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Abstract  
Guanine quadruplexes are non-canonical secondary structures that can form 

in guanine-rich DNA and are stabilized by monovalent cations present in 

physiological conditions. Bioinformatics studies have identified putative G-

quadruplex forming sequences throughout the human genome, in the telomeres 

and promoter regions of oncogenes. Small molecules that promote the folding of 

these G-rich sequences into a G-quadruplex structure can result in biologically 

relevant phenomena that have profound effects on cancer cell proliferation, 

generally through telomerase inhibition and suppression of oncogene expression, 

thereby accomplishing one of the main goals of chemotherapy: to halt tumor 

growth. 

G-quadruplex forming sequences vary in their nucleobase composition, 

which allows for topologically distinct monomeric structures. These varying 

topologies present a means of targeting one polymorph rather than all, which 

permits site-specific therapies for small molecules that can discriminate between 

the structures. To date, both organic and inorganic compounds with varying 

degrees of efficacy in their targeting of this DNA structure have been reported. 

From this wealth of empirical data, it has been shown that small molecules can 

bind to G-quadruplexes most often through end π-stacking, although interaction 

with the loops and groove environments can be permitted with extended side-

chains from a highly aromatic core.  

Herein, we present efforts made towards the creation of transition metal-

based G-quadruplex binders consisting of phenanthroimidazole ligands 

coordinated to platinum(II) and iridium(III) centers. These complexes are ideally 

suited for recognition of G-quadruplex motifs due to their electron-poor 

heteroaromatic nature and inherent positively-charged metal center for optimal π-

stacking with the G-tetrad surface. Through the use of molecular modeling, 

biophysical (circular dichroism, fluorescence intercalator displacement assays, 

surface plasmon resonance, continuous variation analysis, fluorescence binding 

assays), biological (telomerase inhibition assays, cell cytotoxicity assays, mRNA 

levels analysis, western blotting), and electrochemical (cyclic voltammetry, 



electrogenerated chemiluminescence) techniques, we study the properties of these 

complexes and their interaction with biologically relevant G-quadruplexes.  

In Chapter 2, we structurally evolve our library of phenanthroimidazole 

ligands towards optimal G-quadruplex binding to the human telomeric G-

quadruplex motif. This occurs, specifically, through examining the effect of 

increasing π-surface area of the ligands. Chapter 3 describes the addition of  

protonable side-chains to our phenanthroimidazole core that allows for a 

multivalent binding mode to G-quadruplex DNA. In Chapter 4, we exchange our 

platinum(II) metal with iridium(III). This substitution allows us to harness the 

luminescent “quadruplex light-switch” effect and evaluate the series of complexes 

as G-quadruplex probes. Chapter 5 describes our attempts towards expanding our 

library of platinum(II) complexes to include electron-withdrawing and electron-

donating substituted phenylphenanthroimidazole ligands and their abilities to 

discriminate between G-quadruplex polymorphs. In all, this work provides a basis 

for the development of our scaffolds as small molecule probes for the 

advancement of G-quadruplex-based therapeutics.  



Résumé 
Les quadruplexes de guanine sont des structures secondaires non-canoniques 

pouvant être trouvées dans des séquences d'ADN riches en guanine. Ces derniers 

sont stabilisés par des cations monovalents présents dans les conditions 

physiologiques. Des études bioinformatiques ont permis d'identifier des séquences 

au sein du génome humain pouvant former des G-quadruplexes, notamment dans 

les télomères et les régions promotrices de certains oncogènes. Les petites 

molécules qui promeuvent l'agencement de ces séquences riches en guanine en G-

quadruplexes peuvent donner lieu à des phénomènes bouleversant l'équilibre de 

prolifération cellulaire de par une inhibition de l'enzyme télomérase et une 

tendance à réduire l'expression d'oncogènes. Ainsi, il serait possible d'atteindre un 

des principaux objectifs de la chimiothérapie : stopper la croissance d'une tumeur. 

 Les séquences formant des G-quadruplexes diffèrent en terme de composition 

nucléotidique ce qui leur permet de s'associer en structures monomériques aux 

topologies variées. Ces différences topologiques représentent un moyen d'agir sur 

un polymorphe plutôt qu'un autre, ce qui permet la mise en place de thérapies 

ciblées grâce à l'utilisation de petites molécules capables de discriminer entre les 

structures. Jusqu'à maintenant, des composés organiques et inorganiques aux 

degrés de spécificité divers et variés ont été recensés. A partir de cette abondance 

de données empiriques,  il a été démontré que, le plus souvent, les petites 

molécules se lient en surface des G-quadruplexes via des interactions 

aromatiques-aromatiques («π-stacking »), bien que les interactions directes avec 

les boucles ou les brins de la structure soient possibles dans le cas de molécules 

possédant de longues chaînes annexes à un cœur hautement aromatique. 

 Nous présentons ici les travaux réalisés visant à la création de composés 

comportant un métal de transition se liant aux G-quadruplexes. Ceux-ci consistent 

en des complexes de platine (II) ou d'iridium (III) coordinés à des molécules de 

phénantroimidazoles. En raison de leur nature hétéroaromatique pauvre en 

électrons et de leur centre métallique chargé positivement, ils sont conçus pour 

interagir de façon optimale avec les G-quartets en surface des G-quadruplexes. 

Grâce à l'utilisation d'outils variés comme la modélisation moléculaire, des 



techniques biophysiques  (dichroisme circulaire, tests par déplacement d'agents 

intercalants fluorescents, résonance plasmon de surface, analyse de variations 

continues, tests par reconnaissance spécifique d'agents fluorescents), biologiques 

(tests d'inhibition de télomérase, tests de cytotoxicité cellulaire, quantification 

d'ARN messagers, immunobuvardage de type western), et électrochimiques 

(voltampérométrie cyclique, électrochimiluminescence), nous étudions les 

propriétés de ces complexes et leurs interactions avec des G-quadruplexes 

biologiquement pertinents. 

 Dans le chapitre deux, nous faisons évoluer notre panel de ligands de type 

phénantroimidazole d'un point de vue structural dans le but d'optimiser la 

spécificité des complexes pour les motifs des G-quadruplexes télomériques 

humains. Plus précisément, nous examinons les effets de l'augmentation de la 

surface des orbitales π des ligands. Nous décrivons dans le chapitre trois l'impact 

de l'ajout de chaînes annexes acceptrices de protons au ligand phénantroimidazole 

qui permettent un mode de liaison multivalent aux G-quadruplexes. Dans le 

chapitre quatre, nous échangeons l'atome de platine (II) par de l'iridium (III). 

Cette substitution permet l'exploitation du l'effet interrupteur (« light-switch ») 

des quadruplexes et l'évaluation de la capacité de nos composés à reconnaître 

spécifiquement les G-quadruplexes. Enfin, nous décrivons dans le chapitre cinq 

nos tentatives pour agrandir notre panel de complexes au platine(II) et y inclure 

des ligands phénylphénantroimidazoles substitués donneurs ou accepteurs 

d'électrons pouvant distinguer différents polymorphes des G-quadruplexes. 

Globalement, les squelettes moléculaires développés dans cette étude représentent 

une base solide pour l'élaboration de petites molécules ciblant les G-quadruplexes 

dans un contexte thérapeutique. 

 

 

Translation provided by Donatien de Rochambeau and Katherine Bujold 
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1 G-Quadruplex DNA: Biological Implications 

1.1 B-DNA: A brief structural discussion 

Deoxyribonucleic acid (DNA) contains the genetic code of which all 

organisms are composed. Along with ribonucleic acids (RNA) and proteins, these 

three macromolecules are essential for all living entities. Since its discovery in 

1869 by Friedrich Miescher1 and subsequent flurry of structural determinations in 

1953 by Rosalind Franklin,2,3 Maurice Wilkins,4 James Watson and Francis 

Crick,5 research into all aspects of DNA − from biology to materials science − has 

fascinated many scientists and become the focus of numerous research groups. 

The canonical structure of double-stranded DNA consists of the purine 

(adenine and guanine) and pyrimidine (thymine and cytosine) nucleobases 

hybridized to each other in a very predictable code (adenine with thymine, 

cytosine with guanine) termed Watson-Crick base-pairing. Individual strands are 

composed of nucleobases connected to a deoxyribose sugar via the 1' carbon, 

which is connected to phosphate groups via a phosphodiester bond at both the 3' 

and 5' hydroxyl groups. The base, sugar, and phosphate group are collectively 

called a nucleotide. The hybridization of two complementary strands results in a 

thermodynamically stable structure due to the selective hydrogen bonding and the 

π-stacking of the aromatic nucleobases.5 The two strands run in opposite 

directions (anti-parallel) around a central axis to create a double helix in the right-

handed direction with well-defined dimensions, described as B-form DNA 

(Figure 1.1). Because of the structure of the double helix, the anti-parallel strands 

have non-identical grooves − the major and the minor groove − that can be 

distinguished from each other by their widths, 2.2 nm and 1.2 nm, respectively. 

 



 

Figure 1.1 Structural properties of DNA: a) Chemical make-up of a strand with the 
sugar-phosphate backbone shown in blue and the nucleobases shown in green. b) Two 
complementary strands (A: blue and B:red) hybridize via hydrogen bonding between the 
nucleobases (green) to form a double helix with major and minor grooves, as illustrated. 
The double helix has a diameter of ~ 2 nm and one helical turn has a length of ~ 3.4 nm. 
Each base is spaced ~ 0.34 nm from the next, meaning it requires 10.5 bases to 
complete a full turn. c) Examination of Watson-Crick base-pairing motifs: A:T with 2 
hydrogen bonds, G:C with 3 hydrogen bonds, represented by red dashes. 

While B-DNA is the most well-known structure of DNA, it is certainly not 

the only one. Other forms including A-,6,7 and Z-,8,9 also exist, and are relevant in 

some biological contexts. These structures vary from B-DNA based on the spatial 

arrangement of the base-pairs, the ring-pucker of the sugar, and other structural 

differences resulting from hydration, salt concentration, under- or over-winding, 

and protein binding, among others (Figure 1.2).10 However, these forms all consist 

of Watson-Crick base-pairs. What if Watson-Crick base-pairing was not the only 

method by which DNA can assemble?   
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Figure 1.2 Structural isomers of DNA: a) A-form, b) B-form, and c) Z-form. The 
phosphate backbones are represented in red (A-form), cyan (B-form), and yellow (Z-
form) to illustrate the differences between the isomers. Image used under terms from the 
GNU Free Documentation License. 

1.2 G-Quadruplex DNA 

1.2.1 Discovery 

Forty years before the structure of the DNA double helix was 

determined,2-5 Bang reported in 1910 that high concentrations of guanylic acid 

(GMP) formed a gel.11 As was common with most findings in the biological 

world pre-modern era, the structure of this gel was not determined until much 

later, when in 1962, Gellert and coworkers proposed a structure based on the 

examination of the optical properties of the GMP gel and subsequent x-ray 

diffraction (Figure 1.3a).12 In the report, they proposed a helical structure with 

four units per turn of the helix. These units (the guanylic acid) could be oriented 

in such a way that two hydrogen bonds per unit are bonded to the next to form a 

square planar arrangement (Figure 1.3b). The existence of these structures in 

solution could aggregate in a linear fashion to form the fibers that make up the 

gels due to the strong van der Waals and π-stacking attractions (Figure 1.3c). 

They also hypothesized that if the GMP units were linked by a phosphodiester 

backbone such as that found in DNA, a regular helical twist would be observed 

(Figure 1.3d) which would explain diffraction patterns with similar characteristics 

to B-DNA. 

a) b) c)



 

 

Figure 1.3 Proposed structure of the basic unit of the GMP gels by Gellert:12 a) X-ray 
diffraction pattern of the 3'-GMP structure where the fiber axis is approximately vertical, 
b) proposed arrangement of the bases in GMP gels, c) aggregation of the planar tetrads 
results in π-stacking, and d) proposed linking of the GMPs via a phosphodiester bond 
resulting in a helical twist of the tetrads. Hydrogen bonds are represented as red lines. 
Figure adapted from references 12 and 13 with permission, © National Academy of 
Sciences. 

Gellert was able to make the assumption that non-Watson-Crick base-

pairing could occur based on a publication by Donohue in 1956.14 In his report, he 

cites Watson and Crick’s work, stating that the structure of DNA must contain 

equimolar amounts of A and T, and G and C, due to the base-pairing code. 

However, Donohue points out that: 

“Since it is by no means certain that all nucleic acids ... will conform to 

this composition, it becomes of interest to inquire into the possibility of other 

structures which satisfy the chemical evidence concerning the bonding in a single 

nucleotide chain and which also conform to our knowledge of molecular 

structures.” 

It is with this mindset that he predicted four types of guanine-guanine base 

pairs (pairings 9-12) which would result in a purine-purine two-chain structure.14 

It was not until 1962 when Karst Hoogsteen refined the structure of the hydrogen-

bonded 1:1 complex of 1-methylthymine and 9-methyladenine that the delineation 

between the Watson-Crick and Hoogsteen faces of nucleobases was decided.15 As 

further evidence, a report by Ralph, Connors, and Khorana demonstrated 

aggregation and high thermal stability of tri-, tetra-, and pentanucleotide repeats 

of deoxyguanine, which suggested that other secondary structures of DNA could 

in fact, exist.16 After 1962, the field of guanine tetraplexes lay dormant until 

renewed interest in the late 1980s, when future Nobel Prize winner Dr. Elizabeth 
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Blackburn discovered that telomeric DNA could form non-Watson-Crick, 

guanine-guanine base-paired, intramolecular structures and these structures could 

be important for telomere function, thus setting the precedent for the guanine 

tetraplex’s biological relevance.17 The area of biologically relevant G-

quadruplexes thus exploded in the late 1980s with a report by Dipankar Sen and 

Gilbert in 1988,18 who hypothesized that self-recognition of guanine-rich motifs 

in the telomeres could serve to bring together four homologous chromatids during 

meiosis. There has yet to be direct evidence of this hypothesis, however, support 

has arisen through the finding that the Hop1 protein of S. cerevisiae promotes 

quadruplex formation in vitro and plays a key role in meiosis.19,20 A report by 

James Williamson in 1989 demonstrated that telomeric DNA based on the repeats 

found in Oxytricha and Tetrahymena genomes could form G-quadruplexes in 

conditions containing monovalent cations, (sodium, potassium, and cesium) and 

these secondary structures must be dealt with by the enzyme components involved 

in replication of the telomeres.21 Thus the field of G-quadruplexes was born, with 

research areas in molecular biology, drug design, and materials science. In fact, a 

Scopus search reveals many instances of the search term “quadruplex” or 

“tetraplex” (in relation to “nucleic acid”) in areas including chemistry, medicine, 

pharmacology, chemical engineering, immunology, agricultural sciences, 

computer science, and neuroscience, among others. The rise in the number of 

publications from the late 1980s to present day is shown in Figure 1.4.  

Figure 1.4 Incidence of “quadruplex“ or “tetraplex“ in the literature from a Scopus 
search in relation to “nucleic acid“ from 1988-2013.  
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1.2.2 Structure of the quadruplex motif 

 Since the development of the field in the 1980s, G-quadruplexes have 

been demonstrated to form in physiological conditions in vitro22,23 and the first 

example of quadruplex formation in cellulo was established in ciliates24,25 and in 

human cells.26 Bioinformatics studies have identified potential G-quadruplex 

forming sequences throughout the human genome,27,28 and several characteristics 

determining the structure of these motifs have been elucidated. The basic structure 

of a G-quadruplex can be described with such descriptors as the helical 

parameters of twist and rise, the backbone strand polarity (parallel or antiparallel), 

the number of strands involved (unimolecular, bimolecular, tetramolecular), the 

connecting loop length and type (lateral, diagonal, or propeller), groove widths 

(wide, medium, narrow), and the nature of the ion channel; these parameters are 

visualized in Figure 1.5.  

Figure 1.5 Basic G-quadruplex descriptors: a) helical parameters twist and rise, b) 
linking loop motifs (black arrows) and backbone strand polarity, O5' and O3' are defined, 
where parallel strands are orange and anti-parallel strands are green. Glycosidic torsion 
angles are shown with the anti-corformation in gray and the syn-fonformation in dark 
green, and c) groove dimensions, where w = wide, m = medium, and n = narrow. Anti-
conformation bases are in white and syn-conformation bases are dark green. In the 5'-3' 
directionality, the (•) represents strand polarity away, while the (+) denotes strand 
polarity towards. The magenta spheres in b) and c) represent the locations of the ions in 
the ion channel. Figure adapted from reference 29 with permission from The Royal 
Society of Chemistry. 

Due to the number of parameters involved, a large variety of structural 

diversity exists in the G-quadruplex motif, and each contributes to the significant 

thermodynamic and kinetic stability.30 In fact, Williamson states that the 

“schizophrenia” of the G-quadruplex motif arises from the desire to create the 
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ideal core for ion coordination by the O6 oxygens. The polymorphic nature of the 

quadruplex motif can best be described on a per-sequence basis and is illustrated 

in Figure 1.6. 

1.2.3 Biologically relevant intramolecular G-quadruplexes  

In intramolecular (unimolecular) G-quadruplexes, the G-runs are linked by 

loops containing nucleotides in such a way that a general pattern can be shown by 

GnLmGnLmGnLmGn where n = 3−5, m = 1−7, G = guanine, and L = base in the 

loop.29 Huppert and Balasubramanian27 developed a “folding rule” based on the 

above pattern to allow them to discover putative quadruplex sequences (PQS) 

within the human genome by using an algorithm they named quadparser. From 

this algorithm, they identified an astounding 188,836 G-patterns and 187,610 C-

patterns (indicating a G-pattern in the complementary strand) for a total of 

376,446 PQS within the whole human genome. This number has been 

corroborated through a study by Todd and Neidle whereby they used a different 

bioinformatic approach to identify ca. 375,000 PQS.28 Amazingly, many of these 

PQS are found in specific areas of the genome (both eukarotic and prokaryotic 

genomes), including telomeric DNA, promoter regions of oncogenes,31 

immunoglobulin class switch regions,32 ribosomal DNA,33,34 and untranslated 

regions of RNA,35-37 rather than distributed randomly. Given this clustered 

distribution, a biological importance is very likely. In the following sections, the 

telomeres and promoter regions will be described in detail as they are particularly 

relevant to this thesis work. 

1.2.3.1 Telomeres and telomerase 

In eukaryotes, telomeres are the protein-DNA complexes located at the 

ends of the linear chromosomes – they protect the coding DNA from being 

damaged or recognized as double-stranded breaks. From their discovery in 

ciliated protozoans Tetrahymena38 and Oxytricha,39,40 it is well known that the 
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telomeres are highly conserved across species from single-celled organisms to 

higher plants and animals, and consist of repetitive guanine-rich DNA sequences 

that are 10−15kb in length and are mostly double-stranded. At the extreme 3'-

terminus of the human telomere is a single DNA strand composed of (TTAGGG)n 

repeats.42,43 The telomere is normally encapsulated by the shelterin complex,44-46 

which is a group of six proteins (TRF1, TRF2, TIN1, TPP1, POT1, and RAP1) 

that folds the single-stranded end into a t-loop (Figure 1.7a).  

In normal cells, prior to each cellular division, the chromosomes are 

replicated during S phase of the cell cycle. Due to the inefficiency of the DNA 

replication machinery for the lagging strand, the telomeres lose 25−200 bases in 

the process, known as the “end-replication problem”.47-50 After several cycles of 

replication, the telomeres reach a critical length when tumor supressing proteins 

p53 and Rb are activated, which forces the cells into replicative senescence. The 

normal cells can continue to survive, but replication is halted. Replicative 

senescence was first discovered by Leonard Hayflick and Paul Moorhead who, in 

1961, realized that the number of replications by cultured normal human cells is 

regulated by a biological clock, rather than the initial belief that cells explanted 

into culture were immortal.51 Today, the biological clock that causes replicative 

senescence is known to be due to critically short telomeres.52 However, in 

85−90% of cancer cells, the processive reverse transcriptase enzyme telomerase is 

responsible for elongation of the telomeres.53 Prior to cellular division, the t-loop 

is lost and the 3'-end becomes available for telomerase extension (Figure 1.7b,c). 

Processive telomere elongation by telomerase (Figure 1.7d,e) allows the cancer 

cells to evade activation of p53 and Rb, thus becoming immortal. Almost all 

human cancers exhibit the biomarker of maintaining telomere length, which 

suggests that preservation of telomere length is required for immortality.54-61 In 

fact, one of the hallmarks of cancer as defined by Hanahan and Weinberg,62,63 is 

unlimited proliferation, and the existence of telomerase establishes a link between 

immortality and cancer. 

The telomerase enzyme was first discovered in 1985 by Carol Greider 

under the supervision of Elizabeth Blackburn.64 Her experiment, based on a 



 

previous observation by Blackburn in 1984 that Tetrahymena telomeric sequences 

introduced in yeast could be extended by a yet unknown mechanism,65 involved 

the incubation of single-stranded (TTGGGG)4 substrates in a cell-free extract 

isolated from Tetrahymena with yeast telomeric sequences. The result of this 

experiment was that the TTGGGG repeats were added to the yeast sequence and 

that this activity must be the act of an enzyme, thus suitably named telomere 

terminal transferase. Later, the enzyme was renamed telomerase and found to 

contain an RNA substrate (hTR, or telomeric RNA) complementary to the 

telomeric sequence (in a species-specific manner), with a reverse-transciption 

mechanism of nucleotide addition.66-69 Due to the inclusion of the hTR into the 

telomerase enzyme, and its subsequent reverse-transcription from the RNA 

template to the telomere DNA, it was determined that the substrate of the 

telomerase enzyme would be the G-rich single-stranded 3'-end of the telomere 

rather than the C-rich strand or Watson-Crick base-paired duplexes.64,70 

1.2.3.1.1 Inhibition of telomerase 
The inhibition of telomerase is an attractive way to selectively target 

cancer cells over normal cells as a chemotherapy. This is because 85−90% of 

cancer cells express telomerase,53 while adjacent healthy cells do not.54,71 This can 

be done via several approaches, including the interference with the expression of 

telomerase or hTR through antisense or small interfering RNA therapies,72-75 or 

through the inhibition (direct or indirect) of the catalytic activity of the enzyme.  

 



 

Figure 1.7 Mechanism of action of telomerase: a) Diagram of the proposed t-Loop 
structure of human telomeres. b) Loss of the t-Loop prior to cellular division results in an 
exposed single-stranded telomeric end. The processive nature of the enzyme is shown 
in c), d), and e), where c) the single-stranded telomeric end is available for extension by 
telomerase; d) the translocation of telomerase repositions the 3'-end of the DNA to allow 
for e) another round of addition. Steps d) and e) repeat to allow for further extension.  

Since telomerase is a reverse transcriptase, nucleotidic reverse 

transcriptase chain-terminators like those used for HIV-RT inhibition, have been 

successful for application to telomerase (Figure 1.8a).76,77 Additionally, small 

molecules that modulate phosphorylation patterns involved in telomerase 

regulation, like some protein kinase C inhibitors, can also inhibit telomerase 

activity (Figure 1.8b-c).78 A small molecule that has shown promise in preclinical 

trials on some model systems is BIBR1532 (Figure 1.8e), a non-competitive 

inhibitor that interferes with telomerase processivity. This molecule leads to the 

reduction in number of TTAGGG repeats by either affecting translocation of the 
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enzyme-DNA substrate complex or by promoting dissociation of the complex 

after completion of hTR copying.79,80 A modified oligonucleotide clinical 

candidate that inhibits telomerase by antagonistic binding to hTR is GRN163L 

(Imetelstat), by Geron Corporation (Figure 1.8d). Imetelstat is a 13mer 

thiophosphoramidate oligonucleotide of the sequence 5'-TAGGGTTAGACAA-3', 

with a lipophilic palmitoyl tail that allows for increased cellular uptake.75,81 This 

drug candidate is currently in four Phase II and ten Phase I clinical trials.82  

 

Figure 1.8 Known inhibitors of catalytic activity of telomerase: a) AZT-TP,76,77 b) 
bismaleimide,78 c) H7,78 d) GRN163L (Imetelstat) where the nucleotide sequence is 5'-
TAGGGTTAGACAA-3',75,81 and e) BIBR1532.79,80  

Although these drug candidates have shown promise for telomerase 

inhibition, a major drawback is their dependence on extensive telomere shortening 

which results in significant phenotypic lag – that is, the delay between telomere 

shortening due to inhibition of telomerase and cell growth arrest owing to a 

dysfunctional telomere.83  This lag has been shown to be ~ 100 days for cultured 

cells treated with BIBR1532,84 however, the lag time may vary depending on 

initial telomere length. Although this lag time is an issue, some of these candiates, 

namely BIBR1532 and Imetelstat, have been shown to sensitize telomerase-
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positive cells towards other chemotherapeutic treatments.85,86 Due to the 

phenotypic lag and the potential need for combination therapies, other methods to 

target telomerase and cause more rapid cell growth arrest and/or death should be 

investigated. 

1.2.3.1.2 G-Quadruplex binding molecules as telomerase inhibitors 
Rather than direct inhibition of telomerase and the resulting slow cell 

growth arrest (vide supra), a more rapid means of achieving growth arrest exists 

through indirect inhibition of telomerase. Small molecules have been shown to 

bind to G-quadruplexes and promote the formation of this motif in vitro.87-91 The 

G-rich single-stranded end of the telomere can fold into a G-quadruplex structure, 

consequently sequestering the single-stranded substrate for telomerase, which has 

been shown to cause indirect inhibition of the enzyme.17,92-95 This process is 

demonstrated in Figure 1.9 and is of key importance in the motivation for this 

thesis work. Besides telomerase inhibition, other biologically relevant phenomena 

are reported to occur upon the folding of this sequence into a G-quadruplex 

structure by small molecules, including the loss of telomere integrity through 

disruption of the shelterin complex (uncapping of the chromosomal termini).96 

This results in the activation of DNA damage response (DDR) mechanisms that 

follow recognition of double-strand breaks,97,98 such as the activation of poly-

(ADP-ribose) polymerase,99 and ataxia telangiectasia mutated gene product 

signaling.100,101 Due to the inherent genetic instability in cancer cells,102 the 

inhibition of any of the DDR pathways may result in cellular senescence and/or 

apoptosis.103,104 Hence, the stabilization of G-quadruplexes is predicted to have 

profound effects on cancer cell proliferation,105 thereby accomplishing one of the 

main goals of chemotherapy: to halt tumor growth. Indeed, this uncapping 

phenomenom resulting in immediate growth arrest, apoptosis, and telomere 

dysfunction has been shown with the small molecule telomestatin (Figure 1.18c, 

described later).45,101,106 Additionally, G-quadruplex forming sequences have been 

identified throughout the human genome and have been implicated in oncogene 

expression and cancer cell maintenance (Section 1.2.3.2, described later). In fact, 

the interaction of small molecules with genome-wide quadruplex motifs has been 



 

shown in down-regulate oncogene expression in cancer cells.107,108 Thus, the use 

of small molecule binders to stabilize the G-quadruplex DNA motif has become a 

promising approach to not only inhibit telomerase, but to aid in the eradication of 

cancer cells.53,105,109-111 

1.2.3.1.2.1 The human telomeric G-quadruplex motif  

After the initial discovery that G-quadruplex structures could exist in the 

telomeres of non-human organisms under physiological conditions, and that the 

repetitive G-tracts were conserved across species,17 the first NMR solution 

structure of a G-quadruplex formed in human telomere 5'-TTAGGGn repeats was 

published in 1993 by Wang and Patel.114 In their report, they investigated the 

structure formed by the sequence 5'-AG3(TTAG3)3 in a Na+-containing aqueous 

solution. They found that this 22mer sequence forms a single intramolecular 

polymorph, now called the “basket” structure, that has two medium, one narrow, 

and one wide groove. The strand direction of the medium grooves run parallel, 

while the strands that make up the narrow and wide grooves run antiparallel to 

each other. From the 5'-end, the three TTA loops are characterized as lateral, 

diagonal, and lateral, respectively (Figure 1.10a). 

 



 

Figure 1.9 The folding of the G-rich telomere can bring about several phenomena, 
including the inactivation of telomerase, telomere uncapping and protein release, and 
the activation of DNA damage-response mechanisms. Any of these phenomena can 
result in overhang degradation and ultimate telomere dysfunction. Figure adapted from 
references 112 and 113, with permission. 

Since then, much effort has gone into the determination of the structure of 

the “most biologically relevant” polymorph of the telomeric G-quadruplex, as the 

cellular environment is dominated by high K+-levels. Through crystallographic115 

and NMR solution methods,22,116,117  several foldings have been proposed. While 

there has only been one folding discovered for Na+-containing solutions, several 

foldings have appeared for K+-containing solutions. Interestingly, the K+-crystal 

polymorph differs quite a lot from those found in solution (Figure 1.10b-e). A 

single-molecule spectroscopy study by Lee118 demonstrates this conformational 

diversity and has proposed that six states exist ranging from long lived, to short 
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lived, to partially folded, and fully unfolded depending on the temperature and K+ 

concentration. These diverse conformations are thought to have implcations in 

vivo for proteins and drugs that bind to specific polymorphs. Li and Chaires119  

postulate that the different forms respond to environmental conditions and that 

this responsiveness could trigger a switching mechanism to allow the participation 

of different polymorphs in different stages of the cell cycle. Two aspects became 

clear following these studies: i) the G-quadruplexes formed in human telomeric 

DNA are remarkably stable and ii) are very diverse, which leads to probable in 

vivo existence in humans and a potential selective targeting capability. Indeed, 

Oganesian said it best,96  regarding the existence of quadruplexes in vivo: 

“There is a growing list of proteins that bind to, cleave, resolve, or 

promote the formation of telomeric G-quadruplexes from a number of species in 

vitro. Since it is unlikely that all of these interactions in multiple species are 

artefactual, this array of G-quadruplex interacting molecules lends support to the 

view of the quadruplex as a biologically significant entity.” 

A 2009 review by Lipps and Rhodes presents studies aimed at uncovering 

the in vivo presence and function of G-quadruplexes.120 The breakthrough that 

finally gave direct evidence of quadruplex formation in telomeres (albeit in 

ciliates) came through the development of antibodies with 0.1−1.0 nM binding 

affinities for antiparallel quadruplexes.13 Lipps and Rhodes suggest that G-

quadruplex specific ligands with 1.0−5.0 nM binding affinities could be used as in 

vivo probes for G-quadruplex formation. While this has not yet been demonstrated 

in vivo, promising in cellulo studies with quadruplex-targeting fluorogenic probes 

like carbazoles121 and guanidinium-modified zinc-phthalocyanines,122 could help 

reach the in vivo goal.   

 



 

Figure 1.10 Schematics depicting the structures of the human telomeric G-quadruplex 
motif in a) Na+-containing solution by NMR, b) K+-containing crystal by x-ray diffraction, 
and c-e) K+-containing solution by NMR. The bases are represented by parallelograms 
where magenta and white depict the anti- and syn- bases, respectively. The Na+ and K+ 
ions are represented by the dark blue and green spheres, respectively. The strands 
containing the G-tracts that are running in the same direction are depicted in the same 
color, either light blue or orange to demonstrate strand orientation with respect to 
neighboring strands. The TTA loops are shown in black. Images adapted from 
references 114 and 115, with permission. 

1.2.3.2 Oncogene promoters 

Besides telomeric DNA, the bioinformatics studies on the locations of 

putative quadruplex sequences (PQS) genome-wide revealed their existence in 

promoter regions of oncogenes − that is, the region immediately upstream from 
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the transcription start site in genes that have potential to cause cancer.123 

Remarkably, these genes tend to be important in cell signaling, some of which are 

included in Hanahan and Weinberg’s six hallmarks of cancer (Figure 1.11).62,63 

Included in the list of genes that contain PQS in the promoter region are MYC,124-

127 KIT,128,129 B cell lymphoma 2 (BCL-2),130,131 vascular endothelial growth 

factor (VEGF),132,133 platelet-derived growth factor α polypeptide (PDGFA),134,135 

KRAS,136,137 and human telomerase reverse transcriptase (hTERT),138 among 

others.28,98,139  

Figure 1.11 The six hallmarks of cancer shown with the associated G-quadruplexes 
found in the promoter regions of these genes. Figure reproduced from reference 139 
with permission. 

PQS can form in the promoter regions of some oncogenes, raising 

questions of their biological relevance. It is now a widely accepted hypothesis that 

the existence of PQS in gene promoters can be linked to the transcriptional 



 

activity of the proximal gene. This hypothesis has led to the implication that small 

molecules that can selectively interact with such motifs may exert functional 

changes by specifically regulating the expression of the gene(s) modulated by 

these promoter sequences.98,111,140 A simple representation of this concept is 

illustrated in Figure 1.12. In fact, the first example of this ability came from a 

study in the laboratory of Laurence Hurley in 2002, where they demonstrated that 

the small molecule porphyrin TMPyP4 (5, 10, 15, 20-tetra-(N-methyl-4-

pyridyl)porphine, described later: Figure 1.18a) could down-regulate c-MYC and 

hTERT expression in vitro.125,141  

Figure 1.12 Schematic of the promoter G-quadruplex hypothesis. G-quadruplex-forming 
sequence motifs in the upstream (promoter) region (magenta) of genes (green) may fold 
into a G-quadruplex structure, resulting in altered transcription. Figure adapted from 
reference 111 with permission. 

1.2.4 Targeting G-quadruplexes with small molecules 

1.2.4.1 Binding modes 

Duplex DNA has several features that present many avenues through 

which proteins and small molecules can interact with this motif. As previously 

mentioned, the biologically relevant B-form DNA consists of a double helix made 

up of two complementary strands that run antiparallel to each other, and are 

associated by hydrogen-bonding between A-T and C-G base-pairs. The single 

strands connect the bases via a deoxyribose-phosphate backbone which has an 

overall negative charge due to the phosphodiester linkage. The grooves (major 

and minor, vide supra) are also distinct and allow for recognition by binding 
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entities. Due to these features, small molecules typically bind to B-DNA via 

intercalation between the base-pairs, groove-binding, and electrostatic interaction 

with the backbone.142 In a similar manner, small molecules can also bind to G-

quadruplex DNA. One of the main goals in the design of G-quadruplex binders is 

to optimize selectivity and potency to this target while minimizing interactions 

with the far more abundant duplex DNA. G-quadruplexes are geometrically 

different from B-DNA with a surface area approximately twice as large as the 

double helix (Figure 1.13). Thus, almost all G-quadruplex binders reported to date 

have extended planar chromophores that are ideally suited to π-stack on or 

between G-tetrad(s) as they are too large to allow for intercalation between base-

pairs of B-DNA (techniques for the characterization of these interactions are 

discussed later for both duplex and quadruplex DNA, Section 1.3).143-145  

Figure 1.13 Comparison of the dimensions of duplex and G-quadruplex DNA structures; 
a) the double helix and base pair surface, and b) the quadruplex structure and G-tetrad 
surface. Reproduced from reference 146 with permission, John Wiley & Sons, 2014. 
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G-quadruplexes may also have several different groove environments 

defined by negatively-charged phosphate backbones, which allows for optimized 

design of cationic appendages for insertion into these grooves. The cation channel 

through the center of the tetrad stack also presents a targetable region. Finally, the 

different loop arrangements create various pockets into which features of the 

binders can insert, much like the binding pockets of proteins.146,147 These different 

binding modes are illustrated in Figure 1.14. It is thought that small molecules 

that can achieve any combination of these binding modes would have higher 

affinity to G-quadruplex DNA than to B-DNA. The “true” intercalation shown in 

Figure 1.14b is thought to be an energetically costly binding mode requiring the 

unfolding or distortion of a tetrad layer. No molecules to date have been shown to 

exhibit this binding mode, preferring instead those modes shown in Figure 1.14a, 

and c-d.67,135 

Figure 1.14 Representation of ligand-quadruplex binding modes with a) external 
stacking (red), b) intercalation (purple), c) groove binding (green), and d) loop interaction 
(blue). In general, intercalation (b) is thought to be difficult to achieve due to i) 
occupation therein by cations and ii) an energetically costly distortion of the structure to 
allow for insertion of a large molecule.72,146 

The past decade was ripe with the development of a large variety of 

ligands that were designed with the characteristics of an ideal G-quadruplex 

binder in mind. These ligands have since been extensively reviewed and 

categorized mainly by elemental components – for example, organic or metal-

based.148-151 Within the organic realm, binders have been organized into categories 

by which a positive charge is introduced into the scaffold (e.g., N-methylation, in 

situ protonation, etc.) or by ring structure (e.g., fused, macrocyclic, etc.). Within 

the metal-based category, they are sorted by geometry and type of metal present, 

a) b) c) d)



 

as well as how many metal centers are included. Herein, the binders have been 

split into the two main types: organic and metal-based. The organic category is 

then split into species based on core ring structure (fused aromatics, macrocycles, 

other), while the metal-based category is split into species based on metal 

geometry (octahedral, square-planar, other).  

1.2.4.2 Organic G-quadruplex binders 

1.2.4.2.1 Fused aromatic systems 
The first published report of a G-quadruplex interactive ligand appeared in 

1997 from the Neidle laboratory on the interaction of a 2,6-diamidoanthraquinone 

with telomeric DNA and subsequent telomerase inhibition in vitro (Figure 

1.15a).152 This compound demonstrated a 23 μM IC50 for telomerase inhibition 

from a standard primer extension assay. Subsequent additions of alkyl-amino 

side-arms to the anthraquinone scaffold lead to compounds with IC50 values less 

than 5 μM. However, these compounds displayed inescapable binding to duplex 

DNA leading to poor selectivity for the quadruplex motif.153,154 This series of 

compounds was a good starting point for quadruplex-ligand design and led to the 

observations that a larger π-surface area for more optimal overlap with the tetrad 

surface, and the inclusion of several side-arms with in situ protonable side-arms 

could increase affinity for quadruplex DNA while decreasing affinity for B-DNA. 

From a structure-activity relationship between side-arm length and telomerase 

inhibition, the Neidle laboratory demonstrated that the ideal appendage was a 

pyrrolidinylpropanamide from the 3- and 6- positions.155 Further substitution at 

the 9- position lead to the development of BRACO-19 (Figure 1.15b), a 

compound that was shown to have a higher binding affinity to G-quadruplex 

DNA compared to B-DNA (10–70x larger), using surface plasmon resonance 

(SPR) assays.156 Since then, a flurry of investigations into alternate trisubstitution 

patterns (2,6,9- and 2,7,9- versus 3,6,9-),157 and longer groups at the 3-, 6-, and 9-
158,159 positions, did not significantly improve upon BRACO-19 binding. This 

compound has been studied both in vitro and in vivo and has been shown to 

induce growth arrest in mice with human tumor models in addition to exhibiting a 



 

low nanomolar IC50 for telomerase.160,161  Despite all its favorable characteristics, 

lack of membrane permeability and a small therapeutic window size are 

drawbacks of BRACO-19 as a candidate for clinical trials.162 However, patents 

issued by Cancer Research Technology Limited, UK, could prove interesting for 

the development of BRACO-19 as a clinical candidate.163 

Similarly to the trisubstituted acridines, the design of trisubstituted 

isoalloxazines presents an avenue for selective binder design (Figure 1.15c). The 

most remarkable in this series is a binder that showed a 14-fold selectivity for a c-

Kit quadruplex motif over the telomeric motif through SPR assays.164 This finding 

allowed the suggestion that binders could be selective between quadruplex motifs 

rather than just between quadruplex and duplex DNA.   

Figure 1.15 G-quadruplex binders based on a) anthroquinone, b) acridine (BRACO-19), 
and c) isoalloxazine scaffolds.  

Extending the 3-ring system of the anthroquinone, acridine, and 

isoallozazine scaffolds to a 4-ring system brings us to the quindoline scaffold. In 

general, there are two types of these crescent shaped molecules, the 

disubstituted,165,166 and the 11-substituted167,168 derivatives. Initially, this scaffold 

showed modest selectivity to quadruplexes over B-DNA, but further 

investigations have led to the development of SYUIQ-5 (Figure 1.16a), a 

compound that could induce senescence and telomere shortening in cells.169 It was 

later discovered that SYUIQ-5 achieved this outcome through the down-

regulation of c-Myc transcription and expression which in turn, inhibited hTERT 

expression, thus inhibiting telomere elongation.170 However, this conclusion has 
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been disputed recently. Studies from the Hurley laboratory on SYUIQ-5 and its 

analogs have shown that these quindoline compounds are primarily non-selective 

for particular quadruplex motifs and any anticancer activity should be attributed to 

interaction with multiple quadruplex elements. This disagreement encourages 

caution when assigning effects of in vitro G-quadruplex-interactive compounds to 

those effects arising in cellulo.171  

Further extension of the ring scaffold to 5-ring systems leads to 

pentacyclic quinacridine (or dibenzophenanthroline) and acridinium salts. This 

ring-extension results in a larger π-surface area of the compound, translating into 

more optimal overlap with the surface of the quadruplex. A representative of these 

quinacridines is shown in Figure 1.16b. Through a fluorescence-based melting 

assay (See Section 1.3.1.2.1 for details on this assay), this compound, MMQ3, 

demonstrated high thermal stabilization of a telomeric quadruplex motif (ΔT1/2 = 

19.7°C, where ΔT1/2 refers to the change in melting temperature resulting from 

stabilization of the quadruplex by the compound compared to quadruplex without 

added compound) and considerable telomerase inhibition (IC50 = 0.028 μM).172 

However, derivatives of this compound with more or longer alkyl-amino side-

arms containing several protonable sites did not show higher selectivity for G-

quadruplex DNA over B-DNA, as was the case with the acridine series.173,174 It 

was assumed that the increased positive charge allowed for groove-binding to B-

DNA. Efforts to link two MMQ compounds to create a macrocycle (BOQ1, Figure 

1.16c) resulted in a compound that is more selective for quadruplex over B-DNA, 

due to its inability to insert into the double helix and preference for end-

stacking.175 While this compound did exhibit higher thermal stabilization of the 

telomeric quadruplex motif (ΔT1/2 = 28°C), it was not able to achieve the same 

telomerase inhibition as MMQ3 (IC50 = 0.13 μM).  

The acridinium salts, on the other hand, have exhibited notable telomerase 

inhibition even without the inclusion of side-arms. Interestingly, RHPS4 (Figure 

1.16d) binds selectively to triplex and quadruplex structures over B-DNA by 

differential dialysis and shows an IC50 value less than 0.50 μM for telomerase, in 

addition to exhibiting favorable pharmaceutical properties including significant 



 

uptake into the nucleoli of MCF-7 breast cancer and A459 adenocarcinoma cell 

lines.176,177 RHPS4 was also shown to cause apoptosis in melanoma lines via its 

ability to cause telomere-capping alterations.178 In fact, these desirable 

characteristics led to success as a single agent with high therapeutic efficacy in 

melanoma mouse models,179 and as a combination therapy with taxol in uterus 

carcinoma xenografts,180 which validates RHPS4 as a candidate for clinical 

development. 

Figure 1.16 Four- and five- ring G-quadruplex binders a) SYUIQ-5, b) MMQ3, c) BOQ1, 
and d) RHPS4.  

Fluoroquinolone scaffolds represent one of the most successful G-

quadruplex binders in clinical trials to date. Quarfloxin (Figure 1.17a),  by Cylene 

Pharmaceuticals, has two chiral amino side-arms that may allow for it to 

recognize groove and loop regions of specific polymorphs. In fact, it has been 

shown to disrupt the interaction between the protein nucleolin and a quadruplex 

motif that forms in ribosomal DNA.34,181 The interaction between nucleolin and 

ribosomal DNA is critical for rRNA biogenesis in cancer cells.182 

The last scaffold to mention here is the highly π-extended perylene 

derivatives, namely PIPER (Figure 1.17b). Interestingly, PIPER exhibits a higher 

IC50 value than the previously discussed binders (IC50 > 20 μM),183 but was shown 

to bind selectively to G-quadruplex DNA at pH 8.5 via an aggregation binding 

mode. The aggregation of this complex at pH 8.5 is not surprising as the alkyl-

amino side-arms are presumed to be neutral and the highly π-extended surface is 
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far from water-soluble, thus the hydrophobic aggregation on the surface of the G-

tetrads is expected.184 Due to the insolubilities, the Bianco group has investigated 

water-soluble perylene derivatives prepared through the incorporation of alkyl-

amino side-chains on the bay-area of the core.185 The compounds show much less 

self-aggregation spectroscopically and exhibit IC50 values around 5 μM for 

telomerase, compared to 20 μM for the first generation.186 The best in the series 

was shown to induce selective telomere damage in transformed human fibroblast 

cells through the dissociation of telomeric protein POT1 and subsequent growth 

arrest.187 These studies, and others,188,189 have validated the use of water-soluble 

perylene derivatives as G-quadruplex interactive agents and the next challenge is 

to find success in a clinical setting.  

Figure 1.17 G-quadruplex binders a) quarfloxin and b) PIPER. 

1.2.4.2.2 Macrocyclic systems 
Beyond the binders of the fused aromatic ring variety, including 

macrocyclic rings composed of fused aromatics like BOQ1 (Figure 1.16c), another 

category exists that contains two classes of the most commonly studied 

compounds: porphyrins and the natural product telomestatin (and derivations 

thereof). The cationic porphyrin TMPyP4 (Figure 1.18a) has been the subject of 

many studies since Photofrin® (a mixture of  dihematoporphyrins) was shown to 

be successful for photodynamic therapy on superficial cancers.190,191 TMPyP4 has 

a 4+ charge due to the N-methylated pyridines at the vertices of the porphyrin 

core. While this 4+ charge does allow for water solubility, it also contributes to its 

promiscuous nature and low selectivity between quadruplex and B-DNA.192 This 

promiscuity also holds true between quadruplex polymorphs, and there are a large 

number of in vitro studies of TMPyP4 targeting a variety of said 
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polymorphs.125,133,134,136,141,193-195 Derivations of the porphyrin scaffold have 

shown varied success for selective targeting196 with the most successful being a 

pentacationic manganese(III) version with four extended side-arms that exhibits 

10,000-fold selectivity for telomeric sequences over B-DNA from an SPR assay 

(vide infra, Figure 1.24b).88 Besides adding bulky side-arms, the expansion of the 

porphyrin core to a diselenosapphryn moiety (Se2SAP, Figure 1.18b) has 

increased selectivity 40-fold between the c-myc sequence and B-DNA by SPR.197 

The “gold-standard” G-quadruplex binder telomestatin is a member of the 

polycyclic oxazole macrocycle family. Telomestatin is a natural product that can 

be isolated from Streptomyses anulatus. It consists of seven oxazole and one 

thiazoline ring and is ideally suited as a G-quadruplex binder based on size match 

to the G-tetrad surface (Figure 1.18c).198 Indeed, this size match allows 

telomestatin to induce the formation of intramolecular quadruplex structures from 

duplex DNA containing the human telomeric sequence. Additionally, telomestatin 

was found to be a potent telomere maintenance-disabling drug candidate in 

cervical carcinomas, multiple myeloma, leukemia, and breast cancer by inducing 

apoptosis in cancer cells without harming normal cells.45,101,106,199,200 While 

telomestatin is considered the “gold-standard”, its synthesis is lengthy and not 

suited for the pharmaceutical setting.201,202  

Figure 1.18 Macrocyclic G-quadruplex binders a) TMPyP4, b) Se2SAP and c) 
telomestatin. 

The macrocyclic nature of telomestatin is a favorable molecular model for 

quadruplex binders and has inspired the development of oxazole-based 

peptides,203,204 cyclo[n]pyrroles,205 and macrocyclic hexa- and heptaoxazoles,206-

209 among others.89 Of note are the oxazole-based peptides of the 

N
H

NN
H
N

N

NN

N

N

Se

N
H

N

Se

N

N

NN

a) b)

N

O

N

O

N

O

N

O

NO

N

S

N
O

c)



 

Balasubramanian group that contain three amino side-arms that are protonated at 

physiological pH. Biophysical studies suggest that appropriate side-arms are 

critical for designing binders that can select between polymorphs, as the ring-

system π-stacking with the G-tetrad surface is common among all polymorphs. 

An example of this improved selecticity comes from Figure 1.19a, a compound 

whose side-arms affect 3-fold selectivity for the ckit quadruplex motif over 

human telomeric sequences.203,204 Interestingly, a heptaoxazole has found success 

as a fluorescent probe for visualizing G-quadruplexes in human adenocarcinoma 

and cervical cancer cells. When 7OTD (Figure 1.19b) is conjugated to a BODIPY 

dye and then incubated with the cancer cells, it is shown to colocalize with DAPI-

labelled nuclei.208,209 This study demonstrates that G-quadruplex binding agents 

can be utilized as probes for G-quadruplex formation in cellulo in addition to cell 

growth arrest and apoptosis-inducing agents.    

Figure 1.19 Macrocyclic G-quadruplex binders; a) oxazole-based peptide, and b) 7OTD 
conjugated to a BODIPY dye. 

1.2.4.2.3 Other systems 
The final category of organic binders contains a mixture of systems whose 

cores are not fully fused aromatic rings nor macrocyclic in nature. The butterfly-

shaped bisquinolinium compounds like those in Figure 1.20a (360A is shown) 

utilize internal hydrogen bonds to hold the core of the compound in a planar 

conformation rather than relying on fused aromatics to do the same. These 

internal hydrogen bonds result in high affinity for G-quadruplex DNA (ΔT1/2 = 

21°C, > 50-100 fold selectivity for G-quadruplex over B-DNA).210 Analogs 
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containing inverted amide connectivities, and thus, inability to internally 

hydrogen bond, exhibited loss of affinity.211 Further expansion of aromaticity 

from pyridine to bipyridine to phenanthroline was shown to significantly enhance 

its interaction with G-quadruplex DNA (Figure 1.20b).212 Fluorescent probes have 

also been developed from this scaffold, similarly to the heptaoxazole-BODIPY 

conjugates previously described, where the dye thiazole orange is incorporated 

(Figure 1.20c).213 Although thiazole orange is a promiscuous dye,214 inclusion into 

the G-quadruplex binding scaffold appears to increase fidelity to the G-

quadruplex motif.213   

Other butterfly-shaped compounds have been reported that include the 

biocompatible 1,4-substituted 1,2,3-triazole (e.g., Figure 1.20d).215 This synthetic 

building block has been shown to help discriminate between G-quadruplex 

grooves as well as increase binding strength.216-220 Interestingly, the compound in 

Figure 1.20d was shown to exhibit extensive groove-binding to G-quadruplex 

structures in molecular models, potentially explaining its ability to cause a 

structural rearrangement of the c-Kit polymorph by circular dichroism analysis. 

Interaction of the alkyl-amino arms with the grooves are thought to cause a 

decrease in the stacking of the tetrads which is consistent with unfolding.220   

Figure 1.20 Butterfly-shaped G-quadruplex binders: a) 360A with a 2,6-pyridine-
carboxamide core, b) bipyridine and phenanthroline derivatives, c) thiazole orange-
conjugate, and d) triazole-containing groove binder. Internal hydrogen bonds are 
represented by red dashed lines.   

From the examples presented above, several characteristics for optimal G-

quadruplex binders are evident. These include optimal size and shape overlap of 
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the π-surfaces of the binder and the G-tetrad, and the inclusion of alkyl-amino 

side-arm(s) to interact with the grooves while aiding in solubility in aqueous 

solutions.  

1.2.4.3 Metal-based G-quadruplex binders 

Metal-based complexes represent a growing field of G-quadruplex 

binders.151 Metal complexes exhibit structural geometries that are unattainable for 

carbon-based molecules, in addition to electronic properties that can be 

successfully exploited for quadruplex recognition. Besides obtaining tight binding 

to quadruplex motifs, metal complexes can be harnessed for their catalytic, 

luminescent, and electrochemical properties. Furthermore, metal complexes can 

cause cleavage of DNA strands, resulting in promising cancer therapy 

alternatives.221,222  

1.2.4.3.1 Octahedral complexes 
Originally, octahedral complexes of zinc, cobalt, and ruthenium 

tris(phenanthroline) were discovered to be efficient B-DNA binders by 

intercalation, and the ruthenium complex exhibited a convenient “light-switch” 

effect upon binding.223-230 Since then, the “light-switch” effect has been best 

described through [Ru(phen)2dppz], (where dppz = dipyridophenazine, Figure 

1.21a) and refers to the increased luminescence intensity of the complex in the 

bound state as compared to the free state, characterized by the group of Jacqueline 

Barton.231,233 After extensive studies into the mechanism by which this 

occurs,229,232,234 they determined that upon intercalation, the DNA base pairs 

protect the intercalated ligand from water, thereby resulting in enhanced 

luminescence. While this process is complex, in simple terms, protic solvents 

allow for partial proton donation to the nitrogens in the dppz ligand which in turn 

causes a new metal-to-ligand charge-transfer (MLCT) transition that results in 

radiationless decay rather than the intersystem crossing that results in MLCT 

emission in aprotic solvents.233 Expansion of the ligand scaffold from small 

intercalating ligands like phenanthroline, bipyridine, and dipyridophenazine can 

create octahedral complexes with π-extended aromatic ligands that are ideal G-



 

quadruplex DNA binders. This is because they can bind electrostatically to the 

DNA backbone and hydrophobically to the G-tetrad surface.235 The larger the π-

surface of the ligands, the less likely the complex is to intercalate between the 

base pairs of duplex DNA. One of the first examples of an octahedral complex as 

a G-quadruplex binder is that of dinuclear [Ru2(phen)4(tppz)]4+ (Figure 1.21a, 

where phen = 1,10-phenanthroline and tppz = tetrapyrido[3,2-a:2',3'-c:3'',2''-

h:2'',3''-j]phenazine).236 In the report, [Ru2(phen)4(tppz)]4+ did show binding 

affinity towards duplex DNA, however, there was a more pronounced blue-shifted 

“light-switch” effect when bound to human telomeric quadruplex sequences, 

indicating a greater overlap between the aromatic surfaces of the ligands and the 

tetrads (and therefore more solvent exclusion) when bound to quadruplex as 

opposed to duplex DNA. While this complex does exhibit similar binding affinity 

between duplex and quadruplex DNA, the “quadruplex light-switch” effect could 

enable similar complexes as useful in vivo quadruplex probes. Another ruthenium 

complex that exhibits the “quadruplex light-switch” effect is dinuclear 

Ru2(obip)L4 (Figure 1.21b, where obip = 2-(2-pyridyl)imidazo[4,5-f][1,10]-

phenanthroline and L = 2,2'-bipyridine) that behaves similarly to 

[Ru2(phen)4(tppz)]4+ although selectivity between duplex and quadruplex was not 

reported.237 In Figure 1.21, the difference between a duplex binder (Figure 1.21a) 

and quadruplex binders (Figure 1.21b-c) is shown through a comparison of the 

intercalation-capable [Ru(dppz)(phen)2]2+ complex with the larger π-extended 

tppz and obip dinuclear complexes. 

Figure 1.21 Octahedral ruthenium G-quadruplex binders: a) [Ru(phen)2(dppz)]2+, b) 
[Ru2(phen)4(tppz)]4+, and c) [Ru2(obip)L4]
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More recently, a few reports have emerged from Dik-Lung Ma’s group on 

the interaction of iridium(III) complexes with G-quadruplex motifs. These 

complexes are mainly luminescent detectors of various activities involving the 

formation of G-quadruplexes, including the sensing of endonuclease IV activity, 
238 adenosine triphosphate (ATP),239 gene deletion,240 and sub-nanomolar 

concentrations of lead(II) ions.241 Worth mentioning here are the two 

cyclometallated complexes shown in Figure 1.22. The first, [Ir(phq)2(biq)][PF6] 

(Figure 1.22a, where phq = phenylquinoline and biq = 2,2'-biquinoline) is a c-myc 

G-quadruplex stabilizer (K = 8.26 x 105 M-1) that was shown to down-regulate c-

myc oncogene expression in HepG2 cells transfected with a c-myc P1 promoter 

via a luciferase reporter assay. In this assay, when [Ir(phq)2(biq)][PF6] stabilizes 

the transfected c-myc quadruplex via binding, the downstream luciferase gene 

expression is suppressed, resulting in reduction in luciferase activity compared to 

cells that have not been incubated with [Ir(phq)2(biq)][PF6]. Additionally, this 

complex was shown to be cytotoxic to HeLa cells (IC50 ~ 0.2 μM), but was not 

tested for selectivity against normal cells.242 The second complex, 

[Ir(ppy)2(bcp)][PF6] (Figure 1.22b, where ppy = 2-phenylpyridine and bcp = 2,9-

dimethyl-4,7-diphenyl-1,10-phenanthroline), was used in an elegant assay to 

detect endonuclease IV activity after cleavage of an abasic site of an engineered 

DNA sequence that releases a G-quadruplex motif. When the quadruplex is 

released, the complex binds, giving off an enhanced luminescence response.238 

Figure 1.22 Examples of octahedral iridium G-quadruplex binders: a) [Ir(phq)2(biq)][PF6] 
and b) [Ir(ppy)2(bcp)][PF6]. 

The octahedral complexes presented demonstrate how much more these 

complexes can do besides behaving as simple G-quadruplex binders and 

telomerase inhibitors that elicit an anticancer effect. While they can still do all of 
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the above, the interesting luminescent properties allow for the development of 

various detection assays (see Chapter 4 for more information) and the complexes 

can be easily tuned for optimal in vivo/in vitro probing abilities through 

incorporation of different ligands.  

1.2.4.3.2 Square-planar complexes 
Since the discovery by Stephen Lippard and William Bauer in 1976 that 

ligand planarity is a stereochemical requirement for intercalation of platinum 

complexes into DNA,243 square-planar metal complexes have become an 

especially interesting class of metal-based G-quadruplex binders These complexes 

are geometrically ideal in that the core of the molecule is enforced planar through 

ligand coordination, which results in optimal π-stacking with the surface of the 

tetrads. The most common binders of this variety are platinum(II)-based. In 

general, the core-ligand is either π-extended bipyridine, phenanthroline, or 

terpyridine-based that may or may not include alkyl-amino side-arms. We have 

reported several generations of platinum(II) phenanthroimidazole complexes that 

show preferential binding to quadruplex DNA over B-DNA,244 in addition to 

selective killing of cancer cells compared to normal cells (see Chapters 2 and 

3).245 Interestingly, one of our side-arm containing complexes (Figure 1.23a) has 

shown high affinity to a c-Kit quadruplex motif with unprecedented slow 

unbinding kinetics from SPR assays (see Chapter 3).246 The incorporation of the 

platinum metal presents an inherent positive charge and can, in principle, be 

positioned at the center of the G-tetrad binding surface. This is demonstrated 

through molecular modeling of a platinum(II) phenanthroline complex by Neidle 

and Vilar (Figure 1.23b).247 Besides bidentate ligands, platinum(II) can also 

coordinate to the tridentate terpyridine.248-250 Platinum(II) terpyridine complexes 

with alkyl-amino side-arms have seen moderate success in selectivity for 

quadruplex over duplex DNA with the complex in Figure 1.23c demonstrating a 

13-fold preference for a c-Myc motif over duplex via fluorescent intercalator 

displacement (FID) assays with a binding affinity of K = 1.2 x 106 M-1 from 

SPR.249  Interestingly, the exchange of platinum(II) for palladium(II) in selected 

terpyridine complexes has demonstrated an increase in thermal stabilization of 



 

quadruplex motifs compared to the platinated analogs by FRET melting assays 

(ΔT1/2 ~ 35°C versus ~ 9°C for the telomeric motif).251 This is thought to be due 

to the faster activation of the reactive aqua-complex of palladium through the 

labile chloride ligand compared to platinum, and corresponding covalent binding 

to the N7 of guanine bases rather than the traditional non-covalent electrostatic 

binding (vide infra).252-254  

Figure 1.23 Square planar G-quadruplex binders: a) platinum(II) phenyl-
phenanthroimidazole with triazole-linked side-arm, b) platinum(II) phenanthroline 
complex, and c) platinum(II) terpyridine complex with alkyl-amino side-arm.  

Another interesting class of planar metal-based complexes arises from 

those whose ligands are not intrinsically planar. In this case, the metal itself 

induces the planar conformation. An example of this category is that of the 

nickel(II) salphen complexes by Neidle and Vilar.87,255,256 The most notable 

complex (Figure 1.24a) demonstrated ΔT1/2 ~ 30°C from FRET melting assays for 

telomeric quadruplex DNA and ca. 1400-fold selectivity for quadruplex versus B-

DNA via UV/Vis titrations (K = 1.27 x 107 versus 8.96 x 103 M-1).256 In addition 

to nickel(II), salphen and salen complexes of copper(II), zinc(II), vanadium(IV), 

and manganese(II) have also been explored as G-quadruplex binders with varying 

success.151,257  

The final class of planar complexes contains the metalloporphyrins. Since 

the unmetallated cationic porphyrins demonstrated great potential as quadruplex 
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binders (vide supra), the introduction of a metal center was thought to be an 

interesting avenue to increase binding strength and selectivity of this class of 

molecule. Additionally, metalloporphyrins introduce luminescent properties that 

can be utilized for studying interactions with the nucleic acid structures.258,259 One 

of the first examples, in 2004, was the copper(II)-containing TMPyP4 binding to 

an intermolecular quadruplex motif with K ~ 105 M-1, however, binding affinity 

compared to TMPyP4 (unmetallated) was not significantly increased.260 Since 

then, manganese(III), nickel(II), and zinc(II) derivatives have been reported with 

varying success.261,262 One of the most successful metalloporphyrins in achieving 

selectivity between quadruplex and duplex DNA is the pentacationinc 

manganese(III) derivative (Figure 1.24b) with four extended side-arms that 

exhibits 10,000-fold selectivity for telomeric sequences over B-DNA from an 

SPR assay.88 Iron(III)-heme porphyrins are an interesting topic as hemin-

quadruplex complexes have been shown to be catalytically active, especially in 

oxidation reactions (see Appendix B).263-267   

Porphyrin-analog scaffolds like phthalocyanines and corroles containing 

metal centers have also been reported.41,268-270 Of note is the octa-cationic 

quaternary ammonium phthalocyanine by Ren et al., (Figure 1.24c).269 This 

complex was shown to have selectivity over an order of magnitude between 

telomeric quadruplexes and duplex DNA by SPR assays (K ~ 8.3 x 106 M-1 versus  

2.2 x 105 M-1). Besides telomeric G-quadruplexes, phthalocyanines can bind to 

promoter G-quadruplexes and regulate gene expression, demonstrating promise as 

transcription-interactive agents.41 A manganese corrole (Figure 1.24d), on the 

other hand, was shown to selectively bind to telomeric G-quadruplexes with 

binding affinities ca. two orders of magnitude greater than duplex DNA by SPR 

assays (K ~ 2 x 106 M-1 versus  3 x 104 M-1).270 



 

Figure 1.24 a) Nickel salphen complex, and porphyrin-analog scaffolds: b) pentacationic 
manganese(III) side-arm derivative, c) quaternary ammonium zinc phthalocyanine, and d) 
manganese corrole. 

1.2.4.3.3 Other metal binders 
While binders with other metal geometries (including square pyramidal 

and trigonal bipyramidal) have been reported,248,271 these complexes tend to be 

poor binders, as the non-planar geometry interferes with favorable π-overlap of 

the binding surfaces. The greatest successes in this category have come from the 

supramolecular assemblies of metals linked by rigid organic bridges. We (vide 

infra), and others, have studied the use of the platinum(II)-square scaffolds of 

Fujita272 and Stang273 as G-quadruplex binders (Figure 1.25a-b).274,275 

Supramolecular self-assembly is an appealing strategy for synthesizing a large 

variety of complexes in a more expeditious way than traditional chemistry 

methods, as the spontaneous association of small building blocks into large, 

ordered systems can occur in a single, high yielding step.276,277 In addition, the 

synthesis of these square scaffolds can be performed via mechanochemistry (see 

Appendix A).278 The chiral helicate structure by Yu et al.,279 (Figure 1.25c), was 

shown to bind to telomeric quadruplexes in its enantiomerically pure P-form and 
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greatly prefers this motif over duplex DNA by circular dichroism, gel 

electrophoresis, and fluorescence measurements.  

Figure 1.25 Supramolecular G-quadruplex binders: a) [Pt(en)(4,4'-bpy)]4
4+, b) 

[Pt(en)(pyz)]4
4+, and c) helicate [M2L3] where en = ethylenediamine, bpy = bipyridine, pyz 

= pyrazine, M = Ni or Fe. In a) and b) the en can be replaced with –NH3 groups. Figure 
reproduced in part from reference 279 with permission. 

While this is certainly not an exhaustive list of metal-containing G-

quadruplex binders in the literature, the majority of the classes are represented. As 

previously indicated, metal complexes introduce electronic, geometric, catalytic, 

optical, electrochemical, and magnetic properties that are unobtainable with 

purely organic heteroaromatics. It was with these characteristics in mind that the 

development of metal-based G-quadruplex binders was first explored in the 

Sleiman laboratory. 

1.2.4.4 Previous work from the Sleiman laboratory 

Since the discovery of the structure of duplex DNA in 1953,5 much 

interest has been in developing drug candidates that bind DNA, both covalently 

and non-covalently, due to their ability to destroy rapidly dividing cells.280 One of 
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the most widely used class of metal covalent-DNA binders today is exemplified 

by cis-diamminedichloroplatinum(II) (cisplatin), a square planar platinum(II) 

complex with labile ligands (and its analogs). These compounds bind directly to 

two adjacent DNA bases upon loss of their chloride ligands (Figure 1.26).281-283 

By covalently binding to DNA in the genome causing both inter- and intrastrand 

crosslinks, cisplatin causes substantial damage to the DNA and its main 

biochemical effect is the inhibition of cellular replication (Figure 1.26b-c).281,284 

While this makes it a particularly valuable chemotherapy, a very important 

drawback is its lack of selectivity. Cisplatin indiscriminately affects all cells 

within the body, cancer or not, causing toxic side-effects. This non-selective 

targeting is a result of the lability of the chloride ligands under physiological 

conditions, thus allowing for the “activation” of the therapeutic aqua-form of the 

complex.  

Figure 1.26 Method of action of cisplatin. a) Hydrolysis of cisplatin; as cisplatin loses the 
labile chloride ligands, several aqua-species may exist. b) These aqua-species are able 
to undergo inter- and intrastrand crosslinks with DNA (through the N7 of guanine bases), 
and c) zoom in of the mechanism of intrastrand-crosslink formation between adjacent 
guanine bases. Figure adapted from reference 281 with permission. 
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Although much success has been found with B-DNA targeting drugs, they 

are often very cytotoxic and cause unnecessary side-effects. Due to the target 

being rapidly-dividing cells, these chemotherapies can kill stem and germ cells, as 

well as bone marrow and hair follicles. Because of these off-target effects, more 

specific methods of DNA targeting are in need of development. 

To this end, Roxanne Kieltyka, a previous student in the laboratory of Dr. 

Hanadi Sleiman, developed the use of platinum(II) ethylenediamine and 

phenanthroline complexes as G-quadruplex targeting agents. These complexes 

behave differently in aqueous media than do cisplatin-like species. Here, the 

ethylenediamine ligand is a stronger σ-donor than is ammonia, resulting in a 

larger ligand-field splitting, and therefore, a more stable complex. Additionally, 

the phenanthroline ligand is a π-acceptor, rather than a π-donor like chloride, 

which results in π back-bonding and further increases the ligand-field splitting. 

Together, this allows these complexes to possess more stable ligand shells than 

cisplatin and, as a result, they can display more selective antitumor profiles, (e.g. 

unable to covalently bond indiscriminately to DNA). 

Using a combination of molecular modeling (in collaboration with Prof. 

Nicolas Moitessier’s group) and biophysical studies, Roxanne was able to show 

that two platinum(II) phenanthroimidazoles with extended π-surfaces afford 

greater binding affinity to the tetrameric, intermolecular G-quadruplex than to 

duplex DNA. Her studies suggested that coupling the square-planar geometry of 

platinum(II) with phenanthroimidazole ligands of the π-extended variety could 

result in a simple and modular method to create effective G-quadruplex selective 

binders (Figure 1.27).244  



 

Figure 1.27 Previous work from our laboratory: a) platinum(II) phenanthroimidazole 
complexes [(PIP)Pten]2+ and [(PIN)Pten]2+; b) predicted interaction of [(PIN)Pten]2+ and 
the intermolecular G-quadruplex; c) competitive dialysis results showing preference for 
binding to G-quadruplex over B-DNA for the complexes compared to a negative control 
[(BPY)Pten]2+; d) binding affinities towards calf-thymus and G-quadruplex DNA 
determined via equilibrium dialysis experiments. Figure reproduced from reference 244 
with permission, John Wiley & Sons, 2014. 

In addition to phenanthroimidazole complexes, Roxanne also showed that 

the supramolecular platinum(II) square complex developed by Fujita272 and 

Stang273 was an effective G-quadruplex binder and telomerase inhibitor. In this 

study, she used molecular modelling, FRET-melting (Section 1.3.1.2.1) and 

telomerase inhibition assays to demonstrate that the platinum square complex 

displays high binding affinity to human telomeric G-quadruplexes and inhibition 

of telomerase activity, thus showing the potential of supramolecular self-assembly 

for the development of scaffolds that can effectively target these biological 

structures.274 
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Figure 1.28 Previous work from our laboratory: a) structure of the platinum molecular 
square; b) average structure of the complex between the square and the h-telo G-
quadruplex; c) FRET stabilization curve of the square with quadruplex (red) and B-DNA 
(blue) as a function of concentration of square; d) TRAP assay results showing ladders 
generated by the action of telomerase on a telomeric substrate primer. Figure 
reproduced from reference 274 with permission, Americal Chemical Society, 2014. 

Taken together, Roxanne’s thesis work demonstrated that platinum(II) 

phenanthroimidazoles and supramolecular platinum(II) assemblies represent 

synthetically accessible motifs that are ideally suited for G-quadruplex 

recognition. Additionally, with the help of molecular modelling, these motifs can 

be expanded into libraries of complexes that are readily tunable for optimal 

quadruplex discrimination.  
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1.3 Biophysical and techniques for characterization of G-

quadruplex structure and binding 

The most common experiments in chemical biology involve assays that 

determine to what extent molecules interact with each other. In the context of this 

thesis, we are interested in the interactions between small molecule drug 

candidates and DNA motifs (both G-quadruplex and B-DNA). To this end, we 

have conducted several biophysical assays utilizing absorbance, fluorescence, and 

surface-mediated techniques to evaluate the thermodynamic and/or kinetic aspects 

of DNA binding by small molecules. The techniques listed below include circular 

dichroism (CD) and UV/Vis spectroscopies, Förster resonance energy transfer 

(FRET) melting studies, fluorescence intercalator displacement (FID) assays, and 

surface plasmon resonance (SPR) assays. However, there are instances in the 

literature of other techniques including, but not limited to, nuclear magnetic 

resonance (NMR),107,173,183,285-291 electrospray ionization mass spectrometry (ESI-

MS),251,292-298 isothermal titration calorimetry (ITC),236,275,289,299-301 and gel 

electrophoresis.175,242,302-304  

1.3.1 Spectroscopic techniques 

1.3.1.1 Absorbance-based techniques 

1.3.1.1.1 Circular dichroism 
CD templation studies are carried out in Chapter 2, Chapter 3, and Chapter 5. CD 
titrations with quadruplex and duplex motifs are performed in Chapter 5.  

Circular dichroism is a spectroscopic technique that has been used to 

investigate the structure of B-DNA, G-quadruplex DNA and ligand binding 

modes to different motifs, as characteristic spectral signatures correspond to 

specific features thereof.305-307 This method relies on irradiation of either a chiral 

complex or an achiral complex in a chiral environment with circularly polarized 

light. As the light passes through the sample, there is differential absorption of 

right- and left-handed circularly polarized light, which results in a CD absorption 

spectrum or signature.306 As the G-quadruplex structure is chiral, we can observe 

specific peaks that are characteristic of certain polymorphs. For example, 



 

antiparallel G-quadruplexes typically exhibit a strong negative peak around 260 

nm and a strong positive peak around 295 nm. On the other hand, wholly parallel 

G-quadruplexes show a weak negative peak around 240 nm and a strong positive 

peak at 260 nm. Additionally, as many polymorphs share both antiparallel and 

parallel strands, their signatures may comprise a mixture of the above.307 The 

spectra of the antiparallel and mixed parallel/antiparallel G-quadruplexes from the 

human telomeric DNA are shown in Figure 1.29, for example. 

Besides determining structural information of the G-quadruplexes 

themselves, one can also obtain information regarding ligand orientation when 

binding to G-quadruplexes. When a non-chiral molecule interacts with a chiral 

molecule in such a way that the non-chiral molecule adopts the chirality of its 

binding partner, induced CD (ICD) peaks may be present. They are so called, 

because the binding event “induces chirality” upon the non-chiral molecule. One 

can determine from the ICD whether the molecule is a groove-binder (large 

positive ICD) or an intercalator of DNA (small negative or small positive ICD). 

Even if no ICD is present, we can still obtain valuable information on how a 

ligand binds by the changes to the spectra of the G-quadruplex. If the peaks of the 

G-quadruplex are enhanced or unchanged, one can conclude that the ligand may 

stabilize the structure. If the peaks undergo dramatic differences (either 

partial/complete disappearance of peaks and/or development of new peaks 

altogether), one can conclude that the ligand either destablilizes the structure or 

converts it into a new polymorph.  



 

Figure 1.29 The CD spectra of the antiparallel (purple) and mixed parallel/antiparallel 
(green) G-quadruplexes based on the human telomeric DNA sequence (5'-A(G3T2A)3G3-
3'), and (red) single-stranded DNA of the same sequence. 

CD templation experiments can be conducted to determine whether a G-

quadruplex binder templates or enhances the folding of an unstructured putative 

quadruplex sequence (PQS) into a specific G-quadruplex polymorph. This is 

carried out by titration of the single-stranded or unstructured sequence with a 

small molecule binder. In order to ensure that the PQS is unstructured, it is best to 

dialyze the sequence against deionized water for 1−3 days before aliquoting into a 

tris(hydroxymethyl)aminomethane-based buffer since the presence of potassium 

and sodium cations induces quadruplex formation.  Lithium-containing cacodylate 

buffers or added lithium salts (e.g. LiCl), could be used as lithium does not induce 

the formation of G-quadruplexes.308,309 In this assay, if templation occurs, a 

decrease in the circular dichroic peaks associated with the single-stranded 

oligonucleotide (slight negative peak at 238 nm and strong positive peak at 257 

nm) and the concomitant appearance of peaks associated with G-quadruplex 

structures are expected. 

1.3.1.1.2 UV/Vis spectroscopy 
Molecules can undergo electronic excitation from the ground to excited 

state by absorbing UV/Visible light. Specifically, these electronic transitions are 

evident from 200−900 nm for molecules like biopolymers, conjugated organic 
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compounds and transition metal complexes, as the energy difference between the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) decreases.310 The greater the electronic conjugation (or 

unsaturation) of the molecule, the smaller the π-π* energy gap becomes, meaning 

lower energy light can enable the transition.311 When studying interactions 

between DNA and small molecule binders, the changes to their respective 

transitions through monitoring their UV/Vis spectra reflect the intensity and 

specificity of the interactions (e.g. binding constants).312 As DNA is a conjugated 

biopolymer, the absorbance of the whole is a sum of the spectra of the component 

parts that arise from transitions of the purine and pyrimidine bases, as such the 

absorbance maximum is located at 260 nm. For the small platinum molecules 

studied herein, the heterocyclic nature of the phenanthroimidazole ligands results 

in strong absorbance between 250−320 nm (assigned to ligand-centered π-π* 

transitions), which overlaps significantly with the absorbance of the DNA. 

Weaker platinum(II) dπ-π* metal-to-ligand charge-transfer (MLCT) bands around 

400 nm are not intense enough at the desired concentrations (1−10 μM) for 

determination of binding affinity by UV titrations. As such, the significant overlap 

in absorbance at 260 nm has caused difficulty in the measurement of binding 

affinity.  

Generally, binding constants can be determined for ligands binding to 

DNA via spectroscopic binding titrations.313 In this assay, a solution of ligand at a 

known concentration is titrated with increasing amounts of DNA with the UV/Vis 

spectrum measured between titration points. If binding occurs, a decrease in 

absorbance maximum and concomitant red-shift of the peaks for the ligand will 

be evident. This is due to the alignment of electric transition dipole moments of 

the DNA-ligand complex and π-stacking, respectively. Typically, the absorbance 

maximum of the small molecule should be significantly different from that of the 

DNA (> 300 nm) such that the signals do not overlap.313 

In Chapter 2, we attempted to measure the binding affinity of complexes 

2.1-2.7 to G-quadruplex and B-DNA by monitoring the changes in the UV/Vis 

spectrum of the complexes after titrating solutions of DNA. As previously 



 

mentioned, the absorbance maximum of the ligand should be greater than 300 nm, 

however in our case, due to the weak metal-to-ligand charge-transfer (MLCT) 

around 400 nm, the shoulders of the ligand-centered π-π* transitions around 

300−320 nm were used. This made it necessary to subtract the absorbance of the 

DNA from each titration point so that only the changes in the platinum(II) 

chromophores would be observed. For these extended aromatic complexes, the 

experiment was complicated by the aggregation of the platinum complexes in 

solution at the start of the experiment and the consequent difficulty in obtaining 

the initial absorbance for the free, unstacked complex (Figure 1.30). This is a 

common problem for this technique,314 since most G-quadruplex binders possess 

extended aromatic rings. In light of this observation, other methods were 

investigated, namely the fluorescence intercalator displacement assay (vide infra). 

Figure 1.30 Example of data obtained for UV/Vis titrations with complex 2.1 (left) and 2.6 
(right). For complex 2.1, the absorbance at the zero point is lower than the point 
corresponding to the first aliquot of quadruplex, representing aggregation of the 
complex at the start of the experiment. For complex 2.6, the zero point and the point 
corresponding to the first aliquot of quadruplex are lower than the second aliquot. This 
demonstrates that the greater the aggregation of the complex in solution, the more 
pronounced this effect becomes.  

In Appendix B, we use the biologically relevant Fe(III)-hemin molecule 

as the ligand for binding to the G-quadruplex motifs. In this case, the absorbance 

maximum is 389 nm and is far removed from the DNA absorbance signal. Thus, 

UV/Vis binding titrations were used to determine binding constants with human-

telomeric G-quadruplexes in a 96-well microplate format.  
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1.3.1.2 Luminescence-based techniques  

1.3.1.2.1 FRET melting  
The Förster resonance energy transfer (FRET) melting experiment gains 

insight into stability imparted by the small molecules on G-quadruplex motifs at 

elevated temperatures. This is a well-established technique315 that relies on 

heating a dually-labelled nucleic acid structure (either quadruplex or duplex 

hairpin-forming sequences) with carboxyfluorescein (FAM, Figure 1.31a) and 

carboxytetramethylrhodamine (TAMRA, Figure 1.31b) at the ends of the 

sequence, in the presence of DNA binders while monitoring DNA denaturation 

from the onset of fluorescence. FRET is a spectroscopic technique that can 

provide information on the distance between the dyes with increasing 

temperature. When the DNA is folded, the dyes are in close proximity, allowing  

an energy transfer to occur from the excited donor (FAM) through a weak dipole-

dipole interaction in a nonradiative process to the unexcited acceptor (TAMRA) if 

the dyes are within 10–80 Å of each other.316 Other dyes can be used as long as 

there is spectral overlap between the emission wavelength of the donor and the 

absorption band of the acceptor.317,318 Upon denaturation, the dyes separate, 

disallowing energy transfer, thus resulting in observable fluorescence by the 

donor. Therefore the T1/2 is the temperature at which onset of fluorescence is 

detected and this is taken to be the structure’s melting temperature. In this assay, 

compounds that cause the elevation of the T1/2 of the DNA motifs compared to 

DNA without the presence of the compound are said to thermally stabilize the 

motif, and hence exhibit a higher binding affinity.319
  This process is illustrated in 

Figure 1.31c). 



 

Figure 1.31 Structures of a) FAM, and b) TAMRA, with c) the schematic of the FRET 
melting assay. As the temperature increases, without added binder (c, top) fluorescence 
onset occurs at a lower melting temperature, whereas a binder (c, bottom) retards the 
melting, delaying the onset of fluorescence. 

In Chapter 2, we used a human telomeric sequence (5'-FAM-G3(T2AG3)3-

TAMRA-3') and a duplex hairpin (5'-FAM-TATAGCTATA-HEG-

TATAGCTATA-TAMRA-3', where HEG = hexaethylene gylcol) for comparison. 

While there were significant melting temperature differences with and without our 

platinum complexes (ΔT1/2 ~ 20°C), the concentration of complexes required to 

effect these changes was higher than for other potent G-quadruplex binders (5  

heat

melted
unfolded; FAM on

folded; FAM off

+

stabilized
folded; FAM off

O NN

O

O

HO O

O OHO

O

OHHO

O

= =

FAM = carboxyfluorescein
λex = 492 nm
λem = 516 nm

TAMRA = carboxytetramethyl-
rhodamine

λex = 541 nm
λem = 568 nm

a) b)

c)



 

µM versus 1 µM).  The control experiment in Figure 1.32 using the monolabelled 

sequence 5'-FAM-G3(T2AG3)3-3', showed that platinum complex 2.4 can quench 

the fluorescence of the FAM dye attached to the DNA strand, thus interfering 

with the fluorescence measurement. Therefore, we discontinued the use of the 

FRET melting experiments as the interpretation of our results were complicated 

by changes in the dye fluorescence by the extended aromatic G-quadruplex 

binders.320 As previously mentioned, a wide variety of other biophysical assays 

exist that are used to determine binding affinity of binders to DNA. 

Figure 1.32 Schematic representing a control experiment for quenching of FAM by 
complex 2.4. First, the mono-FAM labelled G-quadruplex (200 nM) is excited at 494 nm 
and the fluorescence is measured (red line on graph). Then, aliquots of complex 2.4 are 
added and the fluorescence of the FAM is measured after each aliquot. After 1 μM of 
added complex 2.4, more than half of the fluorescence of FAM is quenched. 

1.3.1.2.2 FID and HT-FID assay 
FID assays were performed in Chapter 2. HT-FID assays were performed in Chapter 3 
and Chapter 5.  

The fluorescence intercalator displacement (FID) assay is a binding assay 

based on work by Teulade-Fichou and coworkers.214 It relies on competitive 

displacement of the dye thiazole orange (TO, Figure 1.31a) from the DNA target 

using small molecule binders, with concomitant decrease in the fluorescence 

intensity of the dye. Thiazole orange is highly fluorescent when bound to the G-

quadruplex (or B-DNA) motif and exhibits binding affinities between 1.0x106.0 

and 1.0x106.7 M-1 depending on the sequence to which it is bound,321 and 

generally binds via intercalation (B-DNA)322 and end-stacking (quadruplex 

DNA).323 Conversely, the fluorescence of TO is negligible when unbound, that is, 

in aqueous solution. Thus, displacement of the dye by a stronger binder results in 

a reduction of the fluorescence of the dye. Binding affinity is evaluated from the 
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concentration of platinum complex that is required to give a 50% decrease in the 

dye fluorescence (DC50). This process is illustrated in Figure 1.33b. 

Figure 1.33 Structure of a) thiazole orange and b) schematic of the FID assay. Thiazole 
orange dye (orange crescent) fluoresces when bound to DNA. Additions of binder (red 
parallelogram) causes the displacement of the dye, and hence, decreased fluorescence. 

Herein, two methods of the FID assay were conducted. In Chapter 2, the 

manual titration method was used. In this method, a solution of DNA and TO is 

measured, allowing TO to bind DNA (λex = 501 nm). After this, a solution of 

ligand is titrated into the cuvette, with a 5−10 minute incubation before reading 

the fluorescence spectrum of the dye. In the end, a data set is obtained from 0−10 

equivalents of added ligand (equivalents based on concentration of DNA). 

Percentage displacement (PD) is calculated by PD = 100 − [(F/F0) × 100], in 

which F0 is fluorescence intensity (F) without addition of platinum complexes, 

and F is the fluorescence intensity obtained from each titration point. The 

concentration of added complex is then plotted against the PD, and a DC50 value 

is determined by the concentration of platinum complex needed to achieve a 50% 

displacement of thiazole orange. 

The second method involves the adaptation of the high-throughput FID 

(HT-FID) method of Teulade-Fichou and coworkers321 so that it could be 

performed by a Biomek FX liquid handler and a SAGIAN core robot, carried out 

in a 96-well microplate. Briefly, buffer and complexes were aspirated from 

N

N

S=
TO = thiazole orange

λex = 501 nm
λem = 535 nm

a)

b)



 

dedicated reservoirs in a two-step procedure for a total volume of 100 µL into 

black 96-well plates. The complexes are tested in quadruplicate (that is two 

complexes per plate) where the buffer is first dispensed in decreasing volumes 

across the rows (100 to 0 µL), followed by each complex dispensed in increasing 

volumes across the rows (0 to 100 µL). Then, such that the final volume is 200 

µL, 100 µL of a solution of the desired sequence plus TO is transferred to every 

well using the 96-multichannel pipetting head. After the incubation period, the 

fluorescence is read on a plate reader equipped with 485 ± 20 nm and 535 ± 35 

nm filters for excitation and emission of thiazole orange, respectively. In the end, 

a data set is obtained from 1−10 equivalents of added ligand, and the DC50 is 

determined in an identical manner to the manual method. We found that this 

method was much more streamlined and allowed for lower standard deviations 

obtained between titrations. The HT-FID assay was conducted in Chapter 3 and 

Chapter 5. For this assay, we used black polypropylene microplates rather than 

the suggested black quartz microplates.321,324 Teulade-Fichou and coworkers 

noticed non-specific binding of their ligands to the surface of polypropylene 

plates which resulted in artificially high DC50 values.321 We saw a similar 

phenomenon when we compared the results between the manual and the HT-

methods for complex 2.7. Due to this effect, we believe our values in Chapter 5 

may be overestimated and the manual method may be warranted for absolute 

determination of DC50 values.  

1.3.1.2.3 Direct HT-luminescence assay 
High-throughput luminescence assays were performed in Chapter 4.  

In Chapter 5, in order to assess the binding affinity between the iridium 

complexes and G-quadruplex DNA, we harnessed their “G-quadruplex light-

switch” ability – that is, the enhanced luminescence of the iridium complexes 

when bound to quadruplex DNA compared to aqueous solution. This assay is 

conducted in a similar manner to the HT-FID, except there was no need to use 

thiazole orange, and the assay was carried out in a 384-well microplate. Briefly, 

buffer and complexes were aspirated from dedicated reservoirs in a two-step 

procedure for a total of 40 µL in black polypropylene 384-well microplates. The 



 

complexes are tested in quadruplicate (that is four complexes per plate) where the 

buffer is first dispensed in decreasing volumes across the rows (40 to 0 µL), 

followed by each complexes dispensed in increasing volumes across the rows (0 

to 40 µL). Then, such that the final volume is 80 µL, 40 µL of a solution of the 

desired sequence is transferred to every well using the 96-multichannel pipetting 

head. After an incubation period of ~ 20 minutes, the luminescence is read on a 

plate reader equipped with 260 ± 10 nm and 595 ± 35 nm filters for excitation and 

emission of the iridium complexes, respectively. Due to the background 

luminescence of unbound complex, a blank run containing the complexes at the 

same concentrations in buffer (no added DNA) was used for subtraction. In the 

end, a data set is obtained from 1−10 equivalents of added ligand. The 

concentration of complex is graphed versus luminescence intensity and KD values 

are obtained from fitting of the curves to a one-site binding model in GraphPad 

Prism 5. 

1.3.2 Surface plasmon resonance assay (SPR) 

SPR assays were performed in Chapter 3 and Chapter 5.  

Surface plasmon resonance (SPR) is a powerful technique to examine the 

binding specificity and kinetics of ligands for duplex versus G-quadruplex 

DNA.194,249,261,291,325 Simply put, the technique involves the immobilization of one 

binding partner (here, DNA) on a the surface of a sensor chip, followed by the 

introduction of the other binding partner (here, the small molecule ligands) via 

flowing the solution over the immobilized surface. The binding between the DNA 

and the ligand can be monitored in real-time by SPR, which is a surface-sensitive 

detection technique. In a typical experiment, each sensor chip has four channels 

for analysis where one channel does not contain immobilized DNA, so that any 

non-specific interactions of the ligands with the surface of the sensor can be 

monitored. In our experiments, we use a gold-layered glass sensor chip coated 

with streptavidin that is attached to the surface via carboxymethyl dextran (CM-

dextran). CM-dextran is a commonly-used coating composed of a linear polymer 

of 1,6-linked glucose units terminated with a carboxymethyl group (Figure 1.34). 



 

It then attaches to streptavidin via an amide-linkage after activation through NHS-

ester formation.326 It also serves as a coating of the gold surface to minimize non-

specific interactions with the surface itself.327 The streptavidin coating allows for 

the capture of biotinylated-DNA sequences for DNA-ligand binding analysis 

(Figure 1.34). Fortunately, BIACore offers CM-dextran and streptavidin-coated 

chips that are ready for use, thus streamlining the entire process.  

Figure 1.34 Simple schematic of an SPR sensor chip. A thin layer of gold is coated with 
CM-dextran to which streptavidin can bind. Biotinylated DNA is then immobilized on the 
surface through the streptavidin-biotin interaction. 

After the immobilization of the biotinylated-DNA on the streptavidin-

coated sufaces (Figure 1.35a), solutions of ligands are flowed over the entire chip 

at a controlled rate and allowed to interact with the DNA on the surface (Figure 

1.35b).328 SPR is a phenomenom that occurs from the light reflectivity of thin 

metal films and is sensitive to optical changes on the opposite surface.329 The 

angle of reflection changes when the refractive index of the environment on the 

surface changes. Simply put, when a binding event occurs on the opposite side of 

the gold surface on which a light at a specific angle is shown, the reflected angle 

changes due to a change in refractive index.329,330 A sensogram is obtained from 

the result of the detection of change in refractive index. If equilibrium is reached a 

constant signal will be seen (Figure 1.35b). Then, replacing the sample with 

buffer causes the bound molecules to dissociate, and the sensogram response 

decreases (Figure 1.35c). From the sensogram, one can acquire the binding 

affinity, specificity, and kinetics of the interaction. 
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Figure 1.35 SPR assay schematic: a) in the first stage of the assay the angle of the 
reflected light from the unbound DNA-surface is measured as x. In step b), ligand is 
flowed over the surface at a controlled flow rate allowing for the interaction of the ligand 
with the immobilized DNA. Binding results in the change of refractive index to y, as 
shown on the sensogram. If equilibrium is reached, then no further change in refractive 
index is measured. In the last step c) the ligand is replaced by a flow of buffer to 
facilitate unbinding, which results in reestablishment of the initial refractive index x.  
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1.4 Thesis objectives 

1.4.1 Phenanthroimidazole platinum(II) G-quadruplex complexes 

with extended π-surfaces as binders of human telomeric motifs 

It has previously been shown in the Sleiman laboratory that platinum(II) 

phenanthroimidazoles display selective binding to intermolecular G-quadruplex 

motifs compared to B-DNA.244 However, the more biologically relevant target in 

the human genome involves the intramolecular G-quadruplex based on the 

TTAGGGn repeats found in human telomeres. Additionally, the incorporation of 

intramolecular hydrogen bonds in the organic 2,6-pyridine, 2,9-bipyrine, and 

phenanthroline-dicarboxamide complexes (Figure 1.20a-c) was shown to enforce 

planarity of the binders and increase binding strength and selectivity for G-

quadruplex motifs. With these goals in mind, in Chapter 2 we structurally evolve 

our library of phenanthroimidazole ligands towards optimal G-quadruplex 

binding. This occurs, specifically, through examining the effect of increasing π-

surface area of the ligands through aromatic ring extension, through the 

introduction of different hydrogen bonding interactions and an electron-

withdrawing substituent within the ligands. We investigate the complexes’ 

interactions with telomeric G-quadruplexes through CD and FID assays, and we 

evaluate their abilities to inhibit telomerase through a modified telomerase repeat 

amplification protocol (TRAP-Lig). Lastly, we demonstrate selective cytotoxicity 

to HeLa cells, thus further validating our scaffold as potential therapeutics. This 

work was published in ChemMedChem under the title “Platinum(II) 

phenanthroimidazoles for targeting telomeric G-quadruplexes,” Castor, K.J.; 

Mancini, J.; Fakhoury, J.; Weill, N.; Kieltyka, R.; Englebienne, P.; Avakyan, N.; 

Mittermaier, A.; Autexier, C.; Moitessier, N.; and Sleiman, H.F., 

ChemMedChem, 2012, 7(1), 85-94. 



 

1.4.2 Development of a platinum(II) phenylphenanthroimidazole with 

and extended side-arm for specific targeting of the c-Kit G-

quadruplex 

In Chapter 3, we utilize copper(II)-assisted azide-alkyne coupling 

(CuAAC) to create 1,4-substituted-1,2,3-triazole containing alkyl-amino side-

arms. With the aid of molecular modelling, we hypothesized that the addition of 

the side-arm would allow for a multivalent binding mode of our platinum(II) 

complexes to G-quadruplex DNA (Figure 1.23a). Through the use of CD, HT-

FID, and SPR, we discover that the presence of the side-arm allows for 

unprecedented slow dissociation kinetics from a quadruplex motif formed in the 

c-Kit oncogene promoter. Biological assays including an mRNA levels analysis of 

c-Kit mRNA and a western blot for cKIT protein exhibit an increase in cKIT 

production rather than the intended decrease that is expected from a promoter 

quadruplex-interacting agent. The findings in Chapter 3 warrant further 

mechanistic investigation into what happens in cellulo when oncogene-G-

quadruplex interactive agents are utilized. This work was published in Chemistry 

– A European Journal under the title “A platinum(II) phenylphenanthroimidazole 

with an extended side-chain exhibits slow dissociation from a c-Kit G-quadruplex 

motif,” Castor, K.J.; Liu, Z.; Fakhoury, J.; Hancock, M.A.; Mittermaier, A.; 

Moitessier, N.; and Sleiman, H.F., Chem. Eur. J, 2013, 19(52), 17836-17845. 

1.4.3 Incorporation of a cyclometallated iridium(III) metal into the 

phenylphenanthroimidazole scaffold and investigations of 

interactions with G-quadruplex DNA 

In Chapter 4, we exchange our platinum(II) metal with iridium(III). This 

switch allows us to harness the luminescent “quadruplex light-switch” effect and 

evaluate the series of complexes as G-quadruplex probes. We characterize the 

complexes spectrophotometrically via UV/Vis and luminescence and utilize direct 

luminescence assays to measure the binding affinity and “light-switching” of the 

iridium(III) complexes with biologically relevant quadruplex sequences including 

telomeric, c-Kit, c-Myc, KRAS, BCL-2, VEGF, and PDGF-A. Additionally, the 



 

iridium(III) complexes were shown to be electrochemically active, so cyclic 

voltammetry (CV) and electrochemiluminescence (ECL) studies were conducted. 

The ability of these complexes to bind to G-quadruplex DNA and their 

subsequent luminescence and electrochemiluminescence properties render them 

very amenable to development as G-quadruplex probes. 

1.4.4 Expansion of the library of phenylphenanthroimidazole 

platinum(II) binders and subsequent interactions with 

biologically relevant G-quadruplex sequences 

In Chapter 5, we further build upon our findings from Chapter 2 by 

expanding our library of complexes to include electron-withdrawing and electron-

donating substituted phenylphenanthroimidazole ligands. In addition, we broaden 

our sequence library to include biologically relevant sequences from the c-Kit and 

c-Myc oncogene promoters. Through CD, FID assays, and SPR, we examine this 

expanded library’s ability to select between quadruplex polymorphs.  
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2.1 Introduction 

Guanine quadruplexes have gained recognition as important targets for 

chemotherapeutic drug design as a consequence of their potential to interfere with 

cancer cell proliferation.1,2 These higher-order DNA structures, held together by 

Hoogsteen hydrogen bonds, result from the folding of a guanine (G) rich DNA 

sequence in the presence of potassium or sodium cations.3 G-quadruplex forming 

sequences have been identified throughout the human genome − in telomeres, 

promoter regions of oncogenes, nuclease hypersensitivity regions and untranslated 

regions of RNA, to name a few.4,5 From this list, as described in Chapter 1 (pp 7), 

a highly investigated G-quadruplex target for small molecule drug candidates is 

the telomere. At its 3'-terminus, the human telomere is a single DNA strand 

composed of (TTAGGG)n repeats.6 Biologically relevant phenomena are reported 

to occur upon the folding of this sequence into a G-quadruplex structure, such as 

loss of telomere integrity through disruption of the protective shelterin complex of 

proteins.7,8 This results in the activation of DNA damage response (DDR) 

mechanisms that follow recognition of double-strand breaks,9,10 such as the 

activation of poly-(ADP-ribose) polymerase,11 and ataxia telangiectasia mutatated 



 

gene product signaling.12,13 Due to the inherent genetic instability in cancer 

cells,14 the inhibition of any of the DDR pathways may result in cellular 

senescence and/or apoptosis.15,16 Thus, the stabilization of G-quadruplexes is 

predicted to have profound effects on cancer cell proliferation via a number of 

mechanisms, thereby accomplishing one of the main goals of chemotherapy − to 

halt tumor growth.  

The use of small molecule binders to stabilize the G-quadruplex DNA 

motif is a possible approach to achieve this therapeutic goal.  To date, a large 

number of compounds with varying degrees of efficacy in their ability to target 

this higher-order DNA structure have been reported.14,15 Based on this wealth of 

empirical data − not only obtained from binding studies, but also from molecular 

modeling and crystal structure determination of quadruplex-ligand complexes,21,30 

several clues towards the rational design of G-quadruplex binders have been 

uncovered, including the need for an electron-poor aromatic π-surface, positive 

charges in the scaffold and the presence of positively charged side-arms.17   

Most classical G-quadruplex binders are purely organic heteroaromatic 

compounds.17 A particularly attractive strategy for designing G-quadruplex 

binders is through the incorporation of metal centers, as they offer a large variety 

of structural and functional features that can be exploited for optimal binding. In 

particular, platinum(II) complexes can introduce a square planar geometry 

unavailable to carbon compounds and can act as electron withdrawing groups to 

further increase positive character on the ligand. They can also simplify synthetic 

access to G-quadruplex binders and allow for the modular generation of 

compound libraries in a minimum number of steps. 

In this report, we examine the construction of a new class of platinum(II) 

phenanthroimidazole complexes as guanine quadruplex binders for telomeric 

DNA sequences. Through circular dichroism (CD), fluorescence intercalator 

displacement assays (FID), and a modified telomeric repeat amplification protocol 

assay (TRAP-Lig), we structurally evolve these highly modular and synthetically 

accessible constructs towards optimal G-quadruplex binding. In particular, we 

examine the effect of increasing the π-surface of the ligand through aromatic ring 



 

extension and by introducing different hydrogen bonding interactions. We also 

probe the effect of introducing an electron withdrawing substituent on binding 

affinity, selectivity and telomerase inhibition. Lastly, we perform preliminary cell 

studies which confirm the ability of the optimized structure to target cancer cells. 

2.2 Results and Discussion 

2.2.1 Design and synthesis of phenanthroimidazole platinum(II) 

complexes 

One of the greatest challenges in designing compounds as G-quadruplex 

binders is to construct complexes that are selective towards G-quadruplexes rather 

than the far more abundant B-DNA contained within the genome. To date, a large 

number of compounds have been reported which possess varying degrees of 

efficacy in their abilities to selectively target this higher-order DNA structure.17-20 

Several characteristics have been deemed necessary for selective targeting 

including molecules with larger π-surface areas so as to maximize the electrostatic 

interactions with the planar aromatic surface of the G-quadruplex.17 Additionally, 

these molecules should be large enough for intercalation into B-DNA to be 

hindered. This can be achieved through the addition of positively-charged side-

chains, which can also increase interactions with the negatively charged 

phosphate backbone of the DNA. As previously mentioned, G-quadruplexes have 

four grooves21 (as compared to the two grooves of B-DNA), so designing side-

chains that can penetrate multiple grooves would also be beneficial. 

To generate compounds with the above mentioned characteristics, the use 

of standard organic chemistry could prove difficult, due to the number of steps 

required. For example, the much-studied natural product G-quadruplex binder 

telomestatin, requires around 16 synthetic steps and results in a low overall yield 

(Figure 2.1).22,23 Conversely, an attractive strategy for designing G-quadruplex 

binders employs the incorporation of metal centers (e.g. nickel(II), ruthenium(III), 

palladium(II), platinum(II), etc), as the synthesis of metal complexes requires 

much fewer steps from ligand to complex, and they offer a large variety of 

structural and functional features that can be exploited for optimal binding. One 



 

feature is the inherent positive charge of the metal, and when coupled with an 

aromatic ligand, the combination presents a large, electron-poor π-surface. In 

particular, platinum(II) complexes can introduce a square planar geometry 

unavailable to carbon-based and other heteroaromatic compounds.  

 

Figure 2.1 The structure of the natural product telomestatin. 

A previous graduate student, Dr. Roxanne Kieltyka has shown that two 

platinum(II) phenanthroimidazole complexes with extended π-surfaces afford 

greater binding affinity to the tetrameric, intermolecular G-quadruplex than to 

duplex DNA (Chapter 1, pp 37-40).24 In this chapter, we expand the existing 

library of complexes in a rational manner so as to improve binding affinity 

towards more biologically relevant, telomere-derived intramolecular G-

quadruplexes. This can be achieved through increasing the π-surface area of 

phenanthroimidazole ligand via coupling of the 1,10-phenanthroline-5,6-dione 

precursor with π-extended aldehydes such as quinoline-8-carbaldehyde, 1H-

indole-carbaldehyde, and 7-hydroxy-1-naphthaldehyde, among others.  

In addition to the aforementioned aldehydes providing a π-extended 

surface, they also contain hydrogen-bond donors or acceptors. Precedents set by 

Mergny and coworkers25,26 demonstrate that molecules containing intramolecular 

hydrogen-bonds (e.g. 2,6-pyridine-dicarboxamide and 1,10-phenanthroline-2,9-

dicarboxamide compounds) adopt a syn-syn conformation27 such that the internal 

hydrogen-bonds hold the complex in a flat, planar arrangement (Figure 2.2). 

Mergny and coworkers were able to establish that this property greatly enhances 

binding affinity to G-quadruplex targets compared to derivatives without the 

internal hydrogen-bonds.  



 

Figure 2.2 Compounds with internal hydrogen-bonding motifs: a) 2,6-pyridine-
dicarboxamide core,25 and b) 1,10-phenanthroline-2,9-dicarboxamide core.26 Internal 
hydrogen bonds are shown in red. 

Complexes 2.1-2.7 (Figure 2.3) possess phenanthroimidazole ligands that 

are bound to platinum(II)-ethylenediamine metal centers. The phenanthro-

imidazole units were synthesized through the condensation of 1,10-

phenanthroline-5,6-dione with an aromatic aldehyde (phenyl-, naphthyl-, indolyl-, 

quinolinyl-, 2-phenol-, 2-hydroxy-1-naphthyl-, or p-chlorophenyl-) as previously 

performed in our lab.24  Subsequently, these ligands were reacted with potassium 

tetrachloroplatinate, resulting in [Pt(phenanthroimidazole)Cl2], followed by 

treatment with ethylenediamine (en) and precipitation with ammonium 

hexafluorophosphate, resulting in complexes 2.1 (phenyl-) and 2.2 (naphthyl-),24 

2.3 (indolyl-) and 2.4 (quinolinyl-), 2.5 (phenol-) and 2.6 (hydroxynaphthyl-), and 

finally 2.7 (p-chlorophenyl-).28 For comparison, [Pt(bipyridine)(en)]2+ (complex 

2.8) which has been previously shown to bind to duplex DNA by intercalation 

through a significantly less π-extended system than complexes 2.1-2.7 was also 

synthesized and used as a negative control for G-quadruplex binding.24,29 

Complexes 2.3 and 2.4 were light-sensitive and needed to be handled in the dark 

to avoid decomposition. Complex 2.6 was not used in this study as solubility in 

H2O and buffered conditions at low concentrations (< 100  µM) was extremely 

poor. Through CD, FID, and the telomerase inhibition assay TRAP-Lig, we 

studied the outcome of the structural differences of these highly modular and 

synthetically accessible constructs towards optimal G-quadruplex binding. 
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Figure 2.3 Platinum(II) complexes used in this study. Phenylphenanthroimidazole 
ethylenediamine platinum(II) (2.1), naphthylphenanthroimidazole ethylenediamine 
platinum(II) (2.2), indolylphenanthroimidazole ethylenediamine platinum(II) (2.3), 
quinolinylphenanthroimidazole ethylenediamine platinum(II) (2.4), 
salicylphenanthroimidazole ethylenediamine platinum(II) (2.5), 2-hydroxy-1-
naphthylphenanthroimidazole ethylenediamine platinum(II) (2.6)  p- 
chlorophenylphenanthroimidazole ethylenediamine platinum(II) (2.7), bipyridine 
ethylenediamine platinum(II) (2.8). Red hashed lines in complexes 2.3-2.6 represent 
intramolecular hydrogen bonds. 

2.2.2 Binding affinity and selectivity of the phenyl complex 2.1 

As discussed in Chapter 1 (pp 6), the folding of G-quadruplex polymorphs 

is highly dependent on the presence of cations (namely K+, Na+, Sr2+) in solution. 

Here, we used the human telomeric sequence 22AG (5'-A(G3T2A)3G3-3') as this 

sequence is biologically relevant. As the sequence is guanine-rich, any presence 

of cations could cause the sequence to fold into a G-quadruplex secondary 

structure. Hence, in order to ensure the 22AG sequence is single-stranded at the 

start of the titration and that any folding thereafter is caused by the parent 

phenylphenanthroimidazole complex 2.1, the DNA was dialyzed against Milli-Q 
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water for 1−3 days to remove any excess salts remaining from the DNA 

purification process. We then examined the ability of the phenyl- complex 2.1 to 

template the folding of a G-quadruplex structure from single-stranded DNA. This 

was carried out by titration of 22AG with phenyl- complex 2.1, followed by CD 

analysis.  In this assay, if templation occurs, a decrease in the CD peaks 

associated with the single-stranded oligonucleotide (slight negative peak at 238 

nm and strong positive peak at 257 nm) and the concomitant appearance of peaks 

associated with G-quadruplex structures are expected (Figure 2.4). An 

antiparallel, basket G-quadruplex, such as that found in buffer solutions 

containing Na+-cations, would result in a characteristic positive peak at 292 nm 

and a negative peak at 262 nm for this sequence (Figure 2.4a). A mixed hybrid 

structure, such as that found in buffer solutions containing K+-cations, is expected 

to give two positive maxima at 295 nm and 260 nm (Figure 2.4b and Figure 2.4c). 

Figure 2.4 Schematics of the quadruplex polymorphs: a) Basket antiparallel structure 
found in Na+-containing solutions and b) form 1 and c) form 2 of the (3+1) hybrid 
structure found in K+-containing solutions. The gray and white parallelograms represent 
syn and anti orientations, respectively, of the guanine bases contained within the tetrads; 
d) CD spectra of a) (purple), b) and c) (green) structures compared to single-stranded 
DNA (red). 

Upon the gradual addition of phenyl- complex 2.1, a strong positive peak 

at 295 nm and negative peak at 260 nm were observed, consistent with templation 

of a basket-type antiparallel G-quadruplex from this strand (Figure 2.5a) in the 

absence of added Na+- or K+-ions. In contrast, the less π-extended platinum 

bipyridine complex 2.8 showed no distinct differences upon titration of the single-

stranded 22AG, consistent with weaker binding to the G-quadruplex (Figure 2.5b) 

 

a) b) c)
4E5

2E5

0

-2E5

-4E5

M
ol

ar
 E

lli
pt

ic
ity

 (θ
)

Wavelength (nm)

d) a) Basket - (Na+)
b) and c) Hybrid - (K+)
ss-DNA

250 300 350 400



 

Figure 2.5 CD Spectra of the quadruplex templation with a) 2.1 and b) 2.8. Arrows in 
panel a) show the direction of change in CD signal with increasing additions of complex 
2.1 (the red trace is ss-DNA and the purple trace is the fully-formed basket polymorph). 
The inset in panel a) shows the decrease in circular dichroic peak between 250 and 260 
nm with added complex 2.1. The saturation point is at ~ 2:1 ratio of complex 
2.1:quadruplex DNA strand and indicates a 2:1 binding stoichiometry. 

Binding stoichiometry of phenyl- complex 2.1 to G-quadruplex DNA can 

be determined from the changes in molar ellipticities of the CD bands at either 

250−260 nm or 285−295 nm. Upon plotting these values as a function of molar 

equivalents of platinum(II) complex added, it was clear that the curve saturated at 

approximately a 2:1 ratio of complex 2.1:quadruplex strand (Figure 2.5a, inset). 

This is consistent with a binding stoichiometry of 2:1, a value which has 

previously been reported for other strong G-quadruplex binders, such as 

telomestatin30 (Figure 2.1) and a macrocyclic oligoamide.30,31 

We then examined the binding affinity of phenyl- complex 2.1 to the 

quadruplex structures using the fluorescence intercalator displacement assay 

(FID). The FID assay is a binding assay based on work by Teulade-Fichou and 

coworkers.32 It relies on competitive displacement of the dye thiazole orange (TO) 

from the DNA target using small molecule binders, with concomitant decrease in 

the fluorescence intensity of the dye. Thiazole orange is highly fluorescent when 

bound to the quadruplex (or duplex DNA) motif and exhibits binding affinities 

between 106.0 and 106.7 M-1 depending on the sequence to which it is bound.33 

Conversely, the fluorescence of TO is negligible when unbound, that is, in 

aqueous solution. Thus, displacement of the dye by a stronger binder results in a 

reduction of the fluorescence of the dye. Binding affinity is evaluated from the 

concentration of platinum complex that is required to give a 50% decrease in the 

dye fluorescence (DC50) (see Chapter 1, pp 49 for more details on this assay). Due 
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to the aforementioned polymorphic nature of human telomeric quadruplexes in 

the presence of different metal cations,34,35 we investigated binding affinities to 

both the Na+ basket quadruplex and the K+ hybrid structure (Figure 2.4). We 

compared our DC50 values to those obtained using two duplex DNA targets (a 

17mer duplex and a self-complementary 26mer duplex mixed sequence) in order 

to evaluate the selectivity of our complexes for G-quadruplex versus  duplex 

DNA. The observed G4DC50 for phenyl- complex 2.1 of ~ 0.6 µM for both G-

quadruplex polymorphs was consistent with good binding affinity, and indicated 

stronger binding to these quadruplex structures than to duplex DNA 

(dsDC50/G4DC50 ~ 1.3−1.7). These studies also show that phenyl- complex 2.1 

binds significantly better than bipyridine complex 2.8, a compound with a smaller 

π-surface area, emphasizing the importance of large, extended π-surfaces for G-

quadruplex binding to these platinum complexes (Figure 2.3).  

 2.1 2.2 2.3 2.4 2.5 2.7 2.8 

Na+ 0.66 1.30 0.53 0.70 0.53 0.31 >2.50 G4DC50 

(μM) K+ 0.68 1.71 1.55 1.09 0.70 0.66 ND[a] 

17mer 1.11 2.12 1.37 1.65 1.60 1.47 >2.50 dsDC50 

(μM) 26mer 0.84 1.58 1.03 1.37 1.10 1.20 >2.50 

Selectivity 
1.23-

1.68 

0.92-

1.63 

0.66-

2.58 

1.25-

2.36 

1.57-

3.02 

1.82-

4.74 
- 

Table 2.1 DC50 values determined from the FID assay. [a] Not determined: given the 
inability of complex 2.8 to bind strongly to quadruplex DNA, no thiazole orange 
displacement was observed, and therefore no DC50 value could be determined. [b] 
Selectivity range determined from dividing the lowest dsDC50 by the highest G4DC50 and 
the highest dsDC50 by the lowest G4DC50 for each complex. A selectivity value greater than 
1 corresponds to higher selectivity for quadruplex than duplex DNA. 

2.2.3 Increasing the π-surface area of the platinum complexes 

The parent phenyl phenanthroimidazole complex 2.1 displays good 

affinity and selectivity towards G-quadruplexes, whereas the bipyridine complex 

2.8 shows significantly reduced binding strength towards this target. This 

encouraged us to examine the effects of increasing the π-surface of these 

complexes to possibly optimize binding interactions. As such, we introduced a 

naphthyl-, rather than a phenyl- substituent (complex 2.2) onto the 



 

phenanthroimidazole ligand on the platinum. Titration of single-stranded DNA 

with naphthyl- complex 2.2 resulted in templation of the antiparallel G-

quadruplex (Figure 2.6), similarly to phenyl- complex 2.1. However, FID assays 

showed significantly lower binding affinity to the intramolecular telomeric G-

quadruplex, both in sodium (G4DC50 = 1.30 µM) and in potassium (G4DC50 = 1.71 

µM), which was now similar to its affinity for duplex DNA (ds26merDC50 = 1.58 

µM). This observation contrasts with our earlier studies, which showed higher 

affinity of this naphthyl complex towards the all-parallel intermolecular G-

quadruplex.24 

Figure 2.6 CD templation of complex 2.2 with single-stranded quadruplex DNA.  

This result prompted us to examine the structure of naphthyl- complex 2.2 

more closely. While increasing the π-surface of the aromatic group may result in 

greater stacking of this group with the G-quadruplex, it would also be expected to 

impose a larger twist angle between the phenanthroimidazole and naphthyl 

moieties. This twisted structure may prevent favorable structural overlap of the 

more extended π-surface ligand with the intramolecular telomeric G-quadruplex.  

The effective twist angles between the phenanthroimidazole ligand and the 

substituent rings were analyzed to further understand the amount of planar π-

surface each ligand can provide. These studies were performed by Dr. Pablo 

Englebienne and Dr. Nathanael Weil in Prof. Nicolas Moitessier’s laboratory. 

Density functional theory (DFT) calculations at the B3LYP/LACV3P** level of 

theory were performed by scanning the N-C-C-C torsional angle between the 

phenanthroimidazole ligand and the substituents for the phenyl- and naphthyl- 

ligands at 5° increments. The phenyl- ligand in complex 2.1 shows a shallow 
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potential energy dependence on the torsional angle between the two aromatic 

units and an energy minimum at 15°. However, the naphthyl- ligand in complex 

2.2 shows an energy minimum at a higher torsional angle of 30°, with the energy 

increasing at 0° angle, i.e. when the two aryl groups are aligned (Figure 2.7). 

Figure 2.7 Energy diagram from the torsional scan around the N-C-C-C bond in the 
phenanthroimidazole ligands of complex 2.1-2.5 and 2.7; the inset shows the bond (red) 
around which the torsion angles were measured. 

This encouraged us to examine a new class of ligands in which the 

attached aryl- substituent is π-extended, but can be locked in an aligned, 0° twist 

angle through an intramolecular hydrogen-bond (Figure 2.3). Complex 2.3 has an 

indole unit that is expected to engage in hydrogen-bonding between the indole 

nitrogen (H-bond donor) and the imidazole nitrogen. Complex 2.4 has a quinoline 

unit, whose nitrogen can act as an H-bond acceptor with the imidazole nitrogen 

acting a donor. Phenol complex 2.5 has a less π-extended phenol group that can 

act as an H-bond donor to the imidazole nitrogen, while hydroxynaphthyl- 

complex 2.6 has a more π-extended phenol group that can act like phenol- 

complex 2.5. DFT calculations show that the effectively locked ligands now 

exhibit a minimum in the potential energy surface for a torsion value of 0°, with a 

sharp increase in energy for deviations of more than 10−15° (Figure 2.7). The 

entropic penalty can be reduced upon binding by removing the internal strain 

within the ligands and locking the biphenyl torsion angle.
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2.2.4  Extending the π-surface area with complexes 2.3-2.5 through 

the introduction of intramolecular hydrogen-bonds 

Titration of single-stranded DNA with quinolinyl- complex 2.4 was 

followed by CD analysis (Figure 2.8a). Similar to phenyl- complex 2.1 and 

naphthyl- complex 2.2, quinolinyl- complex 2.4 resulted in exclusive templation 

of the antiparallel quadruplex form and exhibited a binding ratio of approximately 

2:1 for complex 2.4:quadruplex-DNA strand (Figure 2.8a, inset). Indolyl- 

complex 2.3 also templates an antiparallel structure, or a mixture of structures that 

have antiparallel characteristics (Figure 2.8b).[§] 

 

Figure 2.8 CD Spectra of the quadruplex templation with a) quinolinyl- complex 2.4 and 
b) indolyl- complex 2.3. Arrows in panels a) and b) show the direction of change in CD 
signal with increasing additions of complex 2.4 and 2.3, respectively, (the red trace is ss-
DNA and the purple trace is the fully-formed basket polymorph). The inset in panel a) 
shows the decrease in circular dichroic peak between 250 and 260 nm with added 
complex 2.4. The saturation point is at ~ 2:1 ratio of complex 2.4:quadruplex DNA strand 
and indicates a 2:1 binding stoichiometry. 

Interestingly, indolyl- complex 2.3 and quinolinyl- complex 2.4 bind more 

strongly to the G-quadruplex antiparallel basket than to the hybrid structure (i.e., 
G4DC50 = 0.53 µM  versus G4DC50 = 1.55 µM for complex 2.3). Thus, unlike 

phenyl- complex 2.1, these complexes display greater affinity and selectivity for a 

specific G-quadruplex polymorph. This binding selectivity is a valuable feature, 

as numerous G-quadruplex targets of different structures have recently been 

described in the promoter regions of oncogenes.10 A current challenge is to find 

small molecules that target one of these polymorphic quadruplex structures 

preferentially. Molecules such as complexes 2.3 and 2.4 display such selectivity.  
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CD titration studies show that phenol- derivative 2.5 templates clean formation of 

the antiparallel basket G-quadruplex polymorph (Figure 2.9a) with a 2:1 binding 

stoichiometry for complex 2.5:quadruplex-DNA strand, much like the closely related 

phenyl derivative complex 2.1 (Figure 2.9b). Introduction of the ortho-hydroxyl 

substituent was found to increase the binding affinity of this complex to the antiparallel 

G-quadruplex form, as well as increase the selectivity for G-quadruplex versus duplex 

DNA (G4DC50 = 0.53 µM, dsDC50/G4DC50 ~ 1.6−3.0).  However, complex 2.5 displays less 

selectivity between G-quadruplex polymorphs (the antiparallel versus the hybrid G-

quadruplex forms) than do complexes 2.3 and 2.4. Thus, this complex shows similar 

binding features to the closely related phenyl- complex 2.1, albeit with moderately 

improved affinity to G-quadruplexes and selectivity between G-quadruplexes and duplex 

DNA compared to the phenyl- complex 2.1 (Table 2.1). Based on the DFT calculations 

and Figure 2.7, we had assumed that the phenol- complex 2.5 would have significantly 

improved binding affinity to G-quadruplexes compared to the phenyl- complex 2.1. The 

fact that overall binding affinity to G-quadruplexes did not significantly improve in the 

case of complex 2.5 may be a result of the electron-rich nature of the phenol ring, which 

can play a role in reducing binding to the G-quartet structure. This enrichment in electron 

density could disrupt the balance between electrostatic attraction and effective π-stacking 

with the binding surface of the G-quadruplex. As mentioned earlier, studies of the 2-

hydroxy-1-naphthyl substituent were not pursued due to poor solubility at the 

concentrations necessary for the biophysical assays. 

Figure 2.9 a) CD Spectra of the quadruplex templation with phenol- complex 2.5. Arrows in 
panel a) show the direction of change in CD signal with increasing additions of complex 2.5. b) 
The decrease in circular dichroic peak between 250 and 260 nm with added complex 2.5. The 
saturation point is at ~ 2:1 ratio of complex 2.5:quadruplex DNA strand and indicates a 2:1 
binding stoichiometry. 
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In summary, the introduction of hydrogen bonding substituents on the aromatic 

ring resulted in improved binding affinity of complexes 2.3-2.5 to the G-quadruplex, as 

well as increased selectivity for this structure versus duplex DNA. In addition, selectivity 

towards a specific G-quadruplex polymorph (the antiparallel basket structure) is 

enhanced for these structures, outlining new design features that can be used to target 

specific G-quadruplex structures. 

2.2.5 Introduction of an electron-withdrawing halogen substituent 

Locking the aryl substituent of indolyl- complex 2.3 and quinolinyl- complex 2.4 

with an intramolecular hydrogen bond resulted in an increase in affinity and selectivity 

for the antiparallel G-quadruplex structure. We were also interested in investigating 

whether electronic effects could further improve the binding affinity of this class of 

molecules. In particular, given the electron-rich nature of the G-quartet, we examined the 

effect of increasing the electron deficiency of our complexes by adding a chlorine 

substituent at the para-position of the phenyl phenanthroimidazole (complex 2.7). DFT 

calculation studies performed by Dr. Nathanael Weil showed a significant impact of the 

chlorine atom on the highest occupied molecular orbital (HOMO) of the complex, and no 

impact on the lowest unoccupied molecular orbital (LUMO), with a decrease in electron 

density of the HOMO and aromatic character of the imidazole unit in p-chlorophenyl- 

complex 2.7, as compared to the unsubstituted phenyl- complex 2.1 (Figure 2.10). Thus, 

the intervening phenyl ring efficiently mediates a shift of the electron density away from 

the imidazole ring towards the chlorine atom. Moreover, the chlorine substituent results 

in a calculated dipole moment for p-chlorophenyl- complex 2.7 that is significantly 

greater than that of the unsubstituted phenyl- complex 2.1 (17.8 versus 10.7 Debye). 

Finally, scanning the energy as a function of torsion angle between the p-chlorophenyl 

and imidazole groups for complex 2.7 shows an energy minimum at 0−5° (Figure 2.7), 

which predicts alignment of the two aromatic rings. This is likely the result of increased 

conjugation between the imidazole and the electron deficient p-chlorophenyl group.  

Thus, p-chlorophenyl- complex 2.7 is not only expected to display a more electron 

deficient π-surface, it is likely to be planar, with minimal twisting between its aromatic 



 

rings despite a lack of internal H-bonding. Together, these characteristics would be 

assumed to increase binding affinity to the G-quadruplex binding surface. 

Figure 2.10 Comparison of the HOMOs of a) phenyl- complex 2.1 and b) p-chlorophenyl- 
complex 2.7. The isosurfaces represent the HOMO of the complexes computed by Jaguar 7.7 
using an isovalue of −0.05. 

These modeling results encouraged us to synthesize this complex and assess its 

binding affinity for the G-quadruplex structures. CD titration of single-stranded telomeric 

DNA with the p-chlorophenyl complex 2.7 resulted in the exclusive formation of the 

antiparallel G-quadruplex form (Figure 2.4a), in a similar manner to phenyl- 2.1, 

quinolinyl- 2.4, and phenol- 2.5 complexes with the same binding stoichimetry of 2:1 

(Figure 2.11). FID assays showed significantly increased binding affinity of p-

chlorophenyl- complex 2.7 to the antiparallel G-quadruplex form in Na+ buffer (G4DC50 = 

0.31 µM), which is comparable to some of the more potent G-quadruplex binders 

reported in the literature, including those found in Figure 2.2.36 Selectivity for G-

quadruplex versus duplex DNA is increased (dsDC50/G4DC50 ~ 1.8-4.7), and preference 

for the antiparallel G-quadruplex form over the hybrid form is maintained. Thus, by 

creating a conjugated ‘donor-acceptor’ system (imidazole and chlorophenyl rings in 

complex 2.7), the two aromatic rings are kept in a parallel conformation. With this 

method, binding affinity and selectivity to G-quadruplexes can be significantly increased, 

without the need to use fused polycyclic aromatic rings. 

 



 

Figure 2.11 a) CD Spectra of the quadruplex templation with p-chlorophenyl 2.7. Arrows in 
panel a) show the direction of change in CD signal with increasing additions of complex 2.7. b) 
The decrease in circular dichroic peak between 250 and 260 nm with added complex 2.7. The 
saturation point is at ~ 2:1 ratio of complex 2.7:quadruplex DNA strand and indicates a 2:1 
binding stoichiometry. 

2.2.6 TRAP-Lig assay (performed by Johanna Mancini and Dr. Johans 

Fakhoury) 

To analyze the telomerase inhibition potential of platinum(II) complexes, an 

adapted version of the telomeric repeat amplification protocol (TRAP) assay was used.37 

Elongation of the telomeric substrate by the telomerase enzyme will generate DNA 

products, which are then PCR-amplified in the presence of a reverse primer termed ACX. 

Standard TRAP reactions contain telomeric substrate (TS) primer, NT primer, and TSNT 

internal control primer. These latter primers ensure that the telomerase inhibition 

observed is not due to inhibition of the PCR reaction step. DNA products generated by 

telomerase and amplified by PCR are then resolved on a non-denaturing polyacrylamide 

gel and analyzed. The resulting ladder of DNA products is normalized to the internal 

control (IC). The IC is generated by the PCR amplification of TSNT by both the TS and 

NT primers. The ratio obtained for the inhibited telomerase reactions is then compared to 

the ratio of uninhibited telomerase (positive control containing protein only). Although 

the standard TRAP assay has been used successfully for assessing the ability of G-

quadruplex motifs to inhibit telomerase, a recent study indicates that the efficiency of 

inhibition has been overestimated due to the inhibition of the PCR amplification on 

quadruplex-prone motifs that persist since the small molecule stabilizers remain in the 

reaction mixture, even though the internal PCR control (IC) is not affected.38 A modified 

TRAP assay, the TRAP-Lig protocol, removes the G-quadruplex binder prior to the PCR 
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step via a spin column, eliminating any inhibition that may be due to the presence of the 

ligand.37 

In the presence of increasing concentrations of platinum(II) complex, a decrease 

in TRAP product is observed, indicating that telomerase activity is inhibited by these G-

quadruplex binders (Figure 2.12a, complex 2.1). The IC50 values range from 0.46 to 11.6 

µM (Figure 2.12b), on the same order as telomestatin (IC50 = 0.6 µM, Figure 2.1) and 

BRACO-19 (IC50 = 6.3 µM), as measured using the TRAP-Lig protocol.37 Moreover, the 

result obtained for the widely used 5,10,15,20-tetrakis(1-methyl-4-pyridino)porphyrin 

(TMPyP4) was of the same order of magnitude to those previously reported,37 

demonstrating the reliability of the TRAP-Lig assay (data not shown). In order to confirm 

the complete removal of the complex by the spin column, we added an excess of complex 

2.2 after the extension reaction and subsequently purified the extended product using the 

spin column. After the PCR step, we observed that the signal of the amplified product for 

the positive control (no complex added) was the same as that of the reaction in which the 

complex was added after the extension reaction (data not shown). This observation 

confirms that all platinum(II) complexes added before the extension step are completely 

removed by the spin column and that telomerase inhibition is indeed caused by the G-

quadruplex binders. From the above observations we conclude that complexes 2.1-2.5 

and 2.7 are efficient and specific telomerase inhibitors. 

A closer examination of the inhibition curves (Figure 2.12b) reveals additional 

detail that cannot be obtained merely from the IC50 values. At a concentration of 32 nM, 

there is already significant inhibition of telomerase elongation products for some of the 

complexes (e.g., up to 40% for complex 2.4). Interestingly, only phenol- complex 2.5 and 

p-chlorophenyl- complex 2.7, which are the strongest G-quadruplex binders, result in 

100% inhibition of telomerase elongation at the end of the experiment. Complex 2.7 in 

particular has the largest inhibition window − from ~ 100% enzyme activity at 32 nM to 

~ 0% at 50 µM. The inhibition of telomerase elongation in the TRAP-Lig assay is a 

complex process; it can result from the ability of these complexes to bind and sequester 

the telomerase substrates in their G-quadruplex form, or possibly from their direct 

inhibition of the enzyme activity or processivity.38 Thus, while the inhibition of 

telomerase elongation by complexes 2.1-2.5 and 2.7 correlates with G-quadruplex 



 

binding affinity, it is clear that each complex results in a unique profile with different 

initial and final activities and different inhibition slopes. 

Figure 2.12 a) Non-denaturing polyacrylamide gel from the TRAP-LIig assay for complex 2.1. 
The first two lanes at left represent negative (no protein extract) and positive (no added complex) 
controls. Increasing concentration of complex 2.1 shows a decrease in the length of elongation 
products, consistent with the inhibition of telomerase activity. The lane at the far right (bp) is a 
DNA ladder used for size comparison with the elongation products. Bands appearing at 35 pb 
are the internal control (IC) of the TRAP-Lig. b) Inhibition curves from assay for complexes 2.1-
2.5 and 2.7. 

2.2.7 Preliminary cytotoxicity studies (performed by Johanna Mancini) 

To assess the anti-proliferative activities of p-chlorophenyl complex 2.7 in 

telomerase expressing cancer cell lines A549 and MCF-7, an MTS ((3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)) 

assay that evaluates mitochondrial metabolic activity was conducted.39,40 In this assay, 

cells are incubated in with varying concentrations of complex 2.7 for 72 hours. After the 

incubation period, the MTS reagent is added and allowed to incubate for 3 hours. If the 

cells are still metabolically active after incubation with the complex, the NAD(P)H-

dependent cellular oxidoreductase enzymes will reduce the MTS dye to the purple 

formazan product with an absorbance maximum around 490−500 nm. After the assay is 

completed, the absorbance is read and the concentration of the dye can be quantified, 

giving an accurate representation of viable cells. From the varying concentrations of 

incubated ligand, one can determine the IC50 values or concentration of ligand required to 

reduce the number of viable cells by 50%. 

2.1
2.2
2.3
2.4
2.5
2.7

a)       Complex 2.1(μM)            b)



 

In preliminary studies using this assay, complex 2.7 was found to be three times 

more cytotoxic to the cancer cell lines than to the normal fibroblast cell line MRC-5 (IC50 

values of approximately 20 µM versus 60 µM upon 72 hour treatment). In order to ensure 

G-quadruplex specificity, we tested the cytotoxicity of bipyridine complex 2.8, the 

platinum complex that showed no binding to G-quadruplexes. We were consistently 

unable to obtain any IC50 values for bipyridine complex 2.8 (up to 100 µM) using the 

same assay, consistent with its low DNA binding affinity. This preliminary data indicates 

that p-chlorophenyl- complex 2.7 causes preferential cell cytotoxicity in cancer cell lines 

while being less toxic to normal cells, a selectivity that compares well with previously 

reported strong G-quadruplex binders.41 These complexes warrant further investigation 

for use as therapies targeted towards stabilizing G-quadruplex structures at telomeres 

and/or G-rich oncogene promoter regions. 

2.3 Conclusions 

We have shown that phenanthroimidazole platinum(II) complexes template and 

strongly bind G-quadruplex forming sequences based on the human telomeric repeat, 

(TTAGGG)n, inhibit telomerase and one of them (the p-chlorophenyl derivative) is 

cytotoxic to cancer cells. The specific findings are summarized below:  

1. Phenanthroimidazole platinum(II) complex 2.1 can cleanly template the 

formation of an antiparallel G-quadruplex from single-stranded telomeric DNA, in a  2:1 

stoichiometry, without the need for addition of Na+- or K+-ions. It binds to G-

quadruplexes with good affinity and selectivity over duplex DNA. 

2. Through modeling studies, it was found that increasing the π-surface of this 

complex by moving from a phenyl to a naphthyl substituent as complex 2.2, also 

increases the torsional angle between the two aromatic rings. Experimentally, it results in 

a decreased binding affinity for G-quadruplexes. 

3. By locking the aromatic rings together using an intramolecular hydrogen bond 

as in complexes 2.3-2.5, higher binding affinities and selectivities for G-quadruplexes are 

observed. Interestingly, the selectivity of these complexes to the antiparallel over the 

hybrid G-quadruplex structure is also significantly increased.   



 

4. Most notably, by introducing a chloro-substituent at the p-phenyl position, DFT 

studies predicted a significant decrease in electron density of the aromatic ring, an 

increase in dipole moment and a near-zero twist angle between the two aromatic rings. 

Experimentally, this complex 2.7 was found to bind to antiparallel G-quadruplexes with 

the highest affinity and selectivity of the series herein, which is comparable to some of 

the most potent G-quadruplex binders in the literature. 

5. Complexes 2.1-2.5 and 2.7 are effective telomerase inhibitors, but differ 

significantly in their inhibition profiles. 

6. Complex 2.7, a selective G-quadruplex binder, is more cytotoxic to cancer cells 

than to normal cells. 

These studies have illustrated a number of design principles for guanine 

quadruplex binders. An extended π-aromatic surface had been found to result in high 

binding affinity in most previous reports; however, extended polycyclic aromatic 

molecules may not be sufficiently drug-like. These studies have shown that (a) 

introducing an intramolecular hydrogen bond between two aromatic rings (complexes 

2.3-2.5), or (b) creating a conjugated ‘donor-acceptor’ system (imidazole and 

chlorophenyl rings in complex 2.7) can effectively lock the two aromatic rings in a 

parallel conformation, thus significantly increasing binding affinity and selectivity. These 

strategies may circumvent the need for including fused polycyclic aromatic motifs in G-

quadruplex binders. As a result of the ease of their synthesis and modification, we are 

currently examining strategies to further simplify the design of these complexes, and are 

carrying out more detailed studies in order to examine the mechanism by which they 

target cancer cells. 

2.4 Experimental section 

2.4.1 Synthesis  

NMR spectra were recorded at 300 or 400 MHz on a Varian Mercury instrument 

operated with VNMRJ 2.2D software under LINUX Red Hat 5. The following 

abbreviations are used: singlet (s), doublet (d), doublet of doublets (dd), triplet (t), 

multiplet (m), and broad (br). Mass spectrometry was performed on a Kratos MS25RFA 

high-resolution mass spectrometer. IR spectra were collected on a Perkin Elmer 400 



 

instrument. All chemicals were used as received from Sigma-Aldrich without further 

purification for synthesis of the ligands and their respective complexes. Quinoline-8-

carboxaldehyde was received from Alfa-Aesar and used without further purification. 

1,10-phenanthroline-5,6-dione, bipyridine (2.8), phenylphenanthroimidazole (2.1), and 

naphthylphenanthroimidazole (2.2) platinum(II) complexes,24 salicylphenanthroimidazole 

(SIP) ligand,42 and p-chlorophenylphenanthroimidazole (CLIP) ligand43 were synthesized 

as previously reported. 

 

2-indolylimidazo[4,5-f]1,10-phenanthroline (PII):  

1,10-phenanthroline-5,6-dione (0.150 g, 0.721 mmol), and ammonium acetate (1.11 g, 

14.4 mmol) were dissolved in glacial acetic acid (50 mL) in the absence of light and 

under inert atmosphere. Once mostly dissolved, indole-7-carboxaldehyde (0.126 g, 0.865 

mmol) was added and this reaction mixture was refluxed for 1 h. The mixture was cooled 

on ice and then neutralized using NH4OH to pH 7. Crude product precipitated as a light 

brown solid. The solid was collected via vacuum filtration before being dissolved in 

MeOH/CH2Cl2 and evaporated onto silica gel under reduced pressure to be purified using 

column chromatography. The reaction mixture was separated using first 100% ethyl 

acetate followed by a gradient of CH2Cl2/MeOH from 0%−8% MeOH. The final product 

was evaporated to dryness as a yellow solid. It was important to exclude light at all times. 

Yield: 62.8 mg, 26%. 

1H NMR (300 MHz, d6-DMSO): δ = 13.81 (s, 1H), 11.75 (s, 1 H), 9.43 (dd, 1H), 9.06 (m, 

2H), 8.99 (dd, 1H), 8.07 (d, 1H), 7.88 (m, 2H), 7.75 (d, 1H), 7.58 (d, 1H), 7.27 (t, 1H), 

6.62 (d, 1H) ppm; 13C NMR (500 MHz, d6-DMSO): δ = 172.3, 150.4, 147.9, 143.6, 

132.7, 130.2, 129.1, 126.8, 123.2, 122.2, 118.9, 118.5, 113.0, 101.6, 21.3 ppm; HR-MS 

(ESI, 50:50 MeOH:H2O) m/z: calculated [M+H]1+ 336.12437, found 336.12423. 
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2-quinolinylimidazo[4,5-f]1,10-phenanthroline (PIQ):  

This compound was prepared similarly to PII, except 1,10-phenanthroline-5,6-dione 

(0.150 g, 0.714 mmol), ammonium acetate (0.275 g, 3.57 mmol), and quinoline-8-

carboxaldehyde (0.157 g, 0.999 mmol) were used and the reaction mixture was stirred at 

room temperature for ~ 1 h. The final product was isolated as a brown solid. It was 

important to exclude light at all times. Yield: 99.1 mg, 40%. 

1H NMR (400 MHz, d6-DMSO): δ = 14.10 (s, 1H), 9.19 (br, 1H), 9.14 (br, 1H), 9.02 (br 

s, 2H), 8.94 (br, 1H), 8.94 (br, 1H), 8.86 (d, 1H), 8.55 (d, 1H), 8.14 (d, 1H), 7.81 (br m, 

3H), 7.73 (br m, 1H) ppm; 13C NMR (500 MHz, d6-DMSO): δ = 151.5, 150.0, 148.4, 

148.3, 144.8, 144.2, 144.0, 138.0, 135.6, 130.8, 130.4, 130.4, 130.2, 128.9, 127.3, 126.9, 

126.4, 124.2, 123.9, 123.5, 122.5, 119.8 ppm; HR-MS (ESI, 90 MeOH: 10 formic acid) 

m/z: calculated 346.1218, found 348.1244. 

1-hydroxy-2-naphthylimidazo[4,5-f]1,10-phenanthroline (NIP): This ligand was 

synthesized with the aid of Nicole Avakyan in the laboratory of Prof. Hanadi Sleiman. 

This compound was prepared similarily to PII, except 1,10-phenanthroline-5,6-dione 

(0.111 g, 0.530 mmol), ammonium acetate (0.408 g, 5.30 mmol), and 1-hydroxy-2-

naphthaldehyde (0.127 g, 0.742 mmol) were used and the reaction mixture was refluxed 

overnight at 120°C. The crude product was isolated as a yellow solid. The product was 

purified via reverse-phase column chromatography on a CombiFlash C18-Aq column 

using a gradient of 100% Solvent A (95% MQ-water, 5% MeOH, with 0.1% formic acid) 

to 100% Solvent B (100% MeOH with 0.1% formic acid). The pure product eluted 

between 60%−70% Solvent B. After lyophilization for 48 h, a fluffy orange powder was 

recovered. Yield: 37.1 mg, 19%  
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1H NMR (400 MHz, d6-DMSO): δ = 9.04 (d, 2H), 8.91 (d, 2H), 8.00 (d, 1H), 7.92 (m, 

2H), 7.82 (dd, 2H), 7.45 (t, 1H), 7.39 (m, 2H) ppm; 13C NMR (300 MHz d6-DMSO): δ = 

155.2, 148.2, 143.9, 133.6, 131.9, 130.1, 128.6, 128.2, 127.7, 124.7, 123.8, 118.7, 110.6 

ppm; HR-MS (ESI, MeOH): calculated C23H14N4NaO [M+Na] 385.1060, found 

385.1064. 

[Pt(PII)(en)][PF6]2 (2.3): (en = ethylenediamine) K2PtCl4 (0.0689 g, 0.166 mmol) was 

first dissolved in demonized water (10 mL) and heated to ~ 80°C. Indolyl-

phenanthroimidazole (PII) (0.0548 g, 0.164 mmol) was dissolved in DMSO (10 mL) at ~ 

80°C in the absence of light. The K2PtCl4 solution was then added to the PII solution and 

the reaction mixture was allowed to stir overnight at room temperature before being 

vacuum-filtered. The intermediate (PII)PtCl2 was washed with warm water before drying 

with diethyl ether to afford (PII)PtCl2 as a light brown solid. Then, ethylenediamine (16.2 

µL, 0.242 mmol) was added to a suspension of (PII)PtCl2 (0.0160 g, 0.0270 mmol) in 

ethanol (10 mL) in an amber vial to exclude light. The reaction mixture was stirred at 

room temperature overnight before vacuum-filtration and rinsing with distilled H2O to 

remove unreacted material. Next, ammonium hexafluorophosphate was added to the 

filtrate to precipitate a light brown salt. The product was vacuum-filtered on a glass frit 

and washed with a small amount of distilled water before drying with diethyl ether. The 

resulting solid was light brown. Yield: 9.98 mg, 42%.  
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1H NMR (400 MHz, d6-DMSO): δ = 11.81 (s, 1H), 9.96 (d, 1H), 9.45 (d, 1H), 9.08 (br s, 

2H), 8.37 (br m, 2H), 8.08 (d, 1H), 7.84 (m, 1H), 7.61 (s, 1H), 7.34 (t, 1H), 6.93 (br s, 

4H), 6.67 (s, 1H), 2.78 (s, 4H) ppm; 13C NMR (300 MHz, d6-DMSO): δ = 148.7, 143.8, 

134.9, 133.2, 129.2, 126.8, 125.9, 124.1, 122.5, 119.3, 118.9, 102.1, 47.7 ppm; IR (ATR) 

n = 3645, 3398, 3322, 3143, 1599, 1414, 1341, 1170, 1055, 832, 555 cm-1; HR-MS (ESI, 

50:50 MeOH:H2O) m/z: calculated [M-2PF6]2+ 294.57371, found 294.57337 with 194Pt.  

[Pt(PIQ)(en)][PF6]2 (2.4): 2.4 was prepared similarily to 2.3. After precipitation with 

NH4PF6, a dark brown product was isolated. Yield: 39%. 

1H NMR (500 MHz, d6-DMSO): δ = 9.84 (br m, 1H), 9.50 (br m, 1H), 9.25 (br s, 1H), 

9.08 (br s, 2H), 8.91 (d, 1H), 8.66 (d, 1H), 8.33 (br s, 2H), 8.29 (d, 1H), 7.93 (t, 1H), 7.82 

(m, 1H), 6.98 (br s, 4H), 2.78 (s, 4H) ppm; 13C NMR (500 MHz, d6-DMSO): δ = 152.5, 

151.7, 144.8, 138.1, 131.5, 131.3, 128.9, 127.4, 126.4, 122.8, 105.0, 47.7 ppm; IR (ATR) 
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n = 3665, 3323, 2989, 2961, 1596, 1411, 1057, 834, 556 cm-1; HR-MS (ESI, 50:50 

MeOH:H2O)  m/z: calculated [M-2PF6]2+ 300.57371, found 300.57383 with 194Pt. 

[Pt(SIP)(en)][PF6]2 (2.5): This complex was synthesized with the aid of Nicole Avakyan 

in the laboratory of Prof. Hanadi Sleiman. 2.5 was prepared similarily to 2.3. After 

precipitation with NH4PF6, a red-orange product was isolated. There was no need to 

exclude light during this reaction. Yield: 54%.  

1H NMR (500 MHz, d6-DMSO): δ = 9.25 (d, 2H), 8.85 (d, 2H), 8.30 (d, 1H), 8.10 (t, 

2H), 7.21 (t, 1H), 6.86-6.84 (m, 2H), 6.83 (br s, 4H), 2.78 (br s, 4H) ppm. 13C NMR (300 

MHz, d6-DMSO): δ = 152.9, 147.6, 143.0, 134.4, 127.0, 125.5, 125.4, 118.9, 116.8, 47.6 

ppm; IR (ATR) n = 3321, 1612, 1516, 1485, 1418, 1373, 1306, 1169, 1055, 830, 755, 

714, 555 cm-1; HR-MS (ESI, 50:50 MeOH:H2O) m/z: calculated [M-2PF6]2+ 283.06571, 

found 283.06540 with 194Pt. 

[Pt(NIP)(en)][PF6]2 (2.6): This complex was synthesized with the aid of Nicole Avakyan 

in the laboratory of Prof. Hanadi Sleiman. 2.6 was prepared similarily to 2.3. After 

precipitation with NH4PF6, a red-orange product was isolated. There was no need to 

exclude light during this reaction. Yield: 45%.  
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1H NMR (300 MHz, d6-DMSO): δ = 9.32 (d, 2H), 8.88 (d, 2H), 8.12 (dd, 2H), 7.83 (d, 

1H), 7.76 (d, 2H), 7.58 (t, 1H) 7.33 (t, 1H), 7.27 (d, 1H), 6.86 (br s, 4H), 2.76 ( br s, 4H) 

ppm. Due to solubility issues of this complex in DMSO at the concentrations needed for 

strong 13C signal, a 13C NMR could not be obtained. HR-MS (ESI, MeOH) m/z: 

calculated [M-2PF6]2+ 308.5747, found 308.5735 with 194Pt. 

[Pt(CLIP)(en)][PF6]2 (2.7): 2.7 was prepared similarily to 2.3. After precipitation with 

NH4PF6, a yellow product was isolated. There was no need to exclude light during this 

reaction. Yield: 53%.  

1H NMR (500 MHz, d6-DMSO): δ = 9.23 (d, 2H), 8.79 (d, 2H), 8.38 (d, 2H), 8.03 (dd, 

2H), 7.47 (d, 2H), 6.83 (br s, 4H), 2.74 (br s, 4H) ppm; 13C NMR (300 MHz, d6-DMSO): 

δ =  147.1, 143.2, 34.3, 128.8, 128.3, 126.2, 125.2, 47.6 ppm; IR (ATR) n = 3645, 3323, 

2989, 2959, 1594, 1461, 1360, 1056, 838, 715, 557 cm-1; HR-MS (ESI, 50:50 

MeOH:H2O) m/z: calculated [M-2PF6]2+ 292.04877, found 292.04871 with 194Pt. 
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2.4.2 Biophysical assays  

Circular dichroism studies were performed at 25°C on a JASCO J-810 

spectropolarimeter with Spectra Manager II software. FID measurements were performed 

on a FluoroMax-2 spectrofluorimeter (Jobin-Yvon). All platinum(II) complexes (2.1-2.8) 

were prepared as 1.5 mM stock solutions in DMSO and stored at 4°C. Complexes 2.3 and 

2.4 were wrapped in aluminum foil and their exposure to light was minimized in all 

experiments. The 22AG DNA oligonucleotide was obtained from SigmaGenosys Canada. 

17mer and 26mer oligonucleotides were synthesized in-house on a MerMade 6 DNA 

synthesizer from BioAutomation Corporation. Reagents used for automated DNA 

synthesis were purchased from ChemGenes Incorporated. Oligonucleotides were 

dissolved in deionized water prior to use and quantified spectrophotometrically at room 

temperature (with the exception of the 22AG strand, which was heated to 95°C) using 

their molar extinction coefficients44 at 260 nm; 5'-AG3(T2AG3)3-3' (22AG) = 228 500   

M-1cm-1, 5'-CAA TCG GAT CGA ATT CGA TCC GAT TG-3' (26mer) = 253 200       

M-1cm-1, and the 17mer complements were quantified separately with 5'-CCA GTT CGT 

AGT AAC CC-3' (17merA) = 160 900 M-1cm-1 and 5'-GGG TTA CTA CGA ACT GG-3' 

(17merB) = 167 400 M-1cm-1.  

2.4.2.1 Circular dichroism studies 

Circular dichroism studies were performed at 25°C on a JASCO J-810 spectropolarimeter 

using a 1 mm path length cuvette. Temperature was kept constant using the Peltier unit 

within the instrument. Spectra were recorded from 400–230 nm at a scan rate of 50 

nm/min and a response time of 4.0 s with two acquisitions recorded for each spectrum. 

Data was smoothed using the means-movement function within the JASCO graphing 

software. In order to observe the ability of these complexes to fold the human telomeric 

DNA sequence, 22AG was dialyzed with Pierce slide-a-lyzer mini-dialysis kits (MWCO 

3500 Da) (Fisher Scientific) against deionized Milli-Q water for 1−3 days before being 

diluted to 15 µM in a 50 mM Tris buffer (pH 7.6) for a total volume of 200 µL. 

Platinum(II) complexes were titrated in 0.5 µL aliquots from 1.5 mM solutions in DMSO 

to the 22AG sequence. With each aliquot added, 5 minutes elapsed prior to recording the 



 

CD spectrum. Spectra were collected with the aforementioned parameters, until 3 or 4 

molar equivalents were reached in platinum(II) complex.  

2.4.2.2 FID assay  

Dilutions of the nucleic acid stock solutions in MilliQ water were done in 10 mM sodium 

cacodylate buffer (pH 7.4) with 100 mM NaCl or KCl added where appropriate. 22AG, 

17mer and 26mer DNA were diluted from the original stock solutions in water to 100 

mM, 30 mM, and 10 mM, respectively, before being annealed. For the 22AG sequence, 

solutions were heated to 95°C for 5 minutes before being allowed to cool to room 

temperature over 1−2 h. For the 17mer and 26mer duplexes, concentrated solutions were 

heated to 95°C for 5 minutes before being allowed to slowly cool to room temperature 

over 6−7 h. For each platinum(II) complex, a solution of 175 mM complex in DMSO was 

prepared. Final dilutions of DNA solutions were made into the fluorescence cuvettes such 

that the [DNA] was 0.25 µM. Thiazole orange was prepared as a 1 mM stock solution in 

DMSO. New solutions were used for each titration to minimize aggregation effects from 

freeze/thaw cycles. After dilution of the DNA, the fluorescence spectra were recorded 

( λex = 501 nm scanned from 510−750 nm with 3 mm slits). These spectra were used as 

blanks. Then 2 molar equivalents (0.50 µM) thiazole orange was added (or 3 molar 

equivalents in the case of the 26mer). Spectra were recorded after 5 minutes of 

equilibration time. Then 0.5−10 molar equivalents of the appropriate platinum samples 

were pipetted into each cuvette, followed by 5 minutes of equilibration time before 

recording the spectra. The fluorescence area (FA) was converted into percentage 

displacement (PD) where PD = 100 – [(FA/FA0) × 100], FA0 being FA before addition of 

platinum complexes. The concentration of added ligand was then plotted against the PD 

and a DC50 value was determined by the concentration of platinum complex needed to 

achieve a 50% displacement of thiazole orange. Each DC50 value was the average of 2 or 

3 replicates.   



 

2.4.3 Molecular modeling (performed by Dr. Pablo Englebienne and Dr. 

Nathanael Weill) 

Torsional barrier analysis: To assess the stabilization of the biphenyl torsional barrier 

due to the intramolecular hydrogen bond, models of the ligands were built in the Maestro 

9.1 interface (Schrödinger, Inc.) and optimized at the B3LYP/LACV3P** level of theory 

using Jaguar 7.7 (Schrödinger, Inc.). The value for the N-C-C-C torsion (having the 

biphenyl junction between the imidazole and the aryl substituent as a central bond) was 

varied between 0° and 90° at 5° intervals and the geometry optimized at each step. 

 

Dipole moment and molecular orbital characterization: Starting from the 

conformation with the lowest energy, molecular orbitals and dipole moments were 

computed at the B3LYP/LACV3P** level of theory using Jaguar 7.7 (Schrödinger, Inc.). 

2.4.4 Biological studies (performed by Johanna Mancini and Dr. Johans 

Fakhoury) 

2.4.4.1 Telomeric repeat amplification protocol (TRAP-Lig) assay  

For the evaluation of telomerase inhibition ability of platinum(II) complexes an adapted 

version of the TRAP assay was used.37 Briefly, 5 µL of 10X stock solution was added for 

each concentration of ligand to the extension reaction (Vt = 50 µL). Each extension 

reaction contained 5 µL of 10X TRAP buffer (200 mM Tris pH 8.3, 15 mM MgCl2, 630 

mM KCl, 10 mM EGTA pH 8.0, 0.05% Tween-20, 1 mg/mL BSA), 1 µL dNTPs (2.5 

mM), 1 µL TS primer (20 pmol/µL), 37 µL ddH2O, and 1 µL HeLa extract (1 µg/µL). 

The extension reaction was incubated for 30 minutes at 30ºC. The reaction was then 

stopped and the ligands were removed using the Nucleotide Removal Kit (Qiagen) 

according to the manufacturer’s recommendations. Bound product was eluted with 50 µL 

ddH2O and then vacuum-evaporated for 30 minutes with medium heat (ThermoFisher). 

The product was then resuspended in 39 µL ddH2O and subsequently amplified by 

adding the following (Vt = 50 µL): 5 µL of 10X TRAP buffer, 1 µL dNTPs (2.5 mM), 1 

µL TS primer (20 pmol/µL), 1 µL NT primer (20 pmol/µL), 1 µL TSNT primer (10-13 

M), 1 µL ACX primer (20 pmol/µL), 0.4 µL of Taq polymerase (4 U/µL, Invitrogen). 



 

PCR was completed using the following conditions: (Step 1) 30 seconds at 94ºC, (Step 2) 

60 seconds at 60ºC, (Step 3) 60 seconds at 72ºC, repeated 34 cycles. 20 µL of the PCR 

product was resolved by non-denaturing PAGE. To visualize extension products, the gel 

was stained with SYBR Safe® (Invitrogen) and visualized using a Storm 840 (GE 

Healthcare). Quantification was performed using ImageQuantTL software by measuring 

the intensity of the extension products normalized to the intensity of the internal PCR 

control and then compared to the positive control. IC50 values were calculated using the 

Graphpad Prism 5 software. 

2.4.4.2 Cytotoxicity studies  

Cytotoxicity of complexes 2.7 and 2.8 was assessed using the CellTiter96® kit from 

Promega according to the manufacturer’s instructions. Briefly, A549 cells (human lung 

adenocarcinoma), MCF-7 cells (human breast adenocarcinoma), and MRC-5 cells 

(normal human fibroblast) were seeded at a density of 5,000 cells/well in a 96-well plate. 

Platinum complex stock solutions were initially diluted in growth medium to yield final 

concentrations ranging from 1.6 µM to 100 µM. Cells were incubated for 72 h in 5% CO2 

at 37°C. After the incubation period, the MTS reagent was added to each well and further 

incubated for 3 h in 5% CO2 at 37°C. Subsequently, 96-well plates were allowed to 

equilibrate at room temperature and the absorbance was read at 490 nm using a BioTek© 

Synergy microplate reader. All quantifications were done using Graphpad Prism 5. 
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In Chapter 2, we constructed a series of platinum(II) phenanthroimidazole 

complexes with small substitutions to the imidazole moiety of the phenanthroimidazole 

ligand including phenyl-, naphthyl-, quinolinyl-, indolyl-, phenol-, 2-hydroxynaphthyl-, 

and p-chlorophenyl-, and studied their interactions as guanine quadruplex binders for 

telomeric DNA sequences. While we created efficient end-stacking complexes, our 

molecules were not predicted to penetrate into the grooves of the quadruplexes by 

molecular modeling. Loop and groove interaction is thought to aid small molecules in the 

discrimination between G-quadruplex polymorphs. Additionally, we encountered 

solubility issues with the more π-extended 2-hydroxynaphthyl- derivative. Due to these 

observations, we decided to incorporate a protonable side-arm that protrudes from the 

phenylphenanthroimidazole scaffold. The side-arms are thought to aid in differentiation 

between polymorphs and help increase solubility in aqueous conditions. Chapter 3, thus 

describes this goal.    

 

 



 

3 A Platinum(II) Phenylphenanthroimidazole with an 
Extended Side-Chain Exhibits Slow Dissociation from a c-
Kit G-quadruplex Motif 
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3.1 Introduction 

As previously discussed in Chapters 1-2, guanine quadruplexes are non-canonical 

secondary structures formed in guanine (G)-rich DNA that have emerged as important 

targets for selective antitumor therapy.1 These higher-order DNA structures result from 

the Hoogsteen hydrogen-bonding of the guanine units of G-rich DNA sequences into 

stacked tetramers stabilized by monovalent cations, namely K+ and Na+.2 G-quadruplex-

forming sequences exist throughout the human genome3 and recent studies have shown 

that stabilizing these structures with small molecules can bring about antitumor effects by 

several mechanisms. These mechanisms include the inhibition of the cancer cell-

immortalizing enzyme telomerase by sequestration of the telomere-substrate4 and the 

regulation of gene expression, particularly in cancer-related genes including c-Myc,5-10 c-

Kit,11-13 and vascular endothelial growth factor (VEGF)14,15 among others. Since different 

DNA sequences create structural diversity among G-quadruplex polymorphs, an 

important therapeutic goal is to selectively target one polymorph rather than all, while 

minimizing binding to the more abundant genomic duplex DNA.  

Of particular interest for chemotherapeutic targets is the c-KIT protein, a 

transmembrane growth factor receptor with tyrosine kinase activity that belongs to the 

PDGF/CSF-1 family.16 The c-KIT protein, encoded by the human proto-oncogene c-Kit 



 

stimulates cell proliferation and survival when activated by its ligand stem cell factor.17 

Inhibition of this protein is an important target in cancer therapeutics18 since mutated 

forms of c-KIT are expressed in a variety of cancers including gastrointestinal stromal 

tumors (GIST),19 systemic mastocytosis,20 subsets of acute and chronic myeloid 

leukaemia21 and melanoma.22 While c-KIT inhibition has been realized with the small 

molecule inhibitor imatinib (Gleevec®) in GIST tumors,23 drug resistance has developed 

in many cases due to secondary mutations.24 Even when a secondary drug such as 

sunitinib has been used to combat imatinib-resistant mutations, studies have found that (i) 

the drug-drug interactions cause greater toxicity, or (ii) the tumors often become 

quiescent and can resume proliferation when treatment is stopped.25 For these reasons, 

new molecular probes for the c-KIT-based pathway need to be developed. 

One such class of probes are molecules that regulate the expression of the 

oncogene coding for c-KIT rather than inhibiting the protein itself. In this manner, the 

problems of drug resistance and toxic combination therapies could be avoided since the 

protein would not be present in the cells. Such an approach has been explored with the c-

Myc oncogene,6,7,9,10,26,27 in which case drug candidates were used to induce and stabilize 

G-quadruplex DNA motifs within the promoter nuclease hypersensitivity element (NHE) 

III1 – a G-rich region that is responsible for up to 90% of c-Myc transcription.28 

Analogous regulation of c-Kit is plausible, given that two distinct G-quadruplexes can 

form in the promoter region of the c-Kit oncogene.18,29,30 Indeed, three classes of small 

molecules have been shown to down-regulate c-Kit expression in GIST cells.11-13 

When attempting to influence biological processes like DNA transcription, many 

ligands can benefit from slow dissociation rates once they complex with their targets. 

One well-characterized example is actinomycin – an effective suppressor of transcription 

which forms a stable complex via intercalation into double-stranded DNA to inhibit RNA 

synthesis by RNA polymerase (Figure 3.1a).31 Nordén and coworkers have also 

investigated the influence that dinuclear bisintercalators have on tight binding to, and 

slow dissociation from, double-stranded DNA targets (Figure 3.1b). They determined via 

linear dichroism experiments that in order for the [μ-C4(cpdppz)2(phen)4Ru2]4+ 

bisintercalator32 to both associate and dissociate from DNA targets, a significant 

rearrangement of the DNA must occur. This rearrangement is rate-limiting and results in 



 

slow association rates and even slower dissociation rates. While their bisintercalator did 

not appear to have an immediate effect on DNA synthesis in cellulo, they did find that the 

slow dissociation kinetics resulted in fluorescent DNA-marking ability in studies of 

chromosomal and spindle arrangements.33 In an analogous manner, we hoped to design a 

complex that, through the complexation with DNA (namely the G-quadruplex motif), can 

exhibit slow dissociation (through multivalent interactions including intercalation, π-

stacking, groove-binding, conformational change, etc.) to influence a biological function 

− that is, the regulation of c-Kit transcription.  

Figure 3.1 Examples of threading intercalators. a) the antibiotic actinomycin31 and b) [µ-
C4(cpdppz)2(phen)4Ru2]

4+.32 

While the rational design of DNA-based inhibitors has been successful in the 

creation of many duplex bisintercalators,32,34-39 G-quadruplexes have topologically 

distinct features (e.g. large π-surface area, major and minor grooves, loops, etc.) that 

allow them to be differentiated from duplex DNA. Our lab has previously developed a 

progression of platinum(II)-based phenanthroimidazole complexes capable of binding to 

both tetramolecular40 and human-telomere derived intramolecular G-quadruplexes (See 

Chapter 2).41 We have shown that a simple modification to the phenanthroimidazole 

scaffold significantly increases binding to the basket-polymorph of human telomeric (h-

telo) G-quadruplexes. To date, however, little is known about the residence time of G-

quadruplex binders with biologically relevant promoter G-quadruplex motifs. 

Herein, we present the design, synthesis, and evaluation (biophysical and 

biological) of a series of platinum(II) ethylenediamine phenylphenanthroimidazoles 
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(Figure 3.2) specifically engineered for multivalent (or chelate) binding to target G-

quadruplexes and therefore, slow dissociation from target G-quadruplexes. One of the 

complexes highlighted in this chapter, 3.2 exhibited high selectivity for one of the G-

quadruplexes found in the c-Kit promoter (ckit1). We modeled this phenomenon and 

rationalized slow dissociation due to chelation/multivalent interactions spread across the 

entire molecule, and we demonstrated that the slow dissociation of 3.2 from ckit1 is a 

major component of its binding mechanism. Complex 3.2 does not cause cytotoxicity at 

high concentrations in two telomerase-positive cell lines, consistent with the fact that it 

does not follow a telomere-targeting pathway. Preliminary mRNA analysis in A172 cells 

gave evidence of specific interaction with the c-Kit promoter region, however this needs 

to be further studied with cell lines that over-express the c-KIT protein. Thus, complex 

3.2 is a useful probe for examining the effects of increasing the selectivity and residence 

times for the c-Kit promoter on gene expression, and the potential use of these attributes 

for effective antitumor therapies. 

3.2 Results and Discussion 

3.2.1 Synthesis of platinum(II) phenanthroimidazoles 

Using our previously established platinum ethylenediamine phenanthroimidazole 

core,40,41 we have now appended side-chains from the phenyl moiety. We strategically 

chose alkylamino side-chains since these and similar substituents have been shown to 

increase binding strength to G-quadruplexes (via interaction with the grooves, loops, and 

backbone).42-46 In addition, they also each contain a biocompatible 1,4-substituted 1,2,3-

triazole moiety47 – a synthetic building block that has been shown to help discriminate 

between G-quadruplex grooves as well as increase binding strength.48-52 The synthesis is 

facile and starts from economical, commercially available starting materials. The side-

chains were synthesized via a simple substitution reaction or amide bond formation 

(where appropriate) followed by a Boc-deprotection before azidation (Figure 3.2). The 

azides were then coupled via copper-catalyzed cycloaddition with 4-ethynylbenzaldehyde 

under microwave irradiation for 15 minutes. The phenanthroimidazole units were 

synthesized through the condensation of 1,10-phenanthroline-5,6-dione and the side-

chain aldehydes. Subsequently, these ligands were reacted with potassium 



 

tetrachloroplatinate, to yield [Pt(phenanthroimidazole)Cl2], followed by treatment with 

ethylenediamine (en) and precipitation with ammonium hexafluorophosphate, resulting in 

complexes 3.1-3.3 (Figure 3.2).  

3.2.2 Oligonucleotides  

To evaluate the binding specificity of each complex for different G-quadruplex 

polymorphs, we chose three G-quadruplex DNA sequences for use in a high-throughput 

fluorescence intercalator displacement (HT-FID) and circular dichroism (CD) 

experiments: 22AG corresponds to the h-telo repeat and is polymorphic depending on 

whether sodium or potassium ions are in solution (denoted hereafter as 22AG-Na and 

22AG-K, respectively); cmyc and ckit1 correspond to human proto-oncogene promoter 

sequences (Figure 3.3). A duplex control sequence, ds26mer, is obtained with a self-

complementary sequence. For surface plasmon resonance (SPR) experiments, we used 

biotinylated dT versions of 22AG, cmyc, and ckit1 with a 4-thymine spacer between the 

5'-biotin-dT and the sequence start; a CG-rich hairpin (HP) was also used as a duplex 

control (Table 3.1). 



 

Figure 3.2 Synthesis of 3.1-3.3. Conditions: i) NaH/THF, RT; ii) TFA/DCM, RT, 1 h; iii) 
EDC/HOAt in DMF, RT; iv) HCl/ethyl acetate; v) NaNO2 and NaN3 in 17% HCl/EtOH; vi) 
CuSO4/ascorbate in DCM/ACN, microwave, 15 min, 100˚ C; vii) NH4OAc in glacial acetic 
acid, reflux, 24 h; viii) K2PtCl4 in H2O/DMSO; ix) en in EtOH, then NH4PF6. 
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Figure 3.3 Schematic drawings of the DNA G-quadruplex motifs formed by the chosen 
sequences for a) human telomeric basket in Na+ solution (22AG-Na); b) human telomeric 
3+1 hybrid in K+ solution (22AG-K); c-Myc promoter (cmyc); and d) c-Kit promoter 
(ckit1). The gray and white parallelograms represent syn and anti orientations, 
respectively, of the guanine bases contained within the tetrads.29,53-55 

Name εε260 (M-1cm-1) Sequence 
22AG 

(HT-FID  
and CD) 

228 500 5'- AGGGTTAGGGTTAGGGTTAGGG 

cmyc 
(HT-FID  
and CD) 

279 900 5'- TGGGGAGGGTGGGGAGGGTGGGGAAGG 

ckit1 
(HT-FID  
and CD) 

226 700 5'- AGGGAGGGCGCTGGGAGGAGGG 

ds26mer 
(HT-FID) 253 200 5'- CAATCGGATCGAATTCGATCCGATTG 

22AG 
(SPR) 268 900 5'-biotin-dTTTTTAGGGTTAGGGTTAGGGTTAGGG 

cmyc 
(SPR) 320 400 

5'-biotin-

dTTTTTTGGGGAGGGTGGGGAGGGTGGGGAAGG 

ckit1 
(SPR) 267 100 5'-biotin-dTTTTTAGGGAGGGCGCTGGGAGGAGGG 

HP 
(SPR) 226 500 5'-biotin-dTTTTTTTCGCGCGCGTTTTCGCGCGCG 

Table 3.1 Sequences used in this chapter. 

3.2.3 Molecular modeling (performed by Zhaomin Liu) 

Due to precedents set by the bisintercalators of Nordén and coworkers38,56 

and the threading nature of actinomycin,31 (Figure 3.1) we hypothesized that the 

presence of the side-chain would enable a multivalent binding mode and 

subsequently, longer residence times on the G-quadruplex.  

To investigate the binding mode of 3.2 on the G-quadruplex in greater 

detail, Zhaomin Liu used a combination of molecular docking and molecular 

a) b) c) d)



 

dynamics (MD) simulations; the former allowing a large search of the 

conformational space, while the latter allowed the highly flexible G-quadruplex 

system to freely interact with 3.2 and account for the effect of water and counter 

ions. This previously reported protocol57,58 began with the generation of a large 

number of potential binding modes (referred to as poses) through the use of Prof. 

Moitessier’s in-house FITTED docking program.59 A few representative poses 

were selected through clustering and visual inspection as well as FITTED energy 

score and subjected those poses to MD simulations using AMBER. 

The platinum complexes 3.1-3.3 were designed such that multiple 

interactions across the G-quadruplex surface would simultaneously take place. As 

shown in Figure 3.4, this molecular modeling study suggested that multiple 

interactions are likely occuring. For 3.2, the large aromatic phenanthroimidazole 

unit, as well as the triazole and phenyl rings, are π-stacked with two guanine bases 

of the top G-tetrad layer. This stacking orients the platinum atom near the 

phosphate backbone and enables electrostatic interactions with these negatively 

charged phosphate groups. In addition, strong ionic hydrogen bonds are predicted 

to form between phosphate groups and both ends of the platinum complex – i.e. 

between the ethylenediamine ligand and the ammonium group of the side-arm. 

Although the ionic hydrogen bond between the side-arm and phosphate group is 

enthalpically favoured, it is entropically disfavored. In fact, this hydrogen bond is 

fairly labile throughout MD simulations. However, this flexibility enables the 

formation of such ionic hydrogen bonds with multiple phosphate groups in the 

neighborhood (see Figure 3.4 versus Figure S3.2-Figure S3.5). The G-quadruplex 

residues involved in the binding vary among structures. Although the G-

quadruplexes may fold differently with the first G-tetrad layer being covered by a 

loop (Figure 3.4a), or fully (Figure 3.4b) or partially (Figure 3.4c,d) exposed to 

the aqueous medium, the predicted binding modes of 3.2 always retain a similar 

interaction pattern. Since the simulation timeframe is short compared to the slow 

process of binding in vitro, the kinetics of ligand binding cannot be quantified. 

Our efforts to predict the free energy of binding through MD simulations 

combined with MM/PBSA have not yet been conclusive since accurately 



 

computing the entropy contribution to these binding processes is challenging. 

Thus, we should be cautious when relating predictions with the in vitro binding 

assays.  

Figure 3.4 Snapshots of the MD simulations of 3.2 and G-quadruplexes: a) and b) show 
the 22AG polymorphs in Na+-solution and K+-crystal, respectively; c) cmyc; and d) ckit1. 
Complex 3.2 is shown in cyan with the platinum(II) atom shown as an orange sphere. G-
quadruplex structures are in gray, native metal atoms in Na+ and K+ are shown as blue 
and purple spheres, respectively. The backbone phosphates involved in hydrogen bonds 
with 3.2 are shown as dashed lines.  

3.2.4 HT-FID assay 

Given that our modeling predictions supported our multivalent binding 

hypothesis, we wanted to assess how this would affect binding affinity. Initially, 

the binding of 3.1-3.3 to the h-telo, cmyc, and ckit1 G-quadruplexes was assessed 

by a FID, a robust and versatile method developed by Teulade-Fichou and 

coworkers.60,61 The assay relies upon the competitive displacement of the 

intercalated thiazole orange dye from the DNA targets by 3.1-3.3, with a 

concomitant decrease in fluorescence intensity (see Chapter 1, pp 49 for details on 

a) b)

c) d)



 

this assay). We adapted the high-throughput FID (HT-FID) method62 so that it 

could be performed by a Biomek FX liquid handler and a SAGIAN core robot by 

Dr. Guillaume Lesage (CIAN, Department of Biology, McGill University) (See 

Figure S3.6 and Figure S3.7 for plate layouts). Binding affinities were evaluated 

from the resulting isotherms where the concentration of platinum complex 

required to give a 50% decrease in dye fluorescence is the DC50 (Table 3.2). 

FID assays are typically incubated for short 5−10 minute periods before 

reading the plate as the displacement and binding process is believed to be fast.62 

However, we hypothesized that the displacement and binding process need longer 

incubation periods due to the addition of the side-chains on 3.1-3.3. Using both 

short (10 minute) and long (90 minute) incubation periods, we determined DC50 

values (Table 3.2). The 90 minute incubation assay resulted in lower DC50 values 

across the board with the most dramatic difference involving 3.2 and the ckit1 G-

quadruplex (Figure 3.5). Notably, this DC50 of 0.282 µM is the lowest value that 

we have achieved with our series of platinum phenanthroimidazole complexes to 

date.  

Sequence Complex 3.1 Complex 3.2 Complex 3.3 
22AG-Na 1.45 / 1.09 0.931 / 0.663 >2.50 / 2.00 

22AG-K 1.50 / 1.14 1.29 / 0.890 >2.50 / 1.75 

cmyc 1.74 / 0.645 1.76 / 1.32 >2.50 / 1.01 

ckit1 >2.50 / 0.544 >2.50 / 0.282 >2.50 / 0.985 

ds26mer 2.12 / 1.76 2.06 / 1.68 >2.50 / 2.24 

Table 3.2 DC50 values (μM) for 3.1-3.3 (10 minute / 90 minute incubation). Values are 
averages of 4 repeats performed by the robot with errors ≤ 5%. 

 



 

Figure 3.5 HT-FID data obtained from the robot method was transformed into a binding 
isotherm where the x-axis is the concentration of platinum complex and the y-axis is 
percentage displacement of thiazole orange (TO). The 10 minute incubation periods are 
shown on the left (a, c, e) while the 90 minute incubation periods are shown on the right 
(b, d, f) for complexes 3.1-3.3. 

It is difficult to compare the DC50 values directly between sequences since 

the binding affinity of the thiazole orange dye for each G-quadruplex motif varies 

greatly. Thus, we used a method developed by Prof. Anthony Mittermaier (See 

Section 3.5.6) to compare data sets according to overall affinity. Equilibrium 

association constants (KA) for the complexes were extracted from the FID 

fluorescence isotherms, using the concentrations and affinity of thiazole orange 

for the different G-quadruplexes.62 After fitting of the data to equation 7 (pp 156) 

and determining the corresponding equilibrium dissociation constants (KD = 

1/KA), we obtained the values in Table 3.3. Notably, the 0.282 µM DC50 for 3.2 

with ckit1 translates into a KD of approximately 73 nM. Complex 3.2 also 
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demonstrates the best selectivity between G-quadruplex DNA and duplex DNA 

compared to the other two complexes, and is on par with the best reported ckit1 

binders.11-13,52 

Sequence Complex 3.1 Complex 3.2 Complex 3.3 

22AG-Na 2.63 / 0.633 1.12 / 0.366 5.79 / 4.12 
22AG-K 1.49 / 0.568 1.69 / 0.621 2.42 / 0.792 

cmyc 1.28 / 0.102 2.30 / 1.01 4.28 / 0.134 
ckit1 51.1 / 0.262 1.00 / 0.0726 0.49 / 0.559 

ds26mer 1.30 / 0.324 8.41 / 1.10 6.47 / 0.390 

Table 3.3 Apparent KD values (μM) for 3.1-3.3 (10 minute / 90 minute incubation) as 
determined by HT-FID. Values are averages of 4 repeats performed by the robot with 
errors ≤ 5% 

3.2.5 SPR assays (performed by Dr. Mark A. Hancock at the McGill 

University SPR Facility) 

To complement our FID data, we performed label-free, real-time SPR, 

which has emerged as a powerful technique to examine the binding specificity 

and kinetics of compounds for duplex versus G-quadruplex DNA.63-67 Similar to 

these previously reported methods, we used a potassium-containing running 

buffer to focus upon 3.1-3.3 binding to the 22AG-K, cmyc, and ckit1 G-

quadruplexes; to determine selectivity between G-quadruplex and duplex DNA, 

we used a CG-rich hairpin (HP). Preliminary, fixed-concentration screening 

(Figure 3.6) revealed that several of our platinum-based complexes (complexes 

3.5 and 3.6, Figure 3.6) could specifically bind to the immobilized DNA 

sequences, whereas diluent alone (i.e. running buffer containing 1 mg/mL CM-

dextran to reduce minor non-specific binding of the complexes to SA-coated 

sensors) or our negative control complex 3.4 (Figure 3.6) described elsewhere41) 

generated no signal responses. With matching DNA surface densities and 

equimolar injections of complex, binding to duplex DNA was approximately 50% 

of quadruplex responses (i.e. different number of binding sites). In both cases, all 

complexes bound with fast association kinetics and signal responses exceeded 

theoretical Rmax predictions (the Rmax is the estimated maximum response signal 



 

when the binding stoichiometry is predicted to be 1:1. If the signal responses 

exceed the Rmax prediction, it is likely that the stoichiometry is greater than 1:1, 

similar to previous reports in the literature63). Most importantly, the non-

sidechain-containing complexes 3.5 and 3.6 exhibited rapid dissociation kinetics 

compared to the significantly slower dissociation rate for 3.2 (Figure 3.6).  

Figure 3.6 Representative SPR screening of compounds (5 μM each) binding to (left to 
right) 450 RU immobilized 22AG-K, cmyc, and duplex DNA (HP) at 25 μL/min (5 minute 
association + 10 minute dissociation).  

Using lower density surfaces and increased injection times, SPR titrations 

revealed saturable, dose-dependent binding of 3.2 to duplex (Figure S3.8) and 

quadruplex DNA (Figure 3.7, top). While the fast-on, slow-off kinetics deviated 

from a simple 1:1 binding model in all cases, affinities were determined based 

upon equilibrium responses in each titration series (Figure 3.7, second from top). 

On average, the binding of 3.2 to the quadruplex sequences (KD = 0.58 ± 0.1 µM) 

was approximately 10-fold stronger compared to duplex DNA (KD = 5.0 ± 2.0 

µM, Figure S3.8). Although sub-micromolar quadruplex binders with dissociation 

rate constants in the 10-2 s-1 range have been previously reported (e.g. 2Mn-

TMPyP + h-telo;63 TMPyP4 + ckit2;64 quinazoline derivative + h-telo;66 Se2SAP 

+ cmyc = 0.62 µM KD and 2.9 x 10-3 s-1;68 corrole 4 + G4 quadruplex = 0.52 µM 

KD and 2.2 x 10-3 s-1.)69 3.2 exhibits dissociation rates that are slower than other 

reported quadruplex binders (22AG-K ~ 1.7 x 10-3 s-1; cmyc ~ 1.0 x 10-3 s-1; ckit1 
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~ 1.2 x 10-3 s-1). When complex 3.2 binds to quadruplex DNA, the increased 

stability of this interaction (i.e. low 10-3 s-1 dissociation rate) could translate into 

desirable pharmacokinetics (i.e. a long residence time means the compound 

occupies the therapeutic target longer).  

The equilibrium responses were transformed into a Scatchard plot (the 

ratio of concentration of bound ligand to unbound ligand versus the bound ligand 

concentration) to reveal a line with a slope of −KA (Figure 3.7, second row from 

bottom). In the case of 22AG-K (left) and ckit1 (right), the line deviates from 

linearity. In general, Scatchard plots that are not linear can arise from several 

factors including, i) multiple independent binding sites that are not equivalent, ii) 

equivalent sites that are not independent, and iii) non-equivalent sites that are not 

independent. Since 3.2 binding to G-quadruplex DNA resulted in signal responses 

that exceeded theoretical Rmax predictions, we may assume that multiple binding 

sites do exist − that is, the binding stoichiometry is greater than 1:1. Additionally, 

the concave nature of the curves may suggest negative cooperativity upon binding 

of the first ligand (Figure 3.7, second from bottom, left and right). Transformation 

of the equilibrium data into Hill plots yielded slopes with values less than 1 for 

22AG-K and ckit1 (0.49 ± 0.02 and  0.62 ± 0.01, respectively) thereby supporting 

i), ii), and iii) above (Figure 3.8, bottom).  



 

Figure 3.7 Representative SPR titrations of 3.2. Top: 0-5 μM, 2-fold dilution series 
binding to (left to right) 300 RU immobilized 22AG-K, cmyc, and ckit1 G-quadruplex 
DNA at 25 μL/min (10 minute association + 20 minute dissociation periods). Second 
from top: Affinities (KD) determined based upon equilibrium responses in each titration 
series. Inset KD values represent the average of at least 3 trials ± standard error. Second 
from bottom: Scatchard transformations from the equilibrium fitting model. Bottom: Hill 
plots from the equilibrium fitting model; slopes of the lines (n) are shown as insets. 

When comparing the KD values determined from HT-FID to the 

corresponding values from SPR, one may notice a discrepancy, especially 

between the values for complex 3.2 binding to ckit1 (0.073 μM versus 0.67 μM). 

The order of magnitude difference may be derived from the limitations during 

conduction of the SPR assays. Since SPR 'analytes' (e.g. compounds) are injected 

over immobilized 'ligands' (e.g. DNA) under flow, high quality kinetic data is 

obtained when high flow rates of 25−50 μL/min are employed; this minimizes the 

diffusion boundary above the sensor chip surface in order to eliminate mass 

transport effects that would otherwise underestimate the affinity constants. For 

this reason, trying to repeat our SPR assays with longer contact times (i.e. to 

mimic increased 90 minute FID incubations) actually yielded poorer quality data 
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sets − i.e. submicromolar KD values with 10 minute association phases at 25 

μL/min, compared to micromolar KD values with 25 min or 63 min association 

phases at 10 or 4 μL/min, respectively).  

3.2.6 Cytotoxicity Assessment (performed by Dr. Johans Fakhoury) 

To assess the anti-proliferative activities of 3.2, it was evaluated in an 

MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophen- 

yl)-2H-tetrazolium)) assay that evaluates mitochondrial metabolic activity.70,71 

Complex 3.2 was incubated for 72 hours with two cell lines: HeLa (non-c-Kit 

expressing human cervical cancer)72 and A172 (c-Kit expressing human 

glioblastoma)16. In tandem, we also tested a positive control 3.7 (Figure 3.8) 

which we had shown to efficiently bind the h-telo sequence, and a negative 

control 3.4 (Figure 3.8). 

Figure 3.8 Platinum complexes used in cell studies. Complexes 3.4 and 3.7 are negative 
and positive controls, respectively. 

We were unable to determine an IC50 for 3.4, consistent with its lack of 

cytotoxicity under our conditions. Complex 3.2 also had very high IC50 values    

(> 100 µM) for HeLa and A172 cell lines, whereas 3.7 had a lower µM IC50 value 

(> 10 µM) and no gross morphological changes were observed (data not shown). 

Due to the high IC50 values for these telomerase-positive cell lines, we 

hypothesized that 3.2 does not follow the same telomere-targeting pathway as 

positive control 3.7.41  
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One could reason that 3.2 does not confer the same cytotoxic effects as 3.7 

because it is unable to enter cells. In order to rule out this possibility, we 

conducted a simple HPLC detection method. In this method, both HeLa and A172 

cells were treated with 50 µM platinum complexes 3.2 and positive control 3.8 

(Figure 3.9) and allowed to incubate for 24 hours, after which the serum was 

collected, followed by lysis of the cells, and collection of the lysate. Samples were 

then lyophilized, re-dissolved in HPLC-grade DMSO, and filtered before being 

injected into the HPLC. When compared to the retention time of the controls 

(untreated serum and lysate, and 3.2 and 3.8 alone), both 3.2 and 3.8 were present 

in serum and lysate (Figure 3.9), however, the peak heights for complex 3.2 in the 

lysate of Figure 3.9c are much smaller than those in serum (Figure 3.9d) and those 

in lysate of complex 3.8 (Figure 3.9a). This supports the fact that 3.2 is not taken 

up in cells to the same extent as 3.8. Although we cannot definitively say from 

this experiment that the complexes are able to penetrate into the cytoplasm instead 

of electrostatically binding to the cell membrane, full mechanistic cell studies are 

being undertaken by Johanna Mancini, a graduate student, through a collaboration 

with Prof. Chantal Autexier (Departments of Experimental Medicine and 

Anatomy & Cell Biology, McGill University). 



 

Figure 3.9 Detection of 3.2 and 3.8 in HeLa and A172 lysate and serum by HPLC. 
Complex 3.8 detected in the a) lysate and b) serum of HeLa (blue) and A172 (red) 
compared to the retention time of 50 μM 3.8 subjected to the same conditions, minus 
the cells (black). Complex 3.2 detected in the c) lysate and d) serum of HeLa (purple) and 
A172 (green) compared to the retention time of 50 μM 3.2 subjected to the same 
conditions, minus the cells (black). Each trace was subjected to blank subtraction and 
normalization to maximize signal to noise. For simplicity, only time points between 8-14 
minutes are shown. 

3.2.7  Measurement of mRNA levels (performed by Dr. Johans 

Fakhoury) 

Given that 3.2 has stronger binding affinity for ckit1 over h-telo, and due 

to its absence of cytotoxicity at high concentrations, we conducted a preliminary 

semiquantitative mRNA analysis to assess whether 3.2 interacts with the c-Kit 

promoter region and induces a change in mRNA transcription in cellulo. To 

determine this, basal levels of c-Kit mRNA in HeLa and A172 cell lines were first 

assessed in the absence of 3.2. Basal levels of mRNA were found only in the 

A172 cell line.  The cell lines were incubated with 10 µM of 3.2, 3.4, and 3.7 for 

48 hours and the c-Kit mRNA levels were measured relative to 18S ribosomal 
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RNA (as the internal quantification control). Figure 3.10 shows that the treatment 

of A172 cells with 3.2 leads to a slight qualitative increase in c-Kit mRNA at the 

examined dose compared to DMSO and the negative controls.  

 

Figure 3.10 The mRNA levels of c-Kit after treatment with platinum complexes. (top) 
A172 cells exhibited an increased level of c-Kit mRNA in the presence of 10 μM 3.2. 
HeLa cells were unaffected; (bottom) 18S ribosomal RNA was used as a control. Levels 
of 18S rRNA remained unchanged across the board. DMSO was used as untreated 
control. 

We speculate this small increase could result from one of two 

mechanisms; either i) 3.2 causes unfolding of the c-Kit quadruplex motif, or ii) the 

binding of 3.2 to the c-Kit quadruplex causes opening up of other repressor 

elements in the promoter region that were previously sequestered.  To rule out the 

first possibility, namely unfolding of the c-Kit quadruplex by 3.2, CD titrations 

were performed in the following three buffer conditions at 37ºC with both 10 

minute and 90 minute time allowances between titration points: i) 10 mM  

K2HPO4/10mM KH2PO4 (no added salt), ii) 10mM K2HPO4/10mM KH2PO4 with 

100 mM KCl (added salt), and iii) 0.906 mM Na2HPO4/NaH2PO4 with 5.33 mM 

KCl and 110.34 mM NaCl (as a mimic of the cellular DMEM media). If 

unfolding of the quadruplex occurred, the positive CD peak at 260 nm signifying 

the parallel ckit1 folding would decrease with added 3.2. Both the 10 minute and 

90 minute incubations show negligible changes in the CD traces in all conditions 

indicating that no unfolding of the structure occurs with up to 5-fold excess of 3.2 

(Figure 3.11).  
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Figure 3.11 Left column: 10 minute incubation with up to 5 equivalents of 3.2 with a) 10 
mM K2HPO4/10 mM KH2PO4, b) 10 mM K2HPO4/10 mM KH2PO4 with 100 mM KCl, and 
c) 0.906 mM Na2HPO4/NaH2PO4, 5.33 mM KCl, and 110.34 mM NaCl. Right column: 90 
minute incubation with up to 5 equivalents of 3.2 with d) 10 mM K2HPO4/10 mM KH2PO4, 
e) 10 mM K2HPO4/10 mM KH2PO4 with 100mM KCl, and f) 0.906 mM Na2HPO4/NaH2PO4, 
5.33 mM KCl, and 110.34 mM NaCl. 

Additionally, we conducted CD melting experiments to further support the 

stabilization of the ckit1 quadruplex by 3.2. Complex 3.2 was incubated overnight 

at 4°C in a 4:1 ratio of 3.2:G-quadruplex and the sample was subsequently melted. 

The T1/2 values were compared to G-quadruplex alone and the ΔT1/2 value was 

determined to be 7.3 ± 0.2°C. The curve becomes much broader above 70°C, such 

that two transitions may be evident, and does not fully plateau at 95°C (Figure 

3.12). This is most likely due to the greater stability imparted by 3.2 on the ckit1 

G-quadruplex motif. These results lead us to speculate that the binding of 3.2 in 
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cellulo may allow for a rearrangement of the promoter region that could expose 

enhancer elements or sequesters repressor elements.73 One must note here that 

these preliminary studies were carried out in A172 cells that only express low 

levels of c-Kit mRNA; these results may be different with cell lines (such as 

HGC-27) that over-express the c-KIT protein, or with other doses of ligands.  

Figure 3.12 CD Melting curves for ckit1 (blue) and ckit1 + 4 equivalents of complex 3.2 
(blue dashed) monitored at 260 nm. The ΔT1/2 is 7.30 ± 0.2°C. 

3.2.8 Western blot analysis (performed by Dr. Johans Fakhoury) 

We were also interested in detecting protein levels after incubation with 

the platinum complexes. For this end, we used two cell lines, one that expresses 

the c-KIT protein, A172 and one that does not, HeLa. We readily detected the 

presence of mRNA of c-Kit in A172, however, as expected, we did not observe 

detectable levels of c-Kit mRNA in HeLa cells. We thus performed western blot 

analysis – the quantification levels are shown in Figure 3.13 relative to the 

untreated DMSO control. We observed that after exposure of A172 to 10 µM 3.2 

for 72 hours, levels of c-KIT were slightly increased, while we did not observe 

any change in c-KIT levels when exposed to both the untreated DMSO control 

cells and 3.4 (1.38 versus 1.00/0.93). β-Actin was used as a loading control and 

was unchanged after incubation with the complexes (as 10 μM is below the IC50 

values). Interestingly, we did, however, see a decrease in c-KIT levels when 3.7 

was used (Figure 3.13). This could possibly be due to the different mechanisms of 

action/interaction of 3.7 and 3.2 with different areas of the promoter region, as it 

contains two guanine-rich tracts capable of forming G-quadruplexes,18,30 in 

addition to the low cellular penetration of complex 3.2. Since c-KIT is coded by 

an inherently complex gene promoter,73 it is likely that the interaction of the 
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ligands with the individual promoter elements will most likely lead to different 

responses.  

Figure 3.13 Western blot analysis of A172 cells after a 72 hour incubation with 10μM 
3.4, 3.2, and 3.7. (top) Comparison of the bands for 3.2 to DMSO/3.4 show a slight 
increase in c-KIT levels (1.38 versus 1/0.93). (bottom) β-Actin was used as a loading 
control and was unchanged after incubation with the complexes. 

3.3 Conclusions 

We have generated phenylphenanthroimidazole platinum(II) complexes 

with side-chains specifically designed to interact with G-quadruplex DNA. This 

study demonstrates that these compounds can interact in a multivalent manner and 

result in fast-on, slow-off binding kinetics. Spreading the hydrogen bonding and 

π-stacking interactions across the binding surface allows 3.2 to exhibit, to the best 

of our knowledge, the slowest reported rate of dissociation from a G-quadruplex 

target. We are currently working on elucidating the mechanism of interaction 

using cells that over-express the c-KIT protein, and exploring the use of 3.2 in 

combination therapies. Thus, complex 3.2 is a useful probe to examine the effect 

of increasing the selectivity to the c-Kit promoter and lengthening the drug 

residence time on gene expression, and the potential use of these attributes for 

effective antitumor therapies.   

3.4 Future directions 

In this chapter, we chose to study the interaction of 3.2 with A172 (human 

glioblastoma) cells since they are known to express c-Kit and the cell line was 

readily available in the tissue culture lab. However, the basal levels of c-Kit 

expression were low, which presented an inherent issue when attempting to 

quantify the levels of c-Kit. Ideally, the basal levels of c-Kit should be high, such 
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that after incubation with 3.2, the slight changes would be more pronounced. 

After a thorough search, we were able to obtain HGC-27 (human gastric 

carcinoma) cells which are known to over-express the c-Kit oncogene, and future 

studies will involve the investigation in the mechanism of action of 3.2 on this cell 

line. 

3.5 Experimental section 

3.5.1 Synthesis 

For chemical synthesis, all commercially available reagents were 

purchased from Sigma Aldrich and used without further purification with the 

exception of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 1-

hydroxy-7-azabenzotriazole (HOAt) which were purchased from Chem-Impex 

International, Inc. For high-pressure liquid-chromatography (HPLC) purification, 

HPLC grade methanol and formic acid were purchased from Sigma Aldrich. 

Milli-Q water was dispensed from a Millipore machine. Sodium hydride (60% 

dispersion in mineral oil) was first washed with pentane before use. Chloroethyl 

piperidine  HCl was free-based by dissolving in THF and washing with aqueous 

NaOH. All dry solvents were obtained from an Innovative Technologies solvent 

purification system. The CuAAC reactions were carried out on a Biotage Initiator 

microwave (Thanks, Mitch and Sam). Column chromatography was performed 

using a CombiFlash Rf system from Teledyne Isco, Inc. 4-(2-(piperidin-1-

yl)ethoxy)aniline (3.5) and precursor (3.4),74 [4,5-f][1,10]phenanthroline40 and 

complex 3.440 were prepared in a manner similar to those previously published. 
1H and 13C NMR spectra were recorded on either a 500 MHz, 400 MHz, or a 300 

MHz Varian Mercury NMR spectrometer with VNMRJ 2.2D software under 

LINUX Red Hat 5. The following abbreviations are used: singlet (s), doublet (d), 

triplet (t), quartet (q), multiplet (m), and broad (br). High-resolution mass 

spectrometry was performed on a Bruker Maxis Impact ESI-QTOF. For MS 

analysis, sodium formate was used to generate a calibration curve for mass 

accuracy. Samples were then diluted in LC-MS grade methanol (Fisher) and 

directly infused at 3 µL per minute into the MS. The spectra were obtained in 



 

positive mode. Circular dichroism unfolding and melting experiments were 

performed at on a JASCO J-810 spectropolarimeter with Spectra Manager II 

software.  

3.5.2 Purification of ligands and final complexes: CombiFlash and 

HPLC methods 

Ligands 3.10a-c and final complexes 3.1 and 3.3 were purified by column 

chromatography using the CombiFlash Rf system with a reverse-phase C18-Aq 

Gold column. Conditions are as follows: 2 column volumes of (A) 5% MeOH in 

MQ-water with 0.1% (v/v) formic acid; 14 column volumes of increasing gradient 

to (B) 100% MeOH with 0.1% (v/v) formic acid; 2 column volumes of 100% (B). 

Ligands eluted between 40%−50% (B). To isolate the neutral ligand, a solution of 

the acidified ligand in MeOH and water was stirred with Amberlite® IRA-67 free 

base resin until the solution was at neutral pH. The resin was removed via vacuum 

filtration and the MeOH was removed under reduced pressure before freezing the 

solution in liquid nitrogen. The frozen solution was then lyophilized overnight to 

yield a fluffy solid. 

Final complex 3.2 was purified via HPLC on an Agilent Technologies 

1260 Infinity system. Analytical and semi-preparative RP-HPLC was carried out 

using a Zorbax SB-C18 9.4x250 mm column with a particle size of 5 µm (Aglient 

Technologies). The column was eluted at 4.0 mL/min with a linear gradient over 

12 minutes from 10% solution A to 100% solution B. Solution A was 0.1% (v/v) 

formic acid in 5% MeOH in MQ water. Solution B was 0.1% (v/v) formic acid in 

MeOH. The retention time of 3.2 was 5.905 min. To isolate the 2+ complex, a 

solution of the acidified complex in MeOH and water was stirred with 

Amberlite® IRA-67 free base resin until the solution was at neutral pH. The resin 

was removed via vacuum filtration and the complex isolated from the filtrate after 

precipitation with NH4PF6.  

 



 

Figure S3.1 HPLC trace for purified complex 3.2. Retention time is 5.905 min and purity 
is 96.4%. 

3.5.3 Preparation of 3.1-3.3 

3.5.3.1 General procedure for preparation of benzamides 3.7b,c 

4-((tert-butoxycarbonyl)amino)benzoic acid (1.39 mmol) and amines 

(2.77 mmol) were dissolved in 30 mL DCM under an argon atmosphere. Then 

HOAt (0.284 g, 2.09 mmol) and EDC (0.533 g, 2.77 mmol) were added and the 

reaction was stirred overnight. The solvent was then removed under reduced 

pressure before being redissolved in ethyl acetate and methanol. The solution was 

extracted with saturated NaHCO3 and washed with water 2x before washing with 

saturated NaCl. The aqueous NaHCO3 layer was re-extracted with DCM and the 

DCM layer was then washed with saturated sodium chloride. The organic layers 

were combined and then dried over MgSO4. The solvent was removed under 

reduced pressure. The crude Boc-protected compounds 3.6b,c (0.511 mmol) were 



 

then dissolved in 10 mL of a 1:1 solution of 6 M HCl and ethyl acetate and left to 

stir overnight. The solvent was then removed under reduced pressure before 

basifying to pH ~ 14 with saturated NaHCO3 and 6 M KOH. The basic solution 

was extracted 3x with DCM before washing the organic layer with saturated NaCl 

and drying over magnesium sulfate. The solvent was removed under reduced 

pressure to yield pure product. 

 

(3.7b) 4-amino-N-(3-(dimethylamino)propyl)benzamide: 

0.169 g, 87% over two steps. CAS Registry Number: 53461-08-8. HR-MS 

Calculated for C12H20N3O (M+1): 222.1601, Found: 222.1599. 

 

(3.7c) 4-amino-N-(2-(piperidin-1-yl)ethyl)benzamide: 

0.0645 g, 81% over two steps. CAS Registry number: 51-08-1. HR-MS 

Calculated for C14H22N3O (M+1): 248.1757, Found: 248.1766. 

3.5.3.2 General procedure for preparation of azides 3.8a-c 

Anilines 3.5, 3.7b and 3.7c (0.561 mmol) were dissolved in ~ 4 mL 17% 

aq. HCl and ~ 1 mL absolute ethanol and cooled to 0°C. Then NaNO2 (0.0620 g, 

0.897 mmol) was added and the reaction was stirred for 40 min before adding 

NaN3 (0.058 g, 0.897 mmol). The reaction was stirred overnight before being 

diluted with water and aqueous NaHCO3, extracted 3x with ethyl acetate and 

dried over MgSO4. The solvent was removed under reduced pressure to yield the 

pure product. 

 

(3.8a) 1-(2-(4-azidophenoxy)ethyl)piperidine:  

0.0850g, 62%. 1H NMR (300 MHz, CDCl3): δ = 6.96-6.90 (m, 4H), 4.09 (t, 2H), 

2.78 (t, 2H), 2.53 (br, 4H), 1.63 (m, 4H), 1.45 (m, 2H) ppm; 13C NMR (300 MHz, 

CDCl3): δ = 120.0, 115.8, 66.2, 57.8, 55.0, 25.8, 24.1 ppm; HR-MS Calculated for 

C13H18N4O (M+1): 246.148, Found: 247.1553. 
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(3.8b) 4-azido-N-(3-(dimethylamino)propyl)benzamide:  

0.0820 g, 78%. 1H NMR (300 MHz, CDCl3): δ = 8.56 (br, 1H), 7.78 (d, 2H), 7.02 

(d, 2H), 3.52 (q, 2H), 2.50 (t, 2H), 2.28 (s, 6H), 1.74 (quintet, 2H) ppm; 13C NMR 

(300 MHz, CDCl3): δ = 166.0, 142.8, 131.3, 128.6, 118.9, 59.4, 45.4, 40.7, 25.0 

ppm; HR-MS Calculated for C12H17N5O (M+1): 247.143, Found: 248.1514. 

 

(3.8c) 4-azido-N-(2-(piperidin-1-yl)ethyl)benzamide: 

0.0417 g, 78%. 1H NMR (300 MHz, CDCl3): δ = 7.83 (d, 2H), 7.16 (br, 1H), 7.08 

(d, 2H), 3.55 (q, 2H), 2.62 (t, 2H), 2.49 (br, 4H), 1.63 (m, 4H), 1.49 (br, 2H) ppm; 
13C NMR (300 MHz, CDCl3): δ = 166.4, 143.1, 128.8, 119.0, 57.0, 54.2, 36.2, 

25.8, 24.1 ppm; HR-MS Calculated for C14H19N5O (M+1): 273.159, Found: 

274.1658. 

3.5.3.3 General procedure for preparation of “clicked” products 3.9a-c 

Compounds 3.8a-c (0.242 mmol), 4-ethynylbenzaldehyde (0.202 mmol), 

112 µL of a 0.18 M solution of CuSO4 5H2O in water and 101 µL of a 1.0 M 

solution of sodium ascorbate in water were dissolved in a 10−20 mL microwave 

vial in 8 mL ACN and 0.5 mL MeOH with a magnetic stir bar. The reaction was 

conducted for 15 min at 100°C. The vial was then centrifuged and the mother 

liquor decanted. The remaining solid was washed with MeOH and DCM, 

centrifuged, and the solution added to the mother liquor. The organic layer was 

washed with 10% NaOH 3x before drying over MgSO4. The solvent was removed 

under reduced pressure to yield ‘clicked’ products 3.9a-c. The crude was used 

without further purification.  
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(3.9a) 4-(1-(4-(2-(piperidin-1-yl)ethoxy)phenyl)-1H-1,2,3-triazol-4-

yl)benzaldehyde:  

 
0.0710 g, 78%. 1H NMR (300 MHz, CDCl3/CD3OD): δ = 10.0 (s, 1H), 8.22 (s, 

1H), 8.09 (d, 2H), 7.98 (d, 2H), 7.69 (d, 2H), 7.07 (d, 2H), 4.18 (t, 2H), 2.83 (t, 

2H), 2.55 (br, 4H), 1.64 (m, 4H), 1.48 (m, 2H)  ppm; 13C NMR (500 MHz, 

CDCl3): δ = 191.7, 159.3, 146.9, 136.2, 135.9, 130.5, 130.3, 126.1, 122.2, 120.0, 

119.0, 115.9, 115.6, 66.4, 57.7, 55.1, 25.8, 24.0 ppm; HR-MS Calculated for 

C22H24N4O2 (M+1): 376.1899, Found: 377.1972. 

 

(3.9b) N-(3-(dimethylamino)propyl)-4-(1-(4-formylphenyl)-1H-1,2,3-triazol-

4-yl)benzaldehyde: 

0.0810 g, 59%. 1H NMR (500 MHz, CDCl3/CD3OD): δ = 9.99 (s, 1H), 8.50 (s, 

1H), 8.03 (d, 2H), 7.95 (m, 4H), 7.88 (d, 2H), 3.44 (t, 2H), 2.44 (t, 2H), 2.27 (s, 

6H), 1.77 (quintet, 2H) ppm; 13C NMR (500 MHz, CDCl3/CD3OD): δ = 192.0, 

166.4, 147.3 138.6, 136.0, 135.6, 134.8, 130.5,128.8, 126.2, 120.1, 119.0, 57.4, 

44.8, 38.8, 25.6 ppm; HR-MS Calculated for C21H23N5O2 (M+1): 377.1852, 

Found: 378.1925. 
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(3.9c) 4-(4-(4-formylphenyl)-1H-1,2,3-triazol-1-yl)-N-(2-(piperidin-1-

yl)ethyl)benzaldehyde: 

0.565 g, 79%. 1H NMR (500 MHz, CDCl3): δ = 10.0 (s, 1H), 8.38 (s, 1H), 8.16 (d, 

2H), 8.11 (d, 2H), 8.00 (d, 2H), 7.93 (d, 2H), 3.72 (q, 2H), 2.86 (t, 2H), 2.75 (br, 

5H), 1.83 (br, 4H), 1.58 (br, 2H)  ppm; 13C NMR (300 MHz, CDCl3 + trace 

MeOD): δ = 192.0, 166.4, 147.3, 138.7, 136.0, 135.7, 134.5, 130.5, 129.0, 126.2, 

120.1, 119.0, 57.8, 54.3, 36.1, 25.1, 23.7 ppm; HR-MS Calculated for C23H25N5O2 

(M+1): 403.2008, Found: 404.2081. 

3.5.3.4 General procedure for preparation of ligands 3.10a-c 

[4,5-f][1,10]phenanthroline (0.0850 g, 0.404 mmol) and NH4OAc (0.308 

g, 3.99 mmol) were dissolved in 20 mL glacial acetic acid under an argon 

atmosphere. Then 3.9a-c (0.399 mmol) were added and the reaction was refluxed 

at 120°C for ~ 24 hr. The reaction was then cooled in an ice bath, diluted with 

water, and the pH adjusted to ~ pH 8.0 with the slow addition of NH4OH. The 

precipitate was vacuum filtered through a glass frit and washed with water, ethyl 

acetate and diethyl ether before vacuum air drying on the frit for 1−2 days which 

yielded a brown flaky powder. Ligands were then purified as listed above. 
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(3.10a) 2-(4-(1-(4-(2-(piperidin-1-yl)ethoxy)phenyl)-1H-1,2,3-triazol-4-

yl)phenyl)-1H-imidazo[4,5-f][1,10]phenanthroline: ((PEP)TPIP): 

Fluffy yellow powder (58%). 1H NMR (300 MHz, d6-DMSO): δ = 13.8 (br s, 1h), 

9.33 (s, 1H), 9.04 (br s, 2H), 8.95 (d, 2H), 8.41 (d, 2H), 8.18 (d, 2H), 7.88 (m, 

4H), 7.20 (d, 2H), 4.15 (t, 2H), 2.68 (t, 2H), 2.44 (br s, 4H), 1.50 (m, 4H), 1.38 

(m, 2H) ppm; 13C NMR (300 MHz, d6-DMSO): δ = 159.1, 150.8, 148.3, 147.0, 

144.1, 131.7, 130.4, 130.1, 127.3, 126.2, 123.8, 122.0, 120.5, 116.0, 66.5, 57.7, 

54.8, 26.0, 24.4 ppm; HR-MS Calculated for C34H30N8O (M+1): 566.254, Found: 

567.2615. 

 

(3.10b): 4-(4-(4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl)-1H-1,2,3-

triazol-1-yl)-N-(3-(dimethylamino)propyl)benzamide: ((DAPB)TPIP): 

Fluffy orange powder (68%). 1H NMR (200 MHz, d6-DMSO): δ = 9.53 (s, 1H), 

9.05 (dd, 2H), 8.96 (dd, 2H), 8.69 (t, 1H), 8.44 (d, 2H), 8.20 (d, 2H), 8.09 (s, 4H), 

7.87-7.83 (dd, 2H), 3.33 (q, 2H), 2.28 (t, 2H), 2.14 (s, 6H), 1.71 (quintet, 2H), 

ppm; 13C NMR (300 MHz, d6-DMSO): δ = 165.4, 150.7, 148.3, 147.4, 144.1, 

138.7, 134.9, 131.4, 130.4, 130.2, 129.4, 126.3, 123.8, 120.6, 119.9, 57.0, 45.3, 

40.8, 38.2, 27.1 ppm; HR-MS Calculated for C33H29N9O (M+1): 567.250, Found: 

568.2568. 
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(3.10c) 4-(4-(4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl)-1H-1,2,3-

triazol-1-yl)-N-(2-(piperidin-1-yl)ethyl)benzamide ((PEB)TPIP): 

Fluffy red powder (77%). 1H NMR (300 MHz, d6-DMSO): δ = 9.53 (s, 1H), 9.03 

(dd, 2H), 8.95 (d, 2H), 8.59 (t, 1H), 8.43 (d, 2H), 8.19 (4, 2H), 8.08 (s, 4H), 7.83 

(m, 2H), 3.39 (m, 2H), 2.52 (br, 2H), 2.42 (br, 4H), 1.49 (br s, 4H), 1.38 (br m, 

2H) ppm; 13C NMR (300 MHz, d6-DMSO): δ = 165.4, 150.6, 148.3, 147.4, 144.1, 

138.7, 134.8, 130.2, 129.4, 127.3, 126.3, 123.8, 120.6, 119.9, 58.0, 54.5, 45.3, 

25.9, 24.4 ppm; HR-MS Calculated for C35H31N9O (M+1): 593.265, Found: 

594.2724. 

Complexes 3.1-3.3 were prepared in a manner identical to those previously 
published by our laboratory.40,41 

(3.1) [Pt((PEP)TPIP)(en)][PF6]2: 

The final complex is a fluffy yellow-orange solid (54%). 1H NMR (300 MHz, d6-

DMSO): δ = 9.35 (d, 2H), 9.29 (s, 1H), 8.91 (m, 2H), 8.48 (d, 2H), 8.17 (m, 2H), 

8.08 (d, 2H), 7.88 (d, 2H), 7.20 (d, 2H), 6.90 (br, 4H), 4.16 (t, 2H), 2.76 (br, 4H), 

2.70 (t, 2H), 2.50 (br s, 4H), 1.50 (m, 4H), 1.39 (m, 2H) ppm; 13C NMR (300 

MHz, d6-DMSO): δ = 159.0, 148.7, 143.9, 136.0, 134.7, 127.5, 126.1, 124.9, 
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122.0, 116.0, 66.4, 57.6, 54.8, 47.7, 25.9, 24.3 ppm; HR-MS Calculated for 

C36H38N10OPt (M2+): 410.6435, Found: 410.6416. 

 

(3.2) [Pt((DAPB)TPIP)(en)][PF6]2: 

The final complex is a flaky red solid (73%). 1H NMR (500 MHz, d6-DMSO): δ = 

9.56 (s, 1H), 9.45 (d, 2H), 9.08 (d, 2H), 8.78 (t, 1H), 8.46 (d, 2H), 8.32 (br m, 

2H), 8.26 (d, 2H), 8.12 (s, 4H), 6.92 (br s, 4H), 3.37 (q, 2H), 3.09 (t, 2H), 2.77 (br 

s, 4H), 2.49 (s, 6H), 1.89 (quintet, 2H)  ppm; 13C NMR (300 MHz, d6-DMSO): δ 

= 165.6, 155.3, 149.4, 147.4, 144.2, 138.7, 134.8, 129.4, 127.6, 126.5, 120.4, 

119.8, 56.4, 47.7, 44.3, 37.7, 26.3 ppm; HR-MS Calculated for C35H37N11OPt 

(M2+): 411.141, Found: 411.1411. 

 

(3.3) [Pt((PEB)TPIP)(en)][PF6]2: 

The final complex is a flaky orange-red solid (23%). 1H NMR (300 MHz, d6-

DMSO): δ = 9.44 (s, 1H), 9.26 (d, 2H), 8.85 (m, 2H), 8.59 (t, 1H), 8.50 (d, 2H), 

8.04 (m, 8H), 6.97 (br, 4H), 3.43 (m, 2H), 2.76 (m, 2H), 2.41 (m, 4H), 1.51 (m, 

4H), 1.38 (m, 2H) ppm; 13C NMR (300 MHz, d6-DMSO): δ = 166.0, 155.3, 149.4, 
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147.4, 144.2, 138.7, 134.8, 129.4, 127.6, 126.5, 120.4, 119.8, 66.6, 54.8, 47.7, 

25.9, 24.4 ppm; HR-MS Calculated for C37H39N11OPt (M2+): 424.1489, Found: 

424.1483. 

3.5.4 Oligonucleotides 

Unmodified G-quadruplex sequences were obtained from either Sigma-

Aldrich (Canada) or IDT with HPLC purification. Prior to use, each sequence was 

suspended in Milli-Q water and quantified by UV spectroscopy (carried out on a 

CaryBio 300 spectrophotometer at 95°C using the Cary WinUV Scan application 

version 3.00) using their molar extinction coefficients at 260 nm (IDT 

OligoAnalyzer tool). The biotinylated sequences were synthesized in house via 

standard automated oligonucleotide solid-phase synthesis performed on a 

BioAutomation MerMade MM6 DNA synthesizer. Sequences were purified using 

standard denaturing polyacrylamide gel electrophoresis with a 20 x 20 cm vertical 

Hoefer 600 electrophoresis unit, followed by desalting with Sephadex G-25 

(superfine DNA grade from Sigma-Aldrich). Reagents for automated DNA 

synthesis were used as purchased from BioAutomation. Biotin-dT CED 

phosphoramidite was used as purchased from ChemGenes and coupled off-

column under inert atmosphere.  

3.5.5 Molecular modeling (performed by Zhaomin Liu) 

The G-quadruplex structures used herein were retrieved from the Protein 

Data Bank (PDB): the first two structures with PDB codes 143D53 and 3T5E54 

were related to 22AG in sodium solution and potassium crystal, respectively; 

another two structures (1XAV55 and 2O3M29) represented the cmyc and ckit1 

structure, respectively. Mutations in 1XAV were manually converted back the 

wild-type sequence in order to be consistent with our experiments. The platinum 

complexes were optimized at the B3LYP/LCV3P** level of DFT; atomic charges 

of the complexes were obtained from ESP fitting for later use in docking and MD 

simulations. All DFT computations were performed with Jaguar 7.0 (Schrodinger 

LLC). An in-house drug discovery program suite FORECASTER75
 including 

PREPARE, PROCESS, SMART and FITTED was used to prepare structures and carry 



 

out the docking experiments. In order to probe the entire structure for potential 

binding locations, the entire G-quadruplex structure was set as the “binding site”. 

FITTED uses a matching-algorithm-enhanced genetic algorithm applied to a set 

(i.e., population) of conformations. In the present study, 100 docking runs were 

performed with the initial population of 200 poses and the matching algorithm 

turned off. The final docked poses were then clustered based on their similarity 

(root-mean-square deviation (RMSD) below 2 Å). The most likely pose of each 

cluster was selected as representative based on the FITTED energy score.  

The AMBER10 package76 was used for this MD simulation study. The 

parm99.dat force field77,78 was used for G-quadruplex and GAFF parameters79,80 

(including previously developed Pt force field parameters57) for the platinum 

complexes. G-quadruplex structures and side-arm complexes were combined into 

one system by the LEaP module; additional counter ions such as Na+ for 143D-

complex and K+ for the other three systems were added to neutralize the highly 

negative systems. The systems were soaked into periodic truncated octahedron 

box (10 Å) with TIP3P water molecules.81 During the following simulations, the 

Particle Mesh Ewald method82 was used to treat long-range electrostatic 

interactions.  

The position of water molecules were first optimized by a combination of 

steepest descent and conjugate gradient minimization steps with the G-quadruplex 

and sidearm complex structures being frozen. The whole system was then relaxed 

through additional steepest descent and conjugate gradient minimization steps. 

The temperature of the relaxed systems was then slowly increased over 20 ps by 

applying Langevin dynamics method with collision frequency of 1.0 ps-1, with a 

time-step of 1.6 fs and the SHAKE algorithm83 applied to the bonds containing 

hydrogen atoms. This was followed by 100 ps equilibration at 300K performed on 

each of the systems at constant pressure and temperature. Data was then collected 

over 8 ns. Stability of the systems was assessed by computing the deviation over 

the course of the simulations) and representative binding modes were selected 

based on the binding energy calculated from MM/PBSA.84 



 

3.5.5.1 Details of RMSD simulations by molecular modeling 

Figure S3.2 a) RMSD simulation of complex 3.2 with 22AG-Na+. b) Other representative 
snapshots of complex 3.2 with 22AG-Na+. 

 

Figure S3.3 a) RMSD simulation of complex 3.2 with 22AG-K+. b) Other representative 
snapshots of complex 3.2 with 22AG-K+. 
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Figure S3.4 a) RMSD simulation of complex 3.2 with cmyc. b) Other representative 
snapshots of complex 3.2 with cmyc. 

Figure S3.5 a) RMSD simulation of complex 3.2 with ckit1. b) Other representative 
snapshot of complex 3.2 with ckit1. 
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3.5.6 Biophysical assays 

3.5.6.1 HT-FID assay 

G-quadruplex DNA sequences 22AG, cmyc, ckit1, and ds26mer were 

diluted from concentrated stock solutions in Milli-Q water to 250 µM in 10 mM 

sodium cacodylate buffer (pH 7.4) with 100 mM added KCl (except 22AG which 

is evaluated in both the potassium containing buffer and in 10 mM sodium 

cacodylate buffer (pH 7.4) with 100 mM added NaCl). G-quadruplex sequences 

were heated to 95°C for 10 minutes and then rapidly cooled to room temperature. 

For ds26mer, the sequence was heated to 95°C and then slowly cooled to room 

temperature over 7 h. Each sequence was stored overnight at 4°C. Then, the 

sequences were diluted to 0.5 µM and 1.0 µM thiazole orange dye in DMSO was 

added. In the case of ds26mer, 1.5 µM thiazole orange dye was added. All 

robotics methods were performed on a Biomek FX liquid handler and a SAGIAN 

core robot (Beckman) at the CIAN core facility by Dr. Guillaume Lesage 

(Department of Biology, McGill University). Briefly, buffer and complexes were 

aspirated from dedicated reservoirs in a two-step procedure (buffer first (Figure 

S3.6) then complex (Figure S3.7) for a total volume of 100 µL) into black 96-well 

plates (Fluoroplates, Nunc). The complexes are tested in quadruplicate (that is two 

complexes per plate divided between rows D and E) where the appropriate buffer 

is first dispensed in decreasing volumes across the rows (100 to 0 µL), followed 

by each complex (5 µM stock solution in appropriate buffer) dispensed in 

increasing volumes across the rows (0 to 100 µL). Then, such that the final 

volume is 200 µL, 100 µL of 0.5 µM sequence plus thiazole orange dye is 

transferred to every well using the 96-multichannel pipetting head. The final 

concentrations of complex from column 1 to column 12 are 0, 0.125, 0.25, 0.375, 

0.5, 0.625, 0.75, 1.0, 1.25, 1.5, 2.0 and 2.5 µM. After 6 minutes of agitation on a 

plate-shaker (for the 10 minute incubation) or 84 minutes (for the 90 minute 

incubation), the plates were allowed to incubate at room temperature for ~ 4 

minutes before reading the fluorescence. Fluorescence (F) was measured on a 

plate reader (DTX 880, Beckman) equipped with 485 ± 20 nm and 535 ± 35 nm 



 

filters for excitation and emission of thiazole orange, respectively. Percentage 

displacement (PD) was calculated by PD = 100 − [(F/F0) × 100], in which F0 is F 

without addition of platinum complexes, respectively. The concentration of added 

complex is then plotted against the PD, and a DC50 value is determined by the 

concentration of platinum complex needed to achieve a 50% displacement of 

thiazole orange. 

Figure S3.6 HT-FID plate layout showing volumes of buffer for the first addition 

Figure S3.7 HT-FID plate layout showing volumes of complex added for the second 
addition 

Prof. Anthony Mittermaier developed the following method to compare 

data sets obtained from the FID assay according to overall affinity. Equilibrium 

association constants (KA) for the complexes were extracted from the FID 



 

fluorescence isotherms, using the concentrations and affinity of thiazole orange 

for the different G-quadruplexes,62 after being fitted by the following equation 

using in-house MATLAB scripts:  

where I0 and I1 are the fluorescence intensities in the absence and with 

saturating amounts of ligand. fB is the fraction of G-quadruplex bound to thiazole 

orange dye at any given ligand concentration: 

while [MX] is the concentration of dye-bound G-quadruplex and [M]T is 

the total concentration of all free and bound forms of G-quadruplex. [MX] was 

calculated according to:  

where fX is the fraction of dye molecules bound to G-quadruplex at a given 

ligand concentration and [X]T is the total concentration of both free and bound 

dye. fX was calculated as:  

where KX is the affinity equilibrium constant for thiazole orange binding 

and [M] is the concentration of unbound G-quadruplex. [M] was determined by 

solving the third-order polynomial obtained from the equality:  

where [L]T is the total concentration of ligand and fL is the fraction of 

ligand bound to G-quadruplex. This yields:  

I0 + I1 − I0( ) fB

fB =
MX[ ]
M[ ]T

MX[ ] = X[ ]T fX

fX =
KX M[ ]
1+KX M[ ]

M[ ]T = M[ ] + L[ ]T fL + X[ ]T fX



 

which can be expanded to give the following polynomial in [M]:  

The positive real root of equation 7 is equal to [M] and was determined 

numerically. The total amounts of G-quadruplex, dye, and ligand ([M]T, [X]T, and 

[L]T) are known for each step of the titration. The affinities of the thiazole orange 

dye (KX) for different G-quadruplex isoforms have been experimentally 

determined by Teulade-Fichou and coworkers.62 The values of the ligand binding 

affinity constant (KA), and the initial and final fluorescence values (I0 and I1, 

respectively) were varied to minimize the sum of squared deviations between 

calculated and experimental FID data points using a Simplex algorithm. 

3.5.6.2 SPR assay (performed by Dr. Mark A. Hancock) 

SPR measurements were performed on research-grade streptavidin-coated 

(SA) sensor chips (XanTec Bioanalytics GmbH, Muenster, Germany) at 25°C 

using filtered (0.2 µm) and degassed HBS-KT running buffer (10 mM HEPES pH 

7.4, 150 mM KCl, 3 mM EDTA, 0.05% (v/v) Tween-20). Protein-grade 

detergents (Tween-20, Empigen) were from Anatrace (Maumee, USA) and Pierce 

Gentle Elution (PGE) buffer was from Thermo Scientific (Illinois, USA); all other 

chemicals were reagent grade quality. Concentrated compound stocks were 

prepared in 100% DMSO, quantified using their molar extinction coefficients at 

320 nm, and stored at 4°C. As recommended by the manufacturer, the SA sensors 

were pre-conditioned with 1 M NaCl in 50 mM NaOH (three 1 min pulses at 50 

μL/min) before the capture of DNA at 10 µL/min (15 µM stocks diluted to 100 

nM in running buffer containing 0.5 M KCl). To minimize non-specific binding to 

M[ ] + L[ ]T
KL M[ ]
1+KL M[ ]

+ X[ ]T
KX M[ ]
1+KX M[ ]

− M[ ]T = 0

KLKX M[ ]3 + KL +KLKX L[ ]T + X[ ]T − M[ ]T( )( ) M[ ]2 +

1+KL L[ ]T +KX X[ ]T − KL +KX( ) M[ ]T( ) M[ ] − M[ ]T = 0



 

the SA-coated sensors, the compounds were serially diluted in running buffer (< 

0.1% DMSO final) containing 1 mg/mL CM-dextran (BioChemika #27560, Fluka 

/ Sigma-Aldrich, Missouri, USA). To assess binding specificity in multi-cycle 

‘KINJECT’ mode, diluted compounds were injected over reference (SA-only) and 

DNA-immobilized (450 RU) surfaces at 25 µL/min (5 min association + 10 min 

dissociation; 5 µM fixed). Between sample injections, the sensors were 

regenerated at 50 µL/min using two 30-second pulses of PGE buffer containing 

0.05% (v/v) Triton X100 (Solution I) or Empigen (Solution II), followed by 

‘EXTRACLEAN’ and ‘RINSE’ procedures. To assess dose-dependent binding in 

multi-cycle ‘KINJECT’ mode, diluted compounds were titrated (0–5 µM, 2-fold 

dilution series) over lower-density DNA surfaces (300 RU) and were regenerated 

in a similar manner. Data were doubled-referenced and represent duplicate 

injections acquired from at least two independent trials. For each replicate series, 

a buffer blank was injected first, the highest titrant concentration second, and 

serial dilutions followed (from the lowest to the highest concentration); 

comparing responses between the two highest titrant injections verified consistent 

DNA surface activity throughout each assay. To estimate apparent equilibrium 

dissociation constants (KD), steady-state binding responses (Req; average RU at 

the end of the association phase) were plotted as a function of complex 

concentration (C) and then subjected to non-linear regression (“Steady-state 

affinity” model, BIAevaluation v4.1 software). Titration series were also analyzed 

using the “Fit ka/kd separate” tool to estimate the individual dissociation rate 

constants (kd; evaluated in the early portion of the dissociation phase to exclude 

rebinding effects). Theoretical binding maxima were predicted using the 

following equation: Rmax = (MWA / MWL) (RL) (n) where Rmax is the maximal 

binding response (RU) at saturating compound concentrations; MWA is the 

molecular weight (Da) of the compound injected in solution; MWL is the 

molecular weight (Da) of the DNA fragment immobilized; RL is the amount (RU) 

of DNA immobilized; n is the predicted binding stoichiometry (e.g. 1:1). G-

quadruplex sequences 22AG, cmyc, and ckit1, and duplex HP were formed 

identically to those used for CD melting in potassium conditions.  



 

Figure S3.8 SPR assay for complex 3.2 with duplex-HP DNA: a) dose dependent 
titration, and b) fitting of the equilibrium responses to a one-site binding model and 
corresponding KD value. 

3.5.6.3 CD titrations 

The ckit1 G-quadruplex was formed (50 µM) in i) 10 mM K2HPO4/10 

mM KH2PO4, ii) 10 mM K2HPO4/10 mM KH2PO4 plus 100 mM KCl, and iii) 

0.906 mM Na2HPO4/NaH2PO4 plus 5.33 mM KCl and 110.34 mM NaCl by 

heating to 95°C for 10 minutes and then cooling rapidly to room temperature. 

Samples were stored overnight at 4°C before diluting to 10 μM in the respective 

buffers. For the titration, 0–5 µL stock solution of 3.2 (2 mM) in DMSO were 

added in series with either a 10 minute or 90 minute incubation period before 

scanning. Spectra were scanned at 37ºC from 350−230 nm at 100 nm/min with a 

bandwidth of 1 nm and a response time of 2 s.  

3.5.6.4 CD melting assay 

The ckit1 G-quadruplex was formed (15 µM) in either a 10 mM 

K2HPO4/10 mM KH2PO4 with or without 100 mM KCl depending on the 

sequence, or a 10 mM Na2HPO4/10 mM NaH2PO4 with 100 mM NaCl, where 

appropriate, by heating to 95°C for 10 minutes and then cooling rapidly to room 

temperature. Samples were incubated with 4 equivalents (60 µM) complex 3.2 

overnight at 4°C before melting. For the cmyc and ckit1 sequences, there was no 

added KCl. Melting experiments were conducted from 10−95°C with a heating 

rate of 1°C/min while monitoring the CD peak at 260 nm. 
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3.5.7 Biological assays 

3.5.7.1 MTS assay (performed by Dr. Johans Fakhoury) 

The cytotoxicities of complexes 3.2, 3.4, and 3.7 were assessed using the 

CellTiter96 kit from Promega according to the manufacturer’s instructions. 

Briefly, HeLa cells (human cervical cancer) and A172 cells (human glioblastoma) 

were seeded at a density of 5000 cells per well in a 96-well plate in DMEM media 

(Invitrogen) supplemented with 10% FBS and antibiotics and antimycotics 

(ABAM). Platinum complex stock solutions were initially diluted in growth 

medium to yield final concentrations ranging from 1.6 to 100 µM. Cells were 

incubated for 72 h in 5% CO2 at 37°C. After the incubation period, the MTS 

reagent was added to each well and further incubated for 3 h in 5% CO2 at 37°C. 

Subsequently, 96-well plates were allowed to equilibrate at room temperature and 

the absorbance was read at 490 nm using a BioTek® Synergy microplate reader. 

All quantifications were done using GraphPad Prism 5 software. 

3.5.7.2 Measurement of mRNA levels (performed by Dr. Johans Fakhoury) 

Whole cell mRNAs were extracted and cDNA strands were reverse 

transcribed using the SSIII Reverse Transcription Kit (Invitrogen) according to 

the manufacturer’s recommendations. We then assessed the mRNA levels of c-Kit 

by PCR with the following primers (forward primer: 5'- CAG GCA ACGTTG 

ACT ATC AGT -3' and reverse primer: 5'- ATT CTC AGA CTT GGG ATA ATC 

-3'). PCR conditions used were: (Step1) 94°C for 45 seconds, (Step 2) 54°C for 30 

seconds, and (Step 3) 72°C for 60 seconds for 35 cycles. PCR of 18S rRNAwith 

the following forward primers: 5'-GTA ACC CGT TGA ACC CCA TTC-3' and 

reverse primer: 5'-CCA TCC AAT CGG TAG TAG CG-3', were used as internal 

control. 

3.5.7.3 Western blot analysis (performed by Dr. Johans Fakhoury) 

For western blot analysis, 250,000 cells were seeded in a 6-well plate. The 

next day, each complex (3.2, 3.4, and 3.7) was added at 10 μM final 

concentration. Cells and ligands were incubated for 72 h. Samples were lysed 



 

with cell lysis buffer (NEB #9803). Protein concentrations were assessed by the 

Bradford assay and equal amounts (50 μg) of protein were loaded and resolved by 

SDS-PAGE. Gel contents were transferred to a PVDF membrane and Western 

blot analysis was carried out. Blocking was performed with TBST (Tris-buffered 

saline with 0.05% Tween-20) + 5% nonfat milk for c-KIT and TBST + 3% BSA 

for β-actin. Anti-c-KIT (Santa Cruz, SC-168) was incubated overnight in blocking 

solution at a concentration of 1:100. Anti-β-actin (Abcam, ab8226) was incubated 

overnight in blocking solution at a dilution of 1:1000. Blots were washed four 

times with 1xTBST. Anti-mouse and anti-rabbit goat polyclonal HRP-conjugated 

antibodies were used to detect β-actin and c-KIT, respectively. Secondary 

antibodies were diluted at 1:5000 in appropriate blocking buffers. Blots were 

washed four times with 1xTBST and bands were detected with Clarity Western 

ECL (Bio-Rad, 170-5060). 
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In Chapter 3, we appended protonable side-arms that protrude from the 

phenylphenanthroimidazole scaffold. These side-arms allow for a multivalent 

binding mode across the surface of the G-tetrad. This chelation-type binding 

demonstrated unprecedented slow dissociation from G-quadruplex motifs during 

biophysical studies. Studies in cellulo did not result in the expected down-

regulation of c-Kit oncogene expression at either the mRNA or the protein level. 

We hypothesized that poor permeability of the complex through the cellular 

membrane may be partially responsible. To better understand how these 

complexes interact with the genome in cellulo, we moved from platinum(II) to 

iridium(III) centers, which introduces interesting luminescence properties and 

could allow for the use of these complexes as cellular G-quadruplex probes. 

Chapter 4 thus describes the interaction of novel Ir(ppy)2(phen) complexes with  

G-quadruplex DNA. 



 

4 Iridium Complexes as G-quadruplex Binders 
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a manuscript submitted to the Journal of the American Chemical Society in 2014.  

 

4.1 Introduction 

For the majority of this thesis, we have focused on platinum(II) 

phenanthroimidazoles as G-quadruplex binders. We have determined that the 

ligand motif is ideally suited as a G-quadruplex binder as the electrostatic overlap 

of the electron-poor aromatic ligand complements the electron-rich binding 

surface of the G-quadruplex motif. We have also demonstrated that the use of the 

ethylenediamine ligand aids in binding through its ability to hydrogen-bond with 

the phosphate backbone of the DNA. However, these platinum(II)-based 

complexes are not the only variety of metal-based binders for G-quadruplex 

targeting as discussed in Chapter 1. In the literature, a large selection of reports 

demonstrate the use of manganese(II)/(III),1-4 ruthenium(II)/(III),5-10 nickel(II),1,11-

12 copper(II),12,13 zinc(II),14,15 and palladium(II)16 complexes, among others, and 

have been reviewed by Georgiades et al. in 2010.17  

As previously mentioned, metal complexes have a broad range of 

structural, electronic, and optical properties that can be successfully exploited for 

optimal DNA binding and detection. Along these lines, a particularly important 

discovery made by Barton et al. in 1984, established that [Ru(phen)3]2+ 

demonstrated enhancement of luminescence when intercalated into duplex 

DNA.18 After extensive studies into the mechanism by which this occurs,19-21 they 

determined that upon intercalation, the DNA base pairs protect the intercalated 

ligand from the solvent (namely from hydrogen-bonding which would result in 



 

quenching via vibrational deactivation),22 thereby resulting in enhanced 

luminescence. 

Since then, other groups have focused on metal complexes that 

demonstrate emission enhancement when binding to G-quadruplex DNA23  

including studies by Thomas and coworkers5,8 and Shi et al.6 They demonstrated 

an emission enhancement when their dinuclear bridged [Ru2(phen)4(dppz)]4+ 

complex and dinuclear [Ru2(obip)(bpy)4]4+ complex, respectively, bound to DNA 

(Figure 4.1). For the dinuclear bridged complex [Ru2(phen)4(dppz)]4+, the 

emission enhancement was about 150x larger when bound to G-quadruplex DNA 

and 60x larger when bound to calf-thymus DNA compared to aqueous buffered 

solution with high ionic strength (> 100 mM sodium). For the [Ru2(obip)(bpy)4] 

complex, there was a 1.5x emission enhancement when bound to G-quadruplex 

DNA and less enhancement when bound to duplex DNA in similar aqueous 

conditions. Due to the emission enhancement, they were able to determine 

binding affinities through direct luminescence assays (rather than needing an 

additional dye for a displacement assay like the FID assay). Because these, and 

other, ruthenium complexes have been demonstrated to exhibit this phenomenon, 

they have been studied as both duplex DNA and G-quadruplex DNA binders. 

Figure 4.1 Examples of dinuclear ruthenium(II) complexes as G-quadruplex binders. a) 
[Ru2(phen)4(dppz)]4+, where dppz = dipyrido-[3,2-a:2',3'-c]-phenazine and b) 
[Ru2(obip)(bpy)4]

4+, where obip = 2-(2-pyridyl(imidazo[4,5-f][1,20]-phenanthroline and bpy 
= 2,2'-bipyridine. 

In addition to intrinsic fluorescence properties of bipyridine and 

phenanthroline-substituted ruthenium(II) complexes, these compounds have been 

shown to exhibit electrochemiluminescence or electrogenerated 

N

NN

N

N

N

RuRu

N
N

N
N

N
N

N
N

N
N

HN
N

N

Ru

Ru

N
NN

N
N

N

N

N

a) b)



 

chemiluminescence (ECL).24-27 Briefly, ECL results when electrochemically 

generated intermediates (resulting from a sweep of potential) react to produce an 

electronically excited state that emits light.28 ECL has a wide and varied potential 

for applications in biology and medicine for highly sensitive detection of 

biological markers. Most of these applications have been centered around 

[Ru(bpy)3]2+ and its derivatives as this complex exhibits good stability and ECL 

efficiency in aqueous media, has favorable electrochemical properties, and is 

compatible with a wide range of analytes.29 For example, ECL assays have been 

developed i) to detect surface proteins on live cells,30 ii) to detect protein cancer 

biomarkers,31 iii) as DNA probe assays,32 iv) with ECL-inducible DNA 

intercalators used as coreactants for DNA hybridization assays,33 and v) for the 

detection of anthrax spores, cholera toxins, and staphylococcal enterotoxin B,34,35 

to name a few. 

Cyclometallated iridium(III) complexes also display luminescence 

enhancement in polar solvent-shielded environments and can exhibit 

eletrogenerated chemiluminescence36-41 but have been less explored in the 

literature as DNA binders. They present advantages over their ruthenium 

counterparts, such as tunable luminescence wavelength and higher quantum 

yields.36,38,41-43 The sole example to date, of an iridium(III) complex as a G-

quadruplex binder and potential therapeutic, has been reported by Yang et al.44 In 

their report, they synthesized and characterized [Ir(phq)2(biq)][PF6] (Figure 4.2) 

and studied its interaction and affinity with the c-myc G-quadruplex motif via 

UV/Vis spectroscopy and gel mobility shift assays. Additionally, they examined 

the ability of their complex to stabilize the G-quadruplex motif in vitro through a 

cell-based luciferase reporter assay and showed that the complex could down-

regulate c-myc oncogene expression. While they did measure the quantum yield 

and emission lifetime of the complex, they did not harness the inherent 

luminescence properties for assessing the binding affinity to the c-myc motif. 

They also did not realize the full potential of the complex to act as a probe for G-

quadruplex detection in vitro.  



 

Figure 4.2 Cyclometallated iridium(III) complex [Ir(phq)2(biq)]PF6] (where phq = 2-
phenylquinoline and biq = 2,2'-biquinoline) studied by Yang et al. as a c-myc G-
quadruplex stabilizer. 

As well, fewer ECL applications exist for iridium(III) complexes in 

aqueous environments compared to their ruthenium(II) counterparts. In non-

aqueous environments, many of the neutral iridium(III) species exhibit a higher 

degree of ECL efficiency than [Ru(bpy)3]
2+, but due to their low solubility in 

aqueous media and sensitivity to quenching by oxygen, their use in biological and 

medicinal detection applications has been restricted.29 In fact, the only study to 

date of water-soluble ionic cyclometallated iridium(III) complexes was done by 

Kiran and coworkers, where they demonstrate that iridium(III) complexes with an 

overall positive or negative charge hold great promise for future ECL detection in 

aqueous solution and may in fact rival the ruthenium complexes for ECL sensing 

under some circumstances.45,46 

Given the ease of synthesis of cyclometallated iridium(III) complexes, 

their ability to bind to and stabilize G-quadruplex DNA, and the easily harnessed 

ECL for DNA detection, we hypothesized that the addition of our 

phenanthroimidazole ligands to a cyclometallated iridium(III)-bisphenylpyridine 

core could create a library of complexes for G-quadruplex detection. Thus, we 

synthesized complexes 4.1-4.6, obtained crystal structures of novel complexes 4.3 

and 4.4, studied their binding affinities with a library of G-quadruplex motifs 

through a direct high-throughput luminescence assay, assessed binding 

stoichiometry via a continuous variation method, conducted cyclic voltammetry 

(CV) and ECL assays. Future work includes the design of a G-quadruplex 

detection assay based on ECL of the complexes after binding to the G-quadruplex 

motifs.  
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From these experiments, we have developed a library of iridium-based 

complexes with π-extended phenylphenanthroimidazole ligands that are ideally 

suited as G-quadruplex binders. These complexes exhibit the “G-quadruplex 

light-switch” effect in that their luminescence is enhanced upon binding to various 

polymorphs. These complexes are also electrochemically active and demonstrate 

reversible iridium oxidation between 1.24−1.38 V (E1/2 values referenced to an 

Ag/AgCl pseudo-reference.) Additionally, the complexes are electro-

chemiluminescent and show strong light emission in the positive potential region. 

The ECL activity and emission enhancement upon selective binding to G-

quadruplex DNA suggests the use of these complexes as probes for various 

applications involving G-quadruplex DNA detection.  

4.2 Results and discussion 

4.2.1 Synthesis and characterization of complexes 4.1-4.6 

The synthesis of complexes 4.1-4.6 could be completed in two steps from 

commercially available iridium(III) trichloride hydrate and 2-phenylpyridine. We 

followed the procedure of the previously established synthesis47 and obtained a 

72% yield of pure yellow crystals of the dichloro-bridged [Ir2(ppy)4Cl2] dimer. 

The addition of the phenanthroimidazole ligands was performed in an analogous 

procedure to that of Zhao et al48 and resulted in yields of 30%−96% of yellow-

orange powders after silica gel column chromatography. 1H, and 13C NMR spectra 

were obtained, as well as HR-MS and elemental analysis. X-ray crystallography 

of complexes 4.3, 4.4, and 4.5 was performed on a Bruker APEX2 diffractometer.  
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Figure 4.3 a) Synthesis of [Ir2(ppy)4Cl2] where i) reflux, 24 h in 3:1 methoxyethanol/water. 
b) Synthesis of complexes 4.1-4.6 where ii) reflux, 4 h in 2:1 DCM/MeOH, followed by 
addition of KPF6. c) [Ir(ppy)2(PIP)][PF6], (4.1), [Ir(ppy)2(OMePIP)][PF6], (4.2), 
[Ir(ppy)2(CF3PIP)][PF6], (4.3), [Ir(ppy)2(CLIP)][PF6], (4.4), [Ir(ppy)2(2-CLIP)][PF6], (4.5), 
[Ir(ppy)2(3,5-diCLIP)][PF6], (4.6), where ppy = 2-phenylpyridine, PIP = phenylphenanthro-
imidazole, OMePIP = 4-methoxyphenylphenanthroimidazole, CF3PIP = 4-
trifluoromethylphenylphenanthroimidazole, CLIP = 4-chlorophenylphenanthroimidazole, 
2-CLIP = 2-chlorophenylphenanthroimidazole, and 3,5-diCLIP = 3,5-
dichlorophenylphenanthroimidazole.   

4.2.1.1 Crystal structure analysis (Performed by Dr. Christopher J. 
Serpell) 

4.2.1.1.1 Trifluoromethyl- Complex 4.3 
A single crystal of trifluoromethyl complex 4.3 was grown via slow 

diffusion of a solution of 4.3 in dichloromethane into acetic acid. The ORTEP 

diagram of complex 4.3 is depicted in Figure 4.4. The molecule was found to 

crystallize in a stacked, head-to-tail dimer (Figure 4.5a), with included 

dichloromethane. The nitrogen atoms of the phenylpyridine ligands occupied 

axial positions on the metal similarly to the report by Zhao et al48 which results in 

a cis-C,C trans-N,N chelate configuration. Interestingly, the protic imidazole 

hydrogens were directed towards BF4
- anions. Although no BF4

- salts were added 

intentionally, they must have been introduced as an impurity sometime during the 

synthetic route. Superimposition of the two molecules in the asymmetric unit 

revealed that within a dimer, their stereochemistry was identical (Figure 4.5b), 

while due to symmetry, both enantiomers were present in the crystal. 



 

Figure 4.4 Complete crystal structure of complex 4.3 showing thermal ellipsoids at 50% 
probability. 

Figure 4.5 a) Dimer of complex 4.3, and b) overlay of two metal complexes in the 
asymmetric unit, showing their identical stereochemistry 

4.2.1.1.2 p-Chloro Complex 4.4 
A single crystal of p-chloro complex 4.4 was grown via slow diffusion of 

complex 4.4 in dichloromethane into acetic acid in a similar manner as for 

complex 4.3. The ORTEP diagram of complex 4.4 is depicted in Figure 4.6. The 

molecule was found to crystallise in a stacked, 90° dimer (Figure 4.7a), with 

included acetic acid and water. The phenylpyridine ligands exhibit the same cis-

C,C trans-N,N chelate configuration as complex 4.3. The protic imidazole 

hydrogens were directed towards the solvent. Two acetic acid dimers were 

observed. Superimposition of the two molecules in the asymmetric unit revealed 

a) b)



 

that with a dimer their stereochemistry was identical (Figure 4.7b) while due to 

symmetry, both enantiomers were present in the crystal. 

 

Figure 4.6 Complete crystal structure of complex 4.4 showing thermal ellipsoids at 50% 
probability. 

Figure 4.7 a) Dimer of complex 4.4, and b) overlay of two metal complexes in the 
asymmetric unit, showing their identical stereochemistry 

4.2.1.1.3 2-Chloro Complex 4.5  
A single x-ray quality crystal of 2-chloro complex 4.5 was grown via slow 

diffusion of 4.5 in dichloromethane into a solution of ether. While this crystal did 

diffract, refinement of the data and subsequent determination of the crystal 

structure have proved difficult. Attempts at obtaining better quality crystals are 

currently underway. 

a) b)



 

4.2.2 Assessing the absorbance and luminescence properties 

4.2.2.1 Absorption Spectroscopy 

The UV-vis absorption spectra of all complex salts in both water and 

acetonitrile are shown in Figure 4.8, and the electronic absorption data are listed 

in Table 4.1. For all complexes, intense absorption bands below 320 nm could be 

observed and are assigned to spin-allowed π-π* ligand-centered (LC) transitions 

for phenylpyridine and phenanthroline-based ligands, analogous to other similar 

complexes in the literature.44,46,49-51 Further investigation allows us to deduce that 

the higher energy bands < 300 nm can be attributed to the phenylpyridine ligands 

while the lower energy shoulder from 300–320 nm can be assigned to the 

phenanthroline ligand.46,52 This can be explained through the higher energy of the 

lowest unoccupied molecular orbital (LUMO) of the cyclometallated ligand 

compared to the neutral phenanthroline ligand.53 Moderately intense absorption 

bands in the range 380−430 nm were also observed, and in agreement with the 

literature,49,54,55 can be assigned to metal-to-ligand charge transfer (MLCT) from 

the highest occupied molecular orbital (HOMO) of the Ir t2g π to π* 

(phenylpyridine and phenanthroline ligands) which are spin-allowed. Finally, the 

weak absorption tails above 430 nm are assigned to spin-forbidden MLCT (Ir dπ 

to π* (phenanthroline derivatives)) transitions.46,51  



 

Figure 4.8 Absorption spectra of complexes 4.1-4.6 in ACN (black) and H2O (red) at a 
concentration of 10 µM at 25°C.  

 solvent 4.1 4.2 4.3 4.4 4.5 4.6 

ACN 
274, 298, 
344, 385, 

406 

254, 270, 
283, 351, 

406 

254, 271, 
280, 299, 
339, 399 

254, 271, 
280, 298, 
339, 406 

268, 293, 
337, 400 

266, 281, 
298, 335, 

394 
λabs 

(nm) 
H2O 275, 293, 

381 
282, 383 276, 305, 

393, 450 
289, 348, 

402 
266, 290, 

386 
299, 248, 

426 

Table 4.1 Absorption data of complexes 4.1-4.6 in ACN and H2O at 25°C.  

4.2.2.2 Luminescence spectroscopy  

The room-temperature photoluminescence spectra of all complex salts in 

degassed ACN and H2O are shown in Figure 4.9, and corresponding 

photoluminescence data of complex salts are summarized in Table 4.2. It can be 

seen that all complex salts emit at wavelengths in the range 579−593 nm with 

excitation at 280 nm in both ACN and H2O at room temperature. Since the 

emission wavelengths maxima are between 579−593 nm, we can classify the 

excited-state characteristics of complexes 4.1-4.6 as mixed 3MLCT and 1π-π* 

transitions where the 3MLCT results from the promotion of an electron from the 

HOMO of the metal center to the π* orbital of the phenanthroline ligand, while 

the 1π-π* transition arises from the movement of electrons located on the 

phenylpyridine ligands.55-58 
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Figure 4.9 Emission spectra of 4.1-4.6 in ACN (black) and H2O (red) at 10 μM each. 
Complexes were excited at 280 nm. The spectra were normalized to the highest IU in 
each set. 

Complex 4.1 4.2 4.3 4.4 4.5 4.6 

H2O λem-max 
(nm) 590 585 579 582 581 583 

medium 

ACN λem-max 
(nm) 590 582 588 587 588 593 

Table 4.2 Photoluminescence data of 4.1-4.6. 

In acetonitrile, in an analogous manner to the report by Neve and 

coworkers,52 as the electron-withdrawing ability of the ligand increases, the 

emission energy decreases, with the dichloro-complex 4.6 emitting at a longer 

wavelength than the methoxy-complex 4.2.  

Next, we were interested in whether we would see emission enhancement 

when complexes 4.1-4.6 bound to DNA targets in the same manner as the 

aforementioned ruthenium complexes (Figure 4.1). To this end, the fluorescence 

spectra of solutions of 2 μM complex in 10 mM sodium cacodylate buffer with 

100 mM KCl (pH 7.2) were compared to fluorescence spectra of 2 μM solutions 

with 20 μM added DNA sequence (22AG-K, cmyc, or duplex DNA) after a 1 h 

incubation at room temperature. The spectra are shown in Figure 4.10 and the 

enhancements and blue-shifts are quantified in Table 4.3. Excitingly, all 
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complexes show much higher emission intensities when bound to G-quadruplex 

DNA compared to duplex DNA. In the case of complexes 4.5 and 4.6 with duplex 

DNA, there is even a slight decrease in luminescence when compared to the 

complexes in aqueous solution alone. The largest shift in emission maximum 

occurs when complex 4.5 binds to 22AG-K with a 42 nm blue-shift. This agrees 

well with previous studies where the higher energy luminescence and larger 

emission enhancements are associated with binding sites of the metal complexes 

that are more solvent inaccessible (that is, intercalation into B-DNA rather than 

groove-binding).8,59-62 For quantification of solvent accessibility, we would need 

to examine the structures of the quadruplex motifs in solution via molecular 

modeling methods to determine the hydrophobicities of the predicted binding sites 

in relation to one another. But, from a visual inspection of the representations of 

the PDB codes for 22AG-K+ (2GKU63) and cmyc (1XAV64), we can assess the 

differences between the binding sites available to the iridium complexes. In 

general, the end-stacking mode, as determined theoretically and experimentally, 

has been shown to be the dominant binding site for these G-quadruplex 

structures.65 In the case of 22AG-K+, there are external loops that extend above 

and below the surface of the tetrads that appear to π-stack with the tetrads (Figure 

4.11a). When compared to the cmyc structure (Figure 4.11b), these loops may be 

able to better shield the complex from the solvent if the phenanthroimidazole 

ligand inserts between them and the G-tetrad. The loops in the cmyc structure, 

while also available to π-stack, are much more flexible, allowing for greater 

solvent accessibility.8   



 

Figure 4.10 Fluorescence spectra showing enhancement of luminescence and blue shift 
of emission maximum after 1 h incubation of the complexes (2 µM) with 20 µM each 
22AG-K (red) and cmyc (blue) G-quadruplexes compared to the complexes without 
added DNA (black) and with ds26mer (green).  

  4.1 4.2 4.3 4.4 4.5 4.6 
Aqueous λ(max) 593 588 584 585 595 583 

λ(max) 557 558 560 559 553 566 22AG-K 
Ibound/I0 38.1 27.8 13.0 18.5 52.9 7.3 
λ(max) 566 565 564 564 570 570 cmyc 
Ibound/I0 15.0 14.0 2.45 9.20 11.7 2.92 
λ(max) 582 578 587 579 578 579 ds26mer 
Ibound/I0 1.42 1.17 1.05 1.10 0.745 0.493 

Table 4.3 Quantification of changes in emission of complexes 4.1-4.6 upon binding 
different DNA sequences. 
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Figure 4.11  Visual inspection of the solution structures of 22AG-K+ (a) and cmyc (b). 
Each structure is shown with the wide groove in the foreground. Tetrads are indicated 
with arrow while loops are indicated by ellipses.  

4.2.3 Studying the binding affinity and stoichiometry of the iridium 

complexes with DNA 

After assessing the luminescence enhancement when these complexes 

bind to G-quadruplex DNA, we devised a high-throughput assay to study the 

binding affinity of the library with biologically relevant G-quadruplex 

polymorphs. We chose both forms of human telomeric DNA (the antiparallel 

basket and the 3+1 hybrid), in addition to an expanded repertoire of oncogene 

promoters including polymorphs found in the c-Kit,66-68 c-Myc,69-74 PDGF-A,75 

KRAS,76 VEGF,77 and Bcl-278 oncogene promoters (Table 4.4). Due to the lack of 

significant luminescence enhancement when the complexes bind to duplex DNA, 

selectivity between G-quadruplex and duplex motifs could not be assessed with 

this method.  

We conducted a fluorescence titration assay similar to those in Chapters 2, 

3, and 5, however, in our experiment, we utilized the luminescence enhancement 

of the complexes themselves when binding to DNA rather than needing a 

fluorescent dye that would be analyzed by displacement. We adapted the high-

throughput procedure in Chapters 3 and 5 to accommodate a 384-well plate. 

Briefly, we plated 40 μL of a 0.5 μM solution of pre-annealed DNA into each well 

of the plate, and then added increasing amounts of complexes across the rows 

such that the molar equivalents of complex ranged from 0−20, supplemented with 

{ {Tetrads

Tetrads

Overhanging
Loop Overhanging

Loop

a) b)



 

an appropriate amount of buffer in 80 μL total (See Figure S4.1 and Figure S4.2 

for plate layouts).  

Name εε260 (M-1cm-1) Sequence 

22AG 228 500 5'- AGGGTTAGGGTTAGGGTTAGGG 

cmyc 279 900 5'- TGGGGAGGGTGGGGAGGGTGGGGAAGG 

ckit1 226 700 5'- AGGGAGGGCGCTGGGAGGAGGG 

ckit2 205 600 5'- CGGGCGGGCGCGAGGGAGGGG 

PDGF-A 314 000 5'- AGGCGGGGGGGGGGGGGCGGGGGCGGGGGCGG 

KRAS 341 000 5'- AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGG 

VEGF 190 000 5'- GGGGCGGGCCGGGGGCGGGG 

Bcl-2 227 300 5'- GGGCGCGGGAGGAATTGGGCGGG 

Table 4.4 Sequences used in this study with their corresponding extinction coefficients. 

After plating, the complexes were allowed to associate with the DNA 

solutions for approximately 20 minutes before being scanned on the microplate 

reader using an excitation of 260 ± 10 nm and an emission filter of 595 ± 35 nm 

with an integration time of 1 second. In order to obtain background luminescence, 

we ran a plate with the complexes in a solution of buffer only. The background 

values were then subtracted from the values with the DNA (assuming a linear 

increase) and subsequently plotted on a graph of concentration of complex versus 

normalized luminescence intensity. The curves were fit to a one-site binding 

model (in most cases) in GraphPad Prism which resulted in preliminary KD values 

that are represented in Table 4.5. In cases where the error obtained from the fit 

was high – that is, the error is ≥ 50% of the KD value – the results were omitted 

and designated with n/d. In other cases, the data could not be fit to the binding 

equation, and are designated with n/d1. The error for some KD value fits, in 

addition to the inability to fit some of the data, could be due to either the 

dissociation of the iridium complex dimers in solution to the monomeric species 

prior to binding the G-quadruplexes, or to possible non-specific binding of the 

iridium complexes with the polypropylene plates used for the high-throughput 



 

fluorescence assay (as mentioned in Chapter 5, pp 220). Future work will be 

directed towards repeating the experiments manually in quartz cuvettes for 

validation of the absolute numbers obtained.  

KD 
(μM) 4.1 4.2 4.3 4.4 4.5 4.6 

22AG Na+ 0.19 ± 0.081 1.4 ± 0.46 n/d n/d n/d n/d1 

22AG 
K+ 0.94 ± 0.21 4.0 ± 1.1 n/d 2.9 ± 1.4 1.7 ± 0.47 n/d1 

cmyc 1.6 ± 0.48 2.0 ± 0.86 n/d n/d n/d n/d 

ckit1 1.1 ± 0.31 0.66 ± 0.23 n/d1 0.58 ± 0.14 1.5 ± 0.49 0.38 ± 0.18 

ckit2 0.72 ± 0.21 1.2 ± 0.49 2.0 ± 0.62 n/d 2.0 ± 0.63 2.9 ± 0.82 

PDGF-A n/d n/d n/d 0.78 ± 0.35 0.37 ± 0.16 n/d 

KRAS 0.45 ± 0.083 1.2 ± 0.24 2.7 ± 0.96 3.2 ± 1.1 4.5 ± 1.8 n/d 

VEGF 1.4 ± 0.33 0.96 ± 0.18 4.9 ± 1.6 1.5 ± 0.30 n/d 1.4 ± 0.16* 

Bcl-2 0.78 ± 0.12* 1.3 ± 0.35 n/d n/d n/d n/d1 

Table 4.5 Preliminary KD values calculated from the fluorescence titration where n/d = 
not determined. *These value were determined from a one-site binding model with Hill 
slope where the h value = 2.8 for 4.1 and h = 2.1 for 4.6. A Hill slope > 1 may indicate 
cooperative binding. 1The values could not be determined using a one-site binding 
model 

From the KD values above, we can say that when the complexes bind to 

G-quadruplex DNA, they do so with affinities in the low micromolar regime. If 

there is non-specific binding occuring between the complexes and the 

polypropylene plates, these numbers could be even lower. The lowest value 

determined is 0.19 ± 0.081 μM for phenyl- complex 4.1 with the 22AG-Na+ 

polymorph. Interestingly, complexes 4.1 (phenyl-) and 4.2 (methoxy-) exhibit 

similar behaviors in that they are the least selective and can bind to most of the 

polymorphs with reasonable affinity. On the other hand, 3,5-dichloro- complex 

4.6 is the most selective, appearing to prefer the ckit and VEGF motifs. Initially, 

luminescence enhancement with complexes 4.1-4.6 were assessed with the 22AG-

K+ and cmyc G-quadruplex sequences only. In order to draw precise conclusions, 

experiments that investigate luminescence changes with other G-quadruplex 

forming sequences should be performed. This would confirm that each 



 

quadruplex binding surface presents a hydrophobic pocket that allows for the 

emission enhancement. Additionally, the extent of non-specific binding should be 

analyzed so as to confirm the applicability of the experiment. 

To assess the binding stoichiometry of complexes 4.1-4.6, a continuous 

variation method (Job plot) was conducted for the sequence/complex 

combinations for which a KD value was determined. In this assay, the total 

concentration of DNA and complex are held constant (10 μM) while the mole 

fractions of the two components are varied, and each fraction is quantified by 

luminescence intensity. This assay was run in a 96-well plate format with mole 

fractions of iridium complex varying from 0.0−1.0 by 0.1. After plating the 

complexes and quadruplexes, the plate was allowed to rock on a plate shaker for 

20−90 minutes before the luminescence was read on a microplate reader with an 

excitation filter of 310 ± 20 nm and emission filter of 590 ± 20nm. The plates 

were scanned once after 20 minutes of rocking and once after 90 minutes. The 

luminescence intensities were not significantly different at these two time points, 

which agrees with our assumption that binding is a relatively fast process and 

does not involve threading for intercalation. The assay was not conducted with the 

ckit1 of PDGF-A quadruplexes due to limited materials available. From the 

intersection of the lines, the binding stoichiometry can be determined for the 

complexes (Figure 4.12). For all complexes in all cases, the maximum 

enhancement occurs at ~ 0.50 mole fraction, which corresponds to a 1:1 binding 

stoichiometry, that is, one complex per quadruplex. The spread in the data may be 

an indication of non-specific binding. By performing more replicates in the high-

throughput fashion enabled by the microplates, we would be able to minimize 

noise to get a clearer indication of absolute binding stoichiometry.  



 

 

Figure 4.12 Job plots of complexes 4.1-4.6 binding to various G-quadruplex sequences. 
The maximum enhancement determines the binding stoichiometry.  

4.2.4 Electrochemical properties of complexes 4.1-4.6 

4.2.4.1 Cyclic voltammetry (Performed by Dr. Kimberly Metera and Dr. 
Ushula Tefashe) 

The electrochemical properties of the complexes at the glassy carbon 

electrode were studied by cyclic voltammetry for 0.5 mM complex in acetonitrile 

solution containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 

(Figure 4.13). For all complexes during the anodic scan, a reversible iridium 

oxidation peak was evident and the E1/2 values are listed in Table 4.6, referenced 

to an Ag/AgCl pseudo-reference. Upon reduction, a large peak for TBAPF6 is 

evident and mostly obscures any reduction of the phenanthroimidazole and 

phenylpyridine ligands. However, a small bump can be seen just negative to −0.5 

V which may be a ligand-reduction peak from the cathodic scan (Figure 4.13a). In 

order to ascertain this finding, the CVs of the complexes should be rerun, but the 

cathodic scan should not go below −0.75 V so as not to reduce the TBAPF6. The 

TBAPF6 electrolyte could also be substituted for another that does not show 

reduction overlap to the same extent. 
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Figure 4.13 CV results for complexes 4.1-4.6 in acetonitrile solution containing 0.1 M 
TBAPF6: a) reduction and b) oxidation referenced to an Ag/AgCl pseudo-reference. 

 4.1 4.2 4.3 4.4 4.5 4.6 
E1/2/V 1.35 1.40 1.38 1.29 1.35 1.36 

Table 4.6 Electrochemical oxidation potentials for complexes 4.1-4.6 referenced to an 
Ag/AgCl pseudo-reference. 

While the complexes differ from one another in the electronics of the 

phenyl group appended to the imidazole ring, these differences do not affect the 

oxidation potentials to a large extent. Previous studies have found that the HOMO 

orbitals of similar complexes are spread between the iridium atom and the phenyl 

rings of the phenylpyridine ligands; thus they are not expected to be centered on 

the phenanthroimidazole portion of the complex.41,50,79-81 Accordingly, based on 

Hammett sigma values,82 the electron-donating methoxy- complex 4.2 (Hammett 

sigma value of −0.27) would be expected to exhibit the lowest E1/2 value of the 

series (ie, easiest to oxidize) if the HOMO had significant contributions from the 

phenanthroimidazole ligand. Instead, the E1/2 for this complex has a slightly more 

positive value.  
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4.2.4.2 Electrochemiluminescence (Performed by Dr. Kimberly Metera 
and Dr. Ushula Tefashe) 

The ECL behavior of the complexes with added tripropylamine (TPrA, a 

common coreactant for ECL) was examined next. As previously stated, ECL 

exhibits a great potential for detection applications in biology and medicine. Our 

iridium complexes could potentially be utilized for the detection of G-quadruplex 

DNA by ECL, presenting high signal amplification. ECL responses were acquired 

for each complex simultaneously with the voltage scans from CV cycles. Figure 

4.15 illustrates this experiment for 2-chloro complex 4.5, for example, and the 

ECL spectra overlayed with their corresponding fluorescence spectra are shown in 

Figure 4.14. The generated emission intensities are graphed in Figure 4.16a for 

complexes 4.1-4.6. ECL was observed starting at ~ 1.0 V and continued until E = 

2.2 V for all complexes, however, the intensity varied with each complex (Figure 

4.16a). The reverse scan resulted in emission within the same potential range, 

however, the intensity was weaker. This is in agreement with previous 

observations for iridium and ruthenium complexes.32,37,83 After five CV cycles, no 

significant changes in ECL intensity were observed, indicating reproducibility and 

stability of the complexes.  

Figure 4.14 Overlays of the luminescence and ECL spectra for complexes 4.1-4.6.  
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Figure 4.15 Graph showing the overlay of the simultaneous CV (blue) and ECL (red) 
scans for 2-chloro complex 4.5. 

In order to understand why the complexes exhibited different ECL 

intensities, we correlated the intensities with Hammett sigma values of the 

substituents on the phenyl group of the phenanthroimidazole moiety, as an 

indication of electron withdrawing/donating ability.82 The graphical 

representation is shown in Figure 4.16b, and interestingly, these complexes show 

a linear relationship between decreasing electron-donating character and ECL 

intensity within error. From this representation, we can conclude that ECL 

intensity increases with increasing electron withdrawing ability of the 

phenanthroline ligand. DFT calculations by Zhu et al. indicated that the energy 

gaps between the HOMO of the tripropylamine TPA radical (TPA•) and the 

LUMO of the excited state of the iridium complex (M+-) influenced the process of 

electron transfer and ECL efficiency in a predictable way.41 That is, the lower the 

LUMO of M+-, the higher the efficiency of the ECL process. As the LUMO of the 

complexes are composed almost exclusively of the ancillary phenenanthroline 

ligand,46 as the electron-withdrawing ability increases, the LUMO energy 

decreases, resulting in higher ECL efficiency. Further verification of this 

hypothesis could be obtained through the synthesis and analysis of other 

complexes that may lie on the outer edges of the trend (see Section 4.4, Future 

directions), and also DFT calulations of the contributions of the 

phenanthroimidazole and phenylpyridine ligands to the HOMO and LUMO of the 

complexes and their excited states.   
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Figure 4.16 ECL results for complexes 4.1-4.6; a) intensites showing standard 
deviations, and b) intensities graphed as a function of Hammett sigma values with best-
fit line showing linearity.  

4.3 Conclusions 

In conclusion, we have presented six cyclometallated iridium(III) 

complexes with π-extended phenanthroimidazole ligands. These complexes 

exhibit a “G-quadruplex light-switch” effect upon binding to the G-quadruplex 

motif, but exhibit little to no emission enhancement when interacting with duplex 

DNA. A fluorescence-based binding assay demonstrated that the complexes bind 

to G-quadruplex DNA with KD values in the low micromolar range with a 1:1 

binding stoichiometry. Due to this emission enhancement in the presence of 

quadruplex DNA, but not duplex DNA, these complexes can be useful light-up G-

quadruplex probes for in cellulo studies. There are examples of ruthenium-based 

complexes that exhibit similar behavior,5,6,23,84,85 however, they all suffer from 

modest selectivity between duplex and quadruplex DNA, especially when duplex 

concentration outweighs quadruplex concentration. Our iridium-based complexes 

may be able to better discriminate between these two motifs, given the less than 2 

fold luminescence enhancement when binding to duplex DNA. A linear 

correlation was shown between ECL intensity and electron-withdrawing 

character, in that the greater the electron-withdrawing the larger the ECL intensity 

(the correlation line has a positive slope). These complexes represent the starting 

point for the development of an ECL assay for DNA detection, an area of the 

literature that has yet to be explored for iridium(III) complexes.  
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4.4 Future directions 

Future directions include the development of complexes with a red-shifted 

excitation wavelength. If the excitation wavelength is red-shifted, it may be used 

for in cellulo detection of G-quadruplexes. The current excitation wavelength is 

too low which causes autofluorescence of the cellular components. However, an 

appealing property of iridium(III) complexes is their long fluroescence lifetimes. 

When used in conjunction with time-gated fluorescence microscopy, red-shifting 

the excitation wavelength may not be necessary. Additionally, it would be 

beneficial to know whether or not the iridium compexes could template the 

formation of G-quadruplexes from their single-stranded and duplex counterparts. 

This would enable us to detect the formation of the G-quadruplexes in cells as 

caused by the addition of the complexes. Additionally, these complexes can bind 

to pre-formed G-quadruplexes in cellulo which is an added advantage when 

developing light-up probes. Development of an ECL-detection assay of for G-

quadruplex motifs also provides an exciting future for these complexes. And 

finally, further verification of the trends involving ECL intensities could be 

obtained through the synthesis and analysis of other complexes that may lie on the 

outer edges of the Hammet values (including 2,6-dichloro-, p-hydroxyphenyl-, 

and 2-hydroxyphenyl- ligand varieties) and through DFT calculations.  

4.5 Experimental section 

4.5.1 Synthesis  

The synthesis of the ligands is described in Chapter 5 (pp 230-232). The 

dichloro-bridged [Ir2(ppy)2Cl2] dimer was synthesized in a analogous fashion to 

those previously published.46,86 [4,5-f][1,10]phenanthroline,87 phenylphenanthro-

imidazole (PIP),87 4-chloroPIP,88 2-chloroPIP,89 CF3PIP90 ligands and complex 

4.148 have been characterized elsewhere. NMR spectra were recorded on a 500 

MHz Bruker Ascend spectrometer. All commercially available reagents were 

purchased from Sigma Aldrich and used without further purification. High-

resolution mass spectrometry was performed on a Bruker Maxis Impact ESI-



 

QTOF. For MS analysis, sodium formate was used to generate a calibration curve 

for mass accuracy. Samples were then diluted in LC-MS grade Methanol (Fisher) 

and directly infused at 3 μL per minute into the MS. The spectra were obtained in 

positive mode. 

4.5.2 Preparation of 4.1-4.6  

4.5.2.1 General preparation of iridium complexes 

A solution of [Ir(ppy)2Cl]2 (0.0790 mmol) and phenylphenanthroimidazole 

ligand (0.158 mmol) in CH2Cl2/MeOH (30 mL, 2:1 v/v) was heated to reflux. 

After 4 h, the yellow solution was cooled to room temperature, and then a 10-fold 

excess of potassium hexafluorophosphate was added. The suspension was stirred 

for 2 h and then was filtered to remove insoluble inorganic salts. The solution was 

evaporated to dryness under reduced pressure. The crude product was purified by 

silica gel column on a Combiflash Rf (Teledyne Isco Inc.) and eluted with 

CH2Cl2-acetone (15:1) to afford yellow-orange solids. For simplicity, only one 

phenylpyridine ligand is shown with assigned NMR 1H peaks for the following 

complexes. 

 

Complex 4.2: 

(102 mg, 58%). 1H NMR (500 MHz, CD3CN): δ = 9.05 (d, 2H), 8.25 (d, 2H), 8.19 

(d, 2H), 8.09 (d, 2H), 7.86 (m, 4H), 7.81 (t, 2H), 7.52 (d, 2H), 7.16 (m, 2H), 7.13 

(d, 2H), 7.00 (t, 2H), 6.96 (t, 2H), 6.42 (d, 2H), 3.91 (s, 3H) ppm; 13C NMR (500 

MHz, CD3CN): δ = 168.0, 161.6, 150.4, 149.3, 148.9, 144.3, 138.5, 132.0, 131.7, 

131.4, 128.3, 126.7, 124.9, 123.4, 122.6, 121.9, 119.8, 114.6, 55.3 ppm; 

Elemental Analysis calculated for IrC42H30N6OF6P•2H2O (as integrated from 1H 
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3.917.867.13

7.867.13

8.259.05
7.52

8.259.05
7.52

6.42

6.96

7.16

8.09

8.19

7.81
7.00

7.86



 

NMR): C – 50.05; H – 3.40; N – 8.34. Found: C – 49.93; H – 2.95; N – 7.99; HR-

MS calculated for C42H30IrN6O (M+-PF6
-): 827.2110, Found: 872.2114. 

 

Complex 4.3: 

(50.1 mg, 30%). 1H NMR (500 MHz, CD3CN): δ = 9.07 (d, 2H), 8.41 (d, 2H), 

8.27 (d, 2H), 8.11 (d, 2H), 7.87 (m, 6H), 7.82 (t, 2H), 7.53 (d, 2H), 7.12 (t, 2H), 

7.00 (t, 2H), 6.91 (t, 2H), 6.43 (d, 2H) ppm; 13C NMR (500 MHz, CDCl3): δ = 

167.5, 151.5, 150.2, 149.5, 149.3, 145.1, 144.3, 138.5, 132.2, 131.7, 130.4, 127.2, 

126.9, 126.2, 126.1, 124.9, 123.4, 122.6, 119.8 ppm; Elemental Analysis 

calculated for IrC42H27F9N6P•H2O•C6H14 (as integrated from 1H NMR): C – 

51.75; H – 3.89; N – 7.54. Found: C – 51.91; H – 3.47; N – 7.56; HR-MS 

calculated for C42H27F3IrN6 (M+-PF6
-): 865.1875, Found: 865.1877. 

 

Complex 4.4:  

(79.0 mg, 99%). 1H NMR (500 MHz, CD3CN): δ = 9.08 (d, 2H), 8.28 (m, 4H), 

8.10 (d, 2H), 7.88 (m, 4H), 7.81 (t, 2H), 7.64 (d, 2H), 7.51 (d, 2H), 7.12 (t, 2H), 

7.00 (t, 2H), 6.89 (t, 2H), 6.42 (d, 2H) ppm; 13C NMR (500 MHz, CD3CN): δ = 

167.5, 149.4, 149.2, 144.9, 144.3, 138.5, 132.1, 131.7, 130.4, 129.4, 128.2, 126.8, 

124.9, 123.4, 122.6, 119.9 ppm; Elemental Analysis calculated for 

IrC42H27ClN6F6P•H2O (as integrated from 1H NMR): C – 50.44; H – 2.79; N – 

8.61. Found: C – 49.18; H – 2.87; N – 8.17; HR-MS Calculated for C41H27ClIrN6 

(M+-PF6
-): 831.1605, Found: 831.1603. 
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Complex 4.5: 

(16.2 mg, 74%). 1H NMR (400 MHz, CD3CN): δ = 9.42 (br s, 2H), 8.48 (d, 1H),  

8.28 (d, 2H), 8.12 (d, 2H), 8.09 (m, 3H), 7.96 (t, 2H), 7.85 (d, 1H), 7.74 (m, 2H), 

7.66 (d, 2H), 7.24 (t, 2H), 7.11 (t, 2H), 7.06 (t, 2H), 6.57 (d, 2H) ppm; 13C NMR 

(400 MHz, CD3CN): δ = 166.6, 148.6, 147.7, 147.3, 143.6, 142.7, 136.8, 130.6, 

130.5, 130.2, 128.9, 128.8, 125.9, 125.3, 123.3, 121.7, 121.1, 118.2 ppm; 

Elemental Analysis calculated for IrC41H27ClN6F6P•½(CHCl3)•H2O (as integrated 

from 1H NMR): C – 47.29; H – 2.82; N – 7.97. Found: C – 47.32; H – 2.82; N – 

7.66; HR-MS Calculated for C41H27ClIrN6 (M+-PF6
-): 831.1605, Found: 

831.1592. 

 

Complex 4.6: 

(34.7 mg, 96%). 1H NMR (500 MHz, CD3CN): δ = 9.01 (d, 2H), 8.29 (d, 2H), 

8.19 (d, 2H), 8.09 (d, 2H), 7.85 (m, 4H), 7.82 (t, 2H), 7.56 (s, 1H), 7.52 (d, 2H), 

7.10 (t, 2H), 7.00 (t, 2H), 6.92 (t, 2H), 6.42 (d, 2H); 13C NMR (500 MHz, 

CD3CN): δ = 167.5, 150.2, 149.5, 149.4, 145.1, 144.3, 138.5, 135.6, 132.1, 131.7, 

130.4, 129.6, 125.0, 124.9, 123.4, 122.7, 119.9 ppm; Elemental Analysis 

calculated for IrC41H26Cl2N6F6P: C – 48.72; H – 2.59; N – 8.31. Found: C – 

48.46; H – 2.53; N – 8.14; HR-MS Calculated for C41H26Cl2IrN6 (M+-PF6
-): 

865.1208, Found: 865.1196. 
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4.5.3 Crystal structure determination (Performed by Dr. Christopher 

J. Serpell) 

4.5.3.1 Complex 4.3 

Single crystal X-ray diffraction data were collected using graphite 

monochromated Mo Kα radiation (λ = 0.71073 Å) on a Bruker APEX2 

diffractometer.  The diffractometer was equipped with a Kryoflex N2 open-flow 

cooling device, and the data were collected at 100(2) K.  Series of ω-scans were 

performed in such a way as to cover a sphere of data to a maximum resolution of 

0.77 Å. Cell parameters and intensity data (including inter-frame scaling) were 

processed using the APEX2 package. The structure was solved by direct methods 

using the SIR92 software91 and refined using full-matrix least-squares on F2 

within the CRYSTALS suite.92 All non-hydrogen atoms were refined with 

anisotropic displacement parameters, unless specified otherwise. The H atoms 

could be seen in the difference map, but those attached to carbon atoms were 

repositioned geometrically. Q-peaks for protic H atoms were confirmed by 

examining hydrogen bonding requirements. The H atoms were initially refined 

with soft restraints on the bond lengths and angles to regularise their geometry (C-

H in the range 0.93−0.98 Å, N-H in the range 0.86−0.89 Å and isotropic 

displacement factors in the range 1.2−1.5 times Ueq of the parent atom), after 

which the positions were refined with riding constraints. After the construction of 

a stable, physically reasonable, and complete model, twinning was assessed and 

refined using ROTAX93 and then the weights were optimised,94,95 leading to 

convergence of the refinement. IUCr CheckCIF/PLATON was used to validate 

the final structure. 

Single Crystal X-ray Diffraction Data: Crystal data for 4.3: 

C41H27N6F3•BF4•CH2Cl2, M = 1036.65, orthorhombic, a = 19.0940(14) Å, b = 

29.615(2) Å, c = 13.6657(10) Å, α = 90°, β = 90°, γ = 90°, V = 7727.4(10) Å3, T 

= 100 K, space group Pna21, Z = 8, 86919 reflections measured, 18119 

independent reflections (Rint = 0.033). The final R1 values were 0.0219 (I > 



 

2σ(I)). The final wR(F2) values were 0.0507 (I > 2σ(I)). The final R1 values were 

0.0252 (all data). The final wR(F2) values were 0.0535 (all data). 

4.5.3.2 Complex 4.4 

Single crystal X-ray diffraction data were collected using graphite 

monochromated Mo Kα radiation (λ = 0.71073 Å) on an Bruker APEX2 

diffractometer. The diffractometer was equipped with a Kryoflex N2 open-flow 

cooling device, and the data were collected at 100(2) K. Series of ω-scans were 

performed in such a way as to cover a sphere of data to a maximum resolution of 

0.77 Å. Cell parameters and intensity data (including inter-frame scaling) were 

processed using the APEX2 package. The structure was solved by direct methods 

using the SuperFlip software96 and refined using full-matrix least-squares on F2 

within the CRYSTALS suite.92 All non-hydrogen atoms were refined with 

anisotropic displacement parameters. After structure solution, the structure of the 

main residues was clear. Solvent and anion molecules were completed using 

Fourier difference cycles, and were less ordered than the metal complexes, 

requiring geometric restraints, and modelling of disorder in the case of one PF6
- 

ion. The H atoms were added geometrically to carbons and initially refined with 

soft restraints on the bond lengths and angles to regularise their geometry (C-H in 

the range 0.93−0.98 Å and isotropic displacement factors in the range 1.2−1.5 

times Ueq of the parent atom), after which the positions were refined with riding 

constraints. Protic hydrogen atoms were placed geometrically, using C-N or C-O 

bond lengths to determine the correct tautomer, and those on water molecules 

were positioned to satisfy hydrogen bonding demands. Subsequently, the protic 

hydrogens were refined using riding constraints. Although the majority of the 

thermal motion was found apart from the main residue, a number of atoms in the 

metal complexes also displayed physically unreasonable displacement parameters, 

and since individual restraint of these features failed to give satisfactory results, 

global restraint of displacement parameters was applied. The weights were 

optimised,94,95 leading to convergence of the refinement. IUCr 

CheckCIF/PLATON was used to validate the final structure. 



 

Single Crystal X-ray Diffraction Data: Crystal data for 4.4: 

C41H27ClIrN6•F6P•3(C2H4O2)•H2O, M = 1174.52, triclinic, a = 13.160(2) Å, b = 

18.199(3) Å, c = 21.573(3) Å, α = 67.005(2)°, β = 76.589(2)°, γ = 74.541(2)°, V = 

4536.2(12) Å3, T = 100 K, space group P1̄ , Z = 4, 52465 reflections measured, 

20627 independent reflections (Rint = 0.134). The final R1 values were 0.0603 (I > 

2σ(I)). The final wR(F2) values were 0.1409 (I > 2σ(I)). The final R1 values were 

0.1385 (all data). The final wR(F2) values were 0.2323 (all data).   

4.5.4 Absorption and luminescence studies 

Absorption spectra were performed at 25°C on a CaryBio-300 

spectrometer. Fluorescence measurements were performed on an Agilent 

Technologies Cary Eclipse Fluorescence Spectrophotometer. All iridium(II) 

complexes (4.1-4.6) were prepared as 10 mM stock solutions in both DMSO and 

ACN and stored at 4°C.  

4.5.4.1 Oligonucleotides 

The 22AG and cmyc DNA oligonucleotides were obtained from 

SigmaGenosys Canada. All other promoter DNA sequences were obtained from 

IDT DNA. The 26mer oligonucleotide was synthesized in-house on a MerMade 6 

DNA synthesizer from BioAutomation Corporation. Reagents used for automated 

DNA synthesis were purchased from ChemGenes Incorporated. Oligonucleotides 

were dissolved in deionized water prior to use and quantified 

spectrophotometrically at 95°C using their molar extinction coefficients97 at 260 

nm (Table 4.4). To anneal the G-quadruplexes for the luminescence assays, 

concentrated solutions of DNA in 1xNa or 1xK buffer (10 mM sodium cacodylate 

with 100 mM NaCl or 100 mM KCl, pH 7.2), where appropriate, were heated to 

95°C for 10 minutes and then rapidly cooled to room temperature. The solutions 

were stored overight at 4°C before being diluted to the final concentrations in 

appropriate buffer before use. To anneal the ds26mer, a concentrated solution of 

the DNA in 1xNa buffer was heated to 95°C for 10 minutes and allowed to slowly 

cool to room temperature over 7 h. The solution was stored overnight at 4°C 

before being diluted to the final concentration in 1xNa buffer before use. 



 

4.5.4.2 Luminescence assay 

Dilutions of the pre-annealed nucleic acid stock solutions in 1x buffer 

were diluted from the concentrated stock solutions in 1x buffer to 0.5 μM. For 

each iridium(II) complex, a solution of 10 μM complex in 1x buffer was prepared 

from the concentrated stock solutions in DMSO. All robotics methods were 

performed on a Biomek FX liquid handler and a SAGIAN core robot (Beckman) 

at the CIAN core facility by Dr. Guillaume Lesage (Department of Biology, 

McGill University). Briefly, buffer and complexes were aspirated from dedicated 

reservoirs in a two-step procedure (buffer first (Figure S4.1), then complex 

(Figure S4.2) for a total volume of 40 µL) into black 384-well plates 

(Fluoroplates, Nunc). The complexes are tested in quadruplicate (that is four 

complexes per plate) where the appropriate buffer is first dispensed in decreasing 

volumes across the rows (40 to 0 µL), followed by each complex (10 µM stock 

solution in appropriate buffer) dispensed in increasing volumes across the rows (0 

to 40 µL). Then, such that the final volume is 80 µL, 40 µL of 0.5 µM sequence is 

transferred to every well using the 96-multichannel pipetting head. The final 

concentrations of complex from column 1 to column 24 are 0.00, 0.125, 0.250, 

0.375, 0.500, 0.625, 0.750, 0.875, 1.00, 1.13, 1.25, 1.38, 1.50, 1.75, 2.00, 2.25, 

2.50, 2.75, 3.00, 3.25, 3.50, 4.00, 4.50, and 5.00 µM. The plates were allowed to 

incubate at room temperature for ~ 20 minutes before measuring the 

luminescence. Luminescence intensity was measured on a plate reader (DTX 880, 

Beckman) equipped with 260 ± 10 nm and 595 ± 35 nm filters for excitation and 

emission, respectively. A blank run containing complexes in a solution of 1xNa or 

1xK buffer only was obtained for background luminescence subtration. These 

values were subsequently subtracted from the raw values with DNA sequences 

before the luminescence intensity was graphed (y-axis) versus the complex 

concentration (x-axis). KD values were obtained from fitting of the curves to a 

one-site binding model in GraphPad Prism 5. 



 

Figure S4.1 Luminescence assay plate layout showing volumes of buffer for the first 
addition. 

Figure S4.2 Luminescence assay plate layout showing volumes of complex added for 
the second addition. 

4.5.4.3 Job plots 

Solutions of 10 μM G-quadruplexes in 1xK buffer were diluted from pre-

annealed concentrated stock solutions. Solutions of 10 μM iridium complexes in 

1xK buffer were diluted from 10 mM stock solutions in DMSO. In a 96-well 

black polypropylene microplate, the mole fraction of each component (DNA and 

complex) was varied, while total concentration stayed constant at 10 μM in 200 

μL total volume.  The mole fraction of the complexes increased from 0−1 across 



 

the rows while the DNA decreased from 1−0. Each row contained a different 

sequence (6 in total) and each plate contained one complex. In brief, well A1 

contained 200 μL of 10 μM DNA (mole ratio 1:0), well A2 contained 180 μL of  

10 μM DNA and 20 μL of 10 μM complex (mole ratio 0.9:0.1), well A3 contained 

160 μL of 10 μM DNA and 40 μL of 10 μM complex (mole ratio 0.8:0.2), etc. 

After plating, the plates were allowed to slowly rock on a plate shaker for 20 

minutes before reading the luminescence on the BioTek® Synergy plate reader 

(excitation filter: 310 ± 20 nm and emission filter: 590 ± 20 nm). After 90 minutes 

had elapsed after plating, the luminescence was measured again. A blank was run 

for each complex in 1xK buffer and was used as a linear baseline subtraction. 

Then, linear regression analysis was performed in GraphPad Prism 5 for each set 

of data points. 

4.5.5 Electrochemistry and electrogenerated chemiluminescence 

(Performed by Dr. Kimberly Metera and Dr. Ushula Tefashe) 

4.5.5.1 Cyclic voltammetry  

Tripropylamine (TPrA or TPA) and tetrabutylammonium 

hexafluorophosphate (TBAPF6) were purchased from Sigma-Aldrich and used as 

received. Sample concentrations were 0.5 mM in acetonitrile containing 0.1 M 

TBAPF6 (for CV) and 0.1 M TBAPF6 + 0.05 M TPrA (for ECL). 

The electrochemical experiments were conducted using a three-electrode 

setup with a 3 mm diameter glassy carbon (GC) working electrode (MF-2012, 

BASi Stationary Voltammetry Electrodes), a 0.5 mm diameter platinum wire 

counter electrode, and a silver/silver chloride quasi-reference electrode (Ag/AgCl 

QRE) (Goodfellow). The cyclic voltammetry (CV) experiments were conducted 

using an ELP3 HEKA bipotentiostat (HEKA Electronik, Germany) controlled by 

Potmaster software. For CV experiments, the potential was cycled between −1.25 

and 1.6 V. Half-wave potentials (E1/2) are reported versus the Ag/AgCl pseudo-

reference electrode. The cell was made from teflon with a small opening in the 

bottom into which the GC working electrode was tightly fitted. The working 

electrode was cleaned and polished prior to each experiment. The GC electrode 



 

was polished on a microcloth pad (Struers MD Chem cloth) using a water-based 

alumina slurry (0.05 µm). 

4.5.5.2 Electrogenerated chemiluminescence  

The same electrochemical setup as for CV was used for the ECL 

experiments. The ECL response was detected using a Jaz Spectrometer (Ocean 

Optics) coupled with an Ocean Optics Vis-NIR fiber optic cable positioned at a 

fixed position directly above the working electrode, and recorded using Ocean 

Optics software. The potential was cycled between −2.0 and 2.2 V. During ECL 

experiments, the integrated ECL light intensity from 500−800 nm was measured 

using the Ocean Optics software. For most ECL experiments, the integrated 

intensity during 5 consecutive CV scans was recorded and an average and 

standard deviation for each experiment was obtained. The data were normalized 

to the average ECL intensity of the phenyl- complex 4.1. 
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In Chapter 2, we discovered that our p-chlorophenyl- derivative of the 

phenanthroimidazole ligand was able to discriminate between the polymorphs of 

the human telomeric G-quadruplex in sodium and potassium containing buffers 

and exhibited a 2-fold preference for binding to the sodium polymorph. In 

Chapter 4, we noticed that the iridium(III) complexes with ligands incorporating 

different electron-withdrawing or donating groups demonstrated different 

behaviour when binding to G-quadruplex motifs − namely polymorph selectivity 

(in some cases), luminescence enhancement, and ECL efficiency. We wondered 

whether the electronics of the ligands of platinum(II) phenanthroimidazoles would 

aid in the selectivity of this motif for G-quadruplex structures (both between 

polymorphs and duplex DNA). Chapter 5 thus describes our investigation of this 

phenomenon.  
 

 
 



 

5 Expanding the Library of Platinum(II) 
Phenanthroimidazole Complexes via Addition of 
Electron-Withdrawing Substituents 

Preface: Author Contributions and Publication 

Katherine Castor was responsible for the synthesis and characterization of the complexes herein, 
as well as project design and biophysical assays. Operation of the robot for the HT-FID assay was 
done by Dr. Guillaume Lesage of the Cell Imagining and Analysis Network (CIAN) (McGill  
University Department of Biology). Dr. Mark Hancock performed the SPR assays at the McGill 
SPR Facility.  

5.1 Introduction 

As previously discussed throughout this thesis, G-quadruplexes are non-

canonical secondary structures that can be formed by guanine (G) rich DNA 

under physiological conditions.1-3 Due to the involvement of these structures in 

various cancers, they have emerged as targets for chemotherapeutics.4-10 

Bioinformatics studies have discovered many regions in the human genome where 

G-rich sequences can be found11-13 including telomeric DNA, promoter regions of 

oncogenes including c-Myc,14-19 c-Kit,20-22 and vascular endothelial growth factor 

(VEGF),23,24 among others,25-29 and untranslated regions of RNA,30-32 to name a 

few. Each of the foldings of the quadruplexes found in these regions is unique and 

provides many opportunities for selective binding by small molecules. 

To date, many organic-based small molecules exist that vary in their 

efficacies of targeting specific G-quadruplexes.33 From the published data, these 

compounds tend to have planar electron-poor surfaces with positively charged or 

protonable sidearms that can interact with the loops and grooves of the 

quadruplex motif. We,34-37 and others,38-43 have reported metal-based G-

quadruplex binders that use aromatic ligands with and without attached sidearms. 

Our phenanthroimidazole core coordinated to platinum(II) is ideally suited as a G-

quadruplex binder as the substituted phenanthroimidazole is large enough to allow 

for optimal π-stacking with the G-tetrad surface, and the electron-poor, square 

planar geometry of the platinum(II) metal allows for electrostatic overlap with the 



 

electron-rich surface of the G-quadruplex. Interestingly, we have found that small 

changes in our ligand core can result in drastically strengthened binding to the 

telomeric intramolecular G-quadruplex formed in sodium-containing 

environments, specifically by adding an electron-withdrawing chlorine to the 

para- position of the phenyl-substituted imidazole  (Chapter 2, pp 88, Figure 

2.3).36 Due to this discovery, we hypothesized that structural (constitutional) 

isomers of the chlorophenyl- complex, in addition to fluorinated counterparts and 

the inclusion of a greater number of halogens within the ligand would allow us to 

further explore how electronic variation affects G-quadruplex recognition. Herein, 

we have created a library of complexes with varying orientations of electron-

withdrawing substituents from commercially available benzaldehydes. The 

ligands are first synthesized in an analogous manner to the procedure in Chapter 2 

by condensation of the benzaldehydes with 1,10-phenanthroline-5,6-dione, 

followed by platination with potassium tetrachloroplatinate. The (ligand)PtCl2 

intermediates were then treated with ethylenediamine (en) before precipitation 

with ammonium hexafluorophosphate to afford the final complexes 5.1-5.9 

(Figure 5.1). In order to evaluate G-quadruplex recognition by complexes 5.1-5.9, 

we studied the binding of these complexes to human telomeric (both Na+- and K+-

polymorphs), c-Kit, and c-Myc derived G-quadruplexes through high-throughput 

fluorescence intercalator displacement (HT-FID), surface plasmon resonance 

(SPR) assays, and circular dichroism (CD) templation. We have found that the 

addition of  groups with electron-withdrawing and donating capabilities presents a 

complicated picture on how these substituents affect binding affinity to G-

quadruplex motifs. Future studies involving in-depth molecular modelling could 

help to elucidate binding modes of these complexes with the G-quadruplex 

surfaces. Additionally, cell viability assays will be conducted so as to verify any 

potential these complexes may have as anticancer agents. 

 



 

Figure 5.1 a) General synthesis of the platinum(II) phenylphenanthroimidazole 
complexes where i) NH4OAc in AcOH, 120 C, 12-24 h. ii) K2PtCl4 in DMSO/H2O, 25 C, 
12-24 h. iii) ethylenediamine in EtOH, 25 C, 12-24 h. iv) NH4PF6 in EtOH/H2O. b) 2-
chlorophenylphenanthroimidazole ethylenediamine platinum(II) (5.1), 3-chlorophenyl-
phenanthroimidazole ethylenediamine platinum(II) (5.2), 3,4-dichlorophenyl-
phenanthroimidazole ethylenediamine platinum(II) (5.3), 3,5-dichlorophenylphenanthro-
imidazole ethylenediamine platinum(II) (5.4), 4-florophenylphenanthroimidazole 
ethylenediamine platinum(II) (5.5), 3,5-diflorophenylphenanthroimidazole 
ethylenediamine platinum(II) (5.6), 4-nitrophenylphenanthroimidazole ethylenediamine 
platinum(II) (5.7), 4-trifloromethylphenylphenanthroimidazole ethylenediamine platinum(II) 
(5.8), and 4-methoxyphenylphenanthroimidazole ethylenediamine platinum(II) (5.9). 
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5.2 Results and discussion 

5.2.1 Initial assessment of selected complexes as G-quadruplex 

binding agents 

We first examined the ability of selected complexes in the series to 

template the folding of a G-quadruplex structure from single-stranded DNA. This 

was carried out by titration of the human telomeric sequence 22AG with 

complexes 5.1, 5.2, 5.3, and 5.9 in a tris(hydroxymethyl)aminomethane-based 

buffer without the addition of cations (namely K+ and Na+), followed by CD 

analysis. In this assay, if templation occurs, a decrease in the CD peaks associated 

with the single-stranded oligonucleotide (slight negative peak at 238 nm and 

strong positive peak at 257 nm) and the concomitant appearance of peaks 

associated with G-quadruplex structures are expected (Figure 2.4d). An 

antiparallel, basket G-quadruplex, such as that found in buffer solutions 

containing Na+-cations, would result in characteristic positive peaks at 292 nm 

and 245 nm, and a negative peak at 262 nm for this sequence (Figure 2.4b). A 

mixed hybrid structure, such as that found in buffer solutions containing K+-

cations, is expected to give two positive maxima at 295 nm and 260 nm (Figure 

2.4b-c). 

Figure 5.2 Schematics of the G-quadruplex polymorphs: a) Basket antiparallel structure 
found in Na+-containing solutions and b) form 1 and c) form 2 of the (3+1) hybrid 
structure found in K+-containing solutions. The gray and white parallelograms represent 
syn and anti orientations, respectively, of the guanine bases contained within the tetrads. 
d) CD spectra of a) (purple), b) and c) (green) structures compared to single-stranded 
DNA (red). 
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were observed, consistent with templation of a basket antiparallel G-quadruplex 

from this strand (Figure 5.3a-c) in the absence of added Na+- or K+-ions. 

However, the magnitudes of the change in the ss-DNA peak at (+)-257 nm and 

subsequent blue-shift towards the (+)-245nm peak for the basket motif differed 

depending on the complex. In the case of complex 5.1 (Figure 5.3a), the change in 

peak height is much less than both complexes 5.2 and 5.3 (Figure 5.3b,c). We 

hypothesized that this could be caused by either weaker binding of complex 5.1 to 

22AG compared to the others and/or by templation of a mixture of polymorphs. 

The isobestic point at 279 nm is less well-defined for complex 5.1 compared to 

complexes 5.2 and 5.3, which indicates a less clear transtion from one species to 

another − that is, from ss-DNA to a specific polymorph of G-quadruplex − thus 

justifying the hypothesis that 5.1 templates a mixture of polymorphs. The right 

three panels in Figure 5.3 (e-g) show binding stoichiometry of the complexes as a 

result of the templation experiment. This can be determined from the changes in 

molar ellipticities of the CD peaks at 250−260 nm. Upon plotting these values as a 

function of molar equivalents of platinum(II) complex added, the curve appears to 

saturate at approximately a 2:1 ratio of complexes 5.1 and 5.3 to quadruplex-DNA 

strand and at approximately a 2.5:1 ratio for complex 5.2. (Figure 5.3e-g). This is 

consistent with a binding stoichiometry of ~ 2:1, a value which has previously 

been reported for other strong G-quadruplex binders, such as telomestatin44 and a 

macrocyclic oligoamide.44,45 On the other hand, the templation from the addition 

of complex 5.9 is more complicated (Figure 5.3d, h) than the others. Due to the 

slight decrease in the magnitude of the ss-DNA peak at (+)-257 nm and lack of 

blue-shift towards (+)-245 nm, we can hypothesize that complex 5.9 does not 

template solely the basket polymorph. Instead, complex 5.9 possibly templates the 

3+1 hybrid or a mixture of structures − this is reinforced by the scattered trend 

resulting from the plot of the ratio of complex to strand versus the magnitude of 

change of the (+)-peak at 257 nm and the lack of a clear isobestic point (Figure 

5.3d, h).  



 

Figure 5.3 CD spectra of the G-quadruplex templation with a) 5.1, b) 5.2, c) 5.3, and d) 
5.9. Arrows in panels a-d show the direction of change in CD signal. Panels e-h show 
the normalized change in circular dichroic peak between 250 and 260 nm with added 
complexes. 
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5.2.2 Assessing the binding affinity with G-quadruplexes via HT-FID  

After determining that selected complexes from the series were able to 

template the folding of the human telomeric DNA sequence into G-quadruplex 

motifs, we then moved on to study the binding affinity of the library with pre-

annealed G-quadruplex polymorphs (sequences are shown in Table 5.1): both 

forms of human telomeric DNA (the antiparallel basket and the 3+1 hybrid), in 

addition to polymorphs found in the c-Kit20-22  and c-Myc14-19 oncogene promoters 

(Figure 5.4a-d). To assess selectivity for G-quadruplex DNA over duplex DNA, 

we used a self-complementary 26mer for comparison (Figure 5.4e). To measure 

binding to G-quadruplexes, we conducted an FID assay developed by Teulade-

Fichou and coworkers.46,47 In our experiment, we performed the adapted high-

throughput procedure48 as in Chapter 3. The assay relies on competitive 

displacement of the fluorescent thiazole orange dye from the G-quadruplex targets 

using complexes 5.1-5.9, with a concomitant decrease in its fluorescence 

intensity. This is a reliable assay as the dye exhibits negligible fluorescence in 

aqueous solutions once displaced from the DNA. The binding affinity can be 

evaluated from the resulting binding isotherm where the concentration of 

platinum complex required to give a 50% decrease in dye fluorescence is the DC50 

(Table 4.5).  

Figure 5.4 DNA structures used in the HT-FID assay. a) Basket-type antiparallel 
structure from human telomeric DNA found in Na+-containing solutions, b) (3+1) hybrid-
type structure from human telomeric DNA found in K+-containing solutions, c) parallel 
polymorph from the c-myc promoter sequence, and d) parallel-type polymorph from the 
c-kit promoter sequence. The gray and white parallelograms represent syn and anti 
orientations, respectively, of the guanine bases contained within the tetrads. e) Self-
complementary duplex 26mer. 

a) b) c) d) e)



 

Name εε260 (M-1cm-1) Sequence 

22AG 228 500 5'- AGGGTTAGGGTTAGGGTTAGGG 

cmyc 279 900 5'- TGGGGAGGGTGGGGAGGGTGGGGAAGG 

ckit1 226 700 5'- AGGGAGGGCGCTGGGAGGAGGG 

ds26mer 253 200 5'- CAATCGGATCGAATTCGATCCGATTG 

ds17mer 
a) 160 900 

b) 167 400 

a) 5'- CCAGTTCGTAGTAACCC 

b) 5'- GGGTTACTACGAACTGG 

22AG 
(SPR) 268 900 5'-biotin-dTTTTTAGGGTTAGGGTTAGGGTTAGGG 

cmyc 
(SPR) 320 400 

5'-biotin-

dTTTTTTGGGGAGGGTGGGGAGGGTGGGGAAGG 

ckit1 
(SPR) 267 100 5'-biotin-dTTTTTAGGGAGGGCGCTGGGAGGAGGG 

HP 
(SPR) 226 500 5'-biotin-dTTTTTTTCGCGCGCGTTTTCGCGCGCG 

Table 5.1 Sequences used in this chapter. 

DC50  
(μμM) 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 

22AG  
Na+ 1.87 0.993 0.865 >2.50 0.601 1.03 0.673 0.906 0.618 

22AG  
K+ 1.10 0.954 0.986 >2.50 0.740 1.13 0.565 0.823 0.665 

ckit1 1.41 0.829 1.01 2.08 0.509 0.868 1.01 0.990 0.499 
cmyc 0.866 1.23 1.40 >2.50 0.783 1.21 0.611 0.958 0.704 

ds26mer 1.48 1.51 1.85 >2.50 1.09 1.65 0.896 1.17 1.04 

Table 5.2 DC50 values calculated from the HT-FID assay. Each experiment was 
conducted in quadruplicate with error < 5%. 

5.2.2.1 Non-specific binding during the HT-FID assay 

Teulade-Fichou and coworkers suggest that the high-throughput assay be 

conducted with black quartz microplates to minimize non-specific binding of the 

complexes that can be seen with the more commonly used polypropylene and 

polystyrene plates.48 In their report, they noticed that the HT-method gave over-

estimated DC50 values – that is,  a complex that had a DC50 = 0.25 μM in quartz 

cuvettes (manually), exhibited DC50 = 0.33 μM  in polypropylene plates and 0.30 



 

μM in polystyrene plates coated with a non-binding surface (NBS™). When they 

switched to a quartz microplate, the lower value of DC50 = 0.25 μM was restored. 

In our assay, we utilized black polypropylene plates49 and operated under the 

assumption that our DC50 values might be artificially high. As a test of this 

hypothesis, we conducted the HT-FID assay with the p-chloro- complex 2.7 

(Chapter 2, pp 88, Figure 2.3) and compared the values obtained with our 

previously published results.36 For complex 2.7, our manual method gave DC50 

values of 0.31 μM and 0.66 μM to the 22AG-Na+ and -K+ sequences, respectively. 

The HT-FID method, on the other hand, resulted in DC50 values of 0.70 μM and 

0.92 μM to the same sequences (Figure 5.5). From the binding isotherm shown in 

Figure 5.5, it is evident that non-specific binding of the complex to the 

polypropylene plate results in less free complex available in solution for 

displacement of thiazole orange from the target DNA sequences. This results in a 

more gradual displacement that cannot reach the same level of percent 

displacement as the complex in quartz cuvettes. This discrepancy was in 

agreement with the results obtained by Teulade-Fichou and coworkers and should 

be kept in mind when analyzing the results from the assay. The results should thus 

be interpreted in relation to one another, and the HT-FID method can be used to 

extract trends for a structurally similar series in a broad sense, that is − when 

binding to quadruplex versus duplex DNA. 

Figure 5.5 Comparison of the results for the FID assay for complex 2.7 via the manual 
method (in a quartz cuvette) and the high-throughput format (in polypropylene 
microplates). 

%
TO

 D
is

pl
ac

em
en

t

Concentration (μM)
0 0.5 1.0 1.5 2.0 2.5

100

80

60

40

20

0

Manual H-T

0.31 0.70

0.66 0.92

22AG-Na+ 

22AG-K+ 

N NH

NN
Pt

H2N NH2

Cl

DC50
(μM)



 

5.2.2.2 Non-specific binding as a result of hydrophobicity 

Given the hydrophobicity and the minimal solubility in water of these π-

extended phenanthroimidazole complexes, we hypothesized that in addition to 

non-specific binding during biophysical assays, we may also encounter 

aggregation (see Chapter 2, pp 88, Figure 2.3, 2-hydroxynaphthyl- complex 2.6). 

During preparation of samples for the HT-FID assay of the highly electron-

withdrawing –NO2 complex 5.7, heterogeneity of the aqueous solution was 

evident. Upon vigorous shaking of the sample, it appeared homogeneous to the 

eye, but aggregation may still have been present. Some small molecules have 

been shown to bind to G-quadruplex and duplex DNA via an aggregation method 

(namely cyanine dyes50 and perylene-based binders51,52). While the aggregation of 

the perylene-based binders was able to contribute to the compounds’ ability to 

select between duplex and G-quadruplex DNA,51 we thought it likely as well that 

in our case, complex aggregation causes precipitation effects, especially in assays 

with complex 5.7. 

In order to elucidate the binding mechanism of complex 5.7 with G-

quadruplex and duplex DNA, we conducted circular dichroism binding titrations. 

Starting with a 15 μM solution of DNA (ds17mer, ckit1, and cmyc: Table 5.1), we 

titrated increasing amounts of complex 5.7 from 0 to 5 equivalents (that is, 0–75 

μM). From the spectra in Figure 5.6, we can see that the signature peaks denoting 

duplex DNA (Figure 5.6a: (+)-275 nm) and G-quadruplex formation (Figure 5.6b, 

c: (+)-260 nm) slowly decreased with added 5.7. If complex 5.7 was inducing a 

change in structure, we should see the development of new peak(s) concomitantly 

with the disappearance of the original peak. Instead, as the titration continued, an 

orange floculant material was seen to appear inside the cuvette. From this 

observation, and previous knowledge that complex 5.7 is more insoluble in 

aqueous solution compared to the rest of the complexes in the series, we deduced 

that once 5.7 binds to G-quadruplex DNA, the aggregation of the platinum 

complex with the DNA caused the aggregate to precipitate out of solution. This 

effect was only noted for complex 5.7, and the other compounds in the series did 

not display serious aggregation problems (visually or through CD experiments). 



 

Figure 5.6 CD spectra of the titration of complex 5.7 with a) dupex DNA ds17mer, b) G-
quadruplex DNA ckit1, and c) G-quadruplex DNA cmyc. The arrows show the direction 
of change (decrease) with increasing amounts of complex 5.7. The legend at right shows 
the corresponding equivalents of complex 5.7 added. 

5.2.3 Assessing the binding kinetics with G-quadruplexes via SPR for 

selected complexes in the series 

Due to the non-specific binding of platinum complexes 5.1-5.9 during the 

HT-FID assay, we moved to surface plasmon resonance assays to assess binding 

affinity to the DNA motifs. SPR is a label-free, real-time technique that has 

emerged as a powerful way to examine the binding specificity and kinetics of 

compounds for duplex versus G-quadruplex DNA.53-57 Similar to these previously 

reported methods, we used a potassium-containing running buffer to focus upon 

binding to the 22AG-K and cmyc G-quadruplexes; to determine selectivity 

between G-quadruplex and duplex DNA, we used a CG-rich hairpin (HP) (Table 

5.1). Initial studies involved complexes 2-chloro- complex 5.1, 3,4-dichloro- 

complex 5.3, 3,5-dichloro- complex 5.4, and 4-fluoro- complex 5.5. Preliminary, 

fixed-concentration screening revealed that these complexes could specifically 

bind to the immobilized DNA sequences, whereas diluent alone (i.e. running 

buffer containing 1 mg/mL CM-dextran to reduce minor non-specific binding of 

the complexes to streptavidin-coated sensors, see Chapter 1, pp 52 for more 

information) or our negative control complex 5.1036 generated no signal responses 

(Figure 5.7). Interestingly, monosubstituted complexes 5.1 and 5.5 bound with 

faster association and dissociation kinetics than the more sterically bulky 

disubstituted complexes 5.3 and 5.4 (that is, the shape of the curves for 5.1 and 

5.5 were steeper than for 5.3 and 5.4).  
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Figure 5.7 Representative SPR screening of compounds (fixed at 5 μM each) binding to 
450 RU immobilized a) HP duplex, b) 22AG-K G-quadruplex DNA, and c) cmyc G-
quadruplex DNA at 25 μL/min (10 min association + 20 min dissociation). 

We then proceeded with titrations of each complex with the 

aforementioned sequences from 0−3 or 6 μM in complex with 2-fold serial 

dilutions. This experiment showed dose-dependent, saturable binding for the 

complexes tested (Figure 5.8 and Figure 5.10). The KD values were determined 

from the equilibrium response values plotted against the conentration of complex 

added. The CD templation studies to the 22AG sequence for complexes 5.1 and 

5.3 showed a binding stoichiometry of two complexes per G-quadruplex, thus we 

attempted to fit the equilibrium data for G-quadruplex binding to a two-site 

binding model. The sensograms and binding isotherms for monosubstituted 

complex 5.1 and 5.5 are shown in Figure 5.8 and Figure 5.9, respectively. The KD 

values are shown in Table 5.3. In the case of these complexes binding to a two-

site binding model, the KD values for the second site are higher (1−2 orders of 

magnitude) so only the values for the first site are shown. This is common for 

other G-quadruplex binders in the literature.51,57-62 The weaker binding to the 

0

100

200

300

500 1500 500 1500 500 15000 0 0

Time (s)

Re
sp

on
se

 (R
U

)

        a)         HP duplex      b)            22AG-K        c)             cmyc

NN
Pt

H2N NH2

N NH

NN
Pt

H2N NH2

Cl

N NH

NN
Pt

H2N NH2

F

N NH

NN
Pt

H2N NH2

Cl Cl

N NH

NN
Pt

H2N NH2

Cl
Cl

5.10

5.1

5.5
5.4
5.3

complex 5.10complex 5.1 complex 5.5complex 5.4complex 5.3



 

second site is presumed to be non-specific in nature (i.e. weak loop interactions 

versus strong end-stacking).44 

Figure 5.8 SPR titrations of complexes 5.1 and 5.5 to the HP duplex, 22AG-K, and cmyc 
sequences. A 2-fold dilution series from 0 μM (red trace) to 6 μM (light purple trace) of 
complex binding to approximately 450 RU immobilized sequences at 25 μL/min (10 
minute association + 20 minute dissociation periods).  

Figure 5.9 Equilibrium fitting data determined from the SPR titrations for 
monosubstituted complexes a) 5.1 and b) 5.5. For each complex binding to G-
quadruplex DNA (blue and green lines), the data was fit to a two-site binding model, 
while binding to HP duplex was fit to a one-site binding model. There are no associated 
errors as this was the result of an n of 1.  

For monosubstituted complexes 5.1 and 5.5, the KD values with the G-

quadruplex DNA motifs are on the sub-micromolar level, with the values for 5.5 
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reaching into the nanomolar regime, specifically with the cmyc polymorph (KD ~ 

91 nM). The trends do not match the HT-FID data in either case (except for 

weaker binding to duplex DNA), but this is to be expected due to the non-specific 

binding observed with the previous method.  

Besides obtaining binding data from SPR assays, we can also determine 

binding stoichiometry. Since the molecular weight of the DNA sequences is 

known, we can determine how much DNA binds to the surface based on the 

response during the initial preparation of the SPR sensorchip. As the complexes 

bind to the DNA, we can then determine approximately how many are bound to 

the surface, again based on the reponse. It should be noted that these complexes 

bound to the quadruplexes with signal responses that exceeded theoretical 

maximum response predictions (Rmax, based on amount of DNA bound to the 

surface, section 5.4.3.2), hence, we may assume that either multiple binding sites 

do exist − that is, the binding stoichiometry is greater than 1:1, or that we are 

encountering some non-specific binding to the surface of the sensor chip. Due to 

the set-up of the SPR experiments and the free channel that serves as an indicator 

of non-specific binding, if extensive non-specific binding was occuring, we would 

be able to detect it. Since the blank channel did not result in extensive non-

specific binding, we can assume that the binding stoichiometry is in fact, greater 

than 1:1. This is supported by the CD titrations that indicated ~ 2:1 binding ratio 

(Figure 5.3). 

For the disubstituted complexes 5.3 and 5.4, there was little or 

undetectable binding to the HP duplex, indicating a greater selectivity for the G-

quadruplex motifs over duplex DNA (Figure 5.10a,d). For 3,5-dichloro- complex 

5.4, this was consistent with the minimal binding to duplex DNA from the HT-

FID assay (DC50 > 2.50 μM with ds26mer). However, as previously mentioned, 

caution must be taken when comparing values between these methods due to the 

non-specific binding. The equilibrium responses for binding to G-quadruplex 

DNA are shown in Figure 5.11 and the corresponding KD values are shown in 

Table 5.3. Again, the values are in the low micromolar range. For complex 5.4, 

the data did not fit to the two-site binding model, so the KD value was instead 



 

determined from a one-site binding model. The binding of these complexes to the 

surface also exceeded the theoretical Rmax, indicating a binding stoichiometry 

greater than 1:1. 

Figure 5.10 SPR titrations of complexes 5.3 and 5.4 to the HP duplex, 22AG-K, and 
cmyc sequences. A 2-fold dilution series from 0 μM (red trace) to 3 μM (purple trace) or 
6 μM (light purple trace) of complex binding to approximately 450 RU immobilized 
sequences at 25 μL/min (10 minute association + 20 minute dissociation periods). 

Figure 5.11 Equilibrium fitting data determined from the SPR titrations for disubstituted 
complexes a) 5.3 and b) 5.4. For complex 5.3 the data was fit to a two-site binding 
model, while binding for complex 5.4 was fit to a one-site binding model. There are no 
associated errors as this was the result of an n of 1. 
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Sequence Complex 5.1 Complex 5.3 Complex 5.4 Complex 5.5 
HP duplex 1.30 n.d n.d. 0.664 
22AG-K 0.437 0.964 0.49 0.139 

cmyc 0.896 1.73 0.45 0.0910 

Table 5.3 KD values (µM) determined from the equilibrium responses versus the 
concentration of complex from the SPR titration assay. The numbers arise from n=1, so 
there are no associated error values.  

We can attempt to explain the results from the SPR experiments in relation 

to complex sterics and electronics when binding to the various polymorphs. In the 

case of the monosubstituted complexes 5.1 and 5.5, they exhibited faster on/off 

binding kinetics (Figure 5.7) as indicated by the steeper binding and unbinding 

curves compared to the sterically bulkier disubstituted complexes 5.3 and 5.4 to 

G-quadruplex DNA. These larger complexes also demonstrate the inability to 

intercalate into duplex DNA as evidenced by the undetectable binding to this 

motif (Figure 5.10a,d). While the disubstitution appears to aid in the selectivity 

between G-quadruplex and duplex DNA, it does not seem to significantly increase 

binding affinity to the G-quadruplex motif as compared to the monosubstituted 

complexes. This may be due in part to increased electron-withdrawing character 

of the dichloro- substituents. There seems to be an optimal ratio between ligand 

size and electronics that would allow for tighter binding to and greater selectvity, 

but more studies are required to uncover all of the stereoelectronic effects for this 

series of complexes.  

5.3 Conclusions 

In conclusion, we have utilized a facile and expedious method to create a 

library of G-quadruplex binders that were evaluated for binding affinity to various 

G-quadruplex motifs (h-telo, ckit1, and cmyc) through several biophysical means 

including CD templation, a high-throughput FID assay, and SPR. From the HT-

FID assay, we discovered non-specific binding interactions with the 

polypropylene microplates that resulted in artifically high DC50 values. Due to the 

hydrophobic nature of these π-extended phenanthroimidazole complexes, we must 

use caution when studying their interactions with DNA. Despite the non-specific 

binding from the HT-FID assay, we were able to determine that these complexes 



 

are effective G-quadruplex binders (and even more effective than the numbers 

suggest), but the selectivity between quadruplex and duplex DNA needs to be 

improved upon to validate potential efficacy as selective G-quadruplex targeting 

agents. In all, the facile synthesis of this type of library lends itself as a promising 

avenue for the futher development of selective G-quadruplex binders taken in 

conjuction with lessons learned from these attempts. 

5.4 Future directions 

This chapter could be the beginning of an in-depth look at the influence of 

complex electronics on G-quadruplex recognition. It is expected that the addition 

of more elongated positive side-chains for groove penetration can increase the 

binding selectivity, as well as improving solubility in aqueous media to avoid 

non-specific binding. Work conducted by Kern and Kerwin demonstrated DNA 

structure selectivity of perylene-analogs with alkyl-amino side-chains achieved 

through pH-mediated ligand aggregation.51 In a similar manner, we may be able 

to mediate binding of our phenanthroimidazole complexes to G-quadruplex DNA 

by controlling the pH. The imidazole moiety of the ligands allows for 

deprotonation at basic pH and protonation at acidic pH. Varying the pH of our 

buffers during our biophysical assays may reveal a binding mode that does not 

involve precipitation of the DNA-complex aggregate. Accurate determination of 

the binding affinity for all the complexes should be performed by SPR and 

additional replicates are needed to obtain standard deviations. Finally, cell 

viability assays would be necessary to determine if the platinum complexes are 

selective for cancer cells over normal cells, and a detailed study into the  

mechanism of action of the complexes in the selective cytotoxicity to cancer cells 

would establish criteria for the design of future therapeutics based on the 

phenanthroimidazole core. 



 

5.5 Experimental section 

5.5.1 Synthesis  

NMR spectra were recorded on either a 200, 300, 400 or 500 MHz Varian 

Mercury spectrometer operated with VNMRJ 2.2D software under LINUX Red 

Hat 5. The following abbreviations are used: singlet (s), doublet (d), doublet of 

doublets (dd), triplet (t), multiplet (m), and broad (br). All commercially available 

reagents were purchased from Sigma Aldrich and used without further 

purification. [4,5-f][1,10]phenanthroline,35 2CLIP and 3CLIP ligands,63,64 OMePIP 

ligand,65 NitroPIP ligand,66 and CF3PIP ligand67 have been characterized 

elsewhere. High-resolution mass spectrometry was performed on a Bruker Maxis 

Impact ESI-QTOF. For MS analysis, sodium formate was used to generate a 

calibration curve for mass accuracy. Samples were then diluted in LC-MS grade 

Methanol (Fisher) and directly infused at 3 μL per minute into the MS. The 

spectra were obtained in positive mode. 

5.5.2 Preparation of 5.1-5.9  

General procedure for preparation of ligands 

[4,5-f][1,10]phenanthroline (0.470−1.88 mmol) and 10 equivalents of 

NH4OAc were dissolved in 15−30 mL glacial acetic acid under an argon 

atmosphere. Then 1.1−1.4 equivalents of aldehydes were added and the reaction 

was refluxed at 120°C for ~ 24 h. The reaction was then cooled in an ice bath, 

diluted with water, and neutralized with the slow addition of NH4OH to pH ~ 8.0. 

The precipitate was vacuum filtered through a glass frit and washed with water, 

ethyl acetate and diethyl ether before vacuum air drying on the frit.  



 

3,4-diCLIP ligand: 

(0.102 g, 59%). 1H NMR (300 MHz, d6-DMSO): δ = 9.05 (dd, 2H), 8.90 (d, 2H), 

8.49 (s, 1H), 8.27 (d, 1H), 7.92 (d, 1H), 7.85 (br m, 2H) ppm; 13C NMR (300 

MHz, d6-DMSO): δ = 148.4, 144.2, 135.3, 134.1, 130.0, 128.8, 124.8, 123.8 ppm; 

HR-MS Calculated for C19H10Cl2N4Na (M++Na+): 387.0175, Found: 387.0172. 

 

3,5-diCLIP ligand: 

(0.150 g, 59%). 1H NMR (200 MHz, d6-DMSO); δ = 9.02 (dd, 2H), 8.88-8.83 (dd, 

2H), 8.26 (s, 1H), 8.25 (s, 1H), 7.84-7.78 (dd, 2H), 7.72 (s, 1H) ppm; 13C NMR 

(300 MHz, d6-DMSO); δ = 148.6, 147.9, 144.3, 135.3, 133.6, 130.1, 129.0, 124.8, 

123.8 ppm; HR-MS Calculated for C19H10Cl2N4Na (M++Na+): 387.0175, Found: 

387.0170. 
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FLIP ligand: 

(0.196 g, 88%). 1H NMR (400 MHz, d6-DMSO): δ = 13.7 (s, 1H), 9.02 (br, 2H), 

8.88 (br, 2H), 8.31 (br, 2H), 7.84 (br, 2H), 7.46 (br, 2H) ppm; 13C NMR (300 

MHz, d6-DMSO): δ = 150.0, 148.3, 136.2, 130.1, 129.0, 128.9, 123.9, 123.7, 

116.7, 116.5, 110.0 ppm; HR-MS Calculated for C19H11FN4Na (M++Na+): 

337.0860, Found: 337.0858. 

 

3,5-diFLIP ligand: 

(0.146 g, 60%). 1H NMR (300 MHz, d6-DMSO): δ = 9.03 (s, 2H), 8.87 (d, 2H), 

7.93 (s, 1H), 7.91 (s, 1H), 7.84 (br m, 2H), 7.42 (s, 1H) ppm; 13C NMR (300 

MHz, d6-DMSO): δ = 148.7, 144.3, 130.2, 130.1, 123.9, 109.8, 109.4, 105.0 ppm; 

HR-MS Calculated for C19H10F2N4 (M+1): 333.0938, Found: 333.0938. 

Complexes 5.1-5.9 were prepared in a manner identical to those previously 
published by our laboratory.30,31 
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(5.1) [(2-CLIP)Pt(en)][PF6]2: 

(0.0410 g, 70%). 1H NMR (500 MHz, d6-DMSO): δ = 9.21 (d, 2H), 8.80 (d, 2H), 

8.09 (d, 1H), 8.05-8.02 (dd, 2H), 7.52 (d, 1H), 7.40 (t, 1H) 7.34 (t, 1H), 6.83 (br s, 

4H), 2.75 (s, 4H) ppm; 13C NMR (500 MHz, d6-DMSO): δ = 147.0, 142.8, 134.2, 

132.6, 132.0, 130.7, 128.9, 127.0, 126.6, 125.2, 47.6 ppm; HR-MS Calculated for 

C21H19ClN6Pt [M-2PF6]2+: 292.5499, Found: 292.5486. 

 

(5.2) [(3-CLIP)Pt(en)][PF6]2: 

(0.0170 g, 57%). 1H NMR (400 MHz, d6-DMSO): δ = 9.32 (d, 2H), 8.92 (br s, 

2H), 8.34 (s, 1H), 8.29 (d, 1H), 8.16 (br, 2H), 7.56 (br, 1H) 7.49 (br, 1H), 6.87 (br 

s, 4H), 2.75 (br s, 4H) ppm; 13C NMR (300 MHz, d6-DMSO): δ = 157.1, 148.0, 

143.2, 137.9, 137.0, 134.8, 134.4, 127.5, 125.7, 125.3, 124.7, 47.6 ppm; HR-MS 

Calculated for C21H19ClN6Pt [M-2PF6]2+: 292.5499, Found: 292.5491. 
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(5.3) [(3,4-diCLIP)Pt(en)][PF6]2: 

(0.0280 g, 45%). 1H NMR (300 MHz, d6-DMSO): δ = 9.26 (d, 2H), 8.86 (d, 2H), 

8.50 (s, 1H), 8.31 (d, 1H), 8.09 (m, 2H), 7.74 (d, 1H) 6.90 (br s, 4H), 2.75 (br s, 

4H) ppm; 13C NMR (500 MHz, d6-DMSO): δ = 148.0, 143.1, 134.3, 131.8, 131.3, 

128.0, 126.6, 125.6, 125.4, 105.0, 47.6 ppm; HR-MS Calculated for 

C21H18Cl2N6Pt [M-2PF6]2+: 309.5304, Found: 309.5290. 

 

(5.4) [(3,5-diCLIP)Pt(en)][PF6]2: 

(0.0590 g, 65%). 1H NMR (300 MHz, d6-DMSO): δ = 9.27 (d, 2H), 8.83 (d, 2H), 

8.29 (s, 2H), 8.07 (dd, 2H), 7.50 (s, 1H), 6.84 (br s, 4H), 2.75 (br s, 4H) ppm; 13C 

NMR (500 MHz, d6-DMSO): δ = 159.0, 147.5, 143.3, 140.0, 138.7, 134.7, 134.4, 

126.7, 126.2, 125.5, 124.6, 47.6 ppm; HR-MS Calculated for C21H18Cl2N6Pt [M-

2PF6]2+: 309.5304, Found: 309.5294. 
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(5.5) [(FLIP)Pt(en)][PF6]2: 

(0.0610 g, 63%). 1H NMR (300 MHz, d6-DMSO): δ = 9.24 (d, 2H), 8.79 (d, 2H), 

8.39 (dd, 2H), 8.03 (dd, 2H), 7.26 (dd, 2H), 6.83 (br s, 4H) 2.75 (br s, 4H) ppm. 
13C NMR (300 MHz, d6-DMSO): δ = 147.8, 143.2, 134.5, 134.4, 133.2, 129.0, 

128.8, 125.7, 125.6, 116.1, 115.8 47.6 ppm; HR-MS Calculated for C21H19FN6Pt 

[M-2PF6]2+: 284.5647, Found: 284.5642. 

 

(5.6) [(3,5-diFLIP)Pt(en)][PF6]2: 

(0.0120 g, 20%). 1H NMR (400 MHz, d6-DMSO): δ = 9.29 (d, 2H), 8.86 (d, 2H), 

8.11 (dd, 2H), 7.96 (d, 2H), 7.21 (t, 1H), 6.86 (br s, 4H), 2.78 (br, 4H) ppm; Due 

to solubility issues of this complex in DMSO at the concentrations needed for 

strong 13C signal, a 13C NMR could not be obtained; HR-MS Calculated for 

C21H18F2N6Pt [M-2PF6]2+: 293.5600, Found: 293.5591. 
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(5.7) [(NitroPIP)Pt(en)][PF6]2: 

(0.0320 g, 41%). 1H NMR (500 MHz, d6-DMSO): δ = 9.27 (d, 2H), 8.81 (br s, 

2H), 8.59 (d, 2H), 8.32 (d, 2H), 8.07 (br, 2H), 6.84 (br s, 4H), 2.75 (br s, 4H) 

ppm; Due to solubility issues of this complex in DMSO at the concentrations 

needed for strong 13C signal, a 13C NMR could not be obtained; HR-MS 

Calculated for C21H19N7O2Pt [M-2PF6]2+: 298.0619, Found: 298.0608. 

 

(5.8) [(CF3PIP)Pt(en)][PF6]2: 

(0.0930 g, 72%). 1H NMR (300 MHz, d6-DMSO): δ = 9.35 (d, 2H), 8.94 (d, 2H), 

8.55 (d, 2H), 8.20 (dd, 2H), 7.95 (d, 2H), 6.89 (br, s 4H), 3.83 (s, 3H), 2.75 (br s, 

4H) ppm; Due to solubility issues of this complex in DMSO at the concentrations 

needed for strong 13C signal, a 13C NMR could not be obtained; HR-MS 

Calculated for C22H19F3N6Pt [M-2PF6]2+: 309.5630, Found: 309.5625. 
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(5.9) [(OMePIP)Pt(en)][PF6]2: 

(0.0310 g, 39%). 1H NMR (500 MHz, d6-DMSO): δ = 9.25 (d, 2H), 8.80 (d, 2H), 

8.31 (d, 2H), 8.04 (dd, 2H), 7.01 (d, 2H), 6.85 (br s, 4H), 2.77 (br s, 4H) ppm; 

Due to solubility issues of this complex in DMSO at the concentrations needed for 

strong 13C signal, a 13C NMR could not be obtained HR-MS Calculated for 

C23H22N6OPt [M-2PF6]2+: 290.5746, Found: 290.5748. 

5.5.3 Biophysical assays 

All platinum(II) complexes were prepared as 1.5 mM stock solutions in 

DMSO and stored at 4°C. The 22AG DNA oligonucleotide was obtained from 

SigmaGenosys Canada. The 17mer and 26mer oligonucleotides as well as the 

biotinylated 22AG, cmyc, and HP DNA sequences were synthesized in-house on 

a MerMade 6 DNA synthesizer from BioAutomation Corporation. Reagents used 

for automated DNA synthesis were purchased from ChemGenes Incorporated. 

Biotin-dT CED phosphoramidite was used as purchased from ChemGenes and 

coupled off-column under inert atmosphere. Sequences were purified using 

standard denaturing polyacrylamide gel electrophoresis with a 20 x 20 cm vertical 

Hoefer 600 electrophoresis unit, followed by desalting with Sephadex G-25 

(superfine DNA grade from Sigma Aldrich). Oligonucleotides were dissolved in 

deionized water prior to use and quantified spectrophotometrically at room 
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temperature (with the exception of the quadruplex-forming strands, which were 

heated to 95°C) using their molar extinction coefficients68 at 260 nm (Table 5.1).  

5.5.3.1 Circular dichroism studies  

Circular dichroism studies were performed at 25°C on a JASCO J-810 

spectropolarimeter using a 1 mm path length cuvette. Temperature was kept 

constant using the Peltier unit within the instrument. Spectra were recorded from 

400–230 nm at a scan rate of 50 nm/min and a response time of 4.0 s with two 

acquisitions recorded for each spectrum. Data was smoothed using the means-

movement function within the JASCO graphing software. In order to observe the 

ability of these complexes to fold the human telomeric DNA sequence, 22AG was 

dialyzed with Pierce slide-a-lyzer mini-dialysis kits (MWCO 3500 Da) (Fisher 

Scientific) against deionized Milli-Q water for 1−3 days before being diluted to 

15 µM in a 50 mM Tris buffer (pH 7.6) for a total volume of 200 µL. For ckit1 

and cmyc sequences, concentrated solutions were diluted to 15 µM in 10mM 

K2HPO4/KH2PO4 buffer (pH 7.6) with 100mM KCl, and heated to 95°C for 10 

minutes before rapidly cooling to room temperature. The ds17mer was formed by 

adding 15 µM of each strand (A and B) to a solution in the potassium phosphate 

buffer (same as above), heating to 95°C for 10 minutes before cooling to room 

temperature over 7 h. These sequences were stored overnight at 4°C prior to use. 

Platinum(II) complexes were titrated in 0.5 µL aliquots from 1.5 mM solutions in 

DMSO to the each sequence. With each aliquot added, 5 minutes elapsed prior to 

recording the CD spectrum. Spectra were collected with the aforementioned 

parameters, until 3 or 4 molar equivalents were reached in platinum(II) complex.  

5.5.3.2 HT-FID assay  

The HT-FID assay was performed in an identical manner to that in 

Chapter 3. 

5.5.3.3 SPR assay (performed by Dr. Mark A. Hancock) 

SPR measurements were performed on research-grade streptavidin-coated 

(SA) sensor chips (XanTec Bioanalytics GmbH, Muenster, Germany) at 25°C 



 

using filtered (0.2 µm) and degassed HBS-KT running buffer (10 mM HEPES pH 

7.4, 150 mM KCl, 3 mM EDTA, 0.05% (v/v) Tween-20).  Protein-grade 

detergents (Tween-20, Empigen) were from Anatrace (Maumee, USA) and Pierce 

Gentle Elution (PGE) buffer was from Thermo Scientific (Illinois, USA); all other 

chemicals were reagent grade quality. Concentrated compound stocks were 

prepared in 100% DMSO, quantified using their molar extinction coefficients at 

320 nm, and stored at 4°C. As recommended by the manufacturer, the SA sensors 

were pre-conditioned with 1 M NaCl in 50 mM NaOH (three 1 min pulses at 50 

μL/min) before the capture of DNA at 10 µL/min (15 µM stocks diluted to 100 

nM in running buffer containing 0.5 M KCl). To minimize non-specific binding to 

the SA-coated sensors, the compounds were serially diluted in running buffer (< 

0.1% DMSO final) containing 1 mg/mL CM-dextran (BioChemika #27560, Fluka 

/ Sigma Aldrich, Missouri, USA). To assess binding specificity in multi-cycle 

‘KINJECT’ mode, diluted compounds were injected over reference (SA-only) and 

DNA-immobilized (450 RU) surfaces at 25 µL/min (5 min association + 10 min 

dissociation; 5 µM fixed). Between sample injections, the sensors were 

regenerated at 50 µL/min using two 30-second pulses of PGE buffer containing 

0.05% (v/v) Triton X100 (Solution I) or Empigen (Solution II), followed by 

‘EXTRACLEAN’ and ‘RINSE’ procedures. To assess dose-dependent binding in 

multi-cycle ‘KINJECT’ mode, diluted compounds were titrated (0–5 µM, 2-fold 

dilution series) over lower-density DNA surfaces (300 RU) and were regenerated 

in a similar manner. Data were doubled-referenced and represent duplicate 

injections acquired from at least two independent trials. For each replicate series, 

a buffer blank was injected first, the highest titrant concentration second, and 

serial dilutions followed (from the lowest to the highest concentration); 

comparing responses between the two highest titrant injections verified consistent 

DNA surface activity throughout each assay. To estimate apparent equilibrium 

dissociation constants (KD), steady-state binding responses (Req; average RU at 

the end of the association phase) were plotted as a function of complex 

concentration (C) and then subjected to non-linear regression (“Steady-state 

affinity” model, BIAevaluation v4.1 software). Titration series were also analyzed 



 

using the “Fit ka/kd separate” tool to estimate the individual dissociation rate 

constants (kd; evaluated in the early portion of the dissociation phase to exclude 

rebinding effects). Theoretical binding maxima were predicted using the 

following equation: Rmax = (MWA / MWL) (RL) (n) where Rmax is the maximal 

binding response (RU) at saturating compound concentrations; MWA is the 

molecular weight (Da) of the compound injected in solution; MWL is the 

molecular weight (Da) of the DNA fragment immobilized; RL is the amount (RU) 

of DNA immobilized; n is the predicted binding stoichiometry (e.g. 1:1). G-

quadruplex sequences 22AG, cmyc, and ckit1, and duplex HP were formed 

identically to those used for CD melting in potassium conditions.  
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6 Conclusions and Contributions to Knowledge 

6.1 Conclusions 

6.1.1 The application of phenanthroimidazole platinum(II) complexes 

with extended π-surfaces as binders of human telomeric G-

quadruplexes 

This chapter represents a highly collaborative effort among the Sleiman (Department of 
Chemistry), Moitessier (Department of Chemistry), and Autexier (Departments of Anatomy & 
Cell Biology and Experimental Medicine) laboratories at McGill University, with data 
interpretation assistance from Prof. Anthony Mittermaier (Department of Chemistry). 
Katherine Castor was responsible for the synthesis, characterization, and biophysical studies  
(CD, FID) therein, as well as project design. Dr. Roxanne Kieltyka developed the initial 
synthesis of complexes 2.1-2.4. Synthesis of complexes 2.5 and 2.6 was assisted by a summer 
undergraduate, Nicole Avakyan. The computer-aided studies were performed by Dr. Pablo 
Englebienne and Dr. Nathanael Weill under the supervision of Prof. Nicolas Moitessier. The 
TRAP-Lig assays were performed by Dr. Johans Fakhoury (Sleiman and Autexier laboratories) 
and Johanna Mancini (Autexier). Johanna Mancini also conducted the celluar assays under the 
supervision of Prof. Chantal Autexier. The findings in this chapter were published in a 
manuscript accepted by ChemMedChem in 2012 entitled “Platinum(II) phenanthroimidazoles for 
targeting telomeric G-quadruplexes”. 

Chapter 2 presented the preparation of five novel platinum(II) 

phenanthroimidazoles that were structurally evolved from our previously 

published phenyl- and napthylphenanthroimidazole complexes. In four of the 

complexes, we incorporated an intramolecular hydrogen bond that was predicted 

by molecular modeling to hold the ligand in a flat, planar orientation. However 

this modification did not significantly increase binding strength to the human 

telomeric G-quadruplex motif over the parent phenylphenanthroimidazole 

complex. They quinolinyl- and indolyl- complexes were light-sensitive, limiting 

the extent to which they could be studied, and the 2-hydroxynaphthyl- complex 

presented solubility issues. The phenol- derivative did not significantly improve 

upon the parent phenyl- complex as this complex was flexible enough to be planar 

upon binding to the G-tetrads. Instead, we demonstrated through an FID assay 

that the inclusion of a p-chloro- substitution on the phenyl- moiety resulted in the 

greatest binding affinity of the series to a G-quadruplex motif (DC50 = 0.31 μM 

compared to 0.66 μM for the unsubstituted parent complex with the antiparallel 



 

G-quadruplex from a fluorescence intercalator displacement assay). Binding 

ability can be evaluated from this assay as it involves the competitive 

displacement of a fluorescent dye from nucleic acids that can be monitored 

through decreasing fluorescence intensity of the bound dye upon increasing 

additions of the competing complex. Additionally, the phenyl-, quinolinyl-, 

phenol- and p-chloro- complexes were able to template the formation of the 

antiparallel G-quadruplex from the unstructured single-strand in a 2:1 binding 

stoichiometry. The complexes were also shown to inhibit telomerase efficiently 

with IC50 values that range from 0.46−11.6 μM. We also demosntrated the 

selective cytotoxicity of the p-chloro- derivative to HeLa cells (IC50 ~ 20 μM 

versus ~ 60 μM for normal fibroblast cells), which validates our scaffold as a 

potential therapeutic.  

6.1.2 The addition of side-chains to phenylphenanthroimidazole 

platinum(II) ligands allows for specific targeting and slow 

dissociation from G-quadruplex motifs 

This chapter represents a collaborative effort among the Sleiman and Moitessier laboratories at 
McGill University, with data interpretation assistance from Prof. Anthony Mittermaier. 
Katherine Castor was responsible for the design, synthesis, and characterization of the 
complexes therein, as well as project design and biophysical assays (HT-FID, CD, and HPLC). 
Dr. Mark A. Hancock (McGill SPR Facility) conducted the SPR assays and Dr. Guillaume 
Lesage (CIAN, Department of Biology) ran the robot for the HT-FID assays. The computer-aided 
studies were performed by Zhaomin Liu under the supervision of Prof. Nicolas Moitessier. The 
biological assays (MTS, mRNA analysis, and western blot) were performed by Dr. Johans 
Fakhoury (Sleiman laboratory). The findings in this chapter were published in a manuscript 
accepted by Chemistry − A European Journal in 2013 entitled “A platinum(II) 
phenylphenanthroimidazole with an extended side-chain exhibits slow dissociation from a c-Kit G-
quadruplex motif”. 

In Chapter 3, we hypothesized with the aid of molecular modeling, that the 

addition of a side-chain to our phenylphenanthroimidazole ligand would allow for 

a multivalent binding mode of our platinum(II) complexes to G-quadruplex DNA. 

Through the use of a high-throughput fluorescence intercalator displacement 

assay, we discovered that remarkably different binding isotherms were obtained 

after a 10 minute and a 90 minute incubation (DC50 > 2.50 μM compared to 0.282 

μM for complex 3.2 binding to a c-Kit derived G-quadruplex). Surface plasmon 



 

resonance experiments showed an unprecedented slow dissociation of this 

complex from G-quadruplex motifs, leading us to conclude that the side-chain’s 

multivalent interactions across the binding site on the G-quadruplex motifs results 

in fast-on, slow-off binding kinetics. Biological assays including mRNA levels 

analysis of c-Kit and a western blot for cKIT protein exhibited an increase in 

cKIT production rather than the intended decrease that is expected from a 

promoter quadruplex-interacting agent. The elucidation of the mechanism of 

interaction of complex 3.2 in the cellular environment is necessary to determine 

the utility of such a compound for modification of gene expression. 

6.1.3 Exchanging platinum(II) with iridium(III) in 

phenylphenanthroimidazole complexes creates “G-quadruplex 

light-switch” probes 

This chapter represents a collaborative effort between the Sleiman and Mauzeroll laboratories. 
Katherine Castor was responsible for the design, synthesis, and characterization of the 
complexes therein, as well as project design and biophysical assays (UV/Vis and luminescence 
assays). The X-ray crystallography was conducted by Dr. Christopher Serpell. The CV and ECL 
experiments were conducted by Dr. Kimberly Metera and Dr. Ushula Tefashe. The high-
throughput fluorescence assay was designed by Katherine Castor and conducted by Dr. 
Guillaume Lesage (CIAN, McGill University). The findings in this chapter are to be published in 
a manuscript submitted to the Journal of the American Chemical Society in 2014.  

In Chapter 4, we harnessed the luminescent “quadruplex light-switch” 

effect by exchanging platinum(II) for iridium(III) in our phenanthroimidazole 

ligand motif. The “light-switch” effect involves the significantly increased 

luminescence intensity observed when the complexes are bound to G-quadruplex 

DNA (but not duplex DNA) as compared to unbound in solution. This “light-

switch” effect was most dramatic with ~ 53-fold enhancement upon binding of the 

2-chloro- derivative when binding to the mixed parallel/antiparallel human 

telomeric G-quadruplex motif. The increased luminescence upon binding to G-

quadruplex DNA, enabled us to use a direct fluorescence assay to determine 

binding affinity of the complexes that resulted in binding affinities in the low 

micromolar regime. Additionally, the iridium(III) complexes exhibited 

electrochemiluminescence (ECL), that is, catalytic production of light at an 



 

electrode, pointing to their potential for signal amplification in G-quadruplex 

detection. Taken together, their G-quadruplex DNA binding ability and their 

luminescence and electrochemiluminescence properties render them very 

amenable to development as G-quadruplex probes and detection agents.   

6.1.4 Library expansion of phenylphenanthroimidazole ligands to 

incorporate groups with varying electronic effects and 

subsequent G-quadruplex targeting 

Katherine Castor was responsible for the synthesis and characterization of the complexes therein, 
as well as project design and biophysical assays. Operation of the robot for the HT-FID assay was 
done by Dr. Guillaume Lesage of the Cell Imagining and Analysis Network (CIAN) (McGill  
University Department of Biology). Dr. Mark Hancock performed the SPR assays at the McGill 
SPR Facility.  

In Chapter 5, we built upon our findings from Chapter 2 by expanding our 

library to include electron-withdrawing and electron-donating substituted 

phenylphenanthroimidazole ligands. We hypothesized that small changes to our 

ligand core may result in the differential G-quadruplex polymorph recognition. 

We discovered through circular dichroism titrations that some of the complexes 

could template the formation of the antiparallel G-quadruplex motif from the 

unstructured single strand of the human telomeric sequence in a 2:1 binding 

stoichiometry, similarly to those complexes in Chapter 2. We encountered non-

specific binding of our complexes in the high-throughput fluorescence intercalator 

displacement assay that skewed our DC50 values in an undesirable manner, 

prohibiting us from determining reliable trends and polymorph recognition. 

Surface plasmon resonance assays did, however, demonstrate selective binding of 

selected complexes to G-quadruplex DNA over dsDNA. Despite the pitfalls, the 

facile synthesis of this type of library lends itself as a promising avenue for the 

futher development of selective G-quadruplex binders. 

6.1.5 Mechanochemical synthesis of supramolecular squares  

Experimental methods were performed by Katherine Castor under the guidance of Dr. Tomislav 

Friščić. 



 

In Appendix A, we utilized supramolecular self-assembly in the solid state 

to create the macrocyclic square [Pten(bpy)]4[NO3]8 via the PtenCl2 intermediate. 

The [Pten(bpy)]4[NO3]8 square has previously been shown by our laboratory to be 

an efficient G-quadruplex binder and telomerase inhibitor, however, the synthesis 

of the complex is lengthy (~ 3 weeks) and involves the use of an in situ created 

intermediate Pten(NO3)2 that is not easily isolated. In this appendix, we used 

mechanochemistry to create the square in two steps in a matter of hours from 

commercially available K2PtCl4 and ethylenediamine. To the best of our 

knowledge, this is the first synthesis of the PtenCl2 intermediate by ball-milling. 

The resulting synthetic scheme is high-yielding, “green” and only involves 

filtration and lyophilization for isolation of the intermediate and final products.  

6.1.6 Union of 3D-DNA nanostructures, G-quadruplexes, and a small 

molecule binder 

The design for the project was carried out by Christopher McLaughlin and Katherine Castor. 

Initial studies on feasibility of the 3D-assembly were performed by Christopher McLaughlin. 

The preparation of the 3D-DNA scaffolds and construction thereof presented herein were 

performed by Graham D. Hamblin. The biophysical studies were designed and carried out by 

Katherine Castor. 

In Appendix B, we combine the expertise of the Sleiman laboratory’s 3D-

DNA assembly with G-quadruplex formation to create DNA prisms with 

appended G-quadruplexes in a site-specific manner. Iron(III)-hemin has been 

shown to selectively bind to G-quadruplex motifs and when bound, exhibits 

catalytic peroxidase ability. By combining the G-quadruplex with the 3D- 

assembly, we can site-specifically bind hemin to create a supramolecular cataltyic 

structure. The variety of G-quadruplex forming sequences and their inherent 

polymorphic nature presents a library of sequences that have the capability of 

binding to different catalytic centers, thus allowing for the placement of several 

centers, with the potential for creating three-dimensional catalytic cascades. 



 

6.2 Future directions 

6.2.1 Platinum(II) phenanthroimidazoles 

For our side-arm containing complexes like those in Chapter 3, we would 

like to focus on increasing the cellular uptake in cell lines that over-express the c-

Kit oncogene. Increased uptake in cells with higher levels of mRNA and protein 

(like human stomach carcinoma HCG-27), can aid in the investigation of the 

mechanism of action by this class of complex in depth. Increased cellular uptake 

can be carried out through the incorporation of these complexes in the 

hydrophobic core of DNA-micelle delivery vehicle that is currently being 

developed in the Sleiman Laboratory. This would allow for the further 

development of these complexes as chemotherapies.  

For our electron-withdrawing and donating complexes in Chapter 5, DFT 

calculations of the electronics of the ligand may help determine the influence of 

the frontier orbitals on binding to the G-tetrad. Performing the HT-FID assay in 

quartz microplates would also allow for the precise determination of the binding 

affinities. SPR assays for the series of complexes should be conducted to get an 

accurate measure of binding affinity to different G-quadruplex and duplex motifs. 

Cell viability assays would be necessary to determine if the platinum complexes 

are selective for cancer cells over normal cells, and a detailed study into the  

mechanism of action of the complexes in the selective cytotoxicity to cancer cells 

would establish criteria for the design of future therapeutics based on the 

phenanthroimidazole core. 

6.2.2 Iridium(III) phenanthroimidazoles 

For the iridium(III) complexes like those in Chapter 4, future directions 

include the development of complexes with a red-shifted excitation wavelength. If 

the excitation wavelength is red-shifted, it may be used for in cellulo detection of 

G-quadruplexes. The current excitation wavelength is too low (~ 260−320 nm) 

which causes autofluorescence of the cellular components. However, an appealing 

aspect of iridium complexes is their long fluorescence lifetimes. When used in 



 

conjunction with time-gated fluorescence microscopy, ligand modifications to 

red-shift the excitation maxima may not be necessary. These complexes can bind 

to G-quadruplexes in cellulo and potentially template their formation therein, 

which is an added advantage when developing light-up probes. Development of 

an ECL-detection assay of for G-quadruplex motifs also provides an exciting 

future for these complexes. And finally, further verification of the trends 

involving ECL intensities could be obtained through the synthesis and analysis of 

other complexes that may lie on the outer edges of the Hammet values (including 

2,6-dichloro-, p-hydroxyphenyl-, and 2-hydroxyphenyl- ligand varieties) and 

through DFT calculations. 

6.2.3 Mechanochemistry methods 

In a similar manner to that presented in Appendix A, we hope to 

synthesize the palladium analogs, that is PdenCl2 and and [Pden(bpy)]4[NO3]8. 

We hypothesize that we can synthesize PdenCl2 starting from K2PdCl4 and 

ethylenediamine and avoid the use of concentrated hydrochloric acid, which is 

involved in the established solution synthesis of the PdenCl2 intermediate. In fact, 

investigations into this method have already begun. In addition to the 

palladium(II) analogs, a variety of organic linkers besides the 4,4'-bipyridyl can 

be incorporated for facile library construction.  

6.2.4 G-quadruplex/hemin 3D-DNA prisms 

For the continuation of the work in Appendix B, it would be interesting to 

determine whether the geometric arrangement of the G4 motifs on the 3D-

assmebly will affect the binding affinity and peroxidase ability of hemin. As a 

next step, the incorporation of different G-quadruplex sequences that are selective 

for different catalytic moieties should be performed, to further the use of these 

assemblies as scaffolds for catalytic cascades.  
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A Appendix A: Mechanochemistry Methods for Synthesis of 
Pt(II) and Pd(II) Supramolecular Squares 

Preface: Author Contributions 

Experimental methods were performed by Katherine Castor under the guidance of Dr. Tomislav Friščić. 

A.1 Supramolecular self-assembly as a construction tool 

Throughout this thesis, we have discussed traditional synthetic organic and 

inorganic chemistry methods for the construction of metal-based complexes for G-

quadruplex targeting. However, a particularly appealing strategy for the creation of these 

binders could be through the use of supramolecular self-assembly.1-4 This approach 

involves the spontaneous association of simple building blocks into a precise and 

complex structure that often results in near 100% yields. Supramolecular chemistry is an 

effective way to build complex structures5-10 that allows for the generation of synthetic 

libraries. These libraries can aid in the understanding of  the binding of these scaffolds to 

G-quadruplex motifs.11-13
 

So far, the implementation of supramolecular structures for the purpose of G-

quadruplex recognition has only just started to be explored. Previous work in our 

laboratory by Roxanne Kieltyka demonstrated that the platinum “square” complex 

extensively studied by the groups of Fujita5,6 and Stang,8 is an efficient G-quadruplex 

binder and telomerase inhibitor (Figure A.1a-e).14 More recently, Zheng and coworkers 

evaluated a library of four supramolecular squares − all platinum(II)-based, each with a 

combination of ethylenediamine (en) or ammonia ligands and pyrazine or 4,4'-bipyridine 

(bpy) linkers − as G-quadruplex binders and potential anticancer therapeutics (Figure 

A.1f-g).15 These squares are all highly positively charged (8+) which greatly facilitates 

water solubility, but the high charge also decreases selectivity between G-quadruplex and 

duplex DNA. Thus, supramolecular self-assembly would be particularly useful to provide 

ready access to new G-quadruplex binding structures with optimized selectivity by 

changing ligands, coordination spheres, and adding sidearms that would sterically hinder 

the ability of the squares to interact with duplex DNA in an intercalation-type manner.  



Figure A.1 Supramolecular squares as G-quadruplex binders a) structure of the platinum 
molecular square; b) average structure of the complex between the square and the h-telo G-
quadruplex; c) FRET stabilization temperatures; d) FRET stabilization curve of the square with 
quadruplex (red) and B-DNA (blue) as a function of concentration of square; e) TRAP assay 
results showing ladders generated by the action of telomerase on a telomeric substrate primer; f) 
structures of 1-4; g) Stabilization temperatures from FRET (top) and equilibrium constants from 
SPR (bottom) for 1-4 withG-quadruplex and duplex DNA. Reproduced from references 14 and 
15 with permission, American Chemical Society, 2008, and RSC, 2012. 
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A.2 Mechanochemistry as a synthetic methodology 

While supramolecular self-assembly is a useful concept, its practical 

considerations can be more tedious. For the solution synthesis of the square in Figure 

A.1a, the Pt(en)(NO3)2 intermediate must be made in situ from PtenCl2 and silver nitrate. 

The nitrate replaces the more labile chloride ligands, and in the process, forms the 

insoluble silver chloride salt. Before the addition of the 4,4'-bipyridyl linker, the aqueous 

solution of Pt(en)(NO3)2 must be filtered many times through celite to ensure the 

complete removal of any remaining silver chloride or Ag+ ions. After extensive filtration, 

the linking bipyridyl ligand is added and the solution is refluxed for ~ 1−4 weeks5,14 

before precipitation with ethanol results in a powder that can be isolated via filtration 

(88% yield in the hands of Zheng,15 ~ 10% in ours). 

As this solution method is not the most expeditious route to the synthesis of this 

square, Orita and coworkers developed a solvent-free method described in a Chemical 

Communication in 2002.16 In their publication, they describe the synthesis by mixing the 

two starting material powders, Pt(en)(NO3)2 and 4,4'-bipyridyl, in a 1:1 ratio and grinding 

them in a mortar with a pestle in open air at ambient temperature for ~ 10 minutes. They 

claim that the powder became gummy in a matter of seconds and the 1H NMR spectrum 

in D2O after 10 minutes exhibited complete comsumption of the starting materials. After 

reprecipitation with ethanol from water, they obtained a 76% isolated yield. 

Not only is the yield comparable to the solution method (76% versus 80%, 

respectively), the reaction was dramatically shorter at 10 minutes versus 1−4 weeks. In 

addition to allowing for a faster generation of complex systems, solvent-less grinding is 

considered a “green” and more environmentally friendly process. Green chemistry is 

characterized by the efficient use of raw materials with minimal waste while avoiding the 

use of toxic materials/solvents in chemical synthesis.17 Mechanochemistry and green 

chemistry go hand-in-hand, as mechanochemistry is characterized by reactions conducted 

by grinding solid reactants with little or no solvent, thereby minimizing waste and the 

need for toxic materials.18  



A.3 Mechanochemical synthesis of precursors 

While the solvent-free synthesis of the final square product has already been 

described,16 the mechano-synthesis of the precursors has not. As previously mentioned, 

Pt(en)(NO3)2 is typically synthesized from PtenCl2 and silver nitrate, with the byproduct 

of silver chloride. Synthetically, the isolation of Pt(en)(NO3)2 is time consuming and the 

yield of the isolated solid is low. Due to this, the in situ formation of the Pt(en)(NO3)2 in 

solution is preferred. However, mechanochemistry deals with the grinding of solid 

materials (e.g. ball-milling), so a solution of Pt(en)(NO3)2 is not ideal. Instead, if we 

could take a step back and go directly from the PtenCl2 to the square via ball-milling, we 

could eliminate the need for the production of the intermediate. PtenCl2 is typically 

synthesized from commercially available potassium tetrachloroplatinate in an aqueous 

solution of ethylenediamine. The isolated yields are upwards of 70% after filtration of the 

water-insoluble PtenCl2 salt after stirring for 1−4 hours.19-21 While this reaction could be 

considered “green” as water is the solvent, the reaction time could be decreased, and the 

yield could be increased by mechanochemistry.  

Our idea, starting from the commercially available platinum salt − potassium 

tetrachloroplatinate, K2PtCl4 − was to synthesize PtenCl2 via ball-milling with minimal 

purification (a “green” removal of excess KCl salts via washing with water) in high yield. 

Then, using our milled PtenCl2, we could bypass the need for the isolation of the 

Pt(en)(NO3)2 intermediate by grinding PtenCl2 with the 4,4'-bipyridyl linker while relying 

on supramolecular self-assembly to afford the Pt-square (Figure A.2). This process would 

demonstrate the first synthetic route for Pt-squares solely through ball-milling with 

minimal purification in high yield.  

Figure A.2 Synthetic scheme for the formation of the Pt-square in two steps from potassium 
tetrachloroplatinate, where LAG is liquid-assisted grinding. 
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A.3.1 Screening of conditions for PtenCl2 

In order to uncover the conditions that resulted in the highest yield of the PtenCl2, 

several conditions were investigated, including both dry and liquid-assisted (LAG). As as 

starting point, a 1:1 molar ratio of K2PtCl4 and ethylenediamine (at a 200 mg scale) were 

added to a 10 mL steel jar containing two balls (5 mm diameter) and the jar was shaken at 

30 Hz for 60 minutes. Figure A.3 shows the 1H NMR spectra (in d6-DMSO) from the 

various reactions overlayed for comparison. The broad singlets at 5.3 ppm and 2.2 ppm 

are the –NH2 and –CH2  of the product ethylenediamine ligand, respectively, while the 

broad singlets at 5.6 ppm and 2.4 ppm are the free ethylenediamine. 

Figure A.3 Screening of various conditions for synthesis of PtenCl2. 

From the NMR spectra, a 1:1 molar ratio of K2PtCl4 and ethylenediamine with 

ACN affords the highest yield of PtenCl2 after 2 hours of milling at 30 Hz, however there 

appears to be the presence of some remaining starting material (Figure A.3a). 

Interestingly, further milling resulted in a grey substance with no further improvement on 

yield. The color change to grey may be indicative of oxidation of the platinum species by 

the steel jars. 
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Further screens with ion-assisted grinding of K2PtCl4 and ethylenediamine did not 

significantly improve the yields. We used both NaNO3 and trimethylamine-N-oxide 

(TMAO) as additives. 1H NMR spectra (in d6-DMSO) are shown in Figure A.4. 

Interestingly, in some cases after an hour of milling (Figure A.4a,c,e), we see the 

formation of two broad singlets above 6.0 ppm. These singlets are believed to be due to 

the substitution of DMSO for chloride in the NMR tube rather than due to the reaction 

itself (vide infra Figure A.6).  

Figure A.4 Continued screening of ion-assisted milling of PtenCl2. 

After screening of various conditions, we determined that half the mass (100 mg 

versus 200 mg) in teflon jars with 1.25 eq (equivalents) of ethylenediamine, and liquid 

assisted by ACN resulted in 100% yield of PtenCl2. The 1H NMR and pictures of the 

process are shown in Figure A.5. After removing the tan/yelow powder from the teflon 
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jar, the solid can be placed in a glass frit and washed with water to remove the KCl 

byproduct. The resulting pure PtenCl2 can be recovered with upwards of 80%. To the best 

of our knowledge, this is the first mechanochemical synthesis of PtenCl2 to date. 

 

Figure A.5 Final conditions for the milling of PtenCl2: a) pure 1H NMR in DMSO, b) K2PtCl4, 
ethylenediamine, and ACN pre-milling, c) the reaction after 1 hour of shaking at 30 Hz, d) the 
reaction after 2 hours of shaking, and e) the final PtenCl2 powder isolated after scraping from the 
jar.  

1.01.52.02.53.04.55.05.56.0
ppm

4.0

100 mg total
LAG ACN
1.25eq en

2 hour milling

a)

b)

d)

c)

e)

Pt-NH2

Pt-CH2



Figure A.6 The NMR tube containing pure PtenCl2 after isolation was left for 24 hours at room 
temperature before re-obtaining the 1H NMR. Substitution of the chlorides by DMSO (or ACN, to 
be determined) results in loss of the PtenCl2 species. 

A.4 Mechanochemistry synthesis of squares: Screening 

Once the ideal conditions were determined for the synthesis of PtenCl2, we moved 

on to the synthesis of the Pt-square. Due to previous syntheses of the [Pten(bpy)]4 square 

utilizing NO3
- as a counter ion, we conducted a screen of conditions that included 

potasium, sodium, and silver nitrate salts in the reaction mixture. Figure A.7 shows the 
1H NMR spectra (in D2O), free 4,4'-bipyridine occurs at 8.4 and 7.55 ppm, while the Pt-

square bpy occurs at 8.7 and 7.7 ppm. The –CH2 from PtenCl2 appears at 2.45 ppm, while 

the –CH2 from the Pt-square en appears at 2.7 ppm. Interestingly, 2 equivalents of silver 

nitrate appears to drive the reaction to completion, whereas the potassium and sodium 

analogs only partially help with conversion. We have postulated that this is due to the 

strength of the lattice energy of the resulting chloride salt where AgCl > NaCl > KCl. The 

more stable the salt, the more the reaction is driven to completion. Other conditions were 

attempted, including the addition of  higher equivalents (4 and 10) of NaNO3 or catalytic 

amounts of AgNO3, but these reactions did not improve upon the previous conditions.  
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Figure A.7 Screening of conditions for the synthesis of the [Pten(bpy)]4[8NO3] 

In order to isolate the Pt-square product, the grey powder can be triturated with 

water and centrifuged. The mother liquor (containing the water-soluble square) can be 

decanted and filtered through a pad of celite in a glass frit. The process is repeated to 

maximize recovery and minimize the amount of silver chloride and/or silver ions that 

may remain in solution. After lyophilization of the aqueous layer, a fluffy white powder 

of Pt-square is obtained in upwards of 75% yield.  

A.5 Conclusions 

In conclusion, we have developed a methodology to create [Pten(bpy)]4
8+[8NO3]8- 

from commercially available K2PtCl4, ethylenediamine, and 4,4'-bipyridyl in an atom 

economical manner in 2 steps after 4 hours. Isolation of the intermediate PtenCl2 and 

product Pt-square involves washing with water, filtration, and lyophilization which are all 

“green” processes. Our method also saves time and increases the overall product yield. 
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A.6 Future directions 

In a similar manner, we hope to synthesize the palladium analogs, that is PdenCl2 

and and [Pden(bpy)]4
8+[8NO3]8-. The literature reports22 for the synthesis of PdenCl2 with 

the highest yields (> 70%) start from PdCl2 with the addition of concentrated 

hydrochloric acid and ethylenediamine. We hypothesize that we can synthesize PdenCl2 

starting from K2PdCl4 and ethylenediamine and avoid the use of concentrated 

hydrochloric acid altogether. In fact, investigations into this method have already begun. 

A.7 Experimental section 

General: All starting materials were obtained from Sigma-Aldrich and used 

without purification. Distilled water was dispensed from the in-house tap. Acetonitrile 

was reagent grade, and not anhydrous. The 10 mL steel jars and 5 mm ball bearings were 

obtained from Retsch, Inc. The teflon jars were created by the McGill University 

Engineering Department. Ball-milling reactions were preformed on a Retsch™ MM 400 

Mill. NMR spectra were obtained from either a 500 MHz Varian VNMRS (VNMRJ 2.3A 

software (Chempack 5) under LINUX Red Hat 5) in d6-DMSO or D2O. High-resolution 

mass spectrometry was performed on a Bruker Maxis Impact ESI-QTOF. For MS 

analysis, sodium formate was used to generate a calibration curve for mass accuracy. 

Samples were then diluted in LC-MS grade Methanol (Fisher) and directly infused at 3 

μL per minute into the MS. The spectra were obtained in positive mode. Elemental 

analysis was obtained from the Laboratoire d’Analyse Élémentaire de l’Université de 

Montréal.  

 

Synthesis of PtenCl2: 

Steel: In a small steel jar with two 5 mm steel balls was added K2PtCl4 (0.491 

mmol, 204 mg), 1.25 equivalents of ethylenediamine (0.614 mmol, 41.1 µL)  and 50 µL 

acetonitrile. The jar was shaken at 29.5 Hz for 60 minutes, after which the powder was 

scraped off the side of the jar before being subjected to another 60 minutes of shaking at 

29.5 Hz. At the end of the reaction, the powder was scraped from the jar and isolated as 

crude PtenCl2 and KCl. A tan/yellow solid (97%, 226 mg) was recovered. To remove 



KCl, the solid was washed through a fine glass frit with ~ 50 mL distilled water. After 

recovery, 129 mg of a yellow powder remained (80%).  

Teflon: The procedure was performed as above, except 0.244 mmol (101 mg) 

K2PtCl4  and 25 µL acetonitrile were used.  
1H NMR (500 mHz, d6-DMSO): δ = 5.304 (4 H, br s), 2.219 (4H, br s) ppm; HR-

MS calculated for C2H8Cl2N2PtCl: 359.9406, found: 359.9395. Elemental Analysis: 

calculated C – 7.37, H - 2.47, N - 8.59, found C – 7.66, H – 2.39, N – 8.55. 

*In the case of the screening involving TMAO or NaNO3, or a solvent other than 

ACN (MeOH, nitromethane), 20 mg of solid was added while the other solvents were 

direct substitutes of the ACN in the reaction mixture. 

 

Synthesis of [Pten(bpy)]4
8+[8NO3]8-: 

The procedure was performed as above except the total mass was around 200 mg. 

That is, PtenCl2 (0.287 mmol, 93.7 mg), 1 equivalent 4,4'-dipyridyl (0.287 mmol. 58.1 

mg), and 2 equivalents of XNO3 (where X = Ag, Na, or K) were added to the jar. Light 

grey powder of [Pt(en)(bpy)]4[8NO3] and XCl was isolated in near quantitative amounts. 

To purify the square, the powder was mixed with 10 mL distilled water, shaken, and 

centrifuged. The mother liquor was filtered through a pad of celite in a glass frit. This 

process was repeated 3 times to maximize recovery. The filtrate was then lyophilized to 

dryness to yield a white fluffy solid (75% yield). 
1H NMR (500 mHz, D2O): δ = 8.72 (16 H, d), 7.74 (16 H, d), 2.65 (16 H, br s) 

ppm; HR-MS calculated for C48H64N16Pt4 (M8+): 205.5511, found: 205.5515.  
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B Appendix B: The Union of G-quadruplexes and Three-
Dimensional DNA Prisms 
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B.1 Introduction 

Nature has elegantly evolved strategies by which to organize materials in a 

rational and functional manner on all scales of life – from the molecular to the 

macromolecular, the cell to the organism, small ecosystems to the solar system and 

beyond. One of the principles by which nature accomplishes this is on the molecular to 

cellular scale is supramolecular self-assembly. Supramolecular self-assembly is defined 

in many ways, but typically involves the use of well-defined nonbonded interactions 

between simple building blocks that self-organize into non-covalent architectures.1 The 

most recognizable macromolecules in nature created in this manner are the DNA double 

helix and proteins (Figure B.1). These entities assemble via a combination of hydrogen-

bonding, electrostatic, and hydrophobic effects. Then, in the cellular context, they can 

assemble with other units create membranes, nuclei, mitochondria, etc. Although nature 

has perfected these strategies over millions of years, this plethora of information provides 

us with examples of how to achieve these goals artificially in the laboratory setting, and 

potentially discover natural assembling mechanisms.  



Figure B.1 Examples of self-assembled structures in nature: a) DNA double helix and b) green 
fluorescent protein. In b) beta-sheets are shown in cyan, α-helices are shown in red, and 
random coils are shown in purple. Image reproduced in part from wikipedia. 

The inspiration for this appendix is the organization of catalytically active 

enzymes that, when arranged site-specifically on the nanometer scale, results in activity 

enhancement (or increased throughput) of the cascade.2 The 3D-organization of these 

enzymes has been made possible through progress in the research of DNA and RNA 

nanotechnology. Two examples of tethered cascades are shown in Figure B.2. Willner 

and coworkers used hexagonal dsDNA grids with strands that could bind glucose oxidase 

and horseradish peroxidase ideally located within the grid such that the enzymes were 

separated by desired distances (6 to 24 nm) (Figure B.2a). Due to the arrangement and 

proximity, an increase in product formation (ABTS-; oxidized 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)) was observed, compared to the free enzymes.3 

Delebecque et al. utilized an RNA scaffold artificially created inside a bacterial cell for 

the organization of ferredoxin and hydrogenase that also resulted in increased product H2 

formation (Figure B.2b).4 

 

 

a) b)



Figure B.2 Schematics of enzyme cascades on DNA and RNA scaffolds. A) hexagonal grids of 
DNA with site specific tethers allow for the attachment of glucose oxidase (GOx) and 
horseradish peroxidase (HRP) pairs 6 nm apart that results in the facile transfer of peroxide for 
increased output of ABTS-.3 B) RNA tiles with attached ferredoxin (F) and hydrogenase (H) 
enzymes in a well-defined manner that results in increase output of hydrogen gas.4 Figure 
adapted from Idan, O.;Hess, H. Origins of Activity Enhancement in Enzyme Cascades on 
Scaffolds. ACS Nano 2013, 7 (10), 8658-8665; Copyright (2014) American Chemical Society. 

In addition to organizing enzymes in this tethered manner, Willner and coworkers 

have also used DNA to organize small molecules, namely Fe(III)-hemin.5 In their report, 

they present a detection method for specific G-quadruplex forming DNA sequences that 

relies on the binding of these sequences by hemin in their hairpin structures to form a 

polymerized “DNA nanowire”. This nanowire can then catalyze the oxidation of ABTS 

or luminol in the presence of hydrogen peroxide, resulting in the “on” signal, 

demonstrating the presence of the quadruplex sequence in solution. This is represented in 

Figure B.3.   

Figure B.3 Scheme for the detection of a G-quadruplex forming target using hairpins that 
recognize the target sequence (BRAC1). Upon recognition, the hairpins unfold and bind the 
target sequence that can form a complex with hemin. The hemin then becomes catalytically 
active, allowing for the oxidation of ABTS or luminol in the presence of peroxide. Figure 
reprinted from Shimron, S.; Wang, F.; Orbach, R.; Willner, I. Amplified Detection of DNA through 
the Enzyme-Free Autonomous Assembly of Hemin/G-Quadruplex DNAzyme Nanowires. Anal. 
Chem. 2012, 84 (2), 1042-8; Copyright (2014) American Chemical Society. 

The Sleiman laboratory has become proficient at designing and constructing 3D 

scaffolds using the supramolecular self-assembly properties of DNA.6-13 As mentioned in 



Chapter 1 (pp 1−2), DNA consists of a sequence of adenine (A), thymine (T), cytosine 

(C), and guanine (G) bases that come together in a predictable and specific hydrogen 

bonding pattern (A with T, C with G) to form the duplex double helix.14 Nanostructures 

formed from DNA are highly addressable and hold great potential for a variety of 

applications including vehicles for drug delivery, substrates for gas storage, and scaffolds 

for organization of molecules (either symmetrically or asymmetrically), among others.9 

By site-specifically organizing materials on 3D DNA scaffolds, one can attempt to mimic 

nature’s biological processes including catalytic enzyme pathways.  

G-quadruplexes (G4s) have been shown to bind to a variety of molecules with 

biological relevance, including the thrombin protein (via the thrombin-binding 

aptamer),15,16 insulin,17 platinum phenanthroimidazoles (as potential cancer 

therapeutics),18-20 and hemin (as a catalytic moiety for oxidative reations),5,21-24 among 

others.25 Using the predictability and fidelity of the simple base-pairing code of DNA, 

one can rationally construct 3D scaffolds with site-specifically arranged G-quadruplexes 

for binding biologically relevant molecules. The organization of G4s on 3D structures 

offers the opportunity to pattern materials in an anisotropic way. We were interested to 

see if we could pattern G4-forming sequences on 3D scaffolds and whether or not the 

formation of G4s is compatible with DNA hybridization and 3D scaffold-formation. 

Herein, we show that we can create a 3D-DNA prism with a large number of single-

stranded-binding regions to which we selectively attach three or six G4-forming human-

telomeric sequences. As a next step, we can bind Fe(III)-hemin selectively to the G4s, 

and will study the binding affinity of hemin to this motif, as well as examine the 

peroxidase ability of the hemin-G4-3D-DNA (hG4P) structures as a whole in comparison 

to hemin and G4-hemin complexes alone. From these studies, we demonstrate that the 

patterning of G4 motifs on 3D scaffolds is feasible. A report from the laboratory of Hao 

Yan demonstrates that proteins organized in a 1D manner on DNA origami tiles results in 

increased product production not merely due to high effective concentration of 

intermediates, but also due to a hydration shell that allows for the restricted diffusion of 

these intermediates.26 By organizing our catalysts in a 3D space (rather than 1D and 2D), 

we can take advantage of this hydration shell to eventually bring about the desired 

catalytic cascading effects (by binding more than just one type of catalyst to the scaffold).  



B.2 Design and assembly of the G4-Prism 

The 3D-DNA prism scaffold has been previously developed in the Sleiman 

Laboratory by Christopher McLaughlin and Graham Hamblin11 with subsequent 

publications by Justin Conway,12 and Thomas Edwardson.27 In the first publication, they 

present the 3D-DNA construction method used herein. This method uses a minimum 

number of pseudocatenated DNA strands that results in quantitative assembly of a 3D 

structure without the need for ligation. The assembly is done in a one-pot manner, but is 

better described schematically by Figure B.3 Successive additions of the three component 

strands C1, C2, and C3 (Table B.1) allow for the formation of the prism TP with six 

single-stranded binding regions (Figure B.4a). Due to symmetry of the sequences, the 

three binding regions on the top face have the same sequence while the three identical 

binding regions on the bottom face have a second sequence (indicated in purple for the 

top and green for the bottom). This prism is easily addressable on the top and bottom 

faces since these regions contain three single-stranded regions for binding to a 

complementary strand. In our case, we would like to position G-quadruplexes at the 

corners of the prism in a site-specific manner. To this end, we synthesized two sequences 

(Top-22AG and Bot-22AG, Table B.1), for binding to the top face and bottom faces, 

respectively. Each of these sequences contains three regions: i) a 20 base-pair region 

complementary to the single-stranded (ss-) side of the prism, ii) a five-thymine spacer, 

and iii) a non-binding intramolecular G-quadruplex forming sequence at the 5'-end based 

on the human telomeric sequence. As a control, we synthesized two non-quadruplex 

containing sequences, also complementary to the ss-regions, called Top-SS and Bot-SS 

(Table B.1). The formation of the G4P and SSP occurs in a one-pot manner. The three 

prism component strands in a 1:1 ratio, (C1, C2, and C3), and 3.3 equivalents of Top-

22AG and Bot-22AG (for G4P) or Top-SS and Bot-SS (for SSP) are heated to 95°C and 

slowly cooled to room temperature over ~ 3 hours to maximize assembly yield. (Figure 

B.4b-c). 

 



Figure B.4 Schematic showing the assembly of the 3D-DNA structures: a) C1, C2, and C3 come 
together to form TP with six single-stranded binding regions where the top (purple) and bottom 
(green) sequences are identical, b) addition of 3.3 equivalents of Top-SS and Bot-SS form SSP, 
c) addition of 3.3 equivalents of Top-22AG and Bot-22AG form G4P. All assemblies are done in 
a one-pot manner. 

The next step involves the site-specific orientation of catalytic iron(III)-hemin 

molecules on the G-quadruplex motifs (Figure B.5a). After the formation of G4P and 

SSP, we can add 6 equivalents of Fe-hemin, which results in the final structure in Figure 

B.5b, hG4P. In the case of SSP, we should not see binding of hemin (Figure B.5c), as the 

SS-strands are not able to form G-quadruplexes, and Fe-hemin has been shown to 

selectively bind the G-quadruplex motif.21,28 
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Name Sequence ε 260 nm  
(M-1cm-1) 

C1 
5'-TCGCTGAGTATTTTGCCTGGCCTTGGTCCATTTG 

TTTTGCAAGTGTGGGCACGCACACTTTTCGCACCGCGACTG 
CGAGGACTTTTCACAAATCTG-3' 

873 100 

C2 
5'-CCACACTTGCTTTTGCCTGGCCTTGGTCCATTTG 

TTTTCTGACCAGTGTCAGCAAACCTTTTCGCACCGCGACTG 
CGAGGACTTTTGTGTGCGTGC-3' 

853 300 

C3 
5'-CACTGGTCAGTTTTGCCTGGCCTTGGTCCATTTG 

TTTTTACTCAGCGACAGATTTGTGTTTTCGCACCGCGACTG 
CGAGGACTTTTGGTTTGCTGA-3' 

869 500 

Top-22AG 5'-AGGGTTAGGGTTAGGGTTAGGGTTTTT 
CAAATGGACCAAGGCCAGGC-3' 467 600 

Bot-22AG 5'-AGGGTTAGGGTTAGGGTTAGGGTTTTT 
GTCCTCGCAGTCGCGGTGCG-3' 447 200 

Bot-SS 5'-AATACGACTCACTATACTTTTTTTTTT 
GTCCTCGCAGTCGCGGTGCG-3' 429 200 

Top-SS 5'-AATACGACTCACTATACTTTTTTTTTT 
CAAATGGACCAAGGCCAGGC-3' 449 600 

22AG 5'-AGGGTTAGGGTTAGGGTTAGGG-3' 228 500 
SS 5'-AATACGACTCACTATACTTTTT-3' 210 900 

Table B.1 DNA sequences used herein, their names, and coorresponding molar extinction 
coefficients. All sequences were quantified in ng/µL on the NanoDrop, with the exception of 
22AG which was quantified spectrophotometrically at 95°C using the molar extinction 
coefficient.  

In general, these 3D-DNA structures require high concentrations of Mg2+ ions to 

electrostatically shield the negatively charged DNA backbone. Earlier work with a Top-

22AG sequence containing a 10mer binding region (rather than 20mer like those herein) 

had shown that G-quadruplex formation in the presence of only magnesium ions was 

incomplete and the circular dichroic signal showed characteristics of a mixture of single-

stranded DNA and a structure with G-quadruplex-like features (Figure B.6). This is most 

likely due to the poor size-match between Mg2+ ions (ionic radius = 0.89 Å)29 and the ion 

channel through the G-quadruplex motif, as cations with ionic radii between 1.3−1.5 Å 

are best-suited.30 Because of this, solutions containing both 3D-DNA scaffolds and G-

quadruplex forming sequences should accommodate the stable formation of both.  



Figure B.5 Schematic showing the addition of Fe-hemin (a) to the G4P (b) and SSP (c)  
scaffolds. In the case of hemin binding to G4P, the resulting complex is termed hG4P.  
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Figure B.6 CD spectra showing the signals of a strand similar to Top-22AG but with a 10mer 
binding region in three different conditions (Mg2+, K+, and in a tris buffer with no added salts). 
The purple trace (Mg2+-conditions) does not conform to either single-stranded (blue trace) or 
fully-formed G-quadruplex in K+-contaning solutions (red trace). 

To determine if 3D-DNA assembly and G-quadruplex formation was compatible, 

we created a hybrid-buffer system based on previous work by Sen et al. involving 

optimized buffer conditions for hemin-G-quadruplex interaction.21 In the report by Sen, 

after extensive studies, they determined that the optimal conditions for studying the 

spectroscopic interactions of a hemin-DNA aptamer complex occurred in buffers 

containing 50 mM MES (2-(N-morpholino)ethanesulfonic acid), pH 6.2, 100 mM Tris-

acetate, 20 mM potassium acetate, 0.05% Triton X-100, supplemented with 1% DMSO 

(hereafter referred to as 1xSpect).21 For the optimal oxidation potential of the hemin-

aptamer complex, the buffer contained 40 mM HEPES-NH4OH, pH 8.0, 20 mM 

potassium chloride, 0.05% Triton X-100, supplemented with 1% DMF (hereafter referred 

to as 1xOx).21 Our 3D-DNA assembly buffer contains 45 mM Tris, 12.5 mM magnesium 

acetate, 2 mM EDTA, pH 8.0 (hereafter referred to as 1xTAEMg).11 Thus, we combined 

the two buffers from Sen’s work with 1xTAEMg to create two hybrid buffers: 

1xTA/Spect and 1xTA/Ox, and studied the assembly of G4P. Gel electrophoresis 

performed by Graham Hamblin confirmed that the prism could be fully loaded with the 

six strands (assembly gel for SSP is shown in Figure B.7), and both SSP and G4P formed 

in the hybrid buffers, as evidenced by a single discrete band for each assembly (Figure 

B.8).  
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Figure B.7 Step-wise assembly of TP (a) and SSP (b) characterized by gel electrophoresis; a) 
lane 1, CS 1; lane 2, CS 1 + CS2; lane 3, CS 1 + CS 2 + CS 3 = TP; b) lane 1, TP; lanes 2-4, TP 
plus increasing equivalents of bot-SS; lanes 5-6, TP fully loaded with bot-SS plus increasing 
equivalents of top-SS; lane 7, SSTP.  

Figure B.8 Assembly of TP, SSP, and G4P in 1xTAEMg, 1xTA/Spect, and 1xTA/Ox. Lanes 1, 4, 
and 7 are TP. Lanes 2, 5, and 8, are SSP. Lanes 3, 6, and 9 are G4P.  

To confirm the presence of correctly formed G-quadruplexes in G4P, we 

conducted CD analysis. As a first test, we examined the ability of the human telomeric 

sequence 22AG (Table B.1) to form a G-quadruplex. Solutions containing 10 μM 22AG 

in each of the four buffers were heated to 95°C for 10 minutes and then rapidly cooled to 

room temperature. The solutions were allowed to equilibrate at room temperature for 1.5 

h before scanning. Figure B.8 shows the results of annealing 22AG in 1xTAEMg, 

1xTA/Spect, 1xTA/Ox, compared to a 1xK-G4 buffer (containing 10mM 
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K2HPO4/KH2PO4, 100 mM KCl, pH 7.6). In 1xK-G4 buffer, this sequence forms a (3+1) 

hybrid polymorph characterized by a large (+)-peak at 295 nm, a (+)-shoulder at 275 nm, 

and a smaller (+)-peak at 250 nm.31 There is excellent overlap of both the polymorphs 

formed in 1xTA/Spect and 1xTA/Ox with 1xK-G4, suggesting correctly formed G-

quadruplexes under these conditions (Figure B.9a). Having determined that the 22AG 

sequence alone can tolerate G-quadruplex formation in the hybrid buffer conditions, we 

conducted CD analysis to determine if the G-quadruplex motif was still visible after G4P 

annealing. The CD signal from duplex DNA is characterized by a (+)-peak at 275 nm, a 

(−)-peak at 250 nm, with the cross-over at 260 nm.32 These shifts appear for TP and SSP, 

as shown in Figure B.8b. Interestingly, the presence of the G-quadruplex shifts the (+)-

peak at 275 nm towards 295 nm while simultaneously causing the (−)-peak at 250 nm to 

become more positive for G4P (Figure B.9b). These changes indicate that G-

quadruplexes are still present in solution, however, we cannot determine the exact 

number of correctly formed G-quadruplexes from this technique Despite this, the 

combination of one visible band by gel electrophoresis and the evidence that both duplex 

and G-quadruplex are present in solution by CD analysis confirms the hypothesis that 

3D-DNA prism construction and G-quadruplex formation are compatible.  

Figure B.9 CD analysis: a) 22AG strand annealed in different buffer conditions. The good 
overlap of the signals from the 1xTA/Spect (green) and 1xTA/Ox (blue) with the 1xK-G4 (purple) 
indicates a fully-formed G-quadruplex under these conditions. b) 3D-Prism assemblies in 
1xTA/Spect. TP (green), and SSP (pink) are characteristic of duplex DNA, while G4P (orange) is 
shifted towards the signal for G-quadruplex formation in potassium-containing solutions.  

B.3 Biophysical studies with hemin 

Once we had determined the compatibility between 3D-DNA prism and G-

quadruplex formation, we moved on to study the interactions of hemin (Figure B.5a) with 
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22AG, SS, and duplex DNA in the 1xTA/Spect conditions. In order to site-selectively 

place hemin on the G-quadruplexes, we need to evaluate binding affinity between hemin 

and the various motifs in the G4P and SSP environments. It is known that the binding of 

Fe-hemin to DNA results in hyperchromicity of the hemin Soret band.21,28 Slama-Schwok 

and Lehn proposed that this hyperchromicity is an indication that the hemin binding site 

is hydrophobic.33 Due to the changes in the Soret band upon binding to G-Quadruplex 

DNA, a binding constant can be determined (See Chapter 1, pp 44 for details on UV 

titrations). To this end, we conducted UV/Vis binding titrations in a high-throughput 

manner which utilized 96-well plates and microplate reader (see section B.6 for 

experimental details). Solutions containing the same concentration of DNA (22AG, SS, 

or calf-thymus (CT) duplex DNA) were aliquoted across the rows with increasing 

amounts of hemin from 0−10 equivalents, and after gentle shaking for 15 minutes, the 

absorbance of hemin at 404 nm was read. After subtraction of the hemin absorbance 

alone (in a linear-baseline fashion) and normalization, the binding curves were revealed 

(Figure B.10). Hemin was shown to bind to 22AG with a KD = 0.30 ± 0.09 μM after 

fitting the data to a one-site binding model using GraphPad Prism 5. This value agrees 

with Sen’s observations of  0.072 μM < KD < 0.5 μM for a different G-quadruplex 

forming sequence.21 It is thought that metalloporphyrins with axial ligands (like Fe-

hemin) cannot intercalate into dsDNA due to the steric constraints.34 Instead, they exhibit 

electrostatic interaction with the phosphate backbone and groove binding.35 This type of 

binding does not result in a substantial change in the absorbance of the Soret band 

(Figure B.10). In order to obtain binding affinity to ss- and dsDNA, we would need to 

conduct titrations via circular dichroism (CD). The Fe(III) analog of the cationic 

porphyrin TMPyP4 (Chapter 1, Figure 1.18a, pp 27) has been shown to display positive 

induced CD signals at the Soret band in the presence of poly(dA-dT) and calf thymus 

DNA.35 By extension, Fe(III)-hemin should exhibit similar effects. From this induced CD 

band, we may be able to extract binding constants. 



Figure B.10 Fitted binding curves resulting from the UV/Vis titrations of hemin with different 
DNA motifs. The curve for 22AG was fit to a one-site specific-binding equation (Section B.6.4.2). 
The green squares (SS) and blue triangles (CT-DNA) show the slight change upon interaction 
with those motifs that cannot be fit to a one-site binding model. 

B.4 Conclusions 

In conclusion, we have shown that we can create a 3D-DNA prism with a large 

number of single-stranded-binding regions to which we can selectively attach three or six 

G4-forming human-telomeric sequences and that the formation of the G4P is compatible 

in our hybrid buffer conditions. This has been verified by gel electrophoresis and CD 

analysis. We have also shown that we can bind Fe(III)-hemin selectively to the 22AG 

sequence in our 1xTA/Spect buffer with a KD value of 0.30 ± 0.09 μM. From these 

studies, we demonstrate that the patterning of G4 motifs on 3D scaffolds is feasible with 

G4P, and we can begin to show that  hG4P structures are useful for arrangement of 

catalytic moieties to bring about cascading effects. Currently, we have focused on the 

binding of one specific catalytic moiety. However, the variety of G-quadruplex forming-

sequences and their inherent polymorphic nature presents a library of sequences that have 

the capability of binding to different catalytic centers, thus allowing for the site-specific 

placement of several centers, with the potential for creating three-dimensional catalytic 

cascades. 

B.5 Future directions 

As a next step, we should determine the binding strength of heme to ss- and 

dsDNA via CD titrations. Interestingly, Pasternack and coworkers discovered that high 

ionic strength could cause dissociation of metalloporphyrin-DNA assemblies.35 If we do 

Heme [μM]
0 0.5 1.0 1.5 2.0 2.5

100

50

0N
or

m
al

iz
ed

 A
bs

or
ba

nc
e 

@
 4

04
 n

m

22AG
SS18
CT-DNA



encounter significant binding to ss- and dsDNA, we may be able to counteract it by 

increasing the salt concentration. After, we can focus on the binding of Fe(III)-hemin to 

G4P to create hG4P and study the binding affinity of hemin to the structure (six binding 

sites). It will be interesting to determine whether the geometric arrangement of the G4 

motifs on G4P will affect the binding affinity of hemin. We can also determine binding 

stoichiometry of hemin to G4P. Once it is shown that hemin is bound to form hG4P, we 

can examine the peroxidase ability of the hG4P structures as a whole in comparison to 

hemin and hemin-22AG complexes alone. Because the geometric arrangement of guanine 

quadruplexes can be varied at will, we will be able to determine how the 3D-organization 

of the hemin catalysts will influence peroxidase ability.  

B.6 Experimental section 

B.6.1 General 

StainsAll®, tris(hydroxymethyl)-aminomethane (Tris), K2HPO4 and KH2PO4,  

formamide, DMSO, Fe(III)-hemin and urea were used as purchased from Sigma Aldrich. 

Acetic acid, boric acid, MES, and HEPES were used as purchased from Fisher Scientific. 

Reagents used for automated DNA synthesis were purchased from Bioautomation 

Corporated. Sephadex G-25 (super-fine, DNA grade) was purchased from Glen Reseach. 

The 22AG sequence and calf-thymus DNA was purchased from Sigma-Genosys Canada. 

UV-transparent, non-treated, half-area 96-well plates were purchased from Fisher 

Scientific.  

B.6.2 Instrumentation  

Standard automated oligonucleotide solid-phase synthesis was performed on a 

Mermade MM6 synthesizer from Bioautomation. Gel electrophoresis experiments were 

carried out on an acrylamide 20 x 20 cm vertical Hoefer 600 electrophoresis unit. CD 

experiments were carried on an a JASCO J-810 spectropolarimeter from Jasco, Inc., with 

SpectroManager II software. UV/Vis titrations were performed on a BioTek Epoch 

microplate reader. Quantification of sequences in Table B.1 were preformed on a 

NanoDrop Lite (Thermo Scientific), while the 22AG sequence was quantified using the 

molar extinction coefficient at 260 nm at 95°C on a CaryBio 300 spectrophotometer. 



B.6.3 Prism formation 

Prism TP was formed by the combination of equimolar amounts of each clip 

strand (C1-C3), to a final composition of 1.25 μM in 1xTAEMg, 1xTA/Spect, or 

1xTA/Ox. The mixture was then annealed from 95ºC to room temperature over about 3 h, 

using a thermocycler. To make prisms G4P or SSP, 3.3 equivalents of each extra strand 

(Top-22AG, Bot-22AG, Top-SS, Bot-SS, where appropriate) was also included during 

annealing. A slight excess was used to avoid any stoichiometric errors due to 

quantification or pipetting errors. 

B.6.4 Biophysical studies 

B.6.4.1 CD analysis 

Solutions of 10 μM 22AG were annealed in either 1xTAEMG, 1xTA/Spect, 

1xTA/Ox, or 1xK-G4 by heating to 95°C for 10 minutes and then cooling rapidly to room 

temperature. After 1.5 h of equilbration at room temperature, 200 μL of each solution was 

transferred to a quartz cuvette (pathlength 1.0 mm) and scanned from 400−250 nm at a 

scan rate of 200 nm/min with a 1 second response time and 1 nm bandwidth. Two scans 

were averaged within the SpectraManager II software to produce the final scan which 

was smoothed using the means-movement function in the Spectra Analysis program. The 

data (in mdeg) was then transformed into molar ellipticity based on μM in sequence (10 

μM for 22AG) and a 0.1 cm pathlength. For TP, SSP, and G4P analysis, 125 μL of a 

1.25 μM solution was formed (as above) and the solutions were analyzed from 400−250 

nm at a scan rate of 100 nm/min with a 2 second respose time and a 0.5 nm bandwidth. 

Three scans were averaged within the SpectraManager II software to produce the final 

scan which was smoothed using the means-movement function in the Spectra Analysis 

program. The data (in mdeg) was then transformed into molar ellipticity based on μM in 

bases (360 μM for TP and 712.5 μM for SSP and G4P) and a 0.1 cm pathlength.  

B.6.4.2 UV/Vis titrations 

For analysis with 22AG, concentrated stocks of 22AG in Milli-Q water were 

diluted to 100 μM in 1xTA/Spect, and annealed following the same procedure as for the 



CD studies. For analysis with CT-DNA, a 2.11 mM (in base pairs, quantified at 260 nm 

with ε = 13 200 M-1cm-1) solution in water was used as a stock. Each DNA sequence 

(22AG, SS, CT-DNA) was then diluted from the concentrated solution to 0.7 μM in 

binding sites (For 22AG and SS, each strand is one binding site. For CT-DNA, 3 base-

pairs is one binding site due to the neighbor-exclusion model for intercalation,36 and size-

match of the hemin for groove binding, (so 2.11/3 = 0.703 mM is the stock concentration 

in binding sites). 50 μL aliquots were placed in all 96 wells of half-area microplates using 

a multi-channel pipette. Then, varying volumes of a 7 μM solution of hemin in 

1xTA/Spect (diluted from 200 μM in DMSO) were added to the wells according to the 

plate layout below. Finally, various volumes of 1xTA/Spec were added to the plates to 

ensure a 100 μL total volume according to the plate layout below. To obtain the hemin 

baseline, instead of adding 50 μL of DNA solution to all the wells first, 50 μL of 

1xTA/Spect was added instead. After gentle rocking on a plate-rocker for 15 minutes, the 

absorbance of hemin at 404 nm was read on the microplate reader. The reading was 

normalized internally to a 1 cm pathlength with reference to water by the software. 

Absorbance values were then exported to GraphPad Prism. The hemin values alone were 

subtracted from the hemin-DNA values using the linear-baseline function within 

GraphPad. After normalization to high and low values, the binding curve for 22AG was 

fit to a one-site binding model (one site per G4: Y = (Bmax*X) / (KD + X) where Y is 

specific binding, X is the concentration of hemin, and Bmax is the maximum response 

from binding), from which the KD value (and Bmax) was obtained. 



Figure SB.1 Plate layout showing hemin aliquots 

Figure SB.2 Plate layout showing buffer aliquots 
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C Appendix C: Other Compounds 
This appendix contains compounds made, but never pursued, and are meant to serve as a 
guide for future students. 

C.1 Introduction  

Many ideas for new classes of molecules were examined throughout my time as a 

PhD student, but not all of them came to fruition. Needless to say, I still made many 

molecules and this appendix showcases them. It is of note that not all of these molecules 

have been fully characterized. 

C.2 Phenanthroimidazole “linkers” for non-covalent DNA ligation 

Chris McLaughlin and I had an idea to make phenanthroimidazole ligands that 

when added on the terminal ends of a DNA sequence, could π-stack with each other, 

allowing the terminal bases to non-covalently ‘ligate’ the sequence. The idea originally 

developed when he thought that his 3D-DNA cages (see appendix B, 3D G4-prisms) 

were fraying at the nick points and instead of chemically or enzymatically ligating them, 

non-covalent ‘ligation’ could be easier and potentially reversible. Synthesis of 

phenanthroimidazoles containing a terminal groups for covalent linking to DNA: via 

phosphoramidite synthesis (through the terminal –OH group), via a terminal –COOH 

group for linking to amine-terminated DNA. These ligands could be platinated with 

potassium tetrachloroplatinate, followed by subsequent addition of ethylenediamine to 

form the full complex (KC-III-60, below), if necessary. 

 

Figure C.1 Scheme for terminal –OH group for phosphoramidite synthesis: i) K2CO3, acetone, RT 
or reflux, o/n, ii) NH4OAc, glacial acetic acid, reflux, 24 h. 

O

O

HO
Br

OH

O

OH

n

n
NN

O O

NN

NHN

O
OH

n

i) ii)+ +

where n = 2 or 8 n=2, KC-VI-40
n=8, KC-VI-46

n=2, KC-VI-47
n=8, KC-VI-48



 

Figure C.2 Scheme for amide-bond coupling to amine-terminated DNA: i) K2CO3, acetone, 
reflux, o/n, ii) NH4OAc, glacial acetic acid, reflux, 24 h, iii) LiOH, THF/H2O, RT, 2 h.  

C.2.1 Experimental section 

KC-VI-40: 4-hydroxybenzaldehyde (210 mg, 1.72 mmol) and potassium carbonate (474 

mg, 3.44 mmol) were dissolved in 75 mL acetone and allowed to stir for 15 minutes at 

room temperature. Then 3-bromopropanol (225 μL, 2.58 mmol) was added dropwise. The 

reaction was allowed to stir overnight at room temperature. The next day, an aqueous 

solution of ammonium chloride was added and the organic phase was extracted three 

times with ethyl acetate, dried over magnesium sulfate and evaporated under vacuum 

onto celite. The celite-containing crude product was purified via reverse-phase column 

chromatography using a CombiFlash Rf machine (Teledyne Isco, Inc) from 0%−60% 

ACN/H2O. The pure fractions were collected and concentrated under vacuum to yield 

85.7 mg of a colorless oil, 28% yield.  

1H NMR (300 MHz, CDCl3); δ = 9.88 (s, 1H), 7.84 (d, 2H), 7.02 (d, 2H), 4.23 (t, 2H), 

3.90 (t, 3H), 2.10 (quintet, 2H) ppm; 13C NMR (300 MHz, CDCl3): δ = 190.9, 163.9, 

132.0, 114.7, 65.6, 59.8, 31.8 ppm; HR-MS Calculated for C10H12NaO3 (M+Na): 

203.0679, Found: 203.0687. 

 

KC-VI-46: 4-hydroxybenzaldehyde (387 mg, 3.17 mmol), 9-bromononanol (643 mg, 

2.88 mmol), and potassium carbonate (795 mg, 5.76 mmol) were dissolved in 75 mL 

acetone and refluxed for 2 days. The reaction was quenched with an aqueous solution of 

ammonium chloride and diluted with water before the organic phase was extracted three 

times with ethyl acetate, dried over magnesium sulfate and evaporated under vacuum 
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onto celite. The celite-containing crude product was purified via reverse-phase column 

chromatography using a CombiFlash Rf machine (Teledyne Isco, Inc) from 5%−95% 

ACN/H2O. The pure fractions were collected and concentrated under vacuum to yield 

549 mg of a colorless oil, 72% yield.  

1H NMR (300 MHz, CDCl3): δ = 9.85 (s, 1H), 7.82 (d, 2H), 6.98 (d, 2H), 4.03 (t, 2H), 

3.64 (t, 3H), 1.82 (quintet, 2H), 1.58 (m, 2H), 1.45-1.32 (m, 10H) ppm; 13C NMR (300 

MHz, CDCl3): δ = 190.9, 164.3, 132.0, 129.6, 114.7, 68.4, 63.0, 32.7, 29.5, 29.3, 29.2, 

29.0, 25.9, 25.7 ppm; HR-MS Calculated for C16H24NaO3 (M+Na): 287.1618, Found: 

287.1613. 

 

KC-VI-47: KC-VI-40 (78.6 mg, 0.436 mmol), 1,10-phenanthroline-5,6-dione (83.3 mg, 

0.397 mmol), and ammonium acetate (310 mg, 3.97 mmol) were dissolved in 15 mL 

glacial acetic acid and refluxed overnight. The reaction was allowed to cool to room 

temperature before diluting with water and neutralizing to pH 7−8 with ammonium 

hydroxide on an ice bath. The brownish-yellow precipitate was filtered on a glass frit and 

washed with H2O, hexane, DCM, and diethylether before allowing to air dry on the 

vacuum overnight. After drying, the powder was dissolved through the frit with 

DCM/MeOH and the solvent evaporated under vacuum to yield 135.4 mg of a light 

yellow powder, 92% yield.  
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1H NMR (300 MHz, DMSO-d6): δ = 13.6 (br s, 1H), 9.02 (d, 2H), 8.91 (d, 2H), 8.22 (d, 

2H), 7.82 (br, 2H), 7.19 (d, 2H), 4.21 (m, 4H), 2.11 (quintet, 2H) ppm; HR-MS 

Calculated for C22H18N4NaO2 (M+Na): 393.1322, Found: 393.1332. 

 

KC-VI-48: KC-VI-46 (215.7 mg, 0.816 mmol), 1,10-phenanthroline-5,6-dione (155.9 

mg, 0.742 mmol), and ammonium acetate (572 mg, 7.42 mmol) were dissolved in 20 mL 

glacial acetic acid and refluxed overnight. The reaction was allowed to cool to room 

temperature before diluting with water and neutralizing to pH 7−8 with ammonium 

hydroxide on an ice bath. The brownish-yellow precipitate was filtered on a glass frit and 

washed with H2O, hexane, DCM, and diethylether before allowing to air dry on the 

vacuum overnight. After drying, the powder was dissolved through the frit with 

DCM/MeOH and the solvent evaporated under vacuum to yield 241 mg of a yellow 

powder, 71% yield.  

1H NMR (300 MHz, d6-DMSO): δ = 9.02 (d, 2H), 8.91 (d, 2H), 8.22 (d, 2H), 7.84 (m, 

2H), 7.17 (d, 2H), 4.08 (t, 2H), 3.99 (t, 2H), 1.77 (quintet, 2H), 1.54 (m, 2H), 1.44 (m, 

2H), 1.29 (m, 8H) ppm; HR-MS Calculated for C28H30N4NaO2 (M+Na): 477.2261, 

Found: 477.2270. 

 

KC-III-53: 4-hydroxybenzaldehyde (507.8 mg, 4.16 mmol), methyl-5-bromovalerate 

(1010 mg, 5.20 mmol), and potassium carbonate (1150 mg, 8.32 mmol) were dissolved in 

30 mL acetone and refluxed overnight. The reaction was allowed to cool to room 

temperature before filtering through a glass frit and washing the solids with acetone. The 

filtrate was concentrated under vacuum and purified with silica gel chromatography on a 
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CombiFlash Rf from 0%−20% hexanes/ethyl acetate. The fractions were combined to 

yield 843 mg of yellow oil, 86% yield.  

1H NMR (400 MHz, CDCl3): δ = 9.88 (s, 1H), 7.84 (d, 2H), 6.99 (d, 2H), 4.06 (t, 2H), 

3.78 (s, 3H), 2.41 (t, 2H), 1.86 (m, 4H) ppm; 13C NMR (300 MHz, CDCl3): δ = 190.8, 

173.8, 164.0, 132.0, 129.9, 114.7, 67.8, 51.6, 33.6, 28.5, 21.5 ppm; HR-MS Calculated 

for C13H16NaO4 (M+Na): 259.0941, Found: 259.0941. 

 

KC-III-54: KC-III-53 (183 mg, 0.772 mmol), phendione (148 mg, 0.702 mmol), and 

ammonium acetate (541 mg, 7.02 mmol) were dissolved in 20 mL glacial acetic acid and 

refluxed overnight. The reaction was allowed to cool to room temperature before diluting 

with water and neutralizing to pH 7−8 with ammonium hydroxide on an ice bath. The 

brownish-yellow precipitate was filtered on a glass frit and washed with H2O, hexane, 

DCM, and diethylether before allowing to air dry on the vacuum overnight. The yellow 

solid weighed 255 mg. 85% yield.  

1H NMR (400 MHz, d6-DMSO): δ = 9.01 (d, 2H), 8.91 (d, 2H), 8.21 (d, 2H), 7.83 (m, 

2H), 7.16 (d, 2H), 4.08 (t, 2H), 3.58 (s, 3H), 2.40 (t, 2H), 1.72 (m, 4H) ppm; HR-MS 

Calculated for C25H22N4NaO3 (M+Na): 449.1584, Found: 449.1578. 
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KC-III-57: KC-III-54 (105 mg, 0.247 mmol) and lithium hydroxide (6.50 mg, 0.217 

mmol) were dissolved in 20 mL of a 1:1 mixture of H2O and THF. The solution was 

allowed to stir at room temperature for 2 h. The cloudy solution was then concentrated 

under vacuum before 17% aq. HCl was added to lower the pH to 4. After acidifying, the 

precipitate went into solution. The aqueous layer was extracted three times with DCM. 

The aqueous layer contained the product, so was concentrated under vacuum to yield 102 

mg, ~ 100% yield. 

1H NMR (300 MHz, d6-DMSO): δ = 9.58 (br, 2H), 9.20 (d, 2H), 8.44 (d, 2H), 8.27 (dd, 

2H), 7.18 (d, 2H), 4.11 (t, 2H), 2.33 (t, 2H), 1.75 (quintet, 2H), 1.70 (quintet, 2H) ppm; 

HR-MS Calculated for C24H20N4NaO3 (M+Na): 435.1428, Found: 435.1421. 

 

KC-III-60: KC-III-57 (52.8 mg, 0.128 mmol) was dissolved in 5 mL hot DMSO while 

potassium tetrachloroplatinate (53.8 mg, 0.129 mmol) was dissolved in 2 mL hot H2O. 

The two solutions were mixed together and allowed to stir at room temperature overnight. 

The cloudy yellow solution was then filtered on a glass frit and washed with H2O and 

dried with diethylether. The crude bischloride (32.0 mg, 0.047 mmol) was then added to 

10 mL absolute ethanol at room temperature before adding in ethylenediamine (31.6 μL, 

0.472 mmol). This solution was allowed to stir overnight. The next day, the solution was 

cloudy rust-red colored. The solution was diluted with H2O and ethanol and ammonium 

hexafluorophosphate was added (~ 100 mg) and allowed to stir for ~ 2 h before filtering 

through a glass frit. The red solid was washed with H2O and dried with diethylether 

before air drying on the frit. The powder was orange and fluffy and weighed 27.7 mg, 

62% yield from the bischloride. 
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1H NMR (400 MHz, d6-DMSO): δ = 9.23 (br, 2H), 8.80 (br, 2H), 8.25 (br, 2H), 8.04 (br, 

2H), 6.99 (br, 2H), 6.84 (br, 4H), 4.00 (br, 2H), 2.73 (br, 4H), 2.29 (br, 2H), 1.73 (br, 

2H), 1.67 (br, 2H) ppm; HR-MS Calculated for C26H27N6O3Pt (M+1): 666.1789, Found: 

666.1774. 

C.3 “Click-able” Toolbox for non-metallated G-quadruplex binders 

This section details the design of crescent-shaped molecules with protonable side-

chains that can be orthogonally created using “click” chemistry and condensation of 

diones and diamines with aldehydes (Figure C.3) to afford crescent-shaped quadruplex 

binders along the lines of those acridine/acridone derivatives in the literature.1-6 

Figure C.3 Generic schematic for the clickable toolbox. 
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C.3.1 Experimental section 

KC-IV-16: Bis-Boc-3,4-diaminobenzoic acid (312.7 mg, 0.887 mmol) and N,N-

dimethylpropane-1,3-diamine (223 μL, 1.77 mmol) were dissolved in 30 mL dry DCM 

under an argon atmosphere. Then HOAt (181 mg, 1.33 mmol) and EDC (340 mg, 1.77 

mmol) were added and the reaction proceeded for 12 h at room temperature. The solvent 

was removed under reduced pressure and then redissolved in ethylacetate. The organic 

phase was extracted with aqueous sodium bicarbonate, followed by water (two times). 

The aqueous layer was re-extracted with DCM. The organic layers were combined, 

washed with brine, dried over MgSO4, and then concentrated under reduced pressure to 

yield 348 mg of a yellow/white solid (90%).  

1H NMR (400 MHz, CDCl3): δ = 8.54 (br s, 1H), 7.87 (s, 1H), 7.71 (d, 1H), 7.58 (d, 2H), 

3.56 (q, 2H), 2.58 (t, 2H), 2.37 (s, 6H), 1.51 (s, 9H), 1.26 (m, 2H) ppm; HR-MS 

Calculated for C22H37N4O5 (M+1): 437.2758, Found: 437.2758. 

 

KC-IV-22: KC-IV-16 (76.0 mg, 0.174 mmol) was dissolved in 10 mL ethyl acetate and 

10 mL 6 M HCl. The solution turned homogenous after ~ 1.5 h. The solvent was 

removed under reduced pressure and then redissolved in water and acidified to pH 1. The 

acidic layer was extracted with ethyl acetate. The organic layer was basified to pH 13 and 

extracted with ethyl acetate. The organic layers were combined, washed with brine, and 

dried over MgSO4 before being concentrated under reduced pressure to yield 27.8 mg of 

a yellow oil (68%).  

1H NMR (300 MHz, CDCl3): δ = 7.56 (br s, 1H), 7.05 (d, 1H), 6.67 (d, 1H), 3.51 (q, 2H), 

2.46 (t, 2H), 2.28 (s, 6H), 1.74 (s, 9H). 
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KC-IV-51: Pyrene (615 mg, 3.04 mmol) was dissolved in DCM and THF (20 mL each). 

Then sodium periodate (2.92 g, 13.7 mmol), ruthenium trichloride hydrate (79.5 mg, 

0.304 mmol), and water (25 mL) were added. The solution was allowed to stir for 3.5 h 

before pouring the solution into water (100 mL). The aqueous layer was extracted with 

DCM three times. The organic layer was washed with water (three times) and dried over 

celite and MgSO4. The crude product was purified via silica gel after elution with 100% 

DCM and yielded a bright orange powder.  

1H NMR (400 MHz, d6-acetone): δ = 8.45 (d, 2H), 8.39 (d, 2H), 8.05 (s, 2H),  7.89 (t, 

2H) ppm. HR-MS Calculated for C16H8NaO2 (M+Na): 255.0417, Found: 255.0411. 

 

KC-IV-55: KC-IV-51 (43.6 mg, 0.188 mmol), 4-ethynylbenzaldehyde (29.3 mg, 0.225 

mmol), and ammonium acetate (145 mg, 1.88 mmol) were dissolved in 15 mL glacial 

acetic acid and allowed to stir at room temperature overnight. Then, the solution was 

heated to reflux for 30 min. The reaction was allowed to cool to room temperature before 

diluting with water and neutralizing to pH 7−8 with ammonium hydroxide on an ice bath. 

The brownish-red precipitate was filtered on a glass frit and washed with H2O, hexane, 

DCM, and diethylether before allowing to air dry on the vacuum overnight. The crude 

product was purified via silica gel after elution with 10%−70% EA/hex and yielded 26.6 

mg (41% yield).  
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1H NMR (200 MHz, d6-acetone): δ = 8.43-8.16 (m, 6H), 7.95 (s, 2H), 7.81 (t, 2H), 7.73 

(d, 2H), 3.85 (s, 1H) ppm; HR-MS Calculated for C25H15N2 (M+): 343.1230, Found: 

343.1222.  

 

KC-IV-58: 4-ethynylbenzaldehyde (99.7 mg, 0.766 mmol) and ethylenediamine (54 μL, 

0.805 mmol) ammonium acetate (145 mg, 1.88 mmol) were dissolved in 10 mL 

dichloromethane and cooled to 0°C in an ice bath. After 30 minutes, N-

bromosuccinimide (143 mg, 0.805 mmol) was added and the solution allowed to warm to 

room temperature overnight. The reaction was quenched with aqueous sodium 

bicarbonate (10%) and extracted three times with dichloromethane before drying over 

MgSO4. The organic layer was concentrated under reduced pressure to yield 127 mg 

(97% yield).  

1H NMR (300 MHz, CDCl3): δ = 7.75 (d, 2H), 7.53 (d, 2H), 3.79 (s, 4H), 3.17 (s, 1H) 

ppm; HR-MS Calculated for C11H11N2 (M+): 171.0917, Found: 171.0915. 

 

KC-IV-61: 4-ethynylbenzaldehyde (17.8 mg, 0.137 mmol) and 1,2-phenylenediamine 

(15.5 mg, 0.144 mmol) were dissolved in 10 mL dichloromethane and cooled to 0°C in 

an ice bath. After 30 minutes, N-bromosuccinimide (25.6 mg, 0.144 mmol) was added 

and the solution allowed to warm to room temperature overnight. The reaction was 

quenched with aqueous sodium bicarbonate (10%) and extracted three times with 

dichloromethane before drying over MgSO4. The organic layer was concentrated under 

reduced pressure. The crude product was purified via silica gel after elution with 

5%−60% EA/hex and yielded enough product for an NMR (~ 1% yield).  

 
1H NMR (400 MHz, CD3OD): δ = 8.08 (d, 2H), 7.64 (m, 2H), 7.28 (d, 2H), 3.68 (s, 1H), 

ppm; HR-MS Calculated for C15H11N2 (M+): 219.0917, Found: 219.0907.  
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KC-V-1: 4-ethynylbenzaldehyde (248 mg, 1.90 mmol) and meso-1,2-

diphenylethylenediamine (424 mg, 2.00 mmol) were dissolved in 10 mL DCM and 

cooled to 0°C in an ice bath. After 30 minutes, N-bromosuccinimide (356 mg, 2.00 

mmol) was added and the solution allowed to warm to room temperature overnight. The 

reaction was quenched with aqueous sodium bicarbonate (10%) and extracted three times 

with dichloromethane before drying over MgSO4. The organic layer was concentrated 

under reduced pressure. The crude oil was purified via silica gel after elution with 

DCM/MeOH and yielded 86.6 mg (14% yield).  

1H NMR (300 MHz, CDCl3): δ = 7.90 (d, 2H), 7.56 (d, 2H), 7.02-6.99 (m, 6H),  6.92-

6.88 (m, 4H), 5.37 (s, 2H), 3.22 (s, 1H) ppm; 13C NMR (300 MHz, CDCl3): δ = 164.0, 

138.8, 132.3, 130.2, 127.6, 127.5, 127.3, 126.8, 124.8, 83.1, 79.4 ppm; HR-MS 

Calculated for C23H19N2 (M+): 323.1543, Found: 323.1548.  

 

KC-V-2: 3-ethynylbenzaldehyde (151 mg, 1.16 mmol) and meso-1,2-

diphenylethylenediamine (259 mg, 1.22 mmol) were dissolved in 10 mL DCM and 

cooled to 0°C in an ice bath. After 30 minutes, N-bromosuccinimide (143 mg, 0.805 

mmol) was added and the solution allowed to warm to room temperature overnight. The 

reaction was quenched with aqueous sodium bicarbonate (10%) and extracted three times 

with dichloromethane before drying over MgSO4. The organic layer was concentrated 

under reduced pressure. The crude oil was purified via silica gel after elution with 

DCM/MeOH and yielded 37.2 mg (59% yield).  
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1H NMR (300 MHz, CDCl3): δ = 8.09 (s, 1H), 7.99 (d, 1H), 7.65 (d, 1H), 7.46 (t, 1H), 

7.04-6.99 (m, 6H), 6.94-6.91 (m, 4H), 5.45 (s, 2H), 3.14 (s, 1H) ppm; 13C NMR (300 

MHz, CDCl3): δ = 163.7, 138.8, 134.5, 130.9, 130.3, 128.8, 127.7, 127.5, 126.9, 122.7, 

82.8, 78.2 ppm; HR-MS Calculated for C23H19N2 (M+): 323.1543, Found: 323.1549.  

 

KC-VII-64: 1-azido-4-methoxybenzene (92.7 mg, 0.621 mmol), 4-ethynylbenzaldehyde 

(80.9 mg, 0.621 mmol), 345 µL of a 0.18 M solution of CuSO4 5H2O in water and 311 

µL of a 1.0 M solution of sodium ascorbate in water were dissolved in a 10−20 mL 

microwave vial in 5 mL ACN with a magnetic stir bar. The reaction was conducted for 

15 min at 100°C. The vial was then centrifuged and the mother liquor decanted. The 

remaining solid was washed with MeOH and DCM, centrifuged, and the solution added 

to the mother liquor. The organic layer was washed with 10% NaOH three times before 

drying over MgSO4. The solvent was removed under reduced pressure to yield  267 mg of 

crude solid (77%).  

 

1H NMR (300 MHz, CDCl3): δ = 10.1 (s, 1H), 8.24 (s, 1H), 8.00 (d, 2H), 8.11 (d, 2H), 

7.71 (d, 2H), 7.08 (d, 2H), 3.89 (s, 3H) ppm; HR-MS Calculated for C16H13N3NaO2 

(M+Na): 302.0900, Found: 302.0894. 
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