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ABSTRACT 

 

The G-quadruplex secondary structure has evolved as a promising anti-tumor target in 

recent years.  This distinctive structure has been proposed to form in the promoter regions 

of a variety of genes, including the c-MYC oncogene, which is over-expressed in 60% of 

cancers.  The G-quadruplex structure in the c-MYC promoter acts as the repressor 

element, disruption of which leads to subsequent upregulation of the gene.  Hence, 

stabilization of the G-quadruplex structure with small molecules has been an area of 

much interest.  In this dissertation, the structural aspects of the c-MYC G-quadruplex, 

and development of unique ligands that stabilize this secondary DNA structure have been 

explored.  The G-quadruplex structure adopts an intramolecular parallel-stranded 

conformation in solution, and various ligands have been shown to induce structural 

changes.  Cationic porphyrins are such a class of compounds that selectively bind to and 

stabilize the c-MYC G-quadruplex and in some cases also induce a structural change.  

The extensively studied cationic porphyrin, TMPyP4, stabilizes the c-MYC G-

quadruplex and represses the gene transcription.  This detail has been the basis of the 

research presented herein.  Structure-based drug design has been used to develop other 

novel ligands having bisintercatating properties for enhanced stabilization of the G-

quadruplex.  A hybrid molecule, having both intercalation and alkylation properties, has 

also been investigated that has shown to lower the gene expression.  Thus, a prototype of 

ligands are presented that can serve as the base for development of compounds with 

promising therapeutic properties.
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CHAPTER 1. INTRODUCTION 
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1. G-quadruplex 

G-quadruplexes are a family of secondary DNA structures formed by guanine rich 

sequences in the presence of monovalent cations.  G-quadruplexes consist of four 

stranded structures stabilized by Hoogsteen base-pairing.  They are composed of guanine-

tetrads, where each tetrad is formed by four guanines arranged in a square-planar array, in 

which each guanine serves both as a hydrogen bond donor and acceptor in a reverse 

Hoogsteen base pair (Figure 1.1).   

The formation of G-quadruplexes was first observed in gel-mobility shift assays.1  

Formation of the folded structure also results in protection of a set of guanines from 

methylation by dimethyl sulfate.2  A variety of gene sequences capable of forming G-

quadruplexes have been identified in telomeres in nearly all eukaryotic organisms3, in the 

immunoglobulin switch regions of higher organisms4, in the promoter regions of genes5 

and in recombinant sites.6, 7  Biologically significant genes that have potential G-

quadruplex forming sites and their biological functions are listed in Figure 1.2.8  The 

genes have been grouped according to the structural conformation the DNA adopts upon 

unfolding.  Monovalent cations such as K+ and Na+ have been shown to stabilize G-

quadruplex structures, presumably by coordinating with eight carbonyl oxygen atoms 

present between stacked tetrads.   
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Figure 1.1 Structure of a G-tetrad, showing Hoogsteen 
base-pairing, M+ = K+, Na+ etc. 
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Figure 1.2 The human oncogene quadrome showing different genes that 
can potentially form G-quadruplexes and their biological functions 
(left).  The quadruplex forming genes have been grouped according to 
the structural conformation the DNA sequences adopt upon unfolding.  
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For example,  the Oxytricha four-repeat molecule d(T4G4)4  was found to form structures 

with increased electrophoretic mobility in nondenaturing gels containing Na+, K+, or Cs+, 

but not in gels containing Li+ or no added salt.9  The human telomeric DNA sequence 

shows a different folding pattern of G-quadruplexes in different cationic solutions.10-12   

The complementary runs of cytosine can fold into i-motif (or intercalated-motif) 

structures.13, 14  The hemiprotonated cytosine+–cytosine base pair constitutes the building 

block for the formation of i-tetraplexes (Figure 1.3).15  G-quadruplexes, which form 

readily under physiological conditions, have been studied more extensively than i-motifs, 

since the formation of i-motif structures requires acidic pH, which makes their 

physiological relevance less likely in the in vivo context. 
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Figure1.3 Hemiprotonated C+-C base pair, and a chair-type i-
motif (bottom) (color coding: yellow = cytosine, blue = thiamin, 
green = adenine). 
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2. Biological Roles of G-quadruplexes 

The formation of G-quadruplexes in vivo is a very complicated process, however, the 

formation of G-quadruplexes in vitro13, 14, 16 has been demonstrated by several 

biochemical and structural studies.  Many cellular events including replication, 

recombination, transcription and telomeric DNA elongation involve steps in which the 

two strands of duplex DNA can be separated locally and transiently, thus providing an 

opportunity for a G-rich sequence to form quadruplex structures.17  Two reports have 

provided convincing evidence for the existence of G-quadruplexes in the ciliate 

Stylonychia lemnae. The first evidence stems from immunofluorescence staining of S. 

lemnae macronuclei by antibodies raised against G-rich DNA.18  Evidence based on 

RNAi and methylation protection approaches not only confirm the existence of G-rich 

DNA, but also have revealed that telomere-binding proteins control its formation in 

vivo.19  Furthermore, genetic and electron microscopic studies in bacteria provide 

unambiguous evidence for the formation and stable existence of G-quadruplexes in 

vivo.20  Treatment of cells with G-quadruplex-specific agents such as acridine derivatives, 

quinines, fluorenone-based molecules, telomestatin and cationic porphyrin, TMPyP4 and 

alteration of various nuclear processes 21, 22 have also been used to discover the existence 

of G-quadruplexes in vivo. 

These unique secondary DNA structures are important in many biological functions, 

some of which are listed below: 
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2.1 Telomere Protection and Elongation 

Telomeres are composed of several thousand repeats of the nucleotide sequence 

TTAGGG, ending in a single-stranded segment that overhangs at the end of the double-

stranded DNA.  Oligonucleotides corresponding to the G-rich strand of telomeric DNA 

of a variety of organisms have been shown to fold into G-quadruplex configurations in 

vitro. High-resolution structures of the human telomeric sequence d(T2AG3)n have been 

solved using NMR spectroscopy and X-ray crystallography.10-12, 23, 24  Telomere end–end 

fusion and erosion could cause genomic instability and cell senescence25, therefore, 

maintaining the integrity of the single-strand overhang is essential for cell survival.  The 

formation of G-quadruplex structures have been proposed for the molecular mechanism 

that affords 3′ overhang protection.9, 26-28  It has been proposed that the single-stranded G-

rich overhang might fold back to form a hairpin structure involving G–G base pairing and 

two such hairpins from different chromosomes can then dimerize to form a G-quadruplex 

structure and help the alignment of sister chromatins.28  It has also been suggested that 

the 3´overhang can fold over to form an intramolecular G-quadruplex.9  Such structures 

are most likely to form during replication when long single-stranded G-rich tails are 

expected to be transiently present. G-quadruplex structures have also been implicated in 

the elongation of telomeric DNA by telomerase.29-31  Telomerase is a specialized reverse 

transcriptase that uses part of its RNA component as the template sequence.3  It has been 

suggested that the telomerase elongation reaction involves a translocation step during 

which the elongated telomeric DNA is displaced from RNA.31  During the translocation, 

a fold-over G-quadruplex is transiently formed from telomeric DNA to provide the 
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driving force for the displacement and to help the base-pairing between the DNA 

substrate and RNA template to shift one repeat backward.  It was also noted that this G-

quadruplex structure must be disassembled before the telomeric DNA can re-prime with 

RNA and be used in another round of elongation.30, 31   

 

2.2 Regulation of Gene Expression 

The promoter regions of some important genes such as the insulin gene,2a c-MYC,32,5 

PDGF,33 her-2-neu,34 c-MYB,35 the human and chicken β-globin genes,36, 37 rat 

preproinsulin II gene,36 adenovirus serotype 238, VEGF39, bcl-240, 41 and retinoblastoma 

susceptibility genes42 have been found to contain sequences that have the ability to form 

G-quadruplex structures under physiological conditions.  Compelling facts point to a 

function of G-quadruplex DNA in the regulation of gene expression and anti-neoplastic 

activity.43, 44   

Expression of the c-MYC oncogene is linked to potentiation of cellular proliferation and 

to inhibition of differentiation, leading to its association with a number of human and 

animal malignancies, including carcinomas of the breast, colon, and cervix, as well as 

small-cell lung cancer, osteosarcomas, glioblastomas, and myeloid leukemias.45  The role 

of G-quadruplex in the transcriptional regulation of c-MYC oncogene is discussed in 

details later in this chapter. 
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G-quadruplexes also play a pivotal role in the transcriptional regulation of muscle 

specific genes.  MyoD-gene is one of the muscle determination factors (MDFs) belonging 

to a group of muscle-specific basic helix-loop-helix (bHLH) transcription factors.  It was 

found that MyoD binds to single-stranded DNA probes.46 Specifically, MyoD bound in a 

sequence-specific manner to the DNA single-strand 

d(GGGGGTTGTGGACGACGGACT), an E-box-containing (bold) portion of the mouse 

muscle creatine kinase (MCK) non-coding enhancer strand.  By contrast, MyoD did not 

form a complex with the complementary coding strand of this motif.  The sequence 

specific binding of MyoD to the guanine-rich DNA tract suggested potential recognition 

by this protein of a specific DNA conformation.   

Serendipitously, while assaying the interactions of basic helix-loop-helix proteins with 

the single-stranded MCK sequence, Walsh and Gualberto identified a slower mobility 

band in the absence of protein that made up of less than 2% of the total DNA.47  Through 

further investigation these authors showed that MyoD bound preferentially to the slowly 

migrating DNA species.  Methylation protection analysis revealed that the 3´-end of the 

MCK sequence at each of the five consecutive guanines (underlined in the sequence 

above) remained protected both in the free DNA and in the MyoD–DNA complex.  These 

results led the authors to propose that the slower mobility DNA form represented an 

intermolecular G-quadruplex structure. 
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2.3 Other Genetic Functions 

There is increasing evidence that G-quadruplex plays an important role in many cellular 

processes.48  They have been implicated in the pairing and alignment of meiotic 

chromosomes and the class switch recombination of IgG genes.  Two recombination 

factors of the RecQ family of helicases, human BLM helicase and yeast Sgs1 helicase 

have been demonstrated to unwind G-quadruplex structures.49, 50  Cells deficient in these 

helicases showed an increased level of sister-chromatin exchanges and chromosome 

instability.  This finding suggests that helicases might be used by cells to resolve 

unwanted G-quadruplex structures to prevent illegitimate recombination and other 

genetic instabilities.   

Fragile X syndrome is the most common form of inherited mental retardation disorder.51  

It is associated with dynamic expansion of a d(CGG) trinucleotide repeat located in the 

5´-untranslated region of the first exon of the FMR1 gene.52-54  The potential for the 

formation of unusual DNA structures in the FMR1 trinucleotide repeat has been 

recognized and suggested as a contributing factor in the expansion of fragile X syndrome 

and, accordingly, the silencing of the FMR1 gene.  Several lines of evidence reveal that 

d(CGG)n oligomers can fold into unimolecular hairpins.7, 55-58 In addition, d(CGG)n 

oligomers have been shown to assemble into bimolecular and tetramolecular G-

quadruplex structures.59-62  These types of DNA secondary structures were found to block 

the progression of DNA polymerase in vitro63, 64 raising the prospect that they may 

trigger polymerase slippage or displacement synthesis of an Okazaki fragment, resulting 

in expansion of the trinucleotide repeat sequence.  Subsequent to expansion, the 
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stabilization of these unusual DNA structures could facilitate the impediment of FMR1 

transcription, the activation of hypermethylation, and the clinical phenotype of fragile X 

syndrome. 

The human insulin gene is a transcriptional regulator involved in the regulation of normal 

insulin production and its deterioration in insulin-dependent diabetes mellitus (IDDM).  

This element is highly polymorphic in human populations, displaying variations in both 

length and sequence.  The insulin gene-linked polymorphic region (ILPR), located 363 bp 

upstream of the human insulin gene, is composed of tandem repeats of the consensus 

sequence ACAGGGGT(G/C)(T/C)GGGG.65  The genomic location of the ILPR element 

as well as its guanine-rich sequence raised the possibility that the transcriptional activity 

of the insulin gene may be modulated by the quaternary DNA topology of the ILPR.66  

The ability of the ILPR to form an inter- or intramolecular G-quadruplex structure is 

dependent on the repeat sequence composition.  Therefore, the nucleotide changes 

observed within some of the ILPR repeat variants may affect their ability to adopt stable 

DNA secondary structures.  This proposition was tested directly and indirectly using 

native gel electrophoresis and NMR analysis, respectively.  Interestingly, repeat variants 

that were predicted in silico and demonstrated in vitro to destabilize the G-quadruplex 

structure were shown to be associated with the level of transcriptional activity in vivo.67, 

68 
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3. Structural Polymorphism of G-quadruplexes 

The polymorphism in G-quadruplex structures can arise due to a number of different 

reasons, including strand stoichiometry, strand polarity, glycosidic torsion angle variation 

strand orientation, loop orientation and the loop base arrangement (Figure 1.4).  G-

quadruplexes can be formed from association of one, two, or four strands of G-rich 

sequences.  An essential factor in determining which structure is formed is strand 

concentration.  The relative arrangement of adjacent backbones can also give rise to the 

polymorphism.  The strands can all be parallel, three parallel and one antiparallel, 

adjacent parallel, or alternating parallel.  Various structures have been determined by X-

ray- or NMR-spectroscopy.10-12, 23, 24, 69-72  Guanine-tetrads can be found in both syn and 

anti conformations,  from a blend of exclusively syn26 or anti10, 70, 73, 74 to alternating 

syn/anti75, 76 to mixtures of anti/syn conformations within both guanine tracts and tetrads 

77-79 giving rise to different sized grooves.  Variation in loop arrangement, where a loop 

comprises of any of the four bases with a size of 1–6 bases, can also give rise to structural 

diversity as they can link G-tetrads either edgewise or diagonally, and they may be on 

opposite ends (diagonal or edgewise) or on the same side (edgewise).  They can be either 

parallel or antiparallel.  The capping bases or base pairs are generally not very flexible.  

The bases directly adjacent to the tetrads often stack in planar structures, and 

complementary base pairs can form from the same or different strands.  Figure 1.4 shows 

six different types of G-quadruplexes, the first two are intermolecular while the last four 

being intermolecular G-quadruplexes.  The interconversion between double- or single-

stranded DNA and G-quadruplex in cells is dependent upon a number of cellular proteins, 



 

33

some of these proteins include the β-subunit of the Oxytricha telomere-binding protein80, 

SaccharoMYCes cerevisiae Rap181, Sgs182, Hop183, Mre1184, and Kem185 proteins. 
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Figure 1.4 Polymorphism among G-quadruplex structures  (A) 
intermolecular parallel, (B) hairpin dimer, (C) intramolecular basket, (D) 
intramolecular chair, (E) intramolecular parallel,  (F) intramolecular 
mixed parallel/antiparallel. 
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4. G-quadruplex Interactive Compounds  

To understand the biological implications of G-quadruplex structures, a wide variety of 

small organic molecules have been studied (Figure 1.5).  Initial drug development for G-

quadruplexes was targeted towards telomere inhibition86, 87, and hence were designed to 

target the G-quadruplex formed in the telomeric DNA, but recently ligands have been 

developed to target G-quadruplexes formed within other genes as well.88, 89  The 

important features of molecules that bind to G-quadruplexes include a large planar 

aromatic surface for π-π stacking with the aromatic core of G-tetrad and cationic charges 

that can undergo electrostatic interaction with the phosphate backbone.  The binding 

mode of these ligands is primarily intercalation, which may consist of external stacking, 

intercalation inside tetrads, groove binding or a blend of two or more of these binding 

modes.  The surface of a G-tetrad is much larger than the surface offered by a base pair, 

which partly explains how a large aromatic molecule may have preference for a 

quadruplex DNA.  Generally, there are two binding sites present at both ends of a 

quadruplex, however, this does not necessarily imply that a maximum of two drugs are 

bound per quadruplex, as only one or several drugs may stack on the same G-tetrad at the 

same time.  Duanomycin is proposed to bind as a trimer on a G-quadruplex90 whereas 

only one molecule of Se2SAP binds to the c-MYC G-quadruplex.89  The following class 

of compounds has been studied extensively for G-quadruplex interaction: 
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4.1 Diaminoanthraquinones 

 They are the largest class of G-quadruplex interactive agents reported in the literature.  

The 2,6-diaminoanthraquinones were initially reported as triplex binding agents with low 

affinity for duplex DNA91 but is has been shown using a telomerase assay that a certain 

analog of 2,6-diaminoanthraquinone BSU1051(Figure 1.5) binds and stabilizes the 

intramolecular G-quadruplex formed from the telomeric primer.31  Other anthraquinone 

analogs have also been studied for telomerase inhibition and some inhibit telomerase with 

have very high affinity.87   

 

4.2 Perylenes  

Based on  molecular modeling data, a diimide perylene derivative, N,N′-bis[2-(1-

piperidino)-ethyl]-3,4,9,10-perylenetetracarboxylic diimide (PIPER), was designed and 

synthesized (Figure 1.5) This compound has two positive charges at the ends and it 

showed very specific G-quadruplex-interactive properties and very low affinity for 

single- or double-stranded DNA.  The solution structure of PIPER–G-quadruplex 

complex the first reported structure of a ligand–G-quadruplex complex, which shows that 

PIPER binds to a G-quadruplex via external stacking, where two G-quadruplexes stack 

tail-to-tail with a single PIPER sandwiched between the two G-tetrads of the 3’ end.92   
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Figure1.5 (A) G-quadruplex-interactive compounds. Abbreviations: PIPER, 
N,N′-bis[2-(1-piperidino)-ethyl]-3,4,9,10-perylenetetracarboxylic diimide; 
TMPyP2, (5,10,15,20–tetra-(N-methyl-2-pyridyl) porphyrin chloride); 
TMPyP4, 5,10,15,20–tetra-(N-methyl-4-pyridyl) porphyrin chloride; Se2SAP, 
5,10,15,20-[tetra(N-methyl-3-pyridyl)]-26,28-diselenasapphyrin chloride 
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Figure 1.5 (B) G-quadruplex-interactive compounds. Abbreviations: 12459, N 6,6'-(6-
amino-1,3,5-triazine-2,4-diyl)bis(azanediyl)bis(1-methylquinolinium); BRACO-19 N-
(10-(4-(dimethylamino)benzyl)-7-(2-oxo-3-(pyrrolidin-1-yl)propylamino)anthracen-2-
yl)-3-(pyrrolidin-1-yl)propanamide; RHSP4, 3,11-difluoro-8,13-dimethyl-8H-
quinolino[4,3,2-kl]acridin-13-ium methyl sulfate; QQ58, R)-1-(3-aminopyrrolidin-1-yl)-
2-difluoro-4-oxo-4Hpyrido[3,2,1-k,l]-(3-amino-2-
hydroxydibenzofuranyl)[1,2g]phenoxazine-5-carboxylic Acid HCl salt and Telomestatin
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4.3 Porphyrins  

Porphyrins are well-known duplex binding agents93, but the planar aromatic core of  

porphyrin analogs led some researchers consider  that such compounds might be able to 

bind to G-quadruplexes via stacking with the G-tetrads.  N-methyl mesoporphyrin IX 

(NMM) (Figure 1.5 (A)) was the first porphyrin studied for aptamers that adopt a G-

quadruplex DNA structure.94  The cationic porphyrin TMPyP4 [tetra-(N-methyl-4-

pyridyl)porphine shows telomere inhibition through G-quadruplex interaction (Figure 1.5 

(A)).  TMPyP4 binds to and stabilizes both parallel and antiparallel G-quadruplex 

structures95, 96  whereas its positional isomer TMPyP2 [tetra-(N-methyl-2-

pyridyl)porphine] does not (Figure 1.5 (A)).96, 97  The major difference between TMPyP4 

and TMPyP2 is the position (ortho vs para) of the N-methyl group on the pyridyl ring 

relative to its connection to the porphine core.  The different position of the N-methyl 

group determines the free rotation of the pyridyl rings at the meso positions.  This affects 

their interaction with the G-quadruplexes, and due to the restriction in free rotation of the 

pyridyl groups, TMPyP2 does not show interaction with G-quadruplex.98  Cationic 

porphyrins primarily interact by externally stacking to G-tetrads located at the ends of G-

quadruplex98, however, based on molecular modeling and biophysical data,  their 

interaction between two G-tetrads has also been reported.99   

A wide variety of porphyrins has been screened for telomerase inhibition31 where some 

compounds showed very good G-quadruplex interactivity but some completely lacked 

such activity.  A relatively new compound Se2SAP (Figure 1.5) shows very high 

selectivity for the c-MYC G-quadruplex.89  Based on structure-activity relationship, it 
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was concluded that the number of charges, side-chain length and hydrogen-bond 

interactions are the most important factors that governed the interaction of porphyrins 

with G-quadruplexes. 

 

4.4 Substituted Acridines (BRACO-19) 

Substituted acridines belong to a group of DNA binding agents and also have the ability 

to bind to the intramolecular quadruplex DNA formed by the G-rich single-stranded 

overhang of telomeric DNA, coupled with lower affinity to duplex DNA.100 Acridines 

have the ability to be protonated at physiological pH, which provides increased 

stabilization by acting as a pseudocation and also by stabilization afforded by non-bonded 

interactions with substituents in the quadruplex grooves.101 The pseudocationic property 

complements the ion channel that runs along the central region of a DNA quadruplex, at 

the center of individual G-quartets.  Disubstituted acridines possess telomerase inhibitory 

values of 1-5 µM, with acute cytotoxicity at similar levels.  However, acridines with 

substituents at the 9-position (Figure 1.5B) show potent telomerase inhibition with only 

modest cytotoxicity. 

The 3,6,9-trisubstituted compounds are the most potent regioisomeric series of 

differences in predicted binding to the intramolecular human quadruplex structure, in 

particular, BRACO-19 (Figure 1.5B) that was rationally designed using a molecular 

modeling approach.  BRACO-19 showed a 25 fold selectivity towards G-quadruplex as 

compared to duplex DNA and is a nanomolar telomerase inhibitor in cell-free assay.102  
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BRACO-19 also represents one of the first G-quadruplex-interactive telomerase 

inhibitors to exhibit significant antitumor activity in vivo.  It is a micromolar inhibitor of 

cell growth and inducer of senescence in a human breast cancer cell line after 2 weeks of 

exposure at concentrations well below those causing acute cytotoxicity.102 

 

5. The c-MYC Proto-Oncogene 

The c-MYC gene is a member of a highly conserved family of proto-oncogenes and is 

over expressed in nearly 60% of cancers.  This proto-oncogene is primarily regulated by 

a nuclease hypersensitive element (NHE III1) upstream of the P1 and P2 promoters 

(Figure 1.6) and has been a focus of extensive research over the past two decades.5, 15, 103-

111  Overexpression of c-MYC results in increased cellular proliferation in a variety of 

different malignancies, including breast, colon, cervix, small-cell lung, osteosarcomas, 

glioblastomas, and myeloid leukemias.106  The NHE III1 is a 27-base-pair (PU27) 

sequence, located -142 to -115 base pairs upstream of the P1 promoter.  The purine-rich 

strand in this region can form a G-quadruplex structure that is a critical part of the 

silencer element for this promoter.   
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Figure 1.6 Promoter structure of the c-MYC gene and location of the NHE 
III1. Shown in the inset are the NHE III1 and numbering of the PU27-mer 
sequence on the purine-rich strand.  The numbering sequence of the 
truncated PU18-mer is shown below (from reference 88). 
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Simonsson et al. proposed the first intramolecular G-quadruplex structure within the c-

MYC NHE III1 region and suggested a basket-type antiparallel-stranded structure (Figure 

1.4 (C)) involving three guanine-tetrads and consisting of two lateral loops and a central 

diagonal loop.5  However, further examination by our group revealed that the c-MYC 

NHE III1 could form at least two distinct intramolecular G-quadruplex structures, which 

were in equilibrium in K+-containing solution.32  Using chemical probing, it was 

proposed that two models of intramolecular G-quadruplexes existed, in which both 

structures used a unique set of four G-tracts.  The proposed predominant structure was an 

antiparallel-stranded chair-type structure (Figure 1.4 (D)) consisted of three guanine-

tetrads and three lateral loops, while the minor species was similar to the structure 

proposed by Simonsson et al.5  These models were based exclusively upon chemical 

probing, which can only identify the guanines that are involved in G-tetrad formation and 

not the orientation of the strands within a given G-quadruplex structure.  Therefore, 

further investigation was required to define the structural complexity of the G-

quadruplexes formed within the c-MYC NHE III1 region. 

Circular dichroism revealed that CD signature exhibited by the c-MYC sequence is 

consistent with a parallel structure and can form a mixture of four biologically relevant 

parallel-loop isomers (Figure 1.7).112  This G-quadruplex structure acts as a 

transcriptional repressor element of the gene.32  It has been demonstrated that single G-to-

A mutations destabilize the G-quadruplex-forming unit, result in a 3-fold increase in 
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basal transcriptional activity.32  On the contrary, ligands that stabilize the specific G-

quadruplex structure are able to suppress c-MYC transcriptional activity.32  

To obtain further structural information on the different isomeric forms, four dual mutant 

loop isomers were studied using DMS (dimethylsulfate) footprinting and a luciferase 

reporter assay.112  DMS footprinting experiment involves the treatment of DNA with 

DMS where DMS methylates N-7 of each guanine and the modified bases are cleaved by 

piperidine.   If the guanine is involved in G-tetrad formation, it cannot be methylated by 

DMS, and hence will not be cleaved.  DMS footprinting studies on PU27 showed that 

G11, G14, G20, and G23 can be either within a loop (cleavage by DMS) or part of a G-

tetrad structure (no DMS cleavage).  The pronounced DMS cleavage of G14 and G23 

implied that these guanines are either within the loops (G14) or external to the 

quadruplex (G23), and therefore the A loop isomer shown in Figure 1.6A is probably 

predominant within the mixture.  NMR studies done by two separate groups confirmed 

that the 1:2:1 (two single base loops and one loop with two bases; see Figure 1.6A) 

structure is the most predominant isomeric form.23, 24 
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Figure 1.7 Proposed structures of the four different loop isomers, in which 
dual G-to-T mutations at positions 11, 14, 20, and 23 result in defined loop 
isomers.  The upper row shows the four proposed isomers and the lower row 
shows the result of dual G-to-T mutation (from reference 88). 
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5.1 Ligands that Interact with c-MYC G-quadruplex 

The cationic porphyrin TMPyP4 (Figure 1.5) has been shown to interact with the c-MYC 

G-quadruplex and down-regulate its transcription.88  TMPyP2, the positional isomer of 

TMPyP4 cannot interact with the secondary DNA structure due to restricted rotation 

around the meso bond, which is required for either insertion into or external stacking to 

the G-tetrad structure.97  The stabilization of G-quadruplex structure is primarily achieved 

due to electrostatic and stacking contributions by TMPyP4.113 

The stoichiomerty and binding mode of TMPyP4 with c-MYC G-quadruplex is still an 

area of interest.  Our group has reported that upon interaction with TMPyP4, converts it 

to a mixed parallel/antiparallel G-quadruplex with two external lateral loops and one 

internal propeller loop under low salt concentration.112  This observation was made on the 

basis of photomediated strand cleavage reaction and circular dichroism (CD) studies.112  

A detailed molecular modeling of the mixed parallel/antiparallel structure is presented in 

Chapter 2.   

Another molecule of interest is diselenosapphyrin or Se2SAP, which has an expanded 

porphyrin core (Figure 1.5).  Compared to TMPyP4, Se2SAP showed a greater selectivity 

for and a 40-fold increase in stabilization of the G-quaduplex.89  Surface plasmon 

resonance and competition experiments with duplex DNA and other G-quadruplexes 

further confirmed that Se2SAP was highly selective for the c-MYC G-quadruplex.  

Significantly, Se2SAP was found to be less photoactive and non-cytotoxic in comparison 

to TMPyP4.  It binds to the c-MYC G-quadruplex in a 1:1 ratio and induces a structural 
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change from parallel to single-loop hybrid G-quadruplex structure.  The single- base 

(T10) parallel or internal loop is converted to an external loop upon Se2SAP binding. 

 

5.2 Role of c-MYC G-quadruplex Binding Ligands in the Transcriptional Activation 
of the Gene 

Figure 1.8 shows a model for the transcriptional activation and repression of the c-MYC 

oncogene.  The silencer element of the gene consists of a G-quadruplex and an i-motif 

structure in the G-rich and the C-rich region respectively.  These secondary DNA 

structures (gene off) can be converted to purine and pyrimidine single-stranded DNA 

forms for transcriptional activation.  NM23-H2, a hexameric protein with both enzymatic 

and regulatory activity plays a critical role in the transcriptional regulation of c-MYC 

gene.114  This enzyme recognizes the NHE III1 region in the c-MYC gene, through which 

it activates the c-MYC transcription.115  Interaction of the parallel G-quadruplex structure 

with ligands stabilizes the gene-off form by restricting the conversion to the single-

stranded gene-on forms.  This stabilizes the silencer element and results in transcriptional 

repression.  On the other hand, the absence of G-quadruplex interactive ligands, NM23-

H2 can unwind the secondary DNA structures which can lead to aberrant transcription of 

the gene.  c-MYC has become an attractive target and hence has stimulated the 

development of various anti-cancer drugs.  This research project involves the design, 

synthesis and biological evaluation of novel compounds that would stabilize the c-MYC 

G-quadruplex structure.   
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Figure 1.8 Model for the activation and repression of gene transcription 
involving the accessory role of NM23-H2 in interconversion of the unstructured 
purine and pyrimidine single-stranded DNA forms to the paranemic secondary 
DNA structures. Interaction of the G-quadruplex structure with ligands like 
TMPyP4 stabilizes the gene-off form by inhibition of conversion to the single-
stranded gene-on forms. 
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CHAPTER 2. STRUCTURAL CHANGES IN c-MYC G-QUADRUPLEX UPON 
INTERACTION WITH TMPyP4 
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1. Introduction 

Molecular modeling has been extensively used to study G-quadruplex structures and its 

interaction with drugs.1-10  In this chapter, extensive use of molecular modeling technique 

has been used to study a mixed parallel/antiparallel structure of c-MYC G-quadruplex.  

The transcription of c-MYC can be controlled by ligand mediated G-quadruplex 

stabilization.  Cationic porphyrins such as TMPyP4 have been reported to bind to and 

stabilize the c-MYC G-quadruplex.11, 12  The naturally occurring G-quadruplex structure 

in the c-MYC gene is a dynamic mixture of four parallel G-quadruplex loop isomers in 

the absence of potassium ion.13  However, the most predominant structure is the 1:2:1 

loop base isomer.13-15  It has been reported that upon interaction with TMPyP4 the 

parallel G-quadruplex changes to a mixed parallel/antiparallel structure.13  Strand-

mediated photoinduced cleavage reaction shows two TMPyP4 molecules bind to two 

external tetrads of the parallel G-quadruplex structure.  Further, circular dichroism 

studies have shown a CD signature of mixed parallel/antiparallel structure similar to the 

known Tetrahymena telomeric structure.13  In this chapter, the possible isomers for the 

mixed parallel/antiparallel structure induced upon interaction with TMPyP4 are reported, 

it will also be shown how molecular modeling can be a useful technique to predict the 

most probable isomer. 
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2. Experimental Section 

2.1. In Vitro studies 
The CD studies presented here are published in reference 13.  The photo-mediated strand 

cleavage assay has been done by Dr. Daekyu Sun according to published procedures.10, 13  

2.2 Molecular Modeling 

a. Molecular Modeling of the Mixed Parallel/Antiparallel G-quadruplex 
 Since no structural information such as NMR or X-ray data is available for the c-MYC 

mixed parallel/antiparallel G-quadruplex, all the isomers of the c-MYC G-quadruplex 

structure were modeled using X-ray crystal structure coordinates of the human telomeric 

sequence d[AG3(T2AG3)3] (PDB entry 1KF1)16 and the solution structure of the 

Tetrahymena telomeric G-quadruplex d(T2G4)4 (PDB entry 186D).17  Necessary 

deletions and replacement of bases were performed on the human telomeric parallel G-

quadruplex to generate the parallel strands of the c-MYC G-quadruplex.  Orientations 

and conformations of guanines in antiparallel strands were taken from the Tetrahymena 

telomeric G-quadruplex.17  The bases of loops were modeled using the lateral loops of 

Tetrahymena telomeric G-quadruplex or from standard B-DNA geometries.  All 

modeling was carried out using the Biopolymer module of the Insight II modeling 

software (Accelrys, Inc.)18  The structure of the Tetrahymena telomeric G-quadruplex 

(PDB entry 186D)19 and was used from the Protein Data Bank.  Necessary sodium or 

potassium ions were added as part of the G-quadruplex structure.  Modeled G-quadruplex 

structures were subjected to energy refinement protocols.  The fully refined G-quadruplex 

structures were neutralized by adding the appropriate number of sodium ions, and these 

structures were immersed in a 10 Å layer of TIP3P water molecules.20  All polar 
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hydrogen atoms were energy minimized using 2500 steps of conjugate gradient 

minimizer using Discover 3.0 using the Amber force field.21  This was followed by 

subjecting the entire structural model of all the isomers to 2 x 2500 steps of conjugate 

gradient minimization.  Two-stage MD simulations were performed on the 1:2:1 loop 

isomer of class III at 300 K.  This involved restrained MD simulations with 40 ps 

equilibration and 100 ps simulations.  Distances and angles for hydrogen bonds involving 

G-quadruplex tetrad bases were restrained by means of the upper-bound harmonic 

restraining function with a force constant of 10 kcal mol-1 Å-2 for distances and 30 kcal 

mol-1 rad-2 for angles.  The second run of MD simulations involved unrestrained 

simulations with 40 ps equilibration and 100 ps simulations at 300 K.  The most stable 

low potential energy structural model was then refined using 2500 steps of conjugate 

gradient minimization. 
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b. Docking of TMPyP4 with the Mixed Parallel/Antiparallel G-quadruplex 
Structure 

The coordinates from the known crystal structure of TMPyP4 were used for docking 

purpose.  Docking TMPyP4 with the parallel and the mixed parallel/antiparallel hybrid 

G-quadruplex structure was performed using Insight II.  Initially, noncovalent complexes 

of the PU18-mer with TMPyP4 were modeled by manually placing them so that each 

TMPyP4 unit is stacked outside the two external tetrads.  After 2500 steps of 

minimization using Discover_3, the complex was further minimized using 2x 2500 steps 

of conjugate energy minimizer.21  The orientation that gave the better interaction energy 

value and more favorable docking was selected for further MD simulations. 

The complex was first hydrated with a 10 Å layer of TIP3P water molecules.20  This 

structure was then subjected to a molecular dynamics protocol with 40 ps equilibration 

and 100 ps simulations at 300 K using the Verlet method and NVT ensemble.22  The 

CVFF parameters were used during the simulations.  Trajectories were collected after 

every 100 fs, and the lowest energy trajectories were collected from the entire set.  The 

10 lowest potential energy structures were selected and energy minimized using 2500 

steps of conjugate gradient minimization using CVFF within Insight II.  These energy-

minimized structures were then used to observe the docking orientation of TMPyP4 and 

calculate the intermolecular interaction energy values.  The best structure was selected on 

the basis of the better interaction energy value and optimum interactions between the 

dimers and the G-quadruplex.  The intermolecular interaction energy was calculated by 

using the docking program within Insight II. 
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c. Molecular Modeling of the Single-Loop Hybrid Structure  

The molecular modeling of the single-loop hybrid G-quadruplex structure and docking of 

Se2SAP with this structure is reported in reference 10.   

 

d. Docking of TMPyP4 with the Single-Loop G-quadruplex Structure 

The Docking of TMPyP4 with the single-loop hybrid G-quadruplex structure was 

performed using Insight II.18  Noncovalent complexes of the PU18-mer with TMPyP4 

(1:1 complex) were modeled where TMPyP4P was manually placed between the G-

tetrads and the lateral T10 loop.  Various orientations of Se2SAP were obtained by 

rotation and translation.  Orientations showing the maximum interactions between 

Se2SAP and the G-quadruplex were selected.  These orientations were then subjected to 

2500 steps of conjugate energy minimizer using Discover_3.21  The orientation that gave 

the better interaction energy value and more favorable docking was selected for further 

MD simulations.  

The complex structure obtained from docking was hydrated with a 10 Å layer of TIP3P 

water molecules.21  This structure was then subjected to a molecular dynamics protocol 

with 40 ps equilibration and 100 ps simulations at 300 K using the Verlet method and 

NVT ensemble.  The ESFF parameters were used during the simulations.23  Trajectories 

were collected after every 100 fs, and the lowest energy trajectories were collected from 

the entire set.  The 10 lowest potential energy structures were selected and energy 

minimized using 3000 steps of conjugate gradient minimization using ESFF within 
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Insight II.  These energy-minimized structures were then used to observe the docking 

orientation of TMPyP4 and calculate the intermolecular interaction energy values.  The 

best structure was selected on the basis of the better interaction energy value and 

optimum interactions between TMPyP4 and the G-quadruplex.  The intermolecular 

interaction energy was calculated as the difference between the energy of the complex in 

an aqueous environment and the individual energies of the quadruplex and TMPyP4. 
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3. Results 

 

3.1 Circular Dichroism Studies (from reference 13) 

The characteristic CD signatures of a parallel type of G-quadruplex are a maxima at 262 

nm and minima at 242 nm.13  However, a significant change in the CD spectrum of the 

parallel G-quadruplex (Figure 2.1) was observed when the PU27-mer DNA was titrated 

with TMPyP4 in the absence of any added salt.  The CD signature at 262 nm showed a 

shoulder after addition of 4 mole equivalent of TMPyP4 to the DNA solution.  The 

signature is very similar to a mixed parallel/antiparallel structure (Figure 2.1) formed by 

the Tetrahymena telomeric repeat19, where the first two loops are lateral and the third 

loop is a double-chain-reversal loop.24  From this data we can conclude that after the 

addition of TMPyP4, presumably a mixed parallel/antiparallel G-quadruplex structure is 

formed.  The induced CD absorption at 360 and 450 nm is due to TMPyP4 in an 

asymmetric chemical environment.   

 

 

 

 

 



 

57

 

 

 

Figure 2.1 CD spectra of the PU27-mer (black line), the PU27-mer with a 
4 mol equivalence of TMPyP4 (green line), and the Tetrahymena 
telomeric DNA sequence(magenta line) in NaCl (100 mM), which, from 
NMR studies, was previously determined to form the mixed 
parallel/antiparallel G-quadruplex with two lateral loops and one 
propeller loop (inset) (from reference 11). 
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3.2 Photomediated Strand-Cleavage Reaction 

To establish the binding site of porphyrin to the PU27-mer, a photocleavage experiment 

was carried out.11  TMPyP4 catalyzes the oxidation of DNA upon exposure to light, 

which results in DNA strand breakage in proximity to the binding sites.  Guanines have 

the lowest redox potential of all the four DNA bases, which implies that they are readily 

oxidized and hence preferentially cleaved.25  The result of photocleavage of PU27-mer by 

TMPyP4 is shown in Figure 2.2.  The photocleavage reaction doesn’t take place in the 

absence of light or potassium (Figure 2.3, lanes 2-8).  In the presence of light and 

potassium, G7, G11, G13, G14, G16, G18, G20, G22 (slight cleavage), and G23 are 

cleaved (Figure 2.2) indicating that the TMPyP4 binds to two faces of the guanine 

tetrads.  G14 is a part of a double-chain-reversal loop in the G-quadruplex and its 

cleavage by TMPyP4 strongly suggests that G14 is in close proximity of TMPyP4.  Now, 

if G14 were in a double-chain-reversal loop, it is not likely to be in the vicinity of 

TMPyP4, signifying that the double-chain-reversal loop containing G14 and A15 is 

flipped out to become a lateral loop.  The protection of the G8, G10, G21 and G17 

indicates that they are present in the middle tetrad.  Figure 2.3 is a representation of the 

structural changes that most likely occur when TMPyP4 binds to the c-MYC G-

quadruplex. 
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Figure 2.2 Photocleavage of the c-MYC G-quadruplexes formed from PU-27 as a 
result of interaction with TMPyP4 Photo-induced cleavage in the presence of 
TMPyP4 and in the absence of KCl and light (lanes 3–6), in the presence of light and 
without KCl (lanes 7-10) and in the presence of light and KCl (lanes 11-14), lane 1 
and 2 are sequencing reaction of adenine-guanine and thymine-cytosine 
respectively. The numbering of key guanine residues is shown to the right of the gel. 
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Figure 2.3 Model for TMPyP4 interaction with the parallel G-
quadruplex, 2 drug molecules interact and induce a mixed 
parallel/antiparallel structure. 
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3.3 Molecular Modeling Studies  

There are three classes of a mixed parallel/antiparallel structure that can exist (Figure 

2.4), class I, where the first two loops are lateral loops and the third loop is a double-

chain-reversal loop; class II where the first and third loops are lateral loops whereas the 

second loop is a double-chain-reversal loop; class III where the first loop is a double-

chain-reversal loop and the second and third loops are lateral.  For each of these classes, 

there can be four possible isomers the 1:2:1, the 1:2:2, the 2:1:1 and the 2:1:2 loop 

isomers, making a total of twelve isomers (Figure 2.5).  Each of these twelve isomers was 

modeled to evaluate their viability.   

The solution structure of Tetrahymena telomeric repeat17 was used to construct all four 

isomers of class I.  After energy minimization, it was established that two out of four 

structures had inverted sugar ring orientation of the guanosine G9 (Figure 2.6) near the 

T10 base loop indicating that the first lateral loop must have two bases in order to form a 

structure with correct topology.   

The glycosidic angles of the guanosine nucleotides forming the guanine tetrads determine 

the overall fold topology of a G-quadruplex.  For example, in order for adjacent 

guanosines in antiparallel strands to form the hydrogen bonds necessary for G-tetrad 

formation, one of the guanosines must adopt a syn guanosine conformation.  For all the 

mixed parallel/antiparallel structures discussed in this chapter,  the first run of guanosines 

in the 5´ to 3´ strand is always anti and the adjacent strand is anti if the strands are 

parallel, or syn if the strands are antiparallel.  
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Figure 2.4 Three classes of mixed parallel/antiparallel c-MYC G-quadruplexes; 
(A) class I, (B) class II and (C) class III; guanine tetrads are shown in red, (color 
coding of bases: guanine = red, adenine = green, and thymine = blue). 

A B C 
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The class I isomers have an anti glycosidic conformation of the 5´ to 3´ conformation and 

a syn conformation of the adjacent antiparallel strand.  Now, if there is a single base in 

the lateral loop connecting these two strands, it positions the guanosine residue in the anti 

strand adjacent to the loop base to a syn conformation, thus resulting in an inverted sugar 

orientation (Figure 2.6).  In Figure 2.6, guanosine G9 which have anti conformation, is 

positioned in a syn conformation by the single base loop T10. This flips or inverts the 

orientation of the sugar ring of G9, making it topologically incorrect.  Therefore, in class 

I there are only two possible loop isomers for the mixed parallel/antiparallel G-

quadruplex.   
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Figure 2.5 (A) Isomers of class I: 1:2:1, 1:2:2, 2:1:1 and 2:1:2, guanine tetrads are 
shown in blue,  (B) Isomers of class II: 1:2:1, 1:2:2, 2:1:1 and 2:1:2, guanine 
tetrads are shown in green (C) Isomers of class III: 1:2:1, 1:2:2, 2:1:1 and 2:1:2, 
guanine tetrads are shown in orange; (color coding of bases: adenine = green,  
guanine= red, and thymine = blue). 

A 

B 
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Figure 2.6 (A) the 1:2:1 isomer of Class I, a single base (T10) in the first loop 
flips the sugar ring of guanosine G9 and inverts its configuration, guanine 
tetrads are shown in orange; (color coding of bases: adenine = green, guanine= 
red, and thymine = blue) (B) an inverted sugar ring configuration observed in 
the single base double-chain-reversal loop, two guanines of the middle tetrad 
and two of  the lower tetrad are shown,  potassium atom shown in purple (as 
CPK model). 
 

A B 
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The four isomers in class II were modeled using the known, closely related solution 

structure of Tetrahymena telomeric repeat17 and the crystal structure of the human 

telomeric repeat.16  After refinement and energy minimization, it was inferred that two 

isomers with a single base in the third loop have inverted sugar ring orientation and 

hence, were discarded.  Thus, for the class II compounds we can infer that the third loop 

needs at least two bases to have a structure with the correct topology.     

Class III isomers were similarly modeled by obtaining coordinates from the known 

solution structure of Tetrahymena telomeric repeat17 and the crystal structure of the 

human telomeric repeat.16  After base replacement and molecular dynamics simulation to 

achieve energy minimization, the two loop isomers 2:1:1 and 2:1:2 showed inverted 

sugar ring orientation of the phosphate back bone near the second lateral loop with A15 

as the loop base, thus indicating that this particular class of structure requires two bases in 

the second lateral loop in order to have the correct sugar ring orientation.  Consequently 

out of twelve structures, six were eliminated due to their structural discrepancies.  All six 

isomers are probable structures of the mixed parallel/antiparallel c-MYC G-quadruplex, 

however for the parallel G-quadruplex structure the 1:2:1 isomer has been found to be the 

most predominant isomer.13  Of the six possible isomers (Figure 2.7) there is only one 

isomer with 1:2:1 loop base arrangement.  An energy minimized model of this isomer is 

shown in Figure 2.8.  The photocleavage data shown in Figure 2.2 is in accordance with 

this particular isomer, however, due to the absence of cleavage at G9, it is likely that the 

other five isomers might exist as well.   
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Figure 2.7 (A) Isomers of class I: 2:1:1 and 2:1:2, guanine tetrads are shown 
in blue,  (B) Isomers of class II: 1:2:2 and 2:1:2, guanine tetrads are shown in 
green (C) Isomers of class III: 1:2:1 and 1:2:2, guanine tetrads are shown in 
orange; (color coding of bases adenine = green, guanine= red, and thymine = 
blue). 

A 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
C 



 

68

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 2.8 Most stable low-energy structure of the c-MYC PU18-mer 
mixed parallel/antiparallel G-quadruplex (color coding of bases: 
adenine = green, guanine= red, and thymine = blue) with potassium 
atoms (as CPK model). 
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a. Molecular Modeling of TMPyP4 bound to the Mixed Parallel/Antiparallel G-
quadruplex 

As evident from CD and photocleavage studies two molecules of TMPyP4 interact with 

c-MYC mixed parallel/antiparallel quadruplex.  Two molecules of TMPyP4 were 

allowed to interact with two lateral loops formed by T10 and T19 of the mixed 

parallel/antiparallel quadruplex structure.  Initially, different orientations of TMPyP4 

were used to maximize the interaction between porphyrin molecule and quadruplex 

structures.  The most stable orientation, with comparatively better interactions & 

interaction energy was selected and subjected to molecular dynamics (MD) simulations.  

Trajectories collected during MD simulations were analyzed on the basis of potential 

energy.  Ten low potential energy frames were then observed for interaction between 

TMPyP4 molecules and quadruplex.  These ten low energy orientations were subjected to 

minimization, and interaction energy values were calculated.  The best docking 

orientation of two TMPyP4 molecules with the mixed parallel/antiparallel quadruplex 

structure showed an interaction energy value of -257.5 kcal/ mol (Figure 2.9) The 

positively charged pyridyl rings attached at C10 and C15 interact with the negatively 

charged phosphate backbone of the T10 and T19 loop bases at two lateral loops. 
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Figure 2.9 A 2:1 complex of TMPyP4 and the c-MYC PU18-
mer mixed parallel/antiparallel G-quadruplex (color coding 
of bases: adenine = green, guanine= red, and thymine = blue) 
with potassium atoms (as CPK model). 
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4. Discussion 

It has been reported by our group that TMPyP4 binds to and stabilizes the c-MYC G-

quadruplex and also down-regulates its expression in vivo.11, 12  The binding mode of 

TMPyP4 to the c-MYC G-quadruplex has been an area of much interest.  Patel and 

coworkers have reported the binding of TMPyP4 with a mutated sequence of c-MYC.26  

They observed that TMPyP4 stacks on top of the G-tetrad of the parallel G-quadruplex.    

However, the prominent changes in the CD upon addition of TMPyP4 to the PU27-mer 

(Figure 2.1) are not in agreement with a parallel structure but are consistent with a mixed 

parallel/antiparallel structure.  Moreover, the photocleavage data (Figure 2.2) clearly 

indicates cleavage of G7, G11, G13, G14, G16, G18, G20, G22 (slight cleavage), and 

G23.  If TMPyP4 was bound only to one external face of a guanine tetrad, then only four 

guanines should have been cleaved.  Cleavage of more that four guanines including the 

loop base G14 unambiguously specifies the binding of TMPyP4 to two external tetrads.  

Another reported study shows that the expanded porphyrin containing two selenium 

atoms, Se2SAP (5,10,15,20-[tetra-(N-methyl-3-pyridyl)]-26-28-diselena sapphyrin 

chloride), which binds only to one face of the G-quadruplex structure.10  In this case, 

cleavage occurred at G9 instead of G7, confirming the inversion of a one-base thymine 

loop from double-chain-reversal to lateral (Figure 2.10).  The lateral orientation of 

parallel loops in the c-MYC parallel G-quadruplex structure (Figure 2.3) does not have 

the phosphate anions available for interaction with the pyridyl positive charge; therefore, 

the porphyrin must trap a lateral loop structure to successfully interact with the G-

quadruplex.  This is the primary reason that Se2SAP traps the single-loop hybrid G-
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quadruplex in the c-MYC sequence.  The interaction of a single Se2SAP molecule with 

the single-loop hybrid structure is so strong that the conversion of a second double-chain-

reversal loop to a lateral loop does not occur.  However, this is not the case with 

TMPyP4.  The docking of one TMPyP4 molecule with the single-loop hybrid structure 

was challenging and global minimization could not be achieved in a single assessment.  

The major interaction between the porphyrins and G-quadruplexes is through the positive 

charges on the pyridyl rings in porphyrins with the negative charges in the phosphate 

backbone of DNA (i.e., the porphyrins do not show any binding without the positive-

charged meso-substituted rings).3  In the parallel G-quadruplex structure, the internal 

loops are not available for interaction with the porphyrin meso cationic group.  Therefore, 

to provide these interactions, TMPyP4 traps a double- looped-out structure where the 

anionic backbone stabilizes the TMPyP4.  The interaction of TMPyP4 with the external 

G-tetrad near the lateral T10 loop showed interaction energy of only -202.2 kcal/mole 

whereas Se2SAP showed an interaction energy of -296.4 kcal/mole10 which further 

supports the fact that more than one molecule of TMPyP4 is required to stabilize the c-

MYC G-quadruplex structure. 

To induce a lateral loop from a double-chain-reversal loop with the same number of bases 

is relatively viable than inducing from different number of loop bases, and from that 

perspective we propose that the1:2:1 loop might be the most predominant isomer that is 

induced by TMPyP4 upon interaction with the c-MYC G-quadruplex structure.  Given 

that the parallel G-quadruplex in solution exists as a mixture of isomers13, it is probable 

that the 1:2:2 isomer (Figure 2.8) of class III also exists in a relatively smaller ratio.   
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Figure 2.10 (A) Comparison of DMS footprinting and Se2SAP photoinduced 
cleavage of the c-MYC (27-mer) dual mutant loop isomer G → T-14,23.  Lane 1 
shows the A and G sequencing reaction for the PU27-mer sequence without 
mutations.  Lane 2 shows DMS footprinting for the dual mutant G →T-14,23 in 
the absence of Se2SAP.  Lane 3 indicates the photocleavage of the dual mutant G 
→T-14,23 in the presence of Se2SAP.  The numbering of key guanine residues is 
shown to the right of the gel.  The 27-mer was used, and G-to-T mutations at 3 
and 4 as well as 14 and 23 were made to obtain a single isomer.  (B) Cartoon 
representing the conversion of a parallel G-quadruplex to the single-loop hybrid 
G-quadruplex in the dual mutant G → T-14,23.  Shaded rectangles in tetrads 
indicate syn-guanine residues, and unshaded rectangles indicate anti-guanine 
residues (from reference 10). 
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CHAPTER 3. DESIGN, SYNTHESIS AND BIOLOGICAL EVALUATION OF 
PORPHYRIN DIMERS AS c-MYC G-QUADRUPLEX INTERACTIVE AGENTS 
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1. Introduction 

c-MYC G-quadruplex has evolved as an attractive anti-cancer target, therefore, 

development of novel compounds to stabilize the G-quadruplex has been an area of 

interest.  The interaction of TMPyP4 with the c-MYC G-quadruplex has been evaluated 

in detail.1-3  TMPyP4 stabilizes the G-quadruplex structure by intercalating with the 

guanine-tetrads and represses the transcription.2  It has been shown that TMPyP4 

decreases c-MYC expression at the RNA and protein levels in MiaPaCa-2 and HeLa S3 

cells.2  In contrast, TMPyP2 has a much reduced effect compared with TMPyP4.  

TMPyP2 has a much lower ability to bind to and stabilize G-quadruplex DNA structures4, 

suggesting, that the unique effects of TMPyP4 on gene expression may be mediated 

through an interaction with a secondary DNA structure.  

TMPyP4 presumably binds to a parallel G-quadruplex structure and can induce a 

structural change depending upon the presence or absence of potassium ion..3  Details of 

the TMPyP4-induced G-quadruplex structure are discussed in Chapter III.  Other 

porphyrin analogs have also been studied for c-MYC G-quadruplex interaction, 

particularly the expanded porphyrin Se2SAP5 which  binds to the parallel G-quadruplex 

and induces a structural change.  Se2SAP induces a single loop hybrid G-quadruplex with 

one lateral loop5 and TMPyP4 most likely induces a mixed parallel/antiparallel structure 

with two lateral loops and one double-chain-reversal loop in the absence of potassium 

ion.3 
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While interactions of porphyrin-based bisintercalating ligands with duplex DNA have 

been reported,6-11 none of these ligands have been studied with the c-MYC G-quadruplex.  

Ishikawa and coworkers have studied porphyrin dimers and other analogs of porphyrins 

in detail for DNA intercalation.12, 13  Porphyrin derivatives can interact with duplex DNA 

through three different modes, intercalation, outside stacking, and outside random 

binding. The groove binding mode is suggested from recent circular dichroism (CD) and 

linear dichroism (LD) studies.14-21  Intercalation binding mode favors GC base pairs, 

while the outside binding prefers AT base pairs.  The outside binding mode, which is 

characterized by strong CD signature in the Soret absorption band, can be classified as 

‘‘extensive stacking’’ (or extensive assembly) and ‘‘moderate stacking’’ (or modest 

aggregation) mode.22  An extensive self-stacked form is favored at a high 

[porphyrin]/[DNA] ratio and at a low salt concentration.23, 24   

G-quadruplexes bisintercalating ligands can possibly intercalate at two sites near the 

guanine-tetrads (Figure 3.1).  In this work, TMPyP4 has been taken as the preliminary 

point and two cationic porphyrin units have been linked by a linker of favorable length.  

Cationic porphyrin based bisintercalating molecules were designed using molecular 

modeling techniques, synthesized, and their interaction with the c-MYC G-quadruplex 

has been explored by in vitro and in vivo studies.  As compared to TMPyP4, the dimers 

have subsequently shown improved binding efficacy towards G-quadruplex. 
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Figure 3.1 A) Monomer intercalation, where two drug molecules stack externally 
(B) Dimer intercalation where the two drug molecules are linked through a linker 
(color coding: orange = guanine tetrads, green = drug molecules), (color coding for 
bases: red = guanine, green = adenine, blue = thymine).

A B 
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2. Experimental Section 

 

2.1 Materials and Methods for Chemistry  

1H NMR spectra were run on a Varian Unity 300-MHz NMR Spectrophotometer.  The 

chemical shifts are relative to the trace proton signals of the deuterated solvent.  Coupling 

constants, J, are reported in Hz and refer to apparent peak multiplicity rather than 

coupling constants.  UV-Vis spectra were recorded on a Varian Cary 3E UV-Vis 

spectrophotometer.  Singly and multiply protonated porphyrin molecules were generated 

by electrospray ionization (ESI).  Fast atom bombardment (FAB) measurements have 

been carried out on a JEOL HX-110 sector instrument equipped with a conventional Xe 

gun.  A mixture matrix of glycerol: thioglycerol: mNBA (meta-nitrobenzyl alcohol) 

50:25:25 containing 0.1 % of TFA was used as the FAB matrix.  For accurate mass 

measurements, polyethylene glycol (PEG) was used as the internal standard.  Flash 

column chromatography was performed on silica gel 60, 230-400 mesh, purchased from 

Spectrum.  Basic aluminum oxide purchased from Aldrich (standard grade, 150 mesh, 58 

Å) was also used for purifying porphyrins in column chromatography.  High pressure 

liquid chromatography (HPLC) measurements were carried out to monitor the progress of 

a reaction and purity of a product by using Varian Pro Star attached to a PDA detector.  

Aluminum sheets (silica gel, 60 F254) were used for thin layer chromatography (TLC) 

purpose.  All starting materials were obtained from commercial sources unless otherwise 

specified.  N,N'–Bis[4-[10,15,20-tris(1-methylpyridinium-4-yl)porphyrin-5-yl]-

benzoyl}trimethylenediamine hexachloride (PND) and N,N'–Bis[4-[10,15,20-tris(1-
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methylpyridinium-4-yl)porphyrin-5-yl]-benzoyl}pentamethylenediamine hexachloride 

(DAP) were prepared by modifying literature procedures.11, 13 

 

2.2 Synthesis 

 

a. Preparation of 5-(4-methoxycarbonylphenyl)-10, 15, 20-tris(4-pyridyl) porphine 
(1) 

A mixture of 1.6 g (0.01 mol) of terephathalaldehydic acid methyl ester and 2.7 ml (0.03 

mol) of pyridine-4-carboxaldehyde was dissolved in 5 ml of freshly distilled propionic 

acid.  To the well homogenized mixture was slowly added 2.6 ml (0.04 mol) of pyrrole 

and the mixture was irradiated in a microwave oven (domestic) for 3-5 minutes by 10 

seconds interval, followed by cooling to room temperature.  The residual propionic acid 

was then removed under reduced pressure and the residue was dissolved in 20 ml of 

dichloromethane (DCM).  The residue, including six porphyrin isomers, was first 

chromatographed on basic alumina using DCM as the eluent to separate the oligomeric 

pyrrole impurities from porphyrin mixtures.  A mixture of at least 6 porphyrin isomers 

was then purified on silica gel two times to obtain the desired isomer 1.  The columns 

were eluted initially with a 1% MeOH/DCM mixture the polarity of the eluent was 

slowly increased to 5% MeOH/DCM mixture.  After removal of solvent, the residue was 

recrystallized from chloroform and hexane to yield 475 mg (7%) of the product as purple 

crystals, solid; mp > 250 °C; 1HNMR (CDCl3)  δ -2.89 (s, 2H), 4.20 (s, 3H), 8.17 (m, 

6H), 8.31 (d, J = 8.1 Hz, 2H), 8.5 (d, J = 8.1 Hz, 2H), 8.88 (m, 8H), 9.10 (m, 6H); UV-vis 
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(CH2Cl2) λmax (nm) (ε  (mol-1 cm-1)) 650 (2000), 590 (3500), 540 (3800), 511 (10000), 

416 (200000); HRMS (FAB) (M+) m/z calcd. for C43H29O2N7 675.7361, found 675.7359. 

 

b. Preparation of 5-(4-carboxyphenyl)-10, 15, 20-tris(4-pyridyl) porphine (2) 

475 mg (0.7 mmol) of compound 1 was dissolved in 7 ml of DMF and 1.5 mg (35.7 

mmol) of lithium hydroxide monohydrate was added to it.  7 ml of water was then added 

to the reaction mixture and it was stirred at room temperature for 50 hours.  1 molar HCl 

was added to the reaction mixture and the pH was carefully adjusted to 4-5 by using pH 

paper.  pH lower or higher than 4-5 dissolved the product in the aqueous phase.  The 

product was then extracted from the aqueous layer with chloroform.  DCM did not 

extract the product completely from the aqueous layer and required large volumes of it, 

so chloroform was used for all future extractions of 2.  The organic layer was then 

washed several times with water and dried over anhydrous MgSO4.  The solvent was 

removed and the product was recrystallized from hexane to yield 400 mg (85%) of 2.  

solid; mp > 250 °C; 1HNMR (CDCl3)  δ -3.0 (s, 2H), 8.27 (m, 6H), 8.30 (d, J = 8.1 Hz, 

2H), 8.40 (d, J = 8.1 Hz, 2H), 8.90 (m, 8H), 9.06 (m, 6H); UV-vis (CH2Cl2) λmax (nm) (ε  

(mol-1 cm-1)) 650 (2090), 590 (3450), 540 (3920), 511 (10100), 416 (220000); HRMS 

(FAB) (M+) m/z calcd. for C42H27 N7O2 661.7095, found 661.7091. 
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c. General Synthesis of Bis-porphyrins 

DAP and PND were synthesized by slight modification of the literature procedure.13  100 

mg (0.151 mmol) of compound 2 was dissolved in 20 ml of  thionyl chloride and refluxed 

under argon for 4 hours.  After cooling to room temperature, thionyl chloride was 

removed under reduced pressure.  The residue was washed five times with toluene (5-7 

ml each time) and toluene was removed under pressure.  To this residue was added 20 ml 

of anhydrous DCM, the desired diamine (0.4 eq per mole of 2) and 

diisopropylethylamine (DIEA, 10 eq per mole of 2) under argon.  The reaction mixture 

was stirred at room temperature for 48 hours.  The solvent was dried and chloroform and 

water was added to it.  The organic layer was separated and washed with water three 

times and dried over anhydrous MgSO4.  The solvent was removed and the corresponding 

bis-porphyrin was chromatographed on silica gel (1% MeOH/DCM to 5% MeOH/DCM) 

and then purified on prepatory TLC.  The product was dissolved in minimum amount of 

chloroform and recrystallized from hexane.   

d. N, N'–Bis[4-[10,15,20-tris(4-pyridyl)porphine-5-yl]benzoyl]trimethylenediamine 
hexachloride (3) 

Yield: 20%; solid; mp > 250 °C; 1HNMR (10% CH3OD/CDCl3)  δ -3.0 (s, 2H), 2.17 (m, 

2H), 3.87 (m, br, 4H), 8.08 (d, J = 6.5 Hz, 8H) 8.22 (d, br, 4H), 8.35 (d, J = 8.3 Hz, 4H) 

8.83 (m, br, 16H) 8.91 (d, J = 6.5 Hz, 8H), 9.03 (d, J = 6.3 Hz, 4H); UV-vis (10% 

CH3OH/CH2Cl2) λmax (nm) (ε  (mol-1 cm-1)) 645 (3510), 589 (7940), 547 (7690), 514 

(2600), 418 (642000); HRMS (FAB) (M+) m/z calcd. for C87H60 N16O2 1361.5133, found 

1361.5132. 
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e. N,N'–Bis[4-[10,15,20-tris(4-pyridyl)porphine-5-
yl]benzoyl]pentamethylenediamine hexachloride (4) 

Yield: 32%; solid; mp > 250 °C; 1HNMR (10% CH3OD/CDCl3)  δ -2.97 (s, 2H), 1.75 (m, 

br, 2H), 1.95 (m, br, 4H), 3.73  (m, br, 4H), 7.94 (d, J = 5.4 Hz, 8H), 8.21 (d, J = 5.8 Hz, 

4H) 8.31 (s, br, 8H) 8.77 (m, br, 16H), 8.81 (d, J = 5.4 Hz, 8H), 9.03 (d, J = 5.8 Hz, 8H); 

UV-vis (10% CH3OH/CH2Cl2) λmax (nm) (ε  (mol-1 cm-1)) 645 (4490), 589 (10300), 547 

(10300), 514 (33400), 418 (613000); HRMS (FAB) (M+) m/z calcd. for C87H60 N16O2 

1389.5665, found 1389.5663. 

 

f. General Synthesis of Cationic Bis-porphyrins 

10 mg each of bis-porphyrins (3) and (4) were dissolved in 10 ml of dimethyl formamide 

(DMF) and 3ml sample of iodomethane was added.  The mixture was stirred at room 

temperature for 8 hours.  After removal of solvent to dryness, the residue was dissolved 

in minimum amount DMF and precipitated with diethyl ether.  The brown powder was 

collected by centrifugation and washed with diethyl ether.  A 15 ml sample of water was 

added to the residue, which was then treated with 2.0 g of Dowex 1_2-200 anion-

exchange resin in chloride form, shaking slowly for 2 h.  The resin was filtered off and 

washed with water, and the filtrate was lyophilized to give the chloride salt.  The purity 

of the compound was monitored by using HPLC.  The reaction was quantitative. 
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g. N,N'–Bis[4-[10,15,20-tris(1-methylpyridinium-4-yl)porphyrin-5-yl]-
benzoyl}trimethylenediamine hexachloride (PND) 

Solid; mp > 250 °C; 1HNMR (10% DMSO-d6)  δ -3.00 (s, 2H), 2.01 (m, br, 4H), 3.66 (m, 

br, 4H), 4.69 (s, 12H), 4.70 (s, 6H), 8.32 (d, J = 8.0 Hz, 4H), 8.40 (d, J = 8.0 Hz, 4H), 

9.00 (d, J = 7.6 Hz, 12H), 9.10 (m,br, 16H), 9.41 (d, J = 7.5 Hz, 12H); UV-vis (DMSO) 

λmax (nm) (ε  (mol-1 cm-1)) 645 (8800), 589 (20300), 550 (24000), 520 (42300), 420 

(334000); HRMS (FAB) (M+) m/z calcd. for C93H78 N16O2 1451.7171, found 1451.7168 

 

h. N,N'–Bis[4-[10,15,20-tris(1-methylpyridinium-4-yl)porphyrin-5-yl]-
benzoyl}pentamethylenediamine hexachloride (DAP) 

Solid; mp > 250 °C; 1HNMR (10% DMSO-d6)  δ -3.05 (s, 2H), 1.65 (m, br, 4H), 1.90 (m, 

br, 4H), 4.5 (s, 12H), 4.54 (s, 6H), 8.30 (d, J = 8.0 Hz, 4H), 8.36 (d, J = 8.0 Hz, 4H), 9.00 

(d, J = 7.6 Hz, 12H), 9.12 (m,br, 16H), 9.46 (d, J = 7.5 Hz, 12H); UV-vis (DMSO) λmax 

(nm) (ε  (mol-1 cm-1)) 645 (9700), 589 (16000), 552 (16500), 521 (49000), 422 (600000); 

HRMS (FAB) (M+) m/z calcd. for C95H82 N16O2 1479.7703, found 1479.7701. 

 

i. Preparation of 5-(4-methoxycarbonylphenyl)-10,15,20-tris(3-pyridyl)porphine (D) 

This was prepared by the reaction of 3–pyrdinecarboxaldehyde 2.7ml (0.01mol) with 

1.6g (0.01mol) of terephathaldehydic acid methyl ester and 2.6ml (0.03mol) of pyrrole in 

5ml of freshly distilled propionic acid by a similar procedure as described above.  5-(4-

methoxycarbonylphenyl)-10,15,20-tris(3-pyridyl)porphine 4 was obtained in 6% yield.   
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solid; mp > 250 °C; 1HNMR (CDCl3)  δ -2.90 (s, 2H), 4.10 (s, 3H), 8.16 (m, 6H), 8.30 (d, 

J = 8.1 Hz, 2H), 8.47 (d, J = 8.1 Hz, 2H), 8.85 (m, 8H), 9.04 (m, 6H); UV-vis (CH2Cl2) 

λmax (nm) (ε  (mol-1 cm-1)) 650 (1500), 590 (3300), 540 (3650), 511 (12000), 416 

(180000); HRMS (FAB) (M+) m/z calcd. for C43H29O2N7 675.7361, found 675.7359. 

 

2.3 Molecular Modeling Studies 

 

a. Molecular Modeling of Mixed Parallel/Antiparallel G-quadruplex  

The modeling of the c-MYC mixed parallel/antiparallel G-quadruplex is described in 

details in Chapter III.   

 

b. Molecular Modeling of Parallel G-quadruplex 

The X-ray crystal structure coordinates for the human telomeric sequence, 

d[AG3(T2AG3)3], from the PDB data entry (1KF1)25 were used as the starting model for 

the construction of PU18 c-MYC parallel G-quadruplex.  Necessary replacements and 

deletions of bases were carried out and remaining bases were added using standard B-

DNA geometry using the Biopolymer module of Insight II 2000.1 (Accelrys Inc., San 

Diego, CA).26  The modeled structure was then subjected to a series of minimization and 

molecular dynamics protocols. 

Modeled PU18 c-MYC quadruplex structures were then subjected to energy refinement. 

All polar hydrogen atoms were energy minimized using 2500 steps of conjugate gradient 
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minimizer using Discover 3.0 using the Amber force field.27  This was followed by 

subjecting the entire structural model to 2 _ 2500 steps of conjugate gradient 

minimization.   

Fully refined quadruplex structure was then neutralized by the addition of an appropriate 

number of sodium ions, and this structure was immersed in a box of TIP3P water 

molecules.28  Two-stage molecular dynamics simulations were performed at 300 K.  This 

involved restrained MD simulations with 20 ps equilibration and 100 ps simulations.  

Distances and angles for hydrogen bonds involving G-quadruplex tetrad bases were 

restrained by means of the upper-bound harmonic restraining function with a force 

constant of 10 kcal mol-1 Å-2 for distances and 30 kcal mol-1 rad-2 for angles.  The second 

run of MD simulations involved unrestrained simulations with 20 ps equilibration and 

100 ps simulations at 300 K.  The most stable low energy structural model was then 

refined using 2500 steps of conjugate gradient minimization. 

c. Structure of Porphyrin Dimers  

The porphyrin dimers were built by using known crystal structures of TMPyP4.19  The 

porphyrin analogues were optimized using the consistent valence force field (CVFF) 

implemented in Discover_3.29  Positive charges for the 4-pyridyl-N-methyl groups were 

added using the charge option defined within Insight II. 
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d. Docking of Porphyrin Dimers with Different G-quadruplex Structures 

Docking of various porphyrin dimers with the parallel and the mixed parallel/antiparallel 

hybrid G-quadruplex structure was performed using Insight II.  Initially, noncovalent 

complexes of the PU18-mer with monomer units (no linkers, 2:1 complex) were modeled 

by manually placing them so that each monomer unit (2) is stacked outside the two 

external tetrads.  The carboxylic acid on each (refer to Figure 3.3 for the chemical 

structure) monomer unit was approximately placed on the side of the groove of the G-

quadruplex.  After 2500 steps of minimization using Discover_3, the monomer units were 

joined using various linkers and further minimized using 2x 2500 steps.  Of the alkyl 

chain linkers, at least a 5 carbon chain was required for optimum interaction.  The 

complex was then selected for MD simulations. 

The complex structure obtained from docking was hydrated with a 10 Å layer of TIP3P 

water molecules.  This structure was then subjected to a molecular dynamics protocol 

with 40 ps equilibration and 100 ps simulations at 300 K using the Verlet method and 

NVT ensemble.29  The CVFF parameters were used during the simulations.  Trajectories 

were collected after every 100 fs, and the lowest energy trajectories were collected from 

the entire set.  The 10 lowest potential energy structures were selected and energy 

minimized using 2500 steps of conjugate gradient minimization using CVFF within 

Insight II.  These energy-minimized structures were then used to observe the docking 

orientation of dimers and calculate the intermolecular interaction energy values.  The best 

structure was selected on the basis of the better interaction energy value and optimum 
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interactions between the dimers and the G-quadruplex.  The intermolecular interaction 

energy was calculated by using the docking program within Insight II. 

Procedures similar to the above were used for docking DAP and PND with the parallel 

G-quadruplex structure.  

 

2.4 Materials for Biochemistry  

Compound solutions were prepared as 1 mM stock solutions in water for porphyrins and 

stored at -20 °C.  These stock solutions were diluted to working concentrations in 

distilled water immediately before use.  Electrophoretic reagents 

(acrylamide/bisacrylamide solution and ammonium persulfate) were purchased from 

BioRad, and N, N, N', N'-tetramethylethylenediamine (TEMED) was purchased from 

Fisher.  T4 polynucleotide kinase, Taq DNA polymerase, and human topoisomerase II 

were purchased from New England Biolabs, Promega, and TopoGen, respectively.  [γ-

32P] ATP was purchased from NEN Dupont. 

 

2.5 Preparation and End-Labeling of Oligonucleotides 

The oligonucleotides were obtained PAGE purified from sigma Genosys, dissolved in 

autoclaved doubly distilled water (100 µM), and kept at -20 ºC for no longer than 6 

weeks.  The 5´-end-labeled single-strand oligonucleotide was obtained by incubating the 

oligomer with T4 polynucleotide kinase and [γ-32P]ATP for 1 h at 37 ºC.  Terminal 

deoxynucleotidyl transferase was used for the 3´ –end labeling of the single strand 
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oligonucleotide.  Labeled DNA was purified with a Bio-Spin 6 chromatography column 

(BioRad) after inactivation of the kinase by heating for 8 min at 90 ºC.  

 

2.6 Polymerase Stop Assay 

The DNA primer d[TAATACGACTCACTATAGCAATTGCGTG] and PU27 c-MYC 

template sequence 

d[TCCAACTATGTATAC(GGAAGGGGTGGGAGGGGTGGGAGGGGT)TTAGCGG 

CACGCAATTGCTATAGTGAGTCGTATTA] were purified as mentioned above. 

Labeled primer (100 µM) and template DNA (100 µM) were annealed in an annealing 

buffer [50 mM Tris-HCl, pH 7.5, 10 mM NaCl] by heating to 95 ºC  and then slowly 

cooling to room temperature.  DNA formed by annealing the primer to the template 

sequence was purified using gel electrophoresis in the 12% native polyacrylamide gel.   

The purified DNA was then diluted to the concentration of 2 nM and mixed with the 

reaction buffer (10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, and 1.5 µg/µL BSA) and 

0.1 mM deoxyribonucleotide triphosphate.   KCl and NaCl (10 mM each) were added to 

the reaction.  The drugs were added and incubated for 20 min at room temperature.  Taq 

DNA polymerase was added, and the mixture was incubated at 55 ºC for 30 min. The 

polymerase extension was stopped by adding 2x stop buffer (10 mM EDTA, 10 mM 

NaOH, 0.1% xylene cyanole, 0.1% bromophenol blue in formamide solution) and loaded 

onto a 16% denaturing gel.  
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2.7 Imaging and Quantification 

The dried gels were exposed on a phosphor screen. Imaging and quantification were 

performed using a PhosphorImager (Storm 820) and ImageQuant 5.1 software from 

Molecular Dynamics.  

 

2.8 In Vivo Studies 
The in vivo studies including the cytotoxicity assay presented here were done by Mary 

Guzman. 

 

2.9 Circular Dichroism (CD) Spectroscopy 

PU18-mer d[AGGGTGGGGAGGGTGGGG] were obtained PAGE purified from Sigma 

Genosys, dissolved in autoclaved double-distilled water (100 µM), and kept at -20 °C for 

no longer than 6 weeks.  CD spectra were recorded on a Jasco-810 spectropolarimeter 

(Jasco, Easton, MD), using a quartz cell of 1 mm optical path length, an instrument 

scanning speed of 100 nm/min, with a response time of 1 s, and over a wavelength range 

of 200-330 or 200-600 nm for the titration experiments with drugs.  All DNA samples 

were dissolved in Tris-HCl buffer (50 mM, pH 7.6) to a strand concentration of 10 µM, 

and where appropriate, the samples also contained 100 mM KCl.  The compound was 

dissolved from previously prepared 10 mM stock solutions to a concentration of 0.5 mM 

with double-distilled water and titrated into the DNA sample.  The CD spectra herein are 

representations of four averaged scans taken at 25 °C and are baseline corrected for signal 

contributions due to the buffer. 
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3. Results 

 

3.1 Design of Porphyrin Dimers 

The concept of bisintercalation is stimulated from the fact that two molecules of TMPyP4 

bind to the a-MYC G-quadruplex3, so fusing them together by using a linker of 

appropriate length would strengthen their binding with the G-quadruplex.  The linker can 

hold the two monomer moieties intact and this can shift the equilibrium more towards the 

drug bound G-quadruplex form.  Consequently, two bisintercalating porphyrin dimers 

were designed by fusing two TMPyP4-like chromophores via a variety of linkers of 

different length.  Initially flexible alkyl chain linkers were tried and subsequently linkers 

having rigid groups like phenyl and piperazine were also tried.  A list of linkers that were 

modeled with the mixed parallel/antiparalle G-quadruplex is shown in Figure 3.2.  

Similar to TMPyP44, these dimers can also undergo both stacking and electrostatic 

interactions with the G-quadruplex.  Among the alkyl chain linkers, it was observed that a 

5 carbon alkyl linker is optimum for favorable interactions with the G-quadruplex where 

the two porphyrin units stack on top and bottom of the two external tetrads.  Linkers with 

more than 7 carbon chains were too long for favorable binding and hence were not 

considered for synthesis purpose.  So, a dimer with a five carbon alkyl linker, N,N'–

Bis[4-[10,15,20-tris(4-pyridyl)porphine-5-yl]benzoyl]pentamethylenediamine (DAP) and 

with only three carbon alkyl chain N,N'–Bis[4-[10,15,20-tris(4-pyridyl)porphine-5-

yl]benzoyl]trimethylenediamine (PND) (Figure 3.3) were chosen for synthesis.  Though 3 

carbon chain is shorter than the required length, yet it was considered for synthesis 
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because various research groups have proposed the intercalation of porphyrin in between 

two guanine tetrads.30, 31  So, PND was designed to evaluate the effect of a shorter linker 

length on G-quadruplex binding. 
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Figure 3.2 List of porphyrin dimers with varied linkers that were 
docked with the c-MYC G-quadruplex. 
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Figure 3.3 (A) TMPyP4 (5,10,15,20–tetra-(N-methyl-4-pyridyl) porphyrin chloride) 
(B) PND  (N,N'–Bis[4-[10,15,20-tris(4-pyridyl)porphine-5-
yl]benzoyl]trimethylenediamine) and (C)  DAP (N,N'–Bis[4-[10,15,20-tris(4-
pyridyl)porphine-5-yl]benzoyl]pentamethylenediamine). 

A 

B C 
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3.2 Molecular Modeling Studies 

On the basis of the CD and photocleavage experiments, the 1:2:1 loop isomer of the 

mixed parallel/antiparallel G-quadruplex was selected for modeling studies.  Even 

though, NMR structure of the human telomeric G-quadruplex has a similar folding 

patern,32 but only the topology of the structure has been reported.32  Since no 

crystallographic information for this novel G-quadruplex structure is available either, the 

model was built from the known, closely related NMR structure of the Tetrahymena 

telomeric G-quadruplex33 and the crystal structure of the human telomeric G 

quadruplex.25  The details of the molecular modeling are discussed in Chapter III.  The 

refined model was used for docking studies.   

Based on the photocleavage of c-MYC sequence by TMPyP4 (Figure 3.2, Chapter III) 

DAP was docked with the mixed parallel/antiparallel G-quadruplex near the loops 

formed by T10 and T19.   Initially, different orientations of the drug molecules were used 

as a starting point for energy minimization.  Various dimers that did not show favorable 

interaction energy with the c-MYC G-quadruplex were discarded based on their 

interaction energies.  The most stable orientation, showing the best interaction energy and 

optimum interactions between DAP and the c-MYC G-quadruplex, was selected and 

subjected to molecular dynamics (MD) simulations.  Trajectories collected during MD 

simulations were analyzed on the basis of potential energy.  Ten low potential energy 

frames were then subjected to minimization, and interaction energy values were 

calculated.  The best docking orientation of DAP with the mixed parallel/antiparallel G-

quadruplex shows an interaction energy value of –165.7 kcal/mol (Figure 3.4).  The 
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positively charged pyridyl rings attached at C10, C15, and C20 (for the numbering, see 

Figure 3.3) interact with the negatively charged phosphate backbone of the T10 loop and 

the T19 loop.  The aromatic core of DAP exhibit stacking interaction with the guanine 

tetrads.  

As PND has a shorter linker length (three carbon chain) than DAP, (Figure 3.3) it could 

not be docked in a similar fashion.  The linker length was insufficient for the two 

monomer units to interact with the two external tetrads.  Hence, one of the units was 

inserted between two guanine-tetrads while the other of was placed below a guanine 

tetrad in the 5´ end.  Upon minimization it was observed that the guanine tetrads, between 

which PND was sandwiched, were highly distorted.  The pyridyl rings of PND are 

perpendicular to the porphrin plane and thus, due to space constraint, they bend the G-

tetrads.  So, PND could not be modeled for G-quadruplex interaction in a similar fashion 

as DAP.  However, in theory, it is possible that one of the cationic porphyrin moieties 

stacks below or above an external G-tetrad, and the other unit can undergo external 

stacking with the groove of the G-quadruplex.   
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Figure 3.4 A proposed model structure for DAP complexed with the 
mixed parallel/antiparallel c-MYC G-quadruplex.  DAP shows stable 
binding orientation with two porphyrin units binding within two external 
G-tetrads (color coding: adenine = green, cytosine = yellow, guanine = 
red, and thymine= blue) with potassium atoms and DAP (as CPK model).  
For clarity, hydrogen atoms of the G-quadruplex have not been shown. 
 



 

97

3.3 Microwave Synthesis and Characterization of Bis-porphyrins 

Microwave irradiation is an important tool to improve the selectivity, rate enhancement, 

and reduction of thermal degradative byproducts in organic synthesis.34, 35  Porphyrins 

and their analogs are generally synthesized by solution phase methods, but solid phase 

synthesis36-45 and microwave assisted synthesis46-54 of porphyrins are also reported in 

literature.  Cyclocondensation of diverse aryl aldehydes with pyrrole in propionic acid is 

a key step in the synthesis of unsymmetrical 5,10,15,20-tetraaryl porphyrins.  The yield is 

generally low as various isomers and oligomeric polypyrroles are obtained in 

combination with the desired product.  Microwave-assisted organic synthesis reduces the 

amount of solvents and time, and leads to higher yields.  Hence, microwave-assisted 

synthesis was utilized to make the unsymmetrical 5-(4-methoxycarbonylphenyl)-

10,15,20-tris(4-pyridyl)-porphine (1).  The synthesis of 1 is carried out by a modified 

version of the Adler–Longo method.55  4-pyridine-carboxaldehyde and terephthaldehydic 

acid methyl ester were condensed with pyrrole using a minimum amount of propionic 

acid in microwave irradiation for 3 to 5 minutes at 10 sec interval.  The formation of 

several differently substituted meso-arylporphyrins was observed by TLC.  The desired 

porphyrin, 1, was purified by repeated column chromatography.  The first purification 

step was done on a basic alumina column and subsequently separated on silica gel 

columns as the fifth eluting band and identified by mass spectroscopy and NMR (Figure 

3.5).  The purity of the compound was monitored by HPLC.  The yield of the desired 

porphyrin 1 was 7%, rather better that the reported 5.9%.13  In statistical syntheses, low 

yields are not unusual as a variety of isomers are formed along with the desired product.  
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The isomers formed along with 1 are shown in Figure 3.6.  The methyl ester 1 was 

hydrolyzed in basic condition using LiOH in H2O to yield the carboxylic acid derivative 

2 (Figure 3.7).  The extraction of 2 is pH sensitive as acidic pH protonates the two 

tertiary pyrrole nitrogen atoms of the porphyrin core and basic pH deprotonates the two 

secondary pyrrole nitrogen atoms.  So, in either case, the product tends to get into the 

aqueous phase.  Hence, only an optimum pH neutralized the basic solution and the 

desired product 2 was obtained.  The purification of 2 was achieved by silica gel column 

chromatography followed by and recrystallization to get purple crystals of 2 in 88% 

yield.   
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Figure 3.5 1H NMR spectrum of 5-(4-methoxycarbonylphenyl)-10,15,20-tris(4-
pyridyl)-porphine (1). 
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The solution phase synthesis of DAP and PND are reported in literature.11  2 was reacted 

with thionyl chloride to activate the carboxylic acid group to an acid chloride.  The acid 

chloride was reacted with 1,3-diaminopentane and 1,5-diaminopropane in basic 

conditions (Figure 3.7).  Repeated purification by silica gel column chromatographs and 

preparatory TLC was required to purify the desired product. Subsequently the purified 

dimers were subjected to further methylation and ion exchange with chloride ions to 

obtain PND and DAP as chloride salts in 20% and 32% yields respectively. 

The 3-pyridyl analog of 1 was synthesized as well (Figure 3.8).   Synthesis of dimers of 

this analog were also attempted (Figure 3.8), however due to multiple purification steps 

very poor yield was obtained and the compounds could not be evaluated for biological 

studies.  
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Figure 3.6 Isomers formed together with (1), (A) trans- 5,15-bis(4-
methoxycarbonylphenyl)-10,20-bis(4-pyridyl)-porphine, (B) cis-5,20-bis(4-
methoxycarbonylphenyl)-10,15-bis(4-pyridyl)-porphine, (C) 5,10,15-tris(4-
methoxycarbonylphenyl)-20-(4-pyridyl)-porphine, (D) 5,10,15,20-tetra(4-pyridyl)-
porphine, and (E) 5,10,15,20-tetra(4-methoxycarbonylphenyl)-porphine. 
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Figure 3.7 Overall synthetic scheme for synthesizing DAP and PND. 
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3.4 G-quadruplex Binding of DAP and PND (Polymerase Stop Assay) 

The polymerase stop assay can be used to evaluate the relative stabilization of 

intramolecular G-quadruplex structures in the presence of ligands.56  The principle of this 

assay is shown to the left of the gel in Figure 3.8.  DNA extension by Taq polymerase 

was paused at the G-quadruplex forming site, the extent of which can be used as a 

measure of the stabilization of G-quadruplex structures by various ligands.  The relative 

binding affinity of porphyrins to the intramolecular parallel G-quadruplex structure was 

determined by incubating increasing concentrations of TMPyP4, PND and DAP with a 

DNA template containing PU27-c-MYC sequence [5´-

TGGGGAGGGTGGGGAGGGTGGGGAAGG-3´] at 55 ºC in the presence of Taq 

polymerase.  Since there was a considerable amount of pausing (attributable to the 

presence of K+ ion in the buffer that facilitates G-quadruplex formation) in the absence of 

drug, elevated temperatures (55ºC) were used to partially destabilize the arresting G-

quadruplex structure and thereby permit a larger window for drug stabilization of the G-

quadruplex structure.  The G-quadruplex binding ability of DAP and PND was compared 

with TMPyP4.   

Figure 3.8 shows the concentration-dependent inhibition of Taq polymerase DNA 

synthesis by ligand stabilization of the G-quadruplex structure formed in the DNA 

templates containing the PU27 c-MYC sequence.  For each ligand there is significantly 

greater pausing at the G-quadruplex site in the presence of increasing concentrations of 

these compounds.  The enhanced pausing of polymerase processing at the primer position 

in the presence of higher concentrations of compound is most likely due to ligand binding 
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with single- or double-stranded DNA.  While TMPyP4 shows quadruplex binding at 1 

µM concentration, PND and DAP show G-quadruplex binding at 0.1 µM concentration, 

however, there is also considerable duplex interaction, particularly for DAP and slightly 

for PND at higher concentrations, which can be attributed to the fact that such porphyrin 

dimers are also known to bind to duplex DNA.12, 13 
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Figure 3.8 Concentration-dependent inhibition of Taq polymerase DNA synthesis by 
stabilization of the c-MYC G-quadruplex structure with TMPyP4 (0.001-3.0 µM, 
lanes 2-10), PND (0.001-3.0 µM, lanes 11-19), and DAP (0.001-3.0 µM lanes 20-28) 
using a DNA template containing the PU27 c-MYC sequence at 55 °C (10 mM 
KCl/NaCl).  The cartoon to the left of the gel illustrates the principle of the 
polymerase stop assay.  
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3.5 Circular Dichroism Studies 

Circular Dichroism (CD) is a spectroscopic method which measures the difference in the 

absorbance of left- and right-handed circularly polarized (LPL and RPL), as a function of 

the wavelength.  Most biological molecules, including proteins and nucleic acids are 

chiral and absorb these LPL and RPL differently in their ultraviolet absorption bands, 

which may be used as an indication of secondary structure.  CD has been used 

extensively to study the structural properties of G-quadruplex.57-59  It has also been used 

to study the interaction of ligands and G-quadruplex.3, 60  Ligands that are bound to G-

quadruplex, even if they have no inherent chirality, usually exhibit CD in absorption 

bands associated with ligand-based charge-transfer transitions.61  The application of CD 

to demonstrate the differential effects of telomestatin and DiSeSAP on the human 

telomeric G-quadruplex has been recently shown.60 

The CD spectrum of the PU18-mer wild type c-MYC sequence [5´-

AGGGTGGGGAGGGTGGGG-3´] is shown in Figure 3.9.  This sequence forms a 

parallel structure in the presence of 100 mM KCl.3  It shows the characteristic CD 

signatures of a parallel G-quadruplex structure3, 62, 63, which are strong maxima at 210 

and 262 nm and a shallow minimum at 240 nm (Figure 3.9).  Low strand concentration 

(10 µM) has been used to ensure that an intramolecular G-quadruplex is formed. 
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Figure 3.9 CD spectrum of the PU18-mer from the NHE III1 of the 
c-MYC promoter.  The CD data was obtained with a 10 µM strand 
concentration in the presence of 100 mM KCl at 25 °C.  
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a. CD Titration of DAP and PND with PU18-mer 

In order to evaluate the effect of DAP on the c-MYC G-quadruplex, a series of CD 

titrations were performed and the results are shown in Figure 3.10.  A sample of c-MYC 

PU18-mer sequence was incubated with 100 mM KCl at room temperature and then 

titrated with DAP with concentration varying from 1 mole equivalent to 6 mole excess.  It 

was observed that upon each addition of DAP, a maximum at 442 nm evolved.  This is 

due to the formation of an achiral environment that is induced by the chiral G-quadruplex 

around the ligand.  This confirms the interaction of the drug with the G-quadruplex.  An 

induced CD signature of DAP was evolved at 2 mole equivalent of drug concentration.  A 

parallel experiment was performed where TMPyP4 was titrated with the PU18-mer and it 

was observed that a 4 mole equivalent of the drug was required to induce a peak.  This 

indicates that a lower concentration of DAP is required for G-quadruplex interaction.  

Another feature of the titration curve of DAP is the considerable decrease in intensity of 

the CD maxima at 210 nm and 262 nm as the concentration of the drug was increased.  

This might suggest that the drug interacts with the preformed G-quadruplex and does not 

alter the secondary structure.   

A similar experiment was performed with PND and analogous results were observed 

(Figure 3.11).  The induced CD of the ligand was observed at 3 mole equivalent of the 

drug and the intensity of this induced peak considerably increased with each increment of 

the drug.  However, like DAP, PND also does not change the characteristic CD 

signatures of a parallel G-quadruplex (maximum at 262 nm and minimum at 242 nm). 
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Figure 3.10 CD titration curve of DAP with PU18-mer in the presence of 
100 mM KCl.  (Inset) Line colors and the mole equivalents of DAP (left) 
and structure of DAP (right). 
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Figure 3.11 CD titration curve of PND with PU18-mer in the presence 
of 100 mM KCl.  (Inset) Line colors and the mole equivalents of PND 
(left) and structure of PND (right). 
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For comparative studies, a parallel experiment was done where the c-MYC 18-mer was 

titrated with TMPyP4.  The titration results are shown in Figure 3.12.  A clear shoulder at 

285 nm is evolved from the CD maximum at 262 nm.  This indicates the structural 

change that TMPyP4 induces upon interaction with the parallel G-quadruplex.  However 

such a change in the CD signature could not be seen with either DAP or PND.   

These results specify that unlike TMPyP4, porphyrin dimers (DAP and PND) interact 

differently with the c-MYC G-quadruplex.  This finding contrasts the initial assumption 

that a mixed parallel/antiparallel structure is induced upon the interaction of porphyrin 

dimers with the c-MYC G-quadruplex.  DAP and PND might interact with the parallel c-

MYC G-quadruplex, and possibly bind to the two external guanine-tetrads without 

inducing any external loops.  Another set of CD studies were done without salt (KCl) 

being added to the reaction mixture and both TMPyP4 and DAP were titrated with the 

PU18-mer sequence.  The purpose of this experiment is to evaluate if DAP induces any 

structural change like TMPyP4 does (Chapter III) in the absence of added K+ ion.  K+ ion 

coordinates with the guanine-tetrads and stabilizes the structure.  In the presence of 

potassium ion, the drug interacts with the stable G-quadruplex and in some cases it may 

also induce a structural change.3  However, in the absence of K+ ion, the G-quadruplex 

structure is not very stable and treatment with a drug can verify if it can facilitate the 

formation of G-quadruplex and stabilize it.  The CD spectrum of DAP at 4 mole excess 

drug concentration is noticeably different from the CD spectrum of TMPyP4 (Figure 

3.13).  For TMPyP4, a shoulder is seen at 285 nm consistent with an antiparallel G-
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quadruplex.33  The emergence of this shoulder is not seen in the titration curve of DAP 

(Figure 3.13).   
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Figure 3.12 CD titration curve of TMPyP4 with PU18-mer in the presence 
of 100mM KCl, (Inset).  Line colors and the mole equivalents (left) and 
structure of TMPyP4. 
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DAP doesn’t show significant induced peak without salt or cation.  So, in both conditions 

(with and without salt), it is evident that DAP doesn’t alter the c-MYC G-quadruplex 

structure and interacts with the parallel structure while TMPyP4 induces a structural 

change. 

But the preliminary molecular modeling studies presented here were done with the mixed 

parallel/antiparallel G-quadruplex structure because the initial assumption was that a 

porphyrin dimer (DAP) would interact in a similar fashion as a porphyrin monomer 

(TMPyP4) with the c-MYC G-quadruplex.  On the contrary, CD studies strongly indicate 

that DAP and PND bind to the parallel c-MYC G-quadruplex.  So, the next step was to 

dock DAP and PND with the parallel c-MYC G-quadruplex to evaluate if the linker 

length is appropriate for favorable interactions. 
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Figure 3.13 CD titration curve of TMPyP4 and DAP withPU18-mer in the 
absence of KCl.  (Inset) Line colors and the mole equivalents of DAP and 
TMPyP4. 
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3.6 Molecular Modeling of the 1:2:1 Loop Isomer of the c-MYC Parallel G-
quadruplex (from reference 3) 

The coordinates for the molecular modeling studies were obtained from the crystal 

structure of the human telomeric G-quadruplex.  The parallel c-MYC G-quadruplex 

structure with a 1:2:1 arrangement of loops (two single base loops and one loop with two 

bases; see Figure 3.14) was found to be stable during molecular minimization and 

dynamics calculations.  All the guanine bases of the tetrads exist in an anti conformation.  

Single base loops connecting parallel guanine strands, as well as all guanine bases of the 

strands connected by single base loops in the tetrad arrangement, were found to be stable.   

 

a. Docking of DAP and PND with the Parallel G-quadruplex 

DAP was docked with the parallel G-quadruplex in a similar fashion as with the mixed 

parallel/antiparallel G-quadruplex.  DAP was manually docked by placing the two 

cationic porphyrin units near the loops formed by T10 and T19.  The linker length was 

adequate for favorable interactions.  Initially, different orientations of DAP were used as 

a starting point for energy minimization.  The most stable orientation, showing the best 

interaction energy and optimum interactions between DAP and the c-MYC G-

quadruplex, was selected and subjected to molecular dynamics (MD) simulations. 

Trajectories collected during MD simulations were analyzed on the basis of potential 

energy. Ten low potential energy frames were then subjected to minimization, and 

interaction energy values were calculated.  The best docking orientation of DAP with the 
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parallel G-quadruplex shows an interaction energy value of –180 kcal/mol (Figure 3.15)  

PND couldn’t be docked in a similar fashion as DAP because of a shorter linker.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

118

 

 

 

 

Figure 3.14 Most stable low-energy structure of the c-MYC PU18-mer 
parallel quadruplex (color coding: adenine = green, guanine= red, and 
thymine = blue) with potassium atoms (as CPK model). 
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Figure 3.15 A proposed model structure for DAP complexed with the 
parallel c-MYC G-quadruplex.  DAP shows stable binding orientation 
with two porphyrin units binding within two external G-tetrads (color 
coding: adenine = green, guanine = red, and thymine= blue) with 
potassium atoms and DAP (as CPK model).  For clarity, hydrogen 
atoms of the G-quadruplex have not been shown. 
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3.7 In Vivo Studies 

 

a. Effect of DAP and PND on c-MYC expression 

After determining the ability of DAP and PND to bind to and stabilize the c-MYC G-

quadruplex in vitro, they were examined for their capability to inhibit c-MYC gene 

expression in vivo.  This is done by treating cells with the drugs and monitoring the gene 

expression.  So, two different concentrations (50 µM and 100 µM) of DAP, PND, 

TMPyP4 and TMPyP2 were treated with HeLa S3 cells.  The results are shown in Figure 

3.16.  In 24 hours and at 50 µM concentration, DAP lowers the c-MYC expression by 

40% whereas TMPyP4 lowers it by 25% and PND does not have any effect on the –MYC 

expression level.  However, at 48 hours, TMPyP4 significantly lowers the c-MYC 

expression by 65% and DAP and PND show unchanged effect.  At 100 µM 

concentration, DAP reduces the c-MYC expression by 50% in 48 hours (Figure 3.16), but 

this effect is subtle as compared to TMPyP4 which down-regulates the c-MYC 

expression by 70%.  PND showed no effect even at 100 µM concentration.  TMPyP2, 

which is a negative control, surprisingly shows lowering of c-MYC gene expression as 

well, and this effect is still an area of investigation in our research group. 
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Figure 3.16 Effect of DAP, PND, TMPyP2 and TMPyP4 on c-MYC expression in 
Hela S3 cells.  Cells were treated at 50 µM and 100 µM concentration for 24 and 
48 hours.   c-MYC expression was measured by real-time RT-PCR. 
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b. Dose Response of DAP and PND 

In Figure 3.17, the dose response of DAP and PND have been compared with TMPyP4 

and TMPyP2 on HeLa S3 cell line.  Dose response is a measure of the toxicity level of a 

drug to a cell line.  TMPyP4 is cytotoxic and there is 0% survival at 25 µM 

concentration, DAP shows the second level of cytotoxicity and PND and TMPyP2 are 

non-cytotoxic. 
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Figure 3.17 Dose response of DAP compared to TMPyP4 on HeLa S3 
cells.  Cells were incubated with the indicated concentrations of DAP 
and TMPyP4 for 96 h.  Cytotoxicity was then measured using an MTS 
assay. 
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4. Discussion 

In this chapter, porphyrin-based dimers have been studied for c-MYC G-quadruplex 

interaction.  The basis for this study is the fact that the cationic porphyrin TMPyP4 

represses the c-MYC transcription by binding to the c-MYC G-quadruplex structure.1, 2  

To achieve better binding and greater stabilization of the G-quadruplex, a series of 

porphyrin dimers with varied linkers were docked initially with the mixed 

parallel/antiparallel G-quadruplex structure.  Alkyl chain linkers holding two TMPyP4-

like chromophores together were primarily docked as they are known in literature13 for 

their ability to bind to duplex DNA.  Molecular modeling studies showed that a minimum 

of 5 carbon atoms is required in the linker for favorable interactions with the mixed 

parallel/antiparallel G-quadruplex.  Hence DAP, which has the optimum linker length, 

was chosen to be synthesized.  Another dimer with only three carbon alkyl chain (PND) 

was also chosen to be synthesized for comparable studies.  Even though a 3 carbon alkyl 

chain linker (PND) is shorter for the two porphyrin units to bind at the top and bottom of 

the two external tetrads, the main purpose of studying PND was to evaluate the effect of a 

shorter linker.  There is a possibility that a shorter linker might allow to stack one 

porphyrin monomer with one external tetrad while the other unit might bind to the G-

quadruplex groove by external stacking.  Another likelihood is internal stacking by the 

within two G-tetrads, though internal stacking is not a very common mode of G-

quadruplex-ligand interaction, but various research groups have reported such interaction 

of TMPyP4 with G-quadruplex.30, 31 
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Even though a variety of linkers were studied by molecular modeling, only DAP and 

PND could be successfully synthesized due to considerable synthetic challenges.  

Synthesis of the unsymmetrical porphyrin (1) is the key step in the synthetic route and 

this was achieved by microwave-assisted synthesis.  This significantly reduced the time 

and number of purification steps and improved the yield from the reported12 5.9% to 7%.  

DAP and PND were then synthesized by slightly modifying the reported method.13 

In vitro studies were done both on DAP and PND to evaluate their interaction with the c-

MYC G-quadruplex and they undoubtedly show interaction with the c-MYC G-

quadruplex.   First, a polymerase stop assay at various concentrations (Figure 3.9) was 

performed and it clearly indicated that both DAP and PND stabilize the G-quadruplex, 

and as expected they show binding at a lower concentration as compared to TMPyP4 (1 

µM).  DAP showed a 50-fold increase (0.05 µM) whereas PND showed a 10-fold 

increase (0.01 µM) over TMPyP4. As expected the order of binding to the c-MYC G-

quadruplex is DAP>PND>TMPyP4.  However, a higher duplex DNA binding was 

observed for the dimers, particularly for DAP at higher concentration.  This can be 

attributed to the fact that these dimers also show affinity for duplex DNA and have been 

studied for the same.13  Secondly, CD studies were performed to understand the nature of 

interaction with the G-quadruplex.  The c-MYC G-quadruplex is parallel in nature in the 

absence of any drug,3, 64, 65  but TMPyP4 induces a structural change upon interaction 

with the c-MYC G-quadruplex.3  From all the evidences so far, the most probable 

structure that TMPyP4 might induce is the mixed parallel/antiparallel G-quadruplex 

structure in low salt concentration.  As the dimers are structurally similar to TMPyP4, so 
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it was assumed that they would also induce a similar structural change upon interaction 

with the G-quadruplex.  However, CD studies indicate that this assumption might not be 

true.  In the presence of added salt (KCl) and TMPyP4, the characteristic CD signature of 

a parallel G-quadruplex at 262 nm changes and a shoulder at 285 nm is evolved.   This is 

not observed with DAP and PND.  This effect is much more pronounced in the absence 

of any added salt (Figure 3.13), where the G-quadruplex clearly shows anti-parallel 

properties upon interaction with TMPyP4.  On the other hand, the induced CD spectra of 

both DAP and PND are observed at a much lower concentration than TMPyP4.  These 

results evidently show that TMPyP4 and the dimers bind to different types of G-

quadruplexes.  As we already know that TMPyP4 binds to the mixed parallel/antiparallel 

G-quadruplex, the dimers most likely bind to the parallel G-quadruplex structure.  The 

major interaction between porphyrins and G-quadruplexes is through the positive charges 

on the pyridyl rings in porphyrins with the negative charges in the phosphate backbone of 

DNA (i.e., the porphyrins do not show any binding without the positive-charged meso-

substituted rings).66  In the parallel G-quadruplex structure, the internal loops are not 

available for interaction with the porphyrin meso cationic group.  Therefore, to provide 

these interactions, TMPyP4 traps a looped-out structure where the anionic backbone 

stabilizes the TMPyP4.3   But the dimers have the advantage of stacking on top and 

bottom of two external tetrads (though PND might not be able to do so, yet it can always 

bind to the groove), so they achieve higher level of interaction with the G-quadruplex by 

external stacking with the G-tetrads and hence the loop inversions do not occur.  This 

contrasts the initial hypothesis that the dimers will act in a similar fashion as the 
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monomer, i.e. TMPyP4.  As all the initial molecular modeling studies were done with the 

mixed parallel/antiparallel G-quadruplex structure, so these studies were repeated with 

the parallel G-quadruplex structure.  DAP was docked with the parallel G-quadruplex 

structure in an analogous way as with the mixed parallel/antiparallel G-quadruplex 

structure, and as predicted, due to a shorter linker length, PND couldn’t be docked in a 

similar fashion. 

Finally, in vivo studies were done on the dimers and compared with TMPyP4.  It was 

observed that as compared to TMPyP4, both PND and DAP showed a reduced effect on 

the c-MYC gene expression.  TMPyP4 downregulates the c-MYC gene expression by a 

greater extent as compared to the dimers.  This might be because of cell uptake issues.  

The dimers have 6 positively charged pyridyl groups whereas TMPyP4 has only 4 

positively charged pyridyl groups, so the dimers might not be able to cross the lipophilic 

barrier on the cell surface as easily as TMPyP4.  This also explains the fact that both 

PND and DAP are less cytotoxic as compared to TMPyP4.   

Overall, it has been shown that porphyrin dimers can interact and stabilize the c-MYC G-

quadruplex.  Unlike their monomer counterpart TMPyP4, they might not induce any 

structural change upon interaction with the G-quadruplex.  Minimizing the number of 

charges around the porphyrin core might have an increased effect on c-MYC down-

regulation.  It can be inferred that with appropriate linker length it is possible to achieve 

greater stabilization of the c-MYC G-quadruplex by porphyrin dimers and consequently 

down-regulation of the c-MYC gene expression.    
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CHAPTER 4. DESIGN, SYNTHESIS AND BIOLOGICAL EVALUATION OF 
AN INTERCALATOR-ALKYLATOR HYBRID THAT INTERACTS WITH THE 

c-MYC G-QUADRUPLEX 
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1. Introduction 

The c-MYC G-quadruplex has evolved as an attractive target for the development of anti-

cancer drugs.  The cationic porphyrin TMPyP4 is a well studied ligand that stabilizes the 

G-quadruplex structure by intercalation and represses the c-MYC gene transcription.1, 2  

Interaction of the G-quadruplex structure with TMPyP4 stabilizes the gene-off (silence) 

form by inhibition of conversion to the single-stranded gene-on (transcriptionally active) 

forms.1  

To date, only intercalating ligands have been reported for the c-MYC G-quadruplex.3, 4  

In this chapter an intercalator-alkylator hybrid compound (HBP4, Figure 4.3) has been 

explored for its interaction with the c-MYC G-quadruplex.  Cationic porphyrins 

intercalate with  guanine-tetrads by means of electrostatic and π–π interactions and 

stabilize the G-quadruplex structure.1, 5-11  The combination of  cationic porphyrin and an 

alkylating agent would generate a compound with additional stabilization properties due 

to the formation of a covalent adduct between the G-quadruplex and the ligand.  This can 

shift the equilibrium to the drug-bound G-quadruplex form and can eventually lead to 

repression of gene-transcription.   

A hybrid compound has been designed by fusing TMPyP4 with a well-known DNA 

alkylator 4-[4-(bis(2-chloroethyl)amino)phenyl]butanoic acid or chlorambucil via an 

amide bond.  Chlorambucil is a nitrogen mustard with chemotherapeutic properties.12-15  

Nitrogen mustards (bischloroethylamines) are a class of DNA alkylating compounds with 

bifunctional properties, where the two chloroethyl groups act as the “reactive arms”.  The 
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main site of alkylation on DNA is the N-7 position of guanine16, 17 via a mechanism 

shown in Figure 4.1.  The alkyl halide forms an aziridium ion by means of an 

intramolecular nucleophilic attack by the tertiary nitrogen atom.  The electrophilic 

aziridinium ion is then attacked by the N-7 of guanine and a covalent bond is formed.  

Following the formation of a covalent link, the second reactive arm on the alkylating 

agent is free to react.  The second interaction with DNA may lead to the formation of 

either inter- or intra-strand cross-links.  The importance of such cross-linking is 

demonstrated by the fact that monofunctional alkylating agents are generally less 

cytotoxic than the corresponding bifunctional compounds.18 

One important aim behind the studies presented in this chapter is to evaluate if TMPyP4 

retains its intercalating properties after the attachment of an alkylator.  Figure 4.2 shows a 

model for the possible interaction of the hybrid compound with the G-quadruplex.  

TMPyP4 can intercalate below a guanine tetrad and the nitrogen mustard can possibly 

alkylate any nearby guanine dependant upon the juxtaposition of the alkylating moiety. 
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Figure 4.1 Mechanism of DNA alkylation by a nitrogen 
mustard. 
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Figure 4.2 Model for the interaction of the hybrid compound with 
the parallel c-MYC G-quadruplex, (color coding: blue = guanine 
tetrads, yellow = intercalator, green = linker, magenta = 
alkylator, colored spheres = bases (red = guanine, green = 
adenine, blue = thymine)). 
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2. Experimental Section 

2.1 Materials and Methods for Chemistry  

1H NMR spectra were run on a Varian Unity 300-MHz NMR Spectrophotometer.  The 

chemical shifts are relative to the trace proton signals of the deuterated solvent.  Coupling 

constants, J, are reported in Hz and refer to apparent peak multiplicity rather than 

coupling constants.  UV-Vis spectra were recorded on a Varian Cary 3E UV-Vis 

spectrophotometer.  Singly and multiply protonated porphyrin molecules were generated 

by electrospray ionization (ESI).  Fast atom bombardment (FAB) measurements have 

been carried out on a JEOL HX-110 sector instrument equipped with a conventional Xe 

gun.  A mixture matrix of glycerol:thioglycerol:mNBA (meta-nitrobenzyl alcohol) 

50:25:25 containing 0.1 % of TFA was used as the FAB matrix.  For accurate mass 

measurements, polyethylene glycol (PEG) was used as the internal standard.  Flash 

column chromatography was performed on silica gel 60, 230-400 mesh, purchased from 

Spectrum.  Basic aluminum oxide purchased from Aldrich (standard grade, 150 mesh, 58 

Å) was also used for purifying porphyrins in column chromatography.  High pressure 

liquid chromatography (HPLC) measurements were carried out on a Varian Pro Star 

instrument attached to a PDA detector.  Aluminum sheets (silica gel, 60 F254) were used 

for thin layer chromatography (TLC) purpose.  All starting materials were obtained from 

Aldrich unless otherwise specified.  [5-(4-nitrophenyl)-10,15,20-tris(4-pyridyl)]porphine 

(1) and [5-(4-aminophenyl)-10,15,20-tris(4-pyridyl)]porphine (2) were prepared by 

modifying literature procedures.19  
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2.2 Synthesis 

a. Preparation of [5-(4-nitrophenyl)-10,15,20-tris(4-pyridyl)]porphine (1) 

A mixture of 3 g (0.02 mol) of 4-nitrobenzaldehyde with propionic acid (135 ml) and 

acetic anhydride (15 ml) was heated at 110 °C with stirring.  To this solution, freshly 

distilled pyridine-4-carboxaldehyde (3.2 ml, 0.034 mol) and freshly distilled pyrrole (3.1 

ml, 0.045 mol) were added and the resulting mixture was refluxed for 3 hours.  The 

mixture was then evaporated to dryness at room temperature (RT) and neutralized with 

1M ammonium hydroxide.  The precipitate was filtered and washed with 

dichloromethane (DCM) several times (~2 L DCM was used).  The solvent was then 

evaporated and the product was purified on a silica gel column with DCM first and 

slowly and gradually 6% EtOH/DCM.  After removal of solvent, the residue was 

recrystallized from chloroform and hexane to yield 526 mg (7%) of the product as purple 

crystals, solid; mp > 250 °C; 1HNMR (CDCl3)  δ -2.90 (s, 2H), 8.15 (d, J = 6.0 Hz, 6H), 

8.35 (d, J = 8.3 Hz, 2H), 8.60 (d, J = 8.2 Hz, 2H), 8.79 (d, J = 4.9 Hz, 2H), 8.90 (m, 8H), 

9.10 (d, J = 6.0 Hz, 6H); UV-vis (CHCl3) λmax (nm) (ε  (mol-1 cm-1)) 642 (1500), 586 

(2300), 545 (3200), 515 (82000), 419 (230000); HRMS (FAB) (M+) m/z calcd. for 

C41H26 N8O2 664.7134, found 664.7130. 
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b. Preparation of [5-(4-aminophenyl)-10,15,20-tris(4-pyridyl)]porphine (2) 

252 mg (0.38 mmol) of compound 1 was dissolved in 25 ml of 6 M hydrochloric acid and 

672 mg (3 mmol) of stannous chloride dihydrate was added to it.  The reaction mixture 

was stirred at room temperature for 72 hours.  The mixture was neutralized with 1 M 

sodium hydroxide and then extracted from the aqueous layer with chloroform.  DCM did 

not extract the product completely from the aqueous layer and required large volumes of 

it, so chloroform was used for all future extractions of the product.  The organic layer was 

then washed several times with water and dried over anhydrous MgSO4.  The solvent was 

removed and the product was recrystallized from hexane to yield 210 mg (87%) of 2.  

solid; mp > 250 °C; 1HNMR (CDCl3)  δ -2.95 (s, 2H), 7.10 (d, J = 8.2, 2H), 7.20 (d, J = 

8.0, 2H), 8.12 (d, J = 6.0 Hz, 6H), 8.82 (d, J = 4.6 Hz, 2H), 8.84 (m, 4H), 9.04 (d, J = 4.6 

Hz, 2H), 9.04 (d, J = 6.0 Hz, 2H); UV-vis (CH3Cl) λmax (nm) (ε  (mol-1 cm-1)) 650 (3200), 

590 (3500), 560 (5000), 515 (9200), 418 (360000); HRMS (FAB) (M+) m/z calcd. for 

C41H30 N8 634.7305, found 634.7304. 
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c. Synthesis of [5-[4-(4-(bis(2-chloroethyl)amino)butyrylphenyl)-aminophenyl]-
10,15,20-tris(4-pyridyl]porphyrin (3) 

Compound 3 was synthesized by using different reagents for amide bond formation.  

They are listed in the results section.  In the procedure described below, 1-ethyl-3-(3-

dimethyl aminopropyl) carbodiimide hydrochloride (EDC.HCl) has been used as the 

coupling reagent.   

50 mg (0.164 mmol, 1.2 eq) of 4-(4-(bis(2-chloroethyl)amino)phenylbutanoic acid 

(chlorambucil) was dissolved in 20 ml of DCM.  To this mixture was added 104.3 mg 

(0.544 mmol, 4.0 eq) of 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride 

(EDC.HCl) and 66.46 mg (0.544 mmol, 4 eq) of 4-(dimethylamino)pyridine (DMAP) and 

stirred under argon.  A solution of 85.2 mg (0.136 mmol, 1eq) of 2 in 10 ml DCM was 

then slowly added to this mixture and was stirred at room temperature under argon.  The 

reaction was monitored by HPLC, and after approximately 72 hours negligible amount of 

starting material was left.  The solvent was then evaporated under vacuum and the 

residue was dissolved in chloroform.  The organic layer was washed with water several 

times and dried over anhydrous magnesium sulphate.  The solvent was then evaporated 

and the product was purified by silica gel chromatography.  The desired product was 

eluted at 3% MeOH/DCM.  The solvent was further evaporated and the product was 

recrystallized from chloroform and hexane and collected as purple crystals.  Yield: 80% 

(68.16 mg).  solid; mp > 250 °C; 1HNMR (10% CH3OD/CDCl3)  δ -2.98 (s, 2H), 2.18 

(m, 2H), 2.57 (t, J = 7.6 Hz, 2H), 2.78 (t, J = 7.3. Hz, 2H), 3.67 (t, J = 6.1 Hz, 4H), 3.76 

(t, J = 6.1 Hz, 4H), 6.72 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 7.92 (d, J = 8.1 Hz, 
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2H), 8.18 (m, 6H), 8.84 (m, 8H), 8.96 (d, J = 4.9 Hz, 2H), 9.03 (m, 6H); UV-vis (10% 

CH3OH/CH2Cl2) λmax (nm) (ε  (mol-1 cm-1)) 650 (3350), 586 (4100), 552 (6800), 520 

(10000), 420 (450000); HRMS (ESI) (M+) m/z calcd. for C55H45Cl2N9O 918.9115, found 

918.9117. 

 

d. Preparation of [5-[4-(4-(bis(2-chloroethyl)amino)butyrylphenyl)-aminophenyl]-
10,15,20-tris(4-N-methylpyrindiniumyl]porphyrin trichloride (HBP4) 

HBP4 was synthesized by using iodomethane in different solvents and conditions.  They 

are listed in the results section.  The procedure described below yielded the desired 

product.  

10 mg (0.01 mmol) of (3) was dissolved in 10 ml of dimethyl formamide (DMF) and 1ml 

(16.1 mmol) sample of iodomethane was added.  The mixture was stirred at room 

temperature for 48 hours.  After removal of solvent to dryness, the residue was dissolved 

in minimum amount DMF and precipitated with diethyl ether.  The brown powder was 

collected by centrifugation and washed with diethyl ether.  A 15 ml sample of water was 

added to the residue, which was then treated with 2.0 g of Dowex 1x2-200 anion-

exchange resin in chloride form, shaking slowly for 2 h.  The resin was filtered off and 

washed with water, and the filtrate was lyophilized to give the chloride salt.  The purity 

of the compound was monitored by using HPLC.  The reaction was quantitative. 

solid; mp > 250 °C; 1HNMR (DMSO-d6)  δ -2.98 (s, 2H), 2.24 (m, 2H), 2.60 (t, J = 7.2 

Hz, 2H), 2.80 (t, J = 7.4. Hz, 2H), 3.82 (t, J = 5.3 Hz, 4H), 3.96 (t, J = 5.5 Hz, 4H), 4.72 
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(s, 9H), 6.74 (m, 2H), 7.18 (d, J = 8.4 Hz, 2H), 8.18 (m, 6H), 8.98 (m, 8H), 9.03 (d, J = 

5.2 Hz, 2H), 9.12 (m, 6H), 9.48 (d, J = 4.8 Hz, 2H); UV-vis (10% CH3OH/CH2Cl2) λmax 

(nm) (ε  (mol-1 cm-1)) 645 (4490), 589 (10300), 547 (10300), 514 (33400), 418 (613000); 

HRMS (ESI) (M+) m/z calcd. for  C58H54Cl2N9O3+ 964.0134, found 964.0132. 

 

2.3 Molecular Modeling Studies 
 
a. Structure of HBP4  

HBP4 was built by using known crystal structures of TMPyP420 and chlorambucil.21  The 

compound was optimized using the consistent valence force field (CVFF) implemented 

in Discover_3.22  Positive charges for the 4-pyridyl-N-methyl groups were added using 

the charge option defined within Insight II molecular modeling software (Accelrys Inc.)23 

 

b. Docking of HBP4 the Parallel G-quadruplex Structure 

Docking of HBP4 with the parallel G-quadruplex structure was performed using Insight 

II.  HBP4 was manually placed above the external tetrad at the 5´-end based on the 

alkylation assay (Figure 4.8).  Various orientations of HBP4 were obtained by rotation 

and translation.  Orientations showing the maximum interactions between HBP4 and the 

G-quadruplex were selected. These orientations were then subjected to 2500 steps of 

minimization using Discover_3.  The orientation that gave the better interaction energy 

value and more favorable docking was selected for further MD simulations. 
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The complex structure obtained from docking was hydrated with a 10 Å layer of TIP3P 

water molecules.24  This structure was then subjected to a molecular dynamics protocol 

with 40 ps equilibration and 100 ps simulations at 300 K using the Verlet method and 

NVT ensemble.22  Distances and angles for hydrogen bonds involving G-quadruplex 

tetrad bases were restrained by means of the upper-bound harmonic restraining function 

with a force constant of 10 kcal mol-1 Å-2 for distances and 30 kcal mol-1 rad-2 for angles.  

The CVFF parameters were used during the simulations.  Trajectories were collected 

after every 100 fs, and the lowest energy trajectories were collected from the entire set.  

The 10 lowest potential energy structures were selected and energy minimized using 

2500 steps of conjugate gradient minimization using CVFF within Insight II.  These 

energy-minimized structures were then used to observe the docking orientation of dimers 

and calculate the intermolecular interaction energy values.  The best structure was 

selected on the basis of the better interaction energy value and optimum interactions 

between the dimers and the G-quadruplex.  The intermolecular interaction energy was 

calculated by using the docking program within Insight II. 
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2.4 Circular Dichroism (CD) Spectroscopy 

PU18-mer d[AGGGTGGGGAGGGTGGGG] were obtained PAGE purified from Sigma 

Genosys, dissolved in autoclaved double-distilled water (100 µM), and kept at -20 °C for 

no longer than 6 weeks.  CD spectra were recorded on a Jasco-810 spectropolarimeter 

(Jasco, Easton, MD), using a quartz cell of 1 mm optical path length, an instrument 

scanning speed of 100 nm/min, with a response time of 1 s, and over a wavelength range 

of 200-330 or 200-600 nm for the titration experiments with drugs.  All DNA samples 

were dissolved in Tris-HCl buffer (50 mM, pH 7.6) to a strand concentration of 10 µM, 

and where appropriate, the samples also contained 100 mM KCl.  The compound was 

dissolved from previously prepared 10 mM stock solutions to a concentration of 0.5 mM 

with double-distilled water and titrated into the DNA sample.  The CD spectra herein are 

representations of four averaged scans taken at 25 °C and are baseline corrected for signal 

contributions due to the buffer. 

 

2.5 Biological Studies  

The polymerase stop assay, alkylation assay and the in vivo studies presented here are 

provided by Dr. Daekyu Sun and were done according to published procedures.1, 2 
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3. Results  
 
3.1 Design of an Intercalator-Alkylator Hybrid Compound 

To design the hybrid molecule, an intercalator and an alkylator unit were to be chosen 

and then attached together.  As cationic porphyrins are known to bind to the c-MYC G-

quadruplex1, 2, therefore a TMPyP4-like unit was chosen as the intercalator.  TMPyP4 

and Se2SAP are two well-studied intercalators for the c-MYC G-quadruplex.1, 2, 4  As 

compared to TMPyP4, Se2SAP shows a greater selectivity and a 40-fold increase in 

stabilization of the c-MYC G-quadruplex.4  However, unlike TMPyP4, it is not known to 

down-regulate the c-MYC expression in vivo.2  Moreover, it was synthetically 

challenging to functionalize the Se2SAP core for the attachment of an alkylator moiety.  

Hence, a TMPyP4-like unit was chosen to be the intercalating unit. 

For the alkylator unit, chlorambucil was chosen for two reasons. First, it is a well-

established DNA alkylator and is commercially available and has an acid functional 

group, secondly it has a flexible 3-carbon alkyl chain that can possibly be a linker 

between the two moieties.  So, HBP4 was designed by connecting TMPyP4-like moiety 

with chlorambucil via an amide bond (Figure 4.3). 
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Figure 4.3 Designed hybrid compound HBP4 [5-[4-(4-(bis(2-
chloroethyl)amino)butyrylphenyl)-aminophenyl]-10,15,20-
tris(4-N-methylpyrindiniumyl]porphyrin trichloride. 
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3.2 Synthesis of HBP4 

The synthesis of the unsymmetrical porphyrin 1 (Figure 4.4) was carried out according to 

the classical Alder-Longo method.25  Ding and coworkers have reported the synthesis of 

1 and its analogs and have evaluated their cytotoxicity.19  4-pyridyl carboxyaldehyde and 

4-nitrobenzaldehyde were condensed with pyrrole to yield 1.  This cyclocondensation of 

aryl aldehydes with pyrrole in propionic acid and acetic anhydride is a key step in the 

synthesis of unsymmetrical 5,10,15,20-tetraaryl porphyrins.  The yield is generally low as 

various isomers and oligomeric polypyrroles are obtained in combination with the desired 

product.  The desired porphyrin, 1 was formed with 5 other isomers (Figure 4.5) and was 

purified by repeated column chromatography.  The first purification step was done on a 

basic alumina column and subsequently separated on silica gel columns as the fifth 

eluting band and identified by mass spectroscopy and NMR.  The purity of the compound 

was confirmed by HPLC.  The yield of the desired nitro porphyrin 1 was 7%.  The nitro 

porphyrin 1 was reduced in acidic condition using stannous chloride dihydrate in HCl and 

was stirred at room temperature for 72 hours to reduce the nitro group of 1 completely to 

the amino derivative 2.  The progress of the reaction was monitored by HPLC.  The 

extraction of 2 was achieved by neutralizing the reaction mixture with 1 M sodium 

hydroxide and was purified by silica gel column chromatography followed by and 

recrystallization to get purple crystals of  2 in 87% yield.   

 



 

144

 

 

Figure 4.4 Overall synthetic scheme for synthesizing HBP4. 
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Figure 4.5 Isomers formed together with (1), (A) 5,10,15,20-tetra(4-
pyridyl)-porphine, (B) 5,10,15,20-tetra(4-nitrophenyl)-porphine, (C) 
trans- 5,15-bis(4-nitrophenyl)-10,20-bis(4-pyridyl)-porphine, (D) cis-
5,20-bis(4-nitrophenyl)-10,15-bis(4-pyridyl)-porphine, and (E) 5,10,15-
tris(4-nitrophenyl)-20-(4-pyridyl)-porphine. 
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The synthesis of 3 was then carried out by coupling 2 with chlorambucil.  Extra 

precaution was taken while handling chlorambucil.  Different coupling reagents and 

various conditions were tried initially to optimize the yield.  A list of these conditions is 

reported in Table 4.1.    EDC as a coupling reagent worked better than DCC, and was 

comparatively easier to wash off with water.  3 was purified by silica gel column 

chromatography and preparatory TLC and was confirmed by NMP and mass 

spectroscopy. 

The methylation of the three pyridyl groups at C5, C10 and C15 position (for numbering, 

see Figure 4.3) of 3 was carried out by using iodomethane.  Various solvents and 

conditions were tried to get the tri-methylated compound as a single product.  The 

conditions are described in Table 4.2.   

The methylated product was then treated with chloride exchange resin to get HBP4 as the 

chloride salt.  The overall synthetic scheme of HBP4 is shown in Figure 4.4. 
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Reagent Temperature Time (hours) % Yield 

2 eq. DCC/DMAP RT 24 60 

4 eq. DCC/DMAP RT 48 65 

2 eq. EDC/DMAP RT 48 65 

4 eq EDC/DMAP RT 50 80 

Table 4.1 Reagents and conditions used to couple [5-(4-aminophenyl)-
10,15,20-tris(4-pyridyl)]porphine (2) with chlorambucil . 
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Solvent 
Temperature 

 

Time 
(hours) 

Results 

(HPLC Analysis) 

DCM RT 2 3 new peaks + starting material  

DCM RT 5 Starting material disappeared,  2 
new peaks 

DCM RT 10 

2 peaks  

(MS of this sample showed a 
mixture of methylated products) 

DMF RT 1 2peaks  

DMF RT 10 
2 peaks  

 

DMF 70°C 12 

Product decomposed, several 
peaks with different retention 
time appeared 

 

DMF RT 48 One single peak  

Table 4.2 Conditions used to methylate [5-[4-(4-(bis(2-
chloroethyl)amino)butyrylphenyl)-aminophenyl]-10,15,20-tris(4-pyridyl]porphyrin 
(3). 
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3.3 Circular Dichroism Studies 

The titration curve of HBP4 with the PU18-mer is shown in Figure 4.6.  The PU18-mer 

wild type c-MYC sequence [5´-AGGGTGGGGAGGGTGGGG-3´] forms a parallel 

structure in the presence of 100 mM KCl.3  It shows the characteristic CD signatures of a 

parallel G-quadruplex structure3, 26, 27, which are strong maxima at 210 and 262 nm and a 

shallow minimum at 240 nm.   Low strand concentration (10 µM) has been used to 

ensure that an intramolecular G-quadruplex is formed.  A sample of PU18-mer was 

incubated with 100 mM KCl at room temperature and then titrated with HBP4 with 

concentration varying from 1 mole equivalent to 4 mole excess.  It was observed that 

upon each addition of HBP4, a minimum at 425 nm and a maximum at 450 nm evolved.  

This is due to the formation of an achiral environment that is induced by the chiral G-

quadruplex around the ligand.  This confirms the interaction of the drug with the G-

quadruplex.   

An induced CD signature of HBP4 was evolved at 2 mole equivalent of drug 

concentration.  A parallel experiment was performed where TMPyP4 was titrated with 

the PU18-mer and it was observed that a 4 mole equivalent of the drug was required to 

induce a peak (chapter 3, Figure 3.12).  This indicates that a lower concentration of HBP4 

is probably required for G-quadruplex interaction.  Another feature of the titration curve 

of HBP4 is that the CD maxima at 210 nm and 262 nm the minimum at 242 nm remain 

unchanged as the concentration of the drug was increased.  This might suggest that the 

drug interacts with the preformed G-quadruplex and does not alter the secondary 

structure.  
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Figure 4.6 CD titration curve of HBP4 with PU18-mer in the 
presence of 100 mM KCl.  (Inset) Line colors and the mole 
equivalents of HBP4 (left) and structure of HBP4 (right). 
 
 



 

151

Another set of CD studies were done without salt (KCl) being added to the reaction 

mixture and both TMPyP4 and HBP4 were titrated with the PU18-mer sequence.  The 

purpose of this experiment is to evaluate if HBP4 induces any structural change like 

TMPyP4 does (Chapter III) in the absence of added K+ ion.  K+ ion coordinates with the 

guanine-tetrads and stabilizes the structure.  In the presence of potassium ion, the drug 

interacts with the stable G-quadruplex and in some cases it may also induce a structural 

change.3  However, in the absence of K+ ion, the G-quadruplex structure is not very 

stable and treatment with a drug can verify if it can facilitate the formation of G-

quadruplex and stabilize it.  The CD spectrum of HBP4 at 4 mole excess drug 

concentration is noticeably different from the CD spectrum of TMPyP4 (Figure 4.7).  For 

TMPyP4, a shoulder is seen at 285 nm consistent with an anti-parallel G-quadruplex.28  

The emergence of this shoulder is not seen in the titration curve of HBP4 (Figure 4.7).   

HBP4 doesn’t show induced peak without salt or cation.  So, in both conditions (with and 

without salt), it is evident that HBP4 doesn’t alter the c-MYC G-quadruplex structure and 

interacts with the parallel structure while TMPyP4 clearly induces a structural change in 

the absence of potassium ion (Figure 4.7). 
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Figure 4.7 CD titration curve of TMPyP4 and HBP4 with PU18-mer 
in the absence of KCl.  Line colors and the mole equivalents of 
HBP4 and TMPyP4 (Inset). 
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3.4 G-quadruplex Binding of HBP4 (Polymerase Stop Assay) 

The polymerase stop assay can be used to evaluate the relative stabilization of 

intramolecular G-quadruplex structures in the presence of ligands.29  The principle of this 

assay is shown to the left of the gel in Figure 4.8.  DNA extension by Taq polymerase 

was paused at the G-quadruplex forming site, the extent of which can be used as a 

measure of the stabilization of G-quadruplex structures by various ligands.  The relative 

binding affinity of porphyrins to the intramolecular parallel G-quadruplex structure was 

determined by incubating increasing concentrations of TMPyP4, and HBP4 with a DNA 

template containing PU27-c-MYC sequence [5´-

TGGGGAGGGTGGGGAGGGTGGGGAAGG-3´] at 55 ºC in the presence of Taq 

polymerase.  Since there was a considerable amount of pausing (attributable to the 

presence of K+ ion in the buffer that facilitates G-quadruplex formation) in the absence of 

drug, elevated temperatures (55ºC) were used to partially destabilize the arresting G-

quadruplex structure and thereby permit a larger window for drug stabilization of the G-

quadruplex structure.  The G-quadruplex binding ability of HBP4 was compared with 

TMPyP4.   

Figure 4.8 (A) shows the concentration-dependent inhibition of Taq polymerase DNA 

synthesis by ligand stabilization of the G-quadruplex structure formed in the DNA 

templates containing the PU27 c-MYC sequence.  For each ligand there is significantly 

greater pausing at the G-quadruplex site in the presence of increasing concentrations of 

these compounds.  These results are quantified in Figure 4.7 (B). The pausing at the G-

quadruplex forming site is quantified as the percentage of normalized stop product with 
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respect to the total intensity per lane. While TMPyP4 shows quadruplex binding at 0.1 

µM concentration, HBP4 shows G-quadruplex binding at 0.05 µM concentration.  There 

is also slight duplex interaction by TMPyP4 at higher concentrations (Figure 4.8 (B)), 

increased intensity of the primer length product bands with increasing concentration 

unlike HBP4. 
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Figure 4.8 (A) Concentration-dependent inhibition of Taq polymerase DNA synthesis by 
stabilization of the c-MYC G-quadruplex structure with TMPyP4 (0.05-1.0 µM, lanes 3-
7) and HBP4 (0.05-1.0 µM, lanes 8-12) using a DNA template containing the PU27 c-
MYC sequence at 55 °C (10 mM KCl/NaCl).  The cartoon to the left of the gel illustrates 
the principle of the polymerase stop assay.  (B) Graphical representations of the 
quantification of the autoradiogram shown in (A), showing the normalized percentage of 
stop product at the G-quadruplex site and the primer site. 
 

B

A
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3.5 Alkylation Assay 

An alkylation assay was done to evaluate the interaction of the alkylator moiety with the 

c-MYC G-quadruplex.  The conditions used in this assay are particularly geared to 

envisage the effect of the alkylator moiety on the G-quadruplex sequence as it was done 

in the absence of light.   In the presence of light or photo radiation, porphyrins catalyze 

the oxidation of DNA, which results in DNA strand breakage in proximity to the binding 

sites.  Hence, exposure of the DNA to light was avoided so that the cleavage produced is 

due to alkylation rather than intercalation.  The PU27-mer sequence was incubated with 

HBP4 in the absence of light and the DNA was then treated with piperidine which 

specifically cleaves the guanines modified at the N-7 position.  For comparative studies, 

TMPyP4 was also included in the assay. 

Figure 4.9 shows the specific cleavage pattern of the G-quadruplex by HBP4.  Without 

salt (KCl), cleavage was not observed either for TMPyP4 or HBP4.  In the presence of 

KCl, TMPyP4 still did not show any cleavage pattern whereas HBP4 specifically cleaved 

G7, G11, G16 and G20.  This suggests that the cleavage is G-quadruplex specific as it is 

observed only in the presence of potassium ion, which is required to stabilize the G-

quadruplex.30, 31  In the parallel c-MYC G-quadruplex, G7, G11, G16 and G20 form the 

external G-tetrad at the 5´-end.  This indicates that HBP4 apparently binds to the external 

face of the guanine tetrad in the 5´-end.  A model for the interaction of HBP4 with the 

parallel c-MYC G-quadruplex is shown in Figure 4.10. 
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Furthermore, the alkylation assay suggests that the cleavage pattern is specific to 

alkylation by the chlorambucil moiety of HBP4 and not by the cationic porphyrin moiety 

as parallel studies with TMPyP4 did not show any cleavage pattern even in the presence 

of potassium ion.   
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Figure 4.9 Alkylation assay with TMPyP4 (lanes 4-8) and HBP4 (lanes 9-
13) in the absence of KCl and TMPyP4 (lanes 15-19) and HBP4 (lanes 
20-24) in the presence of KCl using a DNA template containing the PU27 
c-MYC sequence at 37 °C.  Lane 1 and 2 show the A, G, T and C 
sequencing reaction for the PU27-mer sequence.  The sequence is shown 
in the right where key guanines are marked.  
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Figure 4.10 Proposed model for the interaction of HBP4 with the parallel 
c-MYC G-quadruplex structure based on the alkylation, (color coding: 
orange = guanine tetrads, green/yellow = HBP4, colored spheres = bases 
(red = guanine, green = adenine, blue = thymine)). 
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3.6 Molecular Modeling Studies 

HBP4 was modeled with the parallel c-MYC G-quadruplex structure, based on the 

alkylation data.  The coordinates of the solution structure of the parallel G-quadruplex 

were taken for docking purpose.32  This G-quadruplex structure (22-nucleotide sequence) 

adopts an intramolecular parallel-stranded quadruplex conformation with three guanine 

tetrads and three side loops, including two single-nucleotide side loops and one double-

nucleotide side loop, that connect the four guanine strands.  The two G-to-T mutated 

bases T4 and T23 were replaced with guanines before docking studies.  The 3´-flanking 

sequence (G23, A24, and A25) forms a stable fold-back stacking conformation capping 

the top end of the G-quadruplex structure.  The 5´-flanking adenine (A6) and guanine 

(G4 and G5) bases cap the bottom end of the G-quadruplex, with the adenine stacking 

very well with the bottom tetrad.32 

Based on the alkylation assay, HBP4 was manually placed at the 5´-end of the G-

quadruplex between the external tetrad (G7, G11, G16 and G20) and the cap formed by 

A6, G5 and G4 so that the porphyrin unit stacked both with the tetrad and the capping 

bases and the alkylator unit was placed near the grooves formed by the G-tetrads and the 

loop bases.  Initially, different orientations of HBP4 were used as a starting point for 

energy minimization.  The most stable orientation, showing the best interaction energy 

and optimum interactions between HBP4 and the c-MYC G-quadruplex, was selected and 

subjected to molecular dynamics (MD) simulations.  Trajectories collected during MD 

simulations were analyzed on the basis of potential energy.  Ten low potential energy 
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frames were then subjected to minimization, and interaction energy values were 

calculated.  The best docking orientation of HBP4 with the parallel G-quadruplex shows 

an interaction energy value of –132.5 kcal/mol (Figure 4.11).  The positively charged 

pyridyl ring attached at C15 and C20 (for the numbering, see Figure 4.3) interact with the 

negatively charged phosphate backbone of G5 and A6 respectively.  The aromatic core of 

HBP4 exhibit stacking interaction with the 5´-external guanine tetrad and the pyridyl ring 

at C15 particularly stacks with the aromatic core of the 5´-flanking bases G4 and G5.  

The interaction of the alkylator moiety is approximately perpendicular to the porphyrin 

core (Figure 4.11) and can rotate to alkylate the guanines of the 5-end external tetrad.   
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Figure 4.11 A proposed model structure for HBP4 (color-by-atom, 
chloride ion shown in pink) complexed with the parallel c-MYC G-
quadruplex.  HBP4 shows stable binding orientation with the porphyrin 
unit binding within the external G-tetrad at the 3´ end and the alkylator 
unit binding at the groove (color coding: adenine = green, guanine = 
red, and thymine= blue) with potassium atoms (as CPK model). 
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3.7 In Vivo Studies 
 
a. Dose Response of HBP4 
In Figure 4.12, the dose response of HBP4 has been compared with TMPyP4 on HeLa S3 

cell line.  Dose response is a measure of the toxicity level of a drug to a cell line.  While 

TMPyP4 shows cytotoxicity with an IC50 value of 60 µM, HBP4 shows a 90% survival 

of cells at the same concentration, deducing that HBP4 is less cytotoxic than TMPyP4. 
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Figure 4.12 Dose response of HBP4 compared to TMPyP4 on HeLa 
S3 cells.  Cells were incubated with the indicated concentrations of 
HBP4 and TMPyP4 for 96 h.  Cytotoxicity was then measured 
using an MTS assay. 
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b. Effect of HBP4 on c-MYC gene expression 

In vivo studies were performed to examine the effect of HBP4 on the c-MYC gene 

expression.  MiaPaCa-2 pancreatic cancer cells were treated with various concentrations 

of HBP4, TMPyP4 and TMPyP2 for 24, 48, and 72 hours and the total cellular RNA was 

extracted from the harvested cells and subjected to poly(A)-specific reverse transcription 

to generate cDNA.  This cDNA was then used as a template for specific PCR 

amplification of the c-MYC sequence according to a published procedure.2  TMPyP4, 

which is a standard G-quadruplex interactive agent, was used as an internal control in this 

experiment to confirm that this agent specifically drives the down-regulation of c-MYC 

as in a previous study.  TMPyP2, the positional isomer of TMPyP4 without the ability to 

interact with c-MYC G-quadruplex, was included as a negative control compound.  After 

gel electrophoresis, PCR products were visualized by staining the gel with ethidium 

bromide.  As shown in Figure 4.13, a significant decrease in c-MYC mRNA was 

observed in the cells treated with 50 µM HBP4 even after 24 hours, whereas, TMPyP4 

caused a decrease in c-MYC mRNA only after 72h.  The nitrogen mustard (chlorambucil) 

did not show any change in the c-MYC expression level which suggests that the down-

regulation of the gene expression is a combined effect of both the porphyrin and the 

nitrogen mustard. 

.  
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Figure 4.13 RT-PCR to determine the effect of HBP4, TMPyP4 and 
TMPyP2 on c-MYC mRNA levels, MiaPaCa-2 cells were treated 
with TMPyP4, TMPyP2, HBP4 and Mustard at 50 µM 
concentration for 24, 48, and 72 h, and the total RNA was extracted 
and subjected to reverse transcription followed by PCR for c-MYC 
and  β-actin (control). 
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4. Discussion 

In this chapter, an intercalator-alkylator hybrid compound (HBP4) has been explored for 

its interaction with the c-MYC G-quadruplex.  Until now, only intercalating ligands have 

been studied for the c-MYC G-quadruplex structure1-4  So, to evaluate the interaction of 

an alkylator, HBP4 was designed by fusing a cationic porphyrin unit with a DNA 

alkylator,  chlorambucil (Figure 4.3).  The rationale behind selecting TMPyP4 is its well-

studied intercalating properties with the c-MYC G-quadruplex.  Chlorambucil, on the 

other hand is a chemotherapeutic agent that alkylates the N-7 of guanine.  It is a nitrogen 

mustard with a 4-phenyl-butanoic acid side chain.  The three carbon alkyl chain (part of 

butanoic acid) can possibly act as a linker between the cationic porphyrin unit and 

chlorambucil. 

The synthesis HBP4 was achieved by making the unsymmetrical porphyrin 5-(4-

nitrophenyl)-10,15,20-tris(4-pyridyl)]porphine or 1.   The synthesis of 1 involved 

considerable synthetic challenges due to the formation of other positional isomers.  

Synthesis of the HBP4 was then achieved by coupling the amino derivative 2 with 

chlorambucil, which was available commercially (Figure 4.4).  The methylation of the 

pyridyl nitrogen atoms was relatively tough and various conditions were tried to yield a 

single product (Table 4.2).    

To evaluate their interaction of HBP4 with the c-MYC G-quadruplex, first a CD titration 

was carried and it clearly suggested that HBP4 interacts with a parallel G-quadruplex.    

In the presence of salt (KCl), titration of the PU18-mer with HBP4 showed no change in 
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the characteristic CD signature of a parallel G-quadruplex which are maxima at 210 and 

262 nm and a minimum at 242 nm (Figure 4.6).  However, a pronounced induced CD of 

the ligand was observed at 425 and 450 nm which confirmed its interaction with the G-

quadruplex.  The presence of secondary CD signatures even after 4 mole excess of HBP4 

further indicated that intercalation by TMPyP4 leads to the alkylation of the chlorambucil 

unit.  Titration of HBP4 with PU18-mer in the absence of salt (Figure 4.7) did not show 

any induced CD of the drug, indicating that HBP4 interacts with a pre-formed G-

quadruplex and unlike TMPyP4, it does not induce a structural change. 

Furthermore, a polymerase stop assay at various concentrations (Figure 4.8) was 

performed and it clearly indicated that HBP4 stabilizes the G-quadruplex.  It showed a 

considerable pausing at the G-quadruplex forming site at 0.5 µM concentration, which is 

2-fold better than TMPyP4 (1 µM).  Also, HBP4 did not show any duplex interaction 

even at higher concentrations.  From this assay, it can be inferred that TMPyP4 retained 

its intercalating properties even after the attachment of an alkylator to it.  It can also be 

deduced that the first phenomenon that occurs when HBP4 is treated with the c-MYC 

sequence is intercalation, which then directs the alkylation.    

To understand the alkylating properties of HBP4, an alkylation assay was performed 

(Figure 4.9) and HBP4 was compared with TMPYP4.  The assay was done in the absence 

of light, which eliminated all the possibilities of photo-activation of the porphyrin.  It was 

interesting to observe that HBP4 showed alkylation of c-MYC only in the presence of 

potassium ion.  The presence of potassium ion stabilizes the G-quadruplex structure, 
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which indicates that HBP4 interacts with a pre-formed G-quadruplex and alkylation is 

strictly specific to G-quadruplex rather than non-specific alkylation by the nitrogen 

mustard.  The guanines that HBP4 alkylates are G7, G11, G16 and G20, which are a part 

of the lowest G-tetrad at the 5´-end of the c-MYC sequence, suggesting to us that HBP4 

possibly interacts with the 5´-end external tetrad of the parallel G-quadruplex (Figure 

4.10).   

Based on the alkylation assay results, HBP4 was docked with the parallel c-MYC G-

quadruplex structure.  Molecular modeling studies showed excellent overlap of the 

porphyrin moiety with the external guanine tetrad at the 5´-end.  The alkylator moiety, 

which is roughly perpendicular to the plane of the porphyrin core (Figure 4.11) can then 

interact with G7, G11, G16 and G20. 

Treatment of cells with HBP4 showed a significant lowering in the c-MYC gene 

expression at 50 µM concentration in 24 hours.  TMPyP4 on the other hand, showed a 

faint effect only in 72 hours.  This result very strongly suggests that the down-regulation 

of the c-MYC gene expression is due to alkylation and not by intercalation.   

On the whole, it has been shown that a hybrid compound between a porphyrin and a 

nitrogen mustard can interact and stabilize the c-MYC G-quadruplex.  In fact, it is 

obvious from the in vivo studies, that the stabilization is much more enhanced as 

compared to TMPyP4 alone.  The nitrogen mustard does not show non-specific 

alkylation of DNA because the mustard by itself does not down-regulate the c-MYC gene 

expression.  In other words, TMPyP4 guides the alkylation of guanines by the nitrogen 
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mustard.  It can be concluded that it is possible to attach an alkylating unit to TMPyP4 

and still retain its intercalating properties with a G-quadruplex.   Finally, conjugation of 

an alkylating agent with a classical G-quadruplex-interactive agent could potentiate the 

biological effects associated with the G-quadruplex-ligand interaction.   
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CHAPTER 5. DESIGN AND SYNTHESIS OF QUINIBENZOXAZINE-BASED 
BISINTERCALATORS AS G-QUADRUPLEX INTERACTIVE AGENTS 
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1. Introduction 

Fluoroquinolones are best identified as bacterial gyrase inhibitors1, 2  and  have also been 

demonstrated to be active against eukaryotic topoisomerase II, either as catalytic 

inhibitors or topoisomerase II poisons3, or as telomerase inhibitors.4  One such group of 

compounds, the quinobenzoxazines, typified by A-62176 (Figure 5.1), has served as a 

starting point for the design of more potent topoisomerase II inhibitors using a structure-

based approach.5  The extended aromatic conjugation system of A-62176 suggested that 

quinobenzoxazines may also intercalate with the more expansive system of G-quadruplex 

DNA and thereby be telomerase inhibitors in parallel with other G-quadruplex-interactive 

compounds, such as the anthraquinones6-10 or cationic quinobenzoxazines.11-13  A-62176 

also has served as the basis for the design of QQ58, a fluoroquinophenoxazine (Figure 

5.1)14 The extended phenoxazine ring of QQ58 selectively enhances its stacking 

interactions with G-quadruplex structures, thereby increasing telomerase inhibition.  A 

series of flouroquinianthroxazines (FQA) have been reported for their interaction with the 

telomeric G-quadruplex and have shown that a particular isomer, FQA-CR, shows 

exclusive G-quadruplex intercalative properties.15   

The starting point of this project is the drug CX-3543 (Cylene Pharmaceuticals).16  CX-

3543 belongs to the fluoroquinolone class of drugs and had been a ground-breaking 

small-molecule targeted towards curing cancer.16  CX-3543 was designed to target the c-

MYC G-quadruplex.  However, intracellularly, CX-3543 demonstrated no direct effect 

on the transcription of the c-MYC proto-oncogene.16  Rather, CX-3543 showed to target 

the parallel/mixed parallel class of quadruplexes that are overexpressed in the rRNA gene 
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during rRNA biogenesis in cancer cells.  A variety of small molecules that belong to the 

class of quinobenzoxazines, and are analogs of CX-3543, have been studied by scientists 

in Cylene Pharmaceuticals.16   

 The initial aim towards the studies presented in this chapter was to design 

bisintercalating ligands that are analogs of CX-3543 and to evaluate their interaction with 

the c-MYC G-quadruplex.   
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Figure 5.1 Chemical structures of fluoroquinolone analogs 
and FQAs. 
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2. Experimental Section 

 

2.1 Materials and Methods for Chemistry  

1H NMR spectra were run on a Varian Unity 300-MHz NMR Spectrophotometer.  The 

chemical shifts are relative to the trace proton signals of the deuterated solvent.  Coupling 

constants, J, are reported in Hz and refer to apparent peak multiplicity rather than 

coupling constants.  UV-Vis spectra were recorded on a Varian Cary 3E UV-Vis 

spectrophotometer.  Singly and multiply protonated quinobenzoxazine molecules were 

generated by electrospray ionization (ESI).  Fast atom bombardment (FAB) 

measurements have been carried out on a JEOL HX-110 sector instrument equipped with 

a conventional Xe gun.  A mixture matrix of glycerol: thioglycerol: mNBA (meta-

nitrobenzyl alcohol) 50:25:25 containing 0.1 % of TFA was used as the FAB matrix.  For 

accurate mass measurements, polyethylene glycol (PEG) was used as the internal 

standard.  Flash column chromatography was performed on silica gel 60, 230-400 mesh, 

purchased from Spectrum.  Basic aluminum oxide purchased from Aldrich (standard 

grade, 150 mesh, 58 Å) was also used for purifying quinobenzoxazines in column 

chromatography.  High pressure liquid chromatography (HPLC) measurements were 

carried out to monitor the progress of a reaction and purity of a product by using Varian 

Pro Star attached to a PDA detector.  Aluminum sheets (silica gel, 60 F254) were used for 

thin layer chromatography (TLC) purpose.  All starting materials were obtained from 

commercial sources unless otherwise specified.  5,6-difluoro-3-oxo-N-(2-(pyrrolidin-1-
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yl)ethyl)-3H-benzo[b]pyrido[3,2,1-kl]phenoxazine-2-carboxamide (1) was provided by 

Cylene Pharmaceuticals.16   

2.2 Synthesis 

 

a. General Preparation of Quinobenzoxazines Linked with Boc-protected Amino-
alkyl Linkers 

20 mg (0.04 mmol) of compound 1 (Figure 5.4) was dissolved in NMP (N-methyl-2-

pyrrolidone) under nitrogen.  The boc-protected linker of interest (0.04 mmol) was then 

added to the solution and was heated at 175 °C for 4 hours.  The reaction mixture was 

then cooled and water was added to it.  The precipitate (dark yellow to pale yellow color) 

and was then filtered and dried over vacuum.  TLC analysis (5%MeOH/CHCl3) showed 

one major product. 

 

b. Tert-butyl 2-(5-fluoro-3-oxo-2-(2-(pyrrolidin-1-yl)ethylcarbamoyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazin-6-ylamino)ethylcarbamate (QC2) 

1HNMR (CDCl3)  δ 1.49 (s, 9H), 1.84 (m, 4H), 2.86 (t, J = 8.42 Hz, 4H), 2.92 (t, J = 8.05 

Hz, 2H), 3.62 (m, 2H), 3.80 (m, 2H), 4.18 (m, 2H), 7.53 (s, 1H), 7.84 (s, 1H), 8.06 (d, J = 

9.4 Hz, 2H), 8.26 (m, 2H), 8.28 (s, 1H), 9.18 (s, 1H); HRMS (FAB) (M+) m/z calcd. for 

C33H36FN5O5 601.6678, found 601.6674. 
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c. Tert-butyl 2-(5-fluoro-3-oxo-2-(2-(pyrrolidin-1-yl)ethylcarbamoyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazin-6-ylamino)propylcarbamate (QC3) 

1HNMR (CDCl3)  δ 1.49 (s, 9H), 1.78 (m, 2H), 1.84 (m, 4H), 2.86 (t, J = 8.36 Hz, 4H), 

2.90 (t, J = 8.6 Hz, 2H), 3.62 (m, 2H), 3.80 (m, 2H), 4.18 (m, 2H), 7.53 (s, 1H), 7.84 (s, 

1H), 8.06 (d, J = 9.4 Hz, 2H), 8.26 (m, 2H), 8.28 (s, 1H), 9.18 (s, 1H); HRMS (FAB) 

(M+) m/z calcd. for C34H38FN5O5 615.6944, found 615.6932. 

 

d. Tert-butyl 2-(5-fluoro-3-oxo-2-(2-(pyrrolidin-1-yl)ethylcarbamoyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazin-6-ylamino)butylcarbamate (QC4) 

1HNMR (CDCl3)  δ 1.49 (s, 9H), 1.62 (m, 2H), 1.72 (m, 2H), 1.84 (m, 4H),  2.86 (t, J = 

8.36 Hz, 4H), 2.92 (t, J = 9.2 Hz, 2H), 3.62 (m, 2H), 3.80 (m, 2H), 4.18 (m, 2H), 7.53 (s, 

1H), 7.84 (s, 1H), 8.06 (d, J = 9.4 Hz, 2H), 8.26 (m, 2H), 8.30 (s, 1H), 9.22 (s, 1H); 

HRMS (FAB) (M+) m/z calcd. for C35H40FN5O5 629.7210, found 629.7206. 
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e. Tert-butyl 2-(5-fluoro-3-oxo-2-(2-(pyrrolidin-1-yl)ethylcarbamoyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazin-6-ylamino)pentylcarbamate (QC5) 

1HNMR (CDCl3)  δ 1.34 (m, 2H), 1.49 (s, 9H), 1.58 (m, 2H), 1.62 (m, 2H), 1.84 (m, 4H),  

2.86 (t, J = 8.36 Hz, 4H), 2.92 (t, J = 9.8 Hz, 2H), 3.62 (m, 2H), 3.80 (m, 2H), 4.20 (m, 

2H), 7.53 (s, 1H), 7.84 (s, 1H), 8.12 (d, J = 8.6 Hz, 2H), 8.26 (m, 2H), 8.32 (s, 1H), 9.22 

(s, 1H); HRMS (FAB) (M+) m/z calcd. for C36H42FN5O5 643.7476, found 643.7472. 

 

f. General Method for Deprotection of Quinobenzoxazines Linked with Amino-alkyl 
Linkers  

The Boc-protected amines from above were taken and trifluoroacetic acid (TFA, 5ml) 

was added to them.  The reaction mixture was then heated at about 50 °C for 

approximately 1hr.  After cooling, 6ml of acetonitrile was added to it followed by ether 

(poured down the sides of the flask).  The precipitate was filtered dissolved and dried 

under vacuum. 

 

g. 6-(2-aminoethylamino)-5-fluoro-3-oxo-N-(2-(pyrrolidin-1-yl)ethyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazine-2-carboxamide (QC2FB) 

1HNMR (10% MeOH/CDCl3)  δ 1.84 (m, 4H), 2.82 (t, J = 8.05 Hz, 4H), 2.84 (t, J = 8.4 

Hz, 2H), 3.62 (m, 2H), 3.84 (m, 2H), 4.18 (m, 2H), 7.64 (s, 1H), 7.82 (s, 1H), 8.12 (d, J = 

5.6 Hz, 2H), 8.31 (m, 2H), 8.34 (s, 1H), 9.18 (s, 1H); HRMS (FAB) (M+) m/z calcd. for 

C28H28FN5O3 501.5520, found 501.5516. 
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h. 6-(3-aminobutylamino)-5-fluoro-3-oxo-N-(2-(pyrrolidin-1-yl)ethyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazine-2-carboxamide (QC3FB) 

1HNMR (CDCl3)  δ 1.76 (m, 2H), 1.90 (m, 4H), 2.86 (t, J = 8.32 Hz, 4H), 2.90 (t, J = 8.6 

Hz, 2H), 3.62 (m, 2H), 3.80 (m, 2H), 4.18 (m, 2H), 7.56 (s, 1H), 8.01 (s, 1H), 8.06 (d, J = 

10.2 Hz, 2H), 8.20 (m, 2H), 8.26 (s, 1H), 9.18 (s, 1H); HRMS (FAB) (M+) m/z calcd. for 

C29H30FN5O3 515.5786, found 515.5780. 

 

i. 6-(3-aminobutylamino)-5-fluoro-3-oxo-N-(2-(pyrrolidin-1-yl)ethyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazine-2-carboxamide (QC4FB) 

1HNMR (CDCl3)  δ 1.75 (m, 2H), 1.86 (m, 2H), 1.88 (m, 4H),  2.76 (t, J = 6.18 Hz, 4H), 

3.02  (t, J = 8.4 Hz, 2H), 3.66 (m, 2H), 3.82 (m, 2H), 4.18 (m, 2H), 7.53 (s, 1H), 7.84 (s, 

1H), 8.06 (d, J = 9.4 Hz, 2H), 8.26 (m, 2H), 8.30 (s, 1H), 9.22 (s, 1H); HRMS (FAB) 

(M+) m/z calcd. for C30H32FN5O3 529.6052, found 529.6046. 

 

j. 6-(3-aminopentylamino)-5-fluoro-3-oxo-N-(2-(pyrrolidin-1-yl)ethyl)-3H-
benzo[b]pyrido[3,2,1-kl]phenoxazine-2-carboxamide (QC5FB) 

1HNMR (CDCl3)  δ 1.42 (m, 2H), 1.52 (m, 2H), 1.62 (m, 2H), 1.84 (m, 4H),  2.86 (t, J = 

8.36 Hz, 4H), 2.92 (t, J = 9.8 Hz, 2H), 3.62 (m, 2H), 3.80 (m, 2H), 4.20 (m, 2H), 7.53 (s, 

1H), 7.84 (s, 1H), 8.12 (d, J = 8.6 Hz, 2H), 8.28 (m, 2H), 8.32 (s, 1H), 9.13 (s, 1H); 

HRMS (FAB) (M+) m/z calcd. for C31H34FN5O3 543.6318, found 543.6312. 
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2.3 Molecular Modeling Studies 

 

a. Molecular Modeling of Single-Loop Hybrid G-quadruplex  

Since no structural information such as NMR or X-ray data is available for the c-MYC 

single-loop hybrid G-quadruplex, the c-MYC G-quadruplex structure was modeled using 

X-ray crystal structure coordinates of the human telomeric sequence d[AG3(T2AG3)3] 

(PDB entry 1KF1)17 and the solution structure of the Tetrahymena telomeric G-

quadruplex d(T2G4)4 (PDB entry 186D).18  Necessary deletions and replacement of 

bases were performed on the human telomeric parallel G-quadruplex to generate the 

parallel strands of the c-MYC G-quadruplex.  Orientations and conformations of 

guanines G7, G8, and G9 were taken from the Tetrahymena telomeric G-quadruplex.19  

The single-base loop of T10 was modeled using standard B-DNA geometries. All 

modeling was carried out using the Biopolymer module of the Insight II modeling 

software (Accelrys, Inc.).20   

Necessary sodium or potassium ions were added as part of the G-quadruplex structure.  

Modeled G-quadruplex structures were subjected to energy refinement protocols.  All 

polar hydrogen atoms were energy minimized with the Amber force field of 

Discover_3.0 using 2500 steps of conjugate gradient minimizer.21  This was followed by 

subjecting the entire structural model to 2 x 2500 steps of conjugate gradient 

minimization.21  The fully refined quadruplex structure was neutralized by adding the 

appropriate number of sodium ions, and this structure was immersed in a 10 Å layer of 

TIP3P water molecules.22  Two-stage MD simulations were performed at 300 K.  This 
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involved restrained MD simulations with 40 ps equilibration and 100 ps simulations. 

Distances and angles for hydrogen bonds involving G-quadruplex tetrad bases were 

restrained by means of the upper-bound harmonic restraining function with a force 

constant of 10 kcal mol-1 Å-2 for distances and 30 kcal mol-1 rad-2 for angles.  The second 

run of MD simulations involved unrestrained simulations with 40 ps equilibration and 

100 ps simulations at 300 K.  The most stable low-energy structural model was then 

refined using 2500 steps of conjugate gradient minimization.21 

 

b. Structure of Quinobenzoxazines  

Quinobenzoxazines and Quinobenzoxazine dimers were empirically built using Insight 

II20 and were optimized using the consistent valence force field (CVFF) implemented in 

Discover_3.23  

 

c. Docking of Quinobenzoxazines with Different G-quadruplex Structures 

Docking of various quinobenzoxazine monomers and dimers with the parallel and the 

single-loop hybrid G-quadruplex structure was performed using Insight II.20  Initially, 

noncovalent complexes of the PU18-mer with monomer units (no linkers, 2:1 complex) 

were modeled by manually placing them so that each monomer unit is stacked outside the 

two external tetrads.  After 2500 steps of minimization using Discover_3, the monomer 

units were joined using various linkers were further minimized using 2 x 2500 steps.  The 

complex was then selected to MD simulations. 
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The complex structure obtained from docking was hydrated with a 10 Å layer of TIP3P 

water molecules.  This structure was then subjected to a molecular dynamics protocol 

with 40 ps equilibration and 100 ps simulations at 300 K using the Verlet method and 

NVT ensemble.23  The CVFF parameters were used during the simulations.  Trajectories 

were collected after every 100 fs, and the lowest energy trajectories were collected from 

the entire set.  The 10 lowest potential energy structures were selected and energy 

minimized using 2500 steps of conjugate gradient minimization using CVFF within 

Insight II.  These energy-minimized structures were then used to observe the docking 

orientation of dimers and calculate the intermolecular interaction energy values.  The best 

structure was selected on the basis of the better interaction energy value and optimum 

interactions between the dimers and the G-quadruplex.  The intermolecular interaction 

energy was calculated by using the docking program within Insight II. 

Procedures similar to the above were used for docking DAP and PND with the parallel 

G-quadruplex structure.  Coordinates of the parallel-G-quadruplex were obtained from 

the solution structure of parallel c-MYC G-quadruplex.24 

 

3. Summary of Results 

 

3.1 Design of Quinobenzoxazine Dimers 

The concept of bisintercalation by quinobenzoxazine dimers is very similar to porphyrin 

dimers and is stimulated from the fact that quinobenzoxazine monomers interact with the 
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G-quadruplex and stabilize it14, 15, so fusing them together by using a linker of 

appropriate length would strengthen their binding with the G-quadruplex.  The linker can 

hold the two monomer moieties intact and this can shift the equilibrium more towards the 

drug bound G-quadruplex form.  Consequently, two bisintercalating quinibenzoxazine 

dimers were designed by fusing two units via a variety of linkers of different length 

(Figure 5.2).
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Figure 5.2  Designed quinobenzoxazine dimers. 



 

185

3.2 Molecular Modeling Studies 

The quinibenzoxazine dimers were first modeled with the single-loop hybrid structure 

and then with the parallel G-quadruplex structure.  The single-loop hybrid structure was 

built from the NMR structure of the Tetrahymena telomeric G-quadruplex19 and the 

crystal structure of the human telomeric G quadruplex.17  The refined model was used for 

docking studies.  The coordinates of the published NMR structure of the parallel G-

quadruplex structure were used for docking purpose.24   

Quinobenzoxazine monomer units were initially docked by placing them above and 

below the two external tetrads.  Initially, different orientations of the drug molecules 

were used as a starting point for energy minimization.  The most stable orientation, 

showing the best interaction energy and optimum interactions between the monomer 

units and the c-MYC G-quadruplex, were then joined with linkers of various lengths and 

subjected to minimization.  It was observed that with the single loop hybrid G-

quadruplex, at least a [4 + 4 + 1] linker (for numbering of linkers, see Figure 5.2) was 

required for favorable interaction.  The drug-G-quadruplex complex that showed the 

better interactions and favorable binding was selected and subjected to molecular 

dynamics (MD) simulations.  Trajectories collected during MD simulations were 

analyzed on the basis of potential energy.  Ten low potential energy frames were then 

subjected to minimization, and interaction energy values were calculated.  π-π stacking is 

the primary mode of interaction between the quinobenzoxazine dimers and G-

quadruplex.  A dimer with [4 + 5 + 1] linker combination was also docked with the 

single-loop hybrid, and the interaction energy was nearly double of the dimer with [4 + 4 
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+ 1] linker arrangement.  This might be due to ideal π-π stacking interaction between the 

aromatic core of the quinobenzoxazine moieties and the G-tetrads.  The interaction 

energy values of different dimers with the single-loop hybrid G-quadruplex structure are 

shown Table 5.1.   

A similar strategy was followed to dock these dimers with the c-MYC parallel G-

quadruplex.24  This G-quadruplex structure (22-nucleotide sequence) adopts an 

intramolecular parallel-stranded quadruplex conformation with three guanine tetrads and 

three side loops, including two single-nucleotide side loops and one double-nucleotide 

side loop, that connect the four guanine strands.  The two G-to-T mutated bases T4 and 

T23 were replaced with guanines before docking studies.  The 3´-flanking sequence 

(G23, A24, and A25) forms a stable fold-back stacking conformation capping the top end 

of the G-quadruplex structure.  The 5´-flanking adenine (A6) and guanine (G4 and G5) 

bases cap the bottom end of the G-quadruplex, with the adenine stacking very well with 

the bottom tetrad.24  A list of dimers and their interaction energy with the parallel G-

quadruplex is also shown in Table 5.2. 

One interesting observation was that, for the single-loop hybrid structure, at least a [4 + 4 

+ 1] linker was required for favorable interaction, however, for the parallel G-quadruplex 

a [4 + 3 + 1] was sufficient for positive interactions and showed an interaction energy of -

234.8 kcal/mol.  Figure 5.3 shows the docked models of [4 + 3 + 1] linker with the 

single-loop hybrid and the parallel structure.  This dimer shows favorable interactions 
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only with the parallel structure as the aromatic core of quinobenzoxazine moiety exhibits 

stacking interaction with A6 at the 5´-end.    
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Type of G-
quadruplex 

Linker  Favorable 
Interaction (?) 

Interaction 
Energy (kcal/mol) 

Single-loop 
hybrid 

Monomer Yes -97.1 

Single-loop 
hybrid 

[2 + 2 + 1] No NA 

Single-loop 
hybrid 

[2 + 3 + 1] No NA 

Single-loop 
hybrid 

[3 + 3 + 1] No NA 

Single-loop 
hybrid 

[4 + 3 + 1] No NA 

Single-loop 
hybrid 

[4 + 4 + 1] Yes -258.2 

Single-loop 
hybrid 

[4 + 5 + 1] Yes -425.5! 

Table 5.1 Types of linkers and their interaction energies with the 
single-loop hybrid c-MYC G-quadruplex structure.  
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Type of G-
quadruplex 

Linker  Favorable 
Interaction (?) 

Interaction 
Energy (kcal/mol) 

Parallel Monomer Yes -128.3 

Parallel [2 + 2 + 1] No NA 

Parallel [2 + 3 + 1] No NA 

Parallel [3 + 3 + 1] No NA 

Parallel [4 + 3 + 1] Yes -234.8 

Parallel [4 + 4 + 1] Yes -257.5 

Table 5.2 Types of linkers and their interaction energies with the 
parallel c-MYC G-quadruplex structure. 
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Figure 5.3 Models of quinobenzoxazine dimer (color-by-atom) 
with [4 + 3 + 1] linker docked with single-loop hybrid structure 
(top) and parallel G-quadruplex structure (bottom).   The dimer 
shows favorable interaction only with the parallel G-quadruplex 
due to π-π stacking with A6.   (color coding: adenine = green, 
guanine = red, and thymine= blue) with potassium atoms (as 
CPK model).  
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3.3 Synthesis  

The quinobenzoxazine monomer 1 (Figure 5.4) was kindly provided by Cylene 

Pharmaceuticals.16  The synthetic scheme for the dimers with varied linker lengths is 

shown in Figure 5.4.  The difluoro compound 1 was treated with various diamines (boc-

protected on one side) and tethers of different lengths were obtained.  The boc-group was 

then deprotected by using TFA.  The salt form of the coupled amines was then tried to 

react with CDI in various conditions to yield the corresponding imidazole carboxamides.  

However, the desired product did not form.  The synthesis of dimers could not be 

achieved successfully according to the synthetic scheme shown in Figure 5.4.    This was 

primarily due to the considerable synthetic challenges involved in the CDI coupling step.  

Even though several alternate synthetic routes were tried, the desired dimer did not yield. 
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Figure 5.4 Overall synthetic scheme for quinobenzoxazine 
dimers. 
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CHAPTER 6. CONCLUSIONS 
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The c-MYC G-quadruplex has evolved as an attractive target over the past few years and 

its interaction with ligands has been an ongoing research area.  The studies presented 

herein encompasses the targeting the c-MYC G-quadruplex with a variety of ligands and 

evaluating their major interactions like binding mode, structural changes and in vitro and 

in vivo effects. 

The basis for these studies is the cationic porphyrin TMPyP4, which stabilizes the c-

MYC G-quadruplex and also down-regulates the gene-expression.  The c-MYC G-

quadruplex exists as a parallel structure and interaction of TMPyP4 induces a structural 

change which is dependant on the salt concentration.  In low salt concentration (without 

KCl), TMPyP4 interacts with the parallel G-quadruplex and alters it to a mixed 

parallel/antiparallel structure.  This was evident from data from CD and photocleavage 

experiments.  However, the exact loop orientation and conformation of the G-quadruplex 

was unknown.  Extensive molecular modeling studies of all the possible orientations (12 

isomers) was carried out and a particular isomer with the first loop as a single base 

double-chain-reversal loop and the last two loops as lateral loops was predicted to be the 

major isomer (Chapter 2).  To further confirm that the structure that was predicted is 

indeed the structure that TMPyP4 induces, in low salt concentration, NMR or 

crystallographic studies on the G-quadruplex-TMPyP4 complex have to be done. 

The major feature of the interaction of TMPyP4 was that two molecules of the ligand 

interacted with one mole equivalent of the G-quadruplex by externally stacking with two 

external G-tetrads.   Hence, it was thought that fusing them together with a linker would 
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perhaps enhance the interaction.  As a result, porphyrin dimers were designed and 

evaluated for their interaction with the c-MYC G-quadruplex.  A variety of dimers were 

designed and selected based on their in silico interaction with the quadruplex.  All these 

dimers had two cationic porphyrin units (TMPyP4-like) and a wide variety of linkers, 

starting from very flexible alkyl chain linkers to somewhat rigid linkers having aromatic 

rings or heterocyclic rings.   A dimer (DAP) that showed optimum interaction with the G-

quadruplex was synthesized and evaluated in details.  As expected, it showed interaction 

with the c-MYC G-quadruplex at a lower concentration than TMPyP4 both by 

polymerase stop assay and circular dichroism studies.  The polymerase stop assay 

showed that DAP bound to the G-quadruplex at 0.01 µM concentration whereas, 

TMPyP4 showed binding at 0.1 µM concentration (Chapter 3).   

Another dimer (PND) which has a shorter linker than DAP was also synthesized, the 

major idea behind the synthesis was to assess the interaction of a dimer with a linker 

length that was not sufficient for external stacking of the two cationic porphyrin units 

with the two G-tetrads.  There are a few possible ways that this dimer can interact with 

the c-MYC G-quadruplex, one possible way is where one porphyrin unit interacts with 

one of the external tetrads and the second unit binds within the G-quadruplex groove.  

Another possibility is that the second porphyrin unit interacts via stacking within the two 

G-tetrads rather than binding to the groove.  However, the latter binding mode was not 

supported by molecular modeling as the pyridyl rings on the porphyrin are perpendicular 

to the plane of the porphyrin, and this distorts the guanine tetrads.  This dimer showed 

binding at 0.01 µM concentration, which is in between TMPyP4 and DAP.  This is not 
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surprising as PND has a second unit which can exhibit interaction with the G-quadruplex, 

however the interaction is not as good as that of DAP, which has an optimum linker 

length for favorable interaction with the G-quadruplex.  Unlike TMPyP4, the binding of 

DAP and PND was independent of salt concentration and they both interact with the 

parallel G-quadruplex without inducing any structural change.   

In vivo showed that DAP and PND did not down-regulate the c-MYC gene expression to 

the same extent as TMPyP4.  This might be due to difficulty in cell uptake, as the dimers 

have six positive charges which can lower their ability to penetrate the cell membrane.  

However, all the studies done on the dimers strongly suggest that the c-MYC G-

quadruplex can be targeted with bisintercalating molecules and improved binding can be 

achieved by means of bisintercalation.  Synthesis and evaluation of other dimers, with 

both alkyl and aryl type of linkers, and also with a fewer number of positive charges, can 

assist in designing molecules with higher binding efficacy. 

After evaluation of dimers for interaction with the c-MYC G-quadruplex, another class of 

compounds was explored.  Here,  instead of fusing two cationic porphyrin units together, 

an alkylator unit was attached to a cationic porphyrin unit, thus generating a molecule 

(HBP4) having both intercalating and alkylating properties (Chapter 4).  The idea behind 

these studies is to attain better stabilization of the G-quadruplex by formation of a 

covalent G-quadruplex-ligand adduct.  HBP4 was designed by fusing chlorambucil 

(alkylator) with a TMPyP4-like unit (intercalator).  CD and polymerase stop assay 

showed that HBP4 interacts with the c-MYC G-quadruplex and stabilizes it.  However, 
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similar to porphyrin dimers, and unlike TMPyP4, HBP4 also did not seem to induce any 

structural change in the c-MYC G-quadruplex, and presumably interacts with the parallel 

G-quadruplex form.  From both CD and polymerase stop assay, the intercalation 

phenomenon seemed to take place first which then guided the alkylation.  Alkylation of 

the four guanines that form the external tetrad at the 5´-end suggests that the ligand 

interacts at the 5´-end of the quadruplex.  

The striking feature of the interaction of HBP4 with the c-MYC G-quadruplex is its 

ability to down-regulate the c-MYC expression in vivo.  As compared to TMPyP4, HBP4 

significantly lowers the c-MYC expression.  This can be attributed to the alkylating 

properties of the ligand.  These results strongly imply that intercalator-alkylator hybrid 

compounds can potientially target G-quadruplexes and stabilize them.  Also it suggests 

that even after attaching an alkylator moiety, TMPyP4 retains its intercalating properties.  

As a future direction, a TMPyP2 analog of the HBP4 can be synthesized and evaluated.  

TMPyP2, the positional isomer of TMPyP4 does not have the intercalating and 

stabilizing properties, so the TMPyP2 analog, in theory should show negative results as 

compared to HBP4.   

Another class of compounds that were tried to explore was the quinobenzoxazine analogs 

(Chapter 5).  This was a collaborative research with Cylene Pharmaceuticals.  A variety 

of dimers were modeled with different types of c-MYC G-quadruplex (both single-loop 

hybrid and parallel structure) and various tethers were synthesized.  But unfortunately, 

due to synthetic difficulties the dimers could not be synthesized and evaluated.   
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Overall, it has been shown that the c-MYC G-quadruplex can be targeted by cationic 

porphyrin dimers and the interaction is significantly improved upon dimer intercalation 

as compared to monomer (TMPyP4).  Also, the novel idea of targeting the c-MYC G-

quadruplex with an intercalator-alkylator hybrid compound has been investigated and it 

was found that these compounds can potentially act as therapeutic agents.   
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APPENDIX A 

 

ABSTRACTS AND MANUSCRIPTS 
 
  

Manuscripts 

 
1. The dynamic character of the G-quadruplex element in the c-MYC promoter and 

modification by TMPyP4. Jeyaprakashnarayanan Seenisamy, Evonne. M. Rezler, 
Tiffanie. J. Powell, Denise Tye, Vijay. Gokhale, Chandana. S. Joshi, Adam. 
Siddiqui-Jain, and Laurence. H. Hurley. Journal of the American Chemical 
Society, 2004, 126, 8702. 

 

2. Design, synthesis and biological evaluation of an intercalator-alkylator hybrid 
compound that interacts with the c-MYC G-quadruplex. Chandana Sharma, 
Daekyu Sun, Jadrian R. Rusche, Mary Gleason-Guzman, Laurence H. Hurley, 
Manuscript in Prepration. 

 

3. Design, synthesis and biological evaluation of porphyrin bisintercalators that 
interact with the c-MYC G-quadruplex. Chandana Sharma, Mary Gleason-
Guzman, Laurence H. Hurley, Manuscript in Prepration. 
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Abstracts 

 
Design, synthesis and biological studies of porphyrin dimers that interact with the c-
MYC G-quadruplex. 
 
By Chandana Sharma, Vijay M. Gokhale, Laurence. H. Hurley.  Proceedings of the 
American Association of Cancer Research (Abstract # 2300) Volume 45, March 2004.     
95th Annual AACR Meeting, Orolando, Florida, United States, March 27-31, 2004.   

 

Bisintercalating porphyrin dimers were designed, synthesized and evaluated for 
interaction with the c-MYC G-quadruplex. c-MYC oncogene is overexpressed in more 
than 60% of cancers. The silencer element of this gene, the nuclease hypersensitivity 
element III1 (NHE III1) upstream of the P1 promoter, uniquely forms a parallel-type G-
quadruplex structure at the guanine rich site and a chair-type i-motif structure at the 
cytosine rich site. A four base-pair duplex region called the spacer separates these two 
structures. A G-quadruplex consists of guanine tetrads formed by Hoogstein base pairing 
between four guanines, and an i-motif has similar base pairing between two cytosine 
residues. It has been shown that in the presence of a drug, the parallel-type G-quadruplex 
structure changes to another form of G-quadruplex, which is a mixture of a parallel and 
an anti-parallel structure. Crystallographic and NMR data on G-quadruplexes and i-motif 
were used as the basis for building the three-dimensional model of the silencer element. 
Silencer elements with both types of G-quadruplex structures have been built by using 
InsightII software on a Silicon Graphics IndigoII system. Cationic porphyrins like 
5,10,15,20-tetra-(N-methyl-4-pyridyl)porphyrin chloride (TMPyP4) are known to 
stabilize the G-quadruplex structure and repress the gene transcription. These ligands 
stack below a guanine-tetrad and stabilize the quadruplex. Bisintercalating ligands can 
stack at both ends of the G-quadruplex. Porphyrin-based bisintercalating ligands were 
designed and synthesized. The synthesis of these ligands was carried out by condensing 
pyrrole with two different aldehydes to obtain an unsymmetrically substituted porphyrin 
unit. This was then linked with different diamino linkers to obtain the dimers. These 
compounds were evaluated by using a Taq polymerase stop assay. This assay can be used 
to evaluate the relative stabilization of G-quadruplex structures in the presence of ligands. 
DNA extension by Taq polymerase is paused at the G-quadruplex forming site, the extent 
of which can be used as a measure of the stabilization of G-quadruplex structures by 
various ligands. The synthesized porphyrin dimers show a 10-fold increase in binding 
affinity to the G-quadruplex as compared to the intercalators. 
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Design, synthesis and biological studies of an intercalator-alkylator hybrid 
compound that interacts with the  c - MYC   G - quadruplex.  
 

By Chandana Sharma, Daekyu Sun, Jadrian Rusche, Laurence H. Hurley. Abstracts of 
Papers, 231st ACS National Meeting, Atlanta, GA, United States, March 26-30, 2006.  

 
An intercalator-alkylator hybrid compd. (HybP4; Figure1) was designed, synthesized and 
evaluated for interaction with the c-MYC G-quadruplex.  C-MYC oncogene is 
overexpressed in more than 60% of cancers.  The silencer element of this gene, the 
nuclease hypersensitivity element III1 (NHE III1) upstream of the P1 promoter, uniquely 
forms a parallel-type G-quadruplex structure at the guanine rich site and a chair-type i-
motif structure at the cytosine rich site.  A G-quadruplex consists of guanine tetrads 
formed by Hoogstein base pairing between four guanines, and an i-motif has similar base 
pairing between two cytosine residues.  It has been shown that cationic porphyrins like 
5,10,15,20-tetra-(N-methyl-4-pyridyl)porphyrin chloride (TMPyP4) stabilize the G-
quadruplex structure and repress the gene transcription.  These ligands intercalate below 
a guanine-tetrad and stabilize the quadruplex.  A hybrid compd. (HybP4) with a cationic 
porphyrin moiety as an intercalator and a nitrogen mustard (chlorambucil) as an alkylator 
was designed and synthesized.  CD studies show that HybP4 interacts with the c-MYC 
G-quadruplex at a lower mole equiv. than TMPyP4.  Further, in vitro studies were done 
to evaluate both intercalating and alkylating properties of HybP4.  Interesting cleavage 
pattern that sheds light on the intercalation and alkylation of the c-MYC gene will be 
presented. 
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APPENDIX B 
 

PERMISSION TO USE COPYRIGHTED MATERIAL 
 
Reproduced with permission from: 
 
Seenisamy, Evonne. M. Rezler, Tiffanie. J. Powell, Denise Tye, Vijay. Gokhale, 
Chandana. S. Joshi, Adam. Siddiqui-Jain, and Laurence. H. Hurley. Journal of the 
American Chemical Society, 2004, 126, 8702. © 2004 American Chemical Society. 
 
 
AND 
 
Jeyaprakashnarayanan Seenisamy, Sridevi Bashyam, Vijay Gokhale, Hariprasad 
Vankayalapati, Daekyu Sun, Adam Siddiqui-Jain, Nicole Streiner, Kazau Shinya, 
Elizabeth White, David W. Wilson, and L aurence H. Hurley, Journal of the American 
Chemical Society, 2005, 127, 2944. © 2005 American Chemical Society. 
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