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In vitro, G-rich sequences form highly stable secondary structures known as 
G-Quadruplexes.  These structures have been characterized by circular 
dichroism nuclear magnetic resonance and X-ray crystallography; although 
their detection in vivo has remained elusive. Due to the biological 
implication of a transisent and polymorphic secondary structure forming 
within the hypothetical G-Quadruplex forming regions, there is growing 
interest to understand their in vivo molecular dynamics.  
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Chapter 1: DNA as a Biological Target 

1.1 INTRODUCTION

The human genome is composed of 3.2 billion base pairs of DNA and only about 

1.5% of these base pairs code for the 20-25 thousand distinct genes.  As DNA is the 

carrier of genetic material, its accurate replication is vital for chromosome stability and 

the transcription of genes. To ensure the accurate replication of the chromosome and the 

transcription of genes, cells have developed mechanisms to protect and repair DNA.   This 

is because failure to repair DNA lesions caused by exposure to exogenous and 

endogenous modifying agents, such as alkylating electrophiles, ionizing radiation, reactive 

oxygen and nitrogen species can lead to mutations.  This may ultimately lead to a disease 

state such as cancer or even cell death.1 Due to its biological consequences, oxidative 

damage of duplex DNA has been widely studied and will be discussed in detail to its 

relevance in understanding the various mechanisms of DNA cleavage chemistry.  Not 

only will the various mechanisms of oxidative damage of duplex DNA be discussed, but 

also the various chemical and biological probes used to study duplex DNA cleavage.   

Duplex DNA has been widely studied as a biological target for infected, diseased 

or cancerous cells as small selective ligands can inhibit or alter gene expression.1  These 

ligands can either bind DNA and modify gene expression through non-covalent or 

covalent interactions. Although many duplex binding ligands do not covalently modify the 

DNA, as they are most relevant, ligands that cleave duplex DNA and their unique 

cleavage mechanism will primarily be discussed.  

While the majority of the genome is composed of duplex DNA, alterative nucleic 

acid structures are also proposed to form, which may have significant implications in 

gene regulation,2 cancer3,4-7  and epigenetics.8-10.  The formation of a secondary DNA 



2 

structure, known as G-Quadruplex, will primarily be discussed. These are highly stable 

DNA secondary structures formed from G-rich sequences in vitro with a variety of 

topologies based primarily on sequence and stabilizing cation.  Although well 

characterized by various spectroscopic and imaging methods, evidence of their in vivo 

existence is limited.  This evidence includes the various proteins and enzymes known to 

interact and process G-Quadruplex DNA and the fact that G-Quadruplex ligands have 

been found to stabilize promoter regions within proto-oncogenes and regulate gene 

expression11 and inhibit telomerase both in vitro12-16  and in vivo.17, 18 Finally various G-

Quadruplex ligands will be discussed, along with the current but narrow understanding of 

the modification of G-Quadruplex DNA by exogenous ligands.  

As G-Quadruplex DNA is proposed to form transiently in vivo, understanding its 

role in various diseases states by means of a selective G-Quadruplex probe in order to 

map the genome for G-Quadruplex formation could provide a greater understanding of 

these disorders.  However, a selective cleavage probe has not been identified as the 

screening of potential ligands has been limited by the current methodologies.  Therefore, 

a fluorescence-based cleavage assay was designed to screen and rapidly study the 

cleavage of various G-Quadruplex topologies by a variety of G-Quadruplex ligands.  The 

topics in this chapter will provide a basis of the differences in duplex vs. G-Quadruplex 

structure and examples of their respective ligands, along with known DNA cleavage 

mechanisms in order to further understand the G-Quadruplex cleavage chemistry 

observed in the fluorescence-based assay.  

1.2  DUPLEX DNA

1.2.1 Structure of Duplex DNA 

Duplex DNA is composed of two nucleotide strands hydrogen bonded together, 
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forming a double helical marcromolecule that possesses dyad symmetry.  DNA composed 

of two strands of repeating nucleotides units that consist of a 2’ deoxyribose, a phosphate 

and one of four heterocyclic bases.19 These four bases can be further classified as either a 

purine or pyrmidine. (Figure 1.1)  Purines, (adenine and guanine) contain a five and six 

membered fused ring and bond to the 2’ deoxyribose via N9, while the pyrimidines 

(thymine and cytosine) bond to the sugar moiety by the N1 their solo six membered 

ring.20, 21  These nucleosides (base pair + ribose sugar) comprise the nucleotide strands by 

forming phophodiester bonds between the 3’ and 5’ hydroxyl groups of adjacent sugar 

moieties. The phosphodiester bonds result in the strands’ asymmetrical nature and have a 

polarity of either 5’ to 3’ or 3’ to 5’ with respect to the relative orientation of the 3’ and 5’ 

deoxyribose carbons.  The double helix’s dyad symmetry is the result of one strand having 

a 5’ to 3’ directionality, while its complement strand is 3’ to 5’.19, 21 

 

Guanine'Adenine' Thymine' Cytosine'

Nucleoside'

Nucleo5de'monophosphate'

Nucleo5de'diphosphate'

Nucleo5de'triphosphate'

Glycosidic'Bond'

Nucleobase'

Pentose'

(A)'

(B)'

Figure 1.1. (A) Structure of the four nucleobases (B) The structure of a nucleotide 
triphosphate showing the nucleoside, nucleotide, mono- and di-phosphate 
substructure 

pho 
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The two nucleotide strands hydrogen bond with one another in a selective and 

specific manner. In 1940s, Erwin Chargaff determined that across species, all DNA is 

composed of an equal amount of purines and pyrimidines, and even more specifically the 

molar ratio of adenine equals thymine and guanine equals cytosine.22 By utilizing 

Chargraff’s rule, Watson and Crick determined that purines and pyrimidines form specific 

base pairs, stabilized thermodynamically via hydrogen bonding. Geometrical constraints 

prevent non-thermodynamically favorable pairings; therefore adenine and thymidine 

readily pair by two hydrogen bonds, while guanine and cytosine pair more stably with 

three bonds. (Figure 1.2)  This type of base pairing is known as Watson-Crick or 

canonical base pairs and give rise to DNA’s helical structure.21, 22  

 

 While hydrogen bonding stabilizes base pair interactions and determines DNA’s 

sequence dependent stability, hydrogen bonds do not stabilize DNA as significantly as the 

base stacking interactions.  Base stacking interactions in DNA and RNA increase its 

Major&Groove&& Major&Groove&&

G& C& A&
T&

Minor&Groove&& Minor&Groove&&

Minor&Groove&&

Major&Groove&&

Figure 1.2. Major and minor grooves in DNA. The glycosidic bonds in a base pair are 
not located in oppposite positions in the helix. There are two different size 
grooves. The major groove is wider and shallower than the minor groove.  
The three hydrogen bonds of a G-C base pair and two hydrogen bonds of 
an AT base pair is also shown.  
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stability due to dispersion forces, electrostatic interactions and base stacking itself.  

Dispersion forces are the result of spontaneous charge fluctuations of bases, giving rise to 

attractive Van der Waals forces. In DNA the series of planar bases stack with similar 

overlapping regions, containing multiple conjugated rings, leading to even more favored 

interaction. The purines, particularly guanine, have high stacking energies.20, 21 Other 

attractive forces include the association of metal ions to diminish the electrostatic 

repulsion of the negatively charged backbone.20, 21 

The stacked bases of duplex DNA result in a hydrophobic interior, while the sugar 

phosphate backbone is hydrophilic.  Most DNA is found in the right-handed form of the 

double helix termed “B-DNA.”23 Under conditions such as dehydration, the DNA 

undergoes a slight conformational change to adopt a different double helix structure 

known as “A” DNA. These change affect the number of bases pairs per helical turn, helix 

diameter and base pair length. These changes directly affect the helical function by 

altering the width and depth of the major and minor grooves.20 

The major and minor groves form by the phosphate backbone of the helix as they 

twist around each other. The majority of duplex DNA adopts the “B” helix form in which 

the major groove is 22 Å wide and considered to be shallow, while the minor groove is 12 

Å wide and deeper.23 The major and minor grooves occur on each side of a Watson-Crick 

base pair. The pyrimidine O2 and the purine N3 face the minor groove, while the floor of 

the major groove consists of the purine and pyrimidine base pairs 4’ substituent.  (Figure 

1.2) Many protein-DNA interactions are regulated by groove interactions21, 24 and are 

essential for specific targeting within drug design.  

DNA’s relative chemical and structural simplicity are in juxtaposition with its 

functional complexity to encode for all cellular processes and play a role in their 

regulation.  Research is still investigating the means by which DNA serves as the basis for 
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cellular heredity, gene expression and also as a drug target.  

1.2.2 Duplex DNA Damage and Repair  

 As DNA is the carrier of genetic material and its role in cellular division is 

critical, its precise replication is vital for the maintenance of chromosome stability and 

accurate transcription. The chemical alteration a nucleotide can result in non-canonical 

base pairing, which can ultimately lead to mutations and potentially cancer. To ensure 

normal cell growth and accurate DNA replications, cells have developed methods to 

proofread and excise errors.25-29 Additionally, the cell expends significant energy on 

correcting DNA lesions due to exposure to endogenous and exogenous reagents. 27-29  The 

inability to correct DNA damage can have severe effects. Individuals with defective repair 

mechanism are more likely to develop neurological degeneration due to the inability to 

repair lesions within the highly oxidative environment of neuronal cells, which causes an 

increased rate of DNA damage.30  

DNA damage by double strand breaks (DBS) can occur via the production of free 

radicals; these can be formed during oxidative metabolism and by ionizing radiation. DBS 

left unrepaired or repaired improperly can lead to cancer or even cell death.31 Therefore, 

the cell employs mechanisms to repair these lesions.  However, these repair mechanisms 

identify the linear chromosomes as a DSB.  Therefore, in order to prevent the “repairing” 

the chromosomes at the telomeres, or the single-stranded DNA region at the end of the 

chromosome, bind a protein complex known as Shelterin.32  In fact, loss of Shelterin 

integrity triggers a DNA-Damage response at the telomeres.33   

Other types of DNA damage bases can occur through a variety of methods such as 

DNA alkylation and ionizing irradiation.30 The alkylation of DNA by electrophiles can 

lead to mutation and potentially cancer if left unrepaired. DNA alkylation is the covalent 

transfer of an alkyl group from a small molecule to the DNA. Similarly, the covalent 
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transfer of a methyl group to DNA is DNA methylation.  An example of electrophilic 

ligand capable of both alkylation and methylation is the tobacco specific nitrosamine 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). This established carcinogen is 

metabolically activated to an aklyating electrophilic species to form pyridyloxobutyl 

adducts at 06 and can also methylate the 06 and N7 of guanine.34   Ionizing radiation, low 

wavelength photons with high energy, can also result in DNA damage as they can lead to 

formation of oxygen radicals.  As discussed below, the formation of oxygen radicals can 

damage DNA by direct cleavage of the phosphodiester backbone or by the oxidation of 

guanine through various mechanisms.35  

There is also significant evidence oxidative DNA damage plays a role in cancer, 

aging and genetic instability.  Therefore there is an increased interest in elucidating the 

various mechanisms that lead to duplex DNA oxidation and damage. Oxidative stress can 

be induced by reactive oxygen species such as ([•OH], [O2]– and 1O2) and nitrogen species 

([NO], ONOO–). Of the 4 nucleobases (guanine, adenine, thymine, cytosine) guanine 

residues are the most readily damaged due to their particularly low oxidation potential.36 

Additionally, local DNA sequence also affects the ionization potential of a particular 

guanine,37 and there is mounting evidence about the role secondary structure plays in the 

location and extent of guanine oxidation.38-43  

DNA damage induced by irradiation or external oxidants has been widely studied 

and the following mechanisms of DNA damages have been investigated through the use 

of chemical probes: hydrogen abstraction, reactive oxygen species (ROS)/reactive metal-

oxo species (RMOS), singlet oxygen generation, electron transfer, and charge transport. 

Figure 1.3 summarizes these oxidative processes.   

 



 8 

 

1.2.2.1 Hydrogen Abstraction 

Nucleobase modification and strand scission of DNA are the two end products of 

DNA modification by oxidative species. Radical species can attack either the nucleobase, 

or the deoxyribose-sugar backbone.  The process where the DNA acts as a hydrogen 

donor, which causes the formation of a radical ion typically on the sugar moiety, is known 

as hydrogen abstraction. This reaction ultimately culminates in strand scission.44, 45  

 All five carbons of DNA’s pentose are capable of acting like hydrogen donors. 

Depending on the oxidative conditions, the resultant radical will rearrange to form a 

multitude of possible products, all that include strand scission.  Detailed experiments 

using high resolution PAGE analysis, HPLC and mass spectroscopy analysis are often 

used to elucidate the identity of these products and determine both the specific location of 

hydrogen abstraction and mechanism of cleavage.43-45  

 As discussed previously, the Fenton reaction’s primary mode of oxidative damage 

Figure 1.3. Summary of various cleavage mechanisms discussed in chapter.  
Adapted from Burrows et al.(REF) 
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is hydrogen abstraction via the hydroxyl radical and hydrogen abstraction is generally 

sequence independent, given the presence of deoxyribose sugars/ equally efficient 

hydrogen donors along its entire backbone.  It is the availability of hydrogen proximal to a 

compound’s binding site that mediates the identity of the sugar and specific hydrogen that 

contribute to the abstraction and site of the strand scission.45, 46 Since the distance between 

the binding site/ source of reactive species to the proximal hydrogen limits the extent of 

hydrogen abstraction, the secondary structure can effect the site(s) of cleavage.47 

Examples of ligands that initiate hydrogen abstraction include: bis(1,10-

phenantroline)copper(I) (H-1’), gamma radiolysis (H-2’),  photoactive rhodium(III) (H-

3’), the antibiotic Fe(II)bleomycin (H-4’) and meso-Tetrakis(N-methylpyridinium-4-

yl)porphyrinatomanganese(III) (H-5’), which is known to cleave both duplex and 

quadruplex DNA.45  

1.2.2.2 reactive oxygen species (ROS)/reactive metal-oxo species (RMOS) 

The reduction of molecular oxygen by either a metal ligand complex or a type II 

photo process can result in reactive oxygen species (ROS). These species include the 1O2,  

[O2]–,  H202 and  �OH.43  

[O2]– + H2     è   H2O2   è   2�OH	  

The production of singlet oxygen causes the oxidation of guanine bases without 

specificity. The superoxide anion and hydrogen peroxide alike both convert to the 

hydroxyl radical. As describe above, the hydroxyl radical (�OH) is a strong diffusible 

oxidant that abstracts hydrogen atoms from the deoxyribose or by modifying bases.43, 44, 48   

Reactive metal-oxo species (RMOS) are more diverse than ROS. These species 

include peroxo-metal (M-OH) and superoxo-metal (M-OOH) and high valent metal oxo-

species (M=O).   As opposed to other reactive mechanisms, RMOS are more likely to 

initiate cleavage proximal to the metal ligand’s binding location and it is the binding that 
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responsible for base specific cleavage. For example, Fe(III)bleomycin selectively cleaves 

DNA at its known binding site. The Fe(III)bleomycin mechanism of cleavage include FeIII-

OOH or FeIV=O with the C4’ hydrogen abstraction. 43 The metalloporphyrin MnIII 

TMPyP4 can intercalate into duplex DNA, however, this intercalation is likely not the 

cause of oxidative damage, rather an axially bound oxo is responsible.48  Some other 

examples of RMOS ligands include:  MnIII porphyrins and salens alike, which initiate 

cleaveage via a MnV=O intermediate, while NiIIpeptide mediate NiIII-SO4� formation.43 

Reactions of ROS and RMOS with DNA result in both strand scission via 

hydrogen abstraction and base modification.   Hydrogen abstraction reflects DNA 

sequence specificity in as much as the bases proximal to the ligand dictate the available 

hydrogens for abstraction.  Modified nucleobases, typically G, however comprised the 

majority of RMOS mediated DNA lesions.43, 48  Strand scission induced by hydrogen 

abstraction is visible without piperdine/heat treatment, while modified nucleobases are 

only visible after treatment with piperdine/heat.  

1.2.2.3 Singlet Oxygen Generation 

Singlet oxygen is generated by an energy transfer from a photosensitizer to the 

ground state of molecular oxygen, activating the oxygen into its lowest excited electronic 

state.  The production of highly reactive singlet oxygen (1O2) via irradiation of a 

photosensitizer is known as a type II photo process.44, 49  The production of singlet oxygen 

is ligand specific since not all photosensitizers possess enough triplet energy in their 

excited state to generate this reactive species. The mechanism of singlet oxygen induced 

oxidation includes either local oxidation at a specific residue or dissemination of the 

oxidation potential along the helix, as seen in charge migration. Either mechanism of 

oxidation will favor guanine nucleobase modification and often without preference 

towards any particular guanine(s).49 
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An enhanced extent of DNA oxidation in dueturated solvent is a key indicator of 

singlet oxygen since the heavier isotope can lead to a substantially increased lifetime of 

the excited species.44, 49  Likewise, inhibition of DNA oxidation in the presence of azide 

can confirm the presence of singlet oxygen. However, alternative methods of oxidation, 

such as direct electron transfer, can not be ruled out since the heavy solvent may increase 

the excited state, resulting in a similar enhancement in the extent of oxidation.49 

Compounds that photo-excite singlet oxygen include Ru(II) complexes, 

Vanadium(V) complexes and the duplex and G-Quadruplex ligand, TMPyP4.49  In fact, 

porphyrins have been used to probe non-duplex regions and some expanded porphyrins 

have also been shown have selectivity react with the guanines of a variety of non-duplex 

structures, such as a 3-way junction.49 

1.2.2.4 Electron Transfer  

The transfer of an electron from one molecule to another is known as electron 

transfer. In DNA oxidation, this is known as a type I photo reaction, which entails direct 

oxidation by electron transfer from the base to a photosensitizer complex.44, 48   
P* + G   è P�- + G�+ 

The excited photosensitizer produces a radical cation on the base, while the extent of 

oxidation is dependent upon the oxidation potential of the base. Guanines bases are the 

most readily oxidized since they have the lowest ionization potential. However, a base’s 

exact oxidation potential depends upon its local environment.49  Two or more contiguous 

guanine bases have a lower oxidation potential, especially the 5’ most G, than guanines 

flanked by the other nucleobases.  Thus, G-runs are the most readily oxidized.37, 44, 49  

While both singlet oxygen and electron transfer processes induce oxidation within 
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G-rich DNA sequence, electron transfer reactions are more sensitive to the lower 

oxidation potential of the 5’ guanine in a G-run, thus there is not an even guanine cleavage 

pattern throughout the DNA sequence.43, 44  Differences in cleavage patterns can be used to 

some degree to distinguish between the two potential mechanisms.  Examples of electron 

transfer reagents are riboflavin, naphthalene diimide and anthroquinone.49 

1.2.2.5 Charge transport leading to electron trapping 

Antrhroquinone (AQ) is a classic molecule to study charge transport.   Photo 

excitation of anthroquinone can either result in hydrogen abstraction or electron transfer.  

This cation can migrate through the DNA in a process known as charge migration.44, 50 

Upon excitation of an intercalated AQ, AQ initiates electron transfer from the DNA and 

forms an anion radical on the AQ. The AQ formed radical anion is stable and does not 

return to the DNA.  The cation radical is then trapped on the DNA by either water or 

oxygen, causing the guanine oxidation.49 The location of these oxidized guanine bases can 

vary significantly and can migrate up to a distance of 100 Å away from the initial site of 

the photosensitizer.50 Since the migration of the cation is very rapid to the quenching by 

water/oxygen, the location of these trapped guanine radicals provides a “snap shot” of the 

oxidative hot spots.36 

It is important to differentiate between an electron transfer and charge transport 

mechanisms. Electron transfer involves a single step transfer of an electron, producing a 

guanine radical cation at the location proximal to the initial site of the transfer. Charge 

transport or migration however involves a multistep hopping processes by which the 

guanine radical cation is conducted through the DNA.  Individual steps that occur as the 

cation is being conducted through the DNA are electron transfer reactions.36 

Duplex DNA is an efficient conductor, allowing long distance charge migration 

along the DNA away from a photosensitizer.  Understanding long distance charge transfer 
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is a focus of oxidative damage research.38, 40-42, 50-53  It has well-been shown that a guanine 

radical cation produced at one end of a DNA strand can induce the migration of a electron 

distal from the cation original site, effectively resulting in the migration of the G•+. 

(Figure 1.4) Sites of Specific guanine oxidation in duplex DNA in charge migration is 

dependent on its local sequence.37 G-rich DNA is especially prone to oxidation, with a 5’G 

over a 3’G oxidation preference in a 5’GG3’ tract due to the 5’ G’s lower oxidation 

potential.49, 54 Sites prone to oxidative damage are known as electron holes. Not only does 

the oxidation potential of G residues mitigate an electron hole’s identity, but DNA 

conductivity is also dependent upon its sequence and structure.36, 54 

  

 

Duplex DNA is generally conductive, however individual sequences can be 

insulating. Although, guanine rich sequences are prone to oxidation, A and T rich 

sequence can prevent electron migration.40 Meanwhile, sequences that contain either a 

mismatch or abasic site have a reduced rate of migration, while the existence of single 

stranded regions within a duplex can affect the identity and extent of oxidative damage.36 

1.2.3 Probes of duplex DNA structure 

As discussed in the previous section, DNA can undergo damage by both various 

mechanisms. Both chemical and biological reagents can result in the modification of 

Figure 1.4. Electron transport on duplex DNA.  Upon photoirradiation of a one 
electron oxidant, the electron hole, or location of the radical cation, is 
predominantly found at a 5’ G of a 5’GG tract  
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individual bases, by a covalent interactions and/or oxidative damage.   These 

modifications can either be promiscuous or specific to a particular base(s), sugar(s), 

sequence and/or secondary structure(s).   

 As discussed previously, the use of certain reagents (biological or chemical) can 

used to probe the selective damage of DNA in vitro and in vivo. Biological probes are 

typically enzymes that cut, degrade or modify DNA based on primary or secondary 

structure. While chemical probes are small molecules that cause DNA strand breaks, 

covalent modification and/or oxidative damage.   Either in tandem, or alone, these probes 

can be used to determine DNA sequence and/or to characterize DNA structure.   As 

mechanisms of DNA damage through the use of chemical probes was thoroughly 

discussed in the previous section, this section will focus on the use of these probes to 

study duplex DNA structure.  

1.2.3.1 Biological based probes 

S1 nuclease 

S1 nuclease is an endonuclease that preferentially degrades single stranded RNA 

and DNA.55, 56  S1 nuclease is often used to remove single stranded tails or as a probe in 

nuclease protection assays. 56 Regions of DNA that are either single stranded or in flux 

due to formation of alternative DNA structures show an enhanced reactivity towards S1 

nuclease.  The regions are often known as nuclease hypersensitive element III. One such 

element commonly studied is NHEIII, the region proposed to form a G-Quadruplex 

structure in the promoter region of the proto-oncogene, cMyc.55 

DNaseI 

  Unlike S1 nuclease, DNase I is a nuclease that preferentially cleaves normal or 

locally unwound duplex DNA over single stranded DNA or secondary structure such as 
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hairpins.55, 56 In vivo, DNase I has been suggested to degrade DNA in order to recycle 

nucleotides and is one of the deoxyribonucleases responsible for DNA fragmentation 

during apoptosis;56 however, it can also be used probe a local structure to determine 

whether it is a duplex.57 

1.2.3.2 Chemical probes  

Dimethyl sulfate (DMS) 

Dimethyl sulfate is common guanine residue specific chemical probe as DMS 

methylates the N7 position of guanine. DNA chemical sequencing for guanine relies on 

DMS modifying the N7, followed by alkali/heat induced strand scission.  DMS is also 

used to determine DNA structure and footprinting. Since DMS can penetrate the major 

groove of double stranded DNA to access N7 position of guanine it can modify duplex 

DNA and footprint the locations of bound protein protected guanines.56 The Watson-Crick 

base pairing leaves the N7 free while the Hoogsteen base pairing of G-Quadruplex DNA 

utilizes the N7, effectively preventing its modification by DMS.  Therefore, a lack of 

DMS modification at guanine residues can verify G-Quadruplex structure.38, 55  

Osmium Tetroxide and KMnO4 

Osmium tetroxide and KMnO4 are both thymine residue selective chemical probes 

used in single stranded DNA regions by binding to thymine’s double bond.56  KMnO4 has 

been used as chemical probe to investigate the local structure of the NHEIII domain under 

supercoiling conditions.57 

5-halouracil  

Substituting the Thymine in DNA with 5-halouracil (BrU or IU) does not impact 

its functionality in vivo and has been used to probe DNA structure in vitro, including A, B, 

Z and G-Quadruplex forms, along with protein-induced DNA. Detailed studies have 
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shown the relationship between local DNA structure and the resultant uracil-5-yl products, 

which are generated by hydrogen abstraction from 5-halouracil after irradiation at 302-

nm. HPLC and mass spectroscopy analysis identifies the DNA conformation dependent 

products and provides a snapshot of dynamic DNA structure.58 

Fe�ETDA  

Fe�ETDA is commonly used in nucleic acid research. Fe�ETDA mediated 

reactive species are produced by the Fenton reaction:44, 45, 59   

Ascorbate + EDTA�Fe 3+è Oxidized ascorbate + EDTA•Fe2+  

EDTA•Fe2+ + H2O2 è  EDTA•Fe3+ + •OH + OH- 

The hydroxyl radical is a small strong and diffusible oxidant capable of 

producing both frank DNA strand breakage via hydrogen abstraction from the 

deoxyribose and nucleobase modifications.44, 45 The irreversible nature of hydrogen 

abstractions from the deoxyribose sugar leading to strand breaks result in their 

significant role in overall cleavage mediated by the Fenton reaction.44  

Unlike most oxidative processes, the hydroxyl radical mediated DNA cleavage 

by Fe•EDTA is largely independent of the base identity. The sequence neutral hydroxyl 

radical abstracts hydrogen atoms45, 46, 60 in the order of 5’>4’>2’≈3’>1’. Therefore a 

cleavage event depends on the deoxyribose hydrogen atoms’ accessibility45, 46 and 

secondary structure and occlusion by bound protein or small molecules affects the site(s) 

of cleavage.47  

To mediate structural specific cleavage, DNA ligands with an attached 

Fe�ETDA moiety have been investigated. For example, the duplex DNA intercalating 

ligand methidiumpropyl with an attached EDTA�Fe2+ has been found to cleave duplex 

DNA with low sequence specificity.  Cleavage only occurs under conditions favoring 

DNA binding by the ligand, which allows for the use of the ligand to map the duplex 
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DNA binding sites of other small molecules.61-63 The lifespan of the diffusible �OH 

limits its reactivity, while its lack of sequence dependence lead to DNA cleavage 

immediately adjacent to the binding location of the ligand.  

1.2.4 Targeting Duplex DNA 

Small molecules have been investigated for their ability to selectively bind certain 

regions of DNA.  This has led to the discovery of a number of clinically useful drugs.64, 65 

Ligands that bind to DNA can alter gene expression or induce apoptosis. (Figure 1.5)  

Therefore, targeting DNA by ligands to inhibit or alter gene expression is a promising 

approach to selectively target infected, diseased or cancerous cells.1  Ligands that interact 

with DNA are also investigated for their potential as antiviral, antifungal and antibacterial 

therapeutics by selectively targeting the DNA of these infectious organisms.65 

One method to target of cancer cells involves the use of a DNA binding molecule; 

however, all currently used DNA binding chemotherapeutics are not especially selective 

as the compounds can affect both normal and cancerous cells. Since cancer cell divide 

significantly more rapid than healthy tissue, DNA damage in cancerous cells will have an 

enhanced effect on genomic stability and apoptosis.  This is due to inability of rapidly 

proliferating cells to repair DNA damage prior to replication.  During replication, 

unrepaired DNA damage leads to a higher rate of apoptosis in the cells.65, 66  The current 

goal of chemotherapeutics is to eradicate the cancerous cells before the normal cells are 

significantly damaged.  The severe side effects associated with cancer therapeutics are due 

to an inability to sufficiently selectively target cancer cells. For the design of more potent 

and selective therapeutics it is important to identify cellular differences between cancer 

and healthy cells and target the specific compounds to these differences.67, 68  
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One goal in the study of small molecule-DNA interactions is to identify unique 

DNA sequences and structures and to investigate the role of these DNA regions in various 

cellular processes in order to access their potential as drug targets.69-71 A greater 

understanding of the cellular control of DNA and the DNA’s dynamics provide a new 

avenue to identify specific DNA structures as potent drug targets.  Identifying more 

selective DNA targets may lead to the design of new and specific small molecules 

therapeutics, reducing the deleterious side effects of traditional chemotherapeutics.  

1.2.4.1 Covalent and Non-covalent Interactions with Duplex DNA 

Compounds target DNA through either covalent or non-covalent interactions.  

Covalent modifications of DNA left unrepaired typically results in mutations or even 

cellular death. Therefore, the formation of DNA lesions is used to eradicate tumor cells.  

Typically compounds that form covalent-DNA interactions have long-term effects.72 On 

the other hand molecules that interact with DNA via non-covalent hydrogen bonding, 
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Figure 1.5. DNA binding molecules can interfere with cellular processing 
enzymes, altering the processes carried within the cell, eventually 
leading to cell death. 
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electrostatic or hydrophobic interactions typically have less long-term effects as their 

association with the DNA is less stable.73 

Covalent Interactions 

Compounds that covalent bind to DNA generally form irreversible adducts. These 

adducts can interfere with the normal functions of DNA by affecting both replication and 

transcription via either base pair modification or intra- or inter- strand crosslinking.  The  

covalent modification of DNA can be resolved by numerous DNA repair mechanisms; 

however, if left unrepaired, it can directly affect cellular processes by disturbing the 

activity of various polymerases and helicases.72 Cisplatin, one of the most widely used 

chemotherapeutics, covalently modifies DNA by platinating the N7 of gunanine bases.  

This causes intra-strand crosslinking and ultimately affects the mobility of DNA 

polymerases as they encounter the lesions.66, 72  Mitomycin-C on the other hand, causes 

interstrand cross-links between guanines on the adjacent DNA strands.  This affects 

replication and transcription since helicases are unable to separate the covalent duplex into 

its single strands.74, 75 Due to the difficulty of selectively targeting diseased cells, the side 

effects of covalent DNA drugs are typically severe;72 however these drugs are still used 

clinically because superior drugs have yet to be found.66 

Noncovalent Interactions 

DNA ligands can interact with DNA non-covalently by nonspecific external 

electrostatic interactions, specific DNA-ligand groove binding interactions, or through the 

intercalation between DNA bases pairs. (Figure 1.6)  
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External electrostatic interactions are nonspecific contacts between positively 

charged molecules or ions and the negatively charged phosphodiester backbone of DNA. 

(Figure 1.6A)  These interactions affect both the DNA’s structure and stability and thus 

ultimately the DNA’s molecular interactions.  However these electrostatic interactions 

are typically not sequence specific.73, 76 Cationic polyamines, such as spermine and 

spermidine, are examples of compounds that interact by external electrostatic attraction.  

Additionally, polyamines have been shown to impact secondary structure of DNA in 

vitro and are hypothesized to be vital in the survival of cancer cells.77 

Groove binding molecules interact with the major or minor groove of duplex DNA 

by the displacement of bound water and cations and specifically interacting with the 

nucleic acid bases. (Figure 1.6 B)  Groove binders tend to prefer AT rich DNA sequences 

due to the availability of the C2 carbonyl oxygen of the thymine bases and N3 of the 

adenine bases for hydrogen bonding.  GC rich DNA on the other hand tends to favor non-

covalent intercalation.  This is due to the amino group of the guanine hydrogen bonding to 

the carbonyl oxygen of cytosine, which sterically hinders binding within the minor 

Figure 1.6. Non covalent interactions with duplex DNA. (A) External electrostatic (B). 
Groove binding (C) Intercalation (D) Endstacking 
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groove.73 Groove binders have been rarely been utilized as drugs, although there are a few 

examples such as distamycin and antibiotics such as bleomycin.65   

Intercalating ligands interact by binding between adjacent bases of duplex DNA. 

(Figure 1.6 C)  Most intercalators are polycyclic, aromatic and planar compounds that 

have a rigid structure.  The interactions of these compounds with DNA are stabilized by 

the hydrophobic contacts and stacking with the DNA bases.  However, in order for a 

compound to intercalate between two bases, the DNA must unwind to provide sufficient 

space for the compound.64 In contrast to groove binders, intercalators display r a slight GC 

rich DNA preference, possibly due to the larger dipole moment of GC rich DNA.64, 73 

Classic examples of intercalators include ethidium bromide and naphthalene diimides.64  

Finally, compounds that neither groove bind nor intercalate, but favor DNA-

interaction will “endstack” on the terminal ends of duplex DNA in vitro. (Figure 1.6 D) 

Often similar to intercalators in structure, these compounds are too large to efficiently 

intercalate DNA due to both the requirement of DNA unwinding for intercalation and the 

limited extent of base pair stacking.   DNA ends however do provide the planar and 

hydrophobic regions for nonspecific interactions.73 

There are multiple factors that determine DNA-drug binding, including: 

electrostatic interactions, hydrogen-bonding capacity, stacking and dipole interactions. In 

addition, chirality, charge state, spatial distancing, pH, ionic strength and temperature all 

contribute to DNA-binding.73, 78 Metal ion geometry of a coordination compound may not 

only affect its electrostatic interactions, but also its mode of DNA interaction, oxidation 

state, binding affinity affinity and direct if and how a ligand modifies DNA.43, 79-81  

1.2.4.2 Duplex Cleavage Ligands 

Small molecules are not only able to bind DNA through non-covalent and covalent 

means, some ligands can also modify DNA by either base oxidation or direct cleavage. 
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Many natural products such as the antibiotics bleomycin and 9- and 10-membered 

enediynes cleave DNA.82 Some compounds can cleave duplex DNA by either photo-

activation, known as photocleavage, or by the use of external oxidants to initiate cleavage.  

Due to their potential in photodynamic therapy, these photo-active compounds are of 

particular interest and will be further discussed in the following sections.81, 83 Examples of 

duplex cleavage compounds are shown in Figure 1.7. 

 

Fe(II) Bleomycin 

Bleomycins are a family of glycopeptides that bind to duplex DNA and cause 

single stranded scissions via hydrogen abstraction in the presence of Fe (II) and oxygen.  

Bleomycin forms a Fe(II) complex that binds non-covalently to duplex DNA by 

recognizing adjacent CpT GpC sequences.  In the presence of molecular oxygen and 

reductant, an activated form of the Fe-bleomycin abstracts a C4’ hydrogen from the 

Figure 1.7. Structures of representative Duplex cleavage agents: (A) generic M2+  

XaaXaaHis tripeptide (B) Mn�TMPyP4 (C) TOTA (D) TMPyP4             
(E) Napthalene Diimide 
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deoxyribose, leading to selective cleavage of DNA at this site.82  The fate of the resulting 

deoxyribose radical varies depending upon reaction condition, resulting in cleavage to 

afford either 3’ phosphoglycolate or a 3’ phosphate terminated products.    

Mn•TMPyP4  

Manganese(III) meso-(N-methyl-4-pyridyl)porphyrin (Mn•TMPyP4) binds in the 

minor groove of AT rich DNA with an affinity in the order of 106 M-1.84, 85  Unlike its non-

metallated analog, the axial ligand of the manganese prevents Mn•TMPyP4 from 

intercalation.86 In the presence of external oxidants, such as oxone, Mn•TMPyP4 can 

readily cleave duplex DNA by both hydrogen abstraction and base oxidation. The reactive 

mechanism of Mn•TMPyP4 is attributed to the formation of the high valent oxo species: 

Mn(IV)=O.84, 87  Mn=OTMPyP4 is capable of cleaving single stranded DNA regions by a 

1’ carbon hydroxylation or less significantly by 4’C hydrogen abstraction, while duplex 

DNA is primarily oxidized by electron abstraction from guanines leading to guanine 

oxidation.87  Sites of guanine (base) oxidation are only revealed after treatment with 

piperidine/heat. (Figure 1.7B) 

TMPyP4 

meso-tetrakis(4-N-methylpyridy1)-porphine (TMPyP4) can bind to duplex DNA 

by either intercalation or groove binding.  At high ionic strength and at low porphyrin to 

DNA ratios TMPyP4 binds to the minor groove of AT rich DNA.85 However, at higher 

TMPyP4 concentrations and low ionic strength, the porphyrin binds by intercalation at GC 

rich regions.86 The photocleavage of DNA by TMPyP4 is believed to involve the 

formation of singlet oxygen.88, 89 Singlet oxygen formation ultimately leads to DNA 

cleavage at guanines due to base oxidation; however DNA cleavage due to hydrogen 

abstraction may also occur.49 (Figure 1.7D) 
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Napthalene diimide 

Napthalene diimides (NDIs) (Figure 1.7 E) are photo-oxidizers, oxidizing DNA 

through an electron transfer mechanism.  When irradiated, a NDI forms a radical anion by 

the one-electron oxidation of DNA. The corresponding DNA radical cation usually forms 

on a guanine base, which in the presence of water leads to 8-oxoG lesions.   Napthalene 

diimides are not the most efficient one electron oxidant due to efficient back electron 

transfer.  The photo-oxidation of DNA by an NDI is not restricted to the G most proximal 

to the NDI; rather, the DNA radical cation resides at the G with the lowest oxidation 

potential.  The location of this site is dependent upon both local sequence and DNA 

structure. Thus, the location(s) of DNA cleavage by the naphthalene diimides do not 

necessarily reflect binding.90 (Figure 1.7E) 

1.3 G-GUADRUPLEX DNA  

Hydrogen bonds between two nitrogenous bases (pairs) on complementary duplex 

DNA (or RNA) strands are typically Watson-Crick base pairs, in which adenine (A) pairs 

with thymine (T) and guanine (G) pairs with cytosine (C), with the exception that in RNA, 

adenine binds with uracil (U) rather than thymine.  However, DNA (and RNA) bases are 

not limited to interact via canonical Watson-Crick base pairing.  Nucleic acid structures 

can form secondary and complex structures through alternative hydrogen bonding 

patterns, such as wobble and Hoogsteen base pairing. These alternative nucleic acid 

structures, such as triplex, I-motif and G-Quadruplex DNA are studied for possible roles 

in vivo and their potential use as drug targets. 20, 91 

This section will discuss the structure, topology and biological significance of G-

Quadruplex DNA.  DNA primary sequence and stabilizing cation both play a 

considerable role in the determination of G-Quadruplex topology, which are highly 

varied. G-Quadruplex ligands can typically be described as aromatic polycyclic 
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compounds that stack on the tetrad ends, although some exhibit significant interactions 

with the G-Quadruplex loops and topological differences can dramatically affect G-

Quadruplex ligand binding.  Examples G-Quadruplex ligands of particular interest will be 

discussed in detail. Finally, the DNA cleavage chemistry of G-Quadruplex DNA has not 

been thoroughly investigated as the cleavage chemistry of G-Quadruplex DNA is 

generally assumed to mirror the cleavage chemistry of duplex DNA.   Although few in 

number, the final section will review those studies that have investigated the modification 

of G-Quadruplex DNA by both electron transfer and covalent adduct formation.  

Understanding the formation of G-Quadruplex DNA, ligand-binding and the current 

reports of its modification by ligands should provide a context for the proposed 

amendments to current view of G-Quadruplex cleavage chemistry based on observations 

using the newly developed fluorescence-based G-Quadruplex cleavage assay.  

1.3.1 G-Quadruplex Structure and sequence preference 

In the 1960s, Gellert et al. discovered tetrameric arrangement of guanine bases 

that could form a four-stranded helix. These guanine structures displayed unusal 

electrophoretic mobility and were protected from DMS methlyation at the N7 position, 

suggesting the involvement of Hoogsteen base pairing within the arrangement.92  

This tetrameric arrangement, now known as a G-quartet, consists of four guanine 

bases in a square planar arrangement formed by Hoogsteen interactions in which the N1 

and N2 of one guanine base act as hydrogen bond donors, while the O6 and N7 of another 

guanine act as a hydrogen bond acceptors, resulting in a total of eight hydrogen bonds per 

tetrad. (Figure 1.8 A) This tetrad is further stabilized by cation interactions. When the 

tetrads stack upon one another in a four-stranded motif, the resulting structure is known as 

a G-Quadruplex.93 (Figure 1.8 B-D) The many structures of G-Quadruplex DNA display a 

diversity of topologies based on sequence and other stabilizing forces.94-96  
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1.3.2 Folding and topology  

G-Quadruplex formation is extremely complex, the following factors each playing 

a role in a sequence’s unique topology: strand orientation, loop type and arrangement, 

glycosyl torsion angles, cation ion identity and any presence of biological molecules, 

additional small ligands, organic solvents or molecular crowding agents.93, 96 In fact, 

theoretically, single stranded DNA containing the human telomeric sequence 

(dGGG(TTAGGG)3) can fold into more than 200 structures.97 Furthermore, for G-

Quadruplex structures formed bi- or tetra-molecularly, factors such as DNA concentration 

and annealing protocols play an additional role. 98 
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Figure 1.8. (A) Structure of G-tetrad, composed of 4 guanines hoogsteen base 
paired (B-E) Examples of intramolecular G-Quadruplex topologies   
(F-H) Examples of dimeric intermolecular G-Quadruplex topologies    
(I) A tertmolecular parallel G-Quadruplex 
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G-Quadruplex DNA can form either intramolecularly or intermolecularly from G-

rich DNA with various stoichiometries. In vitro, the sequence, DNA concentration and 

stabilizing cation all play a role in the stoichiomety and topology.  An intramolecular G-

Quadruplex is a single strand capable of forming a structure by folding upon itself. An 

intermolecular structure typically consists of 2 G-rich hairpin like structures that 

associated with each other to form a G-Quadruplex.93  Four individual G-rich strands that 

associate to form the tetrads are known as termolecular G-Quadruplexes. 93, 99    

Termolecular G-Quadruplexes form parallel G-Quadruplexes, meaning each strand 

has the same 5’ to 3’ DNA orientation. (Figure 1.8 I). Intermolecular and intramolecular 

G-Quadruplexes can also form a parallel structure. (Figure 1.8 H and E respectively) As 

G-Quadruplex structures become more complicated, the orientation of the DNA strands 

becomes more varied. G-Quadruplex structures in which each G-tract runs in the same 5’ 

to 3’ orientation are termed parallel (5’ to 3’ and each following tract is 5’ to 3’), while 

those in which two adjacent tracts run in opposite directions (5’ to 3’, followed by 3’ to 

5’) are known as anti-parallel G-Quadruplexes. (Figure 1.8 B-C, F-G) In addition to 

parallel and anti-parallel G-Quadruplexes, there are also mixed structures, which display 

both parallel and anti-parallel strand orientation (5’ to 3’, followed by 5’ to 3’, followed 

by 3’ to 5’ or some combination thereof). (Figure 1.8 D)   For clarity, all the variations of 

these mixed parallel/anti-parallel G-Quadruplex structures will hereto be referred to as the 

(3+1) mixed hybrid structure.93 

While termolecular G-Quadruplexes are limited to parallel stranded structures, 

intermolecular and intramolecular G-Quadruplexes can be antiparallel, parallel or (3+1) 

mixed hybrid orientation. The topology of dimeric intermolecular G-Quadruplexes is 

dependent upon the way its two strands are connected. Figure 1.8 F-H shows multiple 

ways these structures can be linked together. 93, 95, 100  These ways include: diagonal, lateral 
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(edgewise) or external (propeller, double chain reversal). Which orientation an 

intermolecular quadruplex utilizes is dependent on both length and sequence of the linker 

regions between the G-tracts, while the bimolecular nature of dimeric G-Quadruplexes 

elude to their concentration dependent formation in vitro.93, 95      

While typically formed from hairpin structures, an intermolecular asymmetric G-

Quadruplex formed from the human telomeric sequence dGGG(TTAGGG)2 + dTTAGGG 

has been characterized by NMR. The ability of a G-quaduplex to form asymmetrically 

indicates the numerous additional G-Quadruplex structures that could transiently form in 

vivo to regulate cellular processes.101 

Intramolecular G-Quadruplexes are formed by 4 or more G-tracts within a single 

strand of DNA and can form parallel, mixed and antiparallel structures. (Figure 1.8 B-D) 

As with intermolecular G-Quadruplex DNA, the length and sequence of the intervening 

loops is an important factor in its topology.95 Intramolecular G-Quadruplexes have been 

widely investigated for their possible roles in the telomere regions of chromosomes and 

within promoter regions of proto-oncogenes.3  

Single molecule studies have shown that in solution G-Quadruplex structure are 

highly dynamic. The DNA will fold and refold throughout its various possible topologies 

via a single stranded intermediate. The stability of a sequence to form a G-Quadruplex 

structure governs the rate of folding, the length of time it remains in one topology over 

another and the extent of time it remains in its intermediate single stranded stage. 102 

1.3.3 Loop length and sequence 

 The number and length of the intervening loops between G-tracts affects its 

topology for intermolecular and intramolcular G-Quadruplexes. Short linkers, one or two 

bases, prevents diagonal loops due to the distance across the G-tetrad. Therefore short  

loops form either laterally or externally and increases the propensity of parallel G-



 29 

Quadruplex formation. Longer linkers, three or more bases, reduce these constraints and 

increase the number of possible topologies formed. 93, 103-105  Loops are typically composed 

of thymines and adenines and play an important role in stability. In fact, the replacement 

of AAA in the TTA loops of the human telomeric sequence resulted in complete 

destabilization of the structure. Cytosines are also not found in quadruplex forming 

sequences due to their ability to base pair with the guanine and disrupt tetrad formation.93   

1.3.4 Cation identity 

One of the most important determinants of G-Quadruplex structure and stability is 

the identity of the central stabilizing cation. The tetrad cavity is partially destabilized due 

to the O6 atoms from each guanine facing inward.  This results in a partial negative charge 

that must be neutralized to stabilize the G-Quadruplex structure and causes the identity of 

the stabilizing cation to be important. Based on sized, charge and concentration, the 

stabilizing cation plays a large role in the overall stability of a G-Quadruplex structure.93, 

100  

Ions that coordinate effectively have the greatest stability enhancement. The 

general preference for cations for G-Quadruplex DNA is K+ >  Na+  >  Rb+ >  NH4
+ > Cs+ 

> Li+.  Potassium ions have the ideal size with an ionic radius of 1.52 to coordinate the 06 

atoms most effectively. Sodium ions are slightly smaller at 1.16 ionic radius and therefore 

tend to shift slightly above or below the tetrad plane.93, 100 A higher concentration of the 

stabilizing cation will effect the rate of refolding of the dynamic quadruplex, and its 

overall stability.100 Divalent metal destabilize the G-Quadruplex.106, 107 

 Cations have topological control over a G-Quadruplex structure.  It has been 

found that switching from one cation to another, such as sodium to potassium, can result 

in a spontaneous topological change in structure.  The human telomeric sequence 

(dAGGG(TTAGGG)3) will  convert from an anti-parallel to a (3+1) mixed hybrid 
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topology when the amount of sodium and potassium present reaches a critical ratio.108 The 

biological implications for a monovalent cation molecular switch stems from the 

difference in the prevalent cation within an intracellular (high in potassium versus 

sodium) and extracellular region (high in sodium versus potassium).93  

While sequence and cation concentration and identity is important for topological 

control of G-qaudruplex structure, G-Quadruplex ligands can also play a role.  TMPyP4 

has been shown to facilitate the conversion of an (3+1) hybrid intramolecular human 

telomeric G-Quadruplex into an anti-parallel topology from a random coil in the absence 

of monovalent cations.109, 110 Meanwhile, Zn(II) 5,10,15,20-tetrakis(N-methyl-4-

pyridyl)porphyrin is capable of inducing G-Quadruplex structures from dimeric G-rich 

sequences.111 

1.3.5 Duplex/Quadruplex Equilibrium in vitro  

For each G-rich strand capable of forming a G-Quadruplex, there is a 

complementary C-rich strand. These relatively new DNA structures formed by C-rich 

DNA sequences were first characterized in 1993 by 

Ghering et al and are known as I-motifs. Two parallel 

duplexes of protonated cytosine-cytosine base pairs 

could intercalate with each other in an antiparallel 

orientation.112 (Figure 1.9) Although most stable under 

slightly acidic conditins due to protonation of 

cytosine, I-motif structures may still form to some 

degree in vitro under neutral conditions,113  along 

with indication I-motif structures form within supercoiled DNA at physiological 

conditions.91  Similar to the G-Quadruplex structures proposed to form via G-rich 

Figure 1.9. Structure of an 
intercalated 
intramolecular i-motif 
and C+:C base pair 
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sequences in vivo, the single strand C-rich complement may also play a role in 

transcriptional regulation.3 

In vitro, when the complimentary C- and G-rich sequences are combined, the I-

motif, G-Quadruplex and duplex structures all exist in equilibrium. The equilbrium 

between G-Quadruplex/I-motif vs. duplex formation reflects the thermodynamics and 

stability of the secondary DNA structures.  This equilibrium is partially dictated by 

experimental conditions as pH and temperature affects the relative stability of both G-

Quadruplex and I-motif structures vs. duplex DNA.114,115,116 

Furthermore, Sun and Hurley has demonstrated the negative supercoiling present 

in DNA may assist in pushing this equilibrium towards G-Quadruplex formation. Via 

various enzymatic and chemical footprinting studies, it was shown that the negative 

superhelicity aided in the formation of secondary DNA structures under physiological 

conditions, proposing G-quaduplex and I-motif structures play a role in the control of the 

cMyc gene expression.55  

1.3.6 Prevalence of G-rich sequences in the Human Genome  

While G-Quadruplex DNA has been shown to readily form in vitro, detection of 

these structures in vivo has remained elusive.  G-QUADRUPLEX DNA is proposed to form 

transiently throughout the genome in as many as 350,000+ locations, although in a 

dynamic equilibrium with its duplex structure and subjected to various DNA binding 

proteins. 117 Although G-Quadruplex structures are widely studied at the ends of the 

chromosomes, in regions known as the telomeres, the role of G-Quadruplex structures 

outside the telomeres is still not clear.   

Due to the high prevalence of potential G-Quadruplex forming sequences with 

promoter regions, up to 40% of the genes within the human genome may be regulated via 

G-Quadruplex formation.2 Genes regulated by a G-Quadruplex mechanism are more 



 32 

likely to be involved in regulation, while “housekeeping” genes such as those involve in 

metabolism are less likely.  This relationship indicates the placement of this regulatory 

tool is not random.118-120  

Additionally, there is a high prevalence of G-Quadruplex motifs within proto-

oncogenes.  Interestingly, in 2000, the Six Hallmarks of Cancer were described as: tissue 

invasion and metastisis, self sufficiency, insensitivity, evasion of apoptosis, sustained 

angiogensis and limitless replication.121 Since then, a G-Quadruplex forming sequence has 

been associated with genes pertaining to each of these Hallmark3,4-7  

Furthermore, deficiencies in WRN or BLM (RecQ helicases) are associated with 

the inability to globally regulate transcription, causing Werner (WS) and Bloom (BS) 

syndromes respectively.  WRN and BLM are helicases that bind and unwind G-

Quadruplex DNA.9, 122 WRN and BLM deficiencies are also associated with an altered 

transcriptional level of genes that have a G-Quadruplex regulatory mechanism9 and the 

detrimental effects of WRN and BLM deficiencies further allude to the prevalence and 

importance of G-Quadruplex DNA and its regulation during transcription.  

1.3.7 Evidence of G-Quadruplex formation in vivo  

There has been evolving evidence indicating the presence of G-Quadruplex DNA 

in vivo.  In the past, the most profound evidence for in vivo G-Quadruplex DNA existence 

comes from studies exploring an in vitro generated antibody specific for G-Quadruplex 

DNA. This antibody was showed to interact with the macronuclei of Stylonychia lemnae 

during selective stages of the cell cycle, indicating the structures the antibodies reacted 

with in vivo were transiently expressed.123 

Additionally, in 2004, an electron micrograph demonstrated the existence of a G-

loop during transcription in an E. coli cell.124 Furthermore, this loop was shown to contain 

G-Quadruplex structures by both cleavage by GQN1, a G-Quadruplex DNA nuclease and 
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by the interaction with a recombinant nucleolin that specifically and tightly binds G-

Quadruplex DNA.125  

Recently, in 2012, a study involving atomic force microscopy directly analyzed the 

interaction of poly(ADP-ribose) polymerase-1 (PARP-1) and the single chain antibody 

HF1 with a G-Quadruplex. PARP-1 and the single chain antibody HF, are both known G-

Quadruplex binding proteins, and the G-Quadruplex was generated during transcription in 

a G-rich plasmid.  Additionally it was shown that small molecule stabilizers and 

destablizers affected the transcribed G-Quadruplex. 126 

Additional, indirect evidence of G-Quadruplex DNA’s existence in vivo arises 

from the various proteins and enzymes that are known to process and interact with G-

Quadruplex DNA8, 127.  Enzymes that process G-Quadruplex DNA include PARP-1,128-130 

various resolvases131, 132 and helicases.122, 133-136 Various proteins have been found to interact 

with G-Quadruplexes formed within promoter regions with implications in transcription 

regulation.  Nucleolin, a G-Quadruplex stabilizer3, 125, 134 and NM23-H2, hypothesized to 

be involved in DNA remodeling prior to transcription.3, 137-140  Both recognize and bind the 

G-Quadruplex sequence found within the regulatory element NHE(III) of the cMyc 

promoter.   Additionally, PARP-1, ATP-dependent DNA helicase 2, subunit 1(Ku70) and 

heterogeneous ribonucleoprotein A1 (hnRNPA1) are three nuclear proteins that recognize 

a G-Quadruplex found within the proto-oncogene KRAS promoter. Furthermore, 

hnRNPA1 has been found to destabilize the KRAS G-Quadruplex, allowing the 

progression of transcription.128   

G-Quadruplexes outside of promoter regions also have associated proteins. The 

telomere end-binding protein (TEBPα) recognizes and then recruits TEBPβ to the G-rich 

telomeres. TEBPs have been shown to be involved in the formation of an antiparallel of 

G-Quadruplex structure in cillates.141 In humans, the protein complex Shelterin, composed 
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of TRF1, TRF2 and POT1, directly recognize the TTAGGG repeats of human telomeric 

DNA and appear to be responsible for the maintaining the integrity of DNA by protecting 

the chromosomes from unnessary DNA repair.32 There is also indication through protein 

interactions that G-Quadruplex DNA is important for maintaining epigenetic stability 

throughout the genome.142, 143  

A final example of evidence for in vivo G-Quadruplex formation is use of a small 

G-Quadruplex binding ligand to regulate transcription by repression of the cMyc 

promoter.  Destabilization of the G-Quadruplex structure by a G to A mutation within the 

promoter at the position of one of the tetrads of the promoter G-Quadruplex resulted in a 

3-fold increase in the transcription of a luciferase reporter gene.  Conversely, stabilization 

of the G-Quadruplex by a cationic porphyrin, TMPyP4 suppressed transcription, 

decreasing the basal level of active luciferase. 11 This assay demonstrated an ability to 

regulate cMyc expression by the control of a G-Quadruplex element, indicating the DNA 

structure’s importance in gene regulation.  

1.3.7.1 Human Telomeric G-Quadruplex 

One of the most widely studied G-Quadruplex DNAs is the Human Telomeric 

sequence.  Comprised of non-coding TTAGGG repeats between 4 and 15 kb in length, 

telomeres cap DNA by a single stranded overhang at the ends of the linear chromosome.144 

Both the overhang and the duplex bind proteins such as the Shelterin complex.  This 

complex protects the chromosome ends from DNA repair mechaisms that could otherwise 

“repair” the linearized DNA.32  

Telomeres are widely known for their role in aging and in cancer. The lifetime of a 

cell is limited by the number of divisions it can undergo prior to cell senescence. The 

length of the cell’s lifespan is determined by the length and integrity of its telomeric 



 35 

DNA. Cell senescence is a tumor-suppressive mechanism. When a cell is capable of 

unlimited replication and immortality, it goes unchecked, resulting in tumorgensis.145-147  

Telomerase is an RNA-dependendent-DNA polymerase, composed of an RNA 

domain (hTR) that contains a template, and the catalytic core of the enzyme, the human 

telomere reverse transcriptase (hTERT). Telomerase is responsible for replicating the 

telomere and is only present in germline cells and 80% of cancer cells.67 (Figure.1.10 A) 

Of the other 20% of cancer cells, only a few do not have an alternative method of 

maintaining the telomeres. Without telomerase, the rapid growth of tumor cells would 

quickly result in telomere instability, causing cell senescence and apoptosis.  Thus, 

without telomerase, tumor cells would not be immortal.145, 147  

Given the telomeres’ role in chromosomal integrity and cancer, these sequences 

are widely studied. These G-rich sequences have been shown to form a variety of inter- 

and intramolecular G-Quadruplex structures.95, 98, 148 These structures have can vary greatly 

in their stability and topology. Even for a single sequence and stabilization cation, there 

are multiple G-Quadruplex conformations formed, which are dynamic, as they convert 

between their various topologies.102, 148  

Given the role of telomeres in cancer and its propensity to form G-qaudruplex 

structures in vitro, telomeres are an attractive target for drug design. When formed, 

telomeric G-Quadruplexes hinder telomerase by sequestering telomerase’s single stranded 

3’ overhang substrate, thus preventing elongation.144 (Figure 1.10 B) Structures that bind 

and stabilize human telomeric G-Quadruplex DNA inhibit the replication of telomeres by 

telomerase, which can be seen directly in vitro through the TRAP assay149-151 and in vivo 

by inhibition of telomerase and cell growth arrest in telomerase positive cancer cell 

lines.152 
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1.3.7.2 Cmyc proto-oncogene G-Quadruplex forming sequence  

The c-Myc protein regulates cellular proliferation and cellular growth. 

Overexpression of the c-Myc gene is associated with the progression of many cancers. 

Within the NHE, there is a 27 nucleotide G-rich sequence that forms a G-Quadruplex in 

vitro and controls approximately 90% of c-Myc transcription. This region is termed the 

nuclease hypersensitive element III (NHE).  Termed Pu27, the native cMyc sequence (5’-

dTGGGGAGGGTGGGGAGGGTGGGGAAGG-3’) forms a variety of extremely stable 

parallel G-Quadruplexes within its 5 G-tracts.153-156  A mutated version of the c-Myc 

promoter, termed MYC22-G14T/G23T (5’-dTGAGGGTGGGTAGGGTGGGTAA-3’), 

retains a similarly highly stable conformation and biological relevance while reducing the 

possible number of G-Quadruplex topologies that could be formed to one.157  

The c-Myc G-Quadruplex formed has been shown to form under conditions of 

negative supercoiling.55 The mechanism of gene regulation by G-Quadruplex formation is 

Figure 1.10. (A). Telemere DNA is a single stranded overhang that caps the linear DNA 
chromosome.  It is comprised of non-coding TTAGGG repeats between 4 
and 15 kb in length. Telomerase is a human telomere reverse transcriptase 
responsible for replicating the telomere. As telomerase is only present in 
germline cells and 80% of cancer cells and leads to tumor cell immortality. 
(B) These G-rich sequences have been shown to form a variety of inter- and 
intramolecular G-quadruplex structures. When formed, telomeric G-
quadruplexes hinder telomerase by sequestering telomerase’s single stranded 
3’ overhang substrate, inhibiting the replication of telomeres by telomerase, 
ultimately leading to tumor cell death. 
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hypothesized to rely on the stable G-Quadruplex preventing transcription either indirectly, 

by affecting the binding or recruitment of proteins required for transcription or directly, by 

pausing the transcription machinery at the secondary structure. (Figure 1.11)  

Recent studies have indicated that the G-Quadruplex and I-motif regulate cMyc 

transcription indirectly. A stable G-Quadruplex can form and absorb the negative 

supercoiling induced from transcription. However, transcriptional proteins can not bind to 

the promoter when the G-Quadruplex forms, thus diminishing transcription.158 With this 

model, compounds and proteins that stabilize G-Quadruplex or I-motif DNA structure will 

repress transcription, while destabilizing compounds or mutations will cause a rise in c-

Myc expression.   Reducing c-Myc expression by G-Quadruplex DNA stabilization of the 

NHE promoter potentially provides a selective theaurapeutic target.  

 

 

Figure 1.11. Transcriptional regulation by a G-Quadruplex forming sequence in 
promoter regions. (A). Transcription of the gene product when the G-
Quadruplex forming region is in a duplex conformation because a 
transcriptional enzyme(s) can bind the promoter. (B) Suppression of 
transcription in the presence of a G-Quadruplex because the G-Quadruplex 
formation prevents the binding of the transcriptional enzyme(s)  
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1.3.8 G-Quadruplex Ligands 

G-Quadruplex DNA appears to be a regulatory factor for genes throughout the 

genome, including six genes associated with each Hallmark of cancer.121 The variety of 

genes that have G-Quadruplex DNA as a control mechanism119, 159 attests to their 

importance in gene regulation.  Furthermore, computational and in vitro evidence clearly 

indicates the existence of G-Quadruplex DNA, its role in gene regulation and its 

numerous links with cancer. However, due to a lack of direct evidence or understanding of 

its roles in vivo, targeting G-guadruplex DNA for theruapetics is somewhat difficult.  

Numerous studies indicate the ability of G-Quadruplex ligands to stabilize promoter 

regions within proto-oncogenes and regulate gene expression11 or inhibit telomerase in 

vitro12-16  and in vivo17, 18 implicating G-Quadruplex DNA as a good biological target.  

Figure 1.13 shows a selection of some G-Quadruplex ligands.  Additionally, some of these 

ligands also cleave G-Quadruplex DNA.  
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1.3.8.1 Porphyrins 

G-Quadruplex ligands can generally be described as polycyclic aromatic ligands 

that stack on the tetrad end of a G-Quadruplex structure.  One of the most widely 

investigated ligands in G-Quadruplex DNA studies is meso-(N-methyl-4-

pyridyl)porphyrin (TMPyP4).  (Figure 1.13 A) TMPyP4 has been shown to bind a variety 

of G-Quadruplex structures160-162 and downregulate the expression of c-Myc11, 163 and  the 

human vascular endothelial growth factor (VEGF).7 However, the particular affinity of 

TMPyP4 for G-Quadruplex DNA is topology dependent, with a 10-fold greater affinity 

for the parallel c-Myc promoter G-Quadruplex over the antiparallel human telomeric G-

Quadruplex.164 TMPyP4 also binds duplex DNA and has little to moderate selectivity (1-

100 fold) for G-Quadruplex DNA over duplex DNA.161, 164 

The interactions of TMPyP4 with G-Quadruplex DNA is complex and those 

interactions influence both topology and stoichiometry.  The binding stoichiometry of 

TMPyP4 with G-Quadruplex DNA has not been universally accepted as topology and 

cation concentration influence binding.  A 4:1 ratio with a parallel human telomeric 

sequence in 70 mM K+ and 40% PEG has been reported.161 Low potassium concentrations 

(0-10 mM) found a single human telomeric G-Quadruplex could bind up to 5 TMPyP4 

molecules, while only 3 TMPyP4 molecules were bound in 100 mM potassium.165  The 

binding stoichiometry could be due cation concentration dependent topology..  Lower 

cation concentrations support an anti-parallel DNA formation, which has a lower 

affinity164  but binds a greater number of TMPyP4 molecules by interaction with the 

diagonal and external loops.166, 167 Greater stabilization of the mixed (3+1) hybrid at higher 

potassium concentration prevents the shift towards the anti-parallel topology by TMPyP4 

and results in a lower binding stoichiometry.165   

The structural conversion of unimolecular and bimolecular human telomeric G-
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Quadruplexes by TMPyP4 has been well documented by CD studies109, 110 and is topology 

dependent.161 However the details of these rearrangements have not been thoroughly 

investigated. Therefore, since TMPyP4 affects DNA structure, the topology of a 

polymorphic G-Quadruplex in the presence of TMPyP4 or other ligands cannot 

necessarily be inferred for the G-Quadruplex structure in the absence of ligand.  

The specifics of porphyrin-G-Quadruplex interactions have been examined by both 

NMR and crystallography. Stacking of the porphyrin directly on the tetrad is sterically 

hindered by the N-methylpyridyl groups, which are oriented out of the planar porphyrin 

core. At its narrowest point, the G-tetrad is approximately 10 Å, while the porphyrin core 

is 11 Å, resulting in a steric clash between the G-tetrad edges and the cationic arms when 

the porphyin is 3.4 Å above the tetrad core for optimal pi stacking.166, 167 An NMR study of 

the c-Myc G-Quadruplex and TMPyP4 have supported the existence of such steric 

interactions. In this study, the TMPyP4 ligand was positioned 4.3 Å above the tetrad core.  

A 4.3 Å gap is not an optimal distance for pi pi stacking interactions, supporting the 

theory that a steric clash occurs when interacting with a tetrad.166  

Crystallization of a dimeric human telomeric sequenc with TMPyP4 has provided 

a structural basis to understand some other porphyrin-quadruplex interactions.  The 

structure indicates the binding of two TMPyP4 molecules.  One porphyrin molecule binds 

externally to the 5’ tetrad by stacking between two base pairs from the loops. TMPyP4 

mediates the formation of a new A T base pair, which is derived from two different loops.  

This ligand-G-Quadruplex interaction occurs without steric hinderance at the optimal 3.4 

Å and brings the cationic N-methylpyridyl groups within proximity of the anionic 

phosphates, increasing G-Quadruplex stability by ionic interactions. A second TMPyP4 

molecule is stacked externally on the ATT loops.166, 167   

Similiar porphyrins, meso-(N-methyl-3-pyridyl)porphyrin (TMPyP3) and meso-
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(N-methyl-2-pyridyl)porphyrin (TMPyP2) also have known interactions with G-

Quadruplex DNA.  While TMPyP4 binds by both end stacking and by end stacking with 

the external loops, 166, 167  TMPyP2 predominantly interacts with the external loops.   There 

is a steric repulsion between the 2-methyl group in the pyridyl rings and the porphine 

core, preventing both the pyridyl groups from becoming coplanar with the core and its 

ability to end stack on the external terads.168  

 TMPyP2, TMPyP3 and TMPyP4 display different abilities to stabilize parallel 

and antiparallel G-Quadruplex DNA.  TMPyP3 was most apt at stabilizing a parallel 

structure formed by the yeast telomeric sequence (5’-dAACTTGTGTGGGTGTGTGT 

GGGTGTGTGT-3’) while TMPyP4 was a moderate stabilizer and TMPyP2 had little 

effect.  On the other hand, a dimeric antiparallel construct from the Oxytricha telomeric 

sequence (5’-dACTGTCGTACTTGATA(T4G4)2AATGTGA-3’) displayed a different 

stabilization preference.  TMPyP4 stabilized the structure best, followed by TMPyP3, 

while TMPyP2 once again had little affect169. However, TMPyP2, TMPyP3 and TMPyP4 

all show an ability to photocleave duplex DNA and G-Quadruplex DNA, depending on 

the contstruct.168   

 5,10,15,20 (N-propyl-4-pyridyl) porphyrin, (TPrPyP4) with its elongated arms 

compared to TMPyP4 displays a 10-fold increased affinity for G-Quadruplex DNA over 

TMPyP4 and displayed a greater affect on stability.170  The increased ability of TPrPyP4 

to stabilize G-Quadruplex DNA is likely due to increase interactions of the porphyrin 

arms within the grooves of the G-Quadruplex.  

1.3.8.2 Metalloporphyrins 

A pentacationic manganese(III) porphyrin has been reported with a 108 M-1 

binding affinity and a 10,000 fold selectivity for G-Quadruplex DNA over duplex DNA. 

(Figure 1.13 B) This increased binding selectivity is attributed to the central aromatic core 
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and four flexible cationic arms.  While the bulky cationic substituents on the arms prevent 

significant interaction with the double-stranded DNA structures, these same flexible 

cationic arms may interact with the grooves and/or loops of G-Quadruplex DNA.171 

Additionally, the inability of the pentacationic manganese(III) porphyrin to interact within 

the minor grooves of duplex DNA.84 Despite these reports of weak interactions between 

this manganese porphyrin with duplex DNA, in competitive FRET melting studies, the G-

Quadruplex stabilization by the pentacationic manganese(III) porphyrin was entirely 

diminished by a 50-fold equivalents of duplex and single-stranded DNA.172 Nonspecific 

electrostatic interactions with single-stranded and duplex DNA could be responsible for 

the reduced G-Quadruplex stabilization. 

1.3.8.3    3,4,9,10-perylenetetracarboxylic acid diimides 

3,4,9,10-perylenetetracarboxylic acid diimides (PDIs) can be highly selective for 

G-Quadruplex binding. (Figure 1.13G) PDIs have been studied as helicase and telomerase 

inhibitors136, 173, 174 and for their potential to induce telomere damage.175  Modifications to 

the bay positions136, 175 and side chains173, 176-179 affect G-Quadruplex binding and selectivity 

through changes in duplex DNA affinity and/or state of self-aggregation.  

PIPER, the N ,N -bis[2-(1-piperidino)-ethyl] PTCDI analog, has been shown to 

promote the formation of G-Quadruplex DNA from single-stranded  and double-stranded 

DNA.  It has been reported that PDIs with basic side arms, like PIPER, selectively bind 

G-Quadruplex DNA by pH-dependent aggregation.177 Water soluble, charged cationic and 

anionic PDIs exist in a monomer–dimer equilibrium with the cationic PDIs exhibiting a 

greater affinity for both duplex and G-Quadruplex DNA. The anionic PDIs on the other 

hand have an enhanced selectivity for G-Quadruplex DNA.179  

A molecular understanding of PDI-G-Quadruplex DNA interactions has been 

obtained by NMR studies. Solutions of G-Quadruplexes related to human telomeric DNA 
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showed strong and specific binding of PIPER to the G-Quadruplex DNA and reveal that a 

PDI could be sandwiched between two terminal G-Quadruplex end tetrads of 

termolecular G-Quadruplex formed by 5’-dTTAGGG. Alternatively, the PDI could 3’-

end stack on termolecular G-Quadruplex formed by longer telomeric sequences, 5’-

dTTAGGGTT, 5’-dTTAGGGTTA and 5’-dTAGGGTTA, in a 1:1 complex.174 

1.3.9. G-QUADRUPLEX DNA DAMAGE 

As with duplex DNA, G-Quadruplex DNA has also been shown to undergo 

alkylation and oxidative damage.  However, either based on ligand binding or more 

complicated issues that are currently not fully understood, G-Quadruplex DNA can be 

selectivity modified in the presence of duplex DNA.  

1.3.9.1 G-Quadruplex DNA Alkylation by Quinone Methides  

G-Quadruplex alkylation was investigated by a quinone methide due to the 

selective recognition of its tethered naphthalene diimide scaffold.  The quinone methide 

tethered naphthalene diimide exhibited a selective reactivity towards G-Quadruplex DNA 

over single-stranded DNA and the duplex DNA was the poorest substrate investigated. 

The formation of G-Quadruplex DNA was found to assist in the efficient modification of 

the G-Quadruplex DNA at some concentrations of the ligand.180  Since the ligand 

efficiently stabilized G-Quadruplex DNA and its alkylation of G-Quadruplex DNA was 

not significantly inhibited by the presence of competitor duplex or single-stranded DNA, 

the exhibited selective alkylation likely reflects selective binding and may have 

applications as a tool to probe G-Quadruplex structure.180, 181       

1.3.9.2 Covalent Modification of G-Quadruplex DNA by platinum complexes 

Platinum complexes, such as cisplatin, are widely known for their ability to 

induce either intra- or inter- strand duplex DNA crosslinks.   The susceptibly of G-
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Quadruplex DNA to these ligands has not been significantly investigated.     

One study found an adenine was highly susceptible to platination and by the Pt-

complex PT-ACRAMTU  1-[2-(acridin-9-ylamino) ethyl]-1,3-dimethylthiourea), even 

over adduct formation at the N7 of guanine.    Most relevantly, the platinum complex 

showed a differential preference for the platination of different sectondary structures of 

G-Quadruplex and duplex DNA.   This is due to the differences in Watson-Crick vs. 

Hoogsteen base pairing.182   

Although PT-ACRAMTU modified both G-Quadruplex and duplex DNA with 

varying products due to differences in their available reactive adenine nitrogens, other 

investigations indicate the platination of G-Quadruplex DNA is toplogy dependent can 

selectively modify G-Quadruplex DNA by tethering the platinum moiety to a selective G-

Quadruplex probe.183  

1.3.9.3 Electron Transfer in G-Quadruplex DNA 

The formation of G-Quadruplex DNA affects electron migration, but it is unclear 

the role this secondary structure plays in either protecting or increasing the DNA’s  

propensity towards oxidative damage.   There are conflicting reports on whether G-

Quadruplex DNA acts as an electron “hole” during electron migration or acts as an 

insulator, protecting the DNA from charge migration and oxidative damage. (Figure 1.14) 

Throughout these reports however there has been little consistency in topology of the G-

Quadruplex or the DNA constructs themselves.38-41  Despite these discrepancies, it has 

remained clear that the formation of G-Quadruplex affects the identity and extent of 

oxidized guanines and topology plays an additional role.  

Photo-irradiation of the trioxantriangulenium ion (TOTA) with human and 

Tetrahymena telomeric DNA results in different cleavage patterns when the constructs 

formed a duplex or G-quaduplex.  Additionally, the Tetrahymena G-Quadruplex DNA 
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displayed less oxidative damage in comparison to its duplex structure, which was 

modified to prevent G-Quadruplex formation. Another stuydy involving a human 

telomeric construct with an AQ photosensitizer displayed a heightened propensity for the 

G-Quadruplex DNA to undergo oxidation with a unique 5’ and 3’ G cleavage pattern 

within a 5’GGG3’ tract.41  

 

Two studies, both using similar D-Q-D constructs (duplex-G-Quadruplex-duplex) 

revealed varying propensities towards oxidation depending on whether a parallel or anti-

parallel G-Quadruplex was formed within the construct. The parallel G-Quadruplex 

constructs displayed a much lower reactivity towards oxidative damage-both before, after 

and within the G-Quadruplex structure.  This DNA construct was much less reactive 

towards oxidation, reducing the DNA’s conductivity by ca. 50%.38 The anti-parallel D-Q-

D construct once again reduced the extent of overall cleavage, but to a lesser extent than 
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Figure 1.14. Electron transport in G-Quadruplex DNA. Depending on construct, 
sequence, topology, etc., electron transport involving G-Quadruplex 
DNA has been found to either 1.) form an electron hole and preferentially 
oxidize Gs in the G-Quadruplex or 2.) The G-Quadruplex  protects the 
DNA from oxidative damage. Total base damage is reduced with little 
contribution from the G-Quadruplex itself or from guanine bases distal 
from the photosensitizer. 
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with the parallel construct.  G-Quadruplex formation also affected the identity of the 

stable electron “holes”, ultimately affecting the identity of the oxidized bases.  

Interestingly, the 5’ G of the G runs were the most efficient hole in each strand, even 

though the construct’s anti-parallel G-Quadruplex indicates these Gs are not located on 

the same tetrad face.  This finding indicates there is a lower oxidation potential caused by 

the orientation.40  

These inconsistent reports may be due to the impact of each unique construct on 

charge conduction. Base stacking plays an important role in migration of duplex DNA, 

which is exemplified by the loss of electron migration with single stranded DNA.  If the 

helical stress at each duplex/quadruplex junction is high, the base stacking may no longer 

support conduction, which results in an apparent lack of, or reduced guanine oxidation.38 

Alternatively, guanine radical cations are quenched by accessible hydrogen or 

water and this is a slow reaction compared to electron hopping.  The uniform nature of 

duplex DNA provides equal likelihood of a radical cation to be quenched at any location, 

thus the quenching provides a “snapshot” of the distribution of the cation.36, 38  The 

accessibly of water to guanines cannot be assumed to be uniform with G-Quadruplex 

DNA, thus guanine oxidation may not be providing an accurate snapshot. Rather the 

differences in guanine oxidation in duplex versus G-Quadruplex DNA and among the 

various G-Quadruplex DNA topologies might be a artifact of the structures’ hydration38.  

Another explanation for the differences in charge migration is the individual 

stacking interactions of the G-Quadruplex DNA. Alterations to the duplex base stacking 

can severely impact a structure’s ability to conduct charge.  Charge is not conducted 

efficiently through base stacking interactions with interruptions such as an abasic site, 

mismatched base pair or a single stranded region.36, 54 Likewise, G-Quadruplexes with 

sufficiently disrupted base stacking interactions will inefficiently conduct charge, while 
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those with ideal stacking interactions will effectively migrate electrons.38 Additionally, the 

differences in glycosidic bond orientation for parallel vs. anti-parallel G-Quadruplex DNA 

could play a role. Parallel G-Quadruplexes are comprised of anti- or syn- glycosidic 

orientated bonds, while anti-parallel structures are composed of both glycosidic bonds, 

causing a difference in the way consecutive G-quartets overlay one another.38, 96 

Differences in base and G-quartet stacking interactions may be responsible for the various 

reports of electron “hole” formation and oxidative protection of G-Quadruplex DNA. 38  

The hypothesized role of charge migration in DNA is to draw away damage from 

critical regions of DNA. G-rich duplex and G-Quadruplex DNA in non-critical regions, 

such as the introns and telomeres, are thought to neutralize oxidative damage by acting as 

an efficient electron trap as sacrificial DNA, protecting the exons.38, 184  The extent  intron 

G-rich DNA within the genome is positioned 5’ to exons supports this hypothesis.184 

However, if G-Quadruplex DNA is an efficient electron trap, then its topology and the 

surrounding interactions’ affect on charge conduction is a key factor to distinguish 

between sacrificial electron traps and important regulatory G-Quadruplex DNA. 



 48 

Chapter 2: Development of FRET Based Assay to Rapidly Assess              
G-Quadruplex Cleavage  

2.1 INTRODUCTION TO G-QUADRUPLEX SELECTIVE CLEAVAGE 

In vitro, G-rich sequences are shown to form highly stable G-Quadruplex 

structures185-187, which have been characterized by circular dichroism (CD)188, nuclear 

magnetic resonance (NMR)153, 189, 190 and X-ray crystallography.191 However, there is a 

growing interest to understand the range of biological roles of G-Quadruplex structures 

and their molecular dynamics in vivo.117, 192  The highly polymorphic and transient nature 

of G-Quadruplex DNA is an attribute to its proposed in vivo functions, which functions 

include regulation of oncogenes through promoter inhibition and “capping” the 

chromosomes (telomeres).141, 144, 193 However, the temporary nature and topological 

variance of G-Quadruplex DNA also hinders its study.  Therefore, the detection of G-

Quadruplex DNA has been elusive.194. 

One proposal to study the spatial and temporal dynamics of G-Quadruplex 

formation in vivo relies upon the use of a selective G-Quadruplex cleavage probe. Small 

molecular compounds, capable of selectively cleaving G-quaduplex DNA could provide 

a map of the genome where G-Quadruplexes form.47 Additionally, the use of a 

photoactivated cleavage reaction could be used to further probe the transient nature of G-

Quadruplex formation and/or follow their dissolution during cellular events, role in gene 

silencing/activation or various other disease states.195 This method of G-Quadruplex 

detection relies on the expected differential cleavage patterns of a primary DNA sequence 

during a cellular event that occurs upon G-Quadruplex formation. (Figure 2.1)  

Furthermore, when using a highly topological specific G-Quadruplex cleavage reagent in 

this manner, the in vivo structural differences between genomic G-Quadruplexes during a 

targeted cellular state could be established.  Since G-Quadruplex DNA has been 
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identified as good drug target, topological data would additionally provide valuable 

information for the design of selective therapeutics.  

 

In addition to their potential as in vivo G-Quadruplex probes, G-Quadruplex 

cleavage reagents could help ascertain the role G-Quadruplex structures play in oxidative 

DNA damage.  As discussed in the previous chapter, the role G-Quadruplex DNA plays 

in oxidative DNA damage is unclear. Some reports indicate G-Quadruplex DNA has a 

greater propensity over duplex DNA to act as an electron “sink,” while others show G-

Quadruplex DNA reduces electron migration, protecting DNA from oxidation.38, 40, 41, 51 

However, it is clear G-Quadruplex DNA affects charge transfer and the topology of a G-

Quadruplex may play an important role in determining which of these processes occur.  

There are only a relatively few number of organic and coordination compounds 

that are able to cleave G-Quadruplex DNA, while far few exhibit significant structural 

selectivity and also cleave duplex DNA.87, 168, 169, 196-201 (Figure 2.2) Due to the low degree 

selectivity, the primary use of these probes thus far has been in vitro, in order to 

distinguish between various molecularities and topologies of G-Quadruplex constructs.   

However, use of cleavage probes in this manner does not take into account the possibility 

Figure 2.1. Differential cleavage patterns in a primary DNA sequence due to the 
presence of a selective cleavage probe.  These different cleavage patterns 
would occur during different cellular states, one which promotes G-
Quadruplex formation  
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cleavage does not reflect binding.  Additionally, while the focus of studying G-

Quadruplex ligands has been on identifying ligands with increased binding selectivity, 

little work has been devoted to exploring the differences that may exist in DNA cleavage 

chemistry of G-Quadruplex vs. duplex DNA. Understanding these differences could 

facilitate the discovery of a highly selectivity cleavage drugs.  

 

In order to identify a good G-Quadruplex selective cleavage agent, it is important 

to be able to rapidly screen potential compounds for both their G-Quadruplex cleavage 

efficiency and selectivity. However, to date, only relatively lengthy PAGE-based assays 

using radiolabeled DNA have been utilized to characterize potential cleavage 

compounds.  This method limits the number of reagents and G-Quadruplex constructs 

Figure 2.2. Known cleavage compounds:                                                                                 
(A) [5,10,15,20-tetra(N-methyl-4-pyridyl)porphine] (TMPyP4)                                                               
(B) 5,10,15,20-[tetra(N-methyl-3-pyridyl)]-26,28-diselenasapphyrin chloride 
(Se2SAP)        (C) Fluoroquinophenoxazine   (D) Trioxatriangulenium lon                                                                                                   
(E) tetrakis(2-trimethylaminoethylethanol)  phthalocyaninato zinc tetraiodine 
(Zn-TTAPc)    (F) Mn(III)�TMPyP4   (G) Perylene-EDTA•Iron(II)  
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investigated and selectivity is rarely addressed. Therefore a rapid assay was developed to 

screen and identify novel potential G-Quadruplex cleavage compounds based on the 

FRET principle.  This chapter describes the development of a G-Quadruplex fluorescent 

cleavage and selectivity assay, along with the insights it provided on the topological 

effects of G-Quadruplex photo-cleavage, oxidative cleavage and cleavage selectivity by 

model G-Quadruplex cleavage compounds. 

2.2   INTRODUCTION TO THE FRET BASED G-QUADRUPLEX CLEAVAGE ASSAY 

A fluorescent-based assay was developed using intramolecular G-Quadruplex 

forming DNA oligonucleotides modified with both 5’- donor and 3’- acceptor 

fluorophores.  The unfolded oligonucleotide has little fluorescence transfer since the 

fluorophores’ distance exceeds the critical Förster distance.202  As the intramolecular G-

quaduplex conformation anneals, the fluorophores of the oligonucleotide are within their 

critical Förster radius, which results in energy transfer. Energy transfer can be monitored 

via either a decrease in donor fluorophore emission or an increase in acceptor fluorophore 

emission when the oligonucleotide is excited at the donor fluorophore wavelength.  

The use of dual-labeled probes has previously described in FRET-based G-

Quadruplex DNA melting experiments.  This method has been use to screen for potential 

G-Quadruplex ligands by assessing their ability to stabilize G-Quadruplex DNA.202 

Favorable ligands stabilize G-qaudruplex DNA most efficiently. 172, 203, 204 As a dual-

labeled G-Quadruplex oligonucleotide is heated, it undergoes a melting of the G-

Quadruplex and the distance between the donor and acceptor fluorophores increases.  

This is accompanied by a diminished efficiency of energy transfer and results in an 

increase in donor emission. (Figure 2.3 A) The intensity of the donor emission is thus a 

function the extent of denaturation of the G-Quadruplex DNA.202, 205 (Figure 2.3B)  

These dual labeled probes have not been previously explored as a means to 
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rapidly screen compounds for their ability to cleave G-Quadruplex DNA.   However, 

related duplex-hairpin forming dual-labeled oligonucleotides have been used in a “break 

light” assay employed for screening duplex DNA-cleaving agents206 In the break light 

assay, the real time kinetics of DNA cleavage by nuclease enzymes can be monitored. 

Upon cleavage of the duplex hairpin, the donor and acceptor fluorophores spontaneously 

dissociate, leading to an immediate increase in donor emission. (Figure 2.3 C & D)  We 

proposed that by utilizing differences in fluorescence spectra between an intact and 

cleaved DNA,207 the extent of G-Quadruplex cleavage could be determined as a function 

of donor emission from dual-labeled oligonucleotides in a manner similar to the duplex 

break light assay.  

  

Δ"

Δ"
(A)"

(C)"

NUCL
EASE(

(B)"

(D)"

Re
la
%
ve
'D
on

or
'F
lu
or
es
ce
nc
e'
'

Time'or'[Nuclease]'

Re
la
%
ve
'D
on

or
'F
lu
or
es
ce
nc
e'
'

Temperature'

Figure 2.3. A.) FRET efficiency used to reversibly measure the Tm of intramolecular 
G-Quadruplexes. When annealed, the probe has a low fluorescein 
emission, which dramatically increases when denatured. (B) Expected 
donor fluorescence emission spectra of a dual-labeled G-Quadruplex 
vs. Temperature  (C) Cartoon of “break light” assay. Intact and cleaved 
dual-labeled hairpins have different donor emission intensities due to 
energy transfer as a result of a cleavage event leading to the immediate 
spontaneous dissociation of one of the fluorophores (D) Change in 
donor fluorescence emission of dual-labeled hairpin due to cleavage by 
a nuclease.  The change in fluorescence can be measured vs. nuclease 
concentration or time.  Hairpin cleavage using the break light assay can 
be monitored in real time.  
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Initial experiments indicated that a FRET based G-Quadruplex assay would not 

retain the simplicity of the hairpin “break light” assay.  Many cleavage events did not 

lead to the spontaneous separation of the fluorophores.  Presumably, some events, like 

cleavage on the base proximal to the fluorophore, led to an increase in donor 

fluorescence. Other events however essentially convert an intramolecular G-

Quadruplex into a bimolecular G-Quadruplex, which might be  stable under the 

cleavage reaction conditions. Thus, immediate change in fluorescence under reports the 

actual extent of G-Quadruplex cleavage.  However, through an essentially irreversible 

denaturation of these bimolecular G-Quadruplexes via a separate heating/reannealing 

step, all cleavage events could be revealed. (Figure 2.4)   

 

Various cleavage compounds were investigated in order to fully develop and 

validate the fluoresecence-based G-Quadruplex cleavage assay. S1 nuclease, the 
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Figure 2.4.  Specific irradiation of the photo-cleavage agents leading to a cleavage event 
can result in either spontaneous nucleotide dissociation or a stable 
biomoleclar quadruplex. After ligand dissociation, a cleaved G-Quadruplex 
is irreversibly denatured following the thermal cycle.  The emission spectra 
of the donor fluorophore differs between the intact (energy is transferred to 
the acceptor) and the cleaved samples (no energy transfer). Due to the 
oligonucelotide concentration within the assay being in the nM range, 
reformation of the bimolecular G-Quadruplexes is unlikely. 
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structurally neutral chemical probe, Fe•EDTA59, 168 and the photo- active and oxidative G-

Quadruplex binding and cleavage agents meso-5,10,15,20-Tetrakis-(N-methyl-4-

pyridyl)porphine (TMPyP4) 153, 161, 162, 164-166, 168, 169, 208 and Mn•TMPyP4 87 respectively 

were chosen as model compounds.  

2.3 S1 NUCLEASE DIGESTION OF F21T 

S1 nuclease is a biological probe that preferentially degrades single stranded 

DNA. S1 nuclease degradation of F21T in 50 mM potassium cacodylate buffer, pH 7.4 

and 20 mM MgCl2
209 was monitored with preformed G-Quadruplex and single stranded 

F21T at 37°C over time. S1 nuclease was rendered inactive and the reaction was 

quenched by 25 mM EDTA, which chelated the required magnesium.  Although S1 

nuclease thoroughly degraded its substrates, making a thermal cycle unnessesary to 

observe cleavage, it was still necessary to distinquish between degraded and non-

degraded single stranded F21T. The thermal cycle formed intact single stranded 

substrates into a G-quadruple.  This allowed for a direct comparison of digestion between 

the two reaction substrates.   

 S1 nuclease degraded both the single stranded and G-Quadruplex structures with 

equal efficiency as the nuclease was not particularly effective with either substrate. Due 

to the pH dependence of fluorescein, all experiments were ran at pH 7.4 and almost 24 

hours were required to completely degrade both substrates.  S1 nuclease has a preferential 

substrate of single stranded DNA, but showed equally low efficiency in cleaving both 

single stranded and G-Quadruplex DNA (Figure 2.5 A). This observed cleavage may be 

due to either the dynamic nature of G-Quadruplex DNA.  Since the structure of G-

Quadruplex DNA is in flux, S1 nuclease is provided its ideal substrate.  Similarly the 

slow rate of degradation may be due to a rate limiting step of active S1 nuclease binding 

either F21T substrate at pH 7.4. In a similar experiment using S1 nuclease and single 
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stranded F21T in 1X S1 nuclease buffer (pH 5.5), the probe was completely digested in 5 

mins. This indicates the F21T fluorophores do not retard enzymatic degradation at pH 

7.4.  Rather the lower nuclease activity is due to the sub-optimal pH of 7.4.   

Denaturing Polyacrylamide Gel Electrophoresis (PAGE) is a common tool used to 

investigate linear DNA based on its molecular weight.  The presence of 6-8 M urea in the 

gel and elevated temperatures during the electrophoresis denatures DNA native 

secondary structure. Analysis DNA cleavage samples by denaturing PAGE with a high 

percentage of acrylamide can separate the DNA cleavage products to a single nucleotide 

resolution, which are commonly identified by the Maxam-Gilbert sequencing of the 

investigated DNA. A Typhoon Trio gel imager was employed for the excitation of the 

FAM fluorophore in order to image the dual-label G-Quadruplex and the cleavage 

product(s) (by either reaction with enzyme or small molecules) subjected to PAGE 

analysis. In tandem with the fluorescent-based G-Quadruplex cleavage assay, PAGE 

analysis of the dual-labeled cleavage samples identifies those nucleobases preferentially 

cleaved during the cleavage reaction. 

As seen in the 20% denaturing PAGE, (Figure 2.5 B) all products were either 

fully intact or fully cleaved.  Therefore, once bound, S1 nuclease is capable of fully 

degrading the DNA.  

When the raw fluorescence values from the FRET cleavage assay were plotted 

against the percent cleavage from quantitated from the PAGE gel, a relationship between 

cleavage and normalized fluorescence is apparent. With a R2 value of 0.986, there is a 

strong linear relationship between these values.  These experiments with S1 nuclease 

digested samples demonstrated the FRET assay could be used to determine the extent of a 

G-Quadruplex cleavage event and of a single stranded DNA cleavage event by use of a 
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G-Quadruplex forming sequence and a thermal cycle and fluorescein emission could be 

monitored as a function of cleavage.    

 

 

 

 

2.4 FE�EDTA 

Fe�EDTA and H2O2 initiate the Fenton reaction: a reaction used in nucleic acid 

research to footprint binding sites of compounds, proteins and other secondary 

structures on DNA37, 46, 59, 60, 210 

Ascorbate + EDTA�Fe 3+ è Oxidized ascorbate + EDTA�Fe2+  

EDTA�Fe2+ + H2O2     è EDTA�Fe3+ + �OH + OH- 

Figure 2.5. (A) Change in FAM fluorescence over time due to S1 nuclease 
degradation of G-Quadruplex F21T (black squares)  and single 
stranded F21T (blue circles) in 50 mM potassium cacodylate, pH 7.4, 
after a thermal cycle. (B) PAGE analysis of G-Quadruplex F21T 
degraded by S1 nuclease after 0 min (lane 1), 0 min (lane 1), 0 min 
(lane 1), 0 min (lane 1), 0 min (lane 1), 0 min (lane 1), 0 min (lane 1), 
0 min (lane 1) G+A and G lanes represent Maxam-Gilbert sequencing 
lanes.  (C) Correlation of FAM solution study fluorescence with the 
PAGE quantitation of (B). The linear relationship indicates the extent 
of cleavage can readily be monitored by solution FAM. 
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The resultant hydroxyl radical is a small diffusible oxidant capable of frank 

strand breakage due to hydrogen abstraction from the deoxyribose, along with other 

nucleobase modifications in single and double stranded DNA37, 46, 59, 60, 210  The 

deoxyribose hydrogen atoms’ accessibility is a critical factor of a cleavage event rather 

than base identity46, 168. Despite being one of the few oxidants that does not 

preferentially cleavage G-rich DNA, the hydroxyl radical cleavage is not widely used in 

G-Quadruplex DNA studies. Due to its well-established mode of DNA cleavage and its 

known ability to cleave structured DNA, Fe�EDTA-generated hydroxyl radical was 

selected to determine the feasibility of monitoring G-Quadruplex cleavage by 

fluorescence by a chemical probe.  

The Fenton reaction was carried out in situ to validate the fluorescence-based G-

Quadruplex DNA cleavage assay’s ability to monitor chemically induced cleavage.  

Monitoring the FAM fluorescence of the potassium stabilized (50 mM, pH 7.4) F21T (27 

nM) after treatment with Fe•EDTA (8.3–83 µM), 10 equivalents of sodium ascorbate, 

and 0.05% H2O2 revealed an increase in fluorescence as a function of time. However, 

while the increase in fluorescence plateaued, indicating a lack of addition cleavage 

events, the overall increase in FAM fluorescence at the highest Fe•EDTA concentration 

employed was only 3-fold. (Figure 2.6 A)  This difference however did not correlate with 

the expected fluorescence change of a highly degraded sample. This lack of initial 

fluorescence change was attributed to the occurrence of only a few cleavage events 

leading to the spontaneous dissociation of the fluorophore. The rest of the cleavage 

events converted an intramolecular quadruplex into a stable biomolecular complex. 

Without significant rearrangement of the relative distance of the fluorophores, the 

detection of these cleavage events is impossible by solution.   
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The liklihood of unrevealed cleavage events indicated the need for a thermal heat 

step. Therefore,  5% DMSO (final concentration) was added to each well as a radical 

scavenger to insure additonal cleavage events did not occur at the elevated temperature.  

Control experiments using fluorescein isocynate (FITC) were carried out and showed that 

the oxidation of FAM by Fe•EDTA was not altered as a result of the thermal cycle. 

(Figure 2.7) As result of the thermal step, the FAM emission of all F21T samplex 

increased at all Fe•EDTA concentrations.  Since the radical scavenger DMSO prevented 

Figure 2.6. (A) Solution data demonstrating a concentration dependence increase in 
fluorescein fluorescence of 25 nM F21T by Fe EDTA before (circle) and after 
(square) a heat cycle in 50 mM potassium cacodylate, pH 7.4 with 5% DMSO  
(B) 20% denaturing PAGE of F21T (1.5 pmol) cleavage by hydroxl radical 
cleavage.  Reaction contained 27.7 nM F21T and 0, 8.3, 20.8, 41.6 or 83.3 µM 
Fe EDTA (lanes 1-5 respectively) (C ) Linear relationship between fluorescein 
fluorescence after (n) heat cycle and percent cleavage as determined by PAGE 
quantification    

 



 59 

the occurrence of additional cleavage events, the increased fluorecence can be attributed 

to newly revealed cleavage events. 

 

G-Quadruplex compounds are often dissolved in DMSO. Based on the known 

radical scavenging activity of DMSO, the extent of DMSO quenches the hydroxyl was 

further investigated. The Fenton reaction was initiated in the prescence of 0-5% DMSO 

and the oxidation of FITC monitored.   Since DMSO influences FITC fluorescence, all 

samples had a final concentration of 5% DMSO.  Even 0.05% DMSO dramatically 

inhibited FITC oxidation by the Fenton reaction. (Figure 2.8)  Therefore, cleavage 

compounds in a DMSO stock that may produce reactive species via a hydroxyl radical 

need to be sufficiently concentrated as that the final DMSO concentration in the cleavage 

reaction is much less than 0.05% 

PAGE analysis confirmed that the increased FAM fluorescence after the thermal 

Figure 2.7. (A) Fluorescein isocyanate (FITC) fluorescence without Fe EDTA added 
(squares) and in prescence increase Fe EDTA (triangles and circles) without 
5% DMSO.  The triangle represents the FITC fluorescence prior to the 
thermal cycle and the circles is the resultant fluorescence after the thermal 
cycle. (B) Fluorescein isocyanate fluorescence without Fe EDTA added 
(squares) and in prescence increase Fe EDTA (triangles and circles) with 
the radical scavenger DMSO (5%).  The triangle represents the FITC 
fluorescence prior to the thermal cycle and the circles is the resultant 
fluorescence after the thermal cycle.  In panel (A) there is increased 
quenching of the FITC after the thermal cycle while in (B), the FITC 
fluorescence before and after heating are the same. 
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cycle corresponded to G-Quadruplex cleavage. (Figure 2.6 B)  Nonsequence dependent 

cleavage was observed in a concentration dependent manner at all Fe•EDTA.  This 

suggests that the secondary structure of G-Quadruplex DNA does not affect the 

accessibility of the hydroxyl radical to the DNA and is in agreement with hydroxyl 

radical footprinting of other G-Quadruplex structures.168 

 

 Running just below intact F21T were two additional bands that do not correspond 

to the Maxam Gilbert sequencing lanes. (arrows in Figure 4.6B).  As these bands were 

not apparent by TAM visualization, they were attributed to cleavage products in which 

the TAM, or the TAM plus N-(5-aminopentyl)acrylamide linker, was cleaved from the 3’ 

end of the oligonucleotide.  Comparison of the gel quantification of DNA cleavage 

shown in Figure 2.6B to the FAM solution fluorescence determined immediately after the 

heating/reannealing step (Figure 2.6A) showed a linear correlation between the percent 

cleavage by PAGE analysis and by FAM fluorescence intensity of cleavage assay. 

(Figure 2.6 C)  This linear relationship confirms that solution FAM fluorescence after 

Figure 2.8. Inhibition of fluorescein isocyanate oxidation due to the prescence of DMSO 
in the during the Fenton reaction at various concentrations of Fe EDTA. 
Black squares represent 0% DMSO, red diamonds-0.05%, blue circles-1%, 
green triangles-5%       
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thermal denaturation/renealing was directly proportional to the relative amount of intact 

and cleaved dual labeled oligonucleotide and he FAM fluorescence can be used to 

determine the extent of G-Quadruplex cleavage. 

2.5 TMPYP4 PHOTOCLEAVAGE OF DUAL LABELED PROBES  

TMPyP4 is perhaps one of the most widely studied G-Quadruplex ligands and 

was selected as one of the model photochemical cleavage.  TMPyP4 can bind to wide 

range of G-Quadruplex structures7, 160, 162, 168, 169, 211-214  and its ability to photocleavage 

duplex DNA has been reported.86, 89, 215, 216  Additionally TMPyP4 and related porphyrins 

have also been reported to photocleave a variety G-Quadruplex DNAs, such as human 

telomeric sequence and c-Myc and KRAS promoters, preferentially at guanines located at 

the end tetrads.162, 168, 217  TMPyP4 cleavage of duplex DNA is enhanced in the presence of 

duetrated and oxygenated solvents, indicating its primary mechanism of photocleavage 

involves the production of singlet oxygen.86, 89 However, despite the extent of studies 

involving TMPyP4, its mechanism of G-Quadruplex DNA photocleavage, along with the 

specific structural details of those TMPyP4 bound constructs are unknown.  

2.5.1 TMPyP4 photocleavage of potassium stabilized F21T 

While Fe•EDTA behaved as a model cleavage probe, the addition of a ligand to 

the cleavage assay has the potential to inadvertently mask cleavage events.   For 

example, if the G-Quadruplex cleavage is the result of the interaction of a ligand 

binding to the quadruplex, which sufficiently stabilizes the nicked G-Quadruplexes 

such that it does not undergo dissociation even when heated, these cleavage events 

would not be revealed in solution.  Additionally, a ligand could quench the flurophore 

by either nonspecific interactions or by tight interactions with the oligonucleotide. 
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Therefore, various methods to dissociate stable ligands prior to the thermal step were 

investigated. 

250 nM F21T was irradiated in a photoreactor fitted with lamps center at 420 nm 

for 60 minutes in the presence of 0-2.5 µM TMPyP4. Then, prior to the 

heating/reannealing step, TMPyP4 was dissociated from the DNA.  Two separate 

dissociation buffers were investigated. The sample was either treated with a large excess 

of calf thymus DNA (10 µg final concentration/well), or samples were treated with SDS 

(2 % final concentration).  In either case, the plates was sealed, heated/cooled, the FAM 

fluorescence measured and then the fluorescence was normalized. 

The addition of 10 µg calf thymus DNA or 2% SDS resulted in the same extent of 

normalized fluorescence. (Figure 2.9)  A calf thymus DNA based buffer dissociated 

compounds due to ligand affinity towards duplex DNA, while SDS can sequester ligands 

regardless of their specificity toward duplex or G-Quadruplex DNA.  The calf thymus 

buffer was subsequently used when PAGE analysis of the cleavage products was desired 

to avoid ethanol precipitation. The SDS buffer was used with the cleavage products were 

already known or when a ligand can cause quenching and/or sufficiently stabilize the G-

Quadruplex since a highly selective compound may not dissociate from the G-

Quadruplex even at the high excess of duplex DNA.  Additionally, a selective ligand may 

not allow a cleaved G-Quadruplex to denature, potentially not revealing a cleavage event.  
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For both TMPyP4 and Mn•TMPyP4, three dual labeled G-Quadruplex DNA 

structureswere employed. Oligonucleotides containing the human telomeric sequence 

(GGGTAA)n are known to adopt a number of distinct topological folds.218 NMR studies 

have shown a “3+1” parallel/anti-parallel hybid structure forms in the presence of 

potassium ions.189 In the presence of sodium ions however, an anti-parallel structure is 

formed.190 The dual-labeled human telomeric G-Quadruplex-forming 

deoxyoligonucleotide F21T used in these studies consists of the human telomeric 

sequence 5’-(GGGTTA)3GGG-3’ labeled at the 5’-end with 6-carboxyfluorescein (FAM) 

160 and at the 3’-end by tetramethylrhodamine (TAM).  F21T is also known to adopt 

distinct structures in the presence of sodium versus potassium ions.202  A G-Quadruplex 

structure is also formed by the nuclease hypersensitive element (NHE) III1 region of the 

c-MYC promoter.  Although the wild-type sequence (Pu27) can form a mixture of G-

Quadruplex structures, the mutated sequence used in this study (F-c-Myc22m-T; 5’-

FAM-dTGAGGGTGGGTAGGGTGGGAG-3’-TAM) exclusively adopts a parallel G-

Figure 2.9. Comparison of dissociation buffers: Average percent cleavage, in triplicate, 
of 20 µL 250 nM F21T by 0-2.5 µM TmPyP4 in 50 mM potassium 
cacodylate, pH 7.4 irradiated 60 minutes.  Final concentrations are 25 nM 
F21T, 0-250 nM TmPyP4 in 10 mM potassium cacodylate, pH 7.4 with 
either 10 µg calf thymus DNA (triangle) or 2% SDS (square) 
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Quadruplex topolgy, which has been characterized by NMR.157 

Each G-Quadruplex structured displayed a distinct concentration- and irradiation 

time-dependent photochemical cleavage by TMPyP4. The concentration and time 

dependence of TMPyP4 photochemical cleavage of K+F2 1T was investigated with 

samples of F21T (250 nM) in potassium cacodylate buffer (50 mM, pH 7.4) with 0-2.5 

µM TMPyP4 (pre-incubated for 30 min) and irradiated for 0-120 minutes in a 

photoreactor fitted with lamps with a maximal emission at 420 nm.  After each time 

point, the samples were treated with excess calf thymus dissociation buffer, followed by 

heating/reannealing and normalization of the FAM fluorescence.    

There was a marked TMPyP4 concentration dependent increase in the FAM 

fluorescence of K+F21T samples subjected to irradiation for 5, 10, 30 and 120 min up to 1 

µM TMPyP4, which corresponds to a 3- to 4-fold excess TMPyP4. (Figure 2.10A)  

Further increase in ligand concentration did not affect fluorescence significantly, with the 

exception of samples irradiated for the longest time, in which there was a slight decrease 

in fluorescence at the highest TMPyP4 concentration. The maximal increase in FAM 

fluorescence was approximately 60%, which was observed for samples irradiated for 120 

min in the presence of a 4-fold excess TMPyP4.  

2.5.2 TMPyP4 cleavage of sodium stabilized F21T 

The photochemical cleavage of F21T by TMPyP4 was also carried out in 50 mM 

sodium cacodylate buffer to explore the effects of the cation-induced structural changes 

on photocleavage.  The increase in FAM fluorescence as a function of TMPyP4 

concentration (Figure 4.10B) shows a plateau of cleavage corresponding to TMPyP4 

concentrations of a 1-2:1 ratio of TMPyP4 to F21T.   This ratio is lower than that 

observed in the presence of K+-ions (~4:1, see Figure 4.10 A).  This could either reflect a 

lower stiochiometry of binding to the Na+-stabilized dual-labelled G-Quadruplex or less 
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effective photocleavage mediated by any additionally bound TMPyP4 molecules in this 

topology.  

  

It was also noted the initial rate of TMPyP4 photocleavage for the Na+-stabilized 

quadruplex is greater than for the K+-stabilized form.  Additionally, the solution 

fluorescence is greater for Na+ stabilized F21T samples that were irradiated for short 

times (5-30 min) in the presence of TMPyP4 in comparison to the K+-stabilized form. 

Only K+ stabilized F21T samples irradiated at the highest concentrations of TMPyP4 for 

30 mins or K+ samples irradiated for 120 min showed a greater extent of cleavage than 

Figure 2.10. Normalized fluorescence intensity for different G-Quadruplex DNA samples 
(250 nM) irradiated in the presence of 0-2.5 µM TMPyP4 for 0–120 min by 
420 nm lamps.  (A)  F21T (250 nM) in 50 mM potassium cacodylate buffer.  
(B) F21T (250 nM) in 50 mM sodium cacodylate buffer.  (C) F-cMyc22m-T 
in 50 mM potassium cacodylate buffer. (D) TmPyP4.  Blue diamonds-0 min, 
red squares- 5 min, green triangles-10 min, purple stars- 30 min, orange 
circles- 120 min 
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the Na+ stabilized F21T.  Given the ability of TMPyP4 to convert a (3+1) mixed hybrid 

into an anti-parallel with time and the enhanced rate of cleavage for anti-parallel G-

Quadruplexes, the cleavage of potassium stabilized F21T with 10-fold excess of TMPyP4 

corresponding with the antiparallel construct is logical.  Reduced fluorescence 

corresponding with increased irradiation time could reflect greater non-specific 

interactions with the FAM fluorophore and photoquenching with this construct overtime. 

2.5.3 TMPyP4 cleavage of F-cMyc22m-T 

The photochemical cleavage of F-cMyc22m-T was significantly differenct that 

the photocleavage of either F21T topology as shown in Figure 4.10C.  The maximum 

increase in fluorescence of F-cMyc22m-T occurred in the presence of 500-750 nM 

TMPyP4 (2:1 or 3:1 TMPyP4/quadruplex ratio), depending on reaction time.  At higher 

TMPyP4 concentrations, there is a significant decrease in fluorescence, especially at 

longer irradiation times. The maximal fluorescence of F-cMyc22m-T occurred at 500 nM 

TMPyP4 and 120 min irradiation, corresponding to about ca. 70% cleavage. The 

photocleavage of F-cMyc22m-T by TMPyP4 was much more efficient than the 

photocleavage for F21T in either K+- or Na+-containing buffers, which may be attributed 

to the greater affinity of TMPyP4 for the parallel cMyc G-Quadruplex when compared to 

the mixed- or anti-parallel human telomeric quadruplexes 164 

The origin of the marked decrease in normalized fluorescence at higher TMPyP4 

concentrations and irradiation times was also investigated.  The diminished fluorescence 

could be due to either either photobleaching or a topological conversion of the parallel 

cMyc G-Quadruplex.162 The reported conformational conversion might cause the 

observed decrease in normalized fluorescence, particularly if conversion was slow and 

the resultant structure more resistant to cleavage, such as observed with the (3+1) hybrid 

structure formed by K+ F21T, this scenario was plausible.  Therefore, the impact of 
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TMPyP4 concentration (250-1250 nM) and pre-incubation time on the solution 

fluorescence of the F-Myc22m-T (250 nM) photochemical cleavage samples was 

investigated.  To elucidate the role time may play separate from its role in the time-

dependence of photo-cleavage, preincubation time was varied (0-720 min) while 

irradiation time was constant (30 min). 

Only when samples were irradiated without preincubation was the normalized 

fluorescence at the highest TMPyP4 concentration not diminished. (Figure 4.11 A) F-c-

Myc22m-T samples with 250 nM TMPyP4 displayed less of a pre-incubation time 

dependent normalized fluorescence (~25% +/-8) in comparison to the 1.25 µM TMPyP4 

samples.  The normalized FAM of these samples decreased almost linearly from ~40% 

apparent cleavage to ~15% apparent cleavage over 120 min. (Figure 4.11 B) Only when 

irradiation was carried out immediately following sample preparation did the extent of F-

c-Myc22m-T cleavage by 1.25 µM TMPyP4 exceed that with 250 nM TMPyP4. 

Therefore the extent of time F-c-Myc22m-T is in the presence of TMPyP4 plays a role in 

FAM fluorescence and thus impacts the apparent extent of cleavage. 

 

Figure 2.11. Normalized fluorescence of 250 nM F-Cmyc22m-T (A) irradiated with 0-
1.25 µM TmPyP4 for 30 minutes after preincubation for 0 min (blue 
diamonds), 30 min (green triangles), 120 min (purple stars), 720 min 
(orange circles). (B) 250 nM (red squares) or 1.25 µM (blue stars) 
TmPyP4 irradiated for 30 mins after preincubation for 0-720 mins.  
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2.5.4 Detection of Singlet Oxygen with TMPyP4 mediated photo-cleavage of F21T 

Duplex DNA photocleavage by TMPyP4 is proposed to be mediated by singlet 

oxygen formation.  Evidence for the production of singlet oxygen by TMPyP4 includes 

enhanced cleavage in the presence of deuterated solvent and diminished cleavage in the 

presence of sodium azide, a singlet oxygen quencher.  

Cleavage of the dual labeled G-Quadruplexes by TMPyP4 by the formation of 

singlet oxygen was also investigated.  K+F21T (250 nM) was photo-irradiated with 2.5 

µM TMPyP4 for 60 min in 50 mM K+ cacodylate, pH 7.4.  In parallel, K+F21T samples 

with 2.5 µM TMPyP4 were irradiated in the presence of potassium buffer prepared with 

D2O and cacodylate buffer purged with argon prior to the photoreaction.  Photo-cleavage 

of F21T by TMPyP4 was moderately enhanced (~10%) in the presence of D2O over H2O 

potassium buffer at both 30 and 60 minute irradiation times. (Figure 2.12)  Only a 

moderate cleavage enhancement was observed for samples in the presence of D2O, 

therefore, singlet oxygen is 

not entirely responsible for 

the reaction mechanism of G-

Quadruplex photocleavage by 

TMPyP4.  Additionally, 

cleavage was not significantly 

diminished (~10%) for F21T 

samples purged of oxygen 

prior to cleavage, providing 

additional evidence that 

production of singlet oxygen is 

not the only mode of cleavage.    

Figure 2.12. Normalized fluorescence intensity for 250 
nM F21T irradiated in the presence of 2.5 
µM TMPyP4 for 0–60 min by 420 nm 
lamps in 50 mM K cacodylate, pH 7.4 
composed of H2O (Blue diamonds), 
D2O(red squares) or argon purged 
H2O(green triangles) 
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2.5.5 PAGE analysis of Cleavage products 

In order to gain additional insights into the G-Quadruplex cleavage products, 

aliquots from selected G-Quadruplex cleavage reactions were directly analyzed by PAGE 

using FAM emission to visualize the gels.  Identical samples were also first subjected to 

piperidine/heat treatment prior to PAGE analysis. 

2.5.5.1 K+F21T 

Prior to piperidine/heat, there are apparent bands corresponding to cleavage of 

K+F21T at all the guanines within 5’ GGG-tract; however, there is a slight bias towards 

cleavage at the 5’ and 3’ Gs.  Cleavage did not occur for samples that were not irradiated 

or irradiated without TMPyP4 present nor was the thermal cycle responsible for 

additional or reduced cleavage events. (Figure 2. 13 A, left side) Cleavage at these sites is 

likely due to hydrogen atom abstraction from the deoxyribose rings since the resulting 

radicals can lead to strand scission without piperidine/heat.45 

Base-labile photochemical lesions were also generated on the K+F21T by TMPyP4.  For 

samples treated with piperidine and heat prior to electrophoresis, additional G-

Quadruplex cleavage was evident by the increased intensity of bands corresponding to 

cleaved products. (Figure 2.13 A, right side) Furthermore, there is some cleavage of the 

3’-linker and the TAM fluorophore that occurs due to piperidine/heat treatment. This 

cleavage of the linker and TAM even occurs in samples that were not irradiated.  

Additionally, after piperidine/heat treatment, the guanines related to the terminal G-

tetrads are much more intense (G1, G3, G7, G9, G13, G15, G19, G21).  Therefore, 

photochemical cleavage of F21T not requiring base/heat treatment occurs at all G-

residues, while the base-labile lesions are primarily located at the terminal G-tetrads.  The 

preferred sites of cleavage were mapped onto a (3+1) mixed hybrid construct. (Figure 

2.13 B)  These photocleavage sites are located at the terminal tetrads and corresponds 
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with previous reports for TMPyP4 the photochemical cleavage of other G-Quadruplex 

structures, in which the terminal G-tetrads were preferentially cleaved after 

piperidine/heat.168  

 

Figure 2.13. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) 
in potassium cacodylate buffer with 0-2.5 µM TMPyP4 irradiated for 30 
minutes (420 nm).  Samples in lanes 1–9 were directly subjected to PAGE.  
Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 min 
before PAGE analysis.  Reactions contained 0 nM (lanes 2,12), 250 nM (lanes 
3,13), 500 nM (lanes 4,14), 750 nM (lanes 5, 15), 1000 nM (lanes 6,16), 1.25 
µM (lanes 7,9,17,19), or 2.5 µM (lanes 1, 8, 18, 20) of TMPyP4.  Samples in 
lanes 9 and 19 did not undergo the heat/reanneal cycles. Control samples with 
TmPyP4 in lanes 1 and 20 were not subjected to irradiation. B) Cartoon of the 
(3+1) hybrid parallel/antiparallel G-Quadruplex structure formed by 5’ FAM–
(GGGTTA)3GGG-TAM 3’ in the presence of potassium. Sites of TMPyP4 
cleavage as determined by PAGE analysis are marked with a “*”. 
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2.5.5.2 Na+ F21T 

PAGE analysis of the TMPyP4 photochemical cleavage of Na+F21T showed 

equal guanine cleavage at all G residues prior to piperdine/heat treatment and similar to 

K+F21T band intensity corresponding to cleavage at the terminal G-tetrads is slightly 

more intense. (Figure 2.14 A, left) However, after piperidine/heat treatment, the extent of 

base labile cleavage located at the terminal G-tetrads is less pronounced for the anti-

parallel Na+ stabilized topology. (Figure 4.14 A right) The Na+-stabilized G-Quadruplex 

additionally displays an overall decrease in band intensity for samples irradiated in the 

presence of the highest concentration of TMPyP4.  This is indicative of either photo 

bleaching or loss of the FAM.  In contrast, the K+ stabilized F21T quadruplex only 

displayed photo bleaching at both the highest TMPyP4 concentration and longest 

irradiation time employed (120 min).  Mapping of the Na+ F21T TMPyP4 cleavage sites 

onto the anti-parallel construct supports guanine cleavage at all sites. (Figure 2.14 B) 

Previous reports are in agreement with different cleavage patterns for the K+ and 

Na+ topologies, however these differences are attributed to the locations of TMPyP4 

binding as base labile cleavage sites represent the most favored sites for the formation of 

oxidized G lesions.44 Therefore, terminal guanine oxidation could be due to sites of 

TMPyP4 binding.  Additionally, it was assumed the hydroxyl radical generated by singlet 

oxygen was responsible for the cleavage at all Gs for both structures.168  

Alternatively, base labile G-oxidation may be due to an electron transfer process 

for the photocleavage by TMPyP4 that may migrate via the G-tetrad stack. This 

mechanism of cleavage would result in cleavage not necessary related to binding, but 

reflect the differences in hydration, guanine oxidation and charge transfer throughout the 

structure.  If electron transfer plays a role in cleavage, the Na+F21T exhibits less efficient 

electron-transfer mediated photochemical cleavage by TMPyP4 that K+F21T. 
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Figure 2.14. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) 
in sodium cacodylate buffer with 0-2.5 µM TMPyP4 irradiated for 30 minutes 
(420 nm).  Samples in lanes 1–8 were directly subjected to PAGE.  Samples 
in lanes 11-17 were treated with piperidine at 90 °C for 30 min before PAGE 
analysis.  Reactions contained 0 nM (lanes 2,11), 250 nM (lanes 3,12), 500 
nM (lanes 4,13), 750 nM (lanes 5, 14), 1000 nM (lanes 6,15), 1.25 µM (lanes 
7,16), or 2.5 µM (lanes  1, 8, 17) of TMPyP4. Control sample with TmPyP4 
in lane 1 was not subjected to irradiation. Lanes with G and G+A denote 
Maxam Gibert sequencing lanes. B) Cartoon of the antiparallel G-Quadruplex 
structure formed by 5’ FAM–(GGGTTA)3GGG-TAM 3’ in the presence of 
sodium. Sites of TMPyP4 cleavage as determined by PAGE analysis are 
marked with a “*”. 
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Direct hydrogen atom abstraction and efficient electron transfer was likely 

responsible for the photocleavage of K+-stabilized F21T by TMPyP4. On the other hand, 

Na+-stabilized F21T is cleaved primarily by hydrogen atom abstraction. These 

differences in cleavage mechanisms are possibly due to poorer stacking interactions with 

the terminal G-tetrads of the Na+F21T, leading to increased interactions with the FAM 

and either photobleaching or loss of the FAM moiety. 

PAGE analysis was also used to validate the solution fluorescence assay. PAGE 

analysis of the photocleavage reactions of K+ and Na+ stabilized F21T by TMPyP4 

further demonstrated that the normalized solution fluorescence is directly proportional to 

the extent of DNA cleavage prior to piperidine/heat treatment. As shown in Figure 2.15 

quantification of the percent DNA cleavage in Figures 2.13 and 2.14 shows a strong 

correlation (r2 = 0.9195, slope = 1.02) with the normalized solution fluorescence of these 

samples (Figures 2.10 A and B).  

 

 Figure 2.15. Relationship between solution normalized fluorescence of 
photocleaved samples and percent cleavage as quantitated by PAGE 
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2.5.5.3 Cmyc 

PAGE analysis of TMPyP4 mediated photocleavage F-cMyc22m-T samples 

irradiated for 10 minutes prior to piperdine/heat (Figure 4.16 A, left) show diffuse 

cleavage bands exclusively corresponding to cleavage at the terminal G tetrads, i.e. the 5’ 

and 3’ G in each 5’-GGG tract. Additionally there is an intense, fast-moving band 

corresponding to cleavage of the FAM-labeled extreme 5’-end nucleotides.  Similar to 

K+F21T, after treatment with base, cleavage bands corresponding to the terminal tetrad 

are more intense. (Figure 4.16 A, right) Additionally, there is a minor increase in 

cleavage at G15 over G13 and G10 over G8, indicating a slight bias towards cleavage at 

the 3’ G-tetrad Mapping of these sites onto the parallel topology displays cleavage 

exclusively at the G-Quadruplex end tetrads. (Figure 4.16 B)  

Additionally, by PAGE analysis, G-Quadruplex cleavage was not diminished with 

increasing TMPyP4 concentration. PAGE analysis of the F-cMyc22m-T samples 

preincubated with TMPyP4 for various times prior to irradiation for 30 min provided 

additional insight into the cause of the loss of FAM fluorescence irrespective of 

irradiation. (Figure 2.11 B) Although the concentration of TMPyP4 (250 and 1250 nM) 

impacted the samples’ normalized fluorescence, PAGE analysis prior to piperidine/heat 

treatment revealed incubation did not effect the extent of cleavage.  (Figure 4.17; Figure 

4.18A).  Rather, extending preincubation time directly resulted in a decreased overall 

total band intensity (Figure 4.18).   This relationship is particularly evident after 

piperidine/heat treatment since samples treated with 1.25 µM TMPyP4 for the longest 

preincubation time are barely visible. (Figure 4.17)  
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Figure 2.16. PAGE analysis of G-Quadruplex photocleavage reactions of F-cMyc22m-T 
(250 nM) in potassium cacodylate buffer with 0-2.5 µM TMPyP4 irradiated 
for 10 minutes (420 nm). Samples in lanes 1–9 were directly subjected to 
PAGE.  Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 
min before PAGE analysis. Reactions contained 0 nM (lanes 2, 3,12), 250 
nM (lanes 4, 13), 500 nM (lanes 5, 14), 750 nM (lanes 6, 15), 1000 nM 
(lanes 7,16), 1.25 µM (lanes 8, 17), or 2.5 µM (lanes 1, 9, 18) of TMPyP4.  
Control samples in lanes 1 and 2, with and without TmPyP4 respectively, 
were not subjected to irradiation. B) Cartoon of the parallel quadruplex 
structure formed by 5’ FAM-TGAGGGTGGGTAGGGTGGGAG-TAM3’ 
in the presence of potassium. Sites of TMPyP4 cleavage as determined by 
PAGE analysis are marked with a “*”. 
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Figure 2.17. PAGE analysis of G-Quadruplex photocleavage reactions of F-Cmyc22m-T 
(250 nM) in potassium cacodylate buffer with 250 nM or 1.25 µM TMPyP4 
irradiated for 30 minutes (420 nm) after 0-720 min preincubation.  Samples 
in lanes 1–9 were directly subjected to PAGE.  Samples in lanes 12-20 were 
treated with piperidine at 90 °C for 30 min before PAGE analysis.  
Reactions contained 250 nM (lanes 1-4, 11-14) or 1.25 µM (lanes 5-9, 15-
19) and were pre incubation for 0 min (lanes 1, 5, 11, 15), 30 min (lanes 2, 6, 
12, 16), 60 min (lanes 7, 17), 120 min (lanes 3, 8, 13, 18) and 720 min (lanes 
4, 9, 14, 19) 

 

Figure 2.18. 250 nM (blue circles) and 1.25 µM (red squares) TmPyP4 photo-cleavage of 
250 nM F-Cmyc22m-T (A) percent cleavage by PAGE quantitation (B) 
PAGE total lane band intensity as a function of 0-720 min preincubation 
time prior to 30 minute photo-irradiation 
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Therefore the decreased normalized fluorescence of F-cMyc22m-T observed at 

higher concentrations of TMPyP4 was not due to changes in the efficiency of G-

Quadruplex cleavage, but rather photo-bleaching of the FAM fluorophore. FAM photo-

bleaching is further demonstrated by the differences in the PAGE analysis of the F-

Cmyc22m-T photo-cleavage samples preincubated for 30 mins, followed by irradiation 

for 10 minutes (Figure 2.16) or 120 minutes (Figure 2.19) As measured by the loss of 

total band intensity, these gels show that as the irradiation time increases, the photo-

bleaching of F-Cmyc22m-T is more significant. 

 

Figure 2.19.  20% denaturing polyacrylamide gel showing the sequence selectivity 
cleavage by TmPyP4 for FCMyc22T (FAM-5’ 
dTGAGGGTGGGTAGGGTGGGTAG 3’ TAMRA)  in 50 mM potassium 
cacodylate, pH 7.4, without piperdine heat treament (lanes3-11) and with 
piperidine heat treament (lanes 12-20).  The concentration of TmPyP4 for 120 
minute reaction, in increasing order, is 0, 250, 500, 750, 1000, 1250 and 2500 
nM for lanes 5-11 and 14-20. Quadruplex reaction concentration is 250 nM.  
Control samples of FCMyc22T with either 0 nM  (lanes 4 and 13) or 2500 nM 
(lanes 3 and 12) were not irradiated by the photoreactor, but were (lanes 12 
and 13) or were not (lanes 3 and 4) subjected to piperidine heat treament.  
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TMPyP4 may photocleave F-cMyc22m-T by both direct hydrogen atom 

abstraction and efficient electron transfer.  While both F21T topologies also exhibit 

TMPyP4 photochemical cleavage by these mechanisms, these processes are more 

efficient for the parallel F-Cmyc22m-T. Whether the increased cleavage efficiency was 

due to an electron transfer process via efficient G-tetrad stacking interactions or due to an 

increased binding affinity is unknown.  

Additionally, photo-bleaching of the FAM is dependent on time and TMPyP4 

concentration.  This photo-bleaching may be due to poor stacking interactions with the 

terminal G-tetrads at higher ligand concentrations which results in interactions with the 

FAM, increased photo-bleaching and/or loss of the FAM moiety. Analogously, photo-

bleaching may be due to efficient stacking interactions with the terminal G-tetrads.  

Overtime, these interactions also involve the fluorophore and mediates electron transfer 

to the FAM.  Subsequently the FAM is oxidized, which is responsible for the observed 

photo-bleaching.   

2.5.6 T mPyP4 cleavage of unlabelled human telomeric 

To investigate the impact of the dual labeled probes on the cleavage of F21T, 

TMPyP4 mediated photocleavage of unlabelled 5’dAGGG(TTAGGG)3-3’ was 

investigated.  750 nM HT22 was irradiated with 0-3.75 µM TMPyP4 (up to a 5 fold 

excess) in the 50 mM potassium cacodylate, pH 7.4. Samples were either ran directly on 

a 20% denaturing gel or subjected to 10% piperidine for 30 minutes.  The gel was then 

stained in SYBR gold (Invitrogen), which binds single stranded nucleic acids with good 

sensitivity.   

Only the full-length DNA band could be visualized due to the sensitivity of the 

stain. (Figure 2.20) Although the individual cleavage bands can not be visualized, the 

decrease in the full-length HT22 can be observed.  This decrease in full length DNA is 
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associated with an increase in cleavage products.   There is an additional loss of full 

length HT22 after piperdine heat treatment due to the oxidation of base labile cleavage 

products. 

 

 

Quantitation of the PAGE gel prior to piperdine/heat indicated TMPyP4 

photocleavage is more efficient for G-Quadruplex DNA without a fluorophore. HT22 

samples (750 nM) irradiated for 30 minutes exhibited ca. 30% cleavage in the presence 

of 750 nM TMPyP4, corresponding to a 1:1 TMPyP4 to HT22 ratio.  Meanwhile, ~50% 

cleavage occurred in the presence of 3.75 µM TMPyP4, which corresponds to a 5:1 ratio 

of TMPyP4 to HT22. (Figure 2.21) In comparison, irradiation of K+F21T (250 nM) by 

TMPyP4 resulted in ca. 20% and 35 % cleavage by a 1:1 (250 nM TMPyP4) and a 5:1 

(1250 nM TMPyP4) ratio of ligand to F21T, respectively.  This discrepancy is even more 

Figure 2.20. PAGE analysis of G-Quadruplex photocleavage reactions of 750 nM 5’-
AGGG(TTAGGG)3-3’ in potassium cacodylate buffer pH 7.4 with 0-3.75 
µM TMPyP4 irradiated for 0-120 minutes (420 nm). Samples in lanes 1–10 
were directly subjected to PAGE.  Samples in lanes 11-20 were treated with 
piperidine at 90 °C for 30 min before PAGE analysis. Reactions contained 0 
nM (lanes 1, 3, 6, 11, 13, 16), 750 nM (lanes 4, 7, 14, 17) 1.5 µM (lanes 8, 
18), 2.25 µM (lanes 9, 19), lanes 3.75 µM (lanes 2, 5, 10, 15, 20) and were 
irradiated either 30 min (lanes 3-5, 13-15), or 120 min (lanes 6-10,  16-20). 
Control samples in lanes 1, 2, 11 and 12 were not subjected to irradiation. 
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distinct after longer irradiation.  These differences in the extent of cleavage may be due to 

either the sensitivity of the assay to detect cleavage, the presence of the fluorophores 

impeding cleavage or due to an affect of concentration.  The FRET assay was preformed 

at 250 nM F21T, while cleavage of HT22 occurred at 750 nM.  Therefore, at the same 

ratios of TMPyP4 to DNA, if the DNA binding affinities are identical, then the 

occupancy of HT22 by TMPyP4 was greater.  Although there is not an exact correlation 

between the extent of K+F21T and K+ stabilized HT22 cleavage, the photocleavage of the 

G-Quadruplexes display a similar time and TMPyP4 concentration dependence.  

    

 

2.6 OXIDATIVE CLEAVAGE BY MN•TMPYP4 

2.6.1 Mn•TMPyP4 cleavage of potassium stabilized F21T 

K+F21T (250 nM) was preincubated with 0-1.25 µM Mn•TMPyP4 for 30 minutes 

and the cleavage reaction was initiated by the addition of potassium peroxysulfate (100 

µM) for 1-15 minutes. K+F21T is a good substrate for Mn(=O)TMPyP4 mediated 

oxidative cleavage since even at very short reaction times there is a significantly apparent 

G-Quadruplex cleavage, as evidenced by increased FAM. The maximum normalized 

Figure 2.21. PAGE quantitation of photocleavage of 750 nM 5’-AGGG(TTAGGG)3-3’ in 
potassium cacodylate buffer pH 7.4 with 0-3.75 µM TMPyP4 irradiated for 30 
min (blue diamonds) or 120 min (red squares) 
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fluorescence corresponded to approximately 75 % cleavage, after a 15 minute oxidation 

in the presence of 750 nM Mn•TMPyP4. This was the longest reaction time employed.  

Maximal cleavage at each time point occurred at a 3:1 Mn•TMPyP4 to F21T ratio, which 

likely reflects its cleavage, if not binding stoichiometry.  However at higher Mn•TMPyP4 

concentrations, the normalized fluorescence is diminished.  This reduced apparent 

cleavage could be due to increased interactions between the ligand and fluorophore, 

resulting in photo-quenching.  K+F21T samples incubated with KHSO5 in the absence of 

Mn•TMPyP4 for 15 minutes did not show any changes in FAM fluorescence. 

 

Figure 2.22. Normalized fluorescence intensity for different G-Quadruplex DNA samples 
(250 nM) reacted with 100 µM KHSO5 in the presence of 0-1.25 µM Mn-
TMPyP4 for 1–15 min (A)  F21T (250 nM) in 50 mM potassium cacodylate 
buffer.  (B) F21T (250 nM) in 50 mM sodium cacodylate buffer.  (C) F-
cMyc22m-T in 50 mM potassium cacodylate buffer. (D) Mn-TmPyP4. red 
squares- 1 min, green triangles-3 min, blue diamonds- 5 min, orange circles- 15 
min 
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2.6.2 Mn•TMPyP4 cleavage of sodium stabilized F21T 

The effect of the F21T toplogy change mediate by metal ions on the oxidative 

cleavage by Mn•TMPyP4 was also investigated.  The normalized fluorescence of 

Na+F21T samples subjected to Mn(=O)TMPyP4 mediated cleavage increased with time. 

(Figure 2.22B) However, there was little concentration dependent increase in FAM 

fluorescence above 250 nM Mn•TMPyP4, corresponding to a 1:1 ratio of 

metalloporphyrin to F21T.  The maximum cleavage of the construct was approximately 

30% and was observed for Mn•TMPyP4 concentrations >250 nM after a 15 min reaction 

time.  

2.6.3 Mn•TMPyP4 cleavage of F-cMyc22m-T 

The Mn•TMPyP4 mediated oxidative cleavage of F-cMyc22m-T demonstrated 

that this parallel G-Quadruplex is a particularly good DNA cleavage substrate. After just 

1 min of treatment with 250 nM Mn•TMPyP4 with 100 µM KHSO5, the fluorescence of 

F-cMyc22m-T dramatically increased. (Figure 2.22 C)  The normalized fluorescence 

further increased with increasing times, however at each time point there is little increase 

in FAM fluorescence observed after the Mn•TMPyP4 concentration increase above 250-

500 nM.  This is particularly evident at longer irradiation times.  The maximal 

normalized fluorescence of over 50 % cleavage of F-cMyc22m-T originally present 

occurred at >500 nM Mn•TMPyP4 reacted for 15 minutes. 

2.6.4 PAGE analysis of Cleavage products 

A G-Quadruplex formed by the human telomeric sequence has previously been 

reported to be cleaved by the oxo-metalloporphyrin Mn(=O)TMPyP4, which is generated 

in situ by oxidation of Mn•TMPyP4 by KHSO5.  The oxo-metalloporphyrin was found to 

mediate both electron and hydrogen abstraction on G and T residues respectively; while   

guanine oxidation was proposed to be limited to the G-tetrad interacting with the 
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porphyrin. Frank strands breaks were primarily due to C1’ hydroxylation and to a lesser 

extent C4’ hydrogen abstraction of the thymidine deoxyribose in the human telomeric 

sequence single strand loops.  The extent and cleavage products of the G-Quadruplexes 

were dependent on their structure.87 Few G-Quadruplex constructs however have been 

investigated by Mn•TMPyP4 oxidative cleavage and those G-Quadruplex structures 

studied thus far have not been analyzed by the traditional methods such as NMR or 

crystallography.   Investigation of the oxidative cleavage of the dual labeled G-

Quadruplexes by Mn•TMPyP4 not only provided insights into the oxidative cleavage of 

diverse G-Quadruplex topologies due to the high-valent oxo-metalloporphyrin, but also 

validated the versatility of the fluorescence cleavage assay. 

2.6.4.1 K+F21T 

PAGE analysis of K+F21T samples with 0-1.25 µM Mn•TMPyP4 reacted with 0 

or 100 µM Oxone for 15 minutes prior to piperidine/heat treatment revealed multiple 

cleavage bands corresponding to thymidine residues at the central TTA loop (T11) and 

the 5’-G (G9). (Figure 2.23 A, left side)  Additionally, lower mobility bands were 

observed in the gel and their intensity was dependent on Mn•TMPyP4 concentration. 

(arrows, Figure 4.23A, left)  These low-mobility bands were observed by both FAM and 

TAM visualization.  Therefore, they were concluded to contain either adducted or intra-

strand crosslinked full length DNA. 

More well-resolved bands corresponding to the second T of each TTA loop of 

K+F21T, in addition to the G-cleavage located at G9 and G19 were apparent after 

piperidine/heat. (Figure 2.23A, right)  Piperidine/heat also resolved a majority of the 

dual-labeled cleavage products residing in the loading wells; concurrently, the intensity 

of the diffuse bands migrating just slightly slower than F21T increased with Mn•TMPyP4 

concentration. Mapping the major cleavage sites onto the potassium-stabilized (3+1) 
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hybrid human telomeric G-Quadruplex indicated a cleavage preference at a single 

terminal tetrad (5’ G-tetrad) and the second T residue for each TTA loop. (Figure 2.23B) 

Mn•TMPyP4 oxidative cleavage occurring at a single G-tetrad and at the central T 

residue in loop regions is in agreement with previous report of Mn(=O)TMPyP4 cleavage 

of a human telomeric G-Quadruplex substrate.87 

   

 

(A)$

Mn(=O)TmPyP4$ Mn(=O)TmPyP4$

KHSO5 - 
heat/reanneal - 

+ 
+ + 

before piperidine/heat after piperidine/heat 

+ 
+ - 

+ - 

3$ 4$ 5$ 6$ 7$ 8$ 9$ 12$ 13$ 14$ 15$ 16$ 17$ 18$ 19$ 20$G$G+A$1$ 2$

(F21 + linker)G21 
(F21)G21 

G20 
G19 
A18 

G15 
G14 
G13 
A12 

G9 
G8 
G7 
A6 

G3 
G1, 2 

!T17%

!T11%
%

!G9%

!T5%

!G19%

G1#

G2#

G3#

G19#

G20#

G21#

G9#

G8#

G7#

G13#

G14#

G15#

5’#

3’#*#

*#

*#
*#

*#

(B)$

Figure 2.23. PAGE analysis of G-Quadruplex oxidative cleavage reactions of F21T (250 nM) in 
potassium cacodylate buffer with 0–1.25 µM Mn•TMPyP4 and KHSO5 (100 µM) 
for 15 min.  Samples in lanes 1–9 were directly subjected to PAGE.  Samples in 
lanes 12-18 were treated with piperidine at 90 °C for 30 min before PAGE analysis. 
Reactions contained 0 nM (lanes 3, 12), 67.5 nM (lanes 4, 13), 125 nM (lanes 5, 
14), 250 nM (lanes 6, 15), 500 nM (lanes 2, 7, 16, 19), 750 nM (lanes 8, 17) 1.25 
µM (lanes1, 9, 18,20 ) of Mn•TMPyP4. Control sample not subjected to KHSO5 
contained is in lane 1 and 20. Sample in lanes 2 and 19 did not undergo the 
heat/reanneal cycle.  (B) Cartoon of the (3+1) mixed antiparallel/parallel quadruplex 
structure formed by 5’ –FAM-GGG(TTAGGG)3-TAM-3’ in the presence of 
potassium. Sites of Mn(=O)TMPyP4 cleavage as determined by PAGE analysis are 
marked with a “*”. 
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2.6.4.2 Na+ F21T 

Analysis of PAGE samples of Mn(=O)TMPyP4-mediated cleavage of Na+F21T 

revealed differences in the cleavage of the anti-parallel G-Quadruplex. Prior to 

piperidine/heat treatement relatively resolved bands corresponded to Na+F21T cleavage 

at all T residues, especially T17, along with some G residues (G9 and G13) are apparent 

for samples reacted with Mn•TMPyP4 and 100 µM Oxone. (Figure 2.24A, left) After 

piperidine/heat treatment, additional cleavage events are revealed as the cleavage bands 

at G13 and G9 are more intense. (Figure 2.24A, right) Mapping the locations of the major 

cleavage sites onto the antiparallel human telomeric G-Quadruplex219 showed that similar 

to K+F21T, cleavage preferentially occurred at a single tetrad (G9 and G19) and at the 

second T residue in each TTA loop. (Figure 2.24 B) The cleavage ovserved for F21T in 

the presence of potassium at G19 was not present in the cleavage of Na+F21T.  

Additionally, frank strand breakage occurred at all Ts of the NaF21T construct while only 

one T wa cleaved with the K+-stabilized F21T construct. These differences further 

indicate that the unique G-quadrupl lex topology impacts cleavage. 

2.6.4.3 Cmyc 

Since F-cMyc22m-T is more rapidly cleaved by Mn•TMPyP4 in comparison to 

both F21T topologies, PAGE samples of the F-cMyc22m-T cleavage reactions with 

Mn•TMPyP4 (0-1.25 µM) and 100 µM Oxone for 1 minute were analyzed by PAGE, 

rather than the 15 minute reaction time investigated with the F21T samples. While G and 

T residues were cleaved with both F21T topologies, PAGE analysis of F-cMyc22m-T 

samples indicated cleavage occurred solely at the G residues.  Prior to piperidine/heat 

treatment, diffuse bands corresponding to cleavage at the G17 as well as the penultimate 

5’-G run (G8-G10) are apparent. (Figure 2.25 A, left side)  Additionally, as observed 

with F21T, low mobility products retaining both the FAM and TAM fluorophores are 
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present in the gels. (arrows in Figure 2.25 A).  This indicates that the products in these 

bands could be either Mn•TMPyP4-DNA adducts or intrastrand crosslinks; however, the 

identity of these low mobility products are unknown.  

 

  

After piperidine/heat treatment, F-cMyc22m-T cleavage products are better 

resolved and more intense at the cleavage bands corresponding to G8 and G10.  In 
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Figure 2.24. PAGE analysis of G-Quadruplex oxidative cleavage reactions of F21T (250 
nM) in sodium cacodylate buffer with 0–1.25 µM Mn•TMPyP4 and KHSO5 
(100 µM) for 15 min.  Samples in lanes 1–9 were directly subjected to 
PAGE.  Samples in lanes 12-18 were treated with piperidine at 90 °C for 30 
min before PAGE analysis. Reactions contained 0 nM (lanes 3, 12), 67.5 
nM (lanes 4, 13), 125 nM (lanes 5, 14), 250 nM (lanes 6, 15), 500 nM (lanes 
2, 7, 16), 750 nM (lanes 8, 17) 1.25 µM (lanes1, 9, 18 ) of Mn•TMPyP4. 
Control sample not subjected to KHSO5 contained is in lane 1. Sample in 
lanes 2 did not undergo the heat/reanneal cycle.  (B) Cartoon of the 
antiparallel quadruplex structure formed by 5’ –FAM-GGG(TTAGGG)3-
TAM-3’ in the presence of sodium. Sites of Mn(=O)TMPyP4 cleavage as 
determined by PAGE analysis are marked with a “*”. 
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addition to cleavage at G8 and G10, new, but much less intense cleavage bands are 

observed at G15 and G19. Cleavage at G17 is little affected by treatment with base.  In 

opposition to the single tetrad and T-loop specific cleavage of F21T, mapping the major 

sites of cleavage onto the F-cMyc22m-T construct indicate cleavage occurs at both 

terminal G-tetrads while the short loops remain intact. (Figure 2.25 B) 
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Figure 4.25. PAGE analysis of G-Quadruplex oxidative cleavage reactions of F-Myc22m-
T (250 nM) in potassium cacodylate buffer with 0–1.25 µM Mn•TMPyP4 and 
KHSO5 (100 µM) for 1 min.  Samples in lanes 1–9 were directly subjected to 
PAGE.  Samples in lanes 12-18 were treated with piperidine at 90 °C for 30 
min before PAGE analysis. Reactions contained 0 nM (lanes 3, 12), 67.5 nM 
(lanes 4, 13), 125 nM (lanes 5, 14), 250 nM (lanes 6, 15), 500 nM (lanes 2, 7, 
16), 750 nM (lanes 8, 17) 1.25 µM (lanes1, 9, 18) of Mn•TMPyP4. Control 
sample not subjected to KHSO5 contained is in lane 1. Sample in lanes 2 did 
not undergo the heat/reanneal cycle.  (B) Cartoon of the parallel quadruplex 
structure formed by 5’ –FAM-TGAGGGTGGGTAGGGTGGGAG-TAM-3’ 
in the presence of potassium. Sites of Mn(=O)TMPyP4 cleavage as 
determined by PAGE analysis are marked with a “*”. 
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2.7 SELECTIVITY ASSAY 

Identification of a selective G-Quadruplex cleavage agents is necessary for a 

potential G-Quadruplex cleavage agent to be used as a probe in complex environments 

such as cells.  A potential G-Quadruplex selective cleavage probe should have a strong 

binding selectivity for G-Quadruplex DNA and may additionally display a G-Quadruplex 

cleavage selectivity. 

A direct method to assess G-Quadruplex cleavage selectivity of a ligand employs 

the “break light” assay.  The “break light” assay utilizes a dual-labeled hairpin in which 

the 5’ fluorophore/oligonucleotide spontaneously dissociates from the 3’ quencher after a 

cleavage event and permits the “break light” assay to report cleavage events in real time. 

However, the hairpin cleavage conditions mimicked the G-Quadruplex fluorescence 

assay conditions, except for the heating/reannealing step was omitted, in order to directly 

compare cleavage results. 

The photocleavage of duplex DNA was nearly as efficient as the photocleavage of 

the G-Quadruplex DNA by TMPyP4.  There was a marked increase in the FAM 

fluorescence the photochemical cleavage of F-Mixed-T by TMPyP4 across all the 

conditions employed. Maximal cleavage occurred with approximately 500-750 nM 

TMPyP4, corresponding to a 2-3: 1 TMPyP4 to F-mixed-T ratio.  Further increase in 

TMPyP4 concentration did not significant increase fluorescence. Additionally, there is a 

significant time dependence across all TMPyP4 concentrations employed, with a 

maximal cleavage of approximately 40%, which occurred with 120 min irradiation and in 

the presence of 750 nM TMPyP4 (Figure 2.26 A).  This cleavage efficiency is only 

slightly less than the 60%  and 70% maximal cleavage observed for K+F21T and F-

cMyc22m-T repectively by TMPyP4 photo-irradiation. 
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Mn•TMPyP4 on the other hand cleaved F-cMyc22m-T more efficiently than any 

of the G-Quadruplex structures investigate.  Mn(=O)TMPyP4 mediated F-mixed-T 

cleavage also displayed a marked increase in fluorescence. At lower cleavage times, 

maximal cleavage occurs at 250- 500 nM Mn•TMPyP4, which corresponds to a cleavage 

stoichiometry of approximately 1:1 or 2:1.   The apparent maximal cleavage of ~100% 

was reached after 15 minutes; however, with higher concentrations of Mn•TMPyP4 (1 

and 1.25 µM) and longer reaction times (5 and 15 min), the apparent normalized 

fluorescence decreased, likely due to FAM photobleaching. (Figure 4.26 B) Neither F21T 

nor F-cMyc22m-T were a efficiently cleavage by Mn(=O)TMPyP4 as the maximal 

cleave of K+F21T and F-cMyc22m-T was only ca.  50% and required more Mn•TMPyP4.  

Therefore, Mn•TMPyP4 has an apparent preference for duplex/single strand cleavage.  

The solution based G-Quadruplex assay was also carried out in the presence of 

competitor RNA or DNA in order to assess the selectivity of the cleavage agents.  G-

Quadruplex cleavage agents with increased affinity to other nucleic acids will have 

diminished G-Quadruplex cleavage in the presence of competitors.  Therefore, the 

Figure 2.26. Normalized fluorescence intensity for F-Mixed-T (250 nM) in 50 mM 
potassium cacodylate buffer (A) irradiated in the presence of  0- 1.25 µM 
TMPyP4 for 0–120 min by 420 nm lamps. (B) 0-1.25 µM Mn TmPyP4 
reacted with 100 µM oxone for 1-15 min.  
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binding selectivity can be accessed.  To determine the selectivity of the TMPyP4 

photochemical and Mn•TMPyP4 oxidative cleavage of G-Quadruplex DNA versus 

excess nucleic acids, cleavage reactions were carried out with both F21T and F-

cMyc22m-T in potassium or sodium cacodylate buffer in the presence of 25 µM 

(monomeric unit) competitor.  Addiotanlly, 750 nM or 3.75 µM of a unlabelled G-

Quadruplex or I-motif structure (monomeric tetrad) were also used as competitor DNA.   

To facilitate comparisons across different G-Quadruplex targets and cleavage 

agents, reaction conditions were employed in which the dual-labeled G-Quadruplex 

concentration was fixed at 250 nM (750 nM tetrad) while the concentrations of cleavage 

agents and reaction conditions could be varied to afford a normalized fluorescence after 

heating/reannealing corresponding to ca. 30-45% G-Quadruplex cleavage. FAM 

fluorescence was normalized and the cleavage inhibition, the decreased normalized 

fluorescence, due to the presence of the competitor was calculated.  

As shown in Figure 4.27, added competitor dramatically affects K+F21T 

photocleavage by TMPyP4 as a 100 fold excess of duplex DNA inhibited cleavage 60%, 

while single stranded and triplex DNA inhibited cleavage 90-100% respectively and 

indicates a low binding selectivity.  (Figure 2.27) On the other hand, Mn•TMPyP4 

mediated cleavage of K+ stabilized F21T is not as significantly affected by the presence 

of competitor, in which 100 µM DNA triplex only inhibited cleavage less than 20%.  

Additonally, TMPyP4 was more affected by both equimolar and excess G-Quadruplex 

and I-motif structures, indicating its limitation as a specific G-Quadruplex cleavage 

probe.  

The presence of competitor nucleic acid affected the TMPyP4 photocleavage of 

the Na+F21T G-Quadruplex even more so than the K+ stabilized topology (Figure 2.28).  

The RNA duplex and triplex were least able to inhibit TMPyP4 photocleavage cleavage 
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of the antiparallel structure, at ~48% and ~52% respectively.    Additonally, cleavage of 

the antiparallel F21T topology was readily inhibited by equimolar amounts of I-motif 

DNA, along with (3+1) mixed hybrid and parallel G-Quadruplex DNA, which indicates 

TMPyP4 does not favor binding this topology. Mn•TMPyP4 mediated cleavage of 

Na+F21T was less affected by the competitors.  In the presence of single stranded DNA 

and RNA, metalloporphyrin oxidative cleavage is inhibited approximately 20% or less, 

while duplex and triplex DNA and RNA only reduced cleavage by 20-30%.(Figure 4.28)  

The anti-parallel topology however was not preferentially bound in the presence of 

excess G-Quadruplex DNA.  

 

Figrure 2.27.  Effect of competitor nucleic acid on the TMPyP4 photochemical and 
Mn•TMPyP4 oxidative cleavage reactions of F21T in 50 mM potassium 
cacodylate, pH 7.4. Solutions of 250 nM (750 nM tetrad) G-Quadruplex 
DNA with 0- 25 µM competitor (monomeric units) were either irradiated in 
the presence of 500 nM TMPyP4 for 30 min or oxidative cleavage was 
initiated with 100 µM KHSO5 in the presence of 500 nM Mn•TMPyP4 for 
15 min.  After the addition of dissociation buffer (10 µg/well final 
concentration) and a thermal cycle, the FAM fluorescence of the samples 
was measured and the extent of the normalized fluorescence inhibited 
determined 
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Photocleavage of F-cMyc22m-T by TMPyP4 was less effected by 25 µM 

competitor than either F21T topology.  Although triplex RNA and DNA still had a 

significant contribution to cleavage inhibition (65 and 75% respectively), Duplex DNA 

inhibited cleavage approximately 30% (Figure 4.29).  The increased cleavage selectivity 

of TMPyP4 for F-cMyc22m-T versus F21T may be explained by the greater affinity and 

selectivity of binding of TMPyP4 to cMyc versus human telomeric G-Quadruplexes.164 

Similar to the inhibition trends observed with F21T, Mn(=O)TMPyP4 mediated cleavage 

of F-cMyc22m-T was less affected by competing nucleic acids. Interestingly, for both 

Figrure 2.28.  Effect of competitor nucleic acid on the TMPyP4 photochemical and 
Mn•TMPyP4 oxidative cleavage reactions of F21T in 50 mM sodium 
cacodylate, pH 7.4. Solutions of 250 nM (750 nM tetrad) G-Quadruplex 
DNA with 0- 25 µM competitor (monomeric units) were either 
irradiated in the presence of 500 nM TMPyP4 for 30 min or oxidative 
cleavage was initiated with 100 µM KHSO5 in the presence of 500 nM 
Mn•TMPyP4 for 15 min.  After the addition of dissociation buffer (10 
µg/well final concentration) and a thermal cycle, the FAM fluorescence 
of the samples was measured and the extent of the normalized 
fluorescence inhibited determined 
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F21T and F-cMyc22m-T, while triplex DNA inhibited TMPyP4 cleavage significantly, 

its effects on Mn(=O)TMPyP4 mediated cleavage were relatively minimal. This could 

either be due to diminished affinity of Mn•TMPyP4 towards triplex DNA, or even when 

bound to triplex DNA, the reactive species produced by the oxo-metalloporphyrin still 

cleaves G-Quadruplex DNA.  

 

In the G-Quadruplex competition studies with 2:1 TMPyP4 to F-cMyc22m-T, the 

extent of cleavage is almost diminished by half in the presence of equimolar mixed (3+1) 

hybrid G-Quadruplex topology.  This unlabelled human telomeric analog of F21T has 

Figrure 2.29.  Effect of competitor nucleic acid on the TMPyP4 photochemical and 
Mn•TMPyP4 oxidative cleavage reactions of F-cMyc22m-T in 50 mM 
potassium cacodylate, pH 7.4. Solutions of 250 nM (750 nM tetrad) G-
Quadruplex DNA with 0- 25 µM competitor (monomeric units) were 
either irradiated in the presence of 500 nM TMPyP4 for 30 min or 
oxidative cleavage was initiated with 100 µM KHSO5 in the presence of 
500 nM Mn•TMPyP4 for 15 min.  After the addition of dissociation buffer 
(10 µg/well final concentration) and a thermal cycle, the FAM 
fluorescence of the samples was measured and the extent of the 
normalized fluorescence inhibited determined 
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three AAA nucleotides flanking its 5’ end and two AA on its 3’ end. These flanking 

nucleotides impose a (3+1) parallel/antiparallel mixed hybrid topology regardless of the 

presence of sodium.  Circular dichroism studies also indicate a more slightly parallel 

construct formed than with sequences lacking these flanks, such as F21T.189  

The competition study in Figure 2.29 indicates that TMPyP4 displayed selectivity 

towards A2(HT22)A2 over F-cMyc22m-T at equimolar G-quaduplex (250 nM) and 500 

nM TmPy4, despite the established preference of TMPyP4 for cMyc G-Quadruplex DNA 

over human telomeric DNA. Although equimolar A2(HT22)A2 significantly inhibits 

cleavage, 5-fold excess A2(HT22)A2 does not further inhibit cleavage.  This apparent 

selectivity for A2(HT22)A2 G-Quadruplex DNA at equimolar ratios suggested the 

cleavage inhibition is due to a TMPyP4 molecule preferentially binding to A2(HT22)A2 

over the second and weaker site of cMyc/F-cMyc22m-T.164 Although A2(HT22)A2 

reduced the extent of cleavage, the TMPyP4 affinity for A2(HT22)A2 was not great 

enough to to completely inhibit F-cMyc22m-T cleavage.  

These two different means of assessing the selectivity of the G-Quadruplex 

cleavage of TMPyP4 and Mn•TMPyP4 provided insights into the limitations of these 

agents and need for a cleavage ligand with increased selectivity. TMPyP4 was neither 

found to be selective for G-Quadruplex cleavage nor possess a strong affinity for G-

Quadruplex DNA. Mn•TMPyP4 on the other hand, displays a preference towards duplex 

cleavage despite exhibiting a more selective binding profile. Together, these results show 

that binding selectivity alone cannot be a predictor of G-quaduplex cleavage selectivity.  

2.8 CONCLUSIONS  

The fluorescence assay was able to effectively quantitate the dependence of time 

and concentration on the extent of cleavage in a rapid manner with a variety of reaction 

conditions. S1 nuclease, Fe EDTA and the porphyrins mediated cleavage of the G-
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Quadruplex constructs with various rates and efficiencies.  The differences in G-

Quadruplex cleavage by the porphyrin and metalloporphyrin can be attributed to 

differences in ligand affinities, orientation of ligand-binding and/or the mechanism of 

cleavage such as singlet oxygen or electron transfer which is dependent on tetrad stacking 

interactions and hydration.  While hydrogen abstraction leads to frank strand scission and 

is mediated by proximity of the reactive species, base-labile G-oxidation cleavage is 

dependent on the oxidative potential of guanine bases and thus the site of cleavage is not 

necessarily adjacent to the ligand binding site.  

Binding sites of TMPyP4 and Mn•TMPyP4 are both partial end-stacking and 

interactions with the loop regions.  The steric clash of TMPyP4 with the tetrad prevents 

efficient pi stacking on the tetrad end.  In addition, the lateral loop on Na+ stabilized F21T 

may further preclude efficient stacking and a decreased affinity for binding. Additionally, 

orientation of a bound TMPyP4 within the loops may be altered based on topology and 

affect cleavage.  As for Mn•TMPyP4, the metalloporphyrin partially stacking on one end 

tetrad and cleavage of Ts within the loop is in agreement with previous reports.  

However, the F-cMyc22m-T construct did not exhibit T loop cleavage, indicating the 

single stranded linkers need to be flexible to either bind the metalloporphyrin and/or for 

1’ C hydroxylation or 4’C hydrogen abstraction thymidine cleavage to occur.  

Previous investigations of TMPyP4 and Mn•TMPyP4 cleavage of G-Quadruplex 

substrates both observed duplex and G-Quadruplex cleavage.  TMPyP4 observed a lower 

extent of duplex versus G-Quadruplex cleavage, while Mn•TMPyP4 was equally efficient 

in the cleavage of both substrates and both porphyrins exhibited structure dependent G-

Quadruplex cleavage patterns.  Similarly, different cleavage patterns and efficiencies 

were observed using the dual labeled probes for each of the porphyrins.  However, the 

duplex and G-Quadruplex structures were on the same substrate for each of the previous 



 96 

investigations.   The dual labeled duplex and G-Quadruplex substrates used in these 

studies were two individual constructs and the cleavage of duplex DNA was either 

equally or more efficient than the cleavage of the G-Quadruplex.   Despite the extent of 

duplex cleavage, the selectivity assay also supported at least a slight G-Quadruplex 

binding selectivity for both porphyrins across all G-Quadruplex structures. The extent 

topology and construct design impacts duplex and G-Quadruplex cleavage may be better 

understood as charge migration within duplex/G-Quadruplex conjugates is clearer.  



 97 

2.9 METHODS 

2.9.1 Formation of dual-labeled DNA probes 

The fluorescent dual-labeled oligonucleotides, F21T, (5’-FAM-

dGGG(TTAGGG)3-TAM-3’) (31), F-cMyc22m-T, (5’-FAM-

dTGAGGGTGGGTAGGGTGGGTAG-TAM-3’) and hairpin structure F-mixed-T, (5’-

FAM-dGCATGCTTTTGCATGC -TAM-3’; FAM: 6-carboxyfluorescein; TAM: 

tetramethyl-rhodamine) were purchased, HPLC purified from Integrated DNA 

Technologies and used without further purification.  The unlabelled HT22 

(dAGGG(TTAGGG)3) was synthesized (Expedite 8900) and HPLC purified in-house.  

The dual-labeled probes were diluted from a 50 µM water stock solution to 400 

nM in 50 mM sodium or potassium cacodylate, pH 7.4 and annealed by heating to 95 °C 

for 5 min in a water bath, followed by slowly cooling to room temperature. HT22 was 

diluted to a 10 µM stock and annealed by heating to 95 °C for 5 min in a water bath, 

followed by slowly cooling to room temperature.  FRET melting experiments confirmed 

correct structural formation with melting temperatures of 48, 56 and 85 °C (sodium 

stabilized F21T, potassium stabilized F21T and F-Cmyc22m-T respectively) which 

corresponds closely to literature values for each G-Quadruplex.202, 205, 219, 220  The hairpin 

structure melted at 76 °C, which correlated with its theoretical melting temperature. 

Authentic cleaved F21T, F-Cmyc22m-T and F-mixed-T samples were prepared 

by incubating 100 pmol of the dual-labeled probe in 10 µL with 10 units of S1 nuclease 

in 1X S1 nuclease buffer at 37 °C for 15 min.  The reaction was stopped by adding 240 

µL of 50 mM potassium cacodylate, pH 7.4.   Where indicated, aliquots of these solutions 

were diluted with the appropriate dissociation buffer and used as an internal standard.    
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2.9.2 S1 nuclease digestion 

Triplicate 20 µL reaction mixtures of 250 nM of annealed F21T and 50 units of 

S1 nuclease were incubated for 0-24 hours at 37 °C in 50 mM Potassium Cacodylate, pH 

7.4 supplemented with 20 MgCl2. The MgCl2 was necessary to activate S1 nuclease since 

it traditionally favors acidic conditions. At each time point the samples were quenched by 

the addition of 25 mM EDTA.  After 24 hours the samples were subjected to a thermal 

denaturation/reannealing as described in 2.9.10.   

2.9.3 FE•EDTA Hydroxyl Radical Cleavage of F21T  

Stock solutions of 100 mM Fe(NH4)(SO4)2 (Sigma Aldrich) and sodium ascorbate 

(Sigma Aldrich) were stored in small aliquots away from light at -70 °C.  Stock solutions 

of 200 mM Na2-EDTA (Sigma Aldrich) and 30% H2O2 (Fisher) were stored at room 

temperature and 4 °C respectively.  Working solutions of 0.6% H2O2, 10-100 mM sodium 

ascorbate and 1-10 mM Fe•EDTA were prepared immediately before use.  Fe•EDTA 

stocks were prepared by diluting the Fe(NH4)(SO4)2 appropriately and adding a two-fold 

excess of Na2-EDTA. For each reaction, the sodium ascorbate concentration remained 

10-times higher that that of the Fe•EDTA, while the H2O2 remained constant at 0.05%.   

Hydroxyl radical cleavage reactions were initiated by adding 15 µL of each 

working solution to individual wells of a 96-well black polystyrene plate (Whatman) 

containing 5 pmol of annealed F21T in 135 µL of buffer (final reaction concentrations: 0-

83.3 µM Fe•EDTA, 0-.83 mM sodium ascorbate, 0.05% H2O2, 27 nM F21T, 50 mM 

potassium cacodylate pH 7.4). The FAM fluorescence of F21T was then monitored over 

time using a Perkin Elmer Victor 3V plate reader (fluorescence filters: ex 485 ±13 nm, 

em 535± 25 nm). Between reads, the plate was shaken to maintain homogenous samples 

throughout the reaction. The reactions were quenched after 15 min by the addition of 20 

µL of 50% DMSO (Fisher).   All reactions were performed in triplicate. The samples 
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were then subjected to thermal denaturation/reannealing and PAGE analysis as described 

in 2.9.10.  

 As a control, 5 pmol fluorescein isothiocyanate (Baltimore Biological 

Laboratory) was substituted for F21T to monitor the oxidative bleaching by hydroxyl 

radical using the same procedure as described above. 

2.9.4 Extent DMSO inhibition of hydroxyl radical cleavage 

Stock solutions of 100 mM Fe(NH4)(SO4)2 (Sigma Aldrich) and sodium ascorbate 

(Sigma Aldrich) were stored in small aliquots away from light at -70 °C.  Stock solutions 

of 200 mM Na2-EDTA (Sigma Aldrich) and 30% H2O2 (Fisher) were stored at room 

temperature and 4 °C respectively.  Working solutions of 0.6% H2O2, 1-100 mM sodium 

ascorbate and 0.1-10 mM Fe•EDTA were prepared immediately before use.  Fe•EDTA 

stocks were prepared by diluting the Fe(NH4)(SO4)2 appropriately and adding a two-fold 

excess of Na2-EDTA. For each reaction, the sodium ascorbate concentration remained 

10-times higher that that of the Fe•EDTA, while the H2O2 remained constant at 0.05%.   

Hydroxyl radical cleavage reactions were initiated by adding 15 µL of each 

working solution to individual wells of a 96-well black polystyrene plate (Whatman) 

containing 5 pmol of fluorescein isothiocyanate (Baltimore Biological Laboratory) in 135 

µL in buffer with 0-5% DMSO (final reaction concentrations: 0-83.3 µM Fe•EDTA, 0-

.83 mM sodium ascorbate, 0.05% H2O2, 27 nM F21T, 50 mM potassium cacodylate pH 

7.4). The FAM fluorescence of F21T was then monitored over time using a Perkin Elmer 

Victor 3V plate reader (fluorescence filters: ex 485 ±13 nm, em 535± 25 nm). Between 

reads, the plate was shaken to maintain homogenous samples throughout the reaction. 

The reactions were quenched after 15 min by the addition of 20 µL of 0-50% DMSO 

(Fisher). Final reaction conditions were 5% final DMSO concentration and the plate 

fluorescence was read again. 



 100 

2.9.5 TMPyP4 photocleavage of F21T , F-cMyc22m-T and F-mixed-T 

To minimize background cleavage, sample preparation was carried out under 

subdued lighting. Triplicate 20 µL reaction mixtures of 250 nM of annealed F21T and 0-

2.5 µM TMPyP4 tosylate (Sigma) in 50 mM potassium or sodium cacodylate, pH 7.4 

were placed in a 96-well plate incubated at room temperature in the dark for 30 min. 

Control wells were blocked from light by a sheet of aluminium foil, and a glass plate was 

placed over all the wells to filter UV light under 300 nm.  The 96 well assay plate was 

then placed in a Luzchem photoreactor equipped with eight RPR-4190 lamps (emission 

centered at 420 nm) (Rayonet) for 0 to 120 min. After photoirradiation, 180 µL of 

dissociation buffer (5.55 mM sodium cacodylate, pH 7.4 and either 10 µg/well calf 

thymus DNA or 2.22% SDS) was added to the wells, which were then covered with foil. 

After the last time point, samples were subjected to thermal denaturation/reannealing as 

described in 2.9.10.  

2.9.6 Detection of singlet oxygen in TMPyP4 photocleavage of F21T 

400 nM F21T in 50 mM potassium cacodylated in D20 was annealed by heating 

for 5 minutes at 95 C in a water bath and allowed to slowly returned to room temperature. 

Samples annealed in D20 were used immediately after annealing was complete. 

Triplicate 20 µL reaction mixtures of 250 nM of annealed F21T, and 0-2.5 µM TMPyP4 

tosylate (Sigma) in 50 mM potassium cacodylate, pH 7.4 in D20, Additionally, identical 

20 µL reactions composed of argon purged F21T, TMPyP4 and buffer components, along 

with identical oxygenated samples in H20 were prepared. All samples were placed in a 

96-well plate and incubated at room temperature in the dark for 30 min. Control wells 

were blocked from light by a sheet of aluminium foil, and a glass plate was placed over 

all the wells to filter UV light under 300 nm.  The 96 well assay plate was then placed in 

a Luzchem photoreactor equipped with eight RPR-4190 lamps (emission centered at 420 
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nm) (Rayonet) for 0 to 120 min. After photoirradiation, 180 µL of dissociation buffer 

(5.55 mM potassium cacodylate, pH 7.4 and either 10 µg/well calf thymus DNA) was 

added to the wells, which were then covered with foil. After the last time point, samples 

were subjected to thermal denaturation/reannealing as described in 2.9.10.  

2.9.7 TMPyP4 photocleavage of unlabelled HT22 

 For each reaction, 10 µL reactions containing 750 nM of HT22, annealed 

as previously described, was mixed with 0-3.75 µM TMPyP4 in 50 mM potassium 

cacodylate, pH 7.4 and incubated in the dark for 30 mins. Control wells were blocked 

from light by a sheet of aluminium foil, and a glass plate was placed over all the wells to 

filter UV light under 300 nm.  The 96 well assay plate was then placed in a Luzchem 

photoreactor equipped with eight RPR-4190 lamps (emission centered at 420 nm) 

(Rayonet) for 30 min. After photoirradiation, reactions were stopped by the addition of 

40 µL dissociation buffer (final buffer concentration: 10 mM potassium cacodylate pH 

7.4). Stopped samples were also covered with foil to prevent further photoreactions. 

Selective samples were treated with piperidine/heat, ran on a 20% denaturing gel, stained 

with SYBR Gold and visualized by UV illumination. Calf thymus DNA was not added to 

prevent interactions of the stain with the duplex DNA.  

2.9.8 Synthesis of Mn•TMPyP4 

Mn•TMPyP4 was prepared from TMPyP4 as described previously.220, 221  Briefly, 

at room temperature, TMPyP4 chloride (Sigma) (1 mmol) and 16 equivalents of MnCl2 

(Fisher) were mixed in 5 mL of 3:2 water/methanol with catalytic 2,6 lutidine.  The 

reaction was monitored by UV-visible spectroscopy (Varian Cary100) and determined to 

be complete after 24 h.221  Excess Mn2+ was removed by adding 16 meq of analytical 

grade Chelex100 resin (sodium salt, BioRad) and stirring for 1 h at room temperature and 
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decanting the supernatant.  Metalloporphyrin concentration was determined 

spectrophotometrically:   ε462nm = 101,000 M-1 cm-1 222 

2.9.9 Mn•TMPyP4 oxidative cleavage of F21T F-cMyc22m-T and F-mixed-T  

Triplicate reaction mixtures containing 312.5 nM of F21T and 0-1.56 µM 

Mn•TMPyP4 in 62.5 mM potassium or sodium cacodylate, pH 7.4 (16 µL) were placed 

in individual wells of a 96 well fluorescent plate and preincubated for 30 min at room 

temperature. Oxidative cleavage reactions were initiated by adding 4 µL of 500 µM 

KHSO5 (Sigma) freshly prepared in water and stopped after 0-15 min by the addition of 

180 µL dissociation buffer (5.55 mM sodium cacodylate pH 7.4 and 10 µg calf thymus 

DNA/sample). Following the last time point, samples were subjected to thermal 

denaturation/reannealing as described in 2.9.10.  

2.9.10  Fluorescent G-Quadruplex Cleavage Assay Thermal Cycle & Solution 
Quantitation of Cleavage Products 

In order to reveal all cleavage events, a thermal cycle was necessary.  This 

involved carefully heating the 96-well plate followed by slow cooling in order to allow 

the intact oligonucleotide to refold (Figure 4).  The low concentration of DNA (nM 

range) minimizes the rate of intermolecular G-Quadruplex reformation.  Depending on 

the likely mechanism of cleavage (i.e, formation of hydroxyl radical) and to avoid any 

additional cleavage due to during this step, DMSO (5 % final concentration) was added 

to each well in some instances.  In control experiments, this concentration of DMSO 

was sufficient to prevent any bleaching of free fluorescein due to hydroxyl radical 

produced under these conditions.   

Additional FRET melting experiments demonstrated that this concentration of 

DMSO does not significantly affect the stability of the G-Quadruplex formed by F21T.  
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In fact, separate FRET Tm experiments were first performed to establish the temperature 

range of stability of the intact G-Quadruplex in the presence of the dissociation buffer.   

In order to prevent evaporation during heating/reannealing, the 96-well plates 

were affixed with an airtight seal (0.05 mm adhesive polyester seal- Uniseal, 

Whatman).  The plates were heated for 30 minutes in an 85 °C oven and then cooled to 

room temperature. This specific time and temperature was chosen to ensure complete 

G-Quadruplex denaturation while preventing the thermal distortion of the polystrene 

96-well plates that occurs at more elevated temperatures. After cooling, the plates were 

spun in a swinging bucket rotor centrifuge (Eppendorf, 5810R) for 5 min at 3000 rpm 

to remove condensation on the seal and the seal was carefully removed. After addition 

of standards to empty wells, the FAM fluorescence was measured and normalized as 

described below. 

The FAM fluorescence of each well was measured five times using a Perkin 

Elmer Victor 3V plate reader (fluorescence filters: ex 485 ±13 nm, em 535± 25 nm) and 

the signal averaged FAM emission intensity was used to determine the normalized 

solution fluorescence as shown in (1): 

Normalized Fluorescence = (Fx-Fmin)/(Fmax-Fmin) x 100%   (1) 

where Fx is the average FAM emission of the sample, corrected for any 

background fluorescence observed for any cleavage compound at the same concentration 

but in the absence of F21T; Fmin is the average background-corrected fluorescence of the 

samples with the corresponding concentration that have not been irradiated (dark control) 

or treated with external oxidants; and Fmax is the average background-corrected 

fluorescence of a completely cleaved dual-labeled construct (internal control).  The 

average and standard deviation of the normalized solution fluorescence of replicate 

samples is reported.  Note: The concentrations, discussed in the text and shown in the 
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Figures, refer to the concentrations employed in the cleavage reactions, not the final 

concentrations during fluorescence measurement or during preincubation.  

2.9.11 G-Quadruplex cleavage Selectivity Assay 

The nucleic acid structures used in the competition studies was either synthesized 

(Expedite 8900) and HPLC purified in-house (A2(HT22)A2: AAA(GGGTTA)3GGGAA), 

purchased from IDT (cmyc: 5’ dTGAGGGTGGGTAGGGTGGGTAG 3’), purified from 

commercial calf thymus DNA223 or prepared from synthetic polynucleotides (Sigma-

Aldrich).   Triplex structures were prepared by mixing equimolar amounts of its duplex 

and single strands. Unlabelled triplex, G-Quadruplex and imotif structures were annealed 

by heating to 95 °C for 5 min in a water bath, followed by slowly cooling to room 

temperature Structure and purity of the nucleic acid samples were determined by UV 

(Varian Cary Bio 50) and CD (Jasco J-815) spectroscopy.  Concentrated stocks were 

prepared using the monomeric unit of each structure, meaning nucleotides for single 

strands and imotif, base pairs for duplex, triplets for triplex and quartets for quadruplex 

DNA.223  The competitor concentrations referenced in these studies refer to these 

monomeric units. 

To determine the selectivity of G-Quadruplex cleavage by TMPyP4 and Mn 

TMPyP4, 20µL triplicate samples of 250 nM F21T or F-Cmyc22m-T with T with 0-25 

µM (monomeric unit ) of a nucleic acid in 50 mM potassium cacodylate pH 7.4 (or 

sodium), were prepared with either 500 nM TMPyP4 or 100 µM Tel 11.  The samples 

were incubated in the dark for 30 min prior irradiation for 30 min (TMPyP4) or 120 min 

(Tel 11) in the photoreactor equipped with eight RPR-4190 lamps (emission centered at 

420 nm) (Rayonet). To determine the selectivity of G-Quadruplex cleavage by 

Mn•TMPyP4, 16 µL triplicate samples of 312.5 nM F-Cmyc22m-T or F21T with 0-31.25 

µM (monomeric unit) of a nucleic acid in 62.5 mM potassium cacodylate pH 7.4 (or 
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sodium), were prepared with 625 nM Mn•TMPyP4. These samples were preincubated for 

30 min prior to initiating oxidative cleavage by the addition of 4 µL freshly prepared 500 

µM KHSO5 for 15 min. All reactions were stopped with the addition of 180 µL of the 

calf thymus dissociation buffer, followed by heat denaturation/reannealing.  

The normalized solution fluorescence and percent error (standard deviation) were 

calculated as before (1).  To calculate the extent of inhibition, the data was then 

normalized again to account for each construct and compound having a slightly different 

initial normalized solution fluorescence in the absence of competitor.  The relative extent 

each competitor inhibited cleavage was calculated by equation (4):  

 Inhibited Normalized Fluorescence = [1-(FCx-FCo)] x 100                        (4) 

Note: The concentration of competitor nucleic acid discussed in text or in figures 

represents its reaction monomeric unit concentration; while the concentration of dual 

labelled probe remains constant at 250 nM dual labelled probe, or 750 nM monomeric 

tetrad. 

2.9.12 PAGE analysis of dual labeled probes 

Selected reaction samples were also subjected to PAGE analysis either directly or 

after piperidine/heat treatment. Ethanol precipitation prior to analysis was determined to 

be unnecessary when calf thymus DNA was used in the dissociation buffer and the final 

buffer concentration was minimal (10 mM).  Samples consisting of 1.5-5 pmol of dual-

labeled DNA cleavage products were either lyophilized to dryness or subjected to 

piperidine heat treatment (10% v/v) (Sigma) for 30 min at 90 °C to induce strand 

scission. Where indicated, selective samples were removed prior to the thermal step to 

determine whether the prolonged heat affected the extent of cleavage.  Trace piperidine 

was removed by repeated additions of water and lyophilization.   DNA was then 

resuspended in 1x denaturing buffer (formamide, 5 mM EDTA), heated to 95 °C for 5 
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min and subjected to electrophoresis on a 20% denaturing polyacrylamide gel (1.5 mm 

thickness).  Standard Maxim-Gilbert sequencing reactions224 of the dual-labeled probes 

were also loaded on the gel to aid in the identification of bands.  The gel was visualized 

by a Typhoon Trio monitoring the FAM fluorescence and quantified by GelQuant.Net 

(BiochemLabSolutions). The percent cleavage for each reaction mixture was calculated 

using equations 3 and 4: 

FCx = Cx/Totx       (3) 

Percent cleavage = [(FCx-FCo)/(1-FCo)] x 100  (4) 

where FCx is the raw fraction of cleaved DNA for a given cleavage reaction, Cx is 

the sum of the integrated band intensity for all (including loss of 3’ fluorophore, etc.) 

cleavage bands in a given lane, Totx is the sum of band intensity for all bands in a given 

lane, and FCo is the raw fraction of cleaved DNA determined for a control sample not 

subjected to the cleavage reaction conditions.  Figures of gels were created by adjusting 

brightness and contrast, if necessary, and cropping the original image files. 

2.9.13 PAGE analysis of TMPyP4 cleavage of HT22 

Cleavage samples of HT22 were visualized directly, without piperdine/heat 

treatment. Samples were lypolyzed to dryness and the DNA was then resuspended in 1x 

denaturing buffer (formamide, 5 mM EDTA), heated to 95 °C for 5 min and subjected to 

electrophoresis on a 20% denaturing polyacrylamide gel (1.5 mm thickness).  The gel 

was stained with 1X SYBR Gold and visualized by UV illumination.  
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Chapter 3: Identification of Novel G-Quadruplex Cleavage Agents  

In order to identify a selective G-Quadruplex cleavage agent compounds with a 

known ability to bind G-Quadruplex DNA were screened for their potential to 

additionally cleave both G-Quadruplex and duplex DNA.   In addition, compound 

libraries were designed based on potential G-Quadruplex DNA binding scaffolds and 

previously identified photochemical or oxidative DNA cleavage agents. The three 

compound libraries were constructed to provide insights into factors that contribute to 

selectivity and efficiency of G-Quadruplex cleavage agents. 

The 3,4,9,10-perylenetetracarboxylic acid diimides (PDIs) are ligands with a 

planar heterocyclic aromatic core PDIs have been shown to be highly selective for G-

Quadruplex binding,173, 174 particularly under aggregating conditions.179, 225   NMR studies 

of an N,N -bis[2-(1-piperidino)-ethyl] PDI analog, known as PIPER, showed that the PDI 

ligand interacts by π stacking with the G-Quadruplex on the terminal G-tetrads.174  

Additionally, G-Quadruplex binding and selectivity can be modulated by alteration of the 

ligand’s bay136, 175 and side chains.173, 179, 226 However, despite the well-explored 

photochemistry of PDIs227, 228 and duplex photonuclease activity for the structurally 

similar naphthalene diimides,229, 230  PDI photochemical cleavage of DNA has not 

previously been reported.  To address this knowledge-gap, a series of perylene diimides 

were investigated to determine the extent of their photonuclease activity on G-

Quadruplex and duplex DNA.     

The second library consisted of a series of molecules that stabilize G-Quadruplex 

DNA known as salphens.203, 231, 232  Salphens can selectively bind G-Quadruplex DNA 

even in the presence of over 200-fold excess duplex calf thymus DNA.231 The G-

Quadruplex binding by salphens is modulated by the identity of both the central metal ion 
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and the substituents on the lower aromatic rings due to interactions with the central ion 

channel and the grooves of the G-Quadruplex respectively.231, 232  While groove 

interactions are important for selectivity, crystallographic studies found the 

salphen−metal complexes bind to human telomeric G-Quadruplexes by endstacking. This 

alludes to the crucial role that the metal ion geometry plays in G-Quadruplex binding.231, 

233 Based on the salphens’ known nuclease activity234-245 and the ability to readily 

manipulate both salphen-DNA binding affinity and selectivity, these ligands were chosen 

for the investigation G-Quadruplex cleavage.   

Finally, since TMPyP4 is a well known G -quadruplex photonuclease162, 168, 169 but 

displays low selectivity for G-Quadruplex over duplex161, 164 or triplex DNA,246, 247 the 

final library investigated was composed of a series of porphyrin ligands.  Some of these 

porphyrins have previously exhibited high G-Quadruplex selectivity.  The porphyrin 

ligands investigated ranged from the commercially available protoporphyrins, TMPyP4 

and its regioisomers to novel asymmetric and tentacle porphyrins.  The protoporphyrins, 

asymmetric and tentacle porphyrins, with the exception of Hemin, have not been 

previously investigated as G-Quadruplex cleavage agents.  The protoporphyrins however 

display high selectivity for G-Quadruplex over duplex DNA and also favor parallel G-

Quadruplex topology.248, 249 250, 251  Extending the porphyrin side arm either symmetrically 

or asymmetrically may reduce porphyrin intercalation within duplex DNA  while also 

enhancing  the affinity for G-Quadruplex DNA by increasing groove interactions.  

Additionally, coordination of the porphyrins by a metal ion to afford octahendral 

geometry with an axial ligands, complexes will further prevents duplex intercalation.85  

Together, these interactions effectively increase G-Quadruplex DNA binding 

selectivity.84, 170-172, 215 However, the photonuclease activity of the porphyrin may also be 

diminished by extending the side arms due the increased tendency towards aggregation.215 
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Therefore, factors other than G-Quadruplex DNA affinity may influence cleavage 

efficiency and selectivity.  

This chapter describes the investigation of G-Quadruplex specific nuclease 

activity by structurally diverse compound libraries, consisting of perylene diimide, 

salphen and porphyrin scaffolds, in order to identify a selective probe for G-Quadruplex 

DNA in vivo.  While some of these library members have known photochemical 

properties and nuclease activity with duplex DNA, these compounds have not been 

thoroughly investigated for G-Quadruplex cleavage.  Investigating the oxidative and 

photochemical nuclease activity of these compound libraries may provide insights into 

the various factors that contribute to both duplex and G-Quadruplex cleavage and 

selectivity and furthermore influence the design of more selective and efficient G-

Quadruplex cleavage agents in the search for an in vivo probe. 

3.1 TOTA PHOTOCLEAVAGE OF POTASSIUM STABILIZED F21T 

In addition to investigating the perylene diimide, salphen and porphyrin 

compound libraries, the photochemical cleavage of the stable trioxatriangulenium ion 

(TOTA) was also explored. (Figure 3.1) TOTA is a stable 

carbocation known to photocleave duplex and G-Quadruplex 

DNA; albeit the efficiency of the G-Quadruplex photochemical 

cleavage by TOTA is reduced. Additionally, photocleavage of 

DNA by TOTA produces various cleavage patterns within 

duplex DNA and among different G-Quadruplex topologies.196 

This observation parallels the different photocleavage products 

observed for different dual-labeled G-Quadruplex constructs 

irradiated with TMPyP4.  The production of structure specific 

Figure 3.1. Structure of 
the stable 
trioxatrian
gulenium 
ion: TOTA 
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DNA cleavage products is also in agreement with the proposed mechanism of DNA 

photochemical cleavage by TOTA in which a guanine radical is trapped by H2O, 

oxidizing the guanine.  TOTA induced base labile photocleavage of DNA is due to the 

trapping of the guanine radical.196   

The FRET based photochemical cleavage assay was used to investigate cleavage 

of potassium stabilized F21T (250 nM) by TOTA (0-250 µM) after irradiation (lamp 

centered at 350 nm) for 0-120 minutes. As seen in Figure 3.2, there was only a minimal 

increase in FAM emission across all time and concentrations employed. This finding 

indicates hydrogen abstraction leading to frank strand scission is not significant, in 

agreement with the proposed mechanism of DNA photocleavage by TOTA.  Therefore 

the low degree of G-Quadruplex cleavage indicated by the solution study alludes to a 

limitation of the FRET based solution assay.  Either TOTA does not photocleave K+F21T 

or piperidine/heat treatment is necessary to observe photochemical cleavage since 

guanine oxidation only produces base labile cleavage products.  

 

Figure 3.2. Normalized fluorescence intensity for F21T (250 nM) in 50 mM potassium 
Cacodylate buffer irradiated in the of 0-250 µM TOTA by UVA lamps for 
0-120 minutes. 
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PAGE analysis prior to piperidine/heat confirmed the apparent lack of frank 

cleavage of K+F21T by TOTA.  For samples at all time points prior to 60 minute 

irradiation and without piperidine/heat treatment, little to no cleavage is apparent. (Figure 

3.3) Minimal cleavage, occurring at all nucleobass, was observed only in samples 

irradiated with UVA for at least 60 minutes. (Figure 3.3, lanes 8-10).  Since strand 

scission was not selective for any guanine, adenine or thymine of F21T, the cleavage 

likely results from a nonspecific attack on the deoxyribose backbone.  

 

 

Figure 3.3. PAGE analysis of G-
Quadruplex photocleavage 
of F21T (250 nM) in 
potassium cacodylated buffer 
with 250 µM TOTA for 0-
120 minutes. Control 
samples in lanes 3 and 4, 
without and with 250 µM 
TOTA respectively, were not 
exposed to UVA irradiation. 
Samples were irradiated for 
10 min (lane 5), 30 min (lane 
6), 45 min (lane 7), 60 min 
(lane 8), 90 min (lane 9), 120 
min (lane 10). 

 

Figure 3.4. PAGE analysis of G-Quadruplex 
photocleavage of F21T (250 nM) 
in potassium cacodylated buffer 
with 0-250 µM TOTA after 
UVA irradiation for 0 or 90 
minutes after treatment with 10% 
piperidine at 90 C for 30 
minutes. Control samples in 
lanes 3 and 4, with and without 
250 µM TOTA respectively, 
were not exposed to UVA 
irradiation. Samples 5-15 were 
irradiated for 90 min with 0 µM 
(lane 5), 125 nM (lane 6), 250 
nM (lane  7), 1.25 µM (lane 8), 
2.5 µM (lane 9), 6.25 µM (lane 
10), 12.5 µM (lane 11), 25 µM 
(lane 12), 125 µM (lane 13), 250 
µM (lane 14). 
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Treatment of the TOTA photocleavage reaction mixtures with piperidine resulted 

in a significantly increased removal of the TAM and/or TAM + aminopentyl linker 

(Figure 3.4). The extent of DNA cleavage by TOTA did not increase significantly. Only a 

slight increase in cleavage at G13 was observed for K+F21T samples irradiated in the 

presence of at least 12.5 µM TOTA, which equates to at lease a 50:1 ratio of TOTA to 

F21T being required to elicit cleavage.  

The base labile cleavage products at guanine bases support previous reports that 

guanine oxidation is primarily responsible for the photocleavaage of DNA by TOTA.  

Guanine oxidation typically occurs by charge migration and quenching of the radical by 

H2O.  Radical quenching normally occurs on a guanine base due to its inherently lower 

oxidation potential compared to the other nucleobases.  A previous report found duplex 

DNA was preferentially cleaved at the central G of the 5’ GGG tract and was efficient, 

while the G-Quadruplex construct exhibited a greater propensity for cleavage at each 5’ 

G in the 5’ GGG tract by TOTA.196 Commensurate with the previous report, TOTA was 

found to not only inefficiently photo-oxidize F21T, but also to preferentially oxidize the 

5’ G in a 5’ GGG tract. Differences in construct size and/or topology between the dual 

labeled F21T and the human telomeric construct previously employed may be 

responsible for the diminished photo-oxidation of F21T by TOTA observed.  

3.2 PHOTOCLEAVAGE OF G-QUADRUPLEXES BY PERYLENE DIIMIDES 

3,4,9,10-perylenetetracarboxylic acid diimides (PDIs) have been studied as 

helicase and telomerase inhibitors173, 174 along with their potential to induce telomere 

damage175 due to their G-Quadruplex binding selectivity. PDIs have an extensive planar 

heterocyclic aromatic core and modifications to the bay136, 175 and side chains173, 179, 226  

have been found modulate PDI binding and selectivity by affecting either its affinity for 
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G-Quadruplex DNA and/or state of self-aggregation.   While explored for their promise 

as therapeutics, PDIs have been overlooked as potential photocleavage agents despite the 

known redox potential of the less chromophoric, but structurally similar naphthalene 

diimides.229, 230  

To address this evidence gap, structurally diverse perylene diimides (Tel 11, 12, 

18, 45, Figure 3.5 B-E) were investigated as G-Quadruplex cleavage probes with the dual 

labeled G-Quadruplex DNA F21T and F-cMyc22m-T. Tel 11 and Tel 18 are identical in 

their cationic side chains; however, the addition of the halogens within the bay region of 

Tel 18 induces a twist in the typically planar chromophore of the PDI core.  Although the 

cationic Tel 11 is not prone to aggregation, the planar twist of Tel 18 further reduces its 

ability to either self-aggregate or efficiently pi stack.  These differences provide 

additional structural information on the necessary requisites for PDI photonuclease 

activity.  The negatively charged side chains of Tel 12 increases its selectivity for G-

Quadruplex over duplex DNA but does not aggregate unless equimolar zinc is also 

present.  Aggregation of Tel 45 on the other hand is dependent on temperature, in which 

higher temperatures increases aggregation.  

 

Figure 3.5. Structure of perylene diimide ligands investigated in G-Quadruplex cleavage 
study:   

(A) Tel 01 (B) Tel 11  (C) Tel 12 (D) Tel 18  (E) Tel 45 
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3.2.1 Screen of Perylene Diimide photonuclease activity 

Initially, Tel 11, 12, 18 and 45 (Figure3.5, B-E) were screened for their ability to 

photocleave 250 nM F21T G-Quadruplex DNA in 50 mM potassium cacodylate pH 7.4 

in a photoreactor (Luzchem) fitted with 8 lamps (Rayonet, centered at 420 nm). It was 

noted that the 420 nm centered emission was not optimal due to the absorbance spectra of 

PDIs; however, the presence of secondary emission peaks at 545 and 575 nm should 

allow a sufficient amount of reactive species to be produced by the PDI with longer 

irradiation times.   Figure 3.6A shows the concentration dependent change in normalized 

fluorescence of K+F21T (250 nM) with 0.1-100 µM PDI after 120 minute irradiation. 

Figure 3.6B describes the time dependent change in the normalized fluorescence of 

K+F21T by 100 µM PDI irradiated for 0, 30 or 120 minutes.  The background 

fluorescence of the free PDI was subtracted from each F21T sample prior to 

normalization. Table 1 summarizes the time and concentration dependent trends of the 

normalized FAM fluorescence of K+F21T by each PDI. 

 

Tel 11 and Tel 12 both displayed a concentration dependent increase in FAM 

emission after 120 minutes of irradiation, while samples incubated with Tel 18 and Tel 

45 respectively either maintained or exhibited an overall decrease in FAM fluorescence 

 Figure 3.6. Normalized FAM fluorescence of 250 nM F21T with (A) 0.1-100 µM Tel 
11, 12, 18 and 45 after 120 min irradiation (B) 100 µM Tel 11, 12, 18 and 45 
after 0, 30 or 120 minute irradiation.  

 



 115 

(Figure 3.6A). However, only F21T samples irradiated with Tel 11 also exhibited a time 

dependent increase in FAM fluorescence (Figure 3.6B).  Meanwhile, K+F21T samples 

irradiated with Tel 18 did not display either a time or concentration change in FAM 

fluorescence.  In contrast, the FAM fluorescence was diminished with both increased 

concentration and time for K+F21T samples irradiated with Tel 45. (See Table 1).  

 

There is a significant concentration dependent apparent increase of FAM 

fluorescence for F21T samples incubated with Tel 12.  However, this enhancement is not 

necessarily due to cleavage events.  DNA samples incubated with 100 µM Tel 12 but not 

irradiated exhibited a normalized FAM fluorescence of 125%. Thus, the Tel 12 

concentration dependent increase in FAM emission cannot necessarily be attributed to a 

cleavage event; rather the increase is an artifact of the large concentration of free Tel 12, 

which is fluorescent.  Due to its negative charge, Tel 12 has a reduced affinity for duplex 

DNA.179  Therefore the calf thymus DNA in the dissociation buffer (~150 µM) does not 

sufficiently bind the 100 µM Tel 12.  Previous studies have shown that Tel 45 is at least 

partially aggregated at room temperature and also has a diminished affinity for duplex 

DNA. The lack of DNA binding is responsible for the extensive PDI fluorescence 

observed for 100 µM Tel 12 and Tel 45. 

Extending irradiation time for K+F21T with 100 µM Tel 12 decreased FAM 

emission.  A similar trend of time dependent decrease in FAM fluorescence was also 

TABLE 3.1. Summary of FAM emission trends of F21T (250 nM) with 0.1, 1, 10 and 100 
µM of each perylene diimide after irradiation at 420 nm for 0-120 minutes. 
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observed for samples irradiated with 100 µM Tel 45.   Either non-specific fluorophore 

fluorescence quenching or the production of reactive species leading to fluorophore 

oxidation may be responsible for the apparent time dependent decrease in normalized 

FAM fluorescence for F21T samples irradiated with Tel 12 or Tel 45. This FAM 

quenching or photobleaching can mask cleavage events.  Significantly, Tel 18 did not 

impact FAM fluorescence, regardless of concentration or time.  

3.2.2 PAGE analysis of PDI cleavage screen  

PAGE analysis provided insights into the K+F21T FAM normalized fluorescence trends 

observed in the PDI cleavage screen.  K+F21T samples irradiated with Tel 18 did not 

display any cleavage either before or after piperidine/heat, regardless of irradiation time 

or Tel 18 concentration. (Figure 3.7)  Additionally, the total band intensity of K+F21T in 

each lane remained constant.  The PAGE results are commensurate with the solution 

study in which Tel 18 does not impact K+F21T FAM fluorescence by either cleaving the 

G-Quadruplex or FAM quenching.  

 

Figure 3.7. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) in 
potassium cacodylate buffer with 0-100 µM Tel 18 irradiated for 0-120 minutes (420 
nm).  Samples in lanes 1–8 were directly subjected to PAGE.  Samples in lanes 11-18 
were treated with piperidine at 90 °C for 30 min prior to PAGE.  Reactions contained 
0 nM (lanes 1, 11), 1µM (lanes 6, 16), 10 µM (lanes 2, 4, 7, 12, 14, 17) and  100 µM 
(lanes 3, 5, 8, 13, 15, 18) of Tel 18.  Control samples in lanes 2, 3, 12, 13 were not 
irradiated, Samples in lanes 4-5 and 14-15 were irradiated for 30 min, while those 
sample in lanes 1, 6-8 and 11, 16-19 were irradiated for 120 min. Maxam Gilbert 
sequencing lanes are indicated by the G and G+A 
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Similarly, PAGE analysis of F21T samples (250 nM) irradiated for 0-120 minutes 

in the presence of Tel 12 (0-100 µM) did not display photochemical cleavage of the G-

Quadruplex either prior to or after piperidine/ heat treatment. (Figure 3.8)  However, 

since samples did not undergo ethanol precipitation prior to PAGE analysis, Tel 12 

remains in the samples.  Furthermore, since Tel 12 is negatively charged, it migrates 

through the gel with the DNA. The Tel 12 bands are indicated by the arrows in Figure 

3.8.  The concentration dependent and significant intensity of the Tel 12 bands allude to 

the role of Tel 12 in the concentration dependent increase in FAM fluorescence observed 

in the solution study.  However in contrast to the apparent time dependent decrease in 

normalized fluorescence in the solution study, in the PAGE analysis of these samples the 

total band intensity of F21T remains constant. 

 

Figure 3.8. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) in 
potassium cacodylate buffer with 0-100 µM Tel 12 irradiated for 0-120 
minutes (420 nm).  Samples in lanes 1–9 were directly subjected to PAGE.  
Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 min prior 
to PAGE.  Reactions contained 0 nM (lanes 2, 12), 1µM (lanes 7, 17), 10 µM 
(lanes 1, 3, 5, 8, 13, 15, 18, 20) and 100 µM (lanes 4, 6, 9, 14, 16, 19) of Tel 
12.  Lanes 1 and 20 did not have F21T.  Control samples in lanes 2, 3, 12, 13 
were not irradiated, Samples in lanes 4-5 and 14-15 were irradiated for 30 
min, while those sample in lanes 1, 6-8 and 11, 16-19 were irradiated for 120 
min. Maxam Gilbert sequencing lanes are indicated by the G and G+A 
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In contrast, PAGE analysis of F21T samples irradiated for 0-120 minutes in the 

presence of Tel 45 (0-100 µM) was significantly different than the PAGE analysis of Tel 

12 or Tel 18 K+F21T samples. (Figure 3.9)  With increasing Tel 45 concentration, the 

total band intensity of the K+F21T was diminished. F21T fluorophore quenching by Tel 

45 was particularly apparent in the presence of 100 µM Tel 45 in which the FAM and 

TAM visualization of F21T by PAGE was diminished even with K+F21T samples not 

irradiated.  Band intensity was further decreased upon irradiation and after treatment with 

piperidine and heat. (Figure 3.9) 

 

The time dependent decrease in total band intensity of the full length F21T 

incubated with 100 µM Tel 45 prior to and after piperidine/heat treatment allude to Tel 

45 dependent F21T modification. Since Tel 45 can apparently mask the FAM 

Figure 3.9. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) in 
potassium cacodylate buffer with 0-100 µM Tel 45 irradiated for 0-120 minutes 
(420 nm).  Samples in lanes 1–8 were directly subjected to PAGE.  Samples in 
lanes 11-18 were treated with piperidine at 90 °C for 30 min prior to PAGE.  
Reactions contained 0 nM (lanes 1, 11), 1µM (lanes 6, 16), 10 µM (lanes 2, 4, 7, 12, 
14, 17) and  100 µM (lanes 3, 5, 8, 13, 15, 18) of Tel 45.  Control samples in lanes 
2, 3, 12, 13 were not irradiated, Samples in lanes 4-5 and 14-15 were irradiated for 
30 min, while those sample in lanes 1, 6-8 and 11, 16-19 were irradiated for 120 
min. Maxam Gilbert sequencing lanes are indicated by the G and G+A 
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fluorescence of the full length F21T, Tel 45 may also quench the FAM fluorescence of 

any cleavage products.  This effectively masks their existence.  Quenching of the F21T 

FAM fluorophore with Tel 45 by PAGE analysis is in agreement with the apparent FAM 

quenching of F21T by Tel 45 within the solution study. 

3.2.3 PDI Induced FAM Fluorophore Quenching 

FAM fluorescence was significantly quenched for F21T samples in the presence 

of 100 µM Tel 45 regardless of irradiation, presumably due to nonspecific Tel 45 

interactions rather than FAM oxidation by reactive species.  Quenching of FAM labeled 

oligonucleotides by perylene diimides has previously been reported.252 This report 

concluded that the polyanionic oligonucleotide induced the aggregation of the positively 

charged perylene diimides and in turn quenched the FAM fluorophore.  Despite the non-

covalent nature of these interactions, the fluorophore was still quenched at 90ºC, 

indicating PDI FAM quenching is essentially irreversible.252  

Aggregation induced FAM quenching by Tel 45 of the dual labeled probes was 

investigated by incubating F-cMyc22m-T (250 nM) for 30 minutes with either with 

buffer, Tel 01 or Tel 45 (100 µM) without irradiation.  Following this incubation, either 

the calf thymus or SDS dissociation buffer (10 µg duplex calf thymus per well or 2% 

SDS) was added, followed by the thermal heat cycle.  The FAM fluorescence of buffer, 

Tel 01 or Tel 45 (100 µM) without the dual labeled probe was subtracted from the 

fluorescence of the DNA/PDI samples.    

The fluorescence of the background subtracted F-cMyc22m-T samples 

dissociated by either 10 µg calf thymus DNA or 2% SDS is plotted in Figure 3.10 A and 

3.10 B respectively. Note the 100-fold difference in relative fluorescence units observed 

in the presence of the two dissociation buffers.  The fluorescence of F-cMyc22m-T 
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samples incubated with Tel 01 and Tel 45 and dissociated with calf thymus DNA were 

quenched in comparison to DNA samples incubated with buffer. 

 

Tel 01 and Tel 11 are structurally similar, (Figure 3.5 A,B) but Tel 11, which has 

quaternary ammonium side chains does not quench the dual labeled probe. (Figure 3.6) 

Neutral Tel 01 on the other hand does quench FAM fluorescence by over one-half in 

dissociation buffer supplemented with calf thymus DNA.  Therefore, despite previous 

claims, quenching of the FAM is not necessarily due to the DNA inducing the 

aggregation of a positively charged perylene diimide but rather based on the aggregation 

properties of the individual PDI.  

Despite their structural similarities, the aggregation properties of Tel 01 and Tel 

11 are significantly different. While Tel 01 begins to aggregate at pH 7.0,225 Tel 11 is not 

prone to aggregation under any condition but rather exist as either a monomer or dimer.179 

Both the neutrally charged Tel 01 and Tel 45 aggregate to some extent within the 

experimental conditions and also quench the FAM fluorescence of F-cMyc22m-T to 

Figure 3.10. PDI background subtracted FAM fluorescence of 250 nM F-cMyc22m-T 
incubated for 30 minutes with either buffer, 100 µM Tel 01 or 100 µM Tel 
45 after the addition of either (A) 10 µg duplex calf thymus DNA 
dissociation buffer or (B) 2% SDS dissociation buffer.   
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some degree.  FAM quenching upon incubation with some of the PDIs is attributed to 

perylene diimide aggregation either in solution prior to- or upon DNA contact.  

SDS buffer was used to dissociate the perylene diimide from the dual labeled 

probe. However in the presence of SDS, the FAM fluorescence of intact dual labeled 

probe was 400-fold less than the SDS dissociated free PDI.  When the large 

“background” fluorescence of PDI in SDS buffer was subtracted from the FAM 

fluorescence of the intact F-cMyc22m-T after incubation with PDI followed by SDS 

dissociation, a negative value results.  This is most likely due to incomplete dissociation 

of the PDI from the dual labeled G-Quadruplex by SDS.  The study of the photochemical 

cleavage of the dual labeled probes by aggregating PDIs necessitates an alternative means 

to dissociate from the DNA and quench the fluorescence of the free PDIs or utilization of 

dual label probes with fluorophores outside the range of perylene diimide fluorescence.   

3.2.4 Photocleavage of G-Quadruplex DNA by Tel 11 and Tel 18 

Following the initial cleavage screen, the time and concentration dependence of 

Tel 11 and Tel 18 photocleavage for each dual labeled G-Quadruplex (250 nM) in 

potassium (or sodium) cacodylate buffer (50 mM, pH 7.4) was explored. Tel 11 or Tel 18 

(1, 10 or 100 µM) and dual labeled G-Quadruplex or duplex hairpin probe (250 nM) was 

incubated for 30 minutes, followed by irradiation for 60 or 120 min in the photoreactor 

(Luzchem) equipped with 8 lamps centered at 420 nm.  

The time and concentration dependent profiles were unique to each G-Quadruplex 

scaffold photocleaved by Tel 11, with F-cMyc22m-T photocleaved most efficiently and 

Na stabilized F21T least. As seen in Figure 3.11, the potassium stabilized F21T structure 

showed little increase in FAM emission except for samples irradiated in the presence of 

100 µM Tel 11, corresponding to a 400-fold excess ligand. Time dependent cleavage of 

the potassium stabilized F21T was also observed with ~20% of the initial G-Quadruplex 
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present cleaved after 60 minutes, while ~40% cleavage was observed after 120 minutes 

irradiation. Regardless of time irradiated, K+F21T samples irradiated with 10 µM Tel 11 

resulted in only ~5% cleavage.  

 

Sodium stabilized F21T exhibited similar concentration dependent cleavage as the 

K+ stabilized topology, however it is a much poorer substrate. The anti-parallel F21T G-

Quadruplex had a maximal increase in fluorescence corresponding to approximately 13% 

cleavage after 120 minute irradiation with 100 µM Tel 11, while only ~8% Na+F21T was 

cleaved after 60 minutes with 100 µM Tel 11. (Figure 3.11) These results highlight the 

importance of concentration rather than time as the central contributor for Tel 11 photo-

cleavage of F21T substrates. 

Figure 3.11. Normalized fluorescence intensity for 250 nM G-Quadruplex (F21T and F-
cMyc22m-T) and duplex (F-mixed-T) DNA samples irradiated in the 
presence of 0-100 µM Tel 11 for 60 and 120 min by 420 nm lamps in 50 
mM potassium or sodium cacodylate buffer. Where indicated 25 µM 
monomeric duplex calf thymus DNA was also added to the reaction to 
determine the extent of binding selectivity  
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F-cMyc22m-T however was significantly cleaved in the presence of both 10 and 

100 µM Tel 11. (Figure 3.11)  100 µM Tel 11 cleaved 250 nM of the F-cMyc22m-T 

construct with a maximal cleavage of ~45% after 60 minutes of irradiation.  However the 

FAM fluorescence intensity is slightly diminished with longer irradiation likely due to 

efficient production of photo-species causing photobleaching with longer irradiation.  

Time dependent photochemical cleavage of 250 nM F-cMyc22m-T with 10 µM Tel 11, 

or a 40-fold excess, contrasts to the 400-fold excess required for the cleavage of F21T.  

The differences between effective cleavage concentrations may be due to the relative 

affinities of Tel 11 for each topology. However Tel 11 did not exhibit significant 

photocleavage of F-Cmyc22-T at 1 µM (4-fold excess) Tel 11. Previous binding studies 

demonstrated a 3-fold preference for binding duplex DNA over intermolecular parallel 

G-Quadruplex DNA179. This observation alludes that affinity between DNA and a PDI 

does not necessarily correlate with cleavage efficiency.   

Tel 18 however did not cleave any of the G-Quadruplex substrates under any of 

the time and concentration conditions employed. As seen in figure 3.12, even in the 

presence of 100 µM Tel 18 after 120 min irradiation, only approximately a 3% 

enhancement of normalized fluorescence was observed.   

The photochemical cleavage of all G-Quadruplex constructs by Tel 11 was 

dramatically diminished by excess duplex DNA.  As shown in Figure 3.11, Tel 11 

photocleavage of the sodium stabilized and potassium stabilized F21T in the presence of 

100-fold excess calf thymus DNA (base pairs relative to G-Quadruplex structure) results 

in a minimal relative fluorescence enhancement corresponding to G-Quadruplex 

cleavage.  The lack of G-Quadruplex cleavage indicates complete cleavage inhibition by 

the duplex DNA.  Cleavage of the parallel F-cMyc22m-T by Tel 11 (100 µM) is only 

~50% inhibited by 25 µM base pair calf thymus DNA, (100-fold excess) while F-
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cMyc22m-T cleavage is completely inhibited by the presence of 250 µM base pair calf 

thymus DNA.  This low level of G-Quadruplex selectivity is in agreement with previous 

studies showing that Tel 11 is a non-selective G-Quadruplex binding ligand.179  These 

differences in cleavage inhibition may be due either the high selectivity some perylene 

diimides have for the different G-Quadruplex topologies226 or the weaker dependence on 

PDI concentration for F-cMyc22m-T cleavage.  

 

While duplex DNA significantly inhibits Tel 11 photocleavage for all G-

Quadruplex substrates, photochemical cleavage by Tel 11 is highly selective for G-

Quadruplex DNA. The normalized FAM fluorescence for the photocleavage of the 

duplex hairpin, F-Mixed-T, by Tel 11 or Tel 18 does not increase across all cleavage 

conditions employed (Figure 3.11 and 3.12).  The lack of duplex cleavage by Tel 18 was 

Figure 3.12. Normalized fluorescence intensity for 250 nM G-Quadruplex (F21T and F-
cMyc22m-T) and duplex (F-mixed-T) DNA samples irradiated in the 
presence of 0-100 µM Tel 18 for 60 and120 min by 420 nm lamps in 50 
mM potassium or sodium cacodylate buffer. Where indicated 25 µM 
monomeric duplex calf thymus DNA was also added to the reaction to 
determine the extent of binding selectivity.  
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not unexpected given its lack of photonuclease activity with G-Quadruplex DNA, 

however Tel 11 also did not cleave the duplex hairpin. Interestingly, Tel 11 was unable to 

cleave duplex DNA or the single stranded DNA within the hairpin loop, even with 100 

µM Tel 11 irradiated for120 minutes. These were the most stringent conditions employed 

and produced cleavage products across all of the G-Quadruplex constructs.  Therefore, 

although the cleavage of G-Quadruplex DNA in the presence of duplex competitor is 

poor, Tel 11 is a selective G-Quadruplex cleavage agent.  Furthermore, these results show 

binding selectivity does not mediate cleavage preference, but rather more complex issues 

determine cleavage selectivity. 

3.2.5 PAGE analysis of Tel 11 photocleavage 

Unique cleavage products for each of the G-Quadruplex constructs were observed 

in PAGE analysis of Tel 11 photo-cleavage. PAGE analysis of the sodium stabilized 

F21T prior to piperidine heat treatment (Figure 3.13 A, left side) revealed time dependent 

cleavage for 100 µM Tel 11, without selectivity towards any guanine within a 5’ GGG 

tract.  Additional cleavage occurred with 100 µM Tel 11 after piperidine/heat treatment.  

Samples irradiated for 60 minutes do not display any cleavage base specificity after 

treatment with base, while samples irradiated for 120 minute exhibit a moderate cleavage 

preference for guanines at the tetrad ends (Figure 3.13A, right side).  Mapping of the 

cleavage sites onto the anti-parallel F21T construct revealed a similar photocleavage 

pattern similar to that observed upon photochemical cleavage of this F21T topology by 

TMPyP4. These similarities in cleavage patterns may indicate a similar ligand binding 

process and reactive species, or may reflect the relative oxidation potential of the 

guanines.  
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PAGE analysis of Tel 11 photocleavage samples of the potassium stabilized F21T 

prior to piperidine heat treatment validated the concentration selective cleavage with 100 

µM Tel 11 observed in the FRET solution study. Interestingly, it was revealed that in 

addition to the F21T photochemical cleavage products, irradiation of Tel 11 with K+ 

F21T resulted in two concentration dependent slow migrating bands. (Figure 3.14 A)  

These bands can be visualized by both FAM and TAM fluorescence, (Figure 3.14 A and 

3.15) and therefore consist of either an adduct formed between Tel 11 and K+F21T or an 

Figure 3.13. (A) PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 
nM) in Sodium cacodylate buffer with 0-100 µM Tel 11 irradiated for 0-120 
minutes (420 nm).  Samples in lanes 1–9 were directly subjected to PAGE.  
Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 min 
prior to PAGE.  Reactions contained 0 nM (lanes 1, 3, 6, 15, 18, 20) 1 µM 
(lanes 7, 14), 10 µM (lanes 4, 8, 13, 17) and 100 µM (lanes 2, 5, 9, 12,16, 
19) of Tel 11. Control samples in lanes 1, 2, 19, 20 were not irradiated, 
Samples in lanes 3-5 and 16-18 were irradiated for 60 min, while those 
sample in lanes 6-9 and 12-15 were irradiated for 120 min. Maxam Gilbert 
sequencing lanes are indicated by the G and G+A. (B) Cartoon of the anti- 
parallel quadruplex structure formed by 5’ –FAM-(GGGTTA)3GGG-TAM-
3’ in the presence of potassium. Sites of Tel 11 cleavage as determined by 
PAGE analysis are marked with a “*”.  
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F21T intra-strand crosslink.  Additionally, these low mobility bands are present for 

samples not irradiated (dark control), indicating that either incubation alone or even stray 

light can lead to Tel 11 covalent modification of the G-Quadruplex DNA.  These bands 

were not present in either of the cleavage gels of sodium stabilized F21T or F-cMyc22m-

T irradiated with Tel 11.  This indicates importance of the potassium stabilized topology 

for either adduct or cross-link formation.  These low mobility bands were also not seen 

with potassium stabilized F21T incubated with Tel 18. (Figure 3.7) These low mobility 

bands are not fully resolved after treatment with base and additional investigation will be 

required to determine their identity and nature. 

 

Figure 3.14  (A) PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) in 
potassium cacodylate buffer with 0-100 µM Tel 11 irradiated for 0-120 minutes 
(420 nm).  Samples in lanes 1–9 were directly subjected to PAGE.  Samples in 
lanes 12-20 were treated with piperidine at 90 °C for 30 min prior to PAGE.  
Reactions contained 0 nM (lanes 1, 3, 6, 15, 18, 20) 1 µM (lanes 7, 14), 10 µM 
(lanes 4, 8, 13, 17) and 100 µM (lanes 2, 5, 9, 12,16, 19) of Tel 11. Control samples 
in lanes 1, 2, 19, 20 were not irradiated, Samples in lanes 3-5 and 16-18 were 
irradiated for 60 min, while those sample in lanes 6-9 and 12-15 were irradiated for 
120 min. Maxam Gilbert sequencing lanes are indicated by the G and G+A. (B) 
Cartoon of the anti-parallel/parllel mixed hybrid quadruplex structure formed by 5’ 
–FAM-(GGGTTA)3GGG-TAM-3’ in the presence of potassium. Sites of Tel 11 
cleavage as determined by PAGE analysis are marked with a “*”.  
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PAGE analysis of Tel 11 photocleavage reactions with K+F21T mirrors the 

solution data, in which cleavage only occurred in reactions containing 100 µM Tel 11 

irradiated for 60 or 120 minutes.  Cleavage is not apparent at lower Tel 11 concentrations 

or for non-irradiated samples.  Prior to treatment with base, there is a clear cleavage 

preference at both G9 and G13, while less intense G- clevage occurred at the rest of the 

guanines within the terminal G-tetrads (G1, G3, G7, G15, G19, G21). (Figure 3.14 A, left 

side) Unlike the cleavage pattern previously observed for the photocleavage of K+ F21T 

by TMPyP4 and the photocleavage of Na+ F21T by Tel 11 and TMPyP4, the Tel 11 

photochemical cleavage of K+F21T did not produce a cleavage product at the center G of 

Figure 3.15. TAM visualization of PAGE analysis of G-Quadruplex photocleavage 
reactions of F21T (250 nM) in potassium cacodylate buffer with 0-100 µM 
Tel 11 irradiated for 0-120 minutes (420 nm).  Samples in lanes 1–9 were 
directly subjected to PAGE.  Samples in lanes 12-20 were treated with 
piperidine at 90 °C for 30 min prior to PAGE.  Reactions contained 0 nM 
(lanes 1, 3, 6, 15, 18, 20) 1 µM (lanes 7, 14), 10 µM (lanes 4, 8, 13, 17) and 
100 µM (lanes 2, 5, 9, 12,16, 19) of Tel 11. Control samples in lanes 1, 2, 19, 
20 were not irradiated, Samples in lanes 3-5 and 16-18 were irradiated for 60 
min, while those sample in lanes 6-9 and 12-15 were irradiated for 120 min. 
Maxam Gilbert sequencing lanes are indicated by the G and G+A. 
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any 5’ GGG tract prior to or after piperidine/heat treatment. Additionally, bands 

corresponding to cleavage at T10 and T17 of K+F21T were observed. (Figure 14A, left)   

The T10 band however is not apparent on the TAM visualized gel, nor is there a strong 

preference for G9 cleavage.1* (Figure 3.15)    

PAGE analysis of the photoreaction mixtures containing 100 µM Tel 11 after 

treatment with base revealed more intense bands corresponding to cleavage at G9 and 

G13 and to a lesser extent the rest of the guanines at the terminal G-tetrads (G1, G3, G7, 

G15, G19, G21). (Figure 3.14 A, right side)  Base labile cleavage products were also 

revealed at the terminal G-tetrads for the 10 µM Tel 11 samples irradiated for 120 

minutes.  For K+F21T samples irradiated with 100 µM Tel 11, bands corresponding to 

cleavage at T10 and T17 are less well resolved but more intense for T10.  While frank 

strand scission may be responsible for the cleavage at T10 and T17 prior to 

piperidine/heat treatment, given the oxidative potential of thymidine, base labile oxidized 

thymidine cleavage products are unlikely.  

Since these cleavage products (T10 and T17) only retain their FAM label and do 

not necessarily co-migrate with the Maxam-Gilbert sequencing lanes, these bands may 

actually be a cleavage product of either a Tel 11/K+F21T adduct or intra-strand crosslink.  

The concomitant decrease in intensity of the slower migrating dual labeled F21T 

adduct/cross-links band and increase intensity of the T10 and T17 bands following  

piperidine/heat treatment supports this possibility. Mapping of the FAM-labeled cleavage 

sites onto the (3+1) hybrid F21T G-Quadruplex construct reveals a cleavage preference 

for the 5’- terminal G- tetrad, especially the adjacent G9 and G13, and potentially T10 

and T17 of the 2nd and 3rd TTA loops. (Figure 14 B) Further analysis is required to better 

                                                
1* Due to the -1 charge of TAM, resulting in a loss of a constant mass:charge ratio (m/z) as the total size of 
oligonucleotide decreases, only singularly TAM labeled bases 1-10 can be visualized by TAM 
fluorescence. 
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understand the nature of the multiple intact F21T bands and the FAM-labeled cleavage 

products. The existence of Tel 11 adducts or intra-strand cross-links, cleavage products 

that may not co-migrate with Maxam-Gilbert products and discrepancies between FAM 

and TAM gel visualization, all indicate that the Tel 11 photocleavage chemistry is 

distinct from TMPyP4 photocleavage or Mn•TMPyP4 oxidative cleavage 

PAGE analysis of Tel 11 mediated photocleavage of F-cMyc22-T also displayed 

a significantly different cleavage pattern than previously observed with either TmPyP4 or 

Mn•TMPyP4.  Cleavage was apparent in the presence of both 10 and 100 µM Tel 11 

after 60 or 120 minute irradiation.  Cleavage did not occur with lower Tel 11 

concentrations or without irradiation. Prior to piperidine heat, there is a clear preference 

for the most 5’ G (G2) and the 5’ G on each 5’-GGG tract (G4, G8, G13, G17). 

Additionally, weak bands corresponding to the center G of each 5’-GGG tract were 

observed. (Figure 16A, left).  

Piperidine heat treatment revealed more intense bands corresponding to the 5’ 

most G (G2) and the 5’ G of each 5’GGG tract (G4, G8, G13, G17). The 10 µM Tel 11 

samples retain their original cleavage pattern in which G cleavage occurs exclusively at 

the 5’ tetrad.  The cleavage bands that co-migrated with the Maxam-Gilbert cleavage 

sites at the center G of each 5’ GGG tract were resolved by piperidine/heat treatment.  

Additional bands migrating slightly slower than the Maxam-Gilbert cleavage product of 

the 5’-G of each G-tract were observed, which is especially apparent at G8 (Figure 16A, 

right side of gel). The apparent center G-bands prior to piperidine/heat may correspond to 

cleavage products at the 5’ terminal G that retains a 3’ modified phosphate (e.g., 

phosphoglycoaldehyde) and thus the cleavage product did not necessarily co-migrate 

with the Maxam-Gilbert sequencing lanes. Base labile cleavage products revealed minor 

G oxidation at the 3’ end tetrad (G6, G10, G15, G19) after irradiation with 100 µM Tel 
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11. Mapping of these cleavage sites onto the F-Cmyc22-T G-Quadruplex construct 

reveals a cleavage preference for the 5’ tetrad. (Figure 16 B)  The cleavage preference for 

the 5’ end G-tetrad, along with cleavage products that do not co-migrate with the 

Maxam-Gilbert products sequencing lanes indicate that the Tel 11 photocleavage 

chemistry for F-cMyc22m-T is distinct from photocleavage by TMPyP4 or Mn•TMPyP4 

oxidative cleavage. 

 

Figure 3.16. PAGE analysis of G-Quadruplex photocleavage reactions of F-cMyc22m-T 
(250 nM) in potassium cacodylate buffer with 0-100 µM Tel 11 irradiated for 
0-120 minutes (420 nm).  Samples in lanes 1–9 were directly subjected to 
PAGE.  Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 
min prior to PAGE.  Reactions contained 0 nM (lanes 1, 3, 6, 15, 18, 20) 1 µM 
(lanes 7, 14), 10 µM (lanes 4, 8, 13, 17) and 100 µM (lanes 2, 5, 9, 12,16, 19) 
of Tel 11. Control samples in lanes 1, 2, 19, 20 were not irradiated, Samples in 
lanes 3-5 and 16-18 were irradiated for 60 min, while those sample in lanes 6-
9 and 12-15 were irradiated for 120 min. Maxam Gilbert sequencing lanes are 
indicated by the G and G+A. (B) Cartoon of the parallel quadruplex structure 
formed by 5’ –FAM-TGAGGGTGGGTAGGGTGGGAG-TAM-3’ in the 
presence of potassium. Sites of Tel 11 cleavage as determined by PAGE 
analysis are marked with a “*”.  

 



 132 

3.2.6 Potential mechanism of PDI photocleavage selectivity 

Despite the well known photochemistry of perylene diimides,228 PDIs have been 

overlooked as photonucleases and therefore the DNA cleavage products produced by Tel 

11 are not fully understood.  One study using a PDI base pair surrogate within a duplex 

DNA hairpin found the PDI was a strong photochemical oxidant.  Upon irradiation, the 

PDI initially forms a singlet radial pair with the DNA 1(P-• and D+•, where D is the 

nearest base pair). The radical pair then undergoes intersystem crossing to produce a 

more stable triplet 3(P-• and D+•) and the radical cation is transferred along the duplex via 

an electron hole transport mechanism.  The radical is then typically trapped at a guanine 

base due to the lower oxidation potential of guanine bases. The extent of electron 

trapping at the guanine and the rate of 1*P repopulation was dictated by the distance 

between the PDI and guanine base within the duplex.227 This highlights the importance of 

sequence and electronics within the duplex for the efficient formation of a stable radical 

anion PDI (P-•) and subsequent oxidation of a guanine radical (G+•).  

Also, the electron hole transport mechanism is also responsible for PDI 

quenching. Bound PDI photo-quenching can be eliminated by preventing electron 

transfer from the PDI to the DNA.  Electron donating groups within the PDI bay area 

lowered its oxidation potential and thus have been found to prevent electron transfer upon 

irradiation when conjugated to the DNA as a base pair surrogate.253 The ability to prevent 

electron transfer to the DNA by alterations to the bay area indicates that substituents are 

potentially not only important for aggregation and/or binding selectivity but also can play 

a direct role in the photonuclease activity of a PDI. Additionally, electron transfer may 

not be the only mechanism of DNA cleavage as another study determined singlet oxygen 

was formed in solution by a PDI.254 This mechanism may be responsible to some degree 

for the G-Quadruplex frank strand breakage observed prior to piperidine/heat treatment. 
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The presence of the electron-withdrawing halogens with in the bay area is the 

only structural difference between Tel 11 and Tel 18.  These halogens are known to 

produce a twist in the aromatic core and also reduce the compound’s ability to self-

aggregate or pi stack with the DNA.  It is interesting to note that the presence of the 

halogen substituents in the bay area cause a dramatic difference in the photonuclease 

activity of the PDIs.  This difference in activity may be either an indirect result of altering 

the PDI planar core structure or the halogens directly preventing the production of 

reactive species.  Since Tel 11 primarily forms monomers and dimers in solution and on 

DNA,179 aggregation is likely not involved in DNA cleavage.  Based on the importance of 

pi stacking for electron hopping of PDI aggregates in solution255 and limited distance of 

charge migration for a perylene diimide surrogate within a DNA hairpin due to either 

differences in LUMO energies (reduction potentials) or imperfect pi stacking,256 a 

possible mechanism for the differences in cleavage observed for duplex and G-

Quadruplex DNA is proposed.   

While aggregation has been suggested to modulate of PDI binding selectivity,177, 

179 other studies have indicated that aggregated PDIs can bind duplex DNA as well as G-

Quadruplex.176 PDIs can either intercalate227 or bind within the major groove of duplex 

DNA.176 Likewise, PDIs can either stack upon the terminal tetrads of G-Quadruplex 

DNA174, 176 or interact with loop regions.226 While G-Quadruplex topology, perylene 

diimide structure and aggregation may dominate PDI reduction potentials and ultimately 

the production of reactive species, pi stacking may play a significant role in the lack of 

duplex photo-cleavage by Tel 11.  

As seen in Figure 3.17, regardless of the extent of PDI aggregation, a perylene 

diimide can effectively end stack on the G-Quadruplex terminal tetrad and form extensive 

pi-pi-stacking interactions. (Figure 3.17 B, E)  The monomeric PDI binds within the 
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major groove of the duplex with minimal stacking interactions. (Figure 3.17 A) The 

binding of the PDI within the major groove however precludes pi-pi stacking interaction 

since the PDI is not in the same plane as the duplex base pairs. 

 

Figure 3.17. Cartoon of possible different pi stacking interactions between duplex and G-
Quadruplex DNA with monomeric and aggregated perylene diimides.   These 
differences in pi-pi stacking interactions may be responsible for the G-
Quadruplex selective cleavage observed for PDI.  (A) A monomeric PDI can 
bind within the major groove of duplex DNA or (B) stack on the external 
tetrad of G-Quadruplex DNA. (C) Aggregated PDIs also stack within the 
duplex groove, but the pi stacking is limited due to the rotation of ligands 
following the helical turn of the DNA. (D) Pi stacking can be further 
diminished by disrupting base pair stacking. (E) Aggregated PDIs end stack 
on the external tetrad of G-Quadruplex DNA with significant pi stacking 
interactions. The extensive pi stacking interactions may be responsible for the 
selective photoclevage of G-Quadruplex DNA.  The duplex DNA is not 
photocleaved by the PDIs due to a lack of extensive pi stacking interactions.  
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Aggregated PDIs also bind within the major groove of the duplex DNA.  

However the pi stacking interactions between the stacked PDI molecules are disrupted 

since the aggregated PDI stack follows the duplex DNA helix.  The rotation of the duplex 

DNA helix also rotates the core of aggregated perylene diimide.176 (Figure 3.17 C) The 

helical rotation of the PDI aromatic core diminishes efficient pi-pi stacking interactions 

within the PDI stack and may limit the extent of electron hopping within the aggregated 

PDI.256  The disrupted pi-pi stacking interactions both between the stacked PDIs and with 

the duplex DNA may limit or prevent efficient electron transfer with the duplex base 

pairs.  Additionally, PDI side chains may disrupt duplex base pair interactions,176 (Figure 

3.17 D) further preventing efficient electron transfer within the duplex hairpins.  

The differences in the propensity of G-Quadruplex and duplex DNA to form 

efficient pi-pi stacking interactions with PDI molecules and the subsequent affect on 

electron hopping and production of reactive species is proposed to be responsible for the 

inability of Tel 11 to photocleave the duplex hairpin and the differences in cleavage 

efficiency observed between F-cMyc22m-T and F21T (Figure 3.17 E) despite a lack of 

DNA binding selectivity.  Furthermore, the importance of loop orientation and 

conformation for G-Quadruplex binding and mode of ligand interaction176, 257 is especially 

supported by the differences in cleavage efficiency, identity of cleavage products and 

adduct/cross-link formation between the Na+ and K+ F21T topologies.  

G-Quadruplex cleavage selectivity occurred despite Tel 11 lack of binding 

selectivity179 and the high concentrations of Tel 11 required in the study.  Regardless of 

the specific Tel 11 cleavage mechanism, (electron transfer, singlet oxygen, other) it can 

be concluded that the production of reactive species and/or the oxidative potentials of the 

guanine bases rather than DNA binding dominates cleavage.  Additional experiments are 

required to discern the extent that aggregation, pi-pi stacking or the effect the electron 
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withdrawing halogens on Tel 18 play in G-Quadruplex cleavage or lack thereof for 

duplex DNA.   

3.2.7 Conclusions 

A series of PDIs were screened for their photonuclease activity with potassium 

stabilized F21T.  Only samples irradiated in the presence of Tel 11 and Tel 18 could be 

accurately quantitated. Furthermore, it was found only Tel 11 photocleaved G-

Quadruplex DNA.  The inherent background fluorescence of Tel 12 precluded the 

determination of G-Quadruplex cleavage, while Tel 45 quenches the fluorophores by 

aggregation and prevents the quantization of any potential cleavage.  Additionally, it was 

found the inherent aggregation of a PDI, rather than electrostatics, dominates PDI 

aggregation on the dual-labeled DNA and subsequently FAM photo-quenching.  

Therefore, future study of the photocleavage of the dual-labeled probes with a range of 

PDIs will require either a new dissociation buffer that dissociates the DNA aggregates 

and quenches the PDI fluorescence or using dual labeled probes with fluorophores that do 

not overlap the fluorescence of the perylene diimides. 

The time and concentration dependence of Tel 11 cleavage, along with the 

cleavage chemistry was found to be unique for each dual-labeled construct and differed 

from previously established photochemical cleavage mechanisms.  The F-Cmyc22-T 

construct was a better cleavage substrate than either K+ or Na+ F21T, while the potassium 

stabilized F21T was more efficient than the sodium stabilized construct.  Despite Tel 11’s 

affinity for both duplex and G-Quadruplex DNA, G-Quadruplex cleavage displayed 

significant Tel 11 concentration dependence. This concentration dependence was 

particularly apparent with the F21T constructs and may reflect topology dependent 

binding interactions.176, 257  Whether the differences in G-Quadruplex cleavage are due to 
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compound affinity, extent and identity of reactive species based on stacking interactions 

or due to the oxidative potential of the individual G-Quadruplex topologies requires 

further experimentation.    

Finally, despite the lack of Tel 11 binding selectivity for G-Quadruplex DNA,179 

Tel 11 was incapable of cleaving the dual labeled mixed sequence hairpin.  Previous 

studies determined that PDIs can initiate electron transport within duplex DNA as a base 

pair surrogate227 and form singlet oxygen.254 However, the reactive DNA cleavage species 

apparently only forms in the presence of G-Quadruplex DNA, which may be due to 

difference in pi-pi stacking interactions between G-Quadruplex and duplex DNA.  In 

conclusion, the production of reactive species and/or the relative oxidative potentials of 

the guanine bases rather than DNA binding may dominate the photonuclease activity of 

perylene diimides. 

3.3  PHOTOCLEAVAGE OF G-QUADRUPLEXES BY SERIES OF SALPHEN ANALOGS  

Selective ligand binding is believed to play a major role in the selective cleavage 

of G-Quadruplex DNA.  One approach to designing molecules with optimal properties 

for G-Quadruplex DNA stabilization has been established from crystallographic 

studies,166, 257-259 NMR spectroscopy,260-264 and computer modeling.264-267 From these 

studies, characteristics of ideal G-Quadruplex ligands have emerged.  Planar π -

delocalized molecules able to stack on the face of the G-quartet are effective G-

Quadruplex binders. Additionally, enhanced electrostatic stabilization can be achieved by 

substituting the cationic ion (Na+ or K+) occupying the central ion channel at the center of 

the G-quartet by a positively charge group. Further stabilization can occur by favorable 

interactions between substituents and negatively charged backbone phosphates of the 

grooves and loops of G-Quadruplex DNA.203, 231 
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The majority of G-Quadruplex DNA binders are organic heterocyclic aromatic 

ligands.100, 150, 151, 171, 268-278 Moreover, metal-complexed ligands have also been found to 

excellently stabilize G-Quadruplex DNA.171, 183, 203, 270, 279-281 Coordination of a metal ion to 

the heteroaromatic multidentate ligands, particularly those metal ions with a square-

planar geometry, may be advantageous over more classic G-Quadruplex DNA binders. 

The electron withdrawing properties of the metal ion can reduce the electron density of 

the G-Quadruplex interacting ligand, effectively increasing the potential and strength of 

the π-π interactions with the DNA.  Additionally, a coordinated metal ion may increase 

electrostatic interactions of the G-Quadruplex ion channel and/or organize the ligand(s) 

into a more optimal conformation for DNA interaction.203, 231 One family of metal 

coordinated heterocyclic aromatic ligands, known as salphens, has been found to both 

effectively bind G-Quadruplex DNA and inhibit telomerase.203, 231, 233 

Salphens form by chelating a Schiff base complex formed between 1,2 

phenylendiamine and two dihydroxybenzaldhydes; furthermore, the ligand’s geometry is 

dependent on the identity of the metal.  Salphens with a square planar geometry, formed 

by Ni(II), Cu(II) and Pt(II) metal ions, are known to more effectively stabilize G-

Quadruplex DNA203, 231, 232 than the square pyramidal geometry formed with Zn(II) or 

V(IV).  The structural arrangement of the aromatic rings around the central metal ion 

increases π-π stacking between the G-tetrad and metal complexes and reduces the 

ligand’s electron density, which further enhances π-π stacking interactions.203, 231 

Crystallographic studies support the binding of salphen−metal complexes to human 

telomeric quadruplexes by endstacking in which the metal is almost in line with the 

potassium ion channel,233 while a Pt(II) was found to bind the 3’ end tetrad of the parallel 

G-Quadruplex formed by the c-Myc sequence.282 The extent of a planar geometry 

distortion due to an axial ligand meanwhile significantly impacts the salphen binding 
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affinity to both G-Quadruplex and duplex DNA.231, 233 

Interestingly, substituents on the phenylene ring were also found to induce 

different G-Quadruplex topologies.  Salphens with a modified phenylene ring formed an 

anti-parallel topology, while those with an unmodified ring induced a parallel G-

Quadruplex.233 Additionally, the identity of the substituents on the lower aromatic rings 

not only aid in water solubility but also impact DNA affinity via G-Quadruplex groove 

binding interactions.231, 232 Therefore, the identity of both the ligand’s substituent arms 

and central metal ion affect DNA affinity and G-Quadruplex selectivity 

Given the ability to readily manipulate salphen DNA binding affinity and 

selectivity, along with the known ability of these molecules to cleave duplex DNA in 

presence of an external oxidant,234-245 Salphen ligands represented an ideal compound 

family of molecules to investigate G-Quadruplex cleavage.  Due to the dramatic effect of 

metal ion on both DNA binding and cleavage, a series of Cu(II), Ni(II), Zn(II), Co(II), 

Fe(III) and Mn(III) salphen ligands were prepared and studied for their ability to cleave 

G-Quadruplex DNA. For simplicity, a single morpholine-containing side arm substituent 

was chosen based on reports of G-Quadruplex DNA selectivity. A previous study that 

found G-Quadruplex stabilization by Ni(II) salphen with a morpholine side arm was not 

diminished by the presence of 200-fold excess duplex DNA.231  Additionally, to further 

enhance solubility and DNA affinity, the nitrogen on the morpholine ring of side arms 

was further modified on some metal-salphen complexes.  The addition of a methyl to 

each nitrogen resulted in a positive charge on both side arms.  The salphen-metal 

complexes investigated in the study are shown in Figure 3.18.  
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Due to the inefficient G-Quadruplex cleavage observed by this family of 

molecules, all the synthesized salphen ligands were not fully characterized. Therefore, the 

cleavage results reported in this section will only include NiS-OH, CuS-OH, ZnS-OH and 

NiS-2 since these ligands could be characterized by NMR and/or UV-Vis. Additionally, a 

series of metal chelated heteroaromatic multidentate ligands synthesized by Professor 

Gulnar Ranji at Southwestern University are reported for their potential to cleave G-

Quadruplex DNA. (Figure 3.19) The full results, including the partially characteried 

ligands, are in Appendix B. 

 

Figure 3.18. Structure of synthesized Salphen ligands to be investigated in G-Quadruplex 
cleavage study   
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3.3.1 Synthesis of Salphen Ligands 

The synthesis of the salphen analogs (Figure 3.18) was accomplished through 

adaptations of previously reported procedures.203, 231, 244, 245, 283 An outline of the synthesis 

of the ligands is in Scheme 1.  

The hydroxysalphen-metal complexes were obtained using a conventional 

procedure for the synthesis of salphens based on the condensation of 

hydroxysalicylaldehyde with either ethylenediamine  (salens) or 1,2 phenylenediamine 

(salphens) in pure alcohol at reflux for 30 minutes.  Addition of either 1 or 2 equivalents 

of the metal acetate or chloride, followed by refluxing the reaction for approximately an 

additional 3 hours produced the hydroxysalphen-metal complex. Normally, the metal-

complexes precipitated out upon cooling the reaction; however in some cases cold diethyl 

ether was required for precipitation.  The metal-salphen complex was then filtered, 

washed and dried under vacuum, affording MxS-OH (Scheme 1) in 25-80% yield.  

Figure 3.19. Structure of ligands synthesized by Professor Gulnar Rauji investigated in G-
Quadruplex cleavage study:  (A) Gr-08-29 (B)LG-11-17 (C) JK-11-01 (D) JK-
11-02 (E) Ck-11-09 
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Addition of the morpholine side arms onto the hydroxysalphen metal complex 

occurred by vigorously stirring the appropriate hydroxysalphen (MxS-OH, scheme 1) 

with 4-(2-chloroethyl) morpholine hydrochloride overnight in dry DMF and K2CO3 at 

90°C under argon, affording the morpholine substituted salphen (MxS-2, scheme 1).  The 

K2CO3 was then removed by filtration and the DMF was evaporated under reduced 

pressure.  The resultant solid was then recrystallized using a CH2Cl2/hexane mixture and 

Scheme 1.  Synthesis of Salphen ligands. The hydroxysalphen-metal complexes (MxS-
OH) were synthesized by Schiff base formation between 1,2 
phenylenediamine and 2 equivalents hydroxysalicylaldehyde, followed 
by chelation with either a 2+ or 3+ metal (Cu(OAc)2, Ni(OAc)2, 
Co(OAc)2, ZnCl2 FeCl3 or MnCl3).  MxS-2 was prepared by coupling 
MxS-OH with 4-(2-chloroethyl) morpholine hydrochloride and the 
methylation of the morpholine rings of MxS-2 afforded MxS-22+. 
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the final product was dried under vacuum.231 The final yield of the morpholine substituted 

metal salphen complexes ranged between 35-62%.    

The final 2+ charged morpholine salphen-metal complex products (MxS-2+, 

Scheme 1) were prepared in nearly quantitative yield by treatment with excess methyl 

iodide. MxS-2 and 100 equivalents methyl iodide was mixed in 1:1 CHCl3 and MeOH at 

50°C and stirred in the dark for 24 h to form MxS-22+ (Scheme 1).  The solvent was 

removed by evaporation and the resultant product was dried under vacuum,171 affording a 

yield of MxS-22+ between 88%-94%. 

3.3.2 SALPHEN PHOTO- AND OXIDATIVE CLEAVAGE HIGH THROUGHPUT SCREEN  

In order to maximize the potential to screen G-Quadruplex compounds for 

cleavage, the cleavage assay previously described220 was adapted for a 384 well rather 

than a 96 well plate.  For this adaptation 20 µL triplicate reactions of 100 nM dual-

labeled probe was used in each reaction rather than the 250 nM probe previously 

employed.  Similarly, the ligand concentration in each cleavage reaction was scaled 

down.  This high-throughput format was primarily used to screen a series of salphen 

ligands for their ability to cleave potassium stabilized F21T, F-cMyc22m-T and a mixed 

sequence DNA hairpin, F-mixed-T.  The results reported only include the metal chelated 

heteroaromatic ligands synthesized by Professor Gulnar Ranji (Figure 3.19) and the 

salphen ligands with good characterization (NiS-OH, CuS-OH, ZnS-OH, NiS-2). The full 

results including the partially characterized ligands are in Appendix B.  

3.3.2.1 F21T cleavage  

Initially, the salphen ligands (1 µM) and free metals (1 µM) were screened for 

their ability to cleave potassium stabilized F21T G-Quadruplex DNA (100 nM) by both 

photochemical and oxidative means.  The photo-cleavage of K+F21T by TMPyP4 (1 µM) 
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was also included in order to compare the relative extents of cleavage.  Given the 

significant absorbance of the salphens within both the ultraviolet and visible spectrum, 

the salphen molecules in the presence of K+F21T were irradiated with both UVA and 

visible light for 120 minutes each.  However despite the known affinity of salphen 

molecules for G-Quadruplex DNA,231, 233 the photocleavage of the (3+1) hybrid F21T 

topology did not occur to any significant degree (>5%) in the presence of these ligands. 

(Figure 3.20)  The free metals, especially Fe3+, on the other hand increased the samples’ 

normalized fluorescence to varying extents regardless of the reaction conditions. 

 

Since the the dissociation buffer was supplement with EDTA (final concentration 

1 mM) for these cleavage reactions, the increase in normalized fluorescence for samples 

incubated with the metal ion salts are unlikely due to a rearrangement of the G-

Quadruplex topology by divalent or trivalent metal.  Rather the metal ions cleave the G-

Figure 3.20. Normalized fluorescence intensity for 100 nM F21T samples irradiated in the 
presence of 1 µM salphen ligand or free metal for 120 min by lamps either 
centered at 350 nm (UVA) or 420 nm (420 nm) in 50 mM potassium 
cacodylate, pH 7.4 
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Quadruplex DNA and the metal ions are less reactive when chelated with the salphen. 

However, given the potential of platinum ligands to form DNA adducts,183, 284 

modification of the G-Quadruplex DNA may not be apparent by the solution study unless 

the adduct also disrupts the G-Quadruplex topology284 with significant a separation of the 

donor and acceptor fluorophores.    

The nuclease activity of the salphen family has been reported under a variety of 

conditions based on the identity of the central metal ion.  Metallo-salens can have diverse 

redox characteristics and produce a variety of reactive oxygen species in 

oxidative/reducing environments and provided the basis for the reactive conditions 

employed in this study.  For example, Cu(II) salphens have been postulated to cleave 

DNA by reduction of Cu(II) to Cu(I) and subsequent formation of the superoxide anion 

(O2
• –) by 2-mercaptopropionic acid (MPA) in the presence of oxygen.237, 243  Meanwhile, 

Ni (II) salphens conjugate to the N7 of a solvent accessible guanine in the presence of a 

peracid such as KHSO5 (Oxone).  Peracids however cleave duplex DNA in the presence 

of Mn (III) salphens.240, 285, 286 Both Co (II) and Fe (III) salphens cleave DNA in the 

presence of DTT, although their mechanisms of cleavage are different. Co (II) salphens 

can activate ambient oxygen to form dioxygen, which in turn cleaves DNA and oxidizes 

the Co (II) to Co (III).  DTT reduces Co (III) to Co (II) to maintain the nuclease activity 

of the ligand.239, 245 However, the redox activity of Fe(III)-salen complexes in the presence 

of DTT produces hydroxyl radicals.235, 244   

Although typically an inert metal, Pt(II) salen complexes have been found to 

undergo an one-electron oxidation either through electrochemical means or in the 

presence of equimolar (NH4)2Ce(NO3)6.287 Similarly, Zn(II) complexes are not redox 

active; however, Zn (II) chelated ligands have been shown cleave DNA by a hydrolytic 

mechanism, or without the addition of an oxidant or reducing agent.288-292 Hydrolytic 
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cleavage was investigated by incubating the DNA samples in the presence of the salphen 

ligands without the addition of a secondary activating agent for 120 minutes at 37 ˚C.  

This is in opposition to the “time zero” (baseline) samples, in which dissociation buffer 

supplemented with calf thymus DNA was added to well immediately following the 30 

minute preincubation.   

Across the various reaction conditions employed, the cleavage of the potassium 

stabilized F21T primarily occurred in the presence of the free metals ions under the 

oxidative conditions employed. (Figure 3.21)  None of the salphen ligands investigated 

significantly cleaved the G-Quadruplex DNA in the presences of an external oxidant, 

despite the reported nuclease activity of salphen molecules with duplex DNA.234-245 

However, the normalized fluorescence was slightly increased for 1 µM JK-11-02 in the 

presence of 1 µM (NH4)2Ce(NO3)6 for 30 minutes.287 The maximal increase in normalized 

fluorescence for the cleavage of K+F21T was ca. 10%, with a 10:1 excess JK-11-02.   

 

Figure 3.21. Normalized fluorescence intensity for 100 nM F21T DNA samples 
reacted in the presence of 1 µM salphen ligand or free metal for 15-120 
minutes (as indicated) with the indicated oxidant in 50 mM potassium 
cacodylate, pH 7.4 
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3.3.2.2 F-Cmyc22m-T 

The photocleavage of F-cMyc22m-T by the salphens was also investigated. Given 

the importance of ligand concentration on cleavage, a wider range of salphen 

concentrations were employed for the cleavage screen of the historically more efficient 

cleavage construct, F-cMyc22m-T.  The salphen concentrations employed ranged from a 

2-20 fold excess ligand. As shown in Figure 3.22, there is not a significant increase in F-

cMyc22m-T fluorescence upon UVA irradiation for 120 minutes in the presence of the 

salphens (200 nM-2 µM). The nickel and copper salphens have a square planar geometry, 

the octahedral geometry of the zinc salphen due to the axial ligands on the Zn(II) may 

hinder it efficient binding with the G-Quadruplex DNA.231  

 

The oxidative cleavage of 100 nM F-cMyc22m-T by various salphen ligands (0.2-

2 µM) in the presence of external oxidants exhibited a low level of increased normalized 

fluorescence. (Figure 3.23) The Ni(II) salphens in the presence of 100 µM oxone 

increased the normalized fluorescence of F-cMyc22m-T to varying extents, not 

Figure 3.22 Normalized fluorescence intensity for 100 nM F-cMyc22m-T samples 
irradiated in the presence of 0-2 µM salphen ligand for 120 min by lamps 
either centered 420 nm in 50 mM potassium cacodylate, pH 7.4 
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exceeding approximately 13%.  However, all DNA modification by the Ni(II) salphens 

may not be apparent by the solution study since the Ni(II) ligands are known to both 

oxidize guanine bases and to form a highly reactive alkylating agent via radical 

formation.293 Formation of an adduct will not necessarily significantly disrupt the G-

Quadruplex structure or separate the donor and acceptor fluorophores to indicate DNA 

modification by the solution study.  

 

3.3.2.3 Hairpin 

The photocleavage of F-mixed-T by the salphens was also investigated to 

determine whether the ligands would cleave duplex DNA. As shown in Figure 3.24, some 

of the salphens (0.2-2 µM) caused a slight increase in F-mixed-T normalized 

fluorescence upon irradiation with UVA for 120 minutes. Irradiation of F-mixed-T with 

Cu(II) or Zn(II) hydroxysalphen analogs did not cause an increase in FAM emission The 

Figure 3.23. Normalized fluorescence intensity for 100 nM F-cMyc22m-T samples reacted 
in the presence of 1 µM salphen ligand for 15, 120 and 120 minutes (100 µM 
oxone, 100 µM MPA and 1 mM DTT respectively) with the indicated oxidant 
in 50 mM potassium cacodylate, pH 7.4 
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axial ligand of Zn(II) should preclude its efficient binding with duplex DNA.  The Ni(II) 

salphens exhibited a slight increase in normalized fluorescence, which was generally 

greater than the fluorescence increase observed for F-cMyc22m-T cleavage.  

 

The oxidative cleavage reactions of 100 nM F-mixed-T by the various salphen 

ligands (0.2-2 µM) in the presence of the external oxidants resulted in only a slight 

increase in normalized fluorescence. (Figure 3.25) The most significant increase in FAM 

emission occurred with 0.2-2 µM Ni2+S-2 in the presence of100 µM oxone after 15 

minutes, corresponding to ca. 15% cleavage at a ligand to hairpin ratio of 2-20:1. Once 

again, it is noted that all DNA modification by the Ni(II) salphens may not be apparent 

by the FRET assay due to the capacity of the Ni(II) ligands to both oxidize guanine bases 

and form a highly reactive alkylating agent via radical formation.293  

Figure 3.24. Normalized fluorescence intensity for 100 nM F-mixed-T samples 
irradiated in the presence of 0-2 µM salphen ligand for 120 min by lamps 
either centered 420 nm in 50 mM potassium cacodylate, pH 7.4 
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3.3.3 Conclusions 

The extent of photochemical and oxidative cleavage of the G-Quadruplex DNA 

by the salphen ligands is not significant despite the reported nuclease activity of these 

ligands. This observation alludes to the important role ligand binding kinetics and/or 

orientation plays in the cleavage of G-Quadruplex DNA by the salphen ligands 

investigated in this study.  Due to the significant salphen concentration required for G-

Quadruplex oxidative cleavage, these salphen ligands are not ideal probes to investigate 

the existence of G-Quadruplex DNA in vivo.  

3.4 PHOTOCLEAVAGE OF G-QUADRUPLEXES BY SERIES OF PORPHYRIN ANALOGS 

TMPyP4 is a photocleavage agent known for its ability to photocleave both 

duplex and G-Quadruplex DNA; however, this compound has a low selectivity for 

binding G-Quadruplex over duplex161, 164 and triplex DNA.246, 247 Based on TMPyP4’s 

Figure 3.25. Normalized fluorescence intensity for 100 nM F-mixed-T samples reacted in 
the presence of 1 µM salphen ligand for 15, 120 and 120 minutes (100 µM 
oxone, 100 µM MPA and 1 mM DTT respectively) with the indicated oxidant 
in 50 mM potassium cacodylate, pH 7.4 
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photonuclease activity, a series of porphyrin ligands were screened to investigate factors 

influencing photocleavage efficiency and G-Quadruplex selectivity.  Both commercial 

and synthetic porphyrins were investigated and can be found in Figure 3.26.  

 

 The protoporphyrins (Figure 3.26 A-C) are G-Quadruplex ligands known to have 

high selectivity for G-Quadruplex over duplex DNA.248, 249 250, 251  Protoporphyrin IX 

(Figure 3.26 A) is reported to bind G-Quadruplex DNA 100-times better than duplex 

DNA,248 while the selectivity of NMM (Figure 3.26B) exceeds 500-fold.249 Additionally, 

protoporphyrins favor the parallel topology of G-Quadruplex DNA.248, 249, 251 For example, 

Figure  3.26. (A) protoporphyin IX (B) N-methyl mesoporphyrin IX (NMM) (C) 
Hemin (D) TMPyP2  (E) TMPyP3  (F) TmPyP4   Asymmetrical 
porphyrins: (G)  BM042 (H) BM043 (I) BM044  Tentacle porphyrins: (J) 
H2-1 (K) Zn-1 (L) Mn-1 (M) Cu-1 
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NMM (N-methyl mesoporphyrin IX) does not interact with anti-parallel G-Quadruplex 

DNA and only slightly binds the (3+1) mixed topology;249 while competition dialysis 

studies have found NMM binds termolecular G-Quadruplex DNA exclusively.294    

Likewise, protoporphyrin IX and to a lesser degree hemin have strong affinity for parallel 

G-Quadruplex over the (3+1) hybrid topology and neither binds anti-parallel G-

Quadruplex DNA.248-250 The affinity and selectivity of protoporphyrins for G-Quadruplex 

DNA is well established, however their photonuclease activity is unknown. 

As previously stated, the photonuclease activity of TMPyP4 for both duplex and 

G-Quadruplex DNA has been studied in detail,84, 162, 168, 169 however the photocleavage of 

G-Quadruplex DNA by TMPyP4 regioisomers TMPyP3 and TMPyP2 is less well 

known.168, 169 Intercalation of TMPyP4 and TMPyP3 into duplex DNA is credited as 

responsible for their nuclease activity.86, 88 Meanwhile the reduced photocleavage activity 

of TMPyP2 for duplex DNA is attributed to external electrostatic interactions as the 

primary mode of binding.  This is due to steric clash of the methyl groups on the pyridyl 

rings, which prevents TMPyP4 from adopting a planar conformation.86 These modes 

(intercalation vs. external electrostatic interactions) of DNA interaction directly relate to 

the porphyrins’ DNA photocleavage efficiency.  

Similar to the differential binding modes and cleavage efficiencies of TMPyP4 

and its regioisomers with duplex DNA, the binding mode of these porphyrins with G-

Quadruplex DNA are dictated by steric interactions166, 169, 212, 295 and also influences the 

extent of DNA cleavage.88, 169 TMPyP4 interacts with G-Quadruplex DNA via end 

stacking on the external tetrads.  However, the porphyrin does not directly stack on the 

tetrad due to the steric hindrance caused by the pyridyl groups that prevents efficient pi-pi 

stacking interactions.166, 167, 212  Likewise, TMPyP3 end stacks on the external tetrads of G-

Quadruplex DNA,169 but this regioisomer  also destabilizes the anti-parallel 
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topology.296 TMPyP2 on the other hand cannot end stack due to the lack of rotational 

freedom of its pyridyl groups and therefore primarily interacts with the G-Quadruplex 

loops. 168  

Enhancing the specificity of porphyrins for G-Quadruplex DNA cleavage can be 

accomplished by reducing their affinity for duplex DNA intercalation. However, the lack 

of TMPyP2 duplex intercalation does not benefit G-Quadruplex DNA binding or 

cleavage selectivity due to these same steric clashes.  The addition of a bulky side arm on 

a porphyrin is one method proposed to reduce duplex intercalation297 and effectively 

enhance G-Quadruplex selectivity. Asymmetric porphyrins and metalloporphyrins have 

been found to effectively photocleave duplex DNA based on efficient production of 

singlet oxygen,88 binding affinity88, 297 and mode of interaction.88, 169 In collaboration, 

asymmetrical porphyrins with a bulky side arms, (BM042, BM043 and BM044, Figure 

3.26G-I) were synthesized by Dr. Mishra Bhupendra from the lab of Dr. Dalip Kumar at 

Birla Institute of Technology and Science and subsequently investigated for their ability 

to selectivity photocleave G-Quadruplex DNA.  The impact of a single extended side arm 

and the importance of electrostatic and hydrophobic interactions between the ligand and 

G-Quadruplex or duplex DNA are also explored.   

Similarly, tentacle porphyrins, or porphyrins with four extended side arms, are 

known to have either diminished duplex binding and/or enhanced G-Quadruplex DNA 

interactions.84, 170-172, 215 Recently studied TMPyP4 analogs with four bulky amide 

substituents at the para position of the pyridyl ring and various chelated metal ions have 

all exhibited an enhanced G-Quadruplex selectivity either directly by FRET melting 

studies172 and SPR171, 172 or indirectly by a reduced oxidative cleavage of duplex DNA.84 

(Figure 3.26 L) However, tentacle length may be limited due to its direct relationship 

with porphyrin aggregation, which inhibits photonuclease activity.  Whether length or 
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hydrophobic interactions between the tentacles dominate aggregation is unknown.215 

However, the enhanced selectivity of tentacle porphyrins warrants further investigation of 

their G-Quadruplex photonuclease activity.  

In order to compare the porphyrins relative cleavage efficiencies under the same 

reaction conditions, the photocleavage of the dual-labeled G-Quadruplex DNA by 

TMPyP4 was once again investigated. The role of size, charge, position and identity of 

the side arms on the porphyrin scaffold, along with the role of the metal ion, on the 

photochemical DNA cleavage by porphyrins will be discussed.  From this data, a 

discernable relationship between DNA affinity and DNA cleavage selectivity can be 

identified and should aide in the identification of an in vivo G-Quadruplex probe. 

3.4.1 Synthesis of the amino-pyridyl porphyrins 

The synthesis of the amino-pyridyl- porphyrin ligands (Figure 3.26, J-M) was 

accomplished through adaptation of the previously reported procedure for the metal free 

tentacle porphyrin.171 (Figure 3.26 J) The metallated analogs (Figure 3.26, L-M) were 

synthesized by reacting the free base porphyrin with copper, manganese or zinc chloride.  

An outline of the synthesis of these amino-pyridyl- porphyrins can be seen in Scheme 2. 

5,10,15,20-tetra (p-amido-[ethyl-(3-pyridine)])porphyrin (S2A) was prepared by a 

condensation reaction forming an amide bond between 4 molecules of 3-

pyridinepropionic acid and 5,10,15,20-tetra(p-aminophenyl)porphyrin, affording S2A 

(Scheme 2) in 60 % yield.  

5,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-pyridine)])porphyrin (S2B, 

Scheme 2) was prepared in nearly quantitative yield by the quanternization of the 

nitrogen on each of the pyridine rings of  5,10,15,20-tetra(p-amido-[ethyl-(3-

pyridine)])porphyrin. S2A and 200 equivalents methyl iodide were mixed at 50°C in the 
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dark for 24 hrs to form S2B (Scheme 2).171 The solubility of the resulting compound was 

enhanced by chloride ion exchange (DOWEX 1x8-200) and the product was filtered and 

dried under vacuum with an overall yield of 91%. 

 

The metalloporphyrins subsequently were prepared by chelation of 5,10,15,20-

tetra(p-amido-[ethyl-(3-[N-methyl]-pyridine)])porphyrin (S2B, scheme 2) with excess 

manganese, copper or zinc chloride as previously described for the mild insertion of 

Scheme 2. Synthesis of free base and chelated amine-pyridyl porpyhrins 
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metal ions into porphyrin ligands. For the manganese analog, 5,10,15,20-tetra(p-amido-

[ethyl-(3-[N-methyl]-pyridine)])porphyrin and 16 fold excess MnCl2 were stirred for 24 

hours at room temperature in 3:2 H20/MeOH with catalytic 2,6, lutidine.221   Both the 

zinc and copper analogs were prepared by stirring 5,10,15,20-tetra(p-amido-[ethyl-(3-[N-

methyl]-pyridine)])porphyrin and 20 fold excess ZnCl2 or CuCl2 in H20 at reflux for 2 

hours.298   

For all chelated porphyrins, the reactions were monitored by UV-visible 

spectroscopy (Varian Cary100) and determined complete by the disappearance of the 

initial Soret and Q bands from S2B (Scheme 2) (419 nm, 520 nm, 558 nm, 638 nm) and 

the appearance of shifted Soret and Q bands for the manganese (422 nm, 470 nm, 562 

nm, 601 nm), zinc (425 nm, 559 nm, 502 nm) and copper (416 nm, 543 nm, 582 nm) 

analogs. Excess metal ions were removed by SepPak purification eluted with 1:1 

methanol to water and the final metalloporphyrins were dried under vacuum.  

3.4.2 Porphyrin cleavage screen for G-Quadruplex DNA 

The previously described 384-well high-throughput format was used to screen the 

thirteen porphyrins (Figure 3.26) for their nuclease activity with F21T (Na+ and K+), F-

cMyc22m-T G-Quadruplex DNA and F-mixed-T hairpin DNA.  The time and 

concentration dependence of duplex and G-Quadruplex cleavage, along with the 

selectivity of cleavage, was then further explored for six of the porphyrin ligands.  

3.4.2.1 Screen of Porphyrin Photocleavage of G-Quadruplex DNA 

For each of the dual-labeled G-Quadruplex DNA topologies, 100 nM G-

Quadruplex DNA was irradiated for 30 minutes with either 200 or 500 nM porphyrin 

ligand.   However, an exception was made for NMM (N-methyl mesoporphyrin IX) due 

to its lower affinity for DNA.249 Additionally, the G-Quadruplex cleavage by Mn-1, Cu-1 
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and Hemin (500 nM) was investigated in the presence of either 100 µM ascorbate, 100 

µM oxone or 0.05% H2O2 for 30, 15 or 15 minutes respectively. In order to properly 

compare the oxidative cleavage efficiencies of the ligands with a model compound, 

Mn•TMPyP4 (500 nM) in the presence of 100 µM oxone was also included in the screen.  

Similar to previous observations, the screen revealed there is a significant 

construct dependent cleavage by each of the porphyrins.  Across the board, cleavage of 

the parallel F-cMyc22m-T was most efficient and the anti-parallel Na+F21T was cleaved 

least efficiently.  Not only were construct dependent trends apparent, within a single G-

Quadruplex topology cleavage trends based on porphyrin structure were observed.  For 

each construct, the asymmetric porphyrin ligands were generally most efficient, followed 

by the TMPyP4 and its regioisomers and then the tentacle porphyrins. The 

protoporphyrins were generally the least efficient photocleavage compounds investigated, 

but they displayed the largest dependence on G-Quadruplex structure for photocleavage.                 

As for the oxidative cleavage reactions, there was little apparent porphyrin dependent 

cleavage with the exception of Mn•TMPyP4.  

K+F21T was most efficiently cleaved by BM044, with a normalized fluorescence 

equating to approximately 25% cleavage with 500 nM ligand, while the positively 

charged BM043 affected approximately 20% cleavage. (Figure 3.27A)   Interestingly 

BM044 is the most hydrophobic of the asymmetric analogs and further attests to the 

prominent role hydrophobic side chains of G-Quadruplex ligands can play in groove 

interactions.  The importance of the terminal group of a side chain for binding has 

previously been highlighted by a study of a series of perylene diimides, in which the PDIs 

with the more hydrophobic terminal groups displayed enhanced G-Quadruplex versus 

duplex selectivity.  This binding preference is attributed to less extensive interactions 
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with water molecules by the more hydrophobic ligands.176   The TMPyP4 regioisomers 

were all more efficient photocleavage reagents of K+F21T than BM042.  Additionally,  
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Figure 3.27. Normalized fluorescence intensity for 100 nM (A) F21T in 50 mM 
potassium cacodylate pH 7.4 (B) F21T in 50 mM sodium cacodylate pH 7.4 
(C) F-cMyc22m-T G-Quadruplex DNA samples irradiated in the presence 
of 200-1000 nM of the various porphyrins for 30 mins by 420 nm lamps in 
either 50 mM potassium or sodium cacodylate buffer 
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although TMPyP3 was a more efficient photocleavage agent than either TMPyP2 or 

TMPyP4, the disparity between the extent of the DNA cleaved by each porphyrin was not 

significant despite previous reports.168, 217  

The photonuclease activity on K+F21T by the tentacle porphyrin H2-1 was similar 

to TMPyP2 (18% vs. 15% respectively at 500 nM).  Zn-1 G-Quadruplex photocleavage 

was less efficient than cleavage by the free base porphyrin H2-1.  However, unlike the 

concentration dependence observed for H2-1, 500 nM Zn-1 exhibited diminished 

cleavage in comparison to 200 nM Zn-1 (3% at 500 nM and 10% at 200 nM Zn-1).  This 

observation may reflect a ligand induced topology change towards a less efficient DNA 

cleavage substrate, such as the anti-parallel F21T topology. However more empirical data 

is required to determine whether a topology shift actually occurs due to Zn-1 

concentration. Although Zn•TMPyP4 and a quaternary ammonium Zn(II) phtalocyanine  

 induces a parallel topology,298 TMPyP4 and Zn(II) 3,4-TMPyPz porphyrazine promote 

the formation of an anti-parallel G-Quadruplex.110, 273 Therefore based on these 

observations, the likelihood of an induced change in topology can not be inferred from 

ligand structure.  Meanwhile, the diminished binding affinity towards the (3+1) hybrid 

topology likely directly impacted the photonuclease activity of the protoporphyrins for 

the potassium stabilized F21T topology. 

As for the anti-parallel sodium stabilized F21T (100 nM), the protoporphyrins did 

not cleave the G-Quadruplex DNA at all. (Figure 3.27 B) This is attributed to a lack of G-

Quadruplex binding.248-250 Similar to K+F21T, BM044 (500 nM) was the most efficient 

cleavage agent (20%), closely followed by BM043 (17%), while the photonuclease 

activity of BM042 (10%) was significantly diminished. Interestingly, 200 nM TMPyP2 

(18%) was a more efficient photocleavage agent than either 500 nM TMPyP3 (15%) or 

TMPyP4 (12%).  The may reflect the destabilizing effect of TMPyP3299 and the greater 
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stabilization by meta than para-substituted phenyl groups of tetratolyl porphyrins214 on 

anti-parallel human telomeric G-Quadruplex DNA. Additionally, the photocleavage of 

Na+F21T by H2-1 approximates the extent of cleavage by TMPyP4 and similar to 

previous observations Zn-1 lacks concentration dependence.  The lack of concentration 

dependence with both F21T topologies alludes to a possible concentration dependent 

inhibition of Zn-1 photochemistry either by contact quenching or an aggregative process.  

Cleavage of the F-cMyc22m-T parallel topology was once again the most 

efficient.  BM043 and BM044 were the most efficient photonucleases with this construct. 

(Figure 3.27 C)   It should be noted that unlike with F21T, cleavage by the hydrophilic 

BM043 exceeded cleavage by BM044, 35% and 30% respectively.  This reversal of 

cleavage efficiency may be rooted in the lower capacity for the important groove 

interactions for the hydrophobic BM044 due to the short loops (1-2-1 nucleotides long) 

of the parallel F-cMyc22m-T.  TMPyP3, BM042, H2-1 and TMPyP4 also exhibited 

similar photocleavage activities (22%, 18%, 18%, 15% respectively).  

However unlike F21T, F-cMyc22m-T was photocleaved to some degree by the 

protoporphyrins due to their enhanced binding affinity with the parallel topology. (Figure 

3.27 C)   The photonuclease activity of the protoporphyrins with F-cMyc22m-T confirms 

this ligand family is capable of photocleavage.  Furthermore, this finding indicates that 

the protoporphyrins’ diminished cleavage of F21T is due to their reduced binding affinity 

for the DNA topologies rather than their inability to photocleave G-Quadruplex DNA.248-

250 NMM exhibited noticeable photo-cleavage only at 1 µM concentration, probably due 

to this ligand’s low affinity for G-Quadruplex DNA due to its negative charge at neutral 

pH.249  Although not an extremely efficient cleavage agent, based on the high selectivity 

of NMM for parallel stranded G-Quadruplex DNA, NMM was the only commercially 

available porphyrin further explored for its ability to photocleavage G-Quadruplex DNA. 
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3.4.2.2 Screen of Porphyrin Oxidative Cleavage of G-Quadruplex DNA 

As for the oxidative cleavage reactions investigated, the extent of K+F21T G-

Quadruplex cleavage rivaled the inherent background cleavage observed for each 

oxidative reagent.  The only significant exception to this observation was the G-

Quadruplex cleavage by Mn•TMPyP4 in the presence of oxone. (Figure 3.28 A)    

Therefore, none of the explored porphyrin compounds (Hemin, Cu-1 or Mn-1) were 

efficient oxidative cleavage reagents.  It is unknown whether this observation is due to a 

reduced binding affinity for these compounds with the DNA or their inability to produce 

reactive species.  Hemin is known to only bind weakly to (3+1) hybrid G-Quadruplex 

DNA250 and Mn-1 efficiently binds a potassium stabilized human telomeric construct.171 

Details of the actual orientation and binding mode of Mn-1 with the human telomeric G-

Quadruplex DNA are unknown.  Studies have shown however, Mn-1 in the presence of 

oxone cleaves duplex DNA, albeit inefficiently compared to Mn•TMPyP4.84  The lack of 

Mn-1 cleaved G-Quadruplex DNA may reflect differences in DNA binding orientation 

between Mn-1 and Mn•TMPyP4 that affect either the formation of the high valent and 

reactive oxo-metalloporphyrin or the proximity between the reactive species produced 

and the appropriate DNA substrate (nucleotide, hydrogen, etc) required by the species to 

elicit cleavage.  
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Similar to K+F21T, oxidative cleavage of Na+F21T did not occur except in the 

presence of Mn•TMPyP4 (500 nM for 15 minutes) and 100 µM oxone. (Figure 3.28 B)    

As for the rest of the porphyrins investigated, the normalized fluorescence did not 

noticeably exceed the fluorescence of the control samples.  The control samples 

accounted for background cleavage due the oxidants alone (100 µM ascorbate for 30 min, 

0.05% H2O2 for 15 min and 100 µM oxone for 15 min). While none of the porphyrins 

(except Mn•TMPyP4) elicited DNA cleavage, the extent of background DNA cleavage 

due to incubation with 0.05% H2O2 was actually reduced due to the presence of Cu(II) or 

Cu-1.   
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Figure 3.38 Normalized fluorescence intensity for 100 nM (A) F21T in 50 mM potassium 
cacodylate pH 7.4 (B) F21T in 50 mM sodium cacodylate pH 7.4 (C) F-
cMyc22m-T  G-Quadruplex DNA samples in the presence of 500 nM of the 
porphyrin and reacted with the oxidant ascorbate (100 µM), H2O2 (0.05%) or 
oxone (100 µM) for 30, 30 and 15 minutes respectively. 
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F-cMyc22m-T however was not only cleaved by Mn•TMPyP4, but also by 

Hemin. While H2O2 itself was responsible for approximately 15% the cleavage, the extent 

of DNA cleavage in the presence of Hemin was ca. 28%. (Figure 3.28 C)   The cleavage 

of this construct reflects Hemin’s selectivity for parallel G-Quadruplex DNA.250 Once 

again, F-cMyc22m-T samples with Cu(II) or Cu-1 displayed a depressed normalized 

fluorescence compared to F-cMyc22m-T samples incubated with 0.05% H2O2 alone. 

Meanwhile, F-cMyc22m-T oxidative cleavage by Mn•TMPyP4 was still most significant. 

The oxo-metalloporphyrin Mn•TMPyP4 cleaved approximately 52% of the G-

Quadruplex originally present, which exceeds DNA cleavage by Hemin approximately 2-

fold.   

Despite the differences in cleavage efficiencies for each G-Quadruplex construct, 

general trends in photonuclease activity for the porphyrins can be established. In general 

the asymmetrical porphyrins BM043 and BM044 are the most efficient photonuclease 

reagents, while photocleavage by BM042 significantly lags behind both BM044 and 

BM043.  These three ligands have identical scaffolds aside from their terminal groups 

and therefore steric interactions should not play a major role in pi-pi stacking and 102 

production. Rather the side arms likely play a role in binding affinity and selectivity by 

interactions with the G-Quadruplex grooves. 

 TMPyP2, TMPyP3 and TMPyP4 generally have lower photonuclease activities 

than either BM044 or BM043.  This observation may reflect the different affinities of the 

ligands towards G-Quadruplex DNA or more efficient stacking interactions.  It also 

should be noted that TMPyP4 with chloride counter ions exhibits a reduced cleavage 

efficiency compared to F-cMyc22m-T cleavage by TMPyP4 with tosylate counter ions. 

(Figure 3.27 C)  In this investigation, chlorides are also the counter ions of TMPyP3 and 

TMPyP2. Based on the observed differences in TMPyP4 cleavage in the presence of 
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chloride or tosylate counter ions, it is possible that the identities of counter ions impacts 

photonuclease activity.  The counter ions of BM042, BM043 and BM044 are iodides, 

while the tentacle porphyrins have chlorides.  Inconsistencies between the counter ions of 

the porphyrins screened may have an intended and unforeseen role and therefore impact 

the direct comparison of cleavage efficiencies among the ligands investigated.  Further 

studies are required to determine the extent the counter ion plays in G-Quadruplex 

cleavage.      

Meanwhile, G-Quadruplex DNA photocleavage by the tentacle porphyrins is 

diminished overall in comparison, but may afford a greater selectivity, than the cleavage 

by the asymmetrical porphyrins or the TMPyP4 regioisomers.  H2-1 is both a more 

efficient cleavage agent than Zn-1 and displays concentration dependence, while an 

increased Zn-1 concentration negatively affects cleavage.  These dissimilarities between 

H2-1 and Zn-1 photocleavage may reflect differences in G-Quadruplex ligand binding 

due to the planar structure of H2-1 and the square pyramidal geometry of Zn-1, which is 

caused by an axial ligand on the central Zn(II) ion. 

Finally, while known to be both selective in binding both G-Quadruplex DNA 

and a particular G-Quadruplex topology, the protoporphyrins were generally the least 

efficient cleavage agents investigated. Only an elevated concentration of NMM 

photocleaved the parallel G-Quadruplex F-cMyc22m-T.  Overall, the photonuclease 

activity of the porphyrins investigated across the G-Quadruplex topologies can be ranked 

and in terms of the porphyrins’ general structures this rank is as follows: asymmetrical 

porphyrins >TMPyP4 regioisomers > tentacle porphyrins > protoporphyrins.  This 

ranking however only reflects the cleavage efficiency of each of the ligands and not take 

into account the crucial role binding and cleavage selectivity play in the search for a G-

Quadruplex in vivo probe.   
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Additionally, PAGE analysis was performed on select samples from the porphyrin 

cleavage screen.  These gels are located in Appendix C and support the solution study 

observations. 

3.4.3 Time and Concentration dependence of porphyrin cleavage 

Following the G-Quadruplex cleavage screen by the porphyrin ligands, the time 

and concentration dependence of photocleavage was further explored.  The compounds 

investigated include the protoporphyrin derivative NMM, the synthetic asymmetrical 

porphyrins BM042, BM043, BM044 and the tentacle porphyrins H2-1 and Zn-1. 

3.4.3.1 Photochemical cleavage of G-Quadruplex DNA by TMPyP4  

The time and concentration dependence of TMPyP4 photochemical cleavage of 

250 nM dual labeled G-Quadruplexes has been thoroughly investigated.220 However in 

order to directly compare the cleavage profiles of the 100 nM dual-labeled probes by the 

porphyrins to the model porphyrin cleavage compound (TMPyP4), the concentration 

dependent photochemical cleavage of 100 nM dual-labeled G-Quadruplex and hairpin 

DNA was investigated with 0-1 µM TMPyP4.  

The time and concentration dependence of TMPyP4 photochemical cleavage of 

100 nM G-Quadruplex is similar to the 250 nM G-Quadruplex cleavage profiles after 120 

minute irradiation.  The fluorescence intensity of the K+F21T samples increased 

proportionally with TMPyP4 concentration up to ca. 300-500 nM TMPyP4, or a 3- to 5-

fold excess ligand. (Figure 3.29) Further increase in TMPyP4 concentration resulted in 

little increase in FAM emission.  The initial rate of TMPyP4 photo-cleavage of the anti-

parallel Na+ F21T was once again more rapid than the cleavage of the potassium 

stabilized F21T topology and photocleavage of the sodium stabilized F21T once again 

plateaued at a lower TMPyP4 concentration than with K+ F21T.  This reflects a lower 
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stoichiometry of TMPyP4 binding for the Na+F21T topology. (Figure 3.29)  Although the 

normalized fluorescence of the 250 nM Na+ F21T cleavage reaction plateaus at a ligand 

concentration corresponding to a 1-2:1 ratio of TMPyP4 to Na+F21T, the 100 nM Na+ 

F21T cleavage reaction maximizes in the presence of approximately 3-fold excess ligand.  

 

TMPyP4 photocleavage of 100 nM F-cMyc22m-T is most efficient and the initial 

rate of cleavage was more rapid than with either F21T topology and was in agreement 

with the rate of G-Quadruplex cleavage observed with 250 nM DNA.  Similarly, the 

maximum increase in normalized fluorescence of F-cMyc22m-T was obtained for 

samples irradiated in the presence of 200-300 nM TMPyP4. This corresponds to 

approximately a 2- to 3- fold ligand excess. (Figure 3.29) Further increases in TMPyP4 

concentration did not result in a significantly higher FAM fluorescence.   The most 

significant difference between the photochemical cleavage profiles of 100 nM or 250 nM 

F-cMyc22m-T by TMPyP4 was the lack of FAM photobleaching that occurred at higher 

TMPyP4 concentrations in the presence of 250 nM DNA. 

Figure 3.29. Normalized fluorescence intensity of 100 nM G-Quadruplex (F21T and F-
cMyc22m-T) and duplex (F-mixed-T) DNA samples irradiated in the presence 
of 0-1000 nM TMPyP4 for 120 minutes by 420 nm lamps in either 50 mM 
potassium or sodium cacodylate buffer.  
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Finally, the photocleavage of 100 nM F-mixed-T by 0-1 µM TMPyP4 was least 

efficient for the dual labeled probes.  The major point of difference between the cleavage 

profiles of 100 nM and 250 nM F-mixed-T with TMPyP4 was the variation in ligand 

binding stoichiometry.  The normalized FAM intensity was highest with ca. 500 nM 

TMPyP4 with 250 nM F-mixed-T, corresponding to a 2:1 TMPyP4 to ligand ratio.  

Meanwhile, the photocleavage of 100 nM F-mixed-T plateaued between 300 nM to 500 

nM ligand, corresponding to a 3- to 5-fold excess. (Figure 3.29) These differences in 

apparent TMPyP4 binding stoichiometry may reflect the DNA binding affinity of the 

ligand.  At lower DNA concentrations and as binding affinity of a ligand for the DNA 

diminishes, higher ligand concentrations are required to maximize DNA-ligand 

occupancy. Thus the apparent binding stoichiometry increases. 

3.4.3.2 NMM cleavage of F-cMyc22m-T 

 Due to the well-established selectivity of NMM for binding parallel G-

Quadruplex structures, the time and concentration dependence of NMM photocleavage of 

F-cMyc22m-T and F-hairpin-T was investigated.  As observed in Figure 3.30 A, there 

was a strict concentration dependence of photocleavage, which likely reflects binding 

affinity.  The negative charge of NMM at physiological pH reduces its overall affinity for 

negatively charged nature of DNA; however the negative charge of the ligand is also 

responsible for the enhanced G-Quadruplex selectivity of NMM.249   While 

photocleavage of 100 nM F-cMyc22m-T was first apparent with 500 nM NMM, there 

was a marked increase in FAM emission in the presence of 1 µM NMM.  Further 

increase in NMM concentration (2 µM) did not alter FAM emission, indicating maximal 

binding has occurred. Although moderate, maximal cleavage efficiency occurs after 120 

minute irradiation (lamps centered at 420 nm) in the presence of 1 µM NMM, with a 

normalized fluorescence reflecting approximately 30% cleavage.  Possibly reflecting 
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oxidation of the FAM fluorophore, irradiation of 100 nM F-cMyc22m-T in the presence 

of 2 µM NMM exhibited a slightly reduced apparent cleavage (~25%).  An increase in 

FAM emission of 100 nM F-mixed-T hairpin however did not occur across all the time 

and NMM concentrations employed. (Figure 3.30 B) The lack of hairpin cleavage by 

NMM likely reflects the diminished duplex binding affinity of the ligand. 

 

 

3.4.3.3 G-Quadruplex cleavage by BM042, BM043, BM044 

The time and concentration dependence of the photochemical cleavage of the 

dual-labeled G-Quadruplex constructs by BM042 was distinct for each topology.  A 

moderate increase in the FAM fluorescence was observed for photocleavage reactions 

containing 100 nM of the (3+1) hybrid F21T and up to approximately 300 nM or 3-fold 

excess BM042 subjected to irradiation for 10, 30 or 120 minutes. (Figure 3.31A)  Further 

increase in BM042 concentration increased the normalized fluorescence slightly. The 

highest normalized fluorescence corresponded to approximately 15% cleavage with 500 

nM BM042 after 120 minutes irradiation. 
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Figure 3.30. Normalized fluorescence intensity for different 100 nM DNA samples (G-
Quadruplex and hairpin) irradiated in the presence of 0-2 µM NMM for 0–120 
min by 420 nm lamps. (A) parallel F-cMyc22m-T in 50 mM potassium 
cacodylate buffer.  (B) F-Mixed-T hairpin in 50 mM potassium cacodylate 
buffer. Black circles-10 min, gray triangles - 30 min, black squares- 120 min 
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 This time and concentration dependence of the photocleavage of the potassium 

stabilized F21T construct by BM042 was similar for both photocleavage reactions 

containing 100 nM or 250 nM (3+1) hybrid K+ F21T.  The fluorescence intensities of the 

samples subjected to irradiation (10-120 minutes) increased with BM042 concentrations 

up to approximately 750 nM or approximately 3-fold excess ligand relative to F21T and 

are slightly diminished at higher BM042 concentrations. (Figure 3.32)  The highest 

normalized fluorescence corresponded to approximately 40% cleavage with 750 nM 

BM042 after 120 minutes irradiation.  The increase in the extent of K+F21T 
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Figure 3.31. Normalized fluorescence intensity for different 100 nM DNA samples (G-
Quadruplex and hairpin) irradiated in the presence of 0-500 nM BM042 for 
0–120 min by 420 nm lamps. (A)  (3+1) mixed hybrid F21T in 50 mM 
potassium cacodylate buffer.  (B) anti-parallel F21T in 50 mM sodium 
cacodylate buffer.  (C) parallel F-cMyc22m-T in 50 mM potassium 
cacodylate buffer.  (D) F-Mixed-T hairpin in 50 mM potassium cacodylate 
buffer. Black circles-10 min, gray triangles - 30 min, black squares- 120 min 
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photocleavage with by BM042 for 250 nM versus 100 nM F21T reflects the bimolecular 

nature of DNA binding.  Although the Ka remained constant, the extent of F21T bound 

by the ligand increased with increased DNA concentration, thus a higher extent of 

cleavage is reflected in the increased extent of ligand occupancy of the DNA.  

 

Unlike the K+ F21T, in which the extent of cleavage began to plateau at 

approximately 300 nM, the solution based photocleavage of Na+F21T by BM042 showed 

an increase in FAM fluorescence in an approximate linear fashion as a function of 

BM042 concentration after 10, 30 or 120 minutes irradiation. (Figure 3.31 B) Maximal 

cleavage occurred with 500 nM BM042 after 120 minutes and corresponded to 

approximately 25% cleavage.  The increased cleavage and apparent stoichiometry 

between the sodium and potassium stabilized F21T constructs may reflect differential 

binding due to the cation induced structural changes of the oligonucleotide. 

Figure 3.32. Normalized fluorescence intensity for 250 nM F21T in 50 mM potassium 
cacodylate buffer irradiated in the presence of 0-500 nM BM042 for 0–120 
min by 420 nm lamps. Black circles-10 min, gray triangles - 30 min, black 
squares- 120 min 
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The photochemical cleavage of F-cMyc22m-T by BM042 is different from the 

cleavage reaction of either F21T topology.  The fluorescence intensities of samples 

subjected to irradiation for 10, 30 and 120 minutes increased linearly up to approximately 

500 nM BM042, or 5- fold excess relative to F-cMyc22m-T. (Figure 3.31 C) The 

maximal FAM fluorescence increase occurred with 500 nM BM042 after 120 minute 

irradiation, which corresponds to approximately 28% cleavage of the F-cMyc22m-T 

construct initially present.  Photocleavage of F-cMyc22m-T by BM042 is a much more 

efficient than either of the potassium or sodium stabilized F21T topologies.    

While BM042 cleaves the G-Quadruplex topologies, the dual labeled duplex 

DNA hairpin is not significantly cleaved by the ligand.  Across all concentrations and 

times employed, the maximal extent of cleavage was only approximately 7%. (Figure 

3.31 D)  The low level of cleavage of the hairpin may reflect a lower affinity of BM042 

for the DNA and/or an inability to intercalate into the duplex, which results in a 

diminished capacity for photocleavage.    

Similar to BM042, each G-Quadruplex topology also displayed a unique time and 

concentration dependent photochemical cleavage by BM043.  The fluorescence 

intensities of the K+F21T samples subjected to irradiation for 10, 30 or 120 minutes 

increased linearly with BM043 concentrations up to approximately 500 nM, 

corresponding to a 5-fold excess ligand relative to F21T. (Figure 3.33 A)  The highest 

normalized fluorescence corresponded to approximately 25% cleavage with 500 nM 

BM043 after 120 minutes irradiation. 

The time and concentration dependent photocleavage observed for both 100 nM 

and 250 nM potassium stabilized F21T by BM043 were similar to some degree.  The 

FAM intensities of the samples subjected to irradiation for 10, 30 or 120 minutes 

increased with BM043 concentrations up to approximately 1250 nM or approximately 5-
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fold excess ligand relative to F21T.  At higher concentrations (2.5 µM) the extent of 

cleavage plateaued. (Figure 3.34)  This ratio is in agreement with the ratio observed with 

100 nM K+F21T. The maximal normalized fluorescence, corresponding to approximately 

45% cleavage, occurring in the presence of 1250 nM BM043 after 120 minutes 

irradiation.  

 

BM043 cleavage of the sodium stabilized F21T cleavage increased proportionally with 

BM043 concentration after 10, 30 or 120 minute irradiation. Similar to K+F21T, the 

Figure 3.33. Normalized fluorescence intensity for different 100 nM DNA samples (G-
Quadruplex and hairpin) irradiated in the presence of 0-500 nM BM043 for 
0–120 min by 420 nm lamps. (A)  (3+1) mixed hybrid F21T in 50 mM 
potassium cacodylate buffer.  (B) anti-parallel F21T in 50 mM sodium 
cacodylate buffer.  (C) parallel F-cMyc22m-T in 50 mM potassium 
cacodylate buffer.  (D) F-Mixed-T hairpin in 50 mM potassium cacodylate 
buffer. Black circles-10 min, gray triangles - 30 min, black squares- 120 min 
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photochemical cleavage of 100 nM Na+F21T increased linearly as a function of 

concentration between 100 nM and 500 nM BM043. (Figure 3.33 B)  The maximum 

increase in normalized fluorescence occurred with 500 nM BM043 after 120 minutes 

irradiation and corresponds to ca. 22% cleavage with a 5-fold ligand binding 

stoichiometry.  Although the extent of total photocleavage by BM043 is slightly greater 

for K+F21T, the rate of photochemical cleavage by BM043 is similar for both topologies. 

 

Cleavage of 100 nM F-cMyc22m-T by BM043 varies from the cleavage profiles 

of both the K+ and Na+ F21T topologies and is more efficient.  The fluorescence intensity 

of F-cMyc22m-T samples subjected to irradiation for 10 to 120 minutes increased 

proportionally with BM043 concentration up to approximately 300 nM BM043, or 3- 

fold excess relative to F-cMyc22m-T.  At higher BM043 concentrations, the extent of 

DNA cleavage was slightly decreased. (Figure 3.33 C) The maximum normalized 

fluorescence occurred with 300 nM BM043 after 120 minute irradiation, corresponding 

to approximately 33% cleavage of the F-cMyc22m-T construct initially present.     

Figure 3.34. Normalized fluorescence intensity for 250 nM F21T in 50 mM potassium 
cacodylate buffer irradiated in the presence of 0-500 nM BM043 for 0–120 
min by 420 nm lamps. Black circles-10 min, gray triangles - 30 min, black 
squares- 120 min 
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However unlike BM042, BM043 cleaved the dual-labeled hairpin DNA in 

addition to the G-Quadruplex topologies.  The maximal extent of hairpin cleavage was 

approximately 18% in the presence of 500 nM BM043 after 120 minutes irradiation. 

Figure 3.33 D)  The increased cleavage efficiency of BM043 for the hairpin DNA may 

reflect an increase in the relative binding affinity due to increased electrostatic 

interactions by the positively charged terminal group of BM043.  

The time and concentration dependent photochemical cleavage of the dual-labeled 

G-Quadruplex constructs by the hydrophobic BM044 is also distinct.  Increased FAM 

fluorescence due to BM044 photocleavage was observed for 100 nM K+F21T.  The 

fluorescence intensities of the samples subjected to irradiation for 30 and 120 minutes 

increased sharply with BM044 concentrations. (Figure 3.35 A)  The highest normalized 

fluorescence corresponded to ca. 26% cleavage with 500 nM BM044 after 120 minutes 

irradiation, which corresponds to approximately 5-fold excess ligand relative to F21T.    

 Similarly, the FAM fluorescence emission for the photochemical cleavage 

reactions of 250 nM K+ F21T by BM044 increased proportionally with ligand 

concentration up to 1250 nM BM044 or approximately 5-fold excess ligand relative to 

F21T.  Further excess of ligand did not increase FAM emission. (Figure 3.36 A)  The 

highest normalized fluorescence observed corresponded to approximately 50% cleavage 

with 1250 nM BM044 after 120 minutes irradiation. For both 100 nM and 250 nM 

K+F21T, the FAM fluorescence intensities of photochemical cleavage reactions by 

BM044 maximized in the presence of 5-fold excess ligand. 
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Figure 3.35. Normalized fluorescence intensity for different 100 nM DNA samples (G-
Quadruplex and hairpin) irradiated in the presence of 0-500 nM BM044 for 0–
120 min by 420 nm lamps. (A)  (3+1) mixed hybrid F21T in 50 mM potassium 
cacodylate buffer.  (B) anti-parallel F21T in 50 mM sodium cacodylate buffer.  
(C) parallel F-cMyc22m-T in 50 mM potassium cacodylate buffer.  (D) F-
Mixed-T hairpin in 50 mM potassium cacodylate buffer. Black circles-10 min, 
gray triangles - 30 min, black squares- 120 min 
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 The time and concentration dependence of BM044 cleavage observed for the 

Na+F21T samples increased proportionally with BM044 concentration after 10 and 30 

minute irradiation.  However, unlike the K+ F21T cleavage profile, the cleavage of Na+ 

F21T plateaued with 300 nM BM044 after 120 minute irradiation. (Figure 3.35 B)  The 

intensity of the normalized FAM fluorescence was maximal with 500 nM BM044 and 

120 minutes irradiation, corresponding to approximately 22% cleavage and a 5-fold 

binding stoichiometry. 

There is a proportional increase in the F-cMyc22m-T FAM fluorescence 

intensities of samples subjected to irradiation for 30 or 120 minutes with BM044 

concentrations up to approximately 300 nM BM044.  This corresponds to a 3- fold excess 

ligand concentration relative to F-cMyc22m-T. (Figure 3.35 C)  Further increases in 

BM044 concentration relative to F-cMyc22m-T did not significantly increase the FAM 

emission. The normalized fluorescence intensity of F-cMyc22m-T maximized with 500 

nM BM044 after 120 minute irradiation and corresponds to ca. 32% cleavage of the F-

cMyc22m-T construct initially present.    

The time and concentration dependent profiles of BM044 photochemical cleavage 

of 100 nM and 250 nM F-cMyc22m-T however appears to be different.  For 250 nM F-

cMyc22m-T cleavage reactions, the fluorescence intensity of samples subjected to 

irradiation for 10-120 minutes increased with BM044 concentration up to approximately 

750 nM or approximately 3-fold excess ligand relative to F-cMyc22m-T. (Figure 3.36 B) 

The maximum normalized fluorescence corresponded to approximately 65% cleavage of 

F-cMyc22m-T after 120 minutes irradiation.   Further increases in BM044 concentration 

diminished F-cMyc22m-T normalized fluorescence.  This is likely due to FAM 

photobleaching.  Photocleavage reactions between BM044 and 100 nM F-cMyc22m-T 

however did not result in FAM photobleaching upon 5-fold excess BM044.  The lack of 
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photobleaching is likely due to diminished binding interactions between BM044, F-

cMyc22m-T and FAM due to the lower concentration of DNA present.  

While BM044 photocleaves the G-Quadruplex DNA to varying degrees, the 

photochemical cleavage of the dual labeled hairpin by BM044 is insignificant. (Figure 

3.35 D)  The increase in normalized fluorescence did not exceed ca. 9% across all 

concentrations and times employed.  The low level of cleavage is possibly due to the 

hydrophobic terminal group on the arm of the porphyrin diminished the binding affinity 

for the hairpin DNA and/or the inability of BM044 to intercalate and cleave the DNA. 

The differences in cleavage efficiency between BM042, BM043 and BM044 can 

be attributed to differences in binding affinity between the porphyrins and the G-

Quadruplex DNA.  This is similar to an observation for the cleavage of duplex DNA; 

porphyrins that are equally efficient in the production of singlet oxygen photocleave the 

DNA in direct correlation with their individual DNA binding affinities.88 Since the 

scaffolds of the asymmetrical porphyrins are identical, it is assumed there are not inherent 

differences in the stacking interactions or production of reactive species.  Therefore, the 

identity of the terminal group on the side arm plays a large role in binding and 

subsequently G-Quadruplex cleavage.  

The terminal group of BM044 is the most hydrophobic, while the positively 

charged terminal group of BM043 is the most hydrophilic.  BM043 effectively interacts 

with the G-Quadruplex DNA by increasing electrostatic interactions.  Meanwhile, it has 

previously been suggested that a terminal hydrophobic group on a G-Quadruplex ligand 

can mediate an increased and more selective binding by interactions with the G-

Quadruplex grooves.176 The prominent role hydrophobic interactions can play in G-

Quadruplex ligand binding is further revealed in the extent of G-Quadruplex cleavage by 

BM044.  BM044 generally cleaved the G-Quadruplex constructs more efficiently than 
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BM043.  Only with F-cMyc22m-T did the extent of cleavage by BM043 exceed the 

photocleavage by BM044.  However this may be attributed to the shorter loop of F-

cMyc22m-T compared to F21T reducing the extent of groove interactions by the more 

hydrophobic BM044.  

  The hydrophobic terminal group of BM044 may also prevent its efficient 

intercalation within the duplex hairpin.  Furthermore, a lack of duplex binding would 

account for the low extent of hairpin photocleavage observed by BM044.  Meanwhile, 

BM043 does not exhibit the binding selectivity of BM044.   The increased electrostatic 

interactions upon binding the negatively charged DNA drive a more promiscuous DNA 

binding by BM043.  Therefore, G-Quadruplex cleavage by BM043 is less selective. 

 Finally, DNA binding by BM042 is driven by neither electrostatic nor 

hydrophobic interactions.  Therefore, the G-Quadruplex binding affinity of BM042 is 

diminished compared to the binding affinity of BM043 and BM044.  The lower DNA 

binding affinity of BM042 provides a rationale to the diminished G-Quadruplex cleavage 

observed for the porphyrin. 

3.4.3.4 G-Quadruplex cleavage by H2-1 and Zn-1 

Despite the less efficient photonuclease activity of H2-1 and Zn-1, the 

photochemical cleavage of each G-Quadruplex topology by the tentacle porphyrins 

displayed unique time and concentration dependence. The fluorescence intensities of the 

potassium stabilized F21T samples subjected to irradiation for 30 minutes increased 

linearly with H2-1 concentrations up to approximately 2 µM, corresponding to a 20-fold 

excess ligand relative to F21T.  The FAM fluorescence of samples irradiated for 120 

minutes on the other hand plateaued at 1 µM H2-1, which corresponds to a 10:1 H2-1 to 

DNA ratio. (Figure 3.37A)  The highest normalized fluorescence of K+ F21T 

corresponded to approximately 20% cleavage with 1 µM H2-1 after 120 minutes 
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irradiation.  The difference in the normalized FAM fluorescence between the 30 and 120 

minute irradiation samples and the disparity in the apparent stoichiometry may indicate a 

topological change occurred in the presence of higher H2-1 concentrations with time.  A 

change in topology may lead to an increase in G-Quadruplex photocleavage efficiency. 

 

Unlike the potassium stabilized F21T construct, the photochemical cleavage 

sodium stabilized F21T by H2-1 shows an approximately linear increase in FAM 

Figure 3.37. Normalized fluorescence intensity for different 100 nM DNA samples (G-
Quadruplex and hairpin) irradiated in the presence of 0-2 µM H2-1 for 0–
120 min by 420 nm lamps. (A)  (3+1) mixed hybrid F21T in 50 mM 
potassium cacodylate buffer.  (B) anti-parallel F21T in 50 mM sodium 
cacodylate buffer.  (C) parallel F-cMyc22m-T in 50 mM potassium 
cacodylate buffer.  (D) F-Mixed-T hairpin in 50 mM potassium cacodylate 
buffer. Black circle- 10 min,  gray triangles - 30 min, black squares- 120 min 
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fluorescence as a function of H2-1 concentration up to 2 µM H2-1, corresponding to a 

20:1 ratio of ligand to DNA. (Figure 3.37 B) Maximal cleavage of Na+ F21T occurs with 

2 µM H2-1 after 120 minutes irradiation, with a normalized fluorescence corresponding to 

approximately 20% cleavage of the F21T construct initially present.  In addition, the 

initial rate of photocleavage of Na+ F21T is greater than that of K+ F21T for samples 

irradiated for 30 minutes, while for the F21T samples irradiated with H2-1 for 120 

minutes the inverse is true. 

 The FAM intensity of F-cMyc22m-T subjected to irradiation for both 30 and 120 

minutes increased proportionally with H2-1 concentration until approximately 1 µM H2-1, 

or a 10- fold excess ligand relative to F-cMyc22m-T. (Figure 3.37 C)  The maximal 

fluorescence increase occurred with 1 µM H2-1 and 120 minute irradiation, which 

corresponds to approximately 20% cleavage of the parallel F-cMyc22m-T.  Unlike 

previous photochemical reactions between F-cMyc22m-T and porphyrin ligands, the 

cleavage of the parallel G-Quadruplex topology by H2-1 is approximately equally 

efficient to both F21T topologies.  These similar cleavage efficiencies may be attributed 

to either equal ligand binding affinities between H2-1 and the three G-Quadruplex 

topologies or the H2-1 binding affinities in combination with the various propensities of 

the G-Quadruplex constructs to undergo cleavage.     

The FAM intensity of dual-labeled hairpin DNA subjected to photochemical 

cleavage by 0-2 µM H2-1 for 10 to 120 minute irradiation increased proportionally with 

H2-1 concentration up to 1 µM, or a 10-fold excess ligand. (Figure 3.37 D)  Upon another 

10-fold increase in H2-1 concentration, (2 µM) there is a slight further increase in 

normalized fluorescence. 100 nM F-cMyc22m-T irradiated for 120 minutes with 1 µM 

H2-1 cleaved approximately 8% of the hairpin DNA originally present, while a maximal 

cleavage of 12% occurred with a 20-fold excess H2-1 (2 µM).   Compared to TMPyP4, 
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hairpin cleavage by H2-1 required more ligand to less efficiently cleave the DNA due to 

an inability of H2-1 to effectively intercalate into the duplex.  

Zn•TMPyP4 adopts a square pyramidal geometry with an axial water molecule.  

This same metal geometry should be adopted by Zn-1 and precludes its intercalation into 

duplex DNA. Unlike other metalloporphyrins with axial ligands such as Mn•TMPyP4, 

evidence indicates Zn•TMPyP4 is capable of end stacking on the G-quartets instead of 

being limited to the G-Quadruplex loops.298 An increase in FAM fluorescence was 

observed for K+F21T irradiated in the presence of Zn-1 for 30 or 120 minutes increased 

proportionally with Zn-1 concentrations up to approximately 1 µM Zn-1, or a 10-fold 

excess ligand relative to F21T. (Figure 3.38 A)  Another 10-fold excess Zn-1 only 

moderately increased cleavage. The highest normalized fluorescence corresponded to 

approximately 18% cleavage with 2 µM Zn-1 after 120 minutes irradiation. 

The cation induced structural change of the human telomeric sequence altered the 

cleavage profile of F21T by Zn-1. There is an apparent linear increase in cleavage with 

Zn-1 concentration for the samples irradiated 30 or 120 minutes. (Figure 3.38 B) 

Maximal cleavage occurred with 2 µM Zn-1 after 120 minutes, with a normalized 

fluorescence corresponding to approximately 22% cleavage.  

The FAM fluorescence intensities of 100 nM F-cMyc22m-T samples subjected to 

irradiation for 30 or 120 minutes increased with Zn-1 concentration up to approximately 

500 nM Zn-1, which corresponds to a 5:1 Zn-1 to F-cMyc22m-T ratio. (Figure 3.38 C)  

At higher Zn-1 concentrations, there was little further increase in normalized 

fluorescence for samples irradiated for 30 minutes.  While samples irradiated for 120 

minutes exhibited a marked decrease in fluorescence as Zn-1 concentration further 

increased.  This observation alludes to the impact of time on FAM photobleaching.  The 
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maximal fluorescence increase occurred with 500 nM Zn-1 and 120 minute irradiation, 

corresponding to ca. 20% cleavage of the F-cMyc22m-T construct initially present 

 Only dual-labeled hairpin samples subjected to irradiation for 120 minutes in the 

presence of 0-2 µM Zn-1 is a distinct increase in FAM fluorescence observed.  The 

normalized FAM intensities of the samples increased proportionally with Zn-1 

concentration up to approximately 1 µM Zn-1, or a 10-fold excess ligand to F-mixed-T. 

(Figure 3.38 D)  At higher Zn-1 concentrations (2 µM) there is little further increase in 

Figure 3.38. Normalized fluorescence intensity for different 100 nM DNA samples 
(G-Quadruplex and hairpin) irradiated in the presence of 0-2 µM Zn-1 for 
0–120 min by 420 nm lamps. (A)  (3+1) mixed hybrid F21T in 50 mM 
potassium cacodylate buffer.  (B) anti-parallel F21T in 50 mM sodium 
cacodylate buffer.  (C) parallel F-cMyc22m-T in 50 mM potassium 
cacodylate buffer.  (D) F-Mixed-T hairpin in 50 mM potassium 
cacodylate buffer. Black circle – 10 min,  gray triangles - 30 min, black 
squares- 120 min 
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FAM emission.   The highest normalized fluorescence of ca. 8% occurs after 120 minute 

irradiation in the presence of 1 µM Zn-1. For hairpin samples irradiated for 10 or 30 

minutes, the extent of cleavage did not exceed 2-3% of the initial oligonucleotide present. 

The axial ligand of Zn-1 prevents the porphyrin from intercalating into the duplex DNA 

but does not prevent G-tetrad stacking, thus increasing the cleavage selectivity of the dual 

labeled probes. Furthermore, unlike H2-1, the axial ligand of Zn-1 prevents the porphyrin 

from stacking onto the single stranded loop of the hairpin.172 The stacking of H2-1 on the 

single stranded hairpin loop may be partially responsible for the more significant hairpin 

cleavage observed for the porphyrin.  

Despite the pi-pi stacking interactions with the external tetrads and the extended 

hydrophilic arm interacting with the G-Quadruplex loops,171, 172 the tentacle porphyrins 

displayed a diminished photonuclease activity than either the asymmetric porphyrins or 

TMPyP4 and its regioisomers.  Mn-1 has been found to bind all G-Quadruplex 

topologies.  In fact, Mn-1 was at point determined to have Ka of 1 x109 M-1.171 A 

subsequent study found this binding was an over estimate, however the ligand still bound 

both parallel and hybrid G-Quadruplex DNA equally with an approximate Ka of 2 x107 

M-1. For perspective, the Ka of Mn•TMPyP4 for the G-Quadruplexes was 1 x 105 M-1. 

Mn-1 was therefore had a 200-fold greater affinity than the G-Quadruplex than the highly 

efficient Mn•TMPyP4 cleavage reagent.172  

Given the ability of the tentacle porphyrins to bind G-Quadruplex DNA, it is 

likely the diminished cleavage is due to a reduced production of reactive species.  This 

could be due to less efficient stacking interactions caused by the substituents.  The 

extended arms may either alter the orientation of the tentacle porphyrin versus the more 

efficient cleavage reagents or result in more steric interactions preventing the optimal pi-

pi stacking interactions with the external tetrads.  Furthermore, the axial ligand of Zn-1 
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further prevents optimal stacking interactions and further reduced the photonuclease 

activity. Finally, it is possible the extended arms of the tentacle porphyrins increases their 

tendency towards aggregation over TMPyP4, which reduces the photonuclease activity of 

porphyrins.215 

3.4.4 Cleavage Selectivity of porphyrins 

To establish the selectivity of the porphyrin ligands, the solution fluorescence 

assay was carried out in the presence of unlabelled competitor nucleic acids. Solution 

fluorescence cleavage assays were carried out on F-cMyc22m-T, Na+F21T and K+F21T 

(100 nM) irradiated for 120 minutes in the presence of either BM042, 043, 044 (500 nM), 

NMM (1 µM) or H2-1, Zn-1 (2 µM) and a variety of competitor nucleic acid structures, 

including A3HT21A2 and cMyc G-Quadruplexes (1.5 µM), i-motif (6 µM) triplex (10 

µM), duplex (10 and 100 µM), and single stranded (10 µM) DNA and triplex (10 µM), 

duplex (10 µM), and single stranded (10 µM) RNA.*  Ligands displaying a high affinity 

for the competitor nucleic acid structures will exhibit a diminished extent of G-

Quadruplex cleavage. This binding selectivity is an important consideration for G-

Quadruplex cleavage agents to used as probes in complex cellular environments. 

The competitor nucleic acid affected the photocleavage efficiency by each of the 

asymmetric porphyrins (BM042, BM043 and BM044) and the tentacle porphyrin (H2-1) 

for the potassium stabilized F21T construct to a similar degree. (Figure 3.39) It should be 

noted that a 5-fold excess of G-Quadruplex and i-motif structures inhibited cleavage to a 

similar degree as a 100-fold excess of the other nucleic acid structures, highlighting the 

binding preferences. The most noticeable difference in cleavage inhibition of K+F21T is 

apparent for calf thymus DNA and single stranded DNA and RNA.  Cleavage of K+F21T 

                                                
* The concentration of competitor nucleic acid is reported in monomeric units, i.e. G-quartets for G-
Quadruplexes, triplets for triplexes, base pairs for duplex and nucleotides for single stranded and i-motif. 
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by H2-1 was the least affected by the presence of 10 and 100 µM base pair calf thymus 

DNA, which represents 100- and 1000-fold excess DNA respectively.  However, an 

inverse relationship was observed for K+F21T photocleavage in the presence of 10 µM 

single stranded DNA and RNA.  This observation may explain the extent of F-mixed-T 

cleavage observed by H2-1 since the “break-light” assay cannot distinguish between 

cleavage of the duplex region or within the single-stranded loop of the hairpin.  Finally, it 

should be noted the competitor inhibition profile of Zn-1 was not included since the 

extent of K+F21T photocleavage by the ligand without competitor present during the 

experiment was minimal and obscured the results of its cleavage inhibition by competitor 

DNA.     
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Figure 3.39. Effect of competitor nucleic acid on the photochemical cleavage reactions of 
NMM, BM042, BM043, BM044 or H2-1 onF21T in 50 mM potassium 
cacodylate, pH 7.4. Solutions of 250 nM (750 nM tetrad) G-Quadruplex DNA 
with 0- 25 µM competitor (monomeric units) were either irradiated in the 
presence of 1 µM NMM, 500 nM BM042, 500 nM BM043, 500 nM BM044 or  
2 µM H2-1 for 120 min.  After the addition of dissociation buffer (2% SDS) 
and a thermal cycle, the FAM fluorescence of the samples was measured and 
the extent of the normalized fluorescence inhibited determined.  
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The sodium stabilized construct of F21T also displayed diminished cleavage 

inhibition by the porphyrins (Zn-1 and H2-1) compared to the asymmetric porphyrins 

(BM042, BM043, BM044) in the presence of 10 µM and 100 µM base pair calf thymus 

DNA with a simultaneous increased sensitivity to single stranded nucleic acids. (Figure 

3.40) BM043 also displays a greater tendency towards binding the single stranded DNA 

than either BM042 or BM044. The quadruplely charged arms of H2-1, Zn-1 and BM043 

are to some degree responsible for more extensive nonspecific interactions between the 

ligands and the single stranded DNA.      

 

 

However, the cleavage of the parallel F-cMyc22m-T displayed a more 
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Figure 3.40. Effect of competitor nucleic acid on the photochemical cleavage reactions of 
NMM, BM042, BM043, BM044, H2-1 or Zn-1 on F21T in 50 mM sodium 
cacodylate, pH 7.4. Solutions of 250 nM (750 nM tetrad) G-Quadruplex DNA 
with 0- 25 µM competitor (monomeric units) were either irradiated in the 
presence of 1 µM NMM, 500 nM BM042, 500 nM BM043, 500 nM BM044, 2 
µM H2-1 or 2 µM Zn-1 for 120 min.  After the addition of dissociation buffer 
(2% SDS) and a thermal cycle, the FAM fluorescence of the samples was 
measured and the extent of the normalized fluorescence inhibited determined. 
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diverse cleavage selectivity profile. (Figure 3.41)  The most selective ligand was NMM.  

Only in the presence of either 10 µM triplex DNA (100-fold excess) or 100 µM calf 

thymus DNA (1000-fold excess) was cleavage inhibited more than 20%. The lack of 

photocleavage of F-mixed-T by NMM observed with the “break-light” assay further 

supported the claim that NMM is one of the most selective G-Quadruplex ligands249.  The 

F-cMyc22m-T cleavage inhibition profiles by the asymmetric and tentacle porphyrins in 

the presence of the competitors was similar to that previously observed with F21T, 

however the degree of inhibition was diminished and may indicate a binding preference 

of the porphyrins towards the parallel topology. Once again the competitor inhibition 

profile of Zn-1 was not included since the extent of F-cMyc22m-T photocleavage by the 

ligand without competitor present during the experiment was minimal. 
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Figure 3.41. Effect of competitor nucleic acid on the photochemical cleavage reactions of 
NMM, BM042, BM043, BM044 or H2-1 on F-cMyc22m-T.  Solutions of 250 nM 
(750 nM tetrad) G-Quadruplex DNA\ with 0- 25 µM competitor (monomeric 
units) were either irradiated in the presence of 1 µM NMM, 500 nM BM042, 500 
nM BM043, 500 nM BM044 or 2 µM H2-1 for 120 min.  After the addition of 
dissociation buffer (2% SDS) and a thermal cycle, the FAM fluorescence of the 
samples was measured and the extent of the normalized fluorescence inhibited 
determined. 
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Given its vast prevalence in cells, the inhibitory effect of duplex DNA was 

investigated for the asymmetric porphyrin ligands more extensively. Solution 

fluorescence assays were carried out in the presence of increasing concentrations of 

duplex DNA; the extent of binding selectivity is related to the duplex concentration 

necessary to inhibit G-Quadruplex cleavage. This cleavage inhibition assay provides a 

more quantitative method to compare the effect of duplex DNA between porphyrin 

ligands.   

Solution fluorescence cleavage assays were carried out on K+ F21T (250 nM) 

with TMPyP4, BM042, BM043, BM044 (500 nM) irradiated for 120 minutes with 0-250 

µM base pair calf thymus DNA.  As seen in Figure 3.42, photocleavage of F21T by 

TMPyP4 is most affected by the duplex DNA, with a significant decrease in the extent of 

cleavage occurring with 12.5 µM base pair calf thymus DNA, which represents a 50-fold 

excess.  Although the overall extent of cleavage is diminished for BM042, BM043 and 

BM044, the asymmetric porphyrins are more resistant to inhibition. BM042 only shows a 

marked decrease in cleavage in the presence of 25 µM duplex (100-fold excess), while it 

requires a 1000-fold excess calf thymus DNA (250 µM) to completely inhibit cleavage 

by BM043 and BM044. The G-Quadruplex DNA cleavage selectivity can therefore be 

ranked in which TMPyP4 < BM042 < BM044 ~ BM043.  

Furthermore, the effect of duplex DNA of the photocleavage of two G-

Quadruplex topologies by BM044 can be directly compared. F-cMyc22m- T and K+ 

F21T (250 nM) with BM044 (500 nM) was irradiated for 120 minutes with 0-250 µM 

base pair calf thymus DNA.   As seen in Figure 3.43, duplex DNA less affects cleavage 

by BM044 of F-cMy22m-T than K+F21T.While the cleavage of both constructs is 

completely inhibited by 250 µM duplex DNA, unlike K+F21T, F-cMyc22m-T is not even 

slightly affected by the presence of 25 µM calf thymus (100-fold excess).  This 
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observation supports a binding preference for the parallel versus the (3+1) hybrid 

topology by the asymmetric porphyrin ligand. 

  

 

G-Quadruplex cleavage selectivity can be attributed to a combination of 

factors including, a diminished binding affinity of the ligand for the DNA, 

improper ligand orientation, or a reduced production of reactive species as 

indirect consequence of ligand binding affinity/orientation. As a direct means to 

access the selectivity of G-Quadruplex cleavage, the “break light” assay denotes a 

ligand’s ability to cleave duplex DNA.  Overall it was observed that the 

Figure 3.43. Effect of competitor nucleic 
acid on the photochemical 
cleavage reactions of BM044 
on F21T or F-cMyc22m-T 
(250 nM) in 50 mM 
potassium cacodylate, pH 7.4. 
Solutions of 250 nM (750 nM 
tetrad) F21T G-Quadruplex 
DNA with 0- 250 µM base 
pair duplex DNA irradiated in 
the presence of 500 nM 
BM044 for 120 min. 

 

Figure 3.42. Effect of competitor nucleic 
acid on the photochemical 
cleavage reactions of TMPyP4, 
BM042, BM043, BM044 on 
F21T (250 nM) in 50 mM 
potassium cacodylate, pH 7.4. 
Solutions of 250 nM (750 nM 
tetrad) F21T G-Quadruplex 
DNA with 0- 250 µM base pair 
duplex DNA irradiated in the 
presence of 1250 nM TMPyP4, 
500 nM BM042, 500 nM 
BM043, 500 nM BM044 for 
120 min. 
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photocleavage of the dual labeled duplex substrates was less efficient than G-

Quadruplex photocleavage for each of the porphyrins investigated despite the 

extent of cleavage inhibition by duplex DNA.  This diminished duplex cleavage 

despite the effect of competitor duplex DNA on the G-Quadruplex cleavage may 

be related to the binding mode of the porphyrins since efficient duplex cleavage 

by porphyrin ligands requires intercalation.  

3.4.5 Binding Selectivity of Porphyrins Determined by FRET melting  

Both ligand affinity and the ligand’s inherent capacity to produce photo-reactive 

species play a role in cleavage. The affinity of these porphyrins for the dual-labeled G-

Quadruplex and hairpin DNA is unknown.  Therefore DNA melting studies were 

performed to better understand the interactions between the porphyrins and both G-

Quadruplex and hairpin DNA.   

FRET melting experiments were performed for F-cMyc22m-T and F-mixed-T 

(200 µM) with TMPyP4 and the synthetic porphyrin analogs (500 nM and 1 µM).  A 

summary of the results can be found in Figure 3.44 and provide a plausible explanation 

for the G-Quadruplex cleavage selectivity observed.   The most effective G-Quadruplex 

(200 nM) stabilizing ligands (500 nM) were the quadruple charged TMPyP4, BM043 and 

H2-1 ligands, followed by BM044 and Mn-1.  The observed FRET melting temperature 

of Mn-1 at 500 nM is due to the averaging and the significant hysteresis observed with 

this ligand.  The initial extent of stabilization (forward melt) of F-cMyc22m-T by 500 nM 

Mn-1 was only slightly less than H2-1.  The G-Quadruplex stabilization by 500 nM 

BM042, Cu-1 and Zn-1were all significantly reduced.  As ligand concentration increases 

(1 µM), these trends are even more apparent with the exception of Mn-1.  At this 

concentration of Mn-1, the G-Quadruplex DNA was not completely melted even at 

100°C, therefore hysteresis and the resultant diminished average melting temperature 
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were not observed.  

 

Given the FRET melting results, the likely reason the extent of G-Quadruplex 

cleavage by BM043 exceeded BM044 and BM042 was due to binding interactions.  

Likewise, the increased stabilization by H2-1 in comparison to Zn-1 is likely responsible 

for the disparity of photocleavage between these ligands.  Given the similar extent of 

binding interactions between BM043 and H2-1 as measured by FRET melting, the greatly 

reduced G-Quadruplex photocleavage by H2-1 alludes to its diminished capacity as a 

photonuclease.   

However, this disparity between photo-reactivity of these ligands may be due 

ligand aggregation as tentacle porphyrins can both self-aggregate and aggregate on the 

DNA, especially as the length of the alkyl chains on the arms increased.  Aggregation 

reduces the photonuclease activity of the porphyrins, probably due to shielding of the 

0"

5"

10"

15"

20"

TMPyP4" BM042" BM043" BM044" H2.1" Cu.1" Mn.1" Zn.1"

∆T
m
""(
˚C
)"

F.cMyc22m.T"+"0.5"µM"

F.cMyc22m.T"+"1"µM"

F.hairpin.T"+"0.5"µM"

F.hairpin.T"+"1"µM"

Figure 3.44. Change in FRET melting temperature of either 200 nM F-cMyc22m-T or F-
mixed-T due to the stabilization by either 0.5 or 1 µM TMPyP4, BM042, 
BM043, BM044, H2-1, Cu-1, Mn-1 and Zn-1.   
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inner porphyrin from the solvent, suppressing the production of reactive singlet oxygen 

species.215  The propensity towards aggregation of tentacle porphyrins may be responsible 

the G-Quadruplex stabilization observed for H2-1, but also the reduced photocleavage.  

This tendency towards aggregation can be reduced by the presence of axial ligands on a 

chelated central metal.172 

The identity of the central metal is also important.  As observed, the presence of a 

zinc ion does not significantly enhance G-Quadruplex stabilization.  Thus despite the 

known photocleavage capability of zinc porphyrins and other ligands,89, 201 the extent of 

Zn-1 cleavage was lower than H2-1.  Previous studies involving the impact of the metal 

ion in small molecule-G-Quadruplex interactions determined binding is primarily based 

on the metal geometry. Metal complexes with at least one planar face, such as Ni(II), 

Pt(II), Cu(II) were able to most effectively interact with the G-Quadruplex while 

interactions of metal complexes with an octahedral (Ru(III)) and tetrahedral or square 

pyramidal (Zn(II)) geometry were diminished or completely absent.172 

This trend is based on the presence of the axial ligands lowering, but not 

hampering the binding of the aromatic metal complexes with the G-Quadruplex.172 Unlike 

the copper or the free metal analogs, the manganese and zinc porphyrins both bear an 

axial ligand on the metal ion.  The presence of this ligand may hinder the initial stacking 

of the porphyrin molecule on the terminal G-quartet, however, once the porphyrin is 

stacked, this axial ligand may occupy the empty space within the ionic channel of the G-

Quadruplex.  This interaction may effectively enhance the typically diminished pi-pi 

stacking interactions between the G-Quadruplex and porphyrin ligands.  Additionally, the 

axial ligand may preclude intercalation of these porphyrin ligands between the base pairs 

of duplex DNA, while also reducing interactions with single stranded DNA due to 

ineffective pi-pi stacking with the nucleobases, thus enhancing selectivity.172 
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The charge of the central metal ion of chelated porphyrin ligands, however is not 

a key factor in the interactions of porphyrins with G-Quadruplex DNA.172 Therefore, the 

increased G-Quadruplex stabilization of Mn-1 over Zn-1 or Cu-1 is not due the central 

metal’s positive charge.  Despite the similar planar nature of Cu-1 to H2-1 and the rapid 

binding of Cu•TMPyP4 to the external tetrads of parallel stranded intermolecular G-

Quadruplex DNA, Cu-1 was unable to significantly stabilize the G-Quadruplex.281, 300  

Meanwhile, Mn-1 specifically interacts with G-Quadruplex via pi-pi interactions 

with the external tetrads, with the axial ligand occupying the central ion channel, giving 

rise to its extensive stabilization of F-cMyc22m-T.  It should be noted however that a 

previous study found Mn-1 only moderately stabilized F21T.172 The different 

observations of Mn-1 stabilization may be due to the differences in G-Quadruplex 

structure, as the parallel G-Quadruplex may allow better access enhanced interactions 

with the terminal G-tetrads.  Despite the significant interactions of Mn-1 and unlike 

Mn•TMPyP4, oxidative cleavage with this ligand did not occur.  This finding supports 

binding a lone is not determinant of cleavage, but rather cleavage is a product of binding 

and ligand orientation, such that the reactive species are within proximity of DNA bases 

and/or the phosphodiester backbone.   

Interestingly, the two porphyrins with axial ligands were the only two compounds 

to display significant hysteresis during FRET melting.  The melting and re-annealing 

profiles of these ligands with F-cMyc22m-T were not super-imposable. (Figure 3.45)  

Despite a relatively slow temperature ramp (0.5 C per minute), Zn-1 and Mn-1 both 

reproducibly exhibited a 4-6 ºC reduction of melting temperature during cooling. This 

behavior may be explained by the slow binding of these porphyrins with the G-

Quadruplex DNA due to the presence of the axial ligand. After the incubation of the 

porphyrins with the DNA prior to melting, the porphyrins effectively pi stack and the 
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axial ligand occupied the central ion channel,172 which increased the melting temperature.  

However, after melting, the relatively slow rate of these stabilizing interactions prevented 

significant pi stacking and reduced the observed melting temperature with respect to the 

forward (increasing temperature) FRET melt.  

 

As for the FRET melting of the hairpin DNA, the stabilization by the asymmetric 

porphyrin analogs was similar, although diminished, to the G-Quadruplex stabilization 

and the hairpin stabilization by TMPyP4. (Figure 3.44) In fact, the hairpin stabilization 

by BM042 exceeded the BM042 stabilization of F-cMyc22m-T.  Once again, BM043, 

followed by BM044 most stabilized the hairpin DNA and may explain the higher 

cleavage of this structure by BM043. Additionally, this observation was in agreement 

with the G-Quadruplex photocleavage inhibition observed for these analogs with duplex 

DNA. 

On the other hand, the disparity between stabilization of F-cMyc22m-T and F-
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Figure 3.45. The change in the normalized FAM fluorescence of F-cMyc22m-T as a 
function of temperature (temperature ramp of 0.5 °C/min) in the presence of 
0.5 µM H2-1, Cu-1, Mn-1 and Zn-1.  Significant hysteresis is observed for 
F-cMyc22m-T samples in the presence of porphyrins with an axial ligand on 
their central metal ion (Mn-1 and Zn-1).  
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mixed-T by the tentacle porphyrins H2-1 and Mn-1 was pronounced. (Figure 3.44)  This 

is likely due to the larger side arms, along with the axial ligand of Mn-1precluding 

intercalation within the duplex base pairs. Stabilization of F-mixed-T by Zn-1 and 

especially Cu-1 was also low.  However given the equally low stabilization of F-

cMyc22m-T by Zn-1 and Cu-1, the disparity between the extent of DNA stabilization 

was not significant.   Despite the low photocleavage of H2-1, it displayed a greater 

selectivity towards F-cMyc22m-T versus F-mixed-T than the better photonuclease 

BM043.  Therefore, the photocleavage of F-mixed-T by H2-1 may be due to ligand 

interactions with the single stranded hairpin loop, these interactions are dominated by pi 

stacking interactions172 and not subjected to the same steric clashes as within the duplex 

grooves.  The increased susceptibility of G-Quadruplex cleavage inhibition in the 

presence of single stranded DNA by H2-1 attests to the interaction of H2-1 with single 

stranded DNA.  

Overall as observed by cleavage inhibition studies, NMM displayed the greatest 

cleavage selectivity. However NMM is only able to cleave the parallel F-cMyc22m-T.  

Meanwhile, BM043 and BM044 displayed the greatest overall cleavage irrespective of 

G-Quadruplex structure.  While more selective than TMPyP4, the combination of the 

“break-light” assay, G-Quadruplex inhibition and FRET melting studies indicate the 

asymmetric porphyrins are only moderately selective.  Furthermore, the tentacle 

porphyrins H2-1, followed by Zn-1, are less effective photonucleases.  However these 

ligands are more selective for G-Quadruplex versus duplex DNA, despite the slight 

propensity of H2-1 to bind and likely cleave single stranded DNA.  Therefore, in terms of 

cleavage selectivity for both DNA structure and G-Quadruplex topology, the extended 

structures of both Zn-1 and H2-1 provide a good stepping stone for the future design of 

G-Quadruplex porphyrin ligands in the search of an in vivo probe.       
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3.4.6 PAGE Analysis of Cleavage reactions   

PAGE analysis was performed on aliquots from selected G-Quadruplex cleavage 

reactions either directly or after being subjected to piperidine/heat treatment.  DNA 

cleavage observed prior to treatment with piperidine may involve hydrogen abstraction 

can be observed prior to treatment with piperidine/heat.  The abstraction of a hydrogen 

from the DNA produces a radical, typically on the sugar moiety that can, ultimately lead 

to direct strand scission.  DNA damage occurring through the oxidation of a nucleobase, 

typically a guanine, however requires the treatment with piperidine/heat in order to be 

revealed.   

PAGE analysis of F-cMyc22m-T cleavage by NMM revealed concentration 

dependent cleavage with a distinct cleavage pattern.  NMM photocleavage reactions prior 

to piperidine/heat treatment exhibited faint bands corresponding to the cleavage of the 5’ 

and 3’ Gs in each 5’-GGG-3’ tract. (G4, G6, G8, G10, G13, G15, G17, G19).  Only in the 

presence of 1 µM and 2 µM NMM was cleavage corresponding to the 5’ most G (G2) 

observed. (Figure 3.46 A, left side)  Samples irradiated with 2 µM NMM however had 

both diminished cleavage bands and total signal in comparison to samples with 1 µM 

NMM.  This is in agreement with the solution study results that indicate FAM oxidation 

occurred with 2 µM NMM. 

Base labile photochemical lesions were also generated on F-cMyc22m-T by 

NMM. After piperidine/heat treatment additional G-Quadruplex cleavage was apparent 

by the increased intensity of bands corresponding to cleaved DNA products.  The bands 

corresponding to the 3’ G in each 5’ GGG tract are more evident after piperidine/heat, 

although base labile cleavage of the 5’ G still occurs to a lesser degree. (Figure 3.46 A, 

right side)   The significantly enhanced extent of guanine cleavage after treatment with 

piperidine/heat suggest that guanine oxidation is the primary source of G-Quadruplex 
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damage by NMM. Mapping the photochemical lesions onto the parallel topology formed 

by F-cMyc22m-T showed significant cleavage at the 3’ end tetrad and the 5’ most G 

(G2).  The enhanced cleavage of the 3’ tetrad after piperidine/heat treatment may indicate 

that is the preferred sites of guanine oxidation. Alternatively the cleavage preference at 

the 3’ tetrad may be due to localized G-oxidation by NMM bound to this face on the G-

Quadruplex structure.  In tandem, these two cleavage mechanisms may account for the 

major cleavage sites occurring at both the 5’ most G (G2) and the 3’ G-tetrad. 

Additionally, this cleavage pattern is unique as a cleavage preference at the 3’ end tetrad 

has not previously been observed for F-cMyc22m-T and any other cleavage agent. 
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Figure 3.46. PAGE analysis of G-Quadruplex photocleavage reactions of  F-cMyc22m-T 
(250 nM) in potassium cacodylate buffer with 0-2 µM NMM irradiated for 
0-120 minutes (420 nm).  Samples in lanes 1–9 were directly subjected to 
PAGE.  Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 
min prior to PAGE.  Reactions contained 0 nM (lanes 2, 3, 13, 14), 100 nM 
(lanes 4, 15), 200 nM (lanes 5, 16), 300 nM (lanes 6, 17), 500 nM (lanes 7, 
18), 1 µM (lanes 8, 19), 2 µM (lanes 1, 9, 12, 20) of NMM. Control samples 
in lanes 1, 2, 12, 13 were not irradiated. Samples in lanes 3-9 and 14-20 
were irradiated for 120 minutes. Maxam Gilbert sequencing lanes are 
indicated by the G and G+A. (B) Cartoon of the parallel quadruplex structure 
formed by 5’ –FAM-TGAGGGTGGGTAGGGTGGGAG-TAM-3’ in the 
presence of potassium. Sites of NMM cleavage as determined by PAGE 
analysis are marked with a “*”.  
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PAGE analysis of BM042, BM043 and BM044 photochemical cleavage of 

sodium and potassium stabilized F21T revealed identical cleavage patterns for the 

asymmetric porphyrins with each F21T topology.  Similar to the observation of cleavage 

efficiency by each asymmetric porphyrin in the solution study, the identity of the ligand 

(BM042, BM043, BM044) resulted in varying extent of total DNA cleavage. (Figure 3.47 

A, left side) (See Appendix C for BM042 and BM044 gels) G-Quadruplex cleavage by 

BM043 and BM044 gels was approximately equally intense, while cleavage by BM042 

produced less intense bands.  The presence of cleavage bands for F21T samples 

incubated with BM044 but not irradiated exemplify the susceptibility of G-Quadruplex 

cleavage by BM044 due to background irradiation. (Appendix C) This background 

cleavage also somewhat occurred with BM043 and to lesser extent BM042 samples.  As 

all samples were theroretically exposed to the same extent of background irradiation, it is 

likely K+F21T was more susceptible to cleavage by stray light than Na+ F21T.    

For the K+F21T samples directly analyzed prior to piperidine/heat treatment there 

are diffuse bands corresponding to cleavage at all G-residues without preference in a 

concentration dependent manner. Base-labile photochemical lesions are evident by the 

increased intensity of cleavage bands, along with increased cleavage of the 3’ 

linker/TAM fluorophore.  These base-labile lesions are primarily located at the G-

residues corresponding to the 5’ and 3’ end tetrads of the G-Quadruplex and in particular, 

G9 and G13. (Figures 3.47 A, right side)  Nonspecific G-residue cleavage prior to 

piperidine/heat treatment and increased cleavage at the terminal tetrads after treatment is 

reminescent of the photochemical cleavage of K+F21T by the porphyrin TMPyP4.168, 199, 

220 Although overall less intense, the cleavage of K+F21T by H2-1 and Zn-1 paralleled 

these observations both prior to and after piperidine/heat treatment. (Appendix C) 

Mapping of the photochemical lesions caused by the asymmetric porphyrins onto the 
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K+F21T construct shows the sites of preferential cleavage. All three asymmetric 

porphyrins exhibited the same K+F21T preferential cleavage pattern at the 5’ and 3’ end 

tetrads, especially at G9 and G13.  (Figures 3.47 C)  All of the porphyrins investigated 

thus far (TMPyP4, asymmetrical, tentacle) exhibit a similar mechanism of photocleavage 

of K+F21T, despite their individual DNA binding affinities and cleavage efficiencies. 

The cleavage of the anti-parallel Na+F21T by BM042, BM043 and BM044 

however varied slightly from the potassium-stabilized construct. Similar to K+F21T, 

Na+F21T samples directly analyzed prior to piperidine/heat treatment also exhibited 

diffuse bands corresponding to cleavage at all G-residues.  However, an additional band 

corresponding to cleavage at T16 was also apparent with this topology. (Figures 3.47A, 

left side) (See Appendix C for BM042 and BM044 gels) Base-labile photochemical 

lesions were also apparent for Na+F21T and correspond to the 5’ and 3’ end tetrads of the 

G-Quadruplex.  Once again, cleavage at G9 and G13 are particularly enhanced. (Figures 

3.47 A, right side) After piperidine/heat Na+F21T cleavage at T16 and the central G of 

each 5’-GGG tract is still evident.  This nonspecific G-residue cleavage prior to 

piperidine/heat treatment, with slight increased cleavage corresponding to the terminal 

tetrads after base treatment agrees with previous observations on the photochemical 

cleavage of Na+F21T by the porphyrin TMPyP4.220 Once again, although the overall 

intensity was diminished, the cleavage of Na+F21T by H2-1 and Zn-1 paralleled these 

observations both prior to and after piperidine/heat treatment. (Appendix C)  However, 

unlike the photocleavage of Na+F21T by TMPyP4, H2-1 and Zn-1, the asymmetric 

porphyrins (BM042, BM043 and BM044) additionally cleave T16. Mapping of the 

photochemical lesions onto Na+F21T indicates sites of preferential cleavage by the three 

asymmetric porphyrins, H2-1 and Zn-1: cleavage occurs at all guanines, which is only 

slightly more intense at the 5’ and 3’ terminal tetrads.  In addition, for the assymetrical 
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porphyrins there is a minor cleavage preference for G9 and G13, along with cleavage at 

T16. (Figures 3.47 B) As with K+F21T, despite their individual DNA binding affinities 

and cleavage efficiencies, all investigated porphyrins (TMPyP4, asymmetrical, tentacle) 

exhibited a similar mechanism of photocleavage of Na+F21T, 

PAGE analysis of BM042, BM043, BM044, H2-1 and Zn-1 photochemical 

cleavage of F-cMyc22m-T also showed similar cleavage patterns for all ligands despite 

varying levels of total cleavage and varying intensities of cleavage products. BM043 

displayed the most intense cleavage products. (Figure 3.48 A) (See Appendix C for 

BM042, BM044, H2-1 and Zn-1  gels)  For samples irradiated in the presence of the 

assymetrical porphyrins directly analyzed prior to piperidine/heat treatment there are both 

moderately intense diffuse bands corresponding to cleavage at the 5’ G-tetrad (G4, G8, 

G13, G17) and less intense bands corresponding to the 3’ G-tetrad (G6, G10, G15, G19).  

Additional frank strand breakage was observed for the 5’ most G (G2).  Unlike the 

assymetrical porphyrins, the tentacle porphyrins incubated with F-cMyc22m-T exhibited 

each cleavage at both end tetrads due to hydrogen abstraction.    

Base labile photochemical lesions are observed at both the 5’ and 3’ tetrads, along 

with the 5’ most guanine.  For F-cMyc22m-T samples irradiated with the porphyrins, 

after treatment with base and heat there is a marked cleavage dependence on 

concentration, along with a noticeable loss of intact F-cMyc22m-T. (Figure 3.48 A) The 

asymmetric porphyrins once again exhibited a noticeable cleavage preference for the 5’ 

end tetrad, while the tentacle porphyrins exhibited equal cleavage at both tetrad ends.  

The selective G-cleavage at the end tetrads both prior to and after piperidine/heat 

treatment parallels the observation made by the photochemical cleavage of F-cMyc22m-

T by TMPyP4. Mapping of the photochemical lesions caused by the asymmetric and 

tentacle porphyrins onto F-cMyc22m-T indicates sites of preferential cleavage. (Figure 
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3.48 B) All three asymmetric porphyrins exhibited the same F-cMyc22m-T cleavage 

pattern in that cleavage occured at both the 5’ and 3’ terminal tetrads, but 5’ tetrad was 

preferentially cleaved. Cleavage of F-cMyc22m-T by the tentacle porphyrins occurred at 

both end tetrads equally, which was identical to TMPyP4. Although there was a 

noticeable cleavage preference for one tetrad end by the asymmetric porphyrins, similar 

to the F21T topologies, despite their individual DNA binding affinities and cleavage 

efficiencies, all investigated porphyrins (TMPyP4, asymmetrical, tentacle) exhibited a 

similar mechanism of photocleavage of F-cMyc22m-T. 

Two photochemical processes appear to be responsible for the G-Quadruplex 

cleavage by the porphyrin ligands investigate thus far. The existence of two different 

photochemical events is apparent in the differences in cleavage patterns prior to and after 

piperidine heat treatment.  Direct analysis of samples showed frank strand breakage, 

likely due to hydrogen atom abstraction and subsequent radical formation on the 

deoxyribose rings.  Depending on the G-Quadruplex topology, this photochemical 

process may a show G-residue preference.  G-oxidation, which occurs at both tetrad ends 

for all G-Quadruplex topologies, was revealed by base labile lesions that are apparent 

after treatment with piperidine/heat.  However, the photochemical process leading to 

guanine oxidation was topology dependent, Na+F21T did not exhibit significant base 

labile lesions.  These favored sites of guanine oxidation may be due to either an electron 

transfer process via the G-tetrad stack or direct oxidation of the ligand proximal to the G-

tetrad. The preferential formation of base labile lesions at the terminal G-tetrads is well 

established for the photochemical cleavage of G-Quadruplex DNA by porphyrin 

ligands.168, 199, 220  

 

 



 202 

 

(A)$

(B)$ (C)$

G1#

G2#

G3#

G9#

G8#

G7#

G21#
#

G20#

G19#

G13#

G14#

G15#

5’#
3’#

*#

*#

*#

*#

*#

*#
*#

*#

T
16$*#

*#
*#

G1#

G2#

G3#

G19#

G20#

G21#

G9#

G8#

G7#

G13#

G14#

G15#

5’#

3’#

*#

*# *#*# *#

*#*#
*#

irradia%on( !"""!"""""""""" !"(120(minutes( 120(minutes(

before(piperidine/heat( a6er(piperidine/heat(

!"""!"""""""""" !"(120(minutes( 120(minutes(

50(mM(Na+( 50(mM(K+(50(mM(Na+( 50(mM(K+(

1" 2" 3" 4" 5" 6" 8"7" 14"15" 16"17" 18"G" G+A"9" 19" 20"10"11" 21"22" 23"24"

(F21+linker)G21""
(F21)G21"

G20"

G19"
A18"

G15"
G14"

G13"

A12"

G9"
G8"
G7"

A6""
G3"

G2G1"
"

Figure 3.47. PAGE analysis of G-Quadruplex photocleavage reactions of  F21T (100 
nM) in sodium or potassium cacodylate buffer with 0-500 nM BM043 
irradiated for 0 or 120 minutes (420 nm).  Samples in lanes 1–11 were 
directly subjected to PAGE.  Samples in lanes 14-24 with piperidine at 90 
°C for 30 min prior to PAGE.  Samples in lanes 1-6 and 14-19 were 
stabilized by sodium, while 7-11 and 20-24 were stabilized by potassium. 
Reactions contained 0 nM (lanes 1, 3, 8, 14, 16, 21), 100 nM (lanes 4, 9, 17, 
22), 300 nM (lanes 5, 10, 18, 23), 500 nM (lanes 3, 6, 7, 11, 15, 19, 20, 24) 
of BM043. Control samples in lanes 1, 2, 7, 14, 15, 20) were not irradiated. 
Samples in lanes 3-6, 8-11, 14, 15, 16-19, 21-24 were irradiated for 120 
minutes. Maxam Gilbert sequencing lanes are indicated by the G and G+A. 
(B) Cartoon of the parallel quadruplex structure formed by 5’ –FAM-
GGG(TTAGGG)3-TAM-3’ in the presence of sodium. Sites of BM043 
cleavage as determined by PAGE analysis are marked with a “* (C) Cartoon 
of the parallel quadruplex structure formed by 5’ –FAM-GGG(TTAGGG)3-
TAM-3’ in the presence of potassium. Sites of BM043 cleavage as 
determined by PAGE analysis are marked with a “*” 
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Figure 3.48. PAGE analysis of G-Quadruplex photocleavage reactions of  F-cMyc22m-T 
(100 nM) in potassium cacodylate buffer with 0-500 nM BM043 irradiated for 
0 or 120 minutes (420 nm).  Samples in lanes 1–7 were directly subjected to 
PAGE.  Samples in lanes 10-16 with piperidine at 90 °C for 30 min prior to 
PAGE.  Reactions contained 0 nM (lanes 2, 3, 11, 12), 100 nM (lanes 4, 13), 
200 nM (lanes 5, 14), 300 nM (lanes 6, 15), 500 nM (lanes 1, 7, 10,  16) of 
BM043. Control samples in lanes 1, 2, 10, 11) were not irradiated. Samples in 
lanes 3-7 and 12-16 were irradiated for 120 minutes. Maxam Gilbert 
sequencing lanes are indicated by the G and G+A. (B) Cartoon of the parallel 
quadruplex structure formed by 5’ –FAM-TGAGGGTGGGTAGGGTGGGAG-
TAM-3’ in the presence of potassium. Sites of BM043 cleavage as determined 
by PAGE analysis are marked with a “*”.  
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3.5 CONCLUSIONS AND FUTURE DIRECTIONS 

The fluorescence based G-Quadruplex cleavage assay was used to explore the 

photo and oxidative cleavage capacity of a variety of G-Quadruplex binding ligands with 

the three G-Quadruplex structures.   The time and concentration dependence of G-

Quadruplex photo-cleavage efficiency was further explored for select ligands.  In 

addition, the selectivity of G-Quadruplex cleavage was investigated by means of both 

direct assay, measuring hairpin photo-cleavage efficiency and indirectly, by measuring 

the extent the presence of a nucleic acid competitor inhibits G-Quadurplex cleavage.     

PAGE analysis revealed unique cleavage mechanisms exist for each of the ligand 

families and G-Quadruplex topologies investigated.   

The G-Quadruplex cleavage ligand screen revealed perylene diimides and 

porphyrins, especially the protoporphyin NMM, as possible leads as a selective G-

Quadruplex cleavage probe to investigate G-Quadruplex structure and/or topology in 

vivo. Comparisons between the three G-Quadruplex structures investigated demonstrate 

that some topologies are more susceptible to cleavage or cleavage inhibition by the 

presence of excess competitor nucleic acid. Additionally, the direct analysis of duplex 

(hairpin) cleavage by the ligands, in combination with the cleavage inhibition studies, 

revealed their binding affinity does not necessarily predict efficient duplex cleavage.  

Similarly, the significant stabilization of G-Quadruplex DNA (indicative of binding 

affinity) also does not predict efficient G-Quadruplex cleavage. 

3.5.1 Selectivity for G-Quadruplex cleavage 

Both a direct duplex cleavage assay and a G-Quadruplex competitor cleavage 

assay was used to investigate the selectivity of both the PDI (Tel 11 and Tel 18) and the 

porphyrin analogs and provides a more complete measure of the ligand’s potential as an 

in vivo probe.  It was found that the presence of excess duplex DNA rather than other 
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higher order DNA structures most affected the extent of G-Quadruplex cleavage for all of 

the ligands investigated. Additionally, the porphyrins with four charged side arms were 

more susceptible to cleavage inhibition, presumably due to electrostatic interactions with 

duplex DNA. The extent of inhibition by competitor DNA was also dependent upon G-

Quadruplex topology, which may reflect differences in binding affinity for thus 

topologies.   

By utilizing dual labeled hairpin DNA, a direct measure of duplex cleavage by the 

ligands was also investigated. With the exception of NMM, the porphyrin ligands are 

cleaved the duplex hairpin to varying degrees.  It was observed that the efficiency of 

hairpin cleavage by the porphyrin ligand correlated with the extent of hairpin stabilization 

measured by FRET melting. On the other hand, despite the low binding selectivity of Tel 

11 for G-Quadruplex versus duplex DNA, Tel 11 is a selective G-Quadruplex cleavage 

agent and does not cleave the hairpin DNA.   

An ideal probe to detect the formation of G-Quadruplex DNA in vivo will 

selectively cleave the G-Quadruplex substrates in the presence of overwhelming excess 

of duplex DNA.  The G-Quadruplex cleavage selectivity of Tel 11 alludes to its potential 

as an in vivo probe; however, a PDI with a greater G-Quadruplex binding selectivity than 

Tel 11 is necessary.  Tel 11 binds duplex and G-Quadruplex DNA with similar affinities, 

but due to the high excess of duplex DNA in comparison to any potential G-Quadruplex 

structures, the binding of Tel 11 to the G-Quadruplex is unlikely.  Thus G-Quadruplex 

photo-cleavage by Tel 11 will not occur.  The tentacle porphyrins and especially NMM 

display characteristics of an ideal cleavage probes as they have a relatively high 

selectivity for G-Quadruplex DNA and binding in comparison to other the porphyrins 

investigated, a reduced capacity as a duplex DNA photonuclease.  Thus, they may both 

bind and selectively cleave G-Quadruplex DNA in vivo. 
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3.5.2 Selectivity for specific structures 

In general, F-cMyc22m-T displayed the most efficient cleavage with both the 

perylene diimide Tel 11 and the porphyrin library. Meanwhile, the Na+ F21T topology 

was typically the most inefficient substrate for photochemistry, either due to ligand 

binding affinity or the mechanism of cleavage. Not only is F-cMyc22m-T most 

efficiently cleaved by Tel 11 and the porphyrin ligands, NMM uniquely photocleaves this 

construct.  Unlike the other ligands investigated, the protoporphyrin selectively cleaved 

the parallel F-cMyc22m-T due to its binding affinity.249  

At this time, it is unclear whether F-cMyc22m-T is a particularly good cleavage 

substrate due to ligand binding affinity or whether it is inherently susceptible towards 

towards DNA cleavage and oxidation. This cleavage efficiency of F-cMyc22m-T by 

every cleavage probe investigated thus far may prove to be a road-block in the mapping 

of G-Quadruplex formation within the genome by use of differential cleavage patterns.  

This is because unless the topology of G-Quadruplex DNA in vivo mirrors the in vitro 

structures, cleavage of the genomic G-Quadruplex DNA by these cleavage probes will 

not be readily detected.  

3.5.3 Cleavage chemistry varies with topology: 

As observed with the cleavage of the G-Quadruplexes with TMPyP4 and 

Mn•TMPyP4, PAGE analysis reveals the photochemical reaction between Tel 11 and the 

porphyrins can form different cleavage products with each topology.  Hydrogen 

abstraction, leading to radical formation and subsequent DNA cleavage was observed 

prior to piperidine/heat. Base oxidation however is revealed by treatment with 

piperidine/heat.    

Each of the G-Quadruplex constructs displayed unique cleavage products by Tel 

11.  The effect of the cation induced change in F21T toplogy is particularly evident by 
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the difference in cleavage products for the irradiation of K+F21T and Na+F21T with Tel 

11. Meanwhile, Tel 11 was unable to cleave the hairpin DNA, despite the ligand’s 

binding affinity for duplex DNA.  Interestingly, only K+F21T incubated with Tel 11 

resulted in either the formation of G-Quadruplex-ligand adducts and/or intramolecular 

cross-links, which are only partially resolved upon treatment with base and requires 

further study. The Tel 11 photochemical cleavage of F-cMyc22m-T also appeared to 

exhibit a unique cleavage mechanism from either F21T topology.   

The photochemical cleavage of F-cMyc22m-T, K+F21T and Na+F21T by the 

porphyrin analogs occurs via two cleavage mechanisms.  For F21T, irradiation leading to 

hydrogen atom abstraction occurs all guanine bases within the oligonucleotide, while the 

photochemical cleavage of F-cMyc22m-T due to hydrogen abstraction occurs exclusively 

at the 5’ and 3’ G in each GGG tract. The photochemical process leading to guanine 

oxidation and revealed by treatment with base, also occurred with all of the G-

Quadruplex constructs.  However, these lesions primarily occur at the 5’ and 3’ guanine 

in each 5’-GGG tract and are more prevalent in F-cMyc22m-T and the K+F21T 

constructs than Na+ F21T. 

Although previous reports on the topology dependent cleavage patterns of G-

Quadruplex DNAs have attributed those differences to binding affinities and/or sites of 

ligand binding, this is the first report of different cleavage patterns resulting from 

different mechanisms of cleavage for each G-Quadruplex topology.  The propensity of 

various G-Quadruplex topologies to undergo unique mechanisms of cleavage was 

supported by this observation utilizing multiple and diverse ligands.  Additionally, the 

differing susceptibility of G-Quadruplex and hairpin DNA towards cleavage by Tel 11 

indicate the cleavage chemistry of G-Quadruplex DNA may differ from the well-studied 

cleavage chemistry of duplex DNA.  
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3.5.4 Considerations for future study of PDI, Salphen and Porphyrin cleavage 
ligands 

The study of PDIs as a selective G-Quadruplex probe presented specific 

challenges for the fluorescence-based cleavage assay.  As PDI aggregation generally 

plays a role in binding selectivity for G-Quadruplex DNA. However, the greater 

structural selectivity provided by PDI aggregation may result in diminished photo-

cleavage efficiency.  A full investigation into the relationship between PDI structure (i.e  

affect of modifications to side arms and bay areas leading to structural changes and/or 

differences in PDI aggregation) and G-Quadruplex photo-cleavage is limited by the 

propensity of the PDIs to aggregate either directly on the DNA or in solution, followed 

by G-Quadruplex binding, significantly and currently irreversibly diminishes the 

fluorescence emission of the fluorophores, thus limiting their study.   

The future consideration of salphen ligands as potential G-Quadruplex cleavage 

agents is limited given the relatively high amount of ligand required to necessitate 

cleavage. Modifying the salphen ligands to increase their affinity for the G-Quadruplex 

DNA or adding a substituent with known photochemical properties may increase the 

extent of G-Quadruplex cleavage.  Additionally, it is unknown whether the nonspecific 

nucleobase oxidative cleavage mechanism observed by these ligands would be limited to 

G-Quadruplex DNA structures in vivo.  Therefore, additional experiments would be 

required to determine whether adjacent DNA would obscure G-Quadruplex DNA specific 

cleavage.   

Overall, the porphyrin family provides a good scaffold for the future design of G-

Quadruplex specific cleavage probes.  The asymmetric porphyrin analogs examined here 

however only display a slightly increased selectivity for G-Quadruplex DNA over the 

relatively nonspecific TMPyP4.  Meanwhile, the extended tentacle porphyrins exhibited a 

reduced capacity to photocleave G-Quadruplex DNA, but their selectivity for G-



 209 

Quadruplex DNA is enhanced.  Additionally, the presence of a central metal ion further 

increases this selectivity by reducing stacking interactions between the ligand and other 

DNA structures. However, the tentacle porphyrins can have an increased propensity 

towards aggregation, which would diminish their photonuclease activity.  Therefore, 

future design of porphyrin analogs may reduce any tendency of the tentacle porphyrins 

towards aggregation by either inserting a central metal ion that has an axial ligand and/or 

by limiting the intermolecular hydrophobic interactions that occurs when increasing the 

hydrophobicity of the four arms. 
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3.6 METHODS USED   

3.6.1 Purification and Structure Formation of DNA Used in Studies: 

The fluorescent dual labeled G-Quadruplexes, F21T, (5’-FAM-

dGGG(TTAGGG)3-TAM-3’) and F-cMyc22m-T, (5’-FAM-

dTGAGGGTGGGTAGGGTGGGTAG-TAM-3’) and hairpin (5’-FAM-d –TAM-3’; 5’-

FAM-d –TAM-3’; 5’-FAM-d –TAM-3’; FAM: 6-carboxyfluorescein; TAM: 

tetramethylrhodamine)301 was purchased from Integrated DNA Technologies and used 

without further purification.  

From water stocks, the dual labeled oligonucleotides were diluted to 400 nM in 50 

mM sodium or potassium cacodylate, pH 7.4 and annealed by heating to 95 °C for 5 

minutes in a water bath and slowly cooled to room temperature. Correct structural 

formation was confirmed by FRET melting experiments. Melting temperatures closely 

corresponded to the literature value of each assigned topology, which was 48, 56 and 85 

°C (sodium stabilized F21T, potassium stabilized F21T and F-Cmyc22m-T 

respectively).205 302 162 Samples of authentic cleaved F21T and F-Cmyc22m-T for assay 

internal standards were prepared by S1 nuclease digestion in 1X S1 nuclease buffer.  

The unlabelled nucleic acid structures used in the competition studies were either 

synthesized (Expedite 8900) and HPLC purified in-house (A3HT21A2: 

AAA(GGGTTA)3GGGAA), purchased from IDT (cmyc: 5’ 

dTGAGGGTGGGTAGGGTGGGTAG 3’), purified from commercial calf thymus 

DNA223 or prepared from synthetic polynucleotides (Sigma-Aldrich).   Triplex structures 

were prepared by mixing equimolar amounts of its duplex and single strands. Triplex and 

G-Quadruplex structures were annealed by heating to 95 °C for 5 min in a water bath, 

followed by slowly cooling to room temperature. The structure and purity of these 
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nucleic acid samples were confirmed by UV (Varian Cary Bio 50) and CD (Jasco J-815) 

spectroscopy.  Concentrated stocks were prepared using the monomeric unit of each  

structure, meaning nucleotides for single strands and i-motif (20-40 µM), base 

pairs for duplex (40 µM-1 mM), triplets for triplex (40 µM) and quartets for quadruplex 

DNA (5 µM).223 The competitor concentrations referenced in these studies refer to these 

monomeric units.  

3.6.2 Photochemical cleavage of G-Quadruplex DNA By TOTA 

20 µL reaction mixtures of 250 nM of annealed F21T and 0-250 µM TOTA in 50 

mM potassium cacodylate, pH 7.4 were placed in a 96-well plate incubated at room 

temperature in the dark for 30 min. Control wells were blocked from light by a sheet of 

aluminum foil. The 96 well assay plate was then placed in a Luzchem photoreactor 

equipped with eight UVA lamps (emission centered at 350 nm) (Rayonet) for 0 to 120 

min. After photo-irradiation, 180 µL of dissociation buffer (5.55 mM potassium 

cacodylate, pH 7.4 and 10 µg/well calf thymus DNA) was added to the wells, which were 

then covered with foil. After the last time point, samples were subjected to thermal 

denaturation/reannealing as described in 3.6.8.  

3.6.3  Photochemical cleavage By Perylene Diimides 

3.6.3.1 Photochemical Cleavage by Perylene Diimides  

Triplicate 20 µL reaction mixtures of 250 nM of annealed F21T, F-cMyc22m-T 

and or F-mixed-T and 0-100 µM Tel 11, 12, 18 or 45 in 50 mM potassium cacodylate, 

pH 7.4 (or 50 mM sodium cacodylate) were placed in a 96-well plate incubated at room 

temperature in the dark for 30 min. Control wells were blocked from light by a sheet of 

aluminum foil and a glass plate was placed over all the wells to filter UV light under 300 

nm.  The 96 well assay plate was then placed in a Luzchem photoreactor equipped with 
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eight RPR-4190 lamps (emission centered at 420 nm) (Rayonet) for 0-120 min. After 

photo-irradiation, 180 µL of dissociation buffer (5.55 mM potassium cacodylate, pH 7.4 

and 10 µg/well calf thymus DNA) was added to the wells, which were then covered with 

foil. After the last time point, samples were subjected to thermal denaturation/reannealing 

as described in 3.6.8.  The thermal denaturation/reannealing step was omitted for 

reactions using F-Mixed-T.    

3.6.3.2 Fluorescein Quenching by aggregating PDIs 

In triplicate, 20 µL reaction mixtures of 250 nM of annealed F-cMyc22m-T and 

buffer, 100 µM Tel 01 or 100 µM Tel 45 in 50 mM potassium cacodylate, pH 7.4 were 

placed in a 96-well plate and incubated at room temperature in the dark for 30 min.  

Samples were not irradiated, rather 180 µL of either calf thymus or SDS dissociation 

buffer (5.55 mM potassium cacodylate, pH 7.4 and 10 µg/well calf thymus DNA or 

2.22% SDS) was added to the wells. Samples were subjected to thermal 

denaturation/reannealing, FAM fluorescence recorded and the background fluorescence 

of samples without the dual labeled DNA was subtracted from each sample.  

3.6.3.3 Cleavage Selectivity of Perylene Diimide Compounds 

Triplicate 20 µL reaction mixtures of 250 nM of annealed F21Tor F-cMyc22m-T, 

25 µM calf thymus DNA and 100 µM Tel 11 in 50 mM potassium cacodylate, pH 7.4 (or 

50 mM sodium cacodylate) were placed in a 96-well plate incubated at room temperature 

in the dark for 30 min.  The 96 well assay plate was then placed in a Luzchem 

photoreactor equipped with eight RPR-4190 lamps (emission centered at 420 nm) 

(Rayonet) for 120 min. After photo-irradiation, 180 µL of dissociation buffer (5.55 mM 

potassium cacodylate, pH 7.4 and 10 µg/well calf thymus DNA) was added to the wells, 
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which were then covered with foil, followed by thermal denaturation/reannealing as 

described in 3.6.8.  

3.6.4  Synthesis of Salphen Compounds 

3.6.4.1 Synthesis of N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-nickel (II)  

This compound was prepared as Neidle et al and Villar et al and references 

within.203, 231 Briefly 1,2-phenylendiamine (0.064g/ 0.592 mmol) (Alrich) and 2,4-

dihydroxybenzaldhyde (0.1641g/ 1.19 mmol) (TCI) were refluxed for 30 minutes in 

absolute methanol followed by the addition of at least 1 equivalent of Ni(OAc)2�4H20 

(0.2138g/1.24 mmol). (Strem)  Upon addition of the metal, the color changed from 

yellow to dark orange.  The reaction was further refluxed for 3 hours.   It was then cooled 

to room temperature and filtered and washed with methanol (3 x 20 mL), water (3 x 20 

mL) and diethyl ether (2 x 20 mL) and dried under vacuum to reveal an orange solid.  

1H NMR (400 MHz, DMSO-d6): A 6.22 (m 4H,ArH); 7.23-7.20 (m, 2H, ArH); 7.40 (d, _ 

= 7.8 Hz, 2H, ArH); 8.00-7.98 (m, 2H, ArH); 8.55 (s, 2H, -CH=N-); 10.19 (s, -OH). 

3.6.4.2 Synthesis of N,N’-Bis[4-[2-ethyl)morpholine]oxy]salicylidene]-1,2-
phenylenediimine-nickel (II)  

This compound was prepared by adapting the method described by Villar et al.231  

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-nickel (II) (0.207 g, 0.512 

mmol), 4-(2-chloroethyl)morpholine hydrochloride (0.7418 g, 3.988 mmol) (TCI 

America) and oven dried K2CO3 (0.5453 g, 3.95 mmol) were dissolved in dry DMF (35 

mL) and heated to 90°C overnight in a 100 mL 24/40 round bottom flask with large stir 

bar stirring vigorously. The salts were then removed by filtration and DMF was removed 

under reduced pressure. The resulting red solid product was recrystallized using a 

CH2Cl2/hexane mixture. Yield: 208 mg, 62%  

1H-NMR – (400 MHz, DMSO-d6): 2.48 (br s, 8H, -CH2-O-CH2-), 2.48-2.51 (t, 4H, -
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CH2N-, 3JHH = 10 Hz), 3.58-3.60 (m, 8H, -CH2-N-CH2-,), 4.10-4.13 (m, 4H, CH2O-), 

6.31-6.35 (dd, 2H, ArH, 3JHH= 7.8 Hz, 3JHH = 2.4 Hz), 6.36 (br d, 2H, ArH, 4JHH = 2.4 

Hz), 7.24-7.26 (dd, 2H, Ar H, 3JHH = 6.3 Hz, 4JHH = 3.6 Hz), 7.46-7.48 (d, 2H, ArH, 3JHH = 

8.8 Hz), 8.02-8.04(dd, 2H, ArH, 3JHH = 6.3 Hz, 4JHH = 3.6 Hz), 8.64 (s, 2H, -CH=N-). 

3.6.4.3 Synthesis of N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-copper (II)  

This compound was prepared as Vilar et al231 and references within.  Briefly 1,2-

phenylendiamine (0.3000 g/ 2.775 mmol) (Aldrich)  and 2,4-dihydroxybenzaldhyde ( 

0.7666 g/ 5.55 mmol) (TCI) were refluxed for 30 minutes in 25 mL absolute ethanol 

followed by the addition of  1 equivalent of Cu(OAc)2�2H20 (0.554 g/ 2.775 mmol) 

(Strem).  Upon addition of the metal, the color changed from yellow to green/brown.  The 

reaction was further refluxed for 3 hours.   It was then cooled to room temperature and 

filtered and washed with ethanol (3 x 20 mL), water (3 x 20 mL) and diethyl ether (2 x 20 

mL) and dried under vacuum to produce a greenish brown solid. Yield: 7.02 mg, 62% 

UV-Vis (DMSO) λmax/nm (ε/mol-1 L cm-1): 322 (4.45) 398 (4.52) 

3.6.4.4 Synthesis of N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-Zinc (II)  

This compound was prepared as Vilar et al and references within.231  Briefly 1,2-

phenylendiamine (0.0572 g/ 0.53 mmol) (Aldrich) and 2,4-dihydroxybenzaldhyde 

(0.1480 g/ 1.07 mmol) (TCI) were refluxed for 30 minutes in 25 mL absolute methanol 

followed by the addition of 1 equivalent of Zn(OAc)2•2H20 (0.2341 g/ 1.06 mmol) 

(Sigma).  The reaction was further refluxed for 4 hours.   It was then cooled to room 

temperature and the solvent was removed under reduced pressure. The product was then 

washed with water (3 x 30 mL) and diethyl ether (2 x 30 mL) and dried under vacuum 

revealing a yellow solid. Yield: 183.5 mg, 84%  

UV-Vis (DMSO) λmax/nm (ε/mol-1 L cm-1): 322 (4.45) 398 (4.52) 
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3.6.5 Photochemical and Oxidative cleavage By Salphen and Metallo-Ligands 

.6.5.1 Photochemical Cleavage Screen of dual-labeled probes 

In triplicate 20 µL reaction mixtures containing 100 nM of F21T, F-Cmyc22m-T 

or F-mixed-T in 50 mM potassium cacodylate, pH 7.4 and 0.2-2 µM salphen were placed 

in a 384 well fluorescent plate and pre-incubated at room temperature for 30 minutes. A 

sheet of aluminum foil blocked dark wells and the 384 well assay plate was then placed 

in a Luzchem photoreactor equipped with eight UVA lamps (emission centered at 350 

nm) or RPR-4190 (centered at 420 nm) (Rayonet) for 0 to 120 minutes. After each 

irradiation time, 80 µL of a dissociation buffer (10 µg/well calf thymus DNA) was added 

and then to prevent further photoreactions, covered with foil, followed by thermal 

denaturation/reannealing as described in 3.6.8.   

3.6.5.2 Oxidative Cleavage Screen of dual-labeled probes 

In triplicate 15 µL reaction mixtures containing 125 nM of F21T, F-Cmyc22m-T 

or F-mixed-T in 50 mM potassium cacodylate, pH 7.4 and 0.266-2.66 µM salphen were 

preincubated for 30 minutes at room temperature. Oxidative cleavage reactions were 

initiated by adding either 5 µL 4 µM (NH4)2Ce(NO3)6 for 30 mins; 5 µL 400 µM KHSO5 

for 15 mins; 5 µL 400 µM MPA for 120 mins; 5 µL 4 mM DTT for 120 mins; or the 

samples were incubated in the dark for 120 mins for hydrolytic cleavage as indicated in 

the figure legends.  Following each time point 80 µL of the dissociation buffer (10 µg 

calf thymus DNA/sample) was added to stop the reactions, followed by thermal 

denaturation/reannealing as described in 3.6.8.  



 216 

3.6.5.3 Oxidative Cleavage of 250 nM F21T 

In triplicate 15 µL reaction mixtures containing 333.33 nM of F21T in 50 mM 

potassium cacodylate, pH 7.4 and 0-333.33 µM Cu(II)S-OH, Cu(II)S-X and Cu(II)S-X+ 

were preincubated for 30 minutes at room temperature. Oxidative cleavage reactions 

were initiated by adding either 5 µL 400 µM MPA for 0-180 mins.  Following each time 

point 180 µL of the dissociation buffer (10 µg calf thymus DNA/sample) was added to 

stop the reactions, followed by thermal denaturation/reannealing as described in 3.6.8.  

3.6.6 Synthesis of Tentacle Porphyrin  and Metalloporphyrin Compounds 

3.6.6.1 Synthesis of 5,10,15,20-tetra(p-amido-[ethyl-(3-pyridine)])porphyrin  

5,10,15,20-tetra(p-amido-[ethyl-(3-pyridine)])porphyrin  was synthesized as 

previously described303  with some minor modifications. Briefly, 3-Pyridinepropionic 

acid (Alfa Aesar) (0.6372 g, 4.22 mmol, 2 eq/NH2, 8 eq/porph), 1-hydroxybenzotriazole 

(HOBT, 0.56 g, 4.14 mmol, 2 eq/NH2, 8 eq/porph) (Sigma) and O-benzotriazol-1-yl-

N,N,N’,N’-tetramethyuronium hexafluorophosphate (HBTU, 1.42 g, 3.72 mmol, 1.8 

eq/NH2, 7.2 eq/porph) (Chem-IMPEX International) were dried under vacuum for 2 

hours in a 250-ml two-necked flask. Dry DMF (30 mL) and diisopropylethylamine (1.6 

mL, 4.4 eq/NH2, 17.6 eq/porph) were added with a syringe under argon. The reaction was 

stirred for 15 minutes prior to the addition of 5,10,15,20-tetra(p-aminophenyl)porphyrin 

(0.29g, 0.43 mmol porp, 1 eq) (Frontier Scientific) and stirred in the dark for 6 hrs. The 

reaction was quenched by the slow addition of water (100 mL) the organic compounds 

were extracted in CH2Cl2. The chlorinated layer was evaporated and the remaining solid 

was triturated with MeOH.  The compound was column purified with neutral Al2O3 using 

with a CHCl3/EtOH/NEt3 mixture (from 95:5:0 to 80:20:1).  

A solid was recrystallized using CHCl3/EtOH/hexane (1:0.5:6) at 4°C overnight 

and the resultant product was filtered, washed with water to remove salts and dried under 
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vacuum. Yield: 0.31g (60%, 88% per coupling).  

1H-NMR (400 MHz, CDCl3
+20% CD3OD), δ (ppm) : 8.81 (broad s, 8H, pyrroles), 8.52 

(d,4H, H2, 4J = 1.6 Hz), 8.38 (dd, H6, 3J = 6.4 Hz, 4J = 3.2 Hz), 8.11 (d, 8H, Ho, 3J = 8.4 

Hz), 7.91 (d, 8H, Hm, 3J = 8.4 Hz), 7.76 (m, 4H, H4), 7.34 (dd, 4H, H5, 3J = 12 Hz, 3J = 

3.2 Hz), 3.15 (t,8H, COCH2, 3J = 14.8 Hz), 2.84 (t, 8H, CH2py, 3J = 15.2 Hz). 

3.6.6.2 Synthesis of 5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]pyridine)])porphyrin  

5,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-pyridine)])porphyrin was 

synthesized as previously described303 with slight modifications. 5,10,15,20-

tetra(PhNHCOCH2CH2(3-pyridyl)) porphyrin (0.1034 g, 0.0856 mmol) was dissolved in 

10 mL 1:1 CHCl3/MeOH .  Methyl Iodide (Sigma) (1.1 mL, 50 eq/py, 200 eq/porph) was 

added and the reaction was heated at 50°C in the dark for 24 h.  The solvent was 

evaporated away. The resulting compound was redissolved in MeOH and dried (2x) to 

remove crystallized CHCl3.  Some DOWEX 1x8-200 resin (chloride form) was added to 

the porphyrin and dissolved in minimal MeOH and stirred for another 2 days. The resin 

was filtered, washed with MeOH. The product was precipitated with cold diethyl ether at 

-20 °C, filtered and dried under vacuum. Yield: 0.11g (91%) 

UV-Vis (H2O) λmax/nm (ε/mol-1 L cm-1) : 419 (328,000), 520 (11,400), 558 (9800), 585 

(sh), 638 (3500). 

1H-NMR (400 MHz, CD3OD), δ (ppm) : 8.95 (s, 4H, H2), 8.78 (m, 8H, pyrroles, 4H), 

8.54 (m, 4H, H4), 8.20 (m, 8H, Ho,), 7.99 (m, 8H) 7.86 (m 4H, H5), 4.38 (s, 12 H, CH3), 

3.42 (m, 8H, CH2,), 3.015 (m, 8H, CH2,). 

3.6.6.3 Synthesis of 5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-
pyridine)])porphyrin Manganese (III) 

5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-pyridine)])porphyrin (0.0140 

mmol, 0.0198 g) and 16 fold excess MnCl3 (0.2258 mmol, 0.0445 g) (Sigma) was 
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dissolved in 5 mL 3:2 H20/MeOH with 2-3 drops 2,6, lutidine. The reaction was stirred at 

room temperature and monitored by UV-visible spectroscopy (Varian Cary100) and 

determined complete after 24 hours by the disappearance of amine-pyridyl porphyrin 

Soret  (419 nm) and Q bands (520, 558, 638 nm) and appearance of shifted Soret (422 

nm) and Q bands (470, 562, 601 nm). The reaction was dried under vacuum and 

dissolved in minimal methanol. Excess manganese was removed by SepPak purification 

and chelated porphyrin eluted with 1:1 methanol and water and dried by vacuum.  

UV-Vis (H2O) λmax/nm (ε/mol-1 L cm-1) : 382 (37300), 402 (37600), 422 (32300), 470 

(59300), 562 (8000), 602 (8100). 
ES+-MS :[M-5Cl-]3+ = 439.83, [M-5Cl--2C9H11NO+H]3+ = 341.25, [M-5Cl-]4+ = 330.08  

3.6.6.4 Synthesis of 5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-
pyridine)])porphyrin Zinc (II) 

5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-pyridine)])porphyrin and (0.0155 

mmol/ 0.0219 g) and 20 fold excess ZnCl2 (0.31 mmol, 0.0412g) (Sigma) was dissolved 

in 5 mL H20. The reaction was stirred at reflux and monitored by UV-visible 

spectroscopy (Varian Cary100) and determined complete after 2 hours by the 

disappearance of the amine-pyridyl porphyrin Soret  (419 nm) and Q bands (520, 558, 

638 nm) and appearance of shifted Soret (425 nm) and Q bands (559, 602 nm). The 

reaction was dried under vacuum and dissolved in minimal methanol. Excess zinc was 

removed by SepPak purification.  Due to the zinc porphyrin’s solubility, two SepPak 

columns in tandem were required to efficiently elute the zinc, while the chelated 

porphyrin eluted with 1:1 methanol and water, which was then dried by vacuum.  

UV-Vis (H2O) λmax/nm (ε/mol-1 L cm-1): 406 (sh), 425 (104,000), 559 (5600), 602 (3900), 

645 (sh). 
ES+-MS, [M-4Cl-]2+ = 663.83, [M-4Cl-]3+ = 443.25 , [M-4Cl+H20+H+]4+ = 336.19, [M-4Cl-

]4+ = 332.50, , [M-4Cl—CH3
+H+]4+ = 330.42,   
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3.6.6.5 Synthesis of 5,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-pyridine)])porphyrin 
Copper (II) 

5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-pyridine)])porphyrin (0.0141 

mmol/ 0.0198 g) and 20 fold excess CuCl2 (0.28 mmol, 0.0479 g) (Aldrich) was 

dissolved in 5 mL H20. The reaction was stirred at reflux and monitored by UV-visible 

spectroscopy (Varian Cary100) and determined complete after 2 hours by the 

disappearance of the amine-pyridyl porphyrin Soret  (419 nm) and Q bands (520, 558, 

638 nm) and appearance of shifted Soret (416 nm) and Q bands (543, 582 nm).  The 

reaction was dried under vacuum and dissolved in minimal methanol. Excess zinc was 

removed by SepPak purification, while the chelated porphyrin eluted with 1:1 methanol 

and water, which was then dried by vacuum.  

UV-Vis (H2O) λmax/nm (ε/mol-1 L cm-1): 416 (288,000), 543 (17,500), 582 (5400). 

3.6.7 Photochemical and Oxidative cleavage Porphyrin Compounds 

3.6.7.1 Photochemical cleavage of the dual-labeled probes by porphyrin ligands 

In triplicate, 20 µL reaction mixtures of 100 nM of annealed F21T, F-Cmyc22m-

T and 0, 200 nM or 500 nM Protoporphyrin 1X, Hemin, NMM, TMPyP2, TMPyP3, 

TmPyP4 (chloride) (Sigma), BM042, BM043, BM044 (iodide) and H2-1, Cu-1, Mn-1 or 

Zn-1 (chloride) in 50 mM potassium cacodylate, pH 7.4 (or when appropriate, sodium 

cacodylate pH 7.4) were incubated at room temperature for 30 minutes and placed in a 

384 well fluorescent plate, while avoiding background photochemical reactions. A sheet 

of aluminum foil blocked dark wells and a glass plate was used to eliminate damaging 

UV light less than 300 nm.  The 384 well assay plate was then placed in a Luzchem 

photoreactor equipped with eight RPR-4190 lamps (emission centered at 420 nm) 

(Rayonet) for 0 to 30 minutes. After each irradiation time, 80 µL of a dissociation buffer 
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(10 µg/well calf thymus DNA) was added and then to prevent further photoreactions, 

covered with foil, followed by thermal denaturation/reannealing as described in 3.6.8.   

3.6.7.2 Oxidative cleavage of dual-labeled probes by porphyrin ligands 

In triplicate 16 µL reaction mixtures containing 125 nM of F21T or F-Cmyc22m-

T and 0-625 nM Hemin chloride (Sigma), Mn•TMpyP4, Cu-1, Mn-1, in 62.5 mM 

potassium cacodylate, pH 7.4 (or when appropriate, sodium cacodylate pH 7.4) were 

preincubated for 30 minutes at room temperature. Oxidative cleavage reactions were 

initiated by adding 4 µL 500 µM KHSO5 (Sigma) (Mn•TmPyP4, Mn-1) freshly prepared 

in water (final concentration 100 µM), 4 µL 0.25% H2O2 (Hemin and Mn-1) or 4 µL 500 

µM ascorbate (Sigma) (Cu-1). After 15 minutes (KHSO5 and H2O2) or 30 minutes 

(ascorbate) 80 µL dissociation buffer (10 µg calf thymus DNA/sample) was added to stop 

the reactions, followed by thermal denaturation/ reannealing as described in 3.6.8.  

3.6.7.3 Time and concentration dependence of porphyrin cleavage 

In triplicate, 20 µL reaction mixtures of 100 nM of annealed F21T, F-Cmyc22m-

T or F-mixed-T and NMM chloride (0-1 µM) (Sigma), BM042, BM043, BM044 iodide 

(0-500 nM) and H2-1 and Zn-1 chloride (0-2 µM) in 50 mM potassium cacodylate, pH 

7.4 (or when appropriate, sodium cacodylate pH 7.4) were incubated at room temperature 

for 30 minutes and placed in a 384 well fluorescent plate, while avoiding background 

photochemical reactions. Dark wells were blocked by a sheet of aluminum foil and a 

glass plate was used to eliminate damaging UV light less than 300 nm.  The 384 well 

assay plate was then placed in a Luzchem photoreactor equipped with eight RPR-4190 

lamps (emission centered at 420 nm) (Rayonet) for 0 to 120 minutes. After each 

irradiation time, 80 µL of a dissociation buffer (10 µg/well calf thymus DNA) was added 
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and covered with foil to prevent further photoreactions, followed by thermal 

denaturation/reannealing as described below.   

3.6.7.4 Cleavage selectivity of porphyrin compounds 

To determine the selectivity of G-Quadruplex cleavage by NMM, BM042, 

BM043, BM044, H2-1 and Zn-1, 20µL triplicate samples of 100 nM F21T or F-

Cmyc22m-T with 0-10 µM (monomeric unit) of a nucleic acid and 100 µM duplex calf 

thymus in 50 mM potassium cacodylate pH 7.4 (or sodium), were prepared with either 

500 nM BM042, 500 nM BM043, 500 nM BM044, 1 µM NMM, 2 µM H2-1or 2 µM Zn-

1.  The samples were incubated in the dark for 30 min prior irradiation for 120 min in the 

photoreactor equipped with eight RPR-4190 lamps (emission centered at 420 nm) 

(Rayonet). All reactions were stopped with the addition of 80 µL of the SDS dissociation 

buffer, followed by heat denaturation/reannealing.  

The normalized solution fluorescence and percent error (standard deviation) were 

calculated as in 3.6.8.  To calculate the extent of inhibition, the data was then normalized 

again to account for each construct and compound having different initial normalized 

solution fluorescence in the absence of competitor.  The relative extent each competitor 

inhibited cleavage was calculated by equation (1):  

Inhibited Normalized Fluorescence = [1-(FCx-FCo)] x 100                     (1) 

Note: The concentration of competitor nucleic acid discussed in text or in figures 

represents its reaction monomeric unit concentration; while the concentration of dual 

labeled probe remains constant at 250 nM dual labeled probe, or 750 nM monomeric 

tetrad. 
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3.6.7.5 Duplex inhibition of photocleavage by BM042, BM043 and BM044 

To determine the selectivity of G-Quadruplex cleavage by BM042, BM043, 

BM044 in the presence of duplex DNA, 20µL triplicate samples of 250 nM F21T or F-

Cmyc22m-T with 0-250 µM (monomeric unit) of duplex calf thymus DNA in 50 mM 

potassium cacodylate pH 7.4 (or sodium), were prepared with either 500 nM BM042, 

BM043, BM044 or TMPyP4.  The samples were incubated in the dark for 30 min prior 

irradiation for 120 min in the photoreactor equipped with eight RPR-4190 lamps 

(emission centered at 420 nm) (Rayonet). All reactions were stopped with the addition of 

180 µL of dissociation buffer (SDS or 10 µg/well calf thymus DNA) followed by heat 

denaturation/reannealing. The normalized solution fluorescence and percent error 

(standard deviation) were calculated as before (1). 

3.6.8 Thermal Cycle and Solution Quantization of Cleavage Products  

To reveal cleavage events that did not lead to spontaneous dissociation of the 

fluorophores, the plate was affixed with an airtight seal (0.05 mm adhesive polyester 

seal- Uniseal, Whatman) and subjected to a thermal heat cycle at 85 C for 30 mins and 

slowly cooled to room temperature. Condensation was removed by centrifugation 

(Eppendorf, 5810R).  

The FAM fluorescence of each well was measured five times using a Perkin 

Elmer Victor 3V plate reader (fluorescence filters: ex 485 ±13 nm, em 535± 25nm) and 

the signal averaged. FAM’s emission intensity was used to determine each well’s 

normalized solution fluorescence as shown in (2): 

Normalized Fluorescence = (Fx-Fmin)/(Fmax-Fmin) x 100%  (2) 

where Fx is the average FAM emission of the sample at a particular time and cleavage 

compound concentration (x); Fmin is the average fluorescence of the corresponding 
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samples that had not been irradiated (dark control) or external oxidants; and Fmax is the 

average fluorescence of a completely cleaved construct (internal control). All samples 

were corrected for any background fluorescence observed for the cleavage compound at 

concentration x in the absence of dual labeled probe. Replicate samples’ normalized 

fluorescence were averaged and their standard deviation was used to determine each 

sample’s percent error and is indicated by the error bars on each plot.  Note: The 

concentrations, discussed and in figures, refer to the concentrations used in the particular 

cleavage reaction, not the final or preincubation conditions.  

3.6.9 FRET Melting of G-Quadruplex and Hairpin DNA 

All fluorescent oligonucleotides conjugates were purchased from IDT.  DNA was 

initially dissolved as a 50 µM stock solution in purified water and further dilutions were 

carried out in the specified buffer.   

Fluorescence resonance energy transfer (FRET) was used to investigated the 

ability of the compounds to stabilize G-Quadruplex DNA.  The dual-labeled 

oligonucleotides (F-cMyc22m-T, (5’-FAM-dTGAGGGTGGGTAGGGTGGGTAG-TAM-

3’) and hairpin (5’-FAM-d –TAM-3’; 5’-FAM-d –TAM-3’; 5’-FAM-d –TAM-3’; FAM: 

6-carboxyfluorescein; TAM: tetramethylrhodamine) were used as the FRET probes and 

were diluted from the stock to a 400 nM concentration in a 50 mM potassium cacodylate 

buffer (pH 7.4).  The DNA was annealed by heating to 95 °C for 5 minutes in a water 

bath and slowly cooled to room temperature.  

The compounds were stored as 1 mM stocks in either water (H2-1, Zn-1, Mn-1 

and Cu-1) or 1:1 MeCN/H20 (BM042, BM043 and BM044). Prior to use, 50 µM 

working stocks in 50 mM potassium cacodylate buffer (pH 7.4) were prepared.  FRET 

samples were prepared by mixing 200 µL of the 400 nM dual labeled stock with 200 µL 

of either 1 or 2 µM ligand in 50 mM potassium cacodylate buffer (pH 7.4), followed by 
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at least 10 minutes of incubation.  Additionally, control reactions without ligand were 

performed to determine the initial melting temperature of each oligonucleotide. 

Measurements were made on a Varian Eclipse spectrophotometer with an 

excitation of 480 nm and emission of 520 nm, slidth wide of 5 nm.  Fluorescence 

readings were taken every 0.1 °C over the range of 45-100 °C, with a temperature ramp 

of 0.5 °C per minute.  Final analysis of the data was carried out in Excel by first 

averaging the signal of every 10 readings (~1 °C). Then, intervals of approximately 5 °C 

were used to calculate the first derivative and determine the ligand-DNA pair Tm. 

3.6.10 PAGE analysis of Cleavage products  

PAGE analysis was performed on selective samples using 2.5 pmol of dual-

labeled DNA cleavage products both before and after piperidine heat treatment (10% v/v) 

(Sigma) induced strand scission. After 30 minutes at 90 °C, trace piperidine was removed 

by repeated additions of water and lyophilization.   Samples were resuspended in 1x 

denaturing buffer (formamide, 5 mM EDTA), heated to 95 °C for 5 minutes and products 

separated by 20% denaturing PAGE (1.5 mm thickness).  

The fluorescent gel was visualized by a Typhoon Trio and quantified by 

GelQuant.Net (BiochemLabSolutions).  The percent cleavage for each reaction mixture 

was calculated using equations 2 and 3 as previously describe (NAR ref): 

FCx = Cx/Totx    (3) 

Percent cleavage = [(FCx-FCo)/(1-FCo)] x 100 (4) 
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where FCx is the raw fraction cleaved for a given cleavage reaction, Cx is the 

sum of the integrated band intensity cleavage bands in a given lane, Totx is 

the sum of band intensity for all bands in a given lane, and FCo is the raw 

fraction cleaved for a control sample without compound.  Standard Maxim 

Gilbert sequencing 304 determined band identity.  
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Chapter 4: G-Quadruplex Binding and Cleavage Activity of the Natural 
Products Dicytodendrin A and B 

Isolated from the Japanese marine sponge Dictyodendrilla verongiformis in 2003, the 

dictyodendrin alkaloids (dictyodendrins A-E) (Figure 4.1) were discovered to inhibit 

telomerase completely at 50 µg/mL (60 µM).  The structures of the dictyodendrins have 

been elucidated by 

spectroscopic and 

chemically means and 

found to be comprised of 

tyramine-based 

pyrrolocarbazole 

derivatives containing three 

or four para phenol 

groups.305 The total 

synthesis of four of the five 

dictyodendrins, along with 

several analogs, has been reported in order to further study their potential as anti-tumor 

compounds.306-310 The dicytodendrin alkaloids are the first telomerase inhibitors of marine 

origin and are interesting lead compounds as small molecule inhibitors of the tumor 

specific enzyme, telomerase.305 

Telomerase is an RNA-dependent-DNA polymerase, composed of an RNA template 

(hTR) and a human telomere reverse transcriptase (hTERT).  Telomerase is responsible 

for the maintenance of the telomere and subsequently the immortality of approximately 

80% of human tumor cells.67 While not present in normal cell lines, telomerase can add 

repeats of human telomeric DNA, TTAGGG (telomeres), onto the 3’-ends of 

Dictyodendrin+A:+R1=+COOMe++
Dictyodendrin+B:+R1=+H+

Dictyodendrin+C:+R1=+O+R2+=+H++
Dictyodendrin+D:+R1=+O+R2+=+SO3Na++
Dictyodendrin+E:+R1=+phenol+R2+=+H++
+

 

Figure 4.1. Structure of Dictyodendrin A-E.   
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chromosomes.311, 312 Thus, the dictyodendrins are potential natural product antitumor 

agents. The use of natural products as telomerase inhibitors has previously been 

reported313, 314 and use of the synthetic telomerase inhibitor telomestatin has been 

successful in clinical trials.315  

The role of telomeres in chromosomal integrity and cancer has been widely studied.  

Meanwhile, the G-rich DNA of the telomeres has been found to form a variety of G-

Quadruplex structures.95, 98, 148 Human telomeric DNA is in fact one of the most widely G-

Quadruplex forming DNA sequences studied.14, 97, 159, 316 Human telomeric G-

Quadruplexes can vary greatly in their stability and structure as even within a single 

sequence and cation, multiple dynamic conformations are formed in vitro.102, 148  

Although the dictyodendrins completely inhibit telomerase by in vitro studies, the 

mechanism of inhibition has not previously been studied. Small molecules have been 

studied as anticancer agents for their ability to inhibit telomerase by either (A) direct 

inhibition of the hTERT catalytic site, like AZT triphosphate317 (B) competition between 

oligonucleotides and the natural telomeric DNA overhang to bind the hTR template318 

and (C) small molecules, such as porphyrins, acridines, and the natural product 

telomestatin, that induce or stabilize the guanine- rich single-stranded telomeric DNA to 

fold into a G-Quadruplex structure,168, 319, 320 the G-rich human telomeric DNA, since the 

hTR template of the polymerase requires a single stranded complement for telomere 

replication.145, 311 Furthermore, the pyrrolocarbazole scaffold of the dicytodendrins are 

reminiscent of both a series of quindoline analogs and the carbazole core of BMVC4, 

which are both G-Quadruplex ligands and known telomerase inhibitors.319, 320 

Interestingly, it has also been demonstrated that dictyodendrins and analogs with at least 

one unprotected peripheral phenol group can cleave duplex DNA under oxidative 

conditions.306 Therefore, in collaboration with Dr. Kentaro Okano of Tohoku University, 
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Japan, who provided synthetic Dictyodendrin A and B, the role of G-Quadruplex DNA in 

the inhibition of telomerase by dictyodendrins, along with its capacity for G-Quadruplex 

cleavage was investigated. 

4.1 THE STUDY OF DICYTODENDRIN – G-QUADRUPLEX INTERACTIONS BY OPTICAL 
SPECTROSCOPY               

Classically, the focus of DNA-ligand interactions has been limited to duplex 

structures.  However recently, DNA sequences that form G-Quadruplex structures have 

been found to be prevalent within promoter regions of proto-oncogenes and areas of 

chromosome maintenance (telomeres). An ideal ligand will display not only a high 

affinity for G-Quadruplex DNA, but will also be selective for quadruplex structures in 

comparison to duplex DNA. The affinity and selectivity of G-Quadruplex and small 

molecules interactions can be investigated by a variety of in vitro biophysical and 

biochemical methods and in some instances quantified.   

UV-visible (UV-Vis), fluorescence and circular dichroism (CD) spectroscopy are 

all forms of optical spectroscopy that have previously been used to study small molecule 

interactions with duplex DNA and have been adapted to study these interactions with G-

Quadruplex DNA.  Binding affinity and structure selectivity, along with information 

about the stabilization (or destabilization) of G-Quadruplex DNA by mean of the melting 

temperature can also be ascertained by spectroscopy.  

4.1.1 FID Assay with Thiazole orange  

Fluorescent intercalator displacement (FID) assays are based on the loss of 

fluorescence of a DNA-bound intercalator such as ethidium bromide or a minor-groove 

binder like Hoechst 33258 upon its displacement by a competing DNA-binding molecule. 

Similarly, a FID assay (G4-FID) based on the displacement of thiazole orange (TO) from 
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the human telomeric G-Quadruplex-DNA can be used to assess the ligand’s relative 

binding affinity.321 TO is a nucleic acid probe with a very low quantum yield in its free 

state and its fluorescent yield increases 500 to 3000-fold when bound to G-Quadruplex 

DNA. Therefore, the decrease in the fluorescence intensity of TO can be monitored to 

follow the displacement of TO from the G-Quadruplex due to competitor ligand.321, 322  

Thiazole orange displacement assay was used to investigate the binding of 

dictyodendrin B with G-Quadruplex DNA.  To compare the relative thiazole orange 

displacement, which is an indicator of G-Quadruplex binding affinity, the well-studied G-

Quadruplex ligand TMPyP4161, 164, 168, 321 was also included in the investigation. The 

concentration of ligand required to reduce the TO fluorescence by 50% due to ligand 

displacement, or the DC50, of TMPyP4 for the potassium stabilized (3+1) hybrid human 

telomeric G-Quadruplex has previously been reported as 0.106 µM.321 Similarly, the DC50 

of TMPyP4 in this study was determined to be 0.10 µM. The sodium stabilized anti-

parallel human telomeric G-Quadruplex has a slightly diminished TMPyP4 binding 

affinity164 and in agreement, the DC50 was also slightly reduced at 0.25 µM. (Figure 4.2) 

Thus, the cation induced structural changes mildly affect the displacement of TO due to 

TMPyP4 binding. 
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Figure 4.2  (A) Thiazole orange displacement of 0.25 µM HT22 with 0.5 µM thiazole orange 
in 50 mM potassium (or sodium) stabilized HT22 upon increasing titrations of 
TMPyP4 or Dictyodendrin B (0-5 µM). (B)  Close up of the 0-0.5 µM TMPyP4 
or Dictyodendrin B G4-FID titration points. 
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On the other hand, the cation induced structural changes of HT22 greatly affect 

the displacement of TO by dictyodendrin B. The DC50 values of dictyodendrin B with the 

potassium and sodium stabilized HT22 are 3.0 µM and 0.30 µM respectively. (Figure 

4.2)  The relatively high DC50 value of dictyodendrin B for K+ HT22 does not necessarily 

negate G-Quadruplex binding.  Rather, it can only be inferred that dictyodendrin B does 

not readily displace thiazole orange from the G-Quadruplex.   

Thiazole orange binds the sodium and potassium stabilized HT22 in a 1:1 binding 

stoichiometry with relatively equal affinities (Ka = 3.4 and 2.1 x 106 M-1 respectively). TO 

binds a parallel intermolecular G-Quadruplex without loops in a 2:1 ratio, implying that it 

binds both external tetrads.323 Since TO only binds the intramolecular HT22 topologies in 

a 1:1 ratio, the terminal tetrads are presumed to have unique environments. Additionally, 

the TO fluorescence enhancements upon binding either of these topologies are relatively 

equal.  Therefore, it can be inferred TO is relatively non-responsive to the cation induced 

structural changes of G-Quadruplex DNA.323 However, although TO is not responsive to 

these cation induced structural changes, ligands competing for the displacement of TO 

from the structure may show cation-induced effects.   

The displacement of TO from DNA is dependent upon the binding mode of the 

displacing ligand.  Generally, ligands that efficiently stack on the tetrad, like TMPyP4, 

exhibit lower DC50 values than ligands that can establish interactions with the loops and 

grooves of the DNA, such as 360A and BOQ1.  For example, despite the greater 

selectivity for and stabilization of G-Quadruplex DNA by 360A and BOQ1 compared to 

TMPyP4, the DC50 of these ligands is over 3-4 fold greater than the DC50 of TMPyP4. A 

low DC50 indicates efficient competition with the TO probe and would confirm G-

Quadruplex binding via end-stacking, whereas a higher DC50 does not exclude G-

Quadruplex binding but rather indicates TO displacement by either direct or indirect 
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(binding to a nearby site) mechanisms.321 Furthermore, ligands binding extensively with 

the G-Quadruplex grooves or the other terminal tetrad would not efficiently displace the 

TO.   

The binding of dictyodendrin B to the anti-parallel HT22 at the end tetrad can be 

inferred by the moderate DC50 value.  However, even dictyodendrin B concentrations > 

4.5 µM could only displace approximately 80% of the TO.  This indicates binding is not 

exclusive to pi stacking with the external tetrad. (Figure 4.2) The significantly higher 

DC50 (3.0 µM) for the (3+1) hybrid topology formed by the K+ HT22 may be due to more 

extensive interactions with the loops and grooves of the G-Quadruplex.  Furthermore, it 

is interesting that ~25% of the TO of the K+ HT22 was displaced by approximately 0.20 

µM dictyodendrin B, followed by an almost linear TO displacement, which did not 

exceed 60% displacement at 4.5 µM dictyodendrin B.  (Figure 4.2) This may indicate two 

types of binding, one of which moderately displaces the TO by end stacking, along with 

interactions with the loops and groove. The binding of the dictyodendrin could either 

induce a structural change and allow for TO to re-bind or favor the binding of additional 

ligands to the same G-Quadruplex rather than increase the displacement of TO. The 

binding of additional dictyodendrin ligands may be through either independent DNA 

binding sites or DNA-ligand aggregation.  Additionally, at increased concentrations of 

dictyodendrin B, the reduced displacement of TO may be due to ligand self-aggregation 

occurring with higher concentrations of free ligand. 

4.1.2 UV-Vis Absorbance Spectroscopy 

The binding of dicytodendrin B was further explored using UV-Vis spectroscopy. 

Concentrated stocks of either duplex (base pairs) or G-Quadruplex (G-tetrads) DNA were 

titrated into a solution of dictyodendrin B in 50 mM potassium cacodylate, pH 7.4.  Upon 
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binding the DNA, there was slight a hypochromic change in the dictyodendrin B 

absorbance at 397 nm without a clear shift in the spectra. (Figure 4.3)  

 

Additionally, the binding stoichiometry of dictyodendrin B to G-Quadruplex and 

duplex calf thymus DNA was extrapolated from the UV-Vis absorbance spectroscopy.  

The G-Quadruplex DNA bound the ligand in a 1:1 ratio of G-tetrad to dictyodendrin B. 

(Figure 4.4 A) Since each strand of HT22 is comprised of three G-tetrads, three 

dictyodendrin B ligands bound each K+ stabilized HT22 G-Quadruplex.  The location(s) 

of ligand binding or mode of DNA binding cannot be necessarily be inferred from this  

study; however,  it is clear this is a unique G-Quadruplex-ligand binding mode. 

Meanwhile, the duplex calf thymus DNA did not bind dictyodendrin B as 

efficiently as the G-Quadruplex DNA.   While each G-tetrad bound one dicytodendrin B 

ligand, it required three times the duplex base pairs to bind one ligand.  Thus, it can also 

be inferred dictyodendrin B has a greater affinity for G-Quadruplex than duplex DNA.  In 
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Figure 4.3 UV-Vis absorbance scans of 5 µM Dictyodendrin B upon increasing 
titrations of G-Quadruplex DNA.   The arrow marks the λmax (397 nm) that 
decreases upon increasing concentrations of DNA. 
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combination with the G4 FID assay, the results of the UV-Vis absorbance spectra 

indicated dictyodendrin B interacted with G-Quadruplex DNA, but the binding location 

did not adequately displace the TO.  

 

 

4.1.3 Fluorescence and resonance light scattering spectroscopy 

Both fluorescence spectroscopy and resonance light scattering were used to 

explore the possibility of dictyodendrin B aggregation. The two main types of ligand 

aggregates are known as H- and J- aggregates.  H-aggregates typically display a 

hypsochromic UV-Vis shift, also known as a blue shift, along diminishing fluorescence 

upon aggregation.  J-aggregates on the other hand display a bathochromic shift in their 

absorption spectra (red shift) and their fluorescence is not quenched due to aggregate 

formation.324 These distinct and divergent spectroscopic properties are due to the 

differences in the stacking interactions between H- and J- aggregates.  H-aggregates 

directly stack upon one another, which directly causes their fluorescence to be 
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Figure 4.4. The decrease in the percent normalized UV-Vis absorbance of dictyodendrin 
B at λmax = 397 nm) upon increasing titrations of (A) G-Quadruplex and (B) 
duplex DNA.  The percent normalized absorbance is plotted as a function of 
the ratio of the monomeric unit concentration ((A) G-tetrad (B) base pair) to 
the concentration of dictyodendrin B (constant). 
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diminished. (Figure 4.5 A)  Meanwhile, the fluorescence of J-type aggregates is not 

quenched since the ligands’ aromatic cores are slightly rotated out of plane from one 

another.324 (Figure 4.5 B)  

  

 An additional method to investigate the extent ligand aggregation plays in DNA 

binding is a fluorescence technique known as resonance light scattering (RLS). With or 

without a concomitant spectral shift, ligand aggregation can lead to a dramatic increase in 

the intensity of the RLS spectra; the fluorescence intensity measured when the excitation 

and emission wavelengths are the same. However, RLS can only be used to confirm 

ligand aggregation since neither H- nor J-aggregates always exhibit substantially 

enhanced RLS spectra.324, 325 Therefore, a lack of a significantly more intense RLS 

spectrum does not negate aggregate formation. 

There is not significant evidence to suggest dictyodendrin B aggregated on the G-

Quadruplex DNA.  Upon titration of G-Quadruplex DNA into a solution of dictyodendrin 

B in 50 mM potassium cacodylate, the fluorescence of the ligand was not diminished. 

(Figure 4.6 A)  Furthermore, there was not a significant RLS spectrum upon increasing 

(A)$

(B)$

Figure 4.5. H- and J- aggregates. (A) In H-aggregates the moleculare are stacked 
directly on top of one another, quenching the fluorescent properties. (B) 
In J-aggregates, the planar core of the molecules has rotated slightly out 
plane with respect to each other. 
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concentrations of DNA(Figure 4.6 B).  Since fluorescence was not diminished, the 

formation of an H-aggregate can be ruled out.  However, the formation of a J-aggregate 

by dictyodendrin B remains possible since not aggregates exhibit a significant RLS 

spectral enhancement. 324, 325  However, this is unlikely due to the lack of a bathochromic 

shift observed in the absorption spectra 

4.1.4 Dictyodendrin B stabilization of F21T by FRET melt 

As previously described, DNA melting studies are commonly used to investigate 

DNA-ligand interactions by monitoring their effect on the stability of DNA. The use of 

dual-labeled FRET probes is a common method to determine the melting temperature of 

G-Quadruplex DNA and their ligands. As the DNA melts, there is a large change in 

fluorescence caused by the reversible separation of the donor and acceptor fluorophores 

on each end of the DNA.  While the extent of ligand induced G-Quadruplex stabilization 

provides a good indication of relative binding affinities between various ligands it does 

not provide a precise measurement of the affinity constants.202, 204, 205, 326  
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Figure 4.6. Relative fluorescence (A) and RLS (B) of dictyodendrin B with G-Quadruplex 
DNA, HT22, in 50 mM potassium cacodylate, pH 7.4.  Excitation was at 320 
nm for the titrations of HT22 into 1 µM dictyodendrin B.  The emission 
equaled the excitation for the RLS spectra.  Arrows indicate the direction of 
fluorescence increase. 
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Unlike duplex DNA, the solvent significantly affects the melting temperature of 

G-Quadruplex DNA.  Changes in buffer composition can dramatically affect the initial 

melting temperature of the DNA itself.327 As seen in Figure 4.7 and Table 4.1, the 

addition of methanol to F21T in 50 mM potassium cacodylate, pH 7.4, dramatically 

increased the melting temperature of the DNA without ligand present in a methanol 

concentration dependent manner (F21T Tm with 12.5% and 18.75% MeOH). The addition 

of 10 µM dictyodendrin B (12.5% MeOH) into 200 nM K+ F21T did not increase the 

melting temperature in excess of the error of the melting of 200 nM K+ F21T in the 

presence of 12.5% M eOH alone. (Table 4.1)  The addition of 15 µM dictyodendrin B 

(18.75% MeOH) very modestly stabilized the 200 nM K+ F21T in 18.75% MeOH, with a 

2.2 C increase melting temperature in the presence of a 65-fold excess dictyodendrin B.  

Therefore, despite the apparent binding of dictyodendrin B to the DNA, by evidence of 

UV-Vis spectroscopy and G4-FIID, it can be concluded that the extent of dictyodendrin 

B stabilization of K+ F21T is not significant.         

  

Tm# ΔTm#

50#mM#K+#F21T# #56#°C#±#0.7# 3333#

50#mM#K+#F21T#+12.5#%#MeOH# 63.3#°C#±#0.6# 7.3#°C##

50#mM#K+#F21T#+12.5#%#MeOH#+##
10#µM#Dictyodendrin#B#

64.0#°C#±#0.8# 8.0#°C##

50#mM#K+#F21T#+18.75#%#MeOH# 66.8#°C#±#0.8# 10.8#°C##

50#mM#K+#F21T#+18.75#%#MeOH#+##
15#µM#Dictyodendrin#B#

69.0#°C#±#1.0# 13.0#°C##
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TABLE 4.1. The average FRET melting 
temperatures and  ΔTm of 200 
nM F21T in 50 mM 
potassium cacodylate, pH 7.4 
with  and without either 
12.5% MeOH, 12.5% MeOH 
and 10 µM dictyodendrin B, 
18.75% MeOH or 18.75% 
MeOH and 15 µM 
dictyodendrin B. The error in 
the melting temperature is 
calculated from the standard 
deviation between triplicate 
measurements.  

 

Figure 4.7.  Derivative plots of the FRET 
melts of 200 nM F21T in 50 
mM potassium cacodylate, 
pH 7.4 with either 12.5% 
MeOH (dashed line), 18.75% 
MeOH (solid line) or 18.75% 
MeOH and 15 µM 
dictyodendrin B (dotted line).    
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4.2 TMPYP4 AND DICTYODENDRIN B INHIBITION OF PCR STOP ASSAYS 

A PCR stop assay was performed to provide insights into the reported 100% 

TRAP (telomerase) inhibition by the dictyodendrins. The PCR stop assay is also another 

means to investigate the stabilization of dictyodendrin B with G-Quadruplex DNA. The 

dictyodendrins have a reported total inhibition of telomerase as measured by the TRAP 

assay of 50 µg/mL or 60 µM.305 It should be noted this is a relatively high concentration.   

Telomerase is a ribonucleoprotein polymerase that replicates the telomeric DNA 

at the chromosome ends using its RNA component as a template.311, 312  Telomerase 

activity can be measure in vitro by a two-part assay known as the TRAP assay (telomeric 

repeat amplification protocol).  In the first step, telomerase positive cell extracts elongate 

an oligonucleotide with three or more TAAGGG repeats. While in the second step, a 

secondary primer amplifies the DNA oligonucleotide previously extended by telomerase 

to quantitate the telomeric repeats produced by the enzymatic reaction (step 1). The 

telomerase inhibition is determined by incubating various concentrations of the ligand 

during the elongation stage.328 

The major drawback of this assay is the ligand can either interfere with either the 

elongated oligonucleotides or directly with the Taq polymerase used during the PCR 

amplification step. This overestimates the ligand’s telomerase inhibition.  Modifications 

to the TRAP assay separate the ligand from the oligonucleotides prior to the PCR 

amplification step, eliminating PCR inhibition by interactions between the ligand or 

ligand complexes with either the extended DNA products or the Taq polymerase.149  

The reported telomerase inhibition of the dictyodendrins could be due to either 

actual telomerase inhibition or due to inhibition of the PCR amplification step. Adapted 

from previous G-Quadruplex PCR stop assays,329  two PCR stop assays were performed 



 238 

in order to investigate the nature of TRAP inhibition and G-Quadruplex stabilization by 

dictyodendrin B. Both PCR stop assays used an oligonucleotide and a primer that 

partially hybridized, however only one of the oligonucleotides could form a G-

Quadruplex.  In both assays the ACX primer ACX (5’-

GCGCGGCTTACCCTTACCCTTACCCTAACG -3’) amplified either the G-

Quadruplex forming HT22 primer (5’ AGGG(TTAGGG)3), or the TS extension primer 

(5’-AATCCGTGG AGCAGAG(TTAGGG)3TTAG -3’), which lacked the final G-repeat 

required to form a G-Quadruplex.  The inhibition of the amplification of the TS extension 

primer was due to Taq interference by the ligand. Inhibition of the amplification of HT22 

however was due to Taq interference and ligand binding and/or stabilization of the G-

Quadruplex, which prevented the hybridization of the ACX primer. 

The amplified PCR products were the analyzed by PAGE and the resultant bands 

quantified.  Furthermore, the normalized band intensity of the TMPyP4 reactions were 

plotted as a function of ligand concentration to determine the EC50, or concentration 

required for a 50% decrease in signal (amplification). It should be noted that in order to 

normalize the total band intensity of the PCR stop assays in the presence of dictyodendrin 

B, a total loss of band intensity was assumed for Btot min. 

As seen in Figure 4.8 A, the amplification of 200 nM TS extension is sharply 

diminished in the presence of 400 nM TMPyP4.  Furthermore, it required 800 nM 

TMPyP4 to inhibit the amplification of 200 nM HT22 by the ACX primer. (Figure 4.9 A) 

These plots can be seen in Figures 4.8 and 4.9 B and the calculated EC50 values are in 

Table 4.2.  Since the TS extension oligonucleotide cannot form a G-Quadruplex 

structure, the PCR inhibition is due to ligand interaction with the Taq polymerase or the 

hybridized oligonucleotides.  TMPyP4 inhibits PCR relatively effectively with an EC50 of 

~200 nM  
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Figure 4.8.(A) PAGE analysis of PCR Stop Assay for the PCR amplification of 200 nM of the 
non-G-Quadruplex forming oligonucelotide TS extension (5’-
AATCCGTGGAGCAGAG (TTAGGG)3TTAG -3’) by 750 nM ACX (5’-
GCGCGGCTTACCCTTACCCTTACCCTAACG -3’) in the presence of 0-1 µM 
TMPyP4.  Reactions contained 0 nM (lanes 1, 2,3, 18), 25 nM (lanes 4, 5), 75 
nM (lanes 6, 7 ), 150 nM (lanes 8, 9), 300 nM (lanes 10, 11), 400 nM (lanes 12, 
13), 500 nM (lanes 14, 15), 1000 nM (lanes 16, 17) TMPyP4.Taq  was not added 
to control samples in lanes 1 and 18. (B)The plot of the normalized band intensity 
versus TMPyP4 concentration fit to the Hill equation [y= 1 / (1+(10log EC50-log [ligand]) x 

Hill slope)) ] by Kaliedagraph non-linear regression software to calculate the EC50 
value for the TMPyP4 inhibition of PCR amplification of TS extension. The EC50 
was 195 nM, with an R2 value of 0.991.  

 

Figure 4.9. (A) PAGE analysis of PCR Stop Assay for the PCR amplification of 200 nM of the 
G-Quadruplex forming oligonucelotide HT22 (5’-AGGG(TTAGGG)3 -3’) by 750 
nM ACX (5’-GCGCGGCTTACCCTTACCCTTACCCTAACG -3’) in the 
presence of 0-1 µM TMPyP4.  Reactions contained 0 nM (lanes 1, 2,), 25 nM (lane 
3, 75 nM (lane 5), 150 nM (lane 6), 200 nM (lane 7), 250 nM (lane 8), 300 nM 
(lane 9), 400 nM (lane 10), 500 nM (lane 11), 800 nM (lane 12), 1000 nM (lanes 
13) TMPyP4. Taq  was not added to a control sample in lane 1. (B)The plot of the 
normalized band intensity versus TMPyP4 concentration fit to the Hill equation [y= 
1 / (1+(10log EC50-log [ligand]) x Hill slope)) ] by Kaliedagraph non-linear 
regression software to calculate the EC50 value for the TMPyP4 inhibition of PCR 
amplification of HT22. The EC50 was 470 nM, with an R2 value of 0.972.   
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(Figure 4.8 B).  However, the EC50 of the amplification of the G-Quadruplex was 

significantly higher at ~470 nM. (Figure 4.9 B)  The difference in the EC50 values reflects 

the TMPyP4 affinity and stabilization of the G-Quadruplex DNA, thus at higher ligand 

concentrations the ligand does not inhibit the Taq.  The interference of TMPyP4 in PCR 

amplification has previously been noted in the literature.149     

Dictyodendrin B on the other hand required significantly greater concentrations of 

ligand to even partially inhibit the PCR amplification in either the TS extension or HT22 

PCR stop assay.  The TS extension assay was only partially (~30%) but not completely 

inhibited by the presence of up to 150 µM dictyodendrin B. (Figure 4.10 A, B) The 

amplification of HT22 was even less affected (~20% total inhibition) by the presence of 

150 µM dictyodendrin B. (Figure 4.11 A, B) The EC50 values were not calculated for the 

dictyodendrin B inhibition of the PCR stop assays since the total inhibition did not reach 

50% loss of signal. Based on the significantly higher ligand concentrations required to 

elicit any inhibition of PCR, it can be inferred the dictyodendrins do not interfere with the 

Taq polymerase.  Since even greater dictyodendrin concentrations are required to slightly 

inhibit HT22 PCR amplification, the dictyodendrin B – G-Quadruplex affinity likely 

plays a role.  

 

EC50%for%PCR%stop%with%%
TS%extension%primer%

EC50%for%PCR%stop%with%%
G8quadruplex%forming%primer%

(AGGG(TTAGGG)3%

TMPyP4& 195&nM& 470&nM&

Dictyodendrin&B& 6666& 66666&

Table 4.2. Summary of the EC50 values calculated for the PCR stop assays with either 
200 nM TS extension or HT22 and 750 nM ACX. 
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Figure 4.10. (A) PAGE analysis of PCR Stop Assay for the PCR amplification of 200 
nM of the non-G-Quadruplex forming oligonucelotide TS extension (5’-
AATCCGTGGAGCAGAG(TTAGGG)3TTAG -3’) by 750 nM ACX (5’-
GCGCGGCTTACCCTTACCCTTACCCTAACG -3’) in the presence of 0-
150 µM dictyodendrin B.  Reactions contained 0 nM (lanes 1, 2,), 500 nM 
(lane 3), 1 µM (lane 4), 2 µM (lane 5), 5 µM (lane 6), 10 µM (lane 7), 25 
µM (lane 8), 40 µM (lane 9), 50 µM (lane 10), 70 µM (lane 11), 100 µM 
(lane 12), 150 µM (lane 13) dictyodendrin B.Taq  was not added a control 
sample in lane 1. (B)The plot of the normalized band intensity (assuming a 
total loss of band amplification as the minimum total band intensity) versus 
Log [dictyodendrin B concentration] (M).  

Figure 4.11. (A) PAGE analysis of PCR Stop Assay for the PCR amplification of 200 nM 
of the G-Quadruplex forming oligonucelotide HT22 (5’-GGG(TTAGGG)3 -
3’) by 750 nM ACX (5’-GCGCGGCTTACCCTTACCCTTACCCTAACG -
3’) in the presence of 0-150 µM dictyodendrin B.  Reactions contained 0 nM 
(lanes 1, 2,), 500 nM (lane 3), 1 µM (lane 4), 2 µM (lane 5), 5 µM (lane 6), 
10 µM (lane 7), 25 µM (lane 8), 40 µM (lane 9), 50 µM (lane 10), 70 µM 
(lane 11), 100 µM (lane 12), 150 µM (lane 13) dictyodendrin B.Taq  was not 
added a control sample in lane 1. (B)The plot of the normalized band 
intensity (assuming a total loss of band amplification as the minimum total 
band intensity) versus Log [dictyodendrin B concentration] (M). 
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Furthermore, since dictyodendrin B concentrations even up to 150 µM do not 

fully inhibit either of the PCR stop assays, it can be inferred the complete TRAP 

inhibition observed for 60 µM dictyodendrin B is not due to ligand interference with the 

Taq or with the hybridized oligonucleotides during the PCR amplification step.  

Additionally, as evident by the lack of dictyodendrin B stabilization of K+ F21T, 

inhibition of the PCR stop assay by dictyodendrin B is not due to the stabilization of the 

G-Quadruplex forming oligonucleotide that prevents the hybridization with the ACX 

primer.  The telomerase inhibition by the dictyodendrins therefore may be due to direct 

inhibition of the polymerase; however although by weakly inhibiting the HT22 PCR stop 

assay and binding G-Quadruplex, telomerase inhibition of dictyodendrin B by G-

Quadruplex interactions cannot be ruled out.  

4.3 DNA CLEAVAGE BY THE DICTYODENDRIN ALKALOIDS 

The dictyodendrin alkaloids with at least one unprotected peripheral phenol have 

been found to cleave duplex DNA under oxidative conditions.306 As the current 

investigation has shown, the dictyodendrins also bind G-Quadruplex DNA to some 

extent.  Therefore the cleavage of G-Quadruplex and hairpin DNA by dicytodendrin B 

and to a lesser degree dictyodendrin A under oxidative conditions was investigated. 

4.3.1 Dictyodendrin A and B cleavage of F21T, F-cMyc22m-T and F-Mixed-T 

250 nM F21T in 50 mM potassium cacodylate, pH 7.4 was reacted with 0 - 200 

µM dictyodendrin B by the addition of 0.1 mM Cu(OAc2) and 10 mM n-butylamine for 

120 minutes at 37 °C.  As shown in Figure 4.12, K+ F21T is a moderate substrate for 

dictyodendrin B cleavage under oxidative conditions and the extent of cleavage increased 

proportionally with dictyodendrin B concentration between 10-200 µM dictyodendrin B.  

The maximum normalized fluorescence corresponded to approximately 35% cleavage in 
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the presence of 200 µM dicytodendrin B.  This however equates to an 800:1 ratio of 

dictyodendrin B to K+ F21T.   

 

The metal ion mediated F21T structural change greatly affected the G-Quadruplex 

cleavage by dictyodendrin B.  Cleavage reactions between 250 nM F21T in 50 mM 

sodium cacodylate, pH 7.4 and 0-200 µM dictyodendrin B in the presence of 0.1 mM 

Cu(OAc2) and 10 mM n-butylamine for 120 minutes at 37 °C did not exceed 10% 

cleavage of the initial oligonucleotide present at all ligand concentrations. (Figure 4.12) 

Interestingly, although the extent of cleavage was overall low, as dictyodendrin B 

concentrations increased, the apparent cleavage of the Na+ F21T diminished.     

Similarly, the hairpin F-Mixed-T was not significantly cleaved by dictyodendrin 

B as the extent of cleavage did not exceed ~15% of the initial hairpin present.  Cleavage 

increased proportionally with dictyodendrin B concentration between 25-200 µM 
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Figure 4.12. Normalized fluorescence intensity for different 250 nM DNA samples (F21T 
in 50 mM potassium cacodylate buffer (black circles), F21T in 50 mM sodium 
cacodylate buffer (gray triangles) and F-Mixed-T hairpin in 50 mM potassium 
cacodylate (black squares) with 0-200 µM dictyodendrin B reacted, 0.1 mM 
Cu(OAc2) and 10 mM n-butylamine for 120 minutes at 37 °C. 
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dictyodendrin B and the maximum normalized fluorescence occurred in the presence of 

200 µM dicytodendrin B. (Figure 4.12) This equates to an 800:1 ratio of dictyodendrin B 

to F-Mixed-T.   

The cleavage of 100 nM F21T, F-cMyc22m-T and F-Mixed-T by both 

dictyodendrin A and B (0-100 µM) under oxidative conditions (0.1 mM Cu(OAc2) and 10 

mM n-butylamine) for 120 minutes at 37 °C was also investigated.  The extent of 

cleavage of the dual-labeled probes was dependent on DNA structure and G-Quadruplex 

topology.  

The cleavage of the dual-labeled probes by dictyodendrin A was most efficient for 

K+ F21T.  Cleavage of this G-Quadruplex topology increased proportionally with ligand 

concentration up to 50 µM dictyodendrin A.  The maximal increase in normalized 

fluorescence occurred in the presence of 100 µM dictyodendrin A with 0.1 mM 

Cu(OAc2) and 10 mM n-butylamine after a 120 minute incubation at 37 °C and 

corresponded to ca. 45% cleavage. (Figure 4.13 A) Further increases in ligand 

concentration did not result in significantly more K+F21T cleavage.  
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Figure 4.13. Normalized fluorescence intensity for different 100 nM DNA samples 
(F21T in 50 mM potassium cacodylate buffer (black squares), F21T in 50 
mM sodium cacodylate buffer (gray circles), F-cMyc22m-T (black 
diamonds) and F-Mixed-T hairpin in 50 mM potassium cacodylate (gray 
triangles) reacted with 0.1 mM Cu(OAc2), 10 mM n-butylamine 0-100 µM 
(A) dictyodendrin A (B) dictyodendrin B for 120 minutes at 37 °C.  

 



 245 

Interestingly, cleavage of the traditionally superior cleavage substrate F-

cMyc22m-T did not exceed the cleavage of the traditionally poorer cleavage substrate, 

Na+ F21T.  The cleavage of the anti-parallel Na+ F21T and the parallel F-cMyc22m-T 

was approximately equally efficient.  Additionally, the cleavage of the hairpin F-Mixed-T 

was similar to the cleavage of these G-Quadruplex substrates.  The maximum cleavage of 

these substrates did not exceed 11-15% and occurred in the presence of 100 µM 

dictyodendrin A, which corresponds to a 1000:1 dictyodendrin A to dual-labeled probe. 

(Figure 4.13 A)  

The cleavage of 100 nM of these dual-labeled probes by 0-100 µM dictyodendrin 

B was similar to the cleavage profiles observed for dictyodendrin A.  Cleavage of the K+ 

F21T was once again most efficient.  Cleavage of the (3+1) hybrid K+ F21T topology 

increased proportionally with ligand concentration up to 100 µM dictyodendrin B.  The 

maximal increase in normalized fluorescence (40%) of K+ F21T occurred in the presence 

of 100 µM dictyodendrin B and corresponds to a 1000:1 dictyodendrin B to K+ F21T.  

Additionally, the overall extent of cleavage by dictyodendrin A is greater than the extent 

of K+ F21T cleavage by dictyodendrin B. (Figure 4.13 B) 

Dictyodendrin B cleaved the dual-labeled probes F-cMyc22m-T, Na+ F21T and F-

Mixed-T slightly more efficiently than dictyodendrin A.  However, unlike the previous 

observation with 250 nM Na+ F21T, 100 nM Na+ F21T was cleaved proportional to 

dictyodendrin B concentration.  The increase in normalized fluorescence of Na+ F21T 

however did not exceed 15%, even in the presence of 100 µM ligand.  In general, the 

parallel F-cMyc22m-T was cleaved just slightly less efficiently than the anti-parallel Na+ 

F21T (within ~1-2 %).  The cause of these topology-based differences in cleavage is 

unknown, however either the ligand’s binding affinity, orientation or the mechanism of 

cleavage likely plays a role.   Finally, the normalized fluorescence of 100 nM F-Mixed-T 
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due to cleavage by dictyodendrin B increased almost linearly with ligand concentration 

up to 100 µM dictyodendrin B, with a maximum cleavage of 16% of the initial 

oligonucleotide present. (Figure 4.13 B)      

4.3.2 PAGE Analysis of Dictyodendrin B Cleavage Products 

PAGE analysis was performed on aliquots from selected G-Quadruplex cleavage 

reactions to gain additional insights into the cleavage reactions.  In agreement with the 

250 nM cleavage reactions with 0-200 µM dictyodendrin B, the dictyodendrin B cleaved 

K+ F21T in the presence of 0.1 mM Cu(OAc2) and 10 mM n-butylamine in a 

concentration dependent manner.  (Figure 4.14) Neither the presence of 0.1 mM 

Cu(OAc2) and 10 mM n-butylamine alone cleaved K+ F21T nor did the thermal cycle of 

the solution study impact the extent of cleavage. Both K+ F21T cleavage samples 

subjected and not subjected to the thermal cycle exhibited identical cleavage patterns. 

Additionally, the cleavage appeared to occur via an oxidative mechanism as all 

nucleobases are cleaved equally efficient.  

Interestingly, in accord with the solution study, the metal mediated topology 

change of F21T in the presence of sodium greatly impacted the cleavage of dictyodendrin 

B.  The anti-parallel F21T was not cleaved in the presence of dictyodendrin B across any 

of the ligand concentrations investigated.  Minor cleavage at the 5’ most G and at the 

TAM linker occurred across all Na+ F21T samples, regardless of the presence of 

dictyodendrin B. (Figure 4.15)       
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Figure 4.14. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 
nM) in potassium cacodylate buffer with 0-200 µM dictyodendrin B 
reacted for 120 minutes at 37 °C with 0.1 mM Cu(OAc2) and 10 mM n-
butylamine (lanes 4-15). Reactions contained 0 nM (lanes 3, 4, 15), 0.1 
µM (lanes 5), 0.5 µM (lanes 6), 1 µM (lanes 7), 5 µM (lanes 8), 10 µM 
(lanes 9), 25 µM (lanes 10), 50 µM (lanes 11), 100 µM (lanes 12), 200 
µM (lanes 13, 14) dictyodendrin B. Control samples in lane 3 were not 
reacted with Cu(OAc2) or n-butylamine. Samples in lanes 14 or 15 
(marked with a *) did not undergo a thermal cycle prior to PAGE 
analysis.  Maxam Gilbert sequencing lanes are indicated by the G and 
G+A.”.  
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4.4 CONCLUSIONS 

Both the role of G-Quadruplex DNA in the inhibition of telomerase by the 

dictyodendrins and their G-Quadruplex nuclease activity was investigated in this study.  

Based on the optical spectroscopy studies it was determined dicytodendrin B binds the 

(3+1) hybrid human telomeric DNA in a unique mode with a 1:1 tetrad to ligand ratio, or 

three molecules of dictyodendrin B to each G-Quadruplex structure.  However, 

dictyodendrin B binds duplex DNA with 3:1 ratio of base pairs to ligand. Additionally, as 

indicated by the G4-FID assay, dictyodendrin B does not bind to the same end tetrad as 
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Figure 4.15. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) in 
sodium cacodylate buffer with 0-200 µM dictyodendrin B reacted for 120 minutes 
at 37 °C with 0.1 mM Cu(OAc2) and 10 mM n-butylamine (lanes 4-14). Reactions 
contained 0 nM (lanes 3, 4, 14), 0.5 µM (lanes 5), 1 µM (lanes 6), 5 µM (lanes 7), 
10 µM (lanes 8), 25 µM (lanes 9), 50 µM (lanes 10), 100 µM (lanes 11), 200 µM 
(lanes 12, 13) dictyodendrin B. Control samples in lane 3 were not reacted with 
Cu(OAc2) or n-butylamine. Samples in lanes 13 or 14 (marked with a *) did not 
undergo a thermal cycle prior to PAGE analysis.  Maxam Gilbert sequencing 
lanes are indicated by the G and G+A.  
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thiazole orange.  This is supported by the relatively high concentration of dictyodendrin 

B required to displace TO, in addition to the apparent absence of ligand aggregation and 

lack of K+ F21T stabilization due to the absence of additional pi-stacking interactions.  

Interestingly, although TO was more readily displaced with the sodium stabilized 

HT22 topology by dictyodendrin B, the anti-parallel G-Quadruplex was less readily 

cleaved by the ligand.  Meanwhile, K+ F21T, which is not significantly stabilized by 

dictyodendrin B is a better cleavage substrate than the anti-parallel G-Quadruplex, the 

parallel G-Quadruplex with short loops or duplex DNA. The selective cleavage of K+ 

F21T is additional evidence supporting the existence of G-Quadruplex DNA-

dictyodendrin B interactions.   

Although the nature of these unique DNA binding interactions is not currently 

clear, based on the topological dependent cleavage by the dicytodendrins, especially the 

need for the longer loop of F21T, it is a proposition that dicytodendrin B significantly 

interacts with the loops of G-Quadruplex DNA, and in particular the potassium stabilized 

(3+1) hybrid G-Quadruplex topology of human telomeric DNA. Additional evidence 

supporting the interaction of dicytodendrin B with G-Quadruplex loops is the lack of TO 

displacement from the tetrad ends (particularly K+ HT22), despite efficient G-Quadruplex 

binding while also not significantly stabilizing the G-Quadruplex DNA.  Ligands that 

bind at the tetrad ends typically increase pi-stacking interactions and stabilized the G-

Quadruplex.  

As for the reported total inhibition of telomerase activity by dictyodendrin B, 

since the ligand does not significantly bind or stabilize G-Quadruplex DNA, it likely does 

not inhibit PCR amplification by G-Quadruplex stabilization prior to ACX hybridization.  

Furthermore, dictyodendrin B does not inhibit the PCR amplification of the 
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oligonucleotide incapable of forming a G-Quadruplex.  Therefore, the mechanism of 

dictyodendrin B telomerase inhibition is due to either direct inhibition of the telomerase 

or interactions with the DNA template during the replication of the telomeric DNA. 

However, based on the weak HT22-dicytodendrin interactions observed in the PCR stop, 

FRET melting, G4-FID and G-Quadruplex cleavage assays, telomerase inhibition based 

on DNA-ligand interactions cannot be ruled out.  
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4.5: DICYTODENDRIN METHODS 

4.5.1 Purification and Structure Formation of DNA Used in Studies:  

The nucleic acid structures used in these studies were synthesized (Expedite 

8900) and HPLC purified in-house (HT22: 5’-A(GGGTTA)3GGG-3’), purchased from 

IDT (TS extension: 5’-AATCCGTGGAGCAGAG(TTAGGG)3TTAG -3’, ACX: 5’-

GCGCGGCTTACCCTTACCC TTACCCTAACG -3’, TS; 5’-

AATGCCTCGAGCAGAGTT -3’) or purified from commercial calf thymus DNA.223  

The G-Quadruplex structures were annealed by heating HT22 in either 50 mM potassium 

or sodium cacodylate, pH 7.4 to 95 °C for 5 min in a water bath, followed by slowly 

cooling to room temperature. The structure and purity of these nucleic acid samples were 

confirmed by UV (Varian Cary Bio 50) and CD (Jasco J-815) spectroscopy.  

Concentrated DNA stocks were prepared using the molar extinction coefficients for the 

monomeric unit of each structure. 223   The concentration of duplex DNA was reported in 

its monomeric base pair units.  The G-Quadruplex DNA however was reported in terms 

of either its strand or monomeric (G-tetrad) concentration. The DNA concentrations 

referenced in UV-Vis and fluorescence binding studies, along with RLS spectra refer to 

the monomeric unit of duplex (base pair) and/or G-Quadruplex DNA (G-tetrad), while 

the FID assay, FRET melting, PCR stop assay and FRET cleavage assay uses the G-

Quadruplex strand concentration.   

The fluorescent dual labeled G-Quadruplexes, F21T, (5’-FAM-

dGGG(TTAGGG)3-TAM-3’) and F-cMyc22m-T, (5’-FAM-

dTGAGGGTGGGTAGGGTGGGTAG-TAM-3’) and hairpin (5’-FAM-d –TAM-3’; 5’-

FAM-d –TAM-3’; 5’-FAM-d –TAM-3’; FAM: 6-carboxyfluorescein; TAM: 

tetramethylrhodamine)301 was purchased from Integrated DNA Technologies and used 
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without further purification.  

From water stocks (50 µM), the dual labeled oligonucleotides were diluted to 400 

nM in 50 mM sodium or potassium cacodylate, pH 7.4 and annealed by heating to 95 °C 

for 5 minutes in a water bath and slowly cooled to room temperature. Correct structural 

formation was confirmed by FRET melting experiments. Melting temperatures closely 

corresponded to the literature value of each assigned topology, which was 48, 56 and 85 

°C (sodium stabilized F21T, potassium stabilized F21T and F-Cmyc22m-T 

respectively).205,302,162 Samples of authentic cleaved F21T and F-Cmyc22m-T for assay 

internal standards were prepared by S1 nuclease digestion in 1X S1 nuclease buffer. 

4.5.2 FID Assay with Thiazole orange 

A 500 µL mixture of thiazole orange (0.5 µM) and preformed 22HT G-

Quadruplex DNA (0.25 µM) was prepared in either 50 mM potassium or sodium 

cacodylate, pH 7.4. Similarly, a 500 µL mixture of TO (0.5 µM) without DNA was 

prepared to measure the background fluorescence of the assay.  Increasing amounts of 

ligand (TMPyP4 or dictyodendrin B) were added to each cuvette, followed by a 3 minute 

equilibrium period prior to recording the fluorescence spectrum.  

The fluorescence spectrum was collected on a Varian Eclipse Spectrofluorometer 

with an excitation of 501 nm and the average of 4 scans were recorded for the emission, 

ranging from 510-600 nm, slit width 10 nm.  The percentage displacement was calculated 

at 540 nm.  The percentage displacement was calculated from the equation:  

 Percentage displacement (PD, with PD = 100 -  [(F/ F0 ) ·  100]  (1) 

 With F0 being the fluorescence of the DNA bound thiazole orange before the addition of 

the ligand and F, the fluorescence after each titration point.  The background fluorescence 

of thiazole orange without DNA after the addition of the ligand is subtracted prior to the 
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percentage displacement calculation.  Finally, the PD is plotted versus the concentration 

of added ligand.  The G4 DC50 value, or the concentration of ligand required to reduce 

TO fluorescence by 50%, is reported to directly compare the ligands’ ability to displace 

the TO.  

4.5.3 UV-Vis Absorbance Spectroscopy 

 Spectra were recorded on a Varian Cary Spectrophotometer.  Experiments 

were carried out in a quartz cuvette treated with SigmaCote to minimize nonspecific 

binding of the ligands to the cuvette surface.  Either duplex (base pair) or G-Quadruplex 

DNA was titrated into 700 µL of dictyodendrin B in 50 mM potassium cacodylate, pH 

7.4.  The decrease in dictyodendrin B absorbance at 397 nm due to DNA binding was 

monitored until the absorbance remain constant despite the addition of DNA, thus 

binding equilibrium was achieved.  The change in volume due to these titrations did not 

exceed 5% and any change in absorbance due to the increased volume was corrected 

prior to normalization of the data. The normalized absorbance (2) at 397 nm was plotted 

as a function of either the ligand to base pair ratio or the ligand to G-tetrad ratio.   

Normalized Absorbance = (Ax-Amin)/(∆A) x 100%  (2) 

Where Ax is the absorbance at each titration point, Amin is the final absorbance at 

equilibrium and ∆A is the change between the maximum (initial) and minimum (final) 

absorbance measurements of dictyodendrin B at 397 nm.  The normalized absorbance 

was the plotted against the ratio of the DNA concentration (monomeric unit, G-tetrad or 

base pair) to the concentration of dictyodendrin B. 

4.5.4 Fluorescence and resonance light scattering (RLS)  

 Spectra were recorded on a Hitachi model F-2000 spectrofluorometer.  

Experiments were carried out in a quartz cuvette treated with SigmaCote to minimize 
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nonspecific binding of the ligands to the cuvette surface. G-Quadruplex DNA (HT22) 

was titrated into 500 µL of dictyodendrin B in 50 mM potassium cacodylate, pH 7.4.   

The excitation wavelength of the fluorescence spectra was 320 nm and recorded with 

increasing concentrations of HT22.  The excitation and emission wavelengths were the 

same for the resonance light scattering (RLS) experiment.  

4.5.5 FRET melting of K+F21T 

Fluorescence resonance energy transfer (FRET) was used to investigate the ability 

of the compounds to stabilize the dual-labeled oligonucleotides F21T.202, 205   

Dictyodendrin B was stored in the freezer as 80 µM stocks in MeOH under argon. FRET 

samples were prepared by mixing 250 µL of the 400 nM dual labeled stock with 125 µM 

100 mM potassium cacodylate buffer (pH 7.4) and either 62.5 µL dH20 and 62.5 µL 80 

µM dictyodendrin B (12.5% MeOH) or 35 µL dH20 and 90 µL 80 µM dictyodendrin B 

(18.75% MeOH). This was followed by at least 10 minutes of incubation.  Additionally, 

control reactions without ligand were performed to determine the initial melting 

temperature of each oligonucleotide in MeOH. 

Measurements were made on a Varian Eclipse spectrophotometer with an 

excitation of 480 nm and emission of 520 nm, slit wide of 5 nm.  Fluorescence readings 

were taken every 0.1 °C over the range of 45-100 °C, with a temperature ramp of 0.5 °C 

per minute.  Final analysis of the data was carried out in Excel by first averaging the 

signal of every 10 readings (~1 °C). Then, intervals of approximately 5 °C were used to 

calculate the first derivative and determine the ligand-DNA pair Tm. 

4.5.6 PCR STOP assay 

Based on a previous PCR stop assay, the stabilization of the G-Quadruplex 

structure and PCR inhibition by dictyodendrin B was investigated by a PCR stop assay 
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using oligonucleotides and a primer that can partially hybridize.329 One oligonucleotide, 

HT22 (5’ AGGG(TTAGGG)3), forms a G-Quadruplex, while the other, TS extension (5’-

AATCCGTGGAGCAGAG (TTAGGG)3 TTAG -3’), lacked the final G-repeat required 

to form a G-Quadruplex. Assay reactions were performed with a final volume of 15 µL 

and were composed of a 20 mM Tris HCl, pH 8.3, 68 mM KCl, 1.5 mM MgCl2, 1 mM 

EGTA, 0.05% Tween 20, 750 nM ACX (5’-

GCGCGGCTTACCCTTACCCTTACCCTAACG -3’), 1 µg BSA, 375 µM dNTP, 0.333 

U Taq/reaction, along with either 200 nM TS extension or HT22 and 0-1 µM TMPyP4 or 

0-150 µM dictyodendrin B.  Reaction mixtures were incubated in a thermocycler with the 

following cycling conditions: 94 C for 2 minutes, followed by 35 cycles of  94 C for 30 s, 

61 C for 1 min, 72 C for 1 min.  The reactions were maintained at 4 C following 

amplification.  The amplified products were resolved on a 15% native PAGE in 1X TBE 

and stained with SYBR green (Invitrogen).   

The gel was visualized by UV-illumination (BioRad) and quantified by 

GelQuant.Net (BiochemLabSolutions).  The total intensity of the amplified bands (Btot) 

was normalized as according to (3) and plotted as a function of ligand concentration.  For 

the normalization of the total band intensity of the PCR stop assays in the presence of 

dictyodendrin B, a total loss of band intensity was assumed for Btot min. When applicable, 

the EC50 , or concentration required for 50% decrease in signal (amplification) was then 

calculated using the normalized band intensity and respective ligand concentration by 

fitting the data by non-linear regression to equation (4) using Kaliedagraph.     

Normalized Band Intensity= (Btot x- Btot min)/(∆ Btot) x 100%          (3) 

Normalized Band Intensity = 1 / (1+(10log EC50-log [ligand]) x Hill slope))  (4) 
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Where Btot x is the total band intensity of the amplified products of each lane, Btot min is the 

minimum total band intensity of the amplified products of all the lanes and ∆ Btot is the 

change between the maximum and the minimum total band intensity of the amplified 

products of each lane.  

4.5.7 FRET based cleavage assay  

Triplicate reaction mixtures containing 312.5 nM of F21T and 0-250 µM 

dictyodendrin B in 62.5 mM sodium or potassium cacodylate, pH 7.4 (16 µL) were 

placed in individual wells of a 96 well fluorescent plate and preincubated for 30 min at 

room temperature.  The amount of MeOH remained constant in all samples (2 µL). 

Oxidative cleavage reactions were initiated by adding 2 µL of 1 mM Cu(OAc2) (Strem) 

and 2 µL of 100 mM n-butylamine (Sigma) and stopped after 0 or 120 min at 37 °C by 

the addition of 180 µL dissociation buffer (5.55 mM sodium cacodylate pH 7.4 and 10 µg 

calf thymus DNA/sample). Cu(OAc2) and/or n-butylamine were not added to control 

samples. The samples were then subjected to thermal denaturation/reannealing as 

described below.  

Alternatively, triplicate 16 µL reaction mixtures containing 125 nM of F21T, F-

Cmyc22m-T or F-mixed-T and 0-125 µM dictyodendrin A or B, in 62.5 mM potassium 

cacodylate, pH 7.4 (or when appropriate, sodium cacodylate pH 7.4) were preincubated 

for 30 minutes at room temperature.  The amount of MeOH remained constant in all 

samples (2 µL). Oxidative cleavage reactions were initiated by adding 2 µL of 1 mM 

Cu(OAc2) (Strem) and 2 µL of 100 mM n-butylamine (Sigma) and stopped after 0 or 120 

min at 37 °C by the addition of 80 µL dissociation buffer (10 µg calf thymus 

DNA/sample). Cu(OAc2) and/or n-butylamine were not added to control samples. The 

samples were then subjected to thermal denaturation/reannealing as described below.  
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To reveal cleavage events, the plate was affixed with an airtight seal (0.05 mm 

adhesive polyester seal- Uniseal, Whatman) and subjected to a thermal heat cycle at 85 

°C for 30 mins and slowly cooled to room temperature. Condensation was removed by 

centrifugation (Eppendorf, 5810R).  

The FAM fluorescence of each well was measured five times using a Perkin 

Elmer Victor 3V plate reader (fluorescence filters: ex 485 ±13 nm, em 535± 25nm) and 

the signal averaged. FAM’s emission intensity was used to determine each well’s 

normalized solution fluorescence as shown in (5): 

Normalized Fluorescence = (Fx-Fmin)/(Fmax-Fmin) x 100%  (5) 

where Fx is the average FAM emission of the sample at a particular time and cleavage 

compound concentration (x); Fmin is the average fluorescence of the corresponding 

samples that had not been irradiated (dark control) or external oxidants; and Fmax is the 

average fluorescence of a completely cleaved construct (internal control). All samples 

were corrected for any background fluorescence observed for the cleavage compound at 

concentration x in the absence of dual labeled probe. Replicate samples’ normalized 

fluorescence were averaged and their standard deviation was used to determine each 

sample’s percent error and is indicated by the error bars on each plot.  Note: The 

concentrations, discussed and in figures, refer to the concentrations used in the particular 

cleavage reaction. 

4.5.8 PAGE Analysis of Cleavage Reactions 

PAGE analysis was performed on selective samples using 2.5 pmol of the dual-

labeled DNA cleavage products.  Samples were resuspended in 1x denaturing buffer 

(formamide, 5 mM EDTA), heated to 95 °C for 5 minutes and products separated by 20% 

denaturing PAGE (1.5 mm thickness).  
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The fluorescent gel was visualized by a Typhoon Trio and quantified by 

GelQuant.Net (BiochemLabSolutions).  The percent cleavage for each reaction mixture 

was calculated using equations 6 and 7 as previously described220: 

FCx = Cx/Totx    (6) 

Percent cleavage = [(FCx-FCo)/(1-FCo)] x 100 (7) 

where FCx is the raw fraction cleaved for a given cleavage reaction, Cx is the sum of the 

integrated band intensity cleavage bands in a given lane, Totx is the sum of band intensity 

for all bands in a given lane, and FCo is the raw fraction cleaved for a control sample 

without compound.  Standard Maxim Gilbert sequencing 304 was used to determine band 

identity.  
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Chapter 5: The DNA oxidative cleavage and binding interactions of a 
Ni•XaaXaaHis Tripeptide With G-Quadruplex DNA 

Small molecules have been studied for their ability to selectively bind 

macromolecular structures.   Since G-Quadruplex structures are of particular interest due 

to their predicted presence at both the telomere ends and proto-oncogenes promoter 

regions, ongoing research is focused on targeting this nucleic acid structure with small 

molecules. However, due to the multitude of possible quadruplex structures, the design of 

a small molecule with specific G-Quadruplex interactions has proven to be difficult.  

G-Quadruplex ligands with metal mediated binding are an interesting class of 

small molecule due to their preferred binding interactions, including both affinity and 

selectivity, dependent upon the presence of a metal ion. One such class of metal mediated 

binding ligand are tripeptides with a C-terminal histidine. At physiological pH and in the 

presence of stoichiometric Cu(II) or Ni(II) ion, these 

tripeptides chelate the metal ions to form square planar 

complexed through the histidine imidizole nitrogen, 

two internal amide nitrogens and the N-terminal 

amine.330-333 (Figure 5.1)  These metal complexes are 

extremely stable, with reported Kd’s ~10-16-10-17 M.333  

Although these tripeptides were originally discovered 

as a protein binding motif known as ATCUN (Amino 

Terminal Cu(II)- and Ni(II)),334 synthetic tripeptides often replace the C-terminal 

carboxylic acid with an amide in order to reduce electrostatic repulsion upon DNA 

binding.335 

Figure 5.1. Structure of a generic 
Ni(II) Xaa-Xaa-His 
tripeptide bound to 
either Cu(II) or 
Ni(II). 
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These ligands have been previously thoroughly investigated and it has been 

established that both (L) and (D) isomers of the Ni•GGH and Ni•RGH tripeptides 

preferentially bind AT rich sequences within the minor groove of duplex DNA.  

However, although both of the isomers bind the minor groove, the duplex DNA sequence 

specificity and affinity is enhanced for the (L) isomer.331-333  The enhanced specificity and 

affinity is likely driven by the substantial thermodynamic binding energy provided by the 

orientation of the (L) isomer histidine on the floor of the minor groove.331, 332  Although 

altering the identity of the amino acids additionally mediates sequence specificity, it is 

the primarily the identity of the first amino acid of the tripeptide that dictates the 

specificity; however this generalization is not always true.333  Despite the general AT-rich 

DNA binding preference of ATCUN derived tripeptides,330-333, 335, 336  alterations to both 

amino acid sequence and isomeric conformation can significantly alter the sequence 

specificity.  This is exemplified by the fact that altering the second amino acid from (L) 

Gly to (D) Asn dramatically changing the duplex DNA binding preference of the 

tripeptide to a 5’ CCT sequence.333   

These tripeptides are not only of interest due to the relative ease of manipulating 

their specific binding sequence, but also their ability to specifically cleave duplex DNA 

by C4’-H abstraction in the presence of an external oxidant. The site and extent of 

cleavage however is dependent upon tripeptide sequence and isomeric form.330-332, 335, 336 

Thus far, these nickel-chelated tripeptides have only been investigated for their 

ability to primarily interact and cleave AT-rich duplex DNA.  However, their ability to 

interact with an array of nucleic acid structures has yet to be investigated. Assuming the 

molecular recognition of ligands within the G-Quadruplex DNA grooves and duplex 

DNA minor grooves is similar, alterations to the identity and stereo chemistry of the 

tripeptide’s first and second amino acids could elicit a change in their duplex or G-



 261 

Quadruplex DNA selectivity.  Furthermore, these tripeptides may not only prove to be a 

class of ligands that can be readily manipulated to specifically interact with G-

Quadruplex DNA, but they may also be able to cleave the G-Quadruplex DNA in a site-

specific manner.  As previously discussed, the ability to specifically cleave G-

Quadruplex DNA is a current area of research for the in vivo investigation of G-

Quadruplex DNA.  

Furthermore, the importance of groove interactions with peptides has previously 

been studied. It was found that a flexible tetrapeptide attached to known G-Quadruplex 

binders enhanced the ligands’ binding affinity by interacting with the G-Quadruplex 

grooves.  Additionally, it was found the sequence of the tetrapeptide influenced the extent 

of the interactions within the groove.337, 338 This chapter addresses the extent the Ni•Xaa-

Xaa-His tripeptide Ni•RGH interacts with the grooves of G-Quadruplex DNA, along 

with the metal-mediated effects of Ni(II)•RGH-G-Quadruplex interactions by means of 

the flexible RGH peptide.  Furthermore, the feasibility of mediating nucleic acid 

structural selectivity by altering the identity and stereochemistry of the amino acids will 

be discussed in addition to similarities between ligand binding and the molecular 

recognition within duplex DNA minor groove and G-Quadruplex DNA grooves. 

5.1 EHITS MODELING 

The modeling program eHiTS339 was used to analyze all 361 of the natural (L) and 

(D) isomers of the Ni(II)•XXH tripeptides for the theoretical of free energy (ΔG kJ/mol) 

of binding either antiparallel and (3+1) mixed hybrid human telomeric G-Quadruplex 

(PDB:143D and 2HY9 respectively) or duplex DNA (PDB: 289D).  The difference in 

these predicted free energy of binding ((ΔΔG) is assumed to be an indication of G-

Quadruplex DNA binding selectivity. eHiTS may assist in the design of a tripeptide with 

greater G-Quadruplex selectivity and affinity over duplex DNA by calculating which 
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peptides have the greatest ΔΔG value, or the difference in the Gibbs free energy released 

between upon ligand binding. Altering the side chains and stereochemistry has previously 

been shown to alter structural selectivity and affinity for duplex DNA.330-333, 335, 336    

The most selective ligands from the eHiTS study were then identified from the 

docking of the 722 (both D and L) Ni(II)•XXH tripeptides with both duplex and G-

Quadruplex DNA.  The ΔG values for each tripeptide with each DNA structure were 

exported into a single file.  The most selective ligands could then be identified by ranking 

the ΔΔG values for each tripeptide.  These ΔΔG values were the difference between the 

ΔGs of : 

(A) the G-Quadruplex and duplex DNA docked with the 361 tripeptides (D and L) 

 (B) the 361 (L) and (D) tripeptides docked with the G-Quadruplex DNA 

As seen in Table 5.1, altering the amino acid side chains had a dramatic affect on 

the ΔΔG (ΔkJ/mol) values between G-Quadruplex and duplex DNA.  Additionally, it 

appears that bulky substituents on the primary amino acid (ie PheGluHis) favors binding 

within the wider G-Quadruplex groove.  These larger substituents may partially exclude 

the tripeptide from the duplex DNA minor groove.  Figure 5.2 is a rendering from the 

eHiTS docking study and provides additional explanation for the differences in the ΔG 

values observed for the duplex and G-Quadruplex structures complexed with PheGluHis. 

The histidine and N-terminal nitrogen of the tripeptide interacts with the A and T 

nucleobases of the duplex DNA while the Phe does not contribute to binding. (Figure 5.2 

A) In contrast, when tripeptide interacts with the TTA groove of the G-Quadruplex 

structure, not only is N-terminal nitrogen of the tripeptide involved in hydrogen bonding, 

the Phe appears to be involved in π-stacking with the adenine. (Figure 5.2 B)  

Furthermore, the narrow groove of duplex DNA is more susceptible to the electrostatic 

repulsion with the glutamic acid side chain. Ni•RGH however was not found to exhibit 
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significant (theorectical) binding selectivity. This is likely due to electrostatic interactions 

since the charged substituent on the primary amino acid of ArgGlyHis (RGH) can make 

favorable interaction with either structure.  

 

 The stereochemistry of the tripeptides can also play a significant role in DNA 

selectivity. The eHiTS theoretical data supported the empiric evidence that the (L) isomer 

Table 5.1. The theoretical Gibbs Free Energy calculated by eHiTS for the interaction between the 
(L) Ni(II)•XaaXaaHis and G-Quadruplex (PDB: 2HY9) and Duplex DNA (PDB: 
289D). The ΔΔG (ΔGG-QUADRUPLEX - ΔGDUPLEX) (ΔkJ/mol) value is the difference 
between the binding energy of the tripeptide with the G-Quadruplex and duplex DNA  

 

Figure 5.2. Molecular model rendering of Ni�PheGluHis with (A.) duplex DNA and (B.) G-
Quadruplex DNA.  The histidine and N-terminal nitrogen of the tripeptide 
interacts with the A and T nucleobases of the duplex DNA.  The ligand 
interacts with the AT groove of the G-Quadruplex structure, although AT site 
specific binding is not conserved, which may be in part due to π-stacking 
interaction between the adenine and phenylalanine.   
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of Ni•GGH isomer has a greater duplex DNA affinity than the (D) isomer. (Table 5.2)  

This observation is additionally supported by experimental evidence involving a limited 

number of tripeptides (RGL, KGL, GRL & GKL). The eHiTS renderings (Figure 5.3 A 

and B) provide an explanation for the favorable thermodynamic interactions between (D) 

tripeptides with G-Quadruplex DNA.  It was found that the imidizole and the primary 

amino acid nitrogen of the tripeptide are responsible for any significant interactions with 

duplex DNA.  However interactions with the G-Quadruplex grooves involve the opposite 

face of the Ni(II)•tripeptide and the orientation of the side chains on the (D) isomer results 

in more extensive interactions with the G-Quadruplex DNA.  

 

 

Tripeptide 
(L) 

Ni(II)•XaaXaaHis 
ΔG kJ/mol 

(D) 
Ni(II)•XaaXaaHis 

ΔG kJ/mol 
ΔΔG  

(ΔG(L)•XXH -ΔG(D)•XXH) 
(Δ kJ/mol) 

AsnMetHis -2.396 -9.288 6.892 

AspMetHis -2.134 -8.867 6.733 

SerMetHis -2.035 -8.193 6.158 

Table 5.2. The theoretical Gibbs Free Energy calculated by eHiTS for the interaction 
between the (L) Ni(II)•XaaXaaHis and (D) Ni(II)•XaaXaaHis with the G-
Quadruplex DNA.  The ΔΔG (ΔG(L)•XXH -ΔG(D)•XXH) (ΔkJ/mol) value is the 
difference between the binding energy of the (L) and (D) isomer of the 
tripeptide with the G-Quadruplex. 

 

Figure 5.3. Molecular model renderings of G-Quadruplex DNA with (A.) (L) 
Ni�AsnMetHis and (B.) (D) Ni�AsnMetHis. Both the (L) and (D) isomers 
interact within the TTA groove. However, the (D) isomer forms more 
extensive interactions.  The histidine interactis with an adeine, the Asn with 
a thymidine and Met with the phosphodiester backbone . 
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5.2 COMPETITION DIALYSIS 

The binding selectivity of RGH and Ni•RGH was investigated by competition 

dialysis.223 The interaction of the tripeptide, both free and as the Ni2+ complex, with 15 

different nucleic acid structures was investigated and results are shown in Figure 5.4.  

Although both the free and Ni2+-complexed tripeptide bound the nucleic acids, the 

concentration of bound Ni•RGH generally exceeds that of free RGH.   

 

A general trend in binding selectivity is apparent from the results.  There is little 

to no interaction between RGH and single stranded DNA and the interactions between 

the tripeptide and duplex nucleic acids are minimal with the exception of the Poly A • 

Poly U duplex RNA.  In comparison to the duplex RNA, the extent of binding between 

the free tripeptide and the triplex and i-motif structures is slightly diminished.  Most 

significantly, the human telomeric G-Quadruplex DNA structures (HT22 and 

A2(HT22)A2) display the greatest extent of RGH binding.  Meanwhile the parallel 

Figure 5.4 Structural selectivity of NiRGH and RGH interactions between 15 nucleic 
acid structures 
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intermolecular G-Quadruplex (dT2G20T2)4, a G-Quadruplex that does possess any external 

loops, did not bind the peptide. Therefore the importance of wide nucleic acid grooves for 

the binding of RGH is exemplified by its structural selectivity.  The peptide generally 

favors G-Quadruplex DNA with external loops and duplex RNA, which is structurally 

similar to A-DNA and possesses wider, but shallower grooves than the typical duplex B-

DNA.  The ability of the flexible peptides to bind within the grooves of G-Quadruplex 

DNA has been previously established, in which tetrapeptides were found to stabilize 

binding in a sequence specific manner.337, 338 

Ni•RGH however displayed less structural selectivity and bound all the nucleic 

acid structures to a greater extent than the free tripeptide. (Figure 5.4)  Likely due to 

increased non-specific electrostactic interactions or by pi-stacking interactions with 

nucleobases, the rigid Ni•RGH displayed a similar affinity for all single stranded nucleic 

acid structures.  Ni•RGH also bound calf thymus DNA (58% AT base pairs) and the 

synthetic AT duplex structures with similar affinities.  The preferred binding site of 

Ni(II)•tripeptides is AT rich DNA and in agreement with this binding preference, 

Ni•RGH did not readily bind the GC rich duplex.  The wider grooves of the RNA duplex 

however did not enhance the extent of Ni•RGH interactions versus the B-DNA structures.   

The importance of the nucleic acid grooves was once again exemplified by the 

lack of Ni•RGH interactions with the intermolecular (dT2G20T2)4 G-Quadruplex. Ni•RGH 

bound the human telomeric HT22 most extensively and to a lesser degree both 

A2(HT22)A2 and the DNA triplex.   The extent of structural selectivity however was not 

substantial.  This is in agreement with the theoretically low structural selectivity for 

Ni•RGH calculated by eHiTS.   Based on the lack of significant structural selectivity, but 

the requirement of DNA grooves for Ni•RGH binding, there must be some degree of 
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structural similarity between the minor groove of duplex DNA and the grooves of G-

Quadruplex DNA. 

5.3 SPECTROSCOPY STUDIES 

The affinity and selectivity of G-Quadruplex and small molecules interactions in 

vitro can be investigated by a variety of spectroscopic methods.  UV-visible (UV-Vis), 

fluorescence and circular dichroism (CD) spectroscopy are all forms of optical 

spectroscopy commonly used to study small molecule interactions with duplex and G-

Quadruplex DNA. Binding affinity, structural selectivity and the extent of stabilization 

(or destabilization) of G-Quadruplex DNA by the melting temperature can be ascertained 

by spectroscopy.  

5.3.1 FID Assay with Ethidium Bromide 

Fluorescent intercalator displacement (FID) assays are based on the loss of 

fluorescence of a DNA-bound intercalator such as ethidium bromide upon its 

displacement by a competing molecule.  Ethidium bromide (EtBr) is a duplex probe with 

a very low quantum yield in its free state.  This quantum yield dramatically increases 

when intercalated, thus a decrease in EtBr fluorescence intensity can be monitored to 

follow the displacement of EtBr from the duplex by competitor ligand.340 

The EtBr displacement assay was used to investigate the binding of Ni•RGH and 

Ni(II) with duplex DNA. The DC50 is the concentration of ligand required to displace and 

thus reduce EtBr fluorescence by 50%.321 Ni•RGH however did not fully displace EtBr 

(1.26 µM) from 1 µM base pair (ATAT)n duplex at any of the ligand concentrations 

investigated (0-75 µM). (Figure 5.5 A)  Rather, there is a proportional increase in the 

percent displacement up to approximately 18% at 15 µM Ni•RGH. Further increases in 

ligand concentration did not result in further displacement of EtBr. This however does 
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not prove Ni•RGH did not interact with the duplex DNA, but rather that Ni•RGH does 

not displace duplex-bound EtBr. 

 

The displacement of intercalated EtBr from DNA is dependent upon the binding 

mode of the competing ligand.  Since the binding affinity of Ni•RGH for AT rich DNA is 

well-established, the high DC50 value for displacement supports a binding mode that does 

not include intercalation.  This is in agreement with the known minor groove binding 

sites of Ni•RGH. The structure of duplex DNA remains relatively non-responsive to 

metal ions, thus the change in EtBr fluorescence due to Ni (II) acetate titration is not due 

to EtBr displacement or duplex structural change. (Figure 5.5 A) 

The fluorescence of 2 µM EtBr was measured in the presence of 20 µM base pair 

(ATAT)n duplex DNA after titration of 0-75 µM Ni•RGH or Ni(II) acetate to investigate 

the extent of non-specific EtBr fluorescence quenching. (Figure 5.5 B) Due to the excess 

DNA, alternative ligand binding sites are available throughout the investigation, thus any 

Figure 5.5. (A) Ethidium bromide displacement of 1 µM base pair (ATAT)n duplex 
DNA with 1.26 µM ethidium bromide in 50 mM potassium cacodylate 
upon increasing titrations RGH or Ni RGH (0-58 µM). (B) The non-
specific quenching of ethidium bromide (2 µM) with20 µM base pair 
(ATAT)n duplex DNA in 50 mM potassium cacodylate, pH 7.4, due to 
RGH or Ni RGH titrations (0-58 µM).  
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decrease in EtBr fluorescence that is observed is due to nonspecific EtBr quenching 

rather than EtBr displacement.341 Since Ni(II) acetate alters EtBr fluorescence 

approximately equally under both conditions, the observed “displacement” of EtBr by 

Ni(II) acetate titration is likely due to non-specific EtBr fluorescence quenching. 

Analogously, Ni•RGH also quenched the fluorescence of EtBr to a similar extent under 

both conditions (~12%).   Therefore, any assumed EtBr displacement by Ni•RGH is a 

significant over-estimation. 

5.3.2 FID Assay with Thiazole orange 

Similar to the FID assay with ethidium bromide, the G4-FID assay is based on the 

displacement of thiazole orange (TO) from the human telomeric G-Quadruplex-DNA.321 

As described in the previous section, TO is a nucleic acid probe with a very low quantum 

yield in its free state that increases 500 to 3000-fold when bound to G-Quadruplex DNA.  

The decrease in TO fluorescence intensity can be monitored to follow the displacement 

of TO from the G-Quadruplex due to competitor ligand.321, 322  

Thiazole orange displacement assay was used to investigate the binding of 

Ni•RGH with G-Quadruplex DNA. The well-studied G-Quadruplex ligand TMPyP4161, 

164, 168, 321 was also included in the investigation in order to compare the relative thiazole 

orange displacement as an indicator of G-Quadruplex binding affinity. The concentration 

of ligand required to reduce the TO fluorescence by 50% due to ligand displacement, or 

the DC50, of TMPyP4 for the (3+1) hybrid human telomeric G-Quadruplex corresponded 

closely to the previously reported value (0.106 µM).321  
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Ni•RGH did not fully displace TO (0.5 µM) from HT22 (0.25 µM) at any of the 

ligand concentrations investigated (0-55 µM). (Figure 5.6 A)  Rather, there is a 

proportional increase in the percent displacement up to approximately 50% at 30 µM 

Ni•RGH. Further increases in ligand concentration did not result in increased EtBr 

displacement.  The relatively high DC50 value of Ni•RGH (~30 µM) with the potassium 

stabilized HT22 may indicate the peptide does not bind HT22 particularly well, however 

it also does not provide proof of a lack of G-Quadruplex affinity.  Rather, it can only be 

inferred Ni•RGH does not readily displace TO. 

As discussed in the previous chapter, TO binds HT22 in a 1:1 stoichiometric ratio 

and parallel intermolecular G-Quadruplex without loops at the external tetrads in a 2:1 

ratio.323 Additionally, similar to EtBr displacement with duplex DNA, the displacement of 

TO from G-Quadruplex DNA is dependent upon the binding mode of the competing 

ligand. End stacking ligands, like TMPyP4, exhibit lower DC50 values than ligands that 

primarily interact with the G-Quadruplex loops and grooves of the DNA, such as 360A 

Figure 5.6 (A) Thiazole orange displacement of 0.25 µM HT22 with 0.5 µM thiazole 
orange in 50 mM potassium stabilized HT22 upon increasing titrations of 
TMPyP4, RGH or Ni RGH (0-58 µM). (B) The non-specific quenching of 
thiazole orange (0.5 µM) with 5 µM HT22 in 50 mM potassium cacodylate, 
pH 7.4, due to RGH or Ni RGH titrations (0-58 µM).  
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and BOQ1.321  The high DC50 value of Ni•RGH indicates either the ligand does not readily 

bind G-Quadruplex DNA or the ligand does not significantly interact with the external 

tetrad(s).321  Rather Ni•RGH binding could primarily be limited to a site nearby the 

external tetrad TO binding site, the G-Quadruplex grooves or at the other terminal tetrad, 

thus TO was not efficiently or fully displaced by Ni•RGH. Ni•RGH binding within the 

G-Quadruplex grooves is in agreement with the binding inferences made due to the 

structural selectivity observed in the competition dialysis study.   

The lack of full TO displacement may also be indicative of a structural change 

induced by the ligand, which does not prevent the TO from binding.  Thus, the change in 

TO fluorescence may be due to the differences in TO quantum yield based on G-

Quadruplex structure. Although TO fluorescence is considered to be relatively non-

responsive to the cation induced structural changes of G-Quadruplex DNA,323 a structural 

change, possibly denaturation,106 may be responsible for the approximately 25% change 

in TO fluorescence upon Ni(II) titration.  Given the greater DC50 value of Ni•RGH than 

Ni(II), the charge of Ni•RGH alone is likely not completely responsible for the change in 

TO fluorescence.   

Additionally, the extent of non-specific TO quenching by Ni•RGH and Ni (II) 

acetate was investigated. The TO fluorescence (0.5 µM) was measured in the presence of 

excess HT22 (5 µM) after titrations of Ni•RGH and Ni (II) acetate (0-55 µM).  Under 

these conditions, independent HT22 binding sites for TO should remain available 

throughout the entire investigation.  Thus any increase in PD is due to nonspecific TO 

quenching rather than TO displacement.  As evident in Figure 5.6 B, the increase in PD 

due to Ni (II) acetate titration is likely due to TO fluorescence quenching since the metal 

ion alters the TO fluorescence equally (~25%) regardless of available TO binding sites.  

However, this could also be due to the effect that even low concentrations of divalent Ni 
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(II) acetate have on the stability of G-Quadruplex structure.106  Thus, if Ni (II) acetate can 

fully denature the G-Quadruplex, then it can be assumed TO fluorescence is not 

significantly altered (>25%) by the formation of a random coil.     

Ni•RGH on the other hand, only quenches the fluorescence of TO under these 

condition by approximately 15%.  Thus, although the extent of TO displacement by 

Ni•RGH is over-estimated, Ni•RGH likely interacts with the G-Quadruplex DNA in 

some capacity in order to alter the initial fluorescence of the HT22 bound thiazole 

orange.  

5.3.3 CD Binding Studies 

CD spectroscopy is an important method to analyze G-Quadruplex DNA and 

ligand binding.  Unlike other spectroscopic methods, circular dichroism can distinquish 

between G-Quadruplex topology.  There are two basic types of G-Quadruplex spectra 

due to the difference stacking interactions of the guanosine residues due to the glycosidic 

bond orientation. The CD spectra of a parallel G-Quadruplex exhibits a dominant positive 

band at ~260 nm, whereas the spectra of an anti-parallel G-Quadruplex exhibits a 

negative peak at ~260 nm and a positive peak at ~295 nm. Parallel/anti-parallel hybrid G-

Quadruplex display a mix of both CD spectrums.  A peak at ~295 dominates the spectra, 

followed by a secondary positive peak at ~275 nm.  The relative size of these peaks 

indicates the ratio of the parallel to anti-parallel strand orientation.  A larger peak at ~295 

indicates the anti-parallel G-Quadruplex orientation is dominate. All the G-Quadruplexes 

display a characteristic positive peak at ~210 nm.188, 342 

Based on these characteristics, the change in the CD spectra of 10 µM HT22 in 

BPS (6 mM Na2HPO4, 2 mM NaH2PO4, 185 mM NaCl, pH 7.0) was investigated in the 

presence of increasing ligand (Ni•RGH, RGH and Ni (II) acetate).  Each ligand induced a 

unique change in the CD spectra.  Upon titration of Ni•RGH, there is a hypochromic 
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effect at 295 nm in response to the tripeptide concentration.  Additionally, the distinct 

negative peak at ~260 nm, indicative of an anti-parallel G-Quadruplex, significantly 

diminishes and red-shifts slightly (Figure 5.7 A).  The final CD spectra recorded at 675 

µM Ni•RGH, or a 67.5:1 ratio tripeptide to DNA, indicates the G-Quadruplex was 

destabilized by the ligand.   
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Figure 5.7.  CD titration of (A) 0-675 µM Ni RGH (C) 0-675 µM RGH or (E) 0-675 µM 
Ni2+  with 10 µM HT22 in BPS. Normalized molar elipticity at 295 nm 
versus ligand concentration of (B) 0-675 µM Ni RGH (D) 0-675 µM RGH 
or (F) 0-675 µM Ni2+  with 10 µM HT22 in BPS.  The arrows in (A), (C) and 
(E) indicate the change in the CD peaks upon increasing ligand 
concentration.  
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The diminished peak intensity at 295 nm, along with an equally intense peak at 

~255 nm corresponds to the G-Quadruplex CD spectra of 5’-d(GGGTTA)3GGG-3’ in 

either CsCl343 or in the absence of stabilizing metal ions.342, 343  CsCl is known to not be an 

effective central ion for G-Quadruplex DNA due to its large ionic radius.  Based on the 

CD spectra, Ni•RGH can displace the Na+ ion from the central ion core of the G-

Quadruplex DNA and/or prevent the DNA from forming a stable structure.   

The effect of Ni•RGH concentration on HT22 structure was further investigated 

by normalizing the change in Δε at 295 nm as a function of Ni•RGH concentration.  In 

the presence of up to ~50 µM Ni•RGH, the Δε at 295 nm did not diminish. (Figure 5.7 B)  

This corresponded to an approximate 5:1 ratio of peptide to HT22.  Further increases in 

Ni•RGH concentration caused a dramatic decrease in the CD peak at 295 nm and indicate 

Ni•RGH begins to either alter the topology and/or the stability of the anti-parallel G-

Quadruplex.     

Although there is a slight hypochromicity at 295 nm due to RGH, the tripeptide 

without the nickel chelated, did not appear to alter the G-Quadruplex stability. (Figure 5.7 

C) The flexible peptide did not significantly alter the characteristic negative peak at 265

nm.  The observed hypochromicity at 295 nm is likely due to a slight change in base 

stacking interactions and the glycosidic bonds as the peptide interacts with the G-

Quadruplex grooves. Unlike the titration with Ni•RGH, there is little change in Δε at 295 

nm after 100 µM RGH. (Figure 5.7 D)  This corresponds to a 10:1 ratio of peptide to 

HT22 and alludes to a potential binding ratio.   The difference in CD spectra and change 

in Δε at 295 indicate the metal mediated effecting of RGH and Ni•RGH binding HT22. 

The effect of free Ni (II) acetate on the structure of HT22 was investigated to 

provide additional insights.  The presence of even 3 µM Ni (II) acetate noticeably altered 

the CD spectra of HT22.  Addition of the free metal ion diminished the CD peak at 295 
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nm and significantly increased intensity and 8 nm red-shift to 255 nm.  It has previously 

been found that even a very low concentration of divalent Ni (II) acetate altered the CD 

spectrum of a parallel, intermolecular G-Quadruplex.  The presence of the divalent metal 

considerably lowered the maximal molar ellipticity, meaning a smaller proportion of the 

oligonucleotide strands were involved in the G-Quadruplex structure.  The transition 

metal cation essentially shifted the equilibrium between single-stranded and G-

Quadruplex DNA towards single-stranded by either hindering the association of the G-

Quadruplex or facilitating its dissociation.106  Similarly, 3 µM free Ni (II) acetate can 

facilitate the dissociation of the anti-parallel G-Quadruplex even in the presence of 185 

mM NaCl.  In fact, ~120 µM Ni (II) acetate reduced the molar ellipticity at 295 nm by 

~85%.  In comparison, ~120 µM Ni•RGH diminished the molar ellipticity at 295 nm by 

~30%.  Thus, although both Ni (II) acetate and Ni RGH destabilize HT22, HT22 is more 

sensitive to Ni2+ and requires a 4-5 fold greater concentration of Ni•RGH for total 

reduction of molar ellipticity at 295 nm.   The reason both the metal ion and the rigid 

tripeptide shifted the single-stranded -G-Quadruplex DNA equilibrium is unknown.  

Additionally, free Ni (II) acetate contamination is likely not the cause of HT22 

destabilization by Ni•RGH since, assuming a linear addition of Ni (II) acetate 

contamination into the Ni•RGH spectra, the slopes of the hypochromicity at 295 nm are 

not parallel.  

5.3.4 FRET melting of F21T and AT hairpin DNA 

DNA melting studies are commonly used to investigate ligand interactions.  Dual-

labeled FRET probes are a sensitive method to determine the melting temperature of G-

Quadruplex DNA and its stabilization due to interacting ligands. A large change in 

fluorescence occurs by the reversible separation of the donor and acceptor fluorophores 

on each end of the intramolecular G-Quadruplex. The extent of ligand induced G-
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Quadruplex stabilization does not provide a precise measurement of the affinity 

constants, but rather a good indication of a ligand’s relative binding affinity and 

determine the extent a molecule destabilizes G-Quadruplex and duplex DNA structure.202, 

204, 205, 326 

The extent Ni•RGH, RGH, Ni (II) acetate and a dipeptide control RF (the C-

terminus was also modified by replacing the carboxylate with an amide) stabilized or 

destabilized Na+F21T, K+F21T and F-AT-T was measured by FRET melting. (Figure 5.8) 

Neither Ni•RGH nor RGH (1 or 10 µM) significantly stabilized or destabilized the dual-

labeled probes as the ∆Tm did not exceed ~1 C for Na+F21T, K+F21 or F-AT-T outside 

the standard error of the melting temperature of each oligonucleotide in the absence of 

ligand.  Further increases in Ni•RGH concentration were not thoroughly investigated as 

100 µM Ni•RGH resulted in FAM quenching.   

 

100 µM RGH did slightly stabilize Na+F21T (~1 C). Ni•RGH also did not 

Figure 5.8.  DTm for the FRET melting of Na=F21T, K=F21T and F-AT-T with 1 and 
10 µM NiRGH and Ni (II) acetate, 1-100 µM RGH and RF.  The error 
bars are the standard deviation of triplicate measurement.  The error bars 
without lignad is the error in the initial melting of each structure and 
represents the inherent error in the assay.  
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stabilize the AT rich hairpin significantly; however, 100 µM RGH slightly destabilized 

the structure.  Additionally, the effect of 1 and 10 µM Ni (II) acetate on G-Quadruplex 

stability was investigated and was found to destabilize the G-Quadruplexes but did not 

affect the AT hairpin. This assay could not sufficiently conclude the role Ni•RGH plays 

in G-Quadruplex stability.  Interestingly, the dipeptide RF stabilized the G-Quadruplex 

structures more significantly than RGH or Ni•RGH, while it had little affect on the 

stability of the AT hairpin.  The greater and selective G-Quadruplex stabilization by the 

dipeptide composed of both a charged and hydrophobic amino acid supports the 

importance of side chain identity to mediate selective DNA interaction with the 

XaaXaaHis tripeptides.      

5.4 CONCLUSIONS 

The properties of Ni(II) tripeptides were investigated in order to determine 

whether these ligands in addition to binding and cleaving duplex DNA also cleave G-

Quadruplex DNA.  Theoretically, these tripeptides represent a class of small molecules 

that are easily manipulated into structurally specific and sequence selective DNA 

interactions.  Alterations to the identity and the stereochemistry of the side chains can 

theoretically dramatically alter their specificity.  The classically studied Ni•XaaXaaHis 

tripeptide Ni•RGH however was not found to exhibit significant selectivity either 

theoretically or empirically.  Although the structural selectivity observed in the 

competition dialysis experiments indicated the rigid tripeptide favored G-Quadruplex 

structures with external loops, Ni•RGH also bound AT rich duplex and triplex DNA with 

only slightly diminished affinity.  

As neither of the FID assays exhibited significant displacement of the fluorescent 

ligand by Ni•RGH, it can be inferred that in agreement with the literature, Ni•RGH binds 

the minor grooves of AT rich duplex DNA.  Additionally, Ni•RGH interacts with the 
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grooves of G-Quadruplex DNA and can cause either a topological change or 

destabilization of the G-Quadruplex structure.  The extent the G-Quadruplex groove 

mimics the duplex minor groove cannot be ascertained since although the compound 

binds both structures due to the potential structural change caused by the tripeptide.  

Interestingly, as observed with the CD studies, both Ni•RGH and Ni (II) acetate might 

destabilize the G-Quadruplex structure, while the RGH peptide binds the G-Quadruplex 

in a 10:1 ratio. Although the interactions between Ni•RGH and G-Quadruplex DNA 

might not be stabilizing, it is evident the tripeptide interacts with G-Quadruplex DNA to 

some degree.  Furthermore, while neither RGH nor Ni•RGH stabilized any of the dual-

label oligonucleotides during FRET melting experiments, a dipeptide RF selectively 

stabilized the G-Quadruplex structures.  The arginine and phenylalanine side chains 

selectively interact with the G-Quadruplex structures via electrostatic and hydrophobic 

interactions respectively and this observation exemplifies the importance of amino acid 

identity to mediate selective DNA interaction by the XaaXaaHis tripeptides.      
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5. 5 METHODS OF STUDYING NI•RGH BINDING WITH DNA

5.5.1 Purification and Structure Formation of DNA Used in Studies 

The unlabelled nucleic acid structures used in these studies were either 

synthesized (Expedite 8900) and HPLC purified in-house (A2(HT22)A2: 5’-

A3(GGGTTA)3GGGA2-3’, HT22: 5’-A(GGGTTA)3-3’, TGT: (5’-T2G20T2-3’)4), purified 

from commercial calf thymus DNA223 or prepared from synthetic polynucleotides 

(Sigma-Aldrich). Triplex structures were prepared by mixing equimolar amounts of its 

duplex and single strands. Triplex and G-Quadruplex structures were annealed by heating 

to 95 °C for 5 min in a water bath, followed by slowly cooling to room temperature. The 

structure and purity of these nucleic acid samples were confirmed by UV (Varian Cary 

Bio 50) and CD (Jasco J-815) spectroscopy.  For the competition dialysis experiments, 

concentrated stocks were prepared using the monomeric unit of each structure, meaning 

nucleotides for single strands and i-motif, base pairs for duplex DNA, triplets for triplex 

and quartets for quadruplex DNA.223 The FID assay also uses the monomeric unit of 

duplex DNA (base pairs). The G4-FID, CD, FRET melting, and cleavage studies refer to 

the G-Quadruplex strand concentration. 

The fluorescent dual-labeled G-Quadruplexes and hairpin duplex structure (F21T, 

(5’-FAM-dGGG(TTAGGG)3-TAM-3’); F-A2(H22)A2-T, (5’-FAM-dA3GGG(TTAGGG)3

AA-TAM-3’); F-AT-T, (5’-FAM-CGAATTCTTTTGAATTCG-TAM-3’); FAM: 6-

carboxyfluorescein; TAM: tetramethylrhodamine)301 was purchased from Integrated DNA 

Technologies and used without further purification. From a water stock (50 µM), the dual 

labeled oligonucleotides were diluted to 400 nM in 50 mM potassium or sodium 

cacodylate, pH 7.4 and annealed by heating to 95 °C for 5 minutes in a water bath and 

slowly cooled to room temperature. The correct structural formations were confirmed by 
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FRET melting and the temperatures closely corresponded to the literature values (49 and 

56 °C),205,302,162 while melting temperature of the AT hairpin matched its theoretical 

temperature (67 °C). 

5.5.2 Preparation of Ni•RGH 

The peptide (L) RGH was purchased HPLC purified from Genscript (USA).  The 

concentrated stock of 1 mM Ni•RGH was freshly prepared prior to each experiment.  (L) 

RGH was kept in a 40 mM stock.  To prepare the Ni(II) complex, equimolar Ni(II) 

acetate (Strem) was added from a 100 mM stock in 10X buffer.  The complex was 

allowed to equilibriate for at least 30 minutes prior to dilution with the appropriate 

concentration of buffer. (λmax = 420 nm; ε = 120 (M-1cm-1)) 

5.5.3 eHiTS computer modeling 

The location and (∆G kJ/mol) of both antiparallel and (3+1) mixed hybrid human 

telomeric G-Quadruplex (PDB files: 143D and 2HY9 respectively) and duplex DNA 

(PDB file: 289D) were analyzed for all Ni(II) tripeptide combinations (361 for each (L) 

and (D) isoforms) by the molecular modeling program (eHiTS).17   eHiTS reports the 

relative free energy upon ligand binding (∆G kJ/mol) and the top results for the (L) and 

(D) Ni(II)-tripeptides binding the human telomeric G-Quadruplex 

(A3(GGGTTA)3GGGA2 and Na+ stabilized A(GGGTTA)3GGG)) and duplex DNA. 

5.5.4 Competition Dialysis 

Nucleic acid samples used in the competition dialysis were prepared at 75 µM of 

the momeric unit in BPS (6 mM Na2HPO4, 2 mM NaH2PO4, 185 mM NaCl, pH 7.0). A 

list of specific nucleic acid structures and pertinent information can be found in Table 

4.223 Use of the momomeric unit normalized the concentrations of potential binding sites.  

Next, 180 µL of each 75 µM nucleic acid stock was added to each minidialysis unit 
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(Slide-A-Lyzer, 7000 MWCO, Pierce) and the unit was then placed in the floatation 

device.  These units were then dialyzed against 2µM of either RGH or Ni•RGH (300 mL) 

in 1X BPS for 48 hours.  

150 µL of each nucleic acid sample or buffer was then removed from the dialysis 

unit and 16 µL of 100 mM EDTA (pH 4.3) then added to dissociate the Ni(II) from the 

tripeptide complex.  Additional samples were prepared as standards, which contained 0-

15 µM RGH or Ni•RGH. The peptide concentration of the competition dialysis samples 

and standards was quantitated by LavePep protein quantification (LavaPep, ).  A working 

solution of LavaPep was prepared by mixing water, LavaPep part A and LavaPep part B 

in an 8:1:1 ratio. 150 µL of this LavaPep solution was then added to the nucleic acid 

sample from the dialysis unit.  These samples were incubated in the dark for 1 hour at 

room temperature.  After this time, the samples were diluted to 500 µL using BPS (184 

µL) and their fluorescence measured.  

Measurements were made on a Varian Eclipse spectrophotometer and the 

excitation wavelengths were scanned from 400-600 nm, with an emission of 610 nm, slit 

width of 10 nm.  The average of 5 scans was recorded.  A linear calibration curve was 

prepared from the RGH and Ni•RGH standards using the LavaPep excitation at 515 nm 

and used to calculate the RGH or Ni•RGH present in the nucleic acid samples.  The 

amount of compound bound (Cb) to each unique nucleic acid was calculated by equation 

(1): 

Bound compound (Cb) with  Cb= Ct-Cf    (1) 

where Ct is the total concentration of the peptide present in the nucleic acid sample and Cf 

is the concentration of the free peptide present in a dialysis unit that only initially 

contained buffer.  The calculated RGH or Ni•RGH concentration was then plotted against 

its respective nucleic acid sample. 
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5.5.5 FID Assay with Ethidium Bromide 

Base on a previous ethidium bromide displacement assay,340 a 500 µL mixture of 

ethidium bromide (1.26 µM) and 1 µM base pair AT rich duplex DNA (ATAT)n was 

prepared in 50 mM potassium cacodylate, pH 7.4. A 500 µL mixture of ethidium bromide 

(1.26 µM) without DNA was also prepared to measure the background fluorescence.  

Increasing amounts of ligand or metal ion (Ni•RGH or Ni (II) acetate) were added to each 

cuvette, followed by a 10 minute equilibrium period prior to recording the fluorescence 

spectra.  

The fluorescence spectra was collected on a Varian Eclipse Spectrofluorometer 

with an excitation of 510 nm and the average of 4 scans were recorded for the emission, 

ranging from 530-700 nm, slit width 10 nm.  The percentage displacement was calculated 

at 605 nm.  The percentage displacement was calculated from the equation:  

 Percentage displacement (PD) with PD = 100 -  [(F/ F0 ) ·  100]  (2) 

With F0 being the fluorescence of the DNA bound ethidium bromide before the addition 

of the ligand and F, the fluorescence after each titration point.  The background 

fluorescence of ethidium bromide without DNA after the addition of the ligand is 

subtracted prior to calculating the percentage displacement.  Finally, the PD is plotted 

versus the concentration of added ligand.  The DC50 value, or the concentration of ligand 

required to reduce TO fluorescence by 50%, is reported to directly compare the ligands’ 

ability to displace the TO.  

5.5.6 Ethidium Bromide Quench Assay 

Based on a similar ethidium bromide quench assay,341 a 500 µL mixture of 

ethidium bromide (2 µM) and 20 µM base pair AT rich duplex DNA (ATAT)n was 

prepared in 50 mM potassium cacodylate, pH 7.4. A 500 µL mixture of ethidium bromide 
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(1.26 µM) without DNA was also prepared to measure the background fluorescence.  

Increasing amounts of ligand or metal ion (Ni•RGH or Ni (II) acetate) were added to each 

cuvette, followed by a 10 minute equilibrium period prior to recording the fluorescence 

spectra. The fluorescence spectra were collected and the Percentage Displacement (PD) 

(equation 2) was calculated as described above for ethidium bromide.   

5.5.7 G4-FID Assay with Thiazole orange 

A 500 µL mixture of thiazole orange (0.5 µM) and preformed 22HT G-

Quadruplex DNA (0.25 µM) was prepared in 50 mM potassium cacodylate, pH 7.4. A 

500 µL mixture of TO (0.5 µM) without DNA was also prepared to measure the 

background fluorescence.  Increasing amounts of ligand or metal ion (TMPyP4, Ni•RGH 

or Ni (II) acetate) were added to each cuvette, followed by a 10 minute equilibrium period 

prior to recording the fluorescence spectra.  

The fluorescence spectra was collected on a Varian Eclipse Spectrofluorometer 

with an excitation of 501 nm and the average of 4 scans were recorded for the emission, 

ranging from 510-600 nm, slit width 10 nm.  The percentage displacement was calculated 

at 540 nm according to equation (2) 

 With F0 being the fluorescence of the DNA bound thiazole orange before the 

addition of the ligand and F, the fluorescence after each titration point.  The background 

fluorescence of thiazole orange without DNA after the addition of the ligand is subtracted 

prior to calculating the percentage displacement.  Finally, the PD is plotted versus the 

concentration of added ligand.  The G4 DC50 value, or the concentration of ligand 

required to reduce TO fluorescence by 50%, is reported to directly compare the ligands’ 

ability to displace the TO.  
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5.5.8 G4-Thiazole orange Quench assay 

A 500 µL mixture of thiazole orange (0.25 µM) and preformed 22HT G-

Quadruplex DNA (5 µM) was prepared in 50 mM potassium cacodylate, pH 7.4. A 500 

µL mixture of TO (0.25 µM) without DNA was also prepared to measure the background 

fluorescence.  Increasing amounts of ligand or metal ion (TMPyP4, Ni•RGH or Ni (II) 

acetate) were added to each cuvette, followed by a 10 minute equilibrium period prior to 

recording the fluorescence spectra.  The fluorescence spectra were collected and the 

Percentage Displacement (PD) (equation 2) was calculated as described above for 

thiazole orange.   

5.5.9 CD spectroscopy studies 

Spectra were recorded on a Jasco J-815 CD spectrometer.  Experiments were 

carried out in a 1 mm pathlength quartz cuvette treated with SigmaCote to minimize 

nonspecific binding of the ligands to the cuvette surface. Ligand (TMPyP4, Ni(OAc)2, 

RGH or Ni•RGH) was titrated (0- 675 µM) into 300 µL HT22 G-Quadruplex DNA (10 

µM) in BPS (6 mM Na2HPO4, 2 mM NaH2PO4, 185 mM NaCl, pH 7.0).   The molar 

elipticity was recorded from 220-340 nm with each increasing concentration of ligand 

and the signal averaged from three replicate scans.  For each of the samples, the CD 

specta of the buffer and ligand was subtracted prior to analysis.  A plot of the molar 

elipticity at 295 nm versus ligand concentration indicated its binding ratio with the G-

Quadruplex DNA. 

5.5.10 FRET melting of K+F21T 

Fluorescence resonance energy transfer (FRET) was used to investigate the ability 

of the compounds to stabilize the dual-labeled oligonucleotides F21T and F-AT-T.202, 205 1 

mM Ni•RGH was prepared as described above in 50 mM potassium or sodium 

cacodylate, pH 7.4.  Stocks of 1 mM Ni (II) acetate (Strem), RGH and RF (Genescript) 
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were also prepared in 50 mM potassium or sodium cacodylate, pH 7.4.  FRET samples 

were prepared by mixing 250 µL of the 400 nM dual labeled stock with 250 µL of 2-200 

µM Ni (II) acetate, RGH, Ni•RGH or RF in 50 mM potassium or sodium cacodylate, pH 

7.4. This was followed by at least 10 minutes of incubation.   

Measurements were made on a Varian Eclipse spectrophotometer; excitation: 480 

nm, emission: 520 nm, slit width: 5 nm.  Fluorescence readings were taken every 0.1 °C 

between 30-100 °C, with a temperature ramp of 0.5 °C per minute.  Final analysis of the 

data was carried out in Excel by first averaging the signal of every 10 readings (~1 °C). 

Then, intervals of 5 °C were used to calculate the first derivative and determine the 

ligand-DNA pair Tm. 



286 

Chapter 6: Summary, Assessment of the G-Quadruplex Cleavage Assay 
and Future Directions 

6.1 IMPACT OF A RAPID FLUORESCENT-BASED G-QUADRUPLEX CLEAVAGE ASSAY ON
THE STUDY OF G-QUADRUPLEX DNA 

Establishing and understanding the biological roles and oxidative potential of G-

Quadruplex DNA, along with their in vivo molecular dynamics could facilitate the 

discovery of a highly selectivity therapeutics.  One proposal to study the G-Quadruplex 

formation in vivo relies upon the use of a selective G-Quadruplex cleavage probe. The 

selective cleavage of G-Quadruplex DNA by this probe could provide a spatial and 

temporal map of the genome for G-Quadruplex formation.47 Furthermore, the use of a 

highly topological specific G-Quadruplex cleavage reagent could provide information on 

the in vivo structural differences between genomic G-Quadruplexes during a targeted 

cellular state, which could aid in the design of selective therapeutics towards a particular 

G-Quadruplex target.  

Despite the potential applications and implications of a highly selective G-

Quadruplex cleavage probe, there are relatively few compounds known to cleave these 

structure and even fewer exhibit any significant selectivity. 87, 168, 169, 196-201 Therefore, there 

is an imperative need to identify new G-Quadruplex selective cleavage compounds.  

Identification of such compounds will be aided by the ability to rapidly screen 

compounds for both their G-Quadruplex cleavage efficiency and selectivity.  Previous 

methods to study G-Quadruplex cleavage involve the use of relatively lengthy PAGE-

based assays with radio-labeled DNA, limiting the number of compounds and G-

Quadruplex constructs investigated.  In addition, these methods have not been used to 

directly address G-Quadruplex cleavage selectivity. A rapid assay was developed to 

screen and identify novel potential G-Quadruplex cleavage compounds. 
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This fluorescence-based G-Quadruplex cleavage assay relies on the differential 

fluorescence properties of a dual-labeled G-Quadruplex forming oligonucleotide that 

occurs between an intact and cleaved G-Quadruplex. The development of this 

fluorescence-based solution G-Quadruplex cleavage assay facilitated the identification of 

a highly efficient and selective G-Quadruplex cleavage probes.   The assay was 

developed for both 96 and 384-well micro-plates in order to rapidly investigate the 

cleavage of a variety of G-Quadruplex structures by potential cleavage ligands through 

both photochemical and oxidative means. Not only can the solution-based assay identify 

novel or previously unknown cleavage ligands, but it can also monitor the time and 

concentration dependence of G-Quadruplex cleavage in order to provide information for 

mechanistic studies.  

This assay was also used to assess the selectivity of G-Quadruplex cleavage by 

the compounds.  The extent of G-Quadruplex cleavage selectivity was investigated 

through the tandem use of two methods.  One method monitored the extent that the 

addition of competitor nucleic acid inhibited G-Quadruplex cleavage.  The other method 

directly measured the extent hairpin duplex DNA was cleaved by the ligand, in a 

modified “break-light” assay. 206 

These methods allowed the assessment and quantitative ranking of cleavage 

agents based on both their cleavage efficiency and selectivity. To quantify G-Quadruplex 

cleavage efficiency, the maximum normalized fluorescence observed for any of the G-

Quadruplex oligonucleotides for each cleavage agents was noted.  The ratio of the 

average maximum normalized fluorescence for all G-Quadruplex oligonucleotides to the 

maximum normalized fluorescence for duplex hairpin cleavage was used to calculate the 

selectivity of each ligand.  A plot of the G-Quadruplex cleavage efficiency vs. selectivity 
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(Figure 6.1) provides a quantitative description of the improvements in G-Quadruplex 

cleavage agents that have resulted from the screening efforts.  

Although most of the ligands investigated were not significantly more efficient or 

selective than TMPyP4, the solution assay screening identified two previously unknown 

and unique cleavage probes that exhibit a high selectivity for G-Quadruplex cleavage. 

(Figure 6.1) It was found the photochemical G-Quadruplex cleavage properties of the 

protoporphyrin NMM, and the perylene diimide Tel 11 far exceeded any reported G-
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Figure 6.1. Plot of the normalized fluorescence of each cleavage ligand for any of the G-
Quadruplex topologies investigated vs. the ratio of the average maximum G-Quadruplex 
cleavage for all three topologies to the maximum cleavage of the hairpin DNA, F-mixed-
T to quantitatively rank the cleavage ligands based on both cleavage efficiency and 
selectivity. Cleavage efficiency error was ligand’s the standard deviation in its maximum 
normalized fluorescence. The selectivity error was calculated by accounting for average 
G-Quadruplex cleavage’s standard deviation in the ratio of G-Quadruplex to F-mixed-T 
cleavage.   
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Quadruplex cleavage ligand. Without the ability to rapidly screen a multitude of potential 

ligands, the selective G-Quadruplex nuclease activity of Tel 11 and NMM may not have 

been realized. Additionally, the ability to catalog the impact of ligand scaffold and even 

small structural alterations to the ligand on G-Quadruplex cleavage efficiency and 

selectivity should aid in the design of future cleavage ligands. 

NMM is an interesting potential in vivo G-Quadruplex cleavage probe as it is 

highly topologically selective and therefore could potentially map the differences in 

genomic G-Quadruplex topology.  This could aide in the development of highly selective 

G-Quadruplex targeted therapeutics.  Although Tel 11 cleaved all of the G-Quadruplex 

DNA topologies to varying degrees and was the most selective cleavage ligand identified 

despite its low structural selectivity, the concentration of PDI ligand required for G-

Quadruplex cleavage of all the topologies was significantly higher than the concentration 

other ligands required to initiate G-Quadruplex cleavage. The effect of irradiation 

wavelength and intensity on the photocleavage of G-Quadruplex DNA by Tel 11 and 

investigating the G-Quadruplex photocleavage by perylene dimiides with enhanced G-

Quadruplex structural selectivity are current avenues of inquiry.   

The solution-based G-Quadruplex cleavage assay also demonstrated that the DNA 

cleavage chemistry within the various G-Quadruplex topologies examined differ in their 

DNA cleavage chemistry.  This observation is best exemplified by the G-Quadruplex 

cleavage by Tel 11 and TMPyP4.  For each ligand, the solution assay revealed topology-

dependent G-Quadruplex cleavage efficiency, while PAGE analysis of these cleavage 

reaction established distinctive cleavage products, indicating unique cleavage 

mechanisms for each of the topologies.  This is the first report of such DNA topology 

dependent DNA cleavage chemistry and warrants further investigation.  



290 

An important outcome of this work is the demonstration cleavage agents that also 

cleave to quest that may do so by complete different mechanisms. For example, the 

photochemical duplex DNA cleavage by TMPyP4 occurs primarily via singlet oxygen 

generation, as demonstrated by a two-fold enhancement of photocleavage in the presence 

of D2O.  In contrast, the photochemistry cleavage of G-Quadruplex by TMPyP4 does not 

primarily proceed via singlet oxygen production as there is a minimal increase in 

photocleavage in D2O.  An interesting correlation to this difference in G-Quadruplex vs. 

duplex DNA photocleavage chemistry is demonstrated by Tel 11, which despite binding 

duplex DNA, only efficient photochemical G-Quadruplex DNA structures.   

6.2 LIMITATIONS OF THE FLUORESCENCE-BASED G-QUADRUPLEX CLEAVAGE ASSAY 

Although the G-Quadruplex cleavage assay described here is a powerful tool to 

facilitate the rapid assessment of potential G-Quadruplex cleavage ligands for both 

efficiency and selectivity, limitations to the assay exist.   Some of these limitations that 

have been observed stem from the of the particular FAM-TAM donor-accept pair 

employed.  Other limitations are more general.  As FAM is known to be one of the more 

readily oxidized fluorophores and this can lead to photobleaching as observed with 

TMPyP4 and other G-Quadruplex cleavage agents.  This photobleaching of FAM can 

lead to false negatives during screening.  Additionally, ligand aggregation, observed with 

the PDIs, can essentially irreversibly quench the fluorescence of the FAM. 

Although a method for quantification of G-Quadruplex cleavage vs. duplex 

cleavage selectivity employs this assay and a modified “break light” assay are described, 

there are limits to the degree of selectivity that can be measured.  Due to differences in 

quantitating low levels of cleavage, as currently implements, this method can at best 

distinguish cleavage selectivity of 20-30 to 1 for one construct vs. duplex.  However, G-

Quadruplex ideally, G-Quadruplex probes should have selectivity that approaches the 
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prevalence of duplex to punative G-Quadruplex structures in the genome, which is 

~10000:1.  In order to quantify this magnitude of selective, alternative methods will be 

needed be development. One such consideration includes the use of orthogonal dual-

labeled G-Quadruplex and hairpin probes in a simultaneous cleavage reaction in which 

there is a 10,000 fold excess of dual-labeled hairpin duplex DNA.  

To efficiently explore the cleavage potential of a greater number of PDIs, or 

similarly aggregating ligands, the ability to dissociate the ligands from the DNA is vital. 

As the spectral properties of the FAM and the PDIs overlap current methods to dissociate 

the PDIs from the oligonucleotide are not viable.  The PDI fluorescence either far 

exceeded the FAM fluorescence or the FAM fluorescence remained quenched within the 

non-specific SDS-based dissociation buffer.   Therefore, the ability to explore the 

photocleavage of additional PDIs or any aggregating ligand that quenches the DNA 

fluorescence needs to further addressed. This may be accomplished in one of two ways. 

Finally, it should be noted that structure of the dual-labeled G-Quadruplex DNA 

has not been well characterized by methods such as NMR or X-crystallography.  Rather, 

these dual-labeled G-Quadruplex forming sequences behave similarly in melting studies 

as their identical non-labeled, well-characterized G-Quadruplex counterparts.  Therefore, 

topological assumptions may not be accurate. Despite, these limitations and/or assay 

considerations, the fluorescent-based G-Quadruplex cleavage assay can be a powerful 

tool to rapidly investigate the G-Quadruplex cleavage efficiency and selectivity over 

multiple G-Quadruplex topologies in a variety of reaction conditions.        
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	  Apendix	  A	  

A1. 1H-NMR of of N,N’-Bis-4-(hydoxysalicylidene)-1,2-
phenylenediimine-nickel (II) (NiS-OH) 
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A2. 1H-NMR of N,N’-Bis[4-[2-ethyl)morpholine]oxy]salicylidene]-1,2-
phenylenediimine-nickel (II) (NiS-2) 
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A3. 1H-NMR of Synthesis of 5,10,15,20-tetra(p-amido-[ethyl-(3- 

pyridine)])porphyrin 
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A4. 1H-NMR of Synthesis of 5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-
methyl]pyridine)])porphyrin (H2-1) 
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A.5 Mass Spec of 5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-
pyridine)])porphyrin Manganese (III) (Mn-1)  
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A.6 Mass Spec of 5 ,10,15,20-tetra(p-amido-[ethyl-(3-[N-methyl]-
pyridine)])porphyrin Zinc (II) (Zn-1) 
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Apendix	  B:	  Cleavage	  of	  the	  dual	  labeled	  probes	  by	  the	  Salphen	  
Ligands	  

B1. Synthesis of Salphen compounds 

Synthesis of N,N’-Bis[4-[(2-ethyl)-[N-methyl]-morpholine]oxy]salicylidene]-1,2-
phenylenediimine-Nickel (II)  

This compound was prepared by dissolving N,N’-Bis[4-[2-ethyl)morpholine]oxy] 

salicylidene]-1,2-phenylenediimine-nickel (II) (0.0197 g, 0.0298 mmol) in 10 mL 1:1 

CHCl3/MeOH (1:1) 10 mL and 100 equivalents Methyl Iodide.(0.422 g, 2.98 mmol, 

185.5 µL)  (Sigma) The reaction was then heated to 50 °C and stirred in the dark for over 

24 hrs.  The solvent was evaporated and the product fully dried under vacuum resulting in 

a dark orange solid in quantitative yield. Yield: 19.3 mg, 95%  

 Synthesis of N,N’-Bis-4-(hydoxysalicylidene)-diimine-copper (II) 

This compound was prepared as Vilar et al231 and references within.  Briefly 

ethylene diamine (0.03005 g/ 0.499 mmol) (Sigma) and 2,4-dihydroxybenzaldhyde 

(0.1560 g/ 1.131 mmol) (TCI) were refluxed for 30 minutes in 25 mL absolute ethanol 

followed by the addition of 1 equivalent of Cu(OAc)2�2H20 (0.254 g/1.271 mmol). 

(Strem)  Upon addition of the metal, the color changed from yellow to light green.  The 

reaction was further refluxed for 3 hours.   It was then cooled to room temperature and 

filtered and washed with ethanol (3 x 20 mL), water (3 x 20 mL) and diethyl ether (2 x 20 

mL) and dried under vacuum to produce a light green solid.  Yield: 68 mg, 40% 



 335 

Synthesis of N,N’-Bis[4-[2-ethyl)morpholine]oxy]salicylidene]-1,2-phenylenediimine-
copper (II) 

This compound was prepared as described by Villar et al.231  N,N’-Bis-4-

(hydoxysalicylidene)-1,2-phenylenediimine-copper (II) (0.2271 g/0.5541 mmol), 4-(2-

chloroethyl)morpholine hydrochloride (0.4145 g /2.79 mmol) (TCI America) and K2CO3 

(0.6892 g/4.987 mmol) were dissolved in dry DMF (30 mL) and heated to 90°C 

overnight in a 100 mL 24/40 round bottom flask with large stir bar stirring vigorously. 

The salts were then removed by filtration and DMF was removed under reduced pressure. 

The resulting green/brown solid product was recrystallized using a CH2Cl2/hexane 

mixture. Yield: 212 mg, 57.6% 

Synthesis of N,N’-Bis[4-[(2-ethyl)-[N-methyl]-morpholine]oxy]salicylidene]-1,2-
phenylenediimine-Copper (II) 

This compound was prepared by dissolving N,N’-Bis[4-[2-ethyl)morpholine]oxy] 

salicylidene]-1,2-phenylenediimine-copper (II) (0.02 g/ 0.0314 mmol) in 10 mL 1:1 

CHCl3/MeOH (1:1) 10 mL and 100 equivalents Methyl Iodide. (0.195 mg, 3.143mmol) 

(Simga) The reaction was then heated to 50 °C and stirred in the dark for over 24 hrs.  

The solvent was evaporated and the product fully dried under vacuum resulting in a dark 

green/brown solid. Yield: 19 mg, 87% 

Synthesis of N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-Cobalt (II) 

The synthesis of this compound was adapted from Martell et al245 and references 

within.  Briefly 1,2-phenylendiamine (0.0547 g/ 0.506 mmol) (Aldrich) and 2,4-

dihydroxybenzaldhyde (0.0498 g/ 1.085 mmol) (TCI) were refluxed for 30 minutes in 25 

mL absolute methanol followed by the addition of 1 equivalent of Co(OAc)2•4H20 (129.8 

g/ 0.52 mmol) (Aldrich).  Upon addition of the metal, the color changed from yellow to 

redish-brown.  The reaction was further refluxed for 1 hour.   The reaction was cooled to 



 336 

room temperature and precipitated with cold diethyl ether, filtered and washed with water 

(3 x 20 mL), and diethyl ether (2 x 20 mL). The product was a dark brown solid after 

being dried under vacuum. Yield: 52.5, 24% 

N,N’-Bis[4-[(2-ethyl)morpholine]oxy]salicylidene]-1,2-phenylenediimine-Cobalt (II) 

This compound was prepared by adapting the method described by Villar et al.231  

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-cobalt (II) (0.1425 g, 0.352 

mmol), 4-(2-chloroethyl)morpholine hydrochloride (0.3246 g, 2.36 mmol) (TCI America) 

and K2CO3 (0.5412g , 2.91 mmol) were dissolved in dry DMF (35 mL) and heated to 

90°C overnight in a 100 mL 24/40 round bottom flask with large stir bar stirring 

vigorously. The resulting dark red solid product was recrystallized using a CH2Cl2/hexane 

mixture. Yield: 98 mg, 65%. 

 N,N’-Bis[4-[(2-ethyl)-[N-methyl]-morpholine]oxy]salicylidene]-1,2-phenylenediimine-
Cobalt (II) 

This compound was prepared by dissolving N,N’-Bis[4-[2-ethyl)morpholine]oxy] 

salicylidene]-1,2-phenylenediimine-cobalt (II) (0.021 g/ 0.032 mmol) in 10 mL 1:1 

CHCl3/MeOH (1:1) 10 mL and 100 equivalents Methyl Iodide.(0.199 g, 3.2 mmol) 

(Sigma) The reaction was then heated to 50 °C and stirred in the dark for over 24 hrs.  

The solvent was evaporated and the product fully dried under vacuum resulting in a dark 

red solid. Yield: 20.7 mg, 94%   

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-Manganese (III)  

This compound was adapted from Mandal et al and references within.283, 344  

Briefly 1,2-phenylendiamine (0.088 g/ 0.815 mmol) (Aldrich) and 2,4-

dihydroxybenzaldhyde (0.2525 g/ 0.83 mmol) (TCI) were refluxed for 30 minutes in 

absolute methanol followed by the addition of 1 equivalent of Mn(OAc)3•2H20 (0.226 g/ 
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0.845 mmol) (Sigma). Upon addition of the metal, the color changed from yellow to 

brown.  The reaction was further refluxed for 3 hours.  The reaction was further refluxed 

for 3 hours and cooled. A solid was precipitated using cold diethyl ether, filtered and 

washed with methanol (3 x 20 mL), water (3 x 20 mL) and diethyl ether (2 x 20 mL).  

The product was a brown solid. Yield: 211 mg, 64.5% 

N,N’-Bis[4-[(2-ethyl)morpholine]oxy]salicylidene]-1,2-phenylenediimine-Manganese 
(III) 

This compound was prepared by adapting the method described by Villar et al.231  

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-manganese (II) (0.1011 g, 0.252 

mmol), 4-(2-chloroethyl)morpholine hydrochloride (0.4129 g, 2.22 mmol) (TCI America) 

and K2CO3 (0.2385 g, 1.728 mmol) were dissolved in dry DMF (35 mL) and heated to 

90°C overnight in a 100 mL 24/40 round bottom flask with large stir bar stirring 

vigorously. The salts were then removed by filtration and DMF was removed under 

reduced pressure. The resulting dark purple solid product was recrystallized using a 

CH2Cl2/hexane mixture. Yield: 59 mg, 35% 

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-Zinc (II)  

This compound was prepared as Vilar et al and references within.231  Briefly 1,2-

phenylendiamine (0.0572 g/ 0.53 mmol) (Aldrich) and 2,4-dihydroxybenzaldhyde 

(0.1480 g/ 1.07 mmol) (TCI) were refluxed for 30 minutes in 25 mL absolute methanol 

followed by the addition of 1 equivalent of Zn(OAc)2•2H20 (0.2341 g/ 1.06 mmol) 

(Sigma).  The reaction was further refluxed for 4 hours.   It was then cooled to room 

temperature and the solvent was removed under reduced pressure. The product was then 

washed with water (3 x 30 mL) and diethyl ether (2 x 30 mL) and dried under vacuum 

revealing a yellow solid. Yield: 183.5 mg, 84%. 
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N,N’-Bis[4-[(2-ethyl)morpholine]oxy]salicylidene]-1,2-phenylenediimine-Zinc (II) 

This compound was prepared by adapting the method described by Villar et al.231  

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-zinc (II) (0.215 g, 0.524 mmol), 

4-(2-chloroethyl)morpholine hydrochloride (759.3g, 4.08 mmol) (TCI America) and 

K2CO3 (0.5135 g, 3.72 mmol) were dissolved in dry DMF (35 mL) and heated to 90°C  

overnight in a 100 mL 24/40 round bottom flask with large stir bar stirring vigorously. 

The salts were then removed by filtration and DMF was removed under reduced pressure. 

The resulting dark yellow solid product was recrystallized using a CH2Cl2/hexane 

mixture. Yield: 89 mg, 26% 

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-Iron (III) 

This compound was adapted from Mandal et al and references within.244  Briefly 

1,2-phenylendiamine (0.232.5 g/ 2.07 mmol) (Aldrich) and 2,4-dihydroxybenzaldhyde 

(0.580 g/ 4.20 mmol) (TCI) were refluxed for 30 minutes in 25 mL methanol followed by 

the addition of  1 equivalent of anhydrous FeCl3 (0.3547 g/ 2.1913 mmol). (Sigma)  Upon 

addition of the metal, the color changed from yellow to dark brown.  The reaction was 

further refluxed for 3 hours and cooled. The solid was precipitated using cold diethyl 

ether, filtered and washed with methanol (3 x 20 mL), water (3 x 20 mL) and diethyl 

ether (2 x 20 mL) and dried under vacuum, revealing a dark brown/black solid. Yield: 

333.8 mg, 40% 

N,N’-Bis[4-[(2-ethyl)morpholine]oxy]salicylidene]-1,2-phenylenediimine-Iron (III) 

This compound was prepared by adapting the method described by Villar et al.231 

N,N’-Bis-4-(hydoxysalicylidene)-1,2-phenylenediimine-iron (III) (0.1607 g, 0.398 

mmol), 4-(2-chloroethyl)morpholine hydrochloride (0.6265g, 3.374 mmol) (TCI 

America) and K2CO3 (3.74.2 g, 2.712 mmol) were dissolved in dry DMF (35 mL) and 

heated to 90°C overnight overnight in a 100 mL 24/40 round bottom flask with large stir 
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bar stirring vigorously. The salts were then removed by filtration and DMF was removed 

under reduced pressure. The resulting dark brown solid product was recrystallized using a 

CH2Cl2/hexane mixture. Yield: 146 mg, 56% 

N,N’-Bis[4-[(2-ethyl)-[N-methyl]-morpholine]oxy]salicylidene]-1,2-phenylenediimine-
Iron (III) 

This compound was prepared by dissolving N,N’-Bis[4-[2-ethyl)morpholine]oxy] 

salicylidene]-1,2-phenylenediimine-iron (III) (0.025 g/ 0.038 mmol) in 10 mL 1:1 

CHCl3/MeOH (1:1) 10 mL and 100 equivalents Methyl Iodide.(0.2365 g, 3.8 mmol) 

(Sigma). The reaction was then heated to 50 °C and stirred in the dark for over 24 hrs.  

The solvent was evaporated and the product fully dried under vacuum resulting in a dark 

brown solid. Yield: 24 mg, 88% 

B2.  F21T cleavage by Salphen Ligands  

Initially, the salphen ligands (1 µM) and free metals (1 µM) were screened for 

their ability to cleave potassium stabilized F21T G-Quadruplex DNA (100 nM) by both 

photochemical and oxidative means.  The photo-cleavage of K+F21T by TMPyP4 (1 µM) 

was also included in order to compare the relative extents of cleavage.  Given the 

significant absorbance of the salphens within both the ultraviolet and visible spectrum, 

the salphen molecules in the presence of K+F21T were irradiated with both UVA and 

visible light for 120 minutes each.  However despite the known affinity of salphen 

molecules for G-Quadruplex DNA,231, 233 as seen in Figure 3.20 the photocleavage of the 

(3+1) hybrid F21T topology did not occur to any significant degree (>5%) in the 

presence of these ligands. (Figure B.1)  The free metals, especially Fe3+, on the other 

hand increased the samples’ normalized fluorescence to varying extents regardless of the 

reaction conditions. 
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Since the the dissociation buffer was supplement with EDTA (final concentration 

1 mM) for these cleavage reactions, the increase in normalized fluorescence for samples 

incubated with the metal ion salts are unlikely due to a rearrangement of the G-

Quadruplex topology by divalent or trivalent metal.  Rather the metal ions cleave the G-

Quadruplex DNA and the metal ions are less reactive when chelated with the salphen. 

However, given the potential of platinum ligands to form DNA adducts,183, 284 

modification of the G-Quadruplex DNA may not be apparent by the solution study unless 

the adduct also disrupts the G-Quadruplex topology284 with significant a separation of the 

donor and acceptor fluorophores.    

Similarly, across the various reaction conditions employed, oxidative cleavage of 

the potassium stabilized F21T primarily occurred in the presence of the free metals ions.  

This was particularly apparent with Fe3+ and Co2+ in the presence of 1 mM DTT. (Figure 

B.2)  None of the salphen ligands investigated significantly cleaved the G-Quadruplex 

Figure'B.1.'Normalized'fluorescence'intensity'for'100'nM'F21T'samples'irradiated'in'the'
presence'of'1'µM'salphen'ligand'or'free'metal'for'120'min'by'lamps'either'centered'at'350'
nm'(UVA)'or'420'nm'(420'nm)'in'50'mM'potassium'cacodylate,'pH'7.4'
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DNA in the presences of an external oxidant, despite the reported nuclease activity of 

salphen molecules with duplex DNA.234-245 However, the normalized fluorescence was 

slightly increased for 1 µM JK-11-02 in the presence of 1 µM (NH4)2Ce(NO3)6 for 30 

minutes.287 The maximal increase in normalized fluorescence for the cleavage of K+F21T 

was ca. 10%, with a 10:1 excess JK-11-02.  

Interestingly, a previous investigation with 250 nM K+F21T and Cu2+S-X+ yielded 

time dependent oxidative cleavage. (Figure B.3) The maximum increase in fluorescence, 

corresponding to ca. 45% cleavage occurred for K+F21T samples in the presence of 2.5 

µM Cu2+S-X+ (10:1 ligand/quadruplex ratio) reacted with 100 µM MPA for 0-180 

minutes. Oxidative cleavage reactions of 250 nM K+F21T with 750 nM of Cu2+S-X+ and 

100 µM MPA for 180 minutes however did not result in cleavage across all reaction 

times employed, further supporting the importance of ligand concentration in the 

chemical nuclease reaction.  
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B3. F-Cmyc22m-T Cleavage by Salphen Ligands 

The photocleavage of F-cMyc22m-T by the salphens was also investigated. Given 

the importance of ligand concentration on cleavage, a wider range of salphen 

concentrations were employed for the cleavage screen of the historically more efficient 

cleavage construct, F-cMyc22m-T.  The salphen concentrations employed ranged from a 

2-20 fold excess ligand. As shown in Figure B.4, for some of the Salphens (200 nM-2 

µM), the normalized fluorescence of F-cMyc22m-T is slightly increased upon irradiation 

with UVA for 120 minutes.  The photochemical cleavage of F-cMyc22m-T was most 

efficient with 2 µM Cu2+S-X+, in which there was an approximate 15% increase in 

normalized fluorescence. Mn(III) and Co(II) Salphen, Fe(III), Ni(II) and Cu(II) salphen 

analogs (morpholine and tertiary morpholine) also exhibited an increase in normalized 

fluorescence. However, this increase was small and is not concentration dependent.  

Irradiation of F-cMyc22m-T with Zn(II) Salphen analogs did not cause an increase in 

FAM emission at any concentration.  The axial ligands of the Zn(II) likely hinders the 

efficient binding of the ligands with G-Quadruplex DNA.231  

Figure'B.3!Normalized!fluorescence!intensity!for!250!nM!F21T!DNA!samples!a>er!

incuba@on!with!1!µM!Cu(II)SIX+!!and!the!oxidant!MPA!(100!µM)!for!0I180!minutes!in!50!

mM!potassium!cacodylate,!pH!7.4.!
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The oxidative cleavage of 100 nM F-cMyc22m-T by various salphen ligands (0.2-

2 µM) in the presence of external oxidants exhibited a low level of increased normalized 

fluorescence. The most significant increase in FAM emission occurred with 2 µM Cu2+S-

X+, corresponding to ca. 16% cleavage and with a ligand to G-Quadruplex ratio of 20:1 

with 100 µM MPA after 120 minutes. (Figure B.5)  Mn(III) and Ni(II) salphens in the 

presence of 100 µM oxone increased the normalized fluorescence of F-cMyc22m-T to 

varying extents, not exceeding approximately 13%.  However, all DNA modification by 

the Ni(II) salphens may not be apparent by the solution study since the Ni(II) ligands are 

known to both oxidize guanine bases and to form a highly reactive alkylating agent via 

radical formation.293 Formation of an adduct will not necessarily significantly disrupt the 

G-Quadruplex structure or separate the donor and acceptor fluorophores to indicate DNA 

modification by the solution study.  Reduction of Co(II) and Fe(III) salphen analogs by 

the oxidant DTT (1 mM)235, 239, 244, 245 did not cleave the parallel G-Quadruplex.  

Figure'B.4'Normalized'fluorescence'intensity'for'100'nM'F<cMyc22m<T'samples'irradiated'
in'the'presence'of'0<2'µM'salphen'ligand'for'120'min'by'lamps'either'centered'420'nm'in'
50'mM'potassium'cacodylate,'pH'7.4'
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DNA melting studies are commonly used to investigate the stability of DNA and 

its interactions with ligands.  One popular method for measuring G-Quadruplex DNA 

melting involves the same dual-labeled FRET probes used in these cleavage experiments.  

As the DNA melts, there is a large change in fluorescence caused by the reversible 

separation of the donor and acceptor fluorophores on each end of the DNA.  By 

measuring the increase in the melting temperature of G-Quadruplex DNA due to the 

presence of the ligand, interactions between a ligand and the G-Quadruplex can be semi-

quantified. The extent of ligand induced G-Quadruplex stabilization provides a good 

indication of relative binding affinities between various ligands.202, 204, 205, 326 

FRET melting used was used to investigate the relative binding affinities of the 

Cu(II) ligands (Cu2+S-2, Cu2+S-22+, Cu2+S-X, Cu2+S-X?+) with 200 nM F-cMyc22m-T. 

(Table 3.2)  The extent of stabilization of the G-Quadruplex by these salphen ligands was 

minimal, but interestingly the less reactive Cu2+S-2 and Cu2+S-22+ stabilized the parallel 
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F-cMyc22m-T to a greater extent than Cu2+S-X?+. These results allude to the fact that 

DNA stabilization does not equate with efficient cleavage.  Perhaps ligand orientations 

on the G-quadrupolex that do not increase G-Quadruplex stabilization are primarily 

responsible for the apparent F-cMyc22m-T cleavage.  On the other hand, Cu2+S-X, which 

did not cleave the G-Quadruplex also did not stabilize the DNA to any extent. 

∆Tm at 500 nM ligand ∆Tm at 1 µM ligand 

Cu2+S-X - - 

Cu2+S-X?+ 2 ºC 3 ºC 

Cu2+S-2 4.5 ºC 7 ºC 

Cu2+S-22+ 4.5 ºC 7 ºC 

B4. F-Mixed Cleavage by the Salphen Ligands 

The photocleavage of F-mixed-T by the salphens was also investigated to 

determine whether the ligands would cleave duplex DNA. As shown in Figure B.6, some 

of the salphens (0.2-2 µM) caused a slight increase in F-mixed-T normalized 

fluorescence upon irradiation with UVA for 120 minutes.  Unlike the cleavage of the G-

Quadruplex substrates, the copper (II) salphens were not the most efficient cleavage 

ligands. Once again however irradiation of F-mixed-T with Zn(II) salphen analogs did 

not cause an increase in FAM emission. The axial ligand of Zn(II) should also preclude 

its efficient binding with duplex DNA.  Ni(II), Co(II) and Fe(III) salphen analogs all 

exhibited an increase in normalized fluorescence that was generally greater than the 

increase observed for F-cMyc22m-T cleavage. The extent of cleavage peaked with 500 

nM ligand for the Fe(III) salphens and the charged Ni(II) and Co(II) salphen and further 

increases in ligand concentration diminished FAM fluorescence.  
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The oxidative cleavage reactions of 100 nM F-mixed-T by the various salphen 

ligands (0.2-2 µM) in the presence of the external oxidants resulted in only a slight 

increase in normalized fluorescence. (Figure B.7)  These cleavage reactions however did 

not display a dependence on concentration. The most significant increase in FAM 

emission occurred with 0.2-2 µM Ni2+S-2 in the presence of100 µM oxone after 15 

minutes, corresponding to ca. 15% cleavage at a ligand to hairpin ratio of 2-20:1. Once 

again, it is noted that all DNA modification by the Ni(II) salphens may not be apparent 

by the FRET assay due to the capacity of the Ni(II) ligands to both oxidize guanine bases 

and form a highly reactive alkylating agent via radical formation.293 The Co(II) salphens 

in the presence of 1 mM DTT239, 245 were the only other ligands to exhibit a low level of 

hairpin cleavage. The maximal F-mixed-T cleavage by the Co(II) ligands, approximately 

8%, occurred with 2 µM Co2+S-22+.  This equates to a 20:1 ligand to hairpin ratio. Neither 

the Fe(III), Cu(II) nor Mn(III) salphens cleaved the hairpin structure in the presence of 1 

Figure'B.6'Normalized'fluorescence'intensity'for'100'nM'F<mixed<T'samples'irradiated'in'
the'presence'of'0<2'µM'salphen'ligand'for'120'min'by'lamps'either'centered'420'nm'in'50'
mM'potassium'cacodylate,'pH'7.4'
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mM DTT, 100 µM MPA or 100 µM oxone respectively.    

 

B5. PAGE Analysis of Salphen Cleavage 

Aliquots from select G-Quadruplex cleavage reactions were analyzed by PAGE, 

via FAM emission, to gain insights into the G-Quadruplex cleavage products.  Portions of 

these samples were subjected to piperidine/heat treatment prior to PAGE analysis in order 

to reveal base/heat labile DNA lesions.   

The oxidative and photochemical cleavage of K+F21T (100 nM) by the Cu(II) 

salphens (1 µM) upon incubation with 100 µM MPA or UVA irradiation for 120 minutes 

afforded diffuse bands corresponding to nonspecific cleavage at all nucleobases. (Figure 

B8.) This nonspecific base cleavage occurred via an oxidative mechanism.  Analysis of 

samples after piperidine/heat treatment revealed more intense bands corresponding to 

cleavage of the 3’-linker and TAM fluorophore, while the extent of nucleobase cleavage 

was not enhanced. 
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Similar to cleavage of K+F21T by the Cu(II) salphens, the Zn(II) salphen analogs 

did not exhibit significant hydrolytic or photochemical cleavage.  Regardless of 

irradiation, the incubation of the Zn(II) salphens with K+F21T afforded a low mobility 

band migrating slightly above intact the F21T. (Figure B9)  These bands may be results 

of adduct formation between the Zn(II) salphen and K+F21T or intramolecular cross-

linking that occurs in the presence of the Zn(II) salphen.  The low mobility band was 

partially resolved upon treatment with piperidine/heat, forming a diffuse band.  
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Figure B8. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (100 
nM) in potassium cacodylate buffer with 0 or 1 µM Cu(II) salphen either reacted with 
100 µM MPA or irradiated (420 nm) for 120 minutes.  Samples in lanes 1–8 were 
directly subjected to PAGE.  Samples in lanes 11-18 were treated with piperidine at 90 
°C for 30 min prior to PAGE.  Reactions contained 0 nM (lanes 1, 5, 11, 15) or 1 µM 
of the Cu(II) salphen indicated above the lane (lanes 2-4, 6-8, 12-14, 16-18) and were 
reacted with either 100 µM MPA for 120 minutes (lanes 1-4, 11-14) or irradiated for 
120 minutes (lanes 5-8, 15-18). Maxam Gilbert sequencing lanes are indicated by the
G and G+A.
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The oxidative and photochemical cleavage of K+F21T (100 nM) by the Pt(II) 

ligands (1 µM) upon incubation with 1 µM Ce(IV) or irradiation for 120 minutes yielded 

diffuse bands corresponding to nonspecific cleavage at all nucleobases. (Figure B10.)  

Similar to cleavage by the salphen ligands, K+F21T cleavage by Pt(II) ligand JK-11-01 

and JK-11-02 occurs via an oxidative mechanism. Analysis of the cleavage samples after 

piperidine/heat treatment revealed more intense bands corresponding to cleavage of the 

3’-linker and TAM fluorophore and a very slight increase in nucleobase band intensity 

for the irradiated K+F21T samples in the presence of JK-11-01 and JK-11-02. 
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Figure B9. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (100 nM) 
in potassium cacodylate buffer with 0 or 1 µM Zn(II) or Fe(III) salphen either reacted 
with 1 mM DTT or irradiated (420 nm) for 120 minutes.  Samples in lanes 1–7 were 
directly subjected to PAGE.  Samples in lanes 10-16 were treated with piperidine at 90 
°C for 30 min prior to PAGE.  Reactions contained 0 nM (lanes 1, 10) or 1 µM of the 
Zn(II) or Fe(III) salphen indicated above the lane (lanes 2-7, 11-16) and were reacted 
with either 1 mM DTT for 120 minutes (lanes 1-3, 10-12) or irradiated for 120 minutes 
(lanes 4-7, 13-16). Maxam Gilbert sequencing lanes are indicated by the G and G+A. 
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PAGE analysis of K+F21T samples revealed low mobility bands were present not 

only upon incubation with the Zn(II) salphens, but also with Fe(III) salphen morpholine 

incubated with 1 mM DTT and Co(II) and Co(II) hydroxysalphen irradiated with UVA. 

(Figures B10 and B11) Interestingly, the irradiation of 1 µM Co(II) with K+F21T 

afforded the low mobility band previously observed with Zn(II) and various other metal 

salphens complexes. (Figure B10) The low mobility band cannot be due to K+F21T 

adduct formation due to the lack of a ligand present in the reaction.  The intramolecular 

K+F21T cross-linking by Co(II) may occur via a mechanism that involves the production 

of Co(III) by ambient oxygen since the same low mobility band is not apparent during the 

incubation of Co(II) with K+F21T in the presence of 1 mM DTT. (Figure 3.30)  The co-
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Figure B10. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (100 
nM) in potassium cacodylate buffer with 0 or 1 µM Pt(II) ligand, Co(II) salphen or free 
metal either reacted with 1 µM (NH4)2Ce(NO3)6 or irradiated (420 nm) for 120 minutes.  
Samples in lanes 1–9 were directly subjected to PAGE.  Samples in lanes 12-20 were 
treated with piperidine at 90 °C for 30 min prior to PAGE.  Reactions contained 0 nM 
(lanes 1, 12) or 1 µM of the Pt(II) ligand, Co(II) salphen or free metal as indicated above 
the lane (lanes 2-9, 13-20) and were reacted with either 1 µM (NH4)2Ce(NO3)6 for 30 
minutes (lanes 1-3, 12-14) or irradiated for 120 minutes (lanes 4-9, 15-20). Maxam 
Gilbert sequencing lanes are indicated by the G and G+A. 
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reductant DTT does not allow for Co(II) to be stably oxidized to Co(III)239 and therefore, 

the low mobility band is not observed.  Furthermore, the substitutents on the Schiff bases 

of Co(II) salphens can impact the dioxygen affinity and oxidative e potential of the 

Co(II).245 This accounts for the absence of the low mobility band in the presence of the 

morpholine substituted Co(II) salphen while it is apparent with the hydroxy-substituted 

Co(II) analog. An oxidative mechanism appears to be primarily responsible for the 

cleavage of 100 nM K+ F21T by the metal salphen complexes (1 µM) and is apparent by 

the diffuse bands corresponding to the nonspecific cleavage of all G-Quadruplex 

nucleobases, in addition to the 3’-linker and/or TAM fluorophore.  Additionally, although 

noticeable in some instances, cleavage band intensity is not significantly enhanced upon 

treatment with base, except for the removal of the 3’-linker and/or TAM.  
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Figure B11.  PAGE analysis of G-Quadruplex photocleavage reactions of F21T 
(100 nM) in potassium cacodylate buffer with 0 or 1 µM Fe(III) or Co(II) salphen or 
free metal reacted with 1 mM DTT for 120 minutes.  Samples in lanes 1–8 were 
directly subjected to PAGE.  Samples in lanes 11-18 were treated with piperidine at 
90 °C for 30 min prior to PAGE.  Reactions contained 0 nM (lanes 4, 14) or 1 µM of 
the Fe(III) or Co(II) salphen or free metal as indicated above the lane (lanes 1-3, 5-8, 
11-13, 15-18) and were reacted with 1 mM DTT for 120 minutes. Maxam Gilbert 
sequencing lanes are indicated by the G and G+A. 
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For 250 nM K+F21T samples incubated with Cu(II) salen and salphen ligands and 

100 µM MPA, similar to the solution study, only Cu(II)S-X+ displayed DNA cleavage. 

(Figure B12, left)  Cu(II)salen, Cu(II)S-OH and Cu(II)S-X did not result in either Frank 

strand breakage or cleavage after treatment with base.  Therefore the increased charge of 

Cu(II)S-X+ must play a role in either binding location, increased binding, or capacity for 

oxidative cleavage.    

 

Base labile photochemical lesions are generated on the K+ F21T G-Quadruplex 

DNA (250 nM) by the Cu(II)S-X+ (750 nM and 2.5 µM). (Figure 3.31, right) The 

K+F21T samples treated with piperidine and heat prior to PAGE analysis exhibited 

enhanced intensity at bands corresponding to cleavage products at all F21T nucleobases 

as a result of Cu(II)S-X+ incubation with MPA.  Prior to piperidine/heat however F21T 
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Figure B12. PAGE analysis of G-Quadruplex photocleavage reactions of F21T (250 nM) 
in potassium cacodylate buffer with 0-2.5 µM Cu(II) salphen reacted with 100 µM MPA 
for 180 minutes. Samples in lanes 1–9 were directly subjected to PAGE.  Samples in lanes 
12-20 were treated with piperidine at 90 °C for 30 min prior to PAGE.  Reactions 
contained 0 nM (lanes 1, 20), 750 nM (lanes 2, 4, 6, 8, 12, 14, 16, 18) or 2.5 µM (lanes 3, 
5, 7, 9, 13, 15, 17, 19) of the indicated Cu(II) salphen. Maxam Gilbert sequencing lanes are 
indicated by the G and G+A.  
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samples incubated with Cu(II)S-X+ primarily display cleavage at the 5’-GGG tracts and 

the tracts’ 5’ A. Especially intense are the bands corresponding to G13, and to a lesser 

degree G7.  The PAGE analysis of cleavage indicates two cleavage mechanisms are 

responsible for the cleavage of F21T by Cu(II)S-X+.  Prior to base treatment the lesions 

formed are due to hydrogen atom abstraction from the deoxyribose rings.  This results in 

radical formation and ultimately Frank strand scission.  Meanwhile, the base labile 

lesions exhibit approximately equal intensity at all bases.  Oxidized nucleobases due to 

electron transfer typically occur at guanines bases due to their lower oxidative potential.  

Therefore an oxidative mechanism is likely responsible for the enhanced and nonspecific 

cleavage of K+F21T by Cu(II)S-X+ with 100 µM MPA after treatment with base.   

Photochemical lesions were present for 100 nM F-cMyc22m-T incubated with 

500 nM-2µM Cu(II)S-X+, Cu(II)S-2 and Cu(II)S-22+ after 120 minutes of UVA 

irradiation. (Figure B13) As indicated by the solution study, the overall cleavage is 

minimal.  Prior to treatment with base/heat, cleavage primarily occurred at the 3’ linker 

and the TAM fluorophore, along with slight cleavage at G15. The cleavage at the 3’ 

linker is therefore primarily responsible for the enhanced FAM emission observed in the 

solution study.  After treatment with piperidine/heat, cleavage at the 3’ linker/TAM 

fluorophore is significantly more intense, while base specific cleavage is less evident 

with a low level of cleavage at all nucleobases.   
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  The extent of oxidative cleavage yielded upon incubation of 500nM – 2 µM 

Cu(II)S-X, Cu(II)S-X+ and Cu(II)S-22+ with F-cMyc22m-T with 100 µM MPA however 

was moderate, with Cu(II)S-X+ displaying the most extensive cleavage of the three 

compounds in a concentration dependent manner. (Figure B14) Prior to piperidine/heat 

treatment, once again cleavage primarily occurred at the 3’-linker and the TAM 

fluorophore and slightly at guanine bases.  In contrast however to the photochemical 

lesions, the oxidative reaction did not display cleavage at any particular nucleobase, 

indicating an oxidative mechanism of cleavage.  After treatment with piperidine/heat 

increased the extent at the 3’-linker/TAM fluorophore, particularly with F-cMyc22m-T 

incubated with the salphen ligands.  Given the low level of nucleobase cleavage prior to 

piperidine/heat, the extent of cleavage was not significant over the extent of nonspecific 

cleavage of F-cMyc22m-T due to treatment with base.  The exception to this observation 
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Figure B13. PAGE analysis of G-Quadruplex photocleavage reactions of F-cMyc22m-T 
(100 nM) in potassium cacodylate buffer with 0-2 µM Cu(II) salphen irradiated for 120 
minutes (420 nm). Samples in lanes 1–11 were directly subjected to PAGE.  Samples in 
lanes 14-24 were treated with piperidine at 90 °C for 30 min prior to PAGE.  Reactions 
contained 0 nM (lanes 1, 14), 500 nM (lanes 2, 4, 7, 9, 15, 17, 20, 22), 1 µM (lanes 5, 10, 
18, 23) or 2 µM (lanes 3, 6, 8, 11, 16, 19, 21, 24) of the indicated Cu(II) salphen. Maxam 
Gilbert sequencing lanes are indicated by the G and G+A. 
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was the F-cMyc22m-T samples incubated with the highest concentration of Cu(II)S-X+ in 

which cleavage is slightly enhanced. (Figure B14, lane 17) 

Similarly, the photochemical cleavage reactions of F-cMyc22m-T with 0.5-2 µM 

Ni(II)S-OH, Ni(II)S-2 and Ni(II)S-22+ display an oxidative mechanism of cleavage prior 

to treatment with piperidine/heat.  The DNA cleavage primarily occurs in a non-base 

specific manner and at the 3’-linker/TAM fluorophore. (Figure B15)  Additionally, after 

treatment with base the extent of oxidative and non-specific cleavage is only slightly 

enhanced over the F-cMyc22m-T samples irradiated with UVA without ligand present.   

These same trends are apparent for samples irradiated in the presence of 500 nM-2 µM 

Mn(III)S-OH, Fe(III)S-OH, Co(II)S-2 and Co(II)S-22+, Fe(III)S-2 and Fe(III)S-22+ 
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Figure B14. PAGE analysis of G-Quadruplex photocleavage reactions of F-cMyc22m-T 
(100 nM) in potassium cacodylate buffer with 0-2 µM Cu(II) salphen reacted with 100 
µM MPA for 120 minutes. Samples in lanes 1–9 were directly subjected to PAGE.  
Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 min prior to PAGE.  
Reactions contained 0 nM (lanes 1, 12), 500 nM (lanes 2, 4, 7, 13, 15, 18), 1 µM (lanes 5, 
8, 16, 19) or 2 µM (lanes 3, 6, 9, 14, 17, 20) of the indicated Cu(II) salphen. Maxam 
Gilbert sequencing lanes are indicated by the G and G+A.  
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Given the known alkylation of oligonucleotides in the presence of Ni(II) salphens 

and oxone, PAGE analysis was performed on F-cMyc22m-T samples incubated with 500 

nM- 2 µM Ni(II)S-OH, Ni(II)S-2 and Ni(II)S-22+.  Prior to treatment with piperidine/heat, 

cleavage is slightly enhanced for the 3’-linker/TAM fluorophore.  In the presence of 

Ni(II)S-2 and 100 µM oxone, a low mobility product is apparent in a concentration 

dependent manner. (Figure B16) This indicates the likely occurrence of F-cMyc22m-T 

alkylation by the Ni(II) salphen.  This lower mobility product is mostly resolved upon 

treatment with piperidine/heat, supporting the theory the Ni(II) salphen alkylates the F-

cMyc22m-T G-Quadruplex DNA. Interestingly, unlike the K+F21T samples reacted with 

the salphen ligands, only Ni(II)S-2 resulted in a low mobility F-cMyc22m-T band. The 

difference in propensity to form an adduct and/or intra-strand cross-link between K+F21T 

and F-cMyc22m-T may be a result of the distinct topologies of each dual-labeled 

oligonucleotide.  The impact of interactions with the longer loops of F21T on the 
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Figure B15. PAGE analysis of G-Quadruplex photocleavage reactions of F-cMyc22m-T 
(100 nM) in potassium cacodylate buffer with 0-2 µM Ni(II) salphen irradiated for 120 
minutes (420 nm). Samples in lanes 1–9 were directly subjected to PAGE.  Samples in 
lanes 12-20 were treated with piperidine at 90 °C for 30 min prior to PAGE.  Reactions 
contained 0 nM (lanes 1, 12), 500 nM (lanes 2, 4, 7, 13, 15, 18), 1 µM (lanes 5, 8, 16, 19) 
or 2 µM (lanes 3, 6, 9, 14, 17, 20) of the indicated Ni(II) salphen. Maxam Gilbert 
sequencing lanes are indicated by the G and G+A.  
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formation of adducts or crosslinks is additionally unknown since studies investigating the 

oxidative and photochemical cleavage of the historically inefficient Na+F21T construct 

by the salphen ligands were not performed 
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Figure B16. PAGE analysis of G-Quadruplex photocleavage reactions of F-cMyc22m-T 
(100 nM) in potassium cacodylate buffer with 0-2 µM Ni(II) salphen reacted with 100 µM 
oxone for 15 minutes. Samples in lanes 1–11 were directly subjected to PAGE.  Samples in 
lanes 14-24 were treated with piperidine at 90 °C for 30 min prior to PAGE.  Reactions 
contained 0 nM (lanes 1, 14), 200 nM (lanes 5, 18), 500 nM (lanes 2, 6, 9, 15, 19, 22), 1 
µM (lanes 3, 7, 10, 16, 20, 23) or 2 µM (lanes 4, 8, 11, 17, 21, 24) of the indicated Ni(II) 
salphen. Maxam Gilbert sequencing lanes are indicated by the G and G+A. 
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Appendix C: PAGE analysis of Photo- and Oxidative Porphyrin 
Cleavage Screen 
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Figure C1. PAGE analysis of G-Quadruplex 
photocleavage reactions F21T (100 nM) 
in potassium cacodylate buffer with 0-
1000 nM protoporphyrin IX, Hemin and 
NMM irradiated for 0 - 30 minutes (420 
nm).  Samples in lanes 1–9 were directly 
subjected to PAGE.  Samples in lanes 
12-20 were treated with piperidine at 90 
°C for 30 min prior to PAGE.  Reactions 
contained 0 nM (lanes 3, 14), Hemin 
(lanes 1, 4, 5, 12, 15, 16), 
protoporphyrin IX (lanes 6, 7, 17, 18) or 
NMM (lanes 2, 8, 9, 13, 19, 20).  
Reactions in lanes 4, 6, 8, 15, 17, 19 had 
200 nM ligand. Reactions in lanes 1, 2, 
5, 7, 9, 12, 13, 16, 18, 20 had 500 nM 
ligand. Control samples in lanes 1-3 and 
12-14 were not not irradiated. Maxam 
Gilbert sequencing lanes are indicated 
by the G and G+A.   
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Figure C2. PAGE analysis of G-Quadruplex 
photocleavage reactions F21T 
(100 nM) in potassium cacodylate 
buffer with 200 or 500 nM 
TMPyP2, TMPyP3, TMPyP4, H2-
1, Zn-1 irradiated for 30 minutes 
(420 nm).  Samples in lanes 1–9 
were directly subjected to PAGE.  
Samples in lanes 12-20 were 
treated with piperidine at 90 °C 
for 30 min prior to PAGE.  
Reactions contained TMPyP2 
(lanes 1, 2 12, 13), TMPyP3 
(lanes 3, 4 14, 15), TMPyP4 
(lanes 5, 16), H2-1 (lanes 6, 7, 17, 
18), Zn-1(lanes 8, 9, 19, 20).  
Reactions in lanes 1, 3, 6, 8  had 
200 nM ligand. Reactions in lanes 
2, 4, 5, 7, 9, 13, 15, 16, 18, 20) 
had 500 nM ligand. Maxam 
Gilbert sequencing lanes are 
indicated by the G and G+A.  
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Figure C3. PAGE analysis of G-Quadruplex 
photocleavage reactions F21T 
(100 nM) in potassium 
cacodylate buffer with 0-500 nM 
BM042, BM043 or BM044 
irradiated for 0 - 30 minutes (420 
nm).  Samples in lanes 1–7 were 
directly subjected to PAGE.  
Samples in lanes 10-16 were 
treated with piperidine at 90 °C 
for 30 min prior to PAGE.  
Reactions contained 0 nM (lanes 
1, 10), BM042 (lanes 2, 3, 11, 
12), BM043 (lanes 4, 5, 13, 14) 
or BM044 (lanes 6, 7, 15, 16).  
Reactions in lanes 2, 4, 6, 11, 13 
, 15 had 200 nM ligand. 
Reactions in lanes 3, 5, 7, 12, 14, 
16 had 500 nM ligand. Control 
samples in lanes 1 and 10 were 
not not irradiated. Maxam 
Gilbert sequencing lanes are 
indicated by the G and G+A.   
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Figure C4. PAGE analysis of G-Quadruplex oxidative 
cleavage of F21T (100 nM) in potassium 
cacodylate buffer with 0 or 500 nM Cu2+, 
Cu-1, Mn-1, Hemin or Mn�TMPyP4 with 
either 100 µM oxone, 100 µM ascorbate 
or 0.05% H202.  Samples in lanes 1–9 
were directly subjected to PAGE.  
Samples in lanes 12-20 were treated with 
piperidine at 90 °C for 30 min prior to 
PAGE.  Reactions contained 0 nM (lanes 
2, 5, 13, 16), 500 nM Cu-1 (lanes 1, 4, 12, 
15), 500 nM Cu2+ (lanes 3, 14), 500 nM 
Hemin (lanes 6, 17), 500 nM Mn-1 (lanes 
7, 8, 18, 19) or 500 nM Mn�TMPyP4 
(lanes 9, 20).  Lanes 2-4, 13-15 were 
reacted with 100 µM ascorbate for 30 
mins, while lanes 5-7 and 16-18 were 
reacted with 0.05% H202 for 15 mins. 
Lanes 8, 9, 19, 20 were reacted with 100 
µM oxone for 15 mins. Control samples 
in lanes 1 and 12 were not not reacted. 
Maxam Gilbert sequencing lanes are 
indicated by the G and G+A.   



 360 

 
 
 
 
 

 
 
 
 
 

 

 
 
 

before&piperidine/heat&

+&
30&minutes&

Hemin& NMM#IX #

5&
5&

Hemin& NMM#IX #5&

a6er&piperidine/heat&

+&
30&minutes&

5&

(F21+linker)G21..
(F21)G21.

G20.

G19.
A18.

G15.
G14.

G13.

A12.

G9.
G8.
G7.

A6..
G3.

G2G1.
.

7.

1. 2. 3. 4. 5. 6. 13.11. 12.10.G G+A. 14. 15. 16.7.

(F21+linker)G21..
(F21)G21.

G20.

G19.
A18.

G15.
G14.

G13.

A12.

G9.
G8.
G7.

A6..
G3.

G2G1.
.

TmPyP3&TmPyP2& Tm
Py
P4

&

TmPyP3&TmPyP2& Tm
Py
P4

&

before&piperidine/heat& a/er&piperidine/heat&

+&
30&minutes&

irradia6on& +&
30&minutes&

1. 2. 3. 4. 5. 6. 8.7. 13. 14. 15. 16. 17. 18.12.G G+A.9. 19.20.

H2#1% Zn#1% H2#1% Zn#1%

Figure C5. PAGE analysis of G-Quadruplex 
photocleavage reactions F21T 
(100 nM) in sodium cacodylate 
buffer with 0-1000 nM 
protoporphyrin IX, Hemin and 
NMM irradiated for 0 - 30 
minutes (420 nm).  Samples in 
lanes 1–7 were directly subjected 
to PAGE.  Samples in lanes 10-16 
were treated with piperidine at 90 
°C for 30 min prior to PAGE.  
Reactions contained 0 nM (lanes 
1, 10), Hemin (lanes 2, 3, 11, 12), 
protoporphyrin IX (lanes 4, 5, 13, 
14) or NMM (lanes 6, 7, 15, 16).  
Reactions in lanes 2, 4, 11, 13 had 
200 nM ligand. Reactions in lanes 
3, 5, 6, 12, 14, 15 had 500 nM 
ligand, while lanes 7 and 16 had 
1000 nM NMM. Control samples 
in lanes 1 and 10 were not not 
irradiated. Maxam Gilbert 
sequencing lanes are indicated by 
the G and G+A.   

 Figure C6. PAGE analysis of G-Quadruplex 
photocleavage reactions F21T 
(100 nM) in sodium cacodylate 
buffer with 200 or 500 nM 
TMPyP2, TMPyP3, TMPyP4, 
H2-1, Zn-1 irradiated for 30 
minutes (420 nm).  Samples in 
lanes 1–9 were directly subjected 
to PAGE.  Samples in lanes 12-20 
were treated with piperidine at 90 
°C for 30 min prior to PAGE.  
Reactions contained TMPyP2 
(lanes 1, 2 12, 13), TMPyP3 
(lanes 3, 4 14, 15), TMPyP4 
(lanes 5, 16), H2-1 (lanes 6, 7, 17, 
18), Zn-1 (lanes 8, 9, 19, 20).  
Reactions in lanes 1, 3, 6, 8  had 
200 nM ligand. Reactions in lanes 
2, 4, 5, 7, 9, 13, 15, 16, 18, 20) 
had 500 nM ligand. Maxam 
Gilbert sequencing lanes are 
indicated by the G and G+A.  
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Figure C7. PAGE analysis of G-Quadruplex 
photocleavage reactions F21T 
(100 nM) in sodium cacodylate 
buffer with 0-500 nM BM042, 
BM043 or BM044 irradiated for 0 
- 30 minutes (420 nm).  Samples 
in lanes 1–7 were directly 
subjected to PAGE.  Samples in 
lanes 10-16 were treated with 
piperidine at 90 °C for 30 min 
prior to PAGE.  Reactions 
contained 0 nM (lanes 1, 10), 
BM042 (lanes 2, 3, 11, 12), 
BM043 (lanes 4, 5, 13, 14) or 
BM044 (lanes 6, 7, 15, 16).  
Reactions in lanes 2, 4, 6, 11, 13 , 
15 had 200 nM ligand. Reactions 
in lanes 3, 5, 7, 12, 14, 16 had 500 
nM ligand. Control samples in 
lanes 1 and 10 were not not 
irradiated. Maxam Gilbert 
sequencing lanes are indicated by 
the G and G+A.   

 Figure C8.PAGE analysis of G-Quadruplex oxidative 
cleavage of F21T (100 nM) in sodium 
cacodylate buffer with 0 or 500 nM Cu2+, 
Cu-1, Mn-1 Hemin or Mn�TMPyP4 with 
either 100 µM oxone, 100 µM ascorbate 
or 0.05% H202.  Samples in lanes 1–9 
were directly subjected to PAGE.  
Samples in lanes 12-20 were treated with 
piperidine at 90 °C for 30 min prior to 
PAGE.  Reactions contained 0 nM (lanes 
2, 5, 13, 16), 500 nM Cu-1 (lanes 1, 4, 
12, 15), 500 nM Cu2+ (lanes 3, 14), 500 
nM Hemin (lanes 6, 17), 500 nM Mn-1 
(lanes 7, 8, 18, 19) or 500 nM 
Mn�TMPyP4 (lanes 9, 20).  Lanes 2-4, 
13-15 were reacted with 100 µM 
ascorbate for 30 mins, while lanes 5-7 
and 16-18 were reacted with 0.05% H202 
for 15 mins. Lanes 8, 9, 19, 20 were 
reacted with 100 µM oxone for 15 mins. 
Control samples in lanes 1 and 12 were 
not not reacted. Maxam Gilbert 
sequencing lanes are indicated by the G 
and G+A.   
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Figure C9. PAGE analysis of G-Quadruplex 
photocleavage reactions F-cMyc22m-
T (100 nM) in potassium cacodylate 
buffer with 0-1000 nM 
protoporphyrin IX, Hemin and NMM 
irradiated for 0 - 30 minutes (420 
nm).  Samples in lanes 1–7 were 
directly subjected to PAGE.  Samples 
in lanes 10-16 were treated with 
piperidine at 90 °C for 30 min prior to 
PAGE.  Reactions contained 0 nM 
(lanes 1, 10), Hemin (lanes 2, 3, 11, 
12), protoporphyrin IX (lanes 4, 5, 
13, 14) or NMM (lanes 6, 7, 15, 16).  
Reactions in lanes 2, 4, 11, 13 had 
200 nM ligand. Reactions in lanes 3, 
5, 6, 12, 14, 15 had 500 nM ligand, 
while lanes 7 and 16 had 1000 nM 
NMM. Control samples in lanes 1 
and 10 were not not irradiated. 
Maxam Gilbert sequencing lanes are 
indicated by the G and G+A.   

 

Figure C10. PAGE analysis of G-Quadruplex 
photocleavage reactions F-
cMyc22m-T (100 nM) in potassium 
cacodylate buffer with 0-500 nM 
TMPyP2, TMPyP3, TMPyP4, H2-1, 
Zn-1 irradiated for 0 - 30 minutes 
(420 nm).  Samples in lanes 1–9 
were directly subjected to PAGE.  
Samples in lanes 12-20 were treated 
with piperidine at 90 °C for 30 min 
prior to PAGE.  Reactions 
contained TMPyP2 (lanes 1, 2 12, 
13), TMPyP3 (lanes 3, 4 14, 15), 
TMPyP4 (lanes 5, 16), H2-1 (lanes 
6, 7, 17, 18), Zn-1 (lanes 8, 9, 19, 
20).  Reactions in lanes 1, 3, 6, 8  
had 200 nM ligand. Reactions in 
lanes 2, 4, 5, 7, 9, 13, 15, 16, 18, 
20) had 500 nM ligand. Maxam 
Gilbert sequencing lanes are 
indicated by the G and G+A.  
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Figure C11. PAGE analysis of G-Quadruplex 
photocleavage reactions F-
cMyc22m-T (100 nM) in potassium 
cacodylate buffer with 0-500 nM 
BM042, BM043 or BM044 
irradiated for 0 - 30 minutes (420 
nm).  Samples in lanes 1–7 were 
directly subjected to PAGE.  
Samples in lanes 10-16 were treated 
with piperidine at 90 °C for 30 min 
prior to PAGE.  Reactions 
contained 0 nM (lanes 1, 10), 
BM042 (lanes 2, 3, 11, 12), BM043 
(lanes 4, 5, 13, 14) or BM044 (lanes 
6, 7, 15, 16).  Reactions in lanes 2, 
4, 6, 11, 13 , 15 had 200 nM ligand. 
Reactions in lanes 3, 5, 7, 12, 14, 16 
had 500 nM ligand. Control 
samples in lanes 1 and 10 were not 
not irradiated. Maxam Gilbert 
sequencing lanes are indicated by 
the G and G+A.   

 Figure C12. PAGE analysis of G-Quadruplex 
oxidative cleavage of F-cMyc22m-T 
(100 nM) in potassium cacodylate 
buffer with 0 or 500 nM Cu2+, Cu-1, 
Mn-1 or Hemin with either 100 µM 
oxone, 100 µM ascorbate or 0.05% 
H202.  Samples in lanes 1–8 were 
directly subjected to PAGE.  Samples 
in lanes 11-18 were treated with 
piperidine at 90 °C for 30 min prior to 
PAGE.  Reactions contained 0 nM 
(lanes 2, 5, 12, 15), 500 nM Cu-1 
(lanes 1, 4, 11, 14), 500 nM Cu2+ 
(lanes 3, 13), 500 nM Hemin (lanes 6, 
16) or 500 nM Mn-1 (lanes 7, 8, 17,
18).  Lanes 2-4, 12-14 were reacted 
with 100 µM ascorbate for 30 mins, 
while lanes 5-7 and 15-17 were 
reacted with 0.05% H202 for 15 mins. 
Lanes 8 and 18 were reacted with 100 
µM oxone for 15 mins. Control 
samples in lanes 1 and 11 were not 
not reacted. Maxam Gilbert 
sequencing lanes are indicated by the 
G and G+A.   




