtained by direct infusion at a rate of 5−10 μL/min. The 

desolvation temperature was between 250 to 350 °C.  

4.1.8 Annealing of DNA 

 

 Oligonucleotide samples (1 mL) were prepared in 100 mM M+ -phosphate, pH 

7.0 with 100 mM MCl (M+ = Na+ or K+) buffer, using equivalent amounts (3 μM) of the 

unmodified or modified oligonucleotide and complementary strand (for duplexes). 
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Samples were then heated at 90°C in a water bath for 5 min, allowed to slow cool to 

room temperature and placed in the fridge overnight prior to use. 

 4.1.9 UV Melting 

  

All thermal melting temperatures (Tm) of oligonucleotides were measured using a 

Cary 300-Bio UV−vis spectrophotometer, equipped with a 6 x 6 multicell Peltier block-

heating unit, using Hellma 114-QS 10 mm light path cells. The UV absorption was 

monitored at 260 nm for duplexes and 295 nm for G-quadruplexes. Absorption was 

monitored as a function of temperature. Five alternating ramps, 90°C to 10°C and 10°C 

to 90°C, were recorded at a heating rate of 0.5 °C/min. The Tm values were calculated 

using hyperchromicity provided in the Varian Thermal software. 

 4.1.10 Circular Dichroism (CD) 

 

Spectra were recorded on a Jasco J-815 CD spectropolarimeter equipped with a 

1 × 6 Multicell block thermal controller and a water circulator unit. Measurements were 

carried out in 100 mM M+-phosphate, pH 7.0 with 100 mM MCl (M = Na+ or K+), using 3 

μM of the unmodified or modified oligonucleotide and its complementary strand in 

equivalent amounts. Quartz glass cells (110-QS) with a light path of 1 mm were used for 

measurements. Spectra were collected at 10°C in winter and 15°C in summer (due to 

humidity) between 200 and 400 nm, with a bandwidth of 1 nm and scanning speed at 

100 nm/min. The spectra were the averages of five accumulations that were smoothed 

using the Jasco software. 

4.1.11 Fluorescent Polarization 
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 A PTI Alphascan-2 spectrofluorometer (Photon Technology International, 

London, ON) was used for fluorescence measurements using quartz cells (108.002F-

QS) with light path of 10 × 2 mm. The cell holder was thermostated (37°C) with a 

circulating water bath. An excitation wavelength of 350 nm (StydG) and 360 nm (CNdG) 

was used with slits set at 3 nm for both the excitation and emission wavelengths, and 

emission was scanned in the range of 450 nm and 510 nm with an integration time of 30 

sec. Two equivalents of 0.1 μM thrombin protein were titrated, 2.5 μL at a time, into the 

3μM mTBA sample. The sample was inverted 12 times and left for 10 min before each 

scan. Fluorescence anisotropy measurements were made by simultaneously comparing 

the intensities of the vertically and horizontally polarized emitted light when the sample 

was excited with vertically polarized light. Each anisotropy value was calculated as the 

mean of three determinations. 

4.1.12 Thrombin Titrations  

 

Measurements for all titrations were completed using quartz cells (108.002F-QS) 

with light path of 10 × 2 mm; excitation and emission were recorded with a slit-width of 5 

nm. Titrations were performed on 3 μM mTBA strands. Next, 2.5 μM additions of the 0.1 

mM thrombin protein were added in a step-wise fashion, allowing for 10 minutes of 

stirring between each addition and recording both the absorption and emission spectra 

after each addition. Titrations were performed up to 2 equivalents of protein.   

Fluorescence titration data was transformed into binding isotherms by calculating 

fraction bound using: 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐵𝑜𝑢𝑛𝑑 =  
(𝐹𝑜𝑏𝑠 − 𝐹𝑖)

(𝐹𝑚𝑎𝑥 − 𝐹𝑖)
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Where Fobs = observed fluorescence intensity, Fi is the intial fluorescence intensity and 

Fmax is the fluorescence intensity of the oligonucleotide when fully bound by thrombin. 

 Fraction bound vs. [titrant] were plotted in order to generate a binding isotherm.  

Kd values were obtained using SigmaPlot Version 11.0 by subjecting the binding 

isotherm to a one site saturation ligand binding analysis. Ka values were calculated as: 

Ka = 
1

𝐾𝑑
 

Binding isotherms were produced by plotting fraction bound against the 

concentration of protein. Dissociation and association constants were determined using 

Sigmaplot v.11 under the one-site saturation ligand binding analysis.  

4.1.14 Quantification of the Titrant  

 

Quantification of titrants were performed with UV−vis measurement using εmax 

and extinction coefficients found on Sigma Aldrich product information files. Bovine 

thrombin (72 150 M-1 cm-1 at 280 nm).  

4.2 Synthesis General Procedure 

4.2.1 Synthesis of 8-Aryl-2’-deoxyguanonosine derivatives using Suzuki-Miyaura 

Coupling of 8-Br-dG with Boronic Acids 
 

 Pd(OAc)2 (0.15 mmol), TPPTS (0.2 mmol), Na2CO3 (15 mmol), and vinyl aryl 

boronic ester or acid (3.6 mmol) were placed in a round bottomed flask fitted with a 

condenser and reverse filled with argon. Degassed 2:1 H2O:CH3CN (35 mL) solution 

was added and the solution was heated to reflux for 4-5 hours for CNdG and overnight 

for StydG.  Following completion, the mixture was diluted with 100 mL of H2O and pH 



95 
 

was adjusted to 7.5 with 1.0 M aqueous HCl.  The mixture was then cooled to 0˚C, 

filtered, washed with DCM and dried to yield product. 

8-(4”-styryl)-2'-deoxyguanosine (StydG) (1a); 

Synthesis was performed as described. (Yield 75% )1H NMR (300 MHz, DMSO-d6) δ: 

10.65 (s, 1H), 7.69 (d, J = 7.3, 2H) 7.56- 7.23 (m, 5H) 6.47 (bs, 2H), 6.37 (dd, J = 8.6, 

6.4, 1H), 5.27 (d, J = 4.2, 1H), 5.17 (t, J = 5.1, 1H), 4.45 (m, 1H), 3.82 (m, 1H), 3.74- 3.6 

(dd, 2H), 2.60 (m, 1H), 2.09 (m, 1H).; 13C NMR (100 MHz, DMSO-d6) δ = 197.9, 157.5, 

154.3, 152.3, 144.3, 141.3, 136.4, 132.0, 129.2, 127.8, 119.0, 117.3, 87.8, 82.9, 70.7, 

61.7, 27.2. HRMS calculated for C18H19N5O4
+ [M+H+] 369.1437; found 370.1500. 

 

8-(4”-cyanostyrene)-2'-deoxyguanosine (CNdG) (1b) 

Synthesis was performed as described. (Yield 56% )1H NMR (300 MHz, DMSO-d6) δ: 

10.74 (bs, 1H), 7.89 (d, J = 8.4, 2H), 7.8 -7.6 (m, 4H), 6.54 (bs, 2H), 6.45 (m, 1H), 5.31 

(d, J = 4.1, 1H), 5.26 (t, J = 10.4, 1H), 4.60 (m, 1H), 3.83 (m, 1H), 3.73- 3.63 (m, 2H), 

2.57 (m, 1H), 2.08 (m, 1H).; 13C NMR (400 MHz, DMSO-d6) δ = 156.9, 154.0, 152.3, 

144.1, 141.5, 133.2, 133.1, 128.3, 119.9, 119.5, 117.4, 110.5, 87.8, 83.0, 71.0, 61.6. 

HRMS calculated for C19H18N6O4
+ [M+H+] 394.1390; found 395.1438. 

. 

 

4.2.2 Protection of Exocyclic N2 Amine 
 

The protection of the exocyclic N2 amine of guanosine followed the previously 

outlined procedure.16 The desired 8-aryl-2′-deoxyguanosine (1 mmol) was placed in a 

round bottom flask and reverse filled with argon.  20 mL of dry DMF was added followed 

by N,N-dimethylformamide-diethyl-acetal (9 mmol) and the mixture was allowed to stir 

until completion overnight at RT.  Approximately 200 mL of water was added to the flask 

and the resulting precipitate was filtered via vacuum filtration. The solid was washed 

with MeOH and dried to yield product in good purity and was used without further 

purification. 
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N2-(dimethylformamidyl)-8-(4”-styryl)-2′-deoxyguanosine (2a) 

Synthesis was performed as described. (Yield 88%) 1HNMR (300 MHz, DMSO-d6) δ = 

11.36 (bs, 1H), 8.55 (s, 1H), 7.7 (d, J = 7.3, 2H), 7.58 (d, J= 15.8 Hz, 1H), 7.48 (d, J= 

15.8 Hz, 1H), 7.4- 7.28 (m, 3H), 6.49 (t, J = 7.4 Hz, 1H), 5.33 (d, J = 4.3 Hz, 1H), 5.11 (t, 

J = 5.4 Hz, 1H), 4.50 (m, 1H), 3.81 (q, J = 4.4 Hz,1H), 3.75- 3.61 (m, 2H), 3.15 (s, 3H), 

3.03 (s, 3H), 2.76- 2.66 (m, 1H), 2.18-2.12 (m, 1H). HRMS calculated for C21H24N6O4
+ 

[M+H+] 424.1859; found 425.1926 

 

N2-(dimethylformamidyl)-8-(4”-cyanostyrene)-2′-deoxyguanosine (2b) 

Synthesis was performed as described. (Yield 75%) 1HNMR (300 MHz, DMSO-d6) δ = 

11.37 (bs, 1H), 8.55 (s, 1H), 7.7 (d, J = 7.3, 2H), 7.58 (d, J= 7.8 Hz, 1H), 7.60 - 7.28 (m, 

2H), 6.47 (t, J = 8.5 Hz, 1H), 5.33 (d, J = 3.3 Hz, 1H), 5.14 (m, 1H), 4.50 (m, 1H), 3.79 

(m,1H), 3.82- 3.61 (m, 2H), 3.15 (s, 3H), 3.03 (s, 3H), 2.73- 2.61 (m, 1H), 2.19-2.11 (m, 

1H).; 13C NMR 158.60, 157.78, 157.6, 145.12, 141.6, 133.07, 132.06, 128.40, 120.49, 

119.65, 119.47, 110.62, 87.72, 82.94, 70.48, 61.47, 41.24, 35.17. HRMS calculated for 

C19H18N6O4
+ [M+H+] 449.1812; found 450.1852. 

  

4.2.3 5′OH DMT Protection  

 

N2-(Dimethylformamidyl)-8-vinyl-aryl-2′-deoxyguanosine (1 mmol) was co-

evaporated from dry pyridine (3 × 5 mL). The reaction mixture was then fitted with a 

constant pressure dropping funnel; purged with argon, and 7 mL of dry pyridine was 

added to the reaction mixture and cooled to 0°C.  A DMT-Cl (1.2 mmol) pyridine (5 mL) 

solution was added to the dropping funnel under argon and added dropwise over 30 

min.   The reaction was allowed to stir at room temperature under argon and was 

monitored by TLC.  Upon completion, the pyridine was removed under reduced 

pressure, TEA (0.25 mL) and DCM (0.5 mL) was added and the product was loaded 

onto a silica column and run with 95:5 CH2Cl2:TEA to elute unreacted DMT material. 

The product was then eluted with MeOH:CH2Cl2:TEA (4:90:5), fractions were combined, 
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and rotovapped to yield a powder with a pale green colour for the StydG nucleoside and 

pale yellow colour for CNdG. 

5′-O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4”-styryl)-2’-dG (3a) in 
DMSO-d6 

Synthesis performed as outlined.  (64% yield). 1H NMR (300 MHz, DMSO-d6) δ = 8.46 

(s, 1H), 7.82 (d, J=8.7 Hz, 1H), 7.38 (d, J= 8.7 Hz, 6H), 7.39 (m, 4H), 7.28 (m, 4H), 7.18 

(m, 4H), 6.63 (m, 4H), 6.43 (m, 1H), 4.65 (bs, 1H), 4.06 (m, 1H), 3.69 (s, 3H), 3.46 (s, 

3H), 3.38 (m, 1H), 3.41 (m, 1H), 3.08 (m, 1H), 3.01 (s, 3H), 3.04 (s, 3H), 2.40 (m, 1H). 
13C NMR (400) MHz, CDCl3) δ= 158.3, 158.2, 157.9, 157.1, 150.6, 145.4, 141.2, 136.0, 

133.1, 131.9, 130.0, 128.2, 127.0, 121.0, 119.4, 119.0, 113.4, 110.6, 85.7, 83.2, 70.7, 

63.0, 55.3, 52.4, 45.9, 41.3, 35.2. HRMS calculated for C42H42N6O6
+ [M + H+] 726.3166, 

found 727.3226. 

 

5′-O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4”- cyanostyrene)-2’-dG (3b) 
in DMSO-d6 

Synthesis performed as outlined.  (66% yield). 1H NMR (300 MHz, DMSO-d6) δ = 8.46 

(s, 1H), 7.82 (d, J=8.5 Hz, 1H), 7.38 (d, J= 8.5 Hz, 6H), 7.39 (m, 4H), 7.28 (m, 4H), 7.18 

(m, 4H), 6.63 (m, 4H), 6.43 (m, 1H), 4.65 (bs, 1H), 4.06 (m, 1H), 3.69 (s, 3H), 3.46 (s, 

3H), 3.38 (m, 1H), 3.41 (m, 1H), 3.08 (m, 1H), 3.01 (s, 3H), 3.04 (s, 3H), 2.40 (m, 1H). 
13C NMR (400) MHz, CDCl3) δ= 158.3, 158.2, 157.9, 157.1, 150.6, 145.4, 141.2, 136.0, 

133.1, 131.9, 130.0, 128.2, 127.0, 121.0, 119.4, 119.0, 113.4, 110.6, 85.7, 83.2, 70.7, 

63.0, 55.3, 52.4, 45.9, 41.3, 35.2. HRMS calculated for C43H41N7O6
+ [M + H+] 751.3118, 

found 752.3132. 

. 

4.2.4 Phosphoramidite Synthesis 
 

Effective protection of the 3′-hydroxyl group with the β-

cyanoethylphosphoramidite was achieved using standard phosphoramidite chemistry. 

31P NMR spectra showed a distinct peak ~14 ppm in the 31P NMR spectrum for the 

oxidized phosphate, while the reactive phosphite required for DNA synthesis provides 

peaks at approximately at 147 and 148 for the diastereomeric mixture. Any remaining 

unreacted phosphitylating agent displays a series of peaks at ~5 ppm (phosphate) and 
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~135 ppm (phosphite), which are not seen due to hexane wash (5 x 5mL). This 

procedure was found to yield the amidites in good yields with purities suitable for DNA 

synthesis.  The 5′-O-DMT-N2-(dimethylformamidyl)-8-vinyl-aryl-2′-dG and the 5′-O-DMT-

N2-(dimethylformamidyl)-5-aryl-dU (0.5 mmol) were synthesized into their corresponding 

phosphoramidites. First the modified nucleotide was co-evaporated from dry toluene (3 

x 5 mL), vacuum dried and reverse filled with argon. The product was then dissolved in 

10 mL of dry, degassed CH2Cl2. Dry, degassed TEA (2 mmol) and 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite (0.75 mmol) was then added.  The reaction was 

monitored via TLC at 15 min and, upon completion (~30 min). The reaction mixture 

volume was evaporated to 3mL and purified through re-crystallization. The mixture was 

dripped into hexane, at -78oC, resulting in a solid. The solid was then repeatedly 

washed with hexane (5 x 5 mL), removing any unreacted phosphitylating agent.  The 

phosphoramidite solid was dried under vacuum and back filled with argon. HR-MS and 

a 31P NMR spectrum were performed.  

3′-O-[(2-cyanoethoxy)(diisopropylamino)phosphino]-5′-O-(4,4′-dimethoxytrityl)-N2-

(dimethylformamidyl)-8-(4ʹʹ-styryl)-2ʹ-dG (4a) 

 Synthesis was performed as outlined. (63% yield). 31P NMR (300 MHz, CDCl3) δ 

= 149.1, 14.3. HRMS calculated for C51H60N8O7P+ [M+H+]: 927.4323; found 927.4251. 

 

3′-O-[(2-cyanoethoxy)(diisopropylamino)phosphino]-5′-O-(4,4′-dimethoxytrityl)-N2-

(dimethylformamidyl)-8-(4ʹʹ-cyanostrene)-2ʹ-dG (4b) 

 Synthesis was performed as outlined. (68% yield). 31P NMR (300 MHz, CDCl3) δ 

= 149.1, 14.3. HRMS calculated for C52H59N9O7P+ [M+H+]: 952.4276; found 952.4186. 
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Appendix A: 1H and 13C NMR Spectra of 

Synthesized Products 
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Figure A.1 1H NMR spectrum 8-( trans-2-phenylvinyl)-2'-deoxyguanosine in DMSO-d6 
(1a). 

 

Figure A.2 1H NMR spectrum N2-(dimethylformamidyl)-8-(trans-2-phenylvinyl)-2′-
deoxyguanosine (2a) in DMSO-d6. 
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Figure A.3 1H NMR spectrum 5′-O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-
(trans-2-phenylviny)-2’-dG (3a) in DMSO-d6. 

 

Figure A.4 31P NMR spectrum 3′-O-[(2-cyanoethoxy)(diisopropylamino)phosphino]-5′-
O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-( trans-2-phenylviny)-2’-dG (4a) in 
CDCl3. 
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Figure A.5 1H NMR spectrum 8-(4”-cyanostyrene)-2'-deoxyguanosine (1b) in DMSO-d6.

Figure A.6 13C NMR spectrum 8-(4”-cyanostyrene)-2'-deoxyguanosine (1b) in DMSO-
d6.  
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Figure A.7 1H NMR spectrum N2-(dimethylformamidyl)-8-(4”-cyanostyrene)-2′-
deoxyguanosine (2b) in DMSO-d6. 

 

Figure A.8 13C NMR spectrum N2-(dimethylformamidyl)-8-(4”- cyanostyrene)-2′-
deoxyguanosine (2b) in DMSO-d6 
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Figure A.9 1H NMR spectrum 5′-O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4”- 
cyanostyrene)-2’-dG (3b) in CDCl3. 

Figure A.10 13C NMR spectrum 5′-O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-

(4”- cyanostyrene)-2’-dG (3b) in DMSO-d6. 
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Figure A.11 31P NMR spectrum 3′-O-[(2-cyanoethoxy)(diisopropylamino)phosphino]-5′-

O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4”- cyanostyrene)-2’-dG (4b) in 

CDCl3. 
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Appendix B: Characterization of 8-aryl dGs and Modified 

Oligonucleotides by ESI- Mass Spectrometry 
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Table B1. ESI-MS analysis of modified TBA oligonucleotides 

Oligonucleotide Product Formula Calculated 
mass 

Expected m/z  Expected 
Mass 

X=StydG C158H193N57O95P14 4828.2 [M − 5H]5−= 964.5 4827.4 

   [M − 6H]6−= 803.6 4827.5 

   [M − 7H]7− = 688.7 4827.8 

   [M − 8H]8−= 602.5 4828.2 

X=CNdG C159H192N58O94P14 4853.1 [M − 5H]5− = 975.5 4882.5 

   [M − 6H]6− =812.8 4882.5 

   [M − 7H]7− =696.5 4882.5 

   [M − 8H]8−= 609.4 4883.2 

X=DABCYL-pC C157H194N60O82P14 4667.2 [M − 5H]5−= 932.4 4666.9 

   [M − 6H]6− =776.8 4667.6 

   [M − 7H]7− =665.9 4667.7 

   [M − 8H]8−= 582.4 4667.2 

X= para-
nitrophenyl-pC 

C149H184N58O84P14 4565.0 [M − 5H]5−= 912.0 4565.0 

   [M − 6H]6− =759.9 4565.3 

   [M − 7H]7− =651.2 4565.5 

   [M − 8H]8−= 569.6 4564.7 
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Figure B.1 Mass of mTBA StydG oligonucleotide.  

 

Figure B.2 Mass of mTBA CNdG oligonucleotide. 
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Figure B.3 Mass of TBA complement DABCYL-pC oligonucleotide.  

Figure B.4 Mass of TBA complement para-nitrophenyl-pC oligonucleotide.  
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Figure B.5 HRMS of 8-(4”-styryl)-2'-deoxyguanosine 1a. 

 

Figure B.6 HRMS of 2a. N2-(dimethylformamidyl)-8-(4”-styryl)-2′-deoxyguanosine. 
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Figure B.7 HRMS of 5′-O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4”-styryl)-2’-
dG 3a. 
 
 

 

Figure B.8 HRMS of 3′-O-[(2-cyanoethoxy)(diisopropylamino)phosphino]-5′-O-(4,4′-
dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4ʹʹ-styryl)-2ʹ-dG 4a. 
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Figure B.9 HRMS of 8-(4”-cyanostyrene)-2'-deoxyguanosine 1b. 

 

 

Figure B.10 HRMS of N2-(dimethylformamidyl)-8-(4”-cyanostyrene)-2′-deoxyguanosine 
2b. 
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Figure B.11 HRMS of 5′-O-(4,4′-dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4”- 
cyanostyrene)-2’-dG 3b. 

 

 

Figure B.12 HRMS of 3′-O-[(2-cyanoethoxy)(diisopropylamino)phosphino]-5′-O-(4,4′-

dimethoxytrityl)-N2-(dimethylformamidyl)-8-(4”- cyanostyrene)-2’-dG 4b. 


