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Abstract 

 

Cancer is an umbrella term for a group of diseases characterized by the 

uncontrolled growth of cells. Dysregulation of oncogenes and tumor suppressor 

genes can lead to the onset of cancer. This can be caused through a number of 

factors, such as mutations and loss of epigenetic regulation. Mutations in genes 

such as KRAS, TP53 and BRCA1/2 impair the intended function of proteins. 

Epigenetic changes to DNA and histones can alter how a gene is expressed 

(silencing them or activating them). In cancers, tumor suppressor genes are often 

found to be highly methylated in promoter regions, acting as an off switch, while 

the opposite is true for oncogenes. G-quadruplexes (G4s) are four stranded DNA 

structures held together by guanine-guanine Hogsten hydrogen bonding, may 

also have a role in gene regulation. G4s are often enriched in gene regulating 

regions such as promoters, 5’ UTR, 3’ UTR and transcription start sites, and 

because of this, G4s make an attractive target for stabilization to modulate gene 

expression. In this thesis, the synthesis of a new class of multicarbazole G4-

ligands will be described, along with biophysical assays to evaluate the 

effectiveness of these ligands. We also report the first crystal structure of the 

KRAS G4 and describe its unique features. Lastly, we demonstrate that “specific” 

G4-ligands may not be as specific as claimed using next-generation sequencing. 
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Chapter 1: Introduction and literature review 

 

Cancer is a life-threatening disease caused by the uncontrolled growth of cells. 

The cause of cancer is not fully understood, but gene mutations and loss of 

epigenetic regulation have been showed to lead to the onset of cancer, which we 

will detail in this chapter. To date, we have a plethora of methods in treating 

cancer, with the predominate being chemotherapy.  

With the advent of next-generation sequencing (NGS), scientists are able to 

uncover a lot of the mysteries involved in cancer progression.[1] In this thesis, we 

will also use NGS to study secondary DNA structures called G-quadruplexes and 

determine how these structures alter gene expression. The literature surrounding 

common oncogenes and tumor suppressor genes, and their relation to the six 

hall marks of cancer will be discussed.  

Following this, an introduction to cancer epigenetics, and then its role in breast 

carcinogenesis is introduced. In section 1.2, the concept of G-quadruplexes, and 

their potential role in cancers. The current observation is that G4s are more 

prevalent in cancers, but recent publications have shown how these structures 

may regulate gene expression. 

In section 1.3, treatment of cancers using small molecules and how these drugs 

interact with DNA. A new class of potential anticancer drugs which target G4s will 

also be discussed. Inorganic and organometallic drugs such as cisplatin and its 

derivatives will be discussed in section 1.3. The literature of N-heterocyclic 

carbene ligands as anticancer drugs will be reviewed.  
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1.1 Cancer 

The terms ‘cancer’ and ‘tumor’ refer to a group of diseases characterized by the 

uncontrolled proliferation, or growth, of cells. In Australia, approximately 367 

people are diagnosed with cancer every day, with an estimated 134,000 new 

cases in 2017.[2] This number is expected to increase to 150,000 by 2020.[3] 

Tumors are therefore a huge burden on the Australian healthcare system, costing 

the Australian Government about $4,500 million annually. On a global scale, this 

group of diseases accounts for almost 10 million deaths annually, according to 

the world Health Organization (WHO).[4] 

Cancers spawn within the majority of cell and tissue types, most commonly 

forming in breast, prostate, skin (melanoma), bowel, and lung.[3] They can be 

categorized into two subgroups; liquid and solid. Liquid tumors are generally 

cancers of the blood cells, including leukemia (leukocytes) and lymphoma 

(lymphocytes). Solid tumors on the other hand, as the name suggests, form solid 

masses and include carcinomas (epithelial cells), sarcomas (muscle and 

connective tissue cells), gliomas (glial cells) and lymphomas (lymphatic system). 

Despite the different cell types, one thing remains in common: all cancers result 

from the dysregulation of gene expression. 
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1.1.1 Tale of the tape: Key genes in cancer progression 

Cancer is a multifaceted disease which can vary between patients. However, an 

observation by Hanahan and Weinburg is that all cancers must display the six 

hallmarks of cancer. In the following section, key genes involved in cancers will 

be reviewed.  

1.1.1.1 Hallmarks of cancer 

 

Figure 1.1 - The six-hallmarks of cancer[5] 

There are six hallmarks of cancers as defined by Hanahan and Weinburg in 2000: 

sustaining proliferative signaling, evading growth suppressors, activating 

invasion and metastasis, enabling replicative immortality, inducing angiogenesis, 

and resisting cell death.[5,6] One exception to this rule is benign tumors, which 

lack the ability to metastasize.[7] These hallmarks of cancer are associated with 

the dysregulation of either tumor suppressors, such as TP53, BCL2 and 

BRCA1/2, or oncogenes, such as KRAS, MYC, and VEGF. 
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1.1.1.2 Key genes implicated in cancer 

The Kirsten sarcoma virus gene, or KRAS (chr12:25,204,789–25,250,936), 

encodes for a small GTPase (~21 kDa) which partakes in a range of signaling 

pathways. The enzyme is involved in the RAS/RAF/MEK/ERK signaling pathway 

- an important pathway for communication from cell surface proteins (one 

example being; epidermal growth factor receptor) to the nucleus, and acts as a 

molecular switch. This oncogene drives many of the hallmarks of cancer, 

including self-sufficiency, sustained proliferation, evasion of apoptosis, and 

metastasis.[8] The wildtype KRAS protein undergoes hydrolysis readily, but in 

tumorigenic cells, a point mutation prevents this deactivation,[9] thus prolonging 

hydrolysis and subsequently increasing enzyme activity. In biochemical studies, 

mutations in codon 12 and 61 have been shown to have a 10-fold decrease in 

hydrolysis rates, whereas the effects of codon 13 mutations are not well 

understood. 

A majority of KRAS mutations occur at codon 12 where a glycine (CGC) is 

mutated to a valine (CTC). In a European population study, it was found that 80% 

of mutations occurred in codon 12.[10] This number was reduced to 50% in a 

Korean study.[11] In another study involving approximately 400 colorectal cancer 

patients, KRAS codon 12 mutations were found to correlate with poor survival 

rates.[12] 

Another proto-oncogene that is linked to self-sufficiency is MYC (avian 

myelocytomatosis viral oncogene) or c-MYC (chr8: 127,735,434 – 

127,741,434).[13] The MYC gene encodes for a transcription factor, a protein 

which can regulate gene transcription. Overexpression of MYC is found in many 
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cancers, leading to upregulated gene expression. The c-MYC gene can undergo 

translocation (chr8 to chr14), where the chromosome breaks and joins with 

another chromosome fragment. This transposition usually occurs in the enhancer 

of an immunoglobin gene. This newly inserted c-MYC gene would then benefit 

from the enhancer and will be upregulated. This particular translocation is often 

associated with Burkitt’s lymphoma.[14] 

Mutations in tumor suppressor genes, such as BRCA1 (chr17: 43,044,295–

42,170,245) and BRCA2 (chr13:32,400,266-32,400,266) can also lead to cancer, 

however, not all documented mutations lead to an increased risk of breast 

cancer.[15] Both BRCA1 and BRCA2 encode for a DNA repair protein, found to be 

expressed in breast tissue. Harmful mutations in the BRCA genes can 

significantly increase the risk of breast cancer (up to 85%) and also decrease the 

survival rate of patients.[16]. In one study, it was found there were 113 possible 

mutations in both BRCA1 and BRCA2, which causes the expressed protein to be 

truncated, making it unable to perform its DNA repair function.  

The tumor suppressor gene, TP53 (chr17:7,661,779–7,687,550), codes for a 

protein called “tumor protein 53” or commonly referred to as the “Guardian of the 

genome”. The role of TP53 is to activate DNA repair mechanisms, as well as 

regulating telomere lengthening and apoptosis - all important pathways involved 

in cancer suppression.[17]  Mutations in the TP53 gene change the protein 

isoform, severely hampering its ability to induce DNA repair. It has been found 

that in 50% of human tumors, TP53 has been found to have undergone 

mutations.[18] 
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Angiogenesis, or the formation of new blood vessels, is important for tumor 

survival, as it allows tumors to receive nutrients, oxygen, and a road for 

metastasis.[19],[20],[21] Vascular endothelial growth factor (VEGF) is a family of 

signaling proteins, which is responsible for promoting the growth of new blood 

vessels. VEGF is expressed during development, as the fetus requires new blood 

vessels to form. VEGF is expressed during embryonic development and wound 

healing; however it is found to be upregulated and an important factor in cancer 

survival and metastasis. 

1.1.1.3 Telomeres 

Unlike healthy cells, tumor cells can become immortalized. This is due to their 

upregulation of a riboprotein called telomerase, an important enzyme in 

maintaining telomere length.[22],[23],[24] DNA becomes shorter after each replication 

at the end of chromosomes, due to a limitation called the end replication problem. 

When DNA becomes too short, the cell undergoes apoptosis (cell death), to 

protect it from genetic instability. To prevent the DNA from shortening and fusing 

to neighboring chromosomes, telomeres exist in the 3’ overhang, and are made 

of long repeating units (5’-dTTAGGG-3’) of up to 150-300 nucleotides. In normal 

cells, replication is limited due to telomere shorting, and this observation is now 

known as the Hayflick limit.[25]  

Alternative pathways for telomere lengthening exist, this is known as ALT 

pathway or alternative lengthening of telomeres and is often found in cancers.[26] 

The ALT pathway is unique, as it does not require telomerase, and instead 

involves enzymes such as BRCA1/2. In ALT cancers, the telomeres are 
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maintained through homologous recombination, where one telomere uses 

another telomere and generally leads to a fused chromosome.  

1.1.2 Cancer epigenetics  

In our body, we have many different cell types which make us (heart cells, skin 

cells, lung cell and etc). While the DNA in all our cells are mostly the same, how 

does this account for the different cell type. The term ‘epigenetics’ was coined by 

Conrad Waddington, which means above genetics.[27,28] The accepted definition 

of epigenetics is the study of mitotically and/or meiotically heritable changes in 

gene function that cannot be explained by changes in DNA sequence.[29]  

During embryonic development, stem cells undergo rapid proliferation and 

differentiation, and many genes are switched on and off. Tight epigenetic 

regulation, such as chromatin remodeling, histone modification and methylation 

of cytosine, is pivotal to the development of cells, tissues, and organs.[30] These 

epigenetic mechanisms are inheritable and reversible, and failure to maintain 

these marks can often lead to diseases such as cancer. 

1.1.2.1 Cytosine methylation 

 

Figure 1.2 - Chemical modification of cytosine 
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It has been shown that the methylation of CpG dinucleotides in promotor regions 

of genes leads to the silencing of that gene.[31] In cancers, oncogene promoters 

are often hypomethylated whereas hypermethylated in tumor suppressor genes. 

Inversely, methylation of the coding region is often said to be the transcriptional 

activation. However, a recent publication has challenged this idea. Lister and co-

workers demonstrated that methylation at CpG sites alone was not sufficient to 

silence transcription in cancer cells transfected with a zinc-finger DNMT3A fusion 

protein.[32] However, this experiment was conducted on a cancer cell line (MCF7), 

where loss of gene regulation has already occurred. 

Demethylation of 5-methylcytosine (5mC) is catalyzed by a series of ten-eleven 

translocase (TET1, TET2 and TET3). These enzymes have an iron (II) in the 

binding site and use α-ketoglutarate and molecular oxygen to demethylate 5mC. 

In the first step, 5mC is oxidized to 5-hydroxymethylcytosine (5hmC), which is 

oxidized further to 5-formylcytosine (5FcC) and then to 5AcC (5-acetylcytosine). 

Base excision repair (BER) of 5AcC, would then return the unmethylated cytosine 

base. Structural studies have suggested that TET preferentially binds 5mC in 

CpG sites over other regions of the genome.[33] 
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1.1.2.2 Histones 

 
 

Figure 1.3 – Schematic of chromatin organization. 

Inside the nucleus, DNA is packaged tightly around protein spools called histones 

(Figure 1.3).[34] Histones consist an octamer of four proteins, which ~146 bp of 

DNA to wrapped around. The histone tail on the N-terminus of the histones allow 

for epigenetic modifications on specific residues, which alter the interaction of 

DNA electrostatically. 
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Figure 1.4 - Chemical modification of lysine and serine residues 

The acetylation and deacetylation of histones is achieved with enzymes called 

histone acetyltransferases (HATs) and histone deacetylases (HDACs).[35] 

Acetylation of histones is often a mark of transcriptional activation, as acetylation 

lowers the basicity of the former amine. The removal of the positive charge on 

the lysine residue, in physiological conditions, prevents the electrostatic 

interaction with the negatively charged DNA, making the histone-DNA interaction 

weaker or “loose”. Histone acetylation, specifically at H3K9ac and H3K27ac, are 

often markers for highly transcribed genes and are enriched in promotor 

regions.[36]  

Histone methylation can be both activating and repressive depending on the 

degree of methylation or the individual amino acid residue.[36] For example, it is 

accepted that H3K27me3 is a marker for gene repression[37] and H3K4me3 is a 

marker for gene activation.[38]  

Unlike methylation and acetylation of histones, phosphorylation occurs at H2A 

(H2A1, H2A2, H2AX and H2AZ), H3 and H4 on serine residues.[39] 

Phosphorylation of histones is often in response to DNA damage. Upon 

phosphorylation, chromatin structure is changed, allowing repair proteins to bind. 
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the histone is dephosphorylated, and the chromatin structure is reverted to its 

previous state.  

Modifications to histones, along with histone remodeling proteins, alter the two 

main chromatin states between open (euchromatin) and closed 

(heterochromatin). Transcriptionally active genes are arranged to be easily 

accessible for proteins, therefore exist in regions of open chromatin. Techniques 

such as ATAC-seq[40], FAIRE-seq[41] and DNAse-seq[42] allow these regions to be 

mapped.  

1.1.2.3 Cancer epigenetics in breast carcinogenesis 

During breast carcinogenesis, where healthy breast cells transform to cancer 

cells, it has been demonstrated that genes become differentially methylated.[43] 

Tumor suppressor genes become hypermethylated and oncogenes become 

hypomethylated. Using the human mammary epithelial cell (HMEC/vHMEC) 

model system, it is found that during the transformation to pre-malignant cells 

(vHMECs), CDKN2A (a tumor suppressor gene which codes for p16INK4) was 

found to be hypermethylated at the transcription start site (TSS).[44] However, it 

remains unclear whether these changes occur already in the HMEC 

subpopulation or come about during the transformation into vHMECs. 

Interestingly, EZH2 and SUZ12 genes are overexpressed in vHMECs, genes 

which encode for components of PRC2, a protein that methylates histones. It has 

been suggested that upregulation of this protein complex may aid in the silencing 

of CDKN2A.[45] 
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Tlsty and co-workers discovered two genes (RASSF1A and SFRP1) that showed 

concomitant methylation at the promoter, where methylation does not silence 

gene expression.[46] Interestingly, methylation of RASSF1A and SFRP1 is also 

present in immortalized breast cell lines (184-A1, MCF-10A, MCF-7 and MDA-

MB-231). The authors concluded that looking for methylation in these genes can 

be used as a diagnostic tool. 

1.1.3 Summary 

Cancer is devasting and a multifaceted disease, and the cause progression of 

cancer is still not completely understood. However, it is evident that a 

dysregulation of genes through the loss of epigenetic control and mutations can 

lead to the onset of cancer.  

In this section, we examined how mutations can affect the function of proteins. In 

the example of KRAS, a glycine to valine mutation increased steric hinderance 

and delays hydrolysis. Mutations in tumor suppressor genes can also lead to an 

ill-performing DNA repair protein, which is not able to correct for DNA damage, 

which then leads to cancer. Epigenetic dysregulation can also lead to the onset 

of cancer, e.g. methylation of tumor suppressor genes which inactivates them or 

the acetylation of histones near oncogenes can activate them. 

1.2 G-quadruplexes: An alternative DNA secondary structure 

The common structure of duplex/double-stranded DNA (B-DNA) is a right-handed 

helix, where the nucleotides are held together via hydrogen bonding on the 

Watson-Crick face (N3-C4). The bases are then stacked upon one another, 
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through π-stacking, which twists the DNA strands into the iconic double-helix. 

While B-DNA is the most common, other structures can also exists like hairpins, 

cruciform, A-DNA, i-motifs and G-quadruplexes.[47]  

1.2.1  Knots in the DNA? 

 

Figure 1.5 - Two different modes of base-pairing in DNA 

Another mode of hydrogen bonding can also exist within the DNA bases, called 

Hoogsteen hydrogen bonding. Unlike Watson-Crick base-pairing, Hoogsteen 

base-pairing is uncommon, however it is observed in G-quadruplex (G4) DNA. 

G4s are secondary DNA structures, formed from the association of four guanine 

bases (G-tetrad). The π-stacking of two or more G-tetrads then gives rise to the 

final G4 conformation. G4s can be thought as knots or road blocks in the genome, 

which can then stall or cease replication.[48] 
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Figure 1.6 - Schematic of a G-quadruplex 

1.2.2 G-quadruplex imaging and detection 

G4s were first described by Gellert in the 1960s, but their occurrence in nature 

had not been observed.[49] Direct observation of G4s in cells was only reported 

when a G4 specific antibody (BG4), developed through phage display was 

discovered by the groups of McCafferty and Balasubramanian (2013).[50] Using 

the BG4 antibody, the group demonstrated for the first time that G4s existed in 

cells and that the number of G4 foci changed based on the cell cycle. Images of 

G4s can also be obtained by atomic force microscopy[51] and electron 

microscopy.[52] 

Many studies into G4s had been made possible with next generation sequencing 

(NGS), especially on the Illumina platform. A genome wide pull down using hf2 
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same study also revealed the 5’UTR, 3’UTR and first intron are also enriched with 

G4 forming structures. The same group later used PCR stop assay, combined 

with Illumina NGS, to identify more than 700,000 G4s in the human genomes 

using naked DNA (DNA without protein bound).[54] 

The occurrence of G4s is also dependent on the disease state of cells. For 

example, using BG4 staining, a significant increase in G4s can be observed in 

cancerous cells, versus the healthy cells.[55] It is also interesting to note that many 

of the genes involved in the six hallmarks of cancer have G4s in their promoter 

regions (figure 1.7).[56] For example, the KRAS oncogene is a driver of self-

sufficiency in cancers, but also contains a G4 in its promoter. It has been long 

proposed that G4s have a role in gene regulation, as experiments have showed 

that the stabilization of promoter G4s can downregulate gene expression. 

 

Figure 1.7 - Promotor G4s in genes related to the six hallmarks of cancer[56] 
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1.2.3 Potential roles of G4s in gene regulation 

In 2016, the Balasubramanian group reported the occurrence of G4s in gene 

regulatory regions.[57] Using their newly developed protocol, the authors took 

cross-linked normal human epidermal keratinocyte (NHEK) and immortalized 

non-tumorigenic human epidermal keratinocyte (HaCats), sheared the DNA via 

sonication and then performed a chromatin immunoprecipitation (ChIP) with a 

G4-specific antibody. The authors found approximately 10,000 G4s, most of 

which most fall into nucleosome depleted regions (open chromatin), which also 

coincide with gene regulatory regions (promoters, TSS, 5’ UTR and 3’ UTR).  

 

Figure 1.8 - Schematic representation of open and closed chromatin 

Modifying the chromatin landscape with entinostat (a histone deacetylase 

inhibitor), led to an increase of G4s peaks (total of ~14,000) and in parallel also 

new sites of open chromatin.[57] When the authors looked at healthy cells (NHEK), 

fewer G4s were found, and G4s were also absent in oncogenes (KRAS, MYC 

and PETN), implying the potential role of G4s in carcinogenesis or upregulating 

oncogene expression. 

Work by the group of Burrows, supports that G4s indeed upregulate gene 

expression.[58] In their published works, Burrows and co-workers recognized that 
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G4s are prone to oxidation, with guanine having the lowest reduction potential 

compared to the other three DNA bases. Oxidation of guanine to 8-oxo-guanine 

(OG) is a proposed epigenetic mark, and hampers the ability of G4s to form, due 

to the loss of the Hoogsteen hydrogen bonding on the N7.  

Using a luciferase reporter assay, the authors exchanged the TATA box of the 

Renilla luciferase (Rluc) promoter for the VEGF promoter G4 sequence to see if 

it would regulate Rluc expression. The authors found that under oxidative stress, 

the Rluc gene was expressed, however gene expression was found to be higher 

if a 5th G track was present. 

Burrows and co-workers proposed a mechanism responsible for the expression 

of luciferase upon oxidative stress. In the double-strand state, oxidation to OG 

unravels does not alter the double strand, however upon the formation of an AP 

the duplex unravels allowing the formation of a G4. The addition of an AP site 

decreased the melting temperature of the duplex by 20 ºC. This allows the 

formation of the G4, if the 5th track is present, since the damaged G-track will be 

excluded. The excluded G-track can then be bound by APE1 and allow its Ref-1 

domain to be bound by transcription factors.   

A similar finding was also reported on the KRAS promoter G4 by the group of 

Xodo, where the presence of OG increased KRAS expression in pancreatic 

cancer cell lines.[59] Xodo and co-workers found previously that OG in the KRAS 

promoter, and also HRAS, recruits MAZ (transcription factor) and HNRNPA1 

(ribonucleoprotein).[60] The authors concluded that guanine oxidation is an 

important step in upregulating gene expression, as the unraveled G4 allow 

binding of nuclear factors. OGG1 also plays an important role in the upregulation 
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of genes and silencing of OGG1 with siRNA, led to a downregulation of KRAS in 

Panc-1. 

Recently, the Balasubramanian group demonstrated that the relationship of G4s 

and DNA methylation are closely tied.[61] Using whole genome bisulfite 

sequencing (WGBS) and G4-ChIP-seq data, the authors found that regions of G4 

enrichment correlated with hypomethylation. The authors suggested that G4s 

may inhibit DNMTs. Indeed, using ELISA the authors confirmed that G4s bound 

DNMTs at a high affinity. The authors proposed that G4 formation and TF binding, 

can lead to a loss of methylation. 

1.2.4 Summary 

G4s are four-stranded DNA secondary structures which predominately occur in 

nucleosome depleted regions and coincide in the promoters of transcriptionally 

active genes. In cancers, it is evident that G4s have a higher occurrence 

compared to healthy cells, and may provide an important target for drug therapy, 

as these G4s occur in promoter regions of genes.  

1.3. Overview of cancer treatments 

There are currently “five pillars” for the treatment of cancer; chemotherapy, 

radiotherapy, hormone therapy, surgery and more recently immunotherapy.[62],[63] 

Chemotherapy uses medication such as cisplatin, paclitaxel, imatinib, 

doxorubicin and 5-fluoroauricil. These compounds often target key components 

involved in cell division (microtubules or enzymes) or DNA replication, which 

inhibit the rate of cancer proliferation or lead to apoptosis. Radiotherapy on the 
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other hand, uses high energy particles or waves other than X-rays to destroy or 

damage tumors.[64] Brachytherapy is also another form of radiotherapy, where a 

radioactive isotope is surgically implanted directly next to the tumor.[65] The 

radioactive decay damages the tumor and surrounding tissue. 

 

Figure 1.9 - Examples of drugs used in chemotherapy 

Hormone therapy uses drugs, much like chemotherapy, however these drugs 

block or lower the amount of hormone availability in the body. This is only 

practical when cancer proliferation is triggered by hormone, an example being 

estrogen triggering breast cancer proliferation. A well-known hormone therapy 

drug is tamoxifen which is considered the gold standard for hormone sensitive 

breast cancer.[66] However, tamoxifen is a prodrug, which requires activation. In 

the liver, tamoxifen is metabolized to 4-hydroxytamoxifen (4HT) by a cytochrome 

P450. 4HT competes with estrogen for the estrogen receptor (ER) and renders 

the ER inactive. Unfortunately, hormone therapy does not work on all cancers. 

Cancers that do not express hormone receptors, such as triple negative breast 

cancer cannot be treated with hormone therapy.  
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Figure 1.10 - Tamoxifen and 4-hydroxytamoxifen 

Immunotherapy is also another treatment option used for cancers which takes 

advantage of the patients’ immune system. Nivolumab is a good example of an 

immunotherapy agent, as it is an antibody against PD-1 (programmed cell death 

protein 1).[67] Cancer cells evade T-cells induced cell death by expressing PD-L1 

(programmed death ligand 1) on the cell surface. PD-L1 interacts with PD-1 and 

prevents T-cells from destroying the cancer cell. Nivolumab binds PD-1, 

preventing PD-L1 from interacting with PD-1, which then allows T-cells to destroy 

the cancer.  

 

Figure 1.11 – PD-1 and PD-L1 immunotherapy 

An emerging gene editing technology called CRISPR (clustered regularly 

interspaced short palindromic repeats) may potentially be used to treat 
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cancers.[68,69] CRISPR utilizes a Cas9 protein (often coined CRISPR/Cas9) which 

is attached to a guide RNA component. The Cas9 and guide RNA complex scans 

the genome, until the complement sequence to the RNA is matched, then the 

nuclease activity of the Cas9 cleaves the DNA. A catalytically deactivated Cas9 

protein (dCas9) can be constructed with epigenetic modifiers, such as chromatin 

remodeling proteins such as DNA methyltransferases (DNMT) and ten-eleven 

translocases (TET).[70] This allows epigenetic reprogramming of oncogenes or 

tumor suppressor genes and tries to revert them back to their non-diseased state.  

1.3.1. Small molecules as anticancer agents  

The use of small molecules to treat cancer began after an observation that when 

exposed to mustard gases, bone marrow and lymph nodes cell counts were 

depleted.[71][72] This spurred interest in using mustard agents as an anticancer 

drug, however the drug was not effective and led to remission.[73–75] 

In 1951, Hitching and Elion developed two new drugs (6-thioguanine and 6-

mercaptopurine) which was used to treat leukemia and other diseases.[76,77] 

These drugs are a class antimetabolites, which mimic the DNA bases and cause 

failure in DNA repair and synthesis. For their work, they were award the Nobel 

Prize in Medicine in 1988.[78] 

 

Figure 1.12 – example of first drugs used for cancer chemotherapy 
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To date, using chemicals to treat cancer or ‘chemotherapy’ is still the predominate 

method. In the following sections, a brief overview of cancer treatment options is 

presented and a more in-depth review on DNA-targeting drugs will be reviewed. 

1.3.1.2 Anticancer drugs which target DNA 

Current cancer treatments are predominately chemotherapeutic, where a patient 

is prescribed drugs, which aim to slow down or kill the progression of cancer cells. 

There are many types of drugs available for chemotherapy, and each class of 

drug can target different pathways to kill cancers. Unfortunately, many 

chemotherapy drugs also produce toxic side effects, a consequence of unspecific 

targeting of healthy cells.  

Anthracyclines are a class of drugs used in cancer treatment.[79] Two examples 

of these drugs are daunorubicin and doxorubicin. Daunorubicin and doxorubicin 

were both isolated from soil bacteria, Streptomyces genus. On the market, there 

are only a few drugs which target DNA via intercalation. Doxorubicin and its 

derivatives have been described as one of the most effective anti-cancer drugs. 

 

Figure 1.12 - Anthracyclines 
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The planar aromatic molecule of the anthracyclines makes it suitable for 

intercalating DNA, where the small molecule can π-stack on the DNA bases in 

the minor groove of B-DNA. Once the anthracycline is incorporated into the minor 

groove, the DNA double helix becomes distorted, which then stalls the replication 

machinery and induces DNA damage. This is confirmed with crystallography, and 

the anthracycline (doxorubicin) can be seen binding in the minor groove. Once 

these compounds have inserted themselves into B-DNA, it becomes difficult for 

polymerases and topoisomerases to unwind and replicate the DNA.  

Unfortunately, one of the major issues with doxorubicin is the induction of 

cardiomyopathy, a disease which destroys the heart muscles 

(cardiomyocytes).[80] Since doxorubicin intercalates DNA and inhibits 

topoisomerases, it has been suggested that these downregulate the expression 

of α-actin, myosin and sarcoplasmic reticular ATPases. Along with the 

downregulation of key muscle genes, doxorubicin also induces DNA damage and 

inhibits repair, and increases oxidative stress in cells.  

Antimetabolites are another class of anticancer drugs, these drugs mimic 

nucleotides and inhibit the function of the cellular machinery required to repair or 

copy DNA. Once incorporated into the strands, these nucleotides mimic and 

impair the structure and function of DNA, leading to cell death. Most 

antimetabolites are modified purine or pyrimidine bases, e.g. fluorouracil. 

The development of fluorouracil started with the recognition that tumors had 

increased uptake of uracil versus normal cells, and that fluorinated bases also 

inhibited enzymes important to DNA replication.[81] In their work, Heidelberger 

and co-workers synthesized a range of fluorinated pyrimidines and tested them 
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on mice which had been injected with human tumors.[82] The authors found that 

tumor sizes were decreased with 5-fluorouracil treatment.  

 

Figure 1.14 - Structures of active antimetabolite of 5-fluorouracil. 

5-fluorouracil can work in two ways, by inhibiting thymidylate synthase or 

incorporating itself into DNA/RNA.31 Once inside the cell, 5-fluorouracil can be 

converted to three different active metabolites; 5-fluorodeoxyuridine 

monophosphate (FdUMP), 5-fluorodeoxyuridine diphosphate (FdUDP) and 5-

fluorodexoyuridine triphosphate (FdUTP). Thymidylate synthase normally 

converts deoxyuridine monophosphate (dUMP) into dexoythymidine 

monophosphate (dTMP) via a reductive methylation, which is essential in DNA 

synthesis. However, due to structural similarities to uracil, thymidylate synthase 

can take up 5-fluorouracil. The enzyme will convert FdUDP to FdUMP, but not to 

dTMP. FdUMP binds to thymidylate synthase to form stable complexes, thus 

inhibiting it. The inhibition of thymidylate synthase also decreases the availability 

of dTMP availability for DNA synthesis and repair.  
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Figure 1.15 - Structure of antimetabolites 

Decitabine is another analogous antimetabolite, however it is a modified 

deoxycytidine. Like other antimetabolites, decitabine can be incorporated into 

DNA, however it was also found that decitabine (also azacitibine) can inhibit DNA 

methyltransferase.[83] Inside the cell, decitabine is metabolized into decitabine 

triphosphate, which can be incorporated in the place of cytosine. When DNMT 

methylates decitabine, the thiol group of the DNMT becomes covalently bound to 

decitabine, inhibiting the DNA methyltransferase activity. The inhibition of DNA 

methyltransferase leads to hypomethylation, which then leads to further genome 

instability in cancers, leading to cell death. 

 

Figure 1.16 - Structure of hydrolyzed decitabine and azacitidine 
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It has been demonstrated that in aqueous solutions, decitabine and azacitidine, 

undergo hydrolysis into 5azaC-dR and 5azaC-R, respectively (figure 1.16).[84] 

Smith and co-workers reported that when 5azaC-dR is incorporated into DNA, 

DNMT1 binds 90 times more strongly.[85] Toxicity of the compound was found to 

be time dependent, as short exposure time of the drug showed no toxicity. Longer 

exposure time, where DNA methylation patterns were found to have changed, 

showed increased toxicity. The hydrolysis product of decitabine, 5azaC-dR, can 

also cause a series of mutations, such as C:G ® T:A and C:G ® G:C mutations. 

It has been suggested that the rotational freedom of 5azaCs can cause mismatch 

mutations.[85] 

Interestingly, Waller and co-workers showed DNA sequences incorporated with 

5azaC-dR destabilized secondary structures such as i-motifs,[86] another 

secondary DNA structures which may be involved in gene regulation.  

1.3.1.3 G-quadruplex ligands as anticancer drugs 

An emerging class of potential anticancer drugs are ligands which bind G-

quadruplexes (G4s). These structures have been implicated in regulating gene 

expression and thus they have been proposed to be suitable targets for drug 

therapy. The seminal work of Hurley and co-workers demonstrated that G4s may 

be targeted to downregulate expression of the c-MYC gene, using a cationic 

porphyrin (TMP4Py). In their reports, the stabilization of the promotor c-MYC G4 

led to the decrease of c-MYC expression. Later the group reported quindoline[87] 

and ellipticine[88] derived drugs, which show further selectivity towards the c-MYC 

G4. 
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Quarfloxin, a fluoroquinolone made it to phase II clinical trials for the treatment of 

cancer but was dropped due to poor bioavailability.[89] More recently, CX-5461, 

another fluoroquinolone derivative, entered clinical trials.[90] CX-5461 was found 

to be a G4-stabiliser, with selective toxicity towards BRCA1 and BRCA2 deficient 

cells.[91] 

 

Figure 1.17 – Structure of G4-ligands which have entered clinical trials 

The group of Neidle reported a G4-ligand based on an acridine core called 

BRACO-19.[92]  BRACO-19 was found to significantly decrease hTERT 

expression in uterus carcinoma cell line and was later demonstrated to have an 

EC50 value of 60 nM.  Modelling experiments with acridine based G4-ligands were 

shown to induce senescence in MCF-7 cells when staining for b-galactosidase, 

suggesting that it targets telomeres. [93] 
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Figure 1.18 – Acridine derived G4-ligand, BRACO-19. 

Triarylpyridines (TAP) ligands were initially reported by the Balasubramanian 

group to stabilize G4s.[94] TAPs are an appealing class of ligands due to their 

ease of synthesis and the number of modifications available. Modifications to the 

side chains can also tune the ligands’ selectivity to discriminate against dsDNA 

and even different G4s. When TAP-G4 interactions were analyzed by circular 

dichroism (CD), a structural change was observed.[95] Interestingly, TAPs were 

found to increase gene expression (c-kit oncogene). The TAPs reported by the 

group of Mergny were found to have ΔTm (change in melting temperature of the 

G4 in the presence of a ligand) of up to 40 °C, suggesting these compounds 

stabilize G4s.[96] To elucidate how TAPs bind G4s, Salgado and coworkers 

utilized NMR and docking experiments to determine that two TAPs molecules 

bind the telomeric G4 in the grooves and loops.[97] The amino side chain was 

shown to occupy the space in the grooves. 

 

Figure 1.19 – Examples of triarylpyridines G4-ligands 

Pyridostatin is a G4-stabilizing small molecule designed by the Balasubramanian 
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treated cells with pyridostatin and demonstrated with immunohistochemistry that 

POT1 (telomere capping protein) is displaced from telomeres. Signs of oxidative 
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damage was also observed in immunofluorescence microscopy when staining for 

H2AX, a marker for DNA damage. Interestingly, pyridostatin derivative, RR110, 

was shown to inhibit the 5’ UTR G4 in NRAS RNA which can reduce the 

translation of proteins. [99] 

 

Figure 1.20- Structure of Pyridostatin (PDS) 

Neidle and co-workers also reported naphthalene diimide ligands (figure 

1.21).[100] The compounds CM03 was found to be a potent G4 binding molecule 

using both modelling and experimental data. Animal studies using a PDAC 

xenograft had an increase in survive with CM03 treatment. Interestingly, while 

CM03 showed increased stabilization of the KRAS G4, RNA-seq data showed 

there is no change in KRAS expression in PDACs. However, global down 

regulation of gene expression was observed, as expected. 

 

Figure 1.21 - Structure of CM03. 
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revealed that the cationic porphyrin ligand, not only downregulated gene 

expression but it also upregulated gene expression, suggesting that G4 may roles 

in both upregulating and downregulating gene expression.  

1.3.2 Metal complexes as anti-cancer compounds 

Organometallics is defined as a metal complex with at least one covalent carbon 

bond. The use of organometallic complexes as medicine is not a new idea, indeed 

the earliest example of metal complexes being used to treat disease was by Paul 

Ehrlich in the 1900s.[102,103] In their seminal work, the lab synthesized an 

organoarsensic compound (arsphenamine) which was used to treat syphilis. 

Metal complexes have the advantage of diversity in their geometry (e.g. square 

planar, square-pyramidal and octahedral) and can have a variety of ligands (e.g. 

carbenes, alkynes, alkenes, cyclopentadiene and arenes) allowing for more 

avenues of exploration for drug design.[104] In this section, we will explore 

platinum based drugs and N-heterocyclic carbene metal complexes as a potential 

anticancer therapeutic. 

 

Figure 1.22 – Structure of arsphenamine 
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1.3.2.1 Cisplatin and platinum derivatives 

The serendipitous discovery of platinum salts inhibiting bacteria growth, led to the 

discovery of the well-known anticancer drug, cisplatin. In their early experiments, 

Rosenburg et al. (1965) found that E. coli growth was inhibited around a platinum 

electrode.[105] The authors tested a series of platinum salts and found most 

inhibited bacteria growth. This was later applied towards sarcomas and leukemia 

in mice, and it was found that cis-diamminedichloroplatinum (II) or cisplatin, gave 

the best results in inhibiting tumor growth.[106] 

Currently, cisplatin is used as a first line treatment of cancers, being prescribed 

to about 50% of patients. Cisplatin has even been attributed to the success story 

of the infamous cyclist, Lance Armstrong and his battle with testicular cancer. To 

date, there are at least three platinum-based drugs on the market (cisplatin, 

carboplatin and oxaplatin) with others available in Japanese (nedaplatin) and 

Korean markets (heptaplatin).[107] 

 

Figure 1.23 - Platinum based drugs on the market 

Both cisplatin and its derivatives mechanism of action is the cross-linking of DNA, 

by coordinating through the N7 on guanine.[108] While this is the most commonly 
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accepted mechanism, studies have showed that cisplatin can also bind to 

proteins to create DNA to protein cross-link.[108] To coordinate to guanine, 

cisplatin must undergo aquation, whereby chloride anions are exchanged with 

water ligands. The water ligands are labile and can easily be displaced by 

guanine bases. Once coordinated to the DNA, the square planar platinum (II) 

complex disrupt the DNA’s double helix, as the DNA is forced to accommodate 

the square-planar platinum (II), distorting the helix and disrupting π-stacking.  

The effects of DNA-bound cisplatin can be observed in the report crystal structure 

of cisplatin with DNA (Takahara and Lippard), where the DNA is distorted around 

the platinum (II) center, which also distorts the helical structure of DNA.[109] One 

should note that, in these experiments, the chloride anions were abstracted with 

a silver salt (silver tetrafluoroborate) prior to being added to DNA, whereas in the 

cell, the chlorides are slowly exchanged with water ligands. 

Cancers often overexpress glucose transport 1 (GLUT1), a protein responsible 

for the uptake of glucose across the plasma membrane of mammalian cells.[110] 

Based on crystal structures and modelling of GLUT1, Lippard and co-workers 

designed a new glucose-platinum (Glu-Pt) conjugate, where the platinum is 

linked through C6.[111] It was suggested that the other hydroxyl groups were 

involved in important interactions and the usage of those sites would not allow 

the protein to be exploited. In their assays, it was found that Glu-Pt conjugates 

accumulated in cancer cells over healthy cells, and the inhibition of GLUT1, led 

to a significant decrease in cytotoxicity, implying the conjugate is mostly taken up 

by GLUT1. The authors also showed that the platinum was found in the nucleus 

and markers for DNA damage were expressed, indicating the conjugate targeted 

genomic DNA.  
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Figure 1.24 - Glucose-platinum (II) conjugate 

Platinum (IV) derivatives also exist, but unlike their platinum (II) counterparts, 

platinum (IV) complexes are referred to as pro-dugs, since they need to be 

reduced into platinum (II) prior to being active. It is believed that once Pt (IV) 

enters the cell, glutathione S-transferase (GST) or the mitochondria would reduce 

these species. Nuclear magnetic resonance (NMR) studies have shown that 

other enzymes can also reduce platinum (IV) prodrugs. Currently, satraplatin is a 

promising Pt(IV) pro-drug under investigation. Interestingly, satraplatin can also 

be administered orally due to its stability, which is appealing as cisplatin is 

administered intravenously and causes damage at the injection site. 

Unlike the square planar platinum (II), the addition of two new axial coordination 

sites on the platinum (IV), upon oxidation, allows for further functionalization. The 

hydroxyl ligand of the octahedral complex can undergo reactions, similarly to 

alcohols, as demonstrated by the group of Lippard in conjugating the platinum 

(IV) with peptides and estrogen. The hydroxyl ligand can act as a nucleophile in 

ring-opening reaction with cyclic anhydrides. The newly formed carboxylic acid 

can even be activated with carbodiimide coupling reagents to make amides. In 

their work, Lippard and co-workers used this chemistry to add integrin targeting 

peptides (RGD) to platinum (IV) to attack cancer cells selectively. It was found 
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that the platinum-RGD complexes were far more toxic towards cell lines that 

express RGD receptors.  

 

 

Figure 1.25 - DHP tethered to estrogen 

It is known that glutathione-S-transferases (GSTs) are overexpressed in cancers, 

and overexpression leads to drug resistance or platinum resistance.[112] Utilizing 

the platinum (IV) core, Parker and co-workers attached etacrynic acid to the axial 

positions.[113] Etacrynic acid is a loop diuretic, but it has been found to be a potent 

inhibitor of GSTs. Combining cisplatin and etacrynic acid, the Parker group 

demonstrated that the drug conjugate is more toxic to cancer cells. Further 

studies from the group, using protein crystallography and computational 

chemistry, elucidated the mechanism of action of these compounds. The 

etacrynic acid was found to dock in the active site of the enzyme, while the 

platinum sat in the dimer interface of the GST.[114] The X-ray crystal structure 

showed that the platinum was in the +2 oxidation state, with the axial ligands 

gone. 
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Figure 1.26 - Etacrynic-platinum (IV) conjugates 

1.3.2.2 Anticancer N-heterocyclic carbene complexes 

N-heterocyclic carbenes (NHCs) are a fairly new class of ligands and much like 

their phosphine counter parts, NHCs are 2-electron donors. However, NHCs are 

stronger sigma-donors, making them form stronger bonds with the metal center. 

NHCs are considered to be synthetically easy to prepare and combined with the 

strong donor properties, NHCs are finding applications in catalysis and also in 

the area of bioorganometallics. 

 

Figure 1.27 - Examples of NHC-gold (I) and NHC-silver (I) complexes 
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NHC-silver complexes. Though effective at inhibiting bacteria, neither groups 

investigated mechanisms of action of these new NHC-complexes. 

The first anti-cancer NHC complexes were reported by Berners-Price and co-

workers.[115] These gold complexes were found to accumulate in mitochondria by 

ICP analysis. Berners-Price and co-workers also demonstrated that thioredoxin 

reductase was a target for NHC-gold (I) complexes.[116] 

Ott and co-workers developed benzimidazol-2-ylidene gold (I) complexes. Much 

like the imidazole-2-ylidene derivatives of NHC of Berners-Price and co-workers, 

these were also found to have anticancer activity.  

 

Figure 1.28 - NHC caffeine gold complex 

Caffeine-derived NHCs have also been shown to exhibit anti-cancer properties 

by the group of Casini.[117] In their studies, the groups found that these 

compounds are selective towards cancer cells, with lower toxicity against non-

cancerous human embryonic kidney cells (HEK-293T) using MTT assays. Some 

IC50 values were even in the nanomolar range against cancer cells. The authors 

also found that their compounds were toxic to a platinum-resistant cancer line. 

Interestingly, some of these NHC caffeine complexes were found to demonstrate 

stabilization of telomeric G4s (F21T), with ∆Tm values >10 °C. Unfortunately, the 

authors also found that the compounds stabilize duplex DNA (ds17) in FRET-

competition assays. 
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More recently, the groups of Ferraoni and Gratteri, published a co-crystal 

structure of a NHC-gold caffeine complexes with a telomeric G4 (Telo23).[118] The 

cationic dicarbene-gold complex, was found to be π-stacking on both sides of the 

G-tetrad. Mass spectrometry studies also revealed that the ratio of complex to 

G4 can be either 1:1, 2:1 and 3:1, however the 1:1 and the 2:1 is the dominant 

species.   

 

Figure 1.29 – Anticancer NHC-rhodium (I) complex 

NHC-rhodium complexes have also been reported to have anti-cancer properties, 

with the first example reported by McAlpine and co-workers.[119] In their work, the 

authors synthesized NHC-rhodium complexes and demonstrated that it behaves 

similarly to cisplatin, in the way it binds DNA. Interestingly, Ott and co-workers 

also demonstrated the potential of NHC-rhodium (I) complexes as anti-cancer 

complexes.[120] However, Ott and co-workers found their NHC-rhodium 

complexes targeted thioredoxin reductase, and they also demonstrated that a 

large portion of NHC-rhodium was bound by albumin, due to the cysteine residue 

(Cys-34). However, the albumin-complex still showed cytotoxic effects. 

Additionally, Ott and co-workers also showed that NHC-rhodium (I) complexes 

can also target and interfere with proteins involved in the MAPK pathway.[121] 
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Figure 1.30 - NHC-Pt-PDC conjugate 

NHC-platinum analogues of pyridodicaroxamide (PDC) have also been 

reported.[122] PDC is structurally similar to the G4-ligand, PDS, however PDC is 

more selective towards telomeres, whereas PDS is not as discriminatory. The 

authors proposed that the addition of the NHC-platinum onto the PDC can target 

telomeres more specifically.  

It was found that NHC-Pt-PDC is less toxic, and had a high uptake in cells, due 

to its increased lipophilicity. When cervical cancer cells (A2780) were treated with 

NHC-Pt-PDC, a decrease in TFR2 foci was be observed (IHC). The authors 

speculated that their NHC-Pt-PDC analogue disrupted the binding of TFR2, and 

indeed significant telomere shortening was observed in treated cells, based on 

similar observations with cisplatin.[123] Unfortunately, the mechanism remains 

elusive. 

1.3.3 Summary 

In section 1.3, we surveyed a range of different molecules which can target DNA, 

including G-quadruplex DNA, as for anticancer therapy. Targeting G4s in 

particular is appealing, as G4s are often found in promoters of genes. Also, 

targeting G4s can be an alternative approach if the protein is considered 
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undruggable, like KRAS and MYC. However, there are at least 700,000 G4s in 

the genome and unwanted off-target effects are undesirable, therefore a careful 

approach must be taken to ensure the drug is selective towards the desired G4. 

The serendipitous discovery of cisplatin has had a tremendous impact in 

chemotherapy and made way for the development of new metal-based drugs. 

While many metal-based chemotherapeutic agents are platinum-based, research 

from various groups have shown that other metals may also be of interest. In this 

review, we see metals can also be conjugated with bioactive molecules (glucose, 

estrogen and drugs), which allow for more selective targeting, by seducing cancer 

cells with nutrients. Combining metals complexes with organic molecules such 

as G4-ligands is also appealing, as the combination of the two drugs can alter 

the lipophilicity of the drugs and increasing uptake. The addition of metals can 

also destroy cancer cells via a novel mechanism. 

1.4 Aims and Hypothesis 

Based on the literature review, we see that G4-ligands are largely aromatic with 

amino side chains or appendages, which impart selectivity and increase 

solubility. As there are over 700,000 G4s found in the genome it is paramount 

that G4-ligands a developed not only to discriminate against double-stranded 

DNA, but also discriminated against G4s which are not of interest to minimize off-

target effects. Triarylpyridines are a class of G4-ligands which were found to be 

highly selective towards G4 DNA versus dsDNA. In this thesis, we synthesize a 

novel class of multicarbazole ligands, based on the triarylpyridine idea, but 

extend the aromatic rings to impart selectivity towards G4 DNA.  
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To determine if the newly synthesized ligand could target G4 DNA, a series of 

biophysical assays will be conducted. These included FRET (Forster resonance 

energy transfer) to determine a change in melting temperature (DTm) after 

stabilizing with G4-ligands, circular dichroism (CD) titration to determine G4-

stabilization and topology changes and nuclear magnetic resonance (NMR) 

titration to determine if ligands interact with G4s. 

In the literature, we also see that authors only look at a few select genes to 

determine if G4-ligands have an off-target affect via quantitative polymerase 

chain reaction (qPCR). This method is short sighted, as it neglects the abundance 

of G4s in the genome. Using published and unpublished G4-ligands which are 

said to be specific to the c-MYC G4 and the hTERT G4, we use NGS techniques 

to determine if these ligands are specific to said G4s and also try to determine a 

mechanism of action for these compounds.  
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Chapter 2: Multicarbazole scaffolds for selective G-quadruplex binding 

2.1 Summary 

G-quadruplexes are increasingly becoming attractive target for drug therapy, as 

they have the ability to modulate gene expression. By targeting the G4 in place 

of the expressed protein, one may then go after these so called ‘undruggable’ 

targets. In this manuscript, an elegant synthetic strategy was utilized to build the 

multicarbazole core, which we functionalized with amino linkers of varying lengths 

and substitutions. We found that multicarbazoles with propyl(piperidine) and 

propyl(pyrrolidine) had the best selectivity for KRAS and the hTelo G4s, even in 

the presence of excess dsDNA.  

In this work, we developed a new protocol to build multicarbazoles (or 

tricarbazolebenzene) using a palladium-catalyzed Suzuki-Miyaura cross-

coupling. While the yield is not impressive, it was sufficient for our purposes. We 

also determined that multicarbazoles can indeed be used as a platform for 

building selective G4-ligands. With further functionalization with alkyamines, we 

found that these ligands can be highly selective towards G4s (hTelo and KRAS) 

and discriminate against others G4s (cMYC, HIV32 and HIV32). The selectivity 

of a G4-ligand is important, since off target effects would be undesirable, and 

studies have shown that G4s can occur throughout the genome.  

Another important feature that multicarbazoles has is it distinguish between G4s 

and dsDNA, considering the bulk of DNA is in the double helix form. The most 

interesting thing about theses ligands is its ability to change the topology of G4s. 

Using both circular dichroism and nuclear magnetic resonance, we found that 
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signals which correspond to the G4s are broadened or loss upon addition of the 

ligands. How the ligands unravel or alter the G4 still remains elusive. 

2.2 Contribution 

Authors Contribution (%) Signature 

Arnold Ou 70 

 
Aurore Geudin 5 

 
Brian W. Skelton 5 

 
Samir Amrane 2 

 
Cameron W. Evans 4 

 
Marck Norret 1 

 
K. Swaminathan Iyer 3 

 
Jean-Louis Mergny 5 

 
Nicole M. Smith* 5   

*The Coordinating and Corresponding Author 
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Chapter 3: High resolution crystal structure of a KRAS promoter G-
quadruplex reveals a dimer with extensive poly-A π-stacking interactions. 

3.1 Summary 

Two high resolution crystal structures of the near KRAS G4 (22RT (1.6 Å) and 

22RBrU (1.8 Å)) was obtained. The crystal structure of the KRAS G4 was found 

to be parallel, in agreement to the previously reported NMR solution structure. In 

the crystal structure, the G4s were found to be dimeric with poly-A-p-stacking with 

the 4-nt propeller loop (A14-A17) and the first residue (A1) of the second chain.  

The crystal structure of the near KRAS G4 revealed interesting stacking 

interactions which provide knowledge for future drug design. For example, the 

four-nucleotide loop (A14 to A17) was found to participate in p-stacking, with T16 

being flipped outwards. The loop contains a large void and a conserved water 

molecule was found pincered by two phosphate backbones, suggesting the 

interaction of water is required to form these structures. In the future it may be 

possible to do docking experiments to see if ligands can be designed to sit in this 

void to aid in stabilization or the KRAS G4. Considering this 4-nt is unique to the 

near KRAS G4, it may be important target for the development of specific KRAS 

ligands. 

Compared to NMR solution structures, crystals can offer more insight. In the case 

of our structure, we can see extensive p-stacking between the adenosine in the 

4-nt loop and G-tetrads of other G4s within the crystal packing. Conserved water 

molecules can also be observed with crystal structures, which can provide 

information on important interactions which are required to stabilize the G4s. 
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This work was a part of our attempts to determine how our multicarbazoles bound 

to the KRAS G4. However, we could not get co-crystal structures of G4-ligand 

complexes. In some cases, the crystals which were produced was determined to 

be only the KRAS G4. Which suggests that the crystal growth conditions may not 

be suitable or that the crystal packing interactions are stronger. Using the crystal 

structure, we also performed modelling studies and determined that 

multicarbazole ligands stacked on the G-tetrad.  

3.2 Contribution 

In this work, I prepared the buffers for crystal screens, performed the fine screens, 

optimizing the condition for crystal growth and grew the crystals. Some reagents 

I had to synthesized, e.g. [(NH3)6Co]Cl3. Jess Hargreaves and Melanie Grigg 

helped prepare some buffers and aided in reproducing crystals with optimized 

conditions. I also performed the circular dichroism experiments to confirm that 

the bromine substitutions did not alter the parallel topology of the KRAS near 

promoter G4. The manuscript and figures were prepared by me with the feedback 

and support of Nicole Smith, Charlie Bond, Jason Schmidberger and Iyer 

Swaminathan. The crystal was diffracted at the Australian Synchrotron 

(Melbourne) remotely and solved by Jason and Charlie. Modeling studies were 

performed by Katie A. Wilson. 

 

 

 



 49 

 

Authors Contribution (%) Signature 

Arnold Ou 50 
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Jessica A. Hargreaves 6 
 

Melanie Grigg 2 
 

K. Swaminathan Iyer 2 
 

Megan O’Mara 2  

Charlie S. Bond† 10 
 

Nicole M. Smith*† 5   

*The Coordinating Supervisor. 
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ABSTRACT  

Aberrant KRAS signaling is a driver of many cancers and yet remains an elusive target for drug 
therapy. The nuclease hypersensitive element of the KRAS promoter has been reported to form 
secondary DNA structures called G-quadruplexes (G4s) which may play important roles in 
regulating KRAS expression, and has spurred interest in structural elucidation studies of the 
KRAS G-quadruplexes. Here, we report the first high-resolution crystal structure (1.6 Å) of a 
KRAS G-quadruplex as a 5’-head-to-head dimer with extensive poly-A p-stacking interactions 
observed across the dimer. Molecular dynamics simulations confirmed that the poly-A p-stacking 
interactions are also maintained in the G4 monomers. Docking and molecular dynamics 
simulations with two G4 ligands that display high stabilization of the KRAS G4 indicated the poly-
A loop was a binding site for these ligands in addition to the 5‘-G-tetrad. Given sequence and 
structural variability in the loop regions provide the opportunity for small-molecule targeting of 
specific G4s, we envisage this high-resolution crystal structure for the KRAS G-quadruplex will 
aid in the rational design of ligands to selectively target KRAS.  

INTRODUCTION 

The Kirsten sarcoma virus gene or KRAS encodes for KRAS, a small GTPase transducer protein 
involved in signal transduction (1). KRAS acts as a molecular switch inside the cell and is involved 
in the activation of several pathways such as the MAPK, PI3K, PLCe and RalGDS (2). The MAPK 
and P13K pathways in particular, activate cell proliferation and cell survival, which are two of the 
six hallmarks of cancer (3). In fact, aberrant KRAS signaling is a driver of many cancers, such as 
lung (4, 5), prostate (6), colorectal (7, 8), pancreatic (9) and breast cancer (10).  Over the past 
three decades, much effort has gone into the development of small molecule based inhibitors 
targeting the KRAS protein (11). However, no drug has yet reached the market to date, 
highlighting the difficulties of this feat. KRAS binds its GDP/GTP substrate in high (picomolar) 
affinity, and it is perhaps the one reason why designing an inhibitor is difficult (12). Efforts have 
also gone into inhibiting the post-translational isoprenylation of KRAS that is required for 
attachment to the plasma membrane, but that too has been futile for the time being (12, 13). 

An alternative approach to targeting KRAS may still be through a small molecule, but instead of 
targeting the protein, one may choose to target the KRAS gene, in particular a G-quadruplex (G4) 
DNA in the promoter region (14). G4s are four-stranded DNA structures, found to be enriched in 
gene regulatory regions, such as the nuclease hypersensitive element (NHE) located upstream 
of transcription start sites (15). The stabilization of these G4 structures with small molecules has 
been shown to down regulate gene expression, even in the case of C-MYC, which was thought 
previously to be ‘undruggable’ (16, 17). 



The promoter region of the KRAS gene contains three potential G4s (near, mid and far - Scheme 
1) (18, 19). The near KRAS G4 (namely 32R) is found ~115 bp upstream of the transcription start 
site (TSS) and has been reported by circular dichroism (CD) and dimethyl sulfate (DMS) 
footprinting experiments to adopt a parallel G-quadruplex conformation with a thymidine bulge in 
one strand and a (1/1/11) looping topology (20, 21). Xodo and co-workers reported that 
transcription factors such as MAZ (Myc associated zinc finger) and hnRNP A1, upregulate KRAS 
expression by binding to the near KRAS G4 (22). The same group reported that oxidation of 
guanine to 8-oxoguanine in the near KRAS G4 can elevate gene expression (23), similar to the 
findings of Burrows and co-workers (24). Recently, a publication has suggested that HMBG1 (high 
mobility group protein 1) binding the near KRAS G4 may play a role in KRAS regulation. These 
studies highlight that direct targeting of the near KRAS G4 could be a promising therapeutic 
strategy. To aid in the development of these targeted therapies, high-resolution structural studies 
of the near KRAS G4 are required. 

The NMR solution structure of a truncated portion of the near KRAS G4, 22RT (a 22-nucleotide 
G16T mutant of the native 22R sequence, PDB: 5I2V), was previously reported by Salgado and 
co-workers to be a parallel G-quadruplex monomer with a thymidine bulge, two single-nucleotide 
propeller loops and a four nucleotide loop (25). The G16T mutation was found to be more stable 
and had better resolved peaks compared to the native 22R sequence.  

Herein, we report the first crystal structure of KRAS-22RT and highlight unique features observed 
in the crystal structure which are absent in the previously reported NMR solution structure. We 
performed docking and molecular dynamics (MD) simulations with two multicarbazole ligands that 
demonstrate higher stabilization for the near KRAS G4 compared to other promoter G-
quadruplexes (26), to provide further information on structural features that are important for small 
molecule binding to the near KRAS G4. 

 
 
MATERIALS AND METHODS 
 
All reagents for crystallization and circular dichroism (CD) were purchased from Merck or Sigma-
Aldrich. Nuclease free water was purchased from Thermofischer (Australia). DNA oligos KRAS-
22RT (5’-dAGGGCGGTGTGGGAATAGGGAA-3’) and the doubly 5-bromouracil modified 
sequence KRAS-22RBrU (5’-dAGGGCGGBrUGTGGGAABrUAGGGAA-3’) were purchased from 
Integrated DNA Technologies as a lyophilized solid with HPLC purification. Circular dichroism 
(CD) was performed on 22RBrU to determine topology, in K+ buffer (100 mM KCl and 10 mM K-
cacodylate pH 6.5), prior to crystallization (Supplementary Figure 1).  
 
Circular Dichroism 
G4 DNA was diluted to approximately 4-5 µM in potassium cacodylate buffer (100 mM KCl and 
10 mM K-cacodylate pH 6.5), then annealed by heating to 95 °C for 5 minutes and slowly cooled 
to room temperature overnight prior to CD analysis. CD was performed on a JASCO J-810 with 
a Peltier (20 °C), scanning from 220-320 nm, 100 nm/min and accumulation of 3 spectra 
(Supplementary figure 1). Background and baseline were accounted for using a blank solution 
(potassium cacodylate buffer). 
 
KRAS G4 Crystallization 
The DNA were resuspended in potassium cacodylate buffer (100 mM KCl and 10 mM K-
cacodylate pH 6.5) to a stock concentration of 3.0 mM. The DNA was further diluted to desired 
concentrations, checked with nanodrop and annealed by heating to 95 °C for 5 minutes and 
allowed to slowly cool to room temperature overnight. Oligos were stored at 4 °C after annealing 
until further use.  
Conditions for crystal growth were screened in a sparse matrix 96-well sitting drop format screen 
using Natrix crystallization screens HR-116 and HR2-117 (Hampton Research), in 96-well 
Intelliplates (Hampton Research), and a Phenix liquid-handling robot (Arts Robbins Instruments, 
USA), and stored in a temperature-controlled room (25 °C).  
Fine screening of KRAS-22RT and KRAS-22RBrU crystals were produced in 24 well plates based 
on Natrix2 condition HR-117:35 (80 mM NaCl, 12 mM KCl, 20 mM MgCl•6H2O, 40 mM Na-
cacodylate•3H2O pH 7.0, 35% v/v MPD and 12 mM spermine•4HCl) and 22R or 22RBrU (at a 



concentration of 0.5 or 1.0 mM) in a drop ratio of 1:1 DNA:reservoir solution, then equilibrated 
against a 500 µL reservoir solution. Crystals were harvested in a nylon loop, flash frozen in liquid 
nitrogen (with approximately 30% MPD as a cryoprotectant, if required). X-ray diffraction data 
were collected at the MX2 beamline of the Australian Synchrotron (Victoria, Australia).(27)  
 
Structure solution and Refinement.  
X-ray data were reduced using XDS (28) and AIMLESS (29, 30). The crystal structure of 22RBrU 
was solved through molecular replacement using PHASER(31), in the CCP4 suite (32) with a 
search model consisting of the core G-tetrads extracted from the first model from the ensemble 
of the solution structure of KRAS G4 (PDB: 5I2V(25)). The model was manually completed in 
COOT (33) with iterative cycles of building/refinement in first REFMAC (34), and then 
PHENIX.REFINE (35). The structure of 22RT was then solved by refining against the structure of 
22RBrU. Atomic coordinates and structure factors were deposited in the RCPB PDB with PDB ID 
of 66N5 and 66N6. Pymol was used for visualization and preparing figures (36). 
 
Computational Modeling 
MD simulations were conducted on the KRAS-22RT G4 dimer, each of the monomeric units of 
the KRAS-22RT G4, and the NMR solution structure of the KRAS G4 (PDB ID: 5I2V). 
Furthermore, functionalized multicarbazoles with an ethyl (2b) or propyl (2f) chain and a terminal 
pyrrolidine (Figure 2) were docked to the KRAS-22RT G4 dimer and a monomeric unit of the 
KRAS-22RT G4 using Autodock vina.(37) The docking search space was defined as a box that 
included the entire G4 with 40 points included in each of the x- y- and z-directions. The most 
stable docking pose with the dimer and monomer was simulated.  
 
MD simulations were performed using AMBER16 (38) with the AMBER BSC1 force field (39). The 
functionalized multicarbazoles were assigned AMBER BSC1 atom types supplemented with 
GAFF using ANTECHAMBER (40). Partial charges for the lesions were developed using RESP 
charge fitting based on a B3LYP/6-31G(d,p) structure and the HF/6-31G(d) electrostatic potential. 
The quadruplexes were solvated in a TIP4PEW octahedral box such that the minimum distance 
between the box edge and quadruplex is 10 Å. KCl was added to the systems to neutralize the 
system and to a final concertation of 0.1 M.  
 
Systems were minimized in a step-wise procedure with minimization of 1) water and counter ions, 
2) DNA hydrogen atoms, 3) DNA and 4) the entire system. Each step of minimization included 
2500 steps of steepest descent and 2500 steps of conjugate gradient minimization, while applying 
a 50 kcal/(mol Å2) restraint on all other atoms. The systems were then heated from 0 to 310 K in 
6 steps, with each 10 ps simulation having an increased temperature (i.e., 10, 60, 120, 180, 210, 
260, and 310 K). Heating was performed with a 1 fs time step, 10 kcal/(mol Å2) restraint on the 
solute and the Langevin thermostat (γ=1.0). The systems were then equilibrated over five 20 ps 
simulations while reducing the constraint on the DNA (i.e., 20, 15, 10, 5 and 1 kcal/(mol Å2)). 
Equilibration was performed at 310 K with a 2 fs time step. Finally, unconstrained production 
simulations of 1 μs were performed in triplicate for each system. Throughout all simulations the 
pressure was maintained at 1 bar using isotropic position scaling and the Berendsen barostat 
(τP=2.0 ps), SHAKE, the periodic boundary condition, a nonbonded cutoff of 10 Å, and long-range 
electrostatic interactions were treated with the Particle Mesh Ewald (PME) method. 
 
Analysis was performed on frames spaced by 0.1 ns using the cpptraj module of AMBER16.[13] 
Representative structure for systems were selected by clustering using the hierarchical 
agglomerative algorithm (ϵ = 3.0). Only clusters with occupancies > 10% have been reported in 
the figures. Visualization of the simulations was performed using VMD and figures were created 
using both VMD (41) and PyMol (42).  Molecular Mechanics/Generalized Born Surface Area 
(MMGBSA) pairwise energies were calculated for the interactions between the functionalized 
multicarbazoles and the quadruplex. 
 
 
 
RESULTS AND DISCUSSION 
 
The truncated 22nt KRAS promoter G4 crystallizes as a dimer with head-to-head stacking 



The KRAS-22RT G4 crystallized in space group P1211 as a 5’-head-to-head stacked dimer in the 
asymmetric unit, which differs from the previously reported monomeric NMR solution structure 
(25) (Figure 1 and Supplementary table 1). In parallel, the 5-bromouracil derivative (22RBrU) was 
also crystallized with a view to use anomalous scattering phasing where it was required to solve 
the structure of 22RT (Supplementary figure 2 and Supplementary table 1). Following successful 
molecular replacement, the 22RBrU data was used to confirm the sequence register of the 
structure, by location of the bromine atoms in an anomalous difference electron density map 
(Supplementary figure 3). There was little variation between the 22RBrU and 22RT crystal 
structures (RMSD = 0.12 Å, dimer), with small difference in the orientation of T16 versus BrU16, 
which is expected due to the higher B-factor of BrU residues (Supplementary figure 4). MD 
simulations were performed to gain a greater understanding of the stability of the dimeric G4 
structure. A backbone RMSD of <4 Å was maintained across all simulations, indicating the 
stability of the G4 conformation (Supplementary figure 5).   

A total of 5 potassium ions were found in the central channel of the dimeric G4 formed in the 
asymmetric unit, with each individual G4 containing two potassium ions positioned between the 
stacked G-tetrads and an additional potassium ion located at the dimer interface (Figure 1). In 
the crystal structures, the distances from each potassium ion is 3.36 ± 0.02 Å and for guanines 
participating in G-tetrad formation the K+ to O6 guanine oxygen distances ranged from 2.7-3.0 Å. 
Upon simulation, the distance between each potassium ion is slightly elongated (3.57 ± 0.22 Å), 
while the K+···O6(G) distances remain consistent with the crystal structure geometry (2.72 ± 0.20 
Å, Supplementary table 2). Additionally, the overall geometry about the K+ ions is consistent with 
that of previously reported G4 crystal structures (43–49). Based on the G4 folding conventions of 
da Silva (50), the KRAS-22RT G4 has type 1a looping (-ppp) and type VIIIa G-tetrads with four 
medium (MMMM) groves with widths of 15.4-15.8 Å (Figure 2). The glyosidic bond angles of the 
guanine residues in the G-tetrad were in the anti:anti:anti:anti conformation. 

An interesting observation of the both G4 structures is a lensing effect of the tetrad planes, 
beginning as straight at the head (5’ end), and becoming progressively more concave into the tail 
(3’ end) of the monomer (Supplementary figure 15). The straight tetrad plane beginning allows 
for a favourable head to head dimer interface. The more concave plane of the tails of each 
monomer would be less likely to accommodate any further oligomeric plane to plane interactions. 
This would suggest that under the geometric constraints seen in these crystal structures, that the 
G4 dimer represents some limit of oligomerisation. 

Poly-A stacking was observed in the 4nt propeller loop 

Like the NMR solution structure, the crystal structure of KRAS-22RT contains a bulge (T8) and 
three propeller loops: two single-residue loops (C5 and T10) and one four residue loop (A14, A15, 
T16, A17) (See Supplementary figure 6 for schematic). A unique feature of the KRAS-22RT 
crystal structure is the extensive poly-A p-stacking interactions within the four-residue propeller 
loop (A14, A15 and A16) of one quadruplex and with A1 of the other quadruplex in the dimer, a 
feature which may add increased stability to the quadruplex (Figure 3). Upon simulation of the 
dimer, substantial variations in the orientation of the four-residue loop are observed, however two 
orientations being predominant (Figure 4). Specifically, the geometry that is observed in the 
crystal structure is formed for 29% of the total simulation time. While for 65% of the total simulation 
time the propeller loop is bent such that A14 and A15 are stacking and T16, A17 and A1 are 
stacking (Figure 4). Between these two groups of stacking bases there are T-shaped interactions 
involving A15 and a hydrogen bond is formed between A15(N7) and A17(N6H) for 44% of the 
overall simulation time (Supplementary table 3). In contrast, in the monomeric NMR solution 
structure residues A1 and A17 form a cap over the 5’ face of the quadruplex (25), which was 
absent in both the crystallographic and simulated dimer. 

Bulges and caps compared to the solution structure 



The thymine residue forming the bulge (T8) displayed a different orientation in the crystal structure 
when compared to the MD simulations and previously reported NMR solution structure. In the 
crystal structures T8 and BrU8 was observed to base-pair with A22 to form a 3’-cap, whereas 
during MD simulations of the crystal structure and in the previously reported NMR solution 
structure T8 was projected out and away from the G-tetrad core (Figures 4 and 5) (25). Capping 
of the terminal G-tetrads has also been observed with previously reported crystal structures and 
is thought to contribute to the stability of the quadruplex (51–53). 

Conserved water molecules and stacking arrangements  

Comparison between the crystal structure of 22RT and the 22RBrU showed that a majority of 
water molecules are conserved between the two G4 structures in the groove regions, suggesting 
water may be required to stabilize the structure (Supplementary figure 8). We observed a single 
water molecule pincered by the phosphate back bone of A15 and A17 (~2.7-2.9 Å), which was 
conserved in the crystal structure of 22RT across the dimer, which we speculate may be required 
to stabilize the stacking-loop (A14-A17) structure (Figure 3). Additionally, during the MD 
simulations a single water molecule, which exchanged during the simulation is bridging a 
hydrogen bond between A15 and A17 for the entire simulation (Supplementary table 3). During 
the simulation water hydrogen bonds with the phosphate backbone, as well as N1 and N6H of 
the nucleobases. Due to the conserved nature of the water molecule, we speculate that it is 
playing a role in stabilizing the stacking-loop (A14-A17) structure.  

Comparison between other G-quadruplex structures 

Interestingly, dimeric G-quadruplexes have been reported for the crystal structures of telomeric 
G4 (46, 54) and promoter G4s such as c-KIT (43),  c-MYC (45), BRAF (44)  and the NMR solution 
structure of c-KIT2 (55), with the majority displaying head-to-head stacking, with c-KIT2 and 
BRAF being an exception. The first residues in the c-KIT and c-MYC crystal structures are also 
oriented away from the G-tetrad, to enable the head-to-head stacking interactions to occur.  

It has been noted that in a biological setting, where genomic DNA is involved, the capping of the 
first G-tetrad may be unfavorable (45). In our crystal structures capping of the first G-tetrad 
(G2●G6●G11●G18) from A1, was not observed, which allowed the second G4 to stack on the 
surface. In a biological setting, only one copy of the KRAS near G4 sequence exists, therefore 
homodimerization is not possible. However, due the three G4 forming regions in the KRAS 
promoter (near, mid and far), we question if heterodimerization was possible with the other G4s 
and thus whether this plays a biological role. 

Structure of monomeric unit of G4 

In order to determine whether the poly-A-p-stacking observed in the KRAS-22RT G4 dimer crystal 
structure could occur in a G4 monomer, simulations were performed on each of the monomeric 
units of the dimer, as well as the previously reported monomeric NMR solution structure. 
Regardless of the starting structure, the distances from each potassium ion is elongated in 
comparison to the dimer (on average ~3.71 Å) and for guanines participating in G-tetrad formation 
the K+ to O6 guanine distances are similar to that observed in the dimer (on average 2.74 Å, 
Supplementary table 2). Similar to the dimer there is substantial variation in the orientation of the 
four-residue loop. However, regardless of the starting structure, stacking interactions are typically 
observed between residues in the four-residue loop (Figure 6, S9 and S10). Similar solvation of 
the loop regions is observed to that of the dimer (Supplementary table 4-S6), which further 
supports the role of water in stabilizing this region of the quadruplex. Additionally, as seen for the 
simulation of the dimer T8 predominantly adopts an orientation that is projected out and away 
from the G-tetrad core. In contrast to the dimer simulation, T8 transiently forms hydrogen bonding 
interactions with A21 (Supplementary table 3-S5). 

Ligand binding to the near KRAS G4 Dimer 



The unique poly-A p-stacking interactions within the four-residue loop of the KRAS G4 may be of 
interest for drug design. Indeed, we have previously reported functionalized multicarbazoles (2b 
and 2f) that bind selectively to quadruplex DNA over duplex DNA and display a higher stabilization 
for the near KRAS G4 compared to telomeric and other promoter G-quadruplexes [26]. Therefore, 
to probe the binding of these functionalized multicarbazoles to the near KRAS G4 dimer molecular 
docking was performed. Regardless of the ethyl or propyl functionalization, the ligand docked to 
one of the poly-A p-stacking loops (Figure 7). Upon simulation stacking is observed in the four-
residue loop and this region is solvated as seen for the isolated dimer (Figures 8, S11 and S12 
and Tables S7 and S8). Nevertheless, there is substantial variation in the ligand binding location 
(Figure 8, S11 and S12). This indicates that the ligand is not interacting in a stable manner with 
the dimer. Indeed, upon calculation of the MMGBSA binding energy the ligand binds to the 
quadruplex with a stability of ~ –18 kcal/mol (Supplementary table 9). Additionally, while there is 
no substantial change to the average distances between the potassium ions (3.60 or 3.68 Å) there 
is greater variation in these distances with a standard deviation up to 0.55 Å (Supplementary table 
2).   For the guanines participating in G-tetrad formation the average K+ to O6 guanine distances 
is similar to that of the isolated dimer (2.74 or 2.77 Å), but the standard deviations are double that 
seen when the ligand is not interacting with the G4 (Supplementary table 2). The high standard 
deviations indicate that the binding of the ligand to the quadruplex is increasing the flexibility of 
the overall quadruplex structure.  

Ligand binding to the KRAS near G4 monomeric unit 

Since poly-A-p-stacking within the four-residue loop was also observed upon simulation of the 
monomer, and the binding of the ligand was shown to increase the flexibility of the quadruplex 
dimer, molecular docking to the monomer was also performed. In contrast to the dimer, the 
functionalized multicarbazoles bind to the 5′-G-tetrad of the G4 while still maintaining interactions 
with the poly-A loop residues (A1 and A17 (Figures 9 and 10) and while the ligand shows some 
variability in orientation, it remains bound to the 5′-G-tetrad of the G4 upon simulation (Figure 10). 
The geometry about the potassium ions is similar to that of the geometry in the absence of the 
ligand (K+···K+ = ~ 3.73 Å and K+···O6(G) = ~ 2.74 Å, Supplementary table 2). Stacking 
interactions still occur within the four-residue loop and the water mediated interactions are 
maintained, however the hydrogen-bonding between the loop residues is reduced (Figures S13 
and S14 and Tables S10 and S11). The ligand binding to the monomeric KRAS G4 is 
predominantly stabilized the 5′ G-tetrad (G2, G6, G11 and G18) and A residues in the loops (A1 
and A17; Figure 11 and Supplementary table 12). Specifically, the multicarbazoles stacks with 
the 5′ G-tetrad and A1, while the pyrrolidine forms stacking interactions with A17 (Figures S13 
and S14). 2f binds stronger to the G4 than 2b (–51.0 and –57.5 kcal/mol, respectively; 
Supplementary table 12), and the stronger binding likely occurs due to the longer linker chains in 
2f allowing for the pyrrolidine to interact with the loop regions without disrupting the stacking 
between the 5′ G-tetrad and the multicarbazoles. This higher binding of 2f correlates well with the 
previously reported higher stabilization of the near KRAS G4 by 2f vs 2b [26].  Nevertheless, 
regardless of the functionalization, the binding of the ligand to the monomer is up to 40 kcal/mol 
stronger than the binding of the ligand to the dimer. Given G-tetrads are a conserved feature of 
all G4s, sequence and structural variability in the loop regions provide the opportunity for small-
molecule targeting of specific G4s. Since the studied functionalized multicarbazoles show higher 
stabilization of the KRAS G4 over other quadruplexes, this could be due to the additional stacking 
interactions that occur with the Poly-A loop residues.  

CONCLUSION 

We reported two crystal structures of the near KRAS G4 (22RT and 22RBrU) found in the promoter 
region at 1.6 and 1.8 Å resolution, respectively. The structure was found to be a parallel G4 head-
to-head dimer, in contrast to the previously-reported monomeric NMR solution structure. The 
crystal structure displayed unique elements which were not observed in the solution structure: 
the four-nucleotide propeller loop of one quadruplex contained extensive p-stacking interactions 
between adenines (A14A, A15A, and A17A) that extended onto the second quadruplex by p-
stacking with the first residue (A1B) of the second G4. Furthermore, the crystal structure was 
capped at the 3’-ends by T8 and A22 through Watson Crick base-pairing, whereas this was not 
observed in the solution structure. We demonstrated using molecular dynamics simulation with 



two multicarbazole ligands that display high stabilization of the near KRAS G4 that the poly-A 
loop residues are important sites for ligand binding to the G4 dimer and monomer in addition to 
the 5’-G-tetrad. We envisage these stacking interactions with the poly-A loop residues are 
important contributors to the observed high stabilization of the near KRAS G4 with these ligands.  
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TABLE AND FIGURE LEGENDS 
 

 

Scheme 1. Schematic representation of the promoter G4s located in the NHE region of the KRAS 
gene. 

 

 

 
Figure 1. Crystal structure of KRAS-22RT G-quadruplex. Side view (Left) and top view (Right). 
Chain A colored (A = blue, G = green, T = pink and C = yellow, Potassium cations = dark purple) 
and chain B in grey. Potassium cations can be observed in the central channel, sandwiched 
between two G-tetrads. The potassium ion at the dimer interface is colored in pink. 

 

 

 



 
Figure 2. Measured distances of medium groove sizes (MMMM) of the first G-tetrad 
(G2●G6●G11●G18). Distances were measured from the 5’ phosphate groups. All guanine 
residues are in the anti-conformation. 

 

 

 

 
Figure 3. (Left) The four-nucleotide loop forming π-π stacking with adenosine bases. A1B π-π 
stacking on A14A, A15A and A17A. Residue T16A is oriented away and does not appear to be 
involved in p-stacking. Distances from each ring displayed. (Right) The same four-nucleotide loop 
with water molecule shown to be pincered by the phosphate group. 

 
 
 
 



 
Figure 4. MD representative structures of the quadruplex dimer. Chain A colored (A = blue, G = green, T = 
pink, C = yellow and K+ = purple) and chain B in grey. 

 

 

Figure 5. Crystal structure of KRAS-22RT G-quadruplex (A = blue, G = green, T = pink, C = yellow, K+ = 
purple) aligned with the NMR solution structure (PDB: 5I2V, grey). Residue T8 in the NMR structure is 
projected out and away of the G-tetrad core (T8NMR), while in the crystal structure forms a 3’-cap over 
the G-tetrad core (T8XTAL). 

 



 

Figure 6. MD representative structures of the quadruplex monomer simulation started from chain A 
(colored as A = blue, G = green, T = pink, C = yellow and K+ = purple). See Figures S2 and S3 for 
representative of the simulations started from chain B and the NMR solution structure.  

 

 

 



Figure 7. KRAS G4 dimer with 2b (top) or 2f (bottom) docked. Chain A colored (A = blue, G = 
green, T = pink, C = yellow and K+ = purple), chain B in grey and the functionalized 
multicarbazoles in red.  

 

 

Figure 8. Dynamics in the binding location of the functionalized multicarbazoles 2b (top) or 2f 
(bottom) to KRAS G4 dimer (chain A in blue, chain B in grey, K+ in purple and functionalized 
multicarbazoles in red). 

 

 

Figure 9. KRAS G4 monomer with 2b (top) or 2f (bottom) docked. Colored as A = blue, G = green, 
T = pink, C = yellow, K+ = purple, and the functionalized multicarbazoles = red. 

 



 

Figure 10. Dynamics in the binding location of the functionalized multicarbazoles 2b (top) or 2f 
(bottom) to KRAS G4 dimer (KRAS in blue, K+ in purple and functionalized multicarbazoles in 
red). 

 

Figure 11. MD representative structures showing the energetic contribution (kcal/mol) of each 
nucleoside to binding of 2b (top) or 2f (bottom) to the KRAS G4 monomer. See Supplementary 
table 11 for exact binding energies.  
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Chapter 4: Effects of G-quadruplex stabilizing ligands on gene expression 
and chromatin landscape 

Abstract 

G-quadruplexes have been shown to play a role in gene regulation and the 

stabilization of these structures have been shown to modulate gene expression. 

This has led to the development of many promising G4-stabilizing ligands. 

However, one down side of current G4 ligands is they have varying degree of 

selectivity. In this work, we investigate three different G4-ligands which have 

been claimed to be selective towards certain G4s. RNA-seq and ATAC-seq of 

MCF7s treated with these drugs showed differential expression with one drug, 

and no significant differential expression with other drugs. However, we did not 

find any evidence to suggest that these specific ligands targeted its intended G4. 

4.1 Introduction 

Epigenetic modifications and the remodeling of chromatin are central to 

regulating gene expression. Regions of open chromatin or euchromatin often 

coincide with regions of hypomethylation and can be utilized to identify 

transcriptionally active genes, since they’re enriched with 5’ and 3’-UTRs, 

transcription start site (TSS) and promoters. It has been demonstrated that 

regions of open chromatin are also enriched with secondary DNA structures 

called G-quadruplexes (G4s) using a newly developed G4-ChIP protocol by the 

Balasubramanian group. [57] Changing the chromatin landscape with a histone 

deacetylase (HDAC) inhibitor also had a profound effect on G4s, increasing the 
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amount of G4s and the amount of euchromatin. The same group also 

demonstrated that G4s inhibit DNA methyltransferase (DNMT), after recognizing 

drops in methylation where G4s are present.[61] 

G4s have traditionally been thought of as road blocks, which stall cellular 

machinery and downregulate gene expression.[48] This idea has spurred much 

interest in the development of small molecule G4-ligands, which bind and 

stabilize these structures to downregulate (onco)gene expression. In fact, 

quarfloxin, a fluoroquinolone derivative which disrupts the interaction between 

the nucleolin protein and a G-quadruplex DNA structure in the ribosomal DNA 

(rDNA), has been developed for this particular purpose and reached stage II 

clinical trials.[89] 

In one report, it was identified that chromatin remodeling proteins may bind 

G4s.[124] In the same study it was demonstrated that G4s stabilized with ligands 

lose its ability to be recognized by proteins. Indeed, approximately 700,000 G4s 

were identified in the human genome in a previously reported study using isolated 

genomic DNA .[54] However, mapping G4s in human chromatin identified ~10,000 

G4s in highly transcribed, nucleosome-depleted regions of the human 

genome.[57] 

The majority of cellular studies assessing the interaction of G4-specific ligands 

focus on a small number of specific genes. For example, a 2011 paper by Hurley 

and co-workers, reported GQC05, an ellipticine analogue, as a high affinity, 

potent, and selective stabilizer of the MYC G-quadruplex, however this selectivity 

was based on in vitro biophysical studies with a select few G4-motifs and their 

corresponding duplex DNA and qPCR analysis of targeted gene transcripts.[88] A 
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more recent study on a ligand determined to be selective for a G4 in the KRAS 

promoter by Neidle and co-workers reported no effect on KRAS expression, 

moreover the ligand globally downregulated gene expression.[100] One of the 

goals of G4-ligand design is to be able to target specific G4s to regulate 

(onco)gene expression without off-target affects. 

In this work, we examine the effects of G4 binding ligands (GQC05, GTC260 and 

GTC365) on chromatin landscape and gene expression using NGS techniques. 

The ligands we chose for this work are also unique, as they have been designed 

to be specific to certain G4s. For example, GQC05 was found to be c-MYC 

specific[88], and GTC365 was designed to target the hTERT G4.[125] GTC365 is 

an acridine derivative with a propylguanidine side arm, which allowed the 

molecule to bind to the hairpin structure and the G-tetrad of the hTERT G4. 

GTC365 is also a phamacoperone, which aids in the folding of the hTERT G4 to 

silence gene expression. GTC260 was synthesized around the idea that 

guanidine moiety imparted its selectivity to the hairpin structure of hTERT.  

 

Figure 4.1: Structure of G4-ligands used in this work 

4.2 Results and Discussion 

Initially, we investigated the toxicity of three G4-ligands (GTC260, GTC365 and 
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GTC365 were found to have an IC50 of 4.70 µM and 28.4 µM, respectively. On 

the other hand, GQC05 was found to be significantly more toxic with an IC50 of 

0.51 µM, perhaps due to its off target affects. For ATAC-seq and RNA-seq 

studies, cells were incubated with the respective ligand at a concentration ~65% 

of the IC50 for 72 hours.  

 

 

Figure 4.2: MTS cell viability assay of GQC05, GTC260 and GTC365 

To determine if the drugs altered gene transcription, we performed a RNA-seq. 

Differential gene expression or genes which had altered expression were 

determined using edgeR[126], using untreated MCF7 RNA as a control. All 

samples treated with G4-ligands were found to have DEGs (differentially 

expressed genes), which suggest the G4-ligands had an effect on transcription. 

We also included a MCF12a versus MCF7 comparison and not surprisingly, we 

see significantly differential expression between MCF12a and MCF7 cells, as the 

two are completely different (breast cancer vs healthy breast cell). 
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Figure 4.3: Glimma plots showing differential gene expression of MCF-7 treated 

with G4 stabilizing ligands GTC365 (A), GTC260 (B) and GQC05 (C) and 

differential expression between MCF7 and MCF12a (D). Significant differentially 

expressed genes in red.  

To determine if the ligands are involved in altering gene expression, we 

performed a gene set enrichment analysis (GSEA),[127] which determines if sets 

of genes (linked to a particular pathway) are over represented. In figure 4.4, the 

results of the GSEA for GTC260 treated MCF7s are shown. In this example, we 

see that pathways which are downregulated involve immune system (signaling of 

interleukins and cytokines), while genes that are upregulated are genes involving 

DNA synthesis or repair (base excision repair and Fanconi anemia). 

A B 

D C 
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Figure 4.4: Gene set enrichment analysis for GTC260 treated MCF7s 
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Figure 4.5: Gene set enrichment analysis for GTC365 treated MCF7s 

In the GSEA of MCF7s treated with GTC365, we see a clear upregulation of 

genes involved in DNA repair and synthesis (DNA repair, cell cycle and cell cycle 

check point). We also observe genes involve in signaling (MET signaling and 

signaling my tyrosine kinase) being downregulated. This suggest that GTC365 

has myriad of effects on gene expression, not just regulating hTERT expression 

as it was proposed.  
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Figure 4.6: Gene set enrichment analysis for GTC260 treated MCF7s 

GSEA of MCF7s treated with GQC05, and to an extent also GTC260, showed 

similar findings. Downregulated pathways once again included signaling 

(signaling by receptor tyrosine kinase and cytokine signaling). Much like GTC365 

treatment, we see a strong increase in pathways in DNA repair and synthesis.  

Since the treatment of GQC05, GTC365 and GTC260 increased DNA repair 

pathways, it may suggest these compounds induce damage to DNA, which 

explains the upregulation of DNA repair pathways. Indeed, it is not a new idea 

that G4 stabilizing compounds causing double-strand breakage (DSB). In 2012, 

Balasubramanian and co-workers demonstrated that PDS causes DSB in cell 

lines, which then led to a DNA damage response (DDR). In their reports they 
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found cells threated with PDS stalled in the G2-phase of the cell cycle, due to 

DDR, which is what we observe in the GSEA as pathways involving in G2 phases 

are downregulated (figures 4.4, 4.5 and 4.6).  

DDR or DSB often involves histone phosphorylation (gH2AX) which also alters 

the chromatin landscape to allow recruitment and binding of repair proteins.[128] 

Since G4-stabilizing drugs (GTC365, GTC260 and GQC05) alter the gene 

expression, potentially causing DSBs and furthermore G4-ligand complexes lose 

their ability to be recognized by chromatin remodeling proteins, we wanted 

evaluate the chromatin architecture in response to treatment. DNA interchelator 

drugs, such doxorubicin, have been shown to evict histones.[129] To evaluate the 

chromatin landscape, we performed an assay for transposase accessible 

chromatin with sequencing (ATAC-seq), a technique that uses a transposase 

(Tn5) to cut regions of open chromatin, which are then isolated and 

sequenced.[40] 

To alleviate the variability between both technical and biological replicates, we 

only used high confidence peak or intersects of biological and technical 

replicates. This gave us approximately 15,000peaks across the four groups 

(MCF7 (untreated), GTC260, GTC365 and GQC05). When cells were treated 

with GTC260, we found that 6000 new peaks or regions of open chromatin are 

formed. Upon treatment with GTC365 and GQC05 however, we saw only 3000 

and 2000 new peaks, respectively. 
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Figure 4.7 - Venn diagram showing overlap in genes, across the four conditions.  

To determine gene changes across the samples, we generate a Venn diagram 

(figure 4.7) with gene IDs showing the common and unique genes. It was 

interesting to see that upon GTC260, GTC365 or GQC05 treatment, we see 

promoter regions of genes become accessible. We also see that ~4500 peaks 

remained unchanged and an approximately 1,500 genes that are depleted with 

treatment. 
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Figure 4.8 - Feature distribution of ATAC-seq peaks from the four groups.  

We next looked at the ATAC-seq peaks and where they fell within the genome. 

We found that majority of peaks fell into the promoter regions (1 kb from TSS). 

The next largest region containing ATAC-seq peaks was distal intergenic or 

intergenic regions (IGR), and the third largest portion are introns, excluding the 

1st intron. Since ATAC-seq is often used as a ‘proxy’ for identifying 

transcriptionally active genes, it is expected that a large number of peaks fall into 

the promoter region.  
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Figure 4.9 - KEGG pathway enrichment analysis of ATAC-seq peaks showing 

top 25 pathways. 

We performed a KEGG pathway enrichment analysis using ATAC-seq peaks to 

determine if pathways were changed upon treatment (see figure 4.9). Between 

the MCF7 and MCF7s treated with compounds, we see that some pathways were 

enriched, and some were loss. In GTC260 treated cells, we see pathways 

involving cellular senescence, homologous recombination and DNA replication 

being enriched. Interestingly, the senescence pathway and DNA replication are 

tied to hTERT expression to some extent. The Fanconi anemia pathway was also 

enriched in both ATAC-seq and RNA-seq, which suggest that these compounds 

induce DSB and initiates DDR. We also see pathways for homologous 

recombination being enriched, once again supporting this claim. 
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Small molecules such as doxorubicin have been shown to poison 

topoisomerases, leading to DSB.[130] Naturally, the role topoisomerase is to 

maintain the torsional stress of DNA. This can involve cutting the DNA and 

rejoining to relieve torsional stress. However, if the topoisomerase is poisoned or 

inhibited, this leads to DSB and eventually DDR. A recent publication has shown 

that G4-ligand stabilization led to an increase in R-loops (DNA:RNA hybrid).[131]  

 

Figure 4.10 - Bar plot of PQS (putative G-quadruplexes) found with G4Hunter 

compared to the total ATAC-seq peaks 

It has been demonstrated that G4s form in regions of open chromatin and these 

G4s play an important role in gene regulation and the regulation of 
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approximately 8,000-11,000 PQS in peaks which coincided with ATAC-seq peaks 

(figure 4.10) which closely resemble numbers supported by experimental data.  

The PQS and non-PQS were then annotated and their distribution feature was 

plotted. As expected, a majority of PQS fell within promoter regions of genes and 

on the other hand, a majority of non-PQS on the other hand fell into IGRs. 

We noticed that the peaks that were lost and the peaks which contained non-

PQS happen to fall into IGRs. A large portion of peaks which were lost with drug 

treatment (~80%) overlapped with non-PQS peaks. Whether the drug treatment 

caused the loss of chromatin accessibility in these regions is unclear. There was 

also an inverse relationship of chromatin accessibility and expression data when 

MCF7s were treated with GTC365. New peaks which were formed with drug 

treatment were enriched in DNA repair pathways, but DNA repair genes were 

down regulated.  

 

 

Figure 4.11 - Feature distribution of PQS peaks in ATAC-seq data 
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Figure 4.12 - Bar plot of G4-seq overlaps compared to the total ATAC-seq peaks 

We also performed the same analysis using G4-seq data.[54] G4-seq was a 

method of determining G4s in the genome based on drop-outs in sequencing, 

due to the formation DNA secondary structures (G4s). We opted to use G4-seq 

data that was sequenced in PDS, a G4 selective ligand, which gave ~700,000 

G4s.  Much like PQS, we see similar numbers when using G4-seq data 

(~10,000). We also plotted ATAC-seqÇG4-seq peaks in functional regions of the 

genome. Once again, a majority of ATAC-seqÇG4-seq peaks fell into promoters 

and peaks which did not overlap with G4-seq data fell into IGRs. 
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Figure 4.13 - Feature distribution of G4-seq peaks within ATAC-seq data and 

non-G4-seq peaks 

Since a majority of predicted G4s fell into promoter regions, we speculate that 

the G4 ligands may bind G4s in those regions. The stabilization of these promoter 

G4s may lead to the downregulation of these genes. Perhaps the reason why we 

see a downregulation of DDR in RNA-seq and an enrichment of DDR genes in 

ATAC-seq. We speculate that the initial binding of G4 ligands will lead to a DSB 

and a DDR, which causes the shift in chromatin landscape. The opening of new 

sites (promoters) will also allow ligands to bind, leading to the downregulation of 

those genes.  
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4.3 Summary 

In conclusion, we were able to determine that specific G4-ligands may not be as 

specific as they claimed, based on RNA-seq and ATAC-seq. Using NGS we were 

able to show that G4-ligands (GTC260, GTC365 and GQC05) cause changes in 

many cellular pathways, in terms of expression (both upregulation and 

downregulation of genes) and chromatin landscape. Using gene set enrichment 

analysis, we see that G4-ligands cause down regulation of DDR and DSB 

pathways. However, in the chromatin context, we see these pathways are 

enriched, which suggest that G4-ligands causes a DDR, but may be 

downregulated once the ligands bind the G4s in the newly opened regions. More 

importantly, this provides further evidence that supports the mechanism of action 

of G4-ligands causing DSB and their toxicity is due to the impairment of these 

processes. 

4.4 Methods and Materials 

All reagents were purchased from Merck, Sigma-Aldrich and Thermofischer in 

molecular biology grade, unless otherwise stated. G4 stabilizing compounds 

were provided by L. Hurley (Arizona, USA). Nuclease free water was purchased 

from Thermofischer. Buffers were autoclaved or filtered (0.22 µM) prior to use.  

Cell Culture 

MCF7 cell lines were cultured in a humidified atmosphere containing 5% CO2 at 

37 °C. MCF12A were maintained in DMEM/F12 media (Gibco). MCF7 cells were 

cultured in MEMα media, (Gibco) supplemented with 1x GlutaMAX (Gibco), 1% 
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sodium bicarbonate (Gibco), and 10% foetal bovine serum (Invitrogen). All cells 

were passaged at 80% confluency with 1x TrypLE Select (Gibco). 

All G4 ligand (GTC260, GTC365 and GQC05) solutions of appropriate 

concentrations were made up to a total of 10 ml in MCF7 complete media before 

each experiment. GQC05 was diluted in complete media to a 0.3 µM solution, 

GTC260 to a 3 µM solution and GTC365 to a 20 µM solution. MCF7 cells were 

seeded into 15 mm plates and allowed to adhere overnight. The following day, 

complete media was removed and for the controls, replaced with 10 ml fresh 

complete media, whilst for each treatment plate replaced with 10 ml drug dilution. 

All plates were incubated for 72 hrs prior to collection. 

After the drug incubation period, media was removed, and all cell monolayers 

washed with PBS. Cell detachment was performed by addition of TrypLE Select. 

Cells were collected by centrifugation for 5 min at 200g and subsequently 

counted using a haemocytometer. 

MTS Assay 

Toxicity studies was conducted using the MTS Assay (CellTiter 96 AQueous Cell 

Proliferation Assay, Promega). Briefly, 2000 cells were seeded into each well of 

a 96 well plate and incubated overnight to allow the cells to adhere. The next day, 

cells were further incubated for 72 h with 100 µL of G4 stabilizing compounds 

(GTC260, GTC365 and GQC050 at 10 different concentrations ranging from 0.01 

µM to 100 µM. Tetrazolium dye (40 µL) was then added to each well and optical 

density read at 490 nm using the 2300 EnSpire Multimode Plate Reader. 

ATAC-seq 
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ATAC-seq was performed according to Buenrostro et al (2015).11 Libraries were 

sequenced using 50-bp paired end reads on the HiSeq2500 platform on rapid 

mode (Garvan Institute of Medical Research, Sydney). PCR quantification was 

performed on the Roche Lightcycler 480 using the Kappa library quantification 

kit. Library size distribution was performed on the Agilent Tapestation 2200 with 

the high sensitivity dsDNA kit. 

RNA-seq 

Total RNA extraction from untreated MCF7, MCF treated (GTC260, GTC365 and 

GQC05) Qiagen RNeasy Mini Kit (Qiagen), according to manufacturer 

instructions, with a total of two biological replicates per sample. RNA-seq libraries 

were then prepared by AGRF (Melbourne) using the Illumia TruSeq Stranded 

Total RNA LT Sample Preparation kit and Ribo-Zero rRNA Removal Kit (ilumina). 

Libraries were sequenced using 50-bp single end reads on the HiSeq2500 

platform.  

Bioinformatics 

Quality check of raw reads were conducted with FastQC and then the adapters 

were trimmed with MultiQC. The reads were then mapped using bwa to hg19. 

Peaks were called using MACS 2.0 using default parameters.[132] Analysis was 

conducted R-studio using edgeR[126], GenomicRanges[133], rtracklyer[134], 

chipseeker[135] and clusterprofiler.[136] Venn diagrams were plotted using 

Intervene.[137] TF motif analysis was done using Gimme Motifs.[138] 

  



 85 

Chapter 5: Conclusion and future work 

This thesis provided a review of cancer and how dysregulation of genes 

expression or mutations can lead to the disease. We also introduced another 

player, the G-quadruplex, which has been showed to play a role in gene 

expression. In section 1.3, we reviewed a series of chemotherapeutics, 

anticancer metal complexes and few known G4-ligands, which have been shown 

to stabilize G4s and modulate oncogene expression.  

5.1 G4-ligand design and synthesis 

In chapter 2, we describe the synthesis of a multicarbazole scaffold using a 

simple strategy allowed by palladium-catalyzed cross-coupling.[139] In the early 

stages of this project, we attempted an acid-catalyzed condensation of three aryl-

ketones. However, this produced a mixture of products and byproduct which 

could not be purified. The multicarbazole core allowed us to functionalize the 

amine of the carbazole with amino linkers.  

In this work, we found the length of linker and the amine substitution had a role 

in determining G4 selectivity. In most our screens, G4s which are stabilized by 

our compounds were the hTelo and KRAS G4s, with DTm of almost 20 °C. 

Interestingly, we found that the newly synthesized G4-ligands were highly 

selective to G4 DNA over dsDNA. When analyzed with CD and NMR titration, a 

decrease in signal or broadening in 1H NMR was observed. This suggests that 

the ligand may remodel or alter the G4 structure. Similar findings were reported 

by Balasubramanian and co-workers with their triarylpyridine G4-ligands.[95]  



 86 

 

Figure 5.1 – N-alkylcarbazoles 

It would be of interest to see if functionalized carbazoles alone would impart 

selectivity towards the KRAS or hTelo G4. The multicarbazole core is a large and 

aromatic molecule, which is highly insoluble (as expected) and does not 

protonate easily, thus requiring dioxane•HCl. NMR and modelling experiments 

from Salgado and co-workers revealed that triarylpyridines interacts with G4s via 

the grooves and channel.[97] In their work, Salgado found that the amino side 

chain, was interacting with the groove of the telomeric G4, while the aromatic 

moiety was sitting near the G-tetrad. Indeed it is not require to have large 

aromatic moieties to stabilize the KRAS G4s as demonstrated by Schneekloth 

and co-workers.[140] 
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To make the molecule more soluble, one may use carbolines derivatives in place 

of the carbazole, which would then allow the aromatic nitrogen to be methylated, 

which then becomes charged and may increase solubility significantly (figure 

5.3). Alternatively, the C3-symmetric molecule can be changed to a 1,3-

dicarbazole benzene with the third carbazole being converted to a more water-

soluble group or a proton acceptor, such as a primary amine. The solubility issue 

could also be addressed by using nanoparticles, which can also increase 

selectivity towards cancer cells if the particle surface is functionalized with 

bioactive molecules such as RGD peptides, folic acid or glucose. 

 

Figure 5.3 - Examples of carboline derivatives with an aromatic nitrogen for 

methylation. 
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tryptophan and an aldehyde to form the tetrahydropyrido-indole ring. This ring 

can be oxidized with either potassium permanganate or (diacetyliodo)benzene to 

form two different types of ring, which can be further functionalized.  

 

Scheme 5.4 – Synthetic pathway to b-carboline derivatives 
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1:10) with both a commercial Natrix screen and reported conditions by Neidle and 

co-workers[141], but crystals formed in these experiments turned out to be only the 

KRAS G4. Fortunately, in this process we managed to obtain two high resolution 

crystal structure of the KRAS promoter G4 (22RT and 22RBrU), highlighted in 

chapter 3.  

To elucidate the ligand-G4 binding, one may have to perform an in-depth NMR 

based experiments, such has NOESY (nuclear Overhauser effect spectroscopy). 

In this experiment, one can look for NOEs between the G4 and ligand, if possible. 

A DOSY (diffusion ordered spectroscopy) experiment can also be conducted to 

determine if the multicarbazole can bind the G4, as the G4-ligand complex would 

have a different hydrodynamic radius. 

5.3 KRAS G4 crystal structures 

In Chapter 3, we report the first crystal structure of the proximal KRAS promoter 

G4 which features a G16T mutation, for stability. As expected, the structure of 

the G4 is of parallel topology, agreeing with the reports.[142] Compared to the 

reported NMR solution structure, the KRAS G4 crystal structure is more compact 

and π-stacking in large propeller loop. This structure also has some similarities 

between the 22mer hTelo structure reported by Neidle[143], which may explain the 

similar selectivity with our multicarbazole ligand.[139] 

We have also attempted to grow the native KRAS promoter G4 sequence, 22R, 

however the crystals did not diffract very well. For future work, the structure of 

22R should be revisited and more screens to be conducted to find optimal 

conditions for crystal growth.  
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Also, the KRAS promoter contains three G4 forming areas (proximal, mid and 

far), and within them different G4s can form (parallel and anti-parallel). Perhaps 

one can attempt to crystalize the other possible G4s in those regions. It is evident 

(in our work and others) that G4s have the potential to form dimers, however if it 

is biologically relevant is not well understood. For example, in the KRAS promoter 

region, there are three different regions that can form G4s (near, mid and far), 

and questioned if these G4s can dimerize with each other.  

In the future, one may try to determine if the KRAS promoter (near, mid and far) 

G4s can form heterodimers with the other two regions and probe if it is biologically 

relevant. This can be achieved in a variety of methods. One may choose to tether 

two different G4s via a long linker and labeled the 5’ ends with FAM and TAM. If 

the G4s stack (head-to-head), then fluorescence should be quenched. One may 

also obtain biotin labeled G4 DNA and attached it to streptavidin bead, then pass 

a known concentration of an annealed G4 solution, then quantify the eluent or 

even easily, run a gel. 

5.4 The effects of G4-ligands on gene expression and chromatin 

In chapter 4, we determined that G4-ligands had an effect on the chromatin 

landscape and gene expression. It is unclear if the formation of G4s caused this 

change or the chromatin changed as a response to drug treatment. It would also 

be of interest to see if the same changes would occur with other drugs, which 

may or may not bind G4s or DNA.  

In our RNA-seq data, we only found significant differential expression in one of 

the drug conditions (GTC365). Upon drug treatment, we observed both 



 91 

upregulation and downregulation of gene expression. While GTC365 was 

reported as an hTERT G4 chaperone ligand[125], we saw no observable changes 

to hTERT expression. This may suggest that GTC365 may target other G4s 

within the genome. In the future, a lower concentration of drugs can be added to 

cells instead (10% of the IC50) to see if differential expression, as gene expression 

may be affected by toxicity of G4-ligands.  

The ATAC-seq data can provide clues on how cells respond to treatment. In 

Chapter 4, we see genes associated with DNA repair, DNA damage response 

(DDR) and double strand breakage (DSB) were enriched. However, this was not 

reflected in the RNA-seq, which we speculate that G4-ligands may have 

stabilized the G4s and downregulated gene expression. Nonetheless, we have 

established a method which can be used to determine if G4-ligand off target 

effects are present and may provide a mechanism of action. 

In future studies using NGS techniques to determine the effects of G4-ligands, 

one may consider using gene knockouts or silencing RNA (siRNA). For example, 

if a G4-ligand is specific to c-MYC, one may use MCF-7s which have the c-MYC 

gene knockout to compare. This way you can compare the two cell lines and rule 

out if c-MYC related pathways are affect upon ligand treatment.   

5.5 Unravelling the role of G4s 

An emerging technique in structural biology is the use of cyro-electron 

microscopy (cryo-EM). Benefits that cryo-EM has over XRD is the ability to image 

or obtain structures of proteins in solution, and of course does not require 

crystallization. To elucidate how G4s interact with proteins, one may prepare G4-
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forming sequences in solution and mix in proteins of interests, such as OGG1 

and APE1 to determine how guanine oxidation can upregulate gene expression. 

This technique can also be used to determine in G4s can form heterodimers in 

solution. One could also determine how the KRAS G4 interacts with the MAZ 

transcription factor, and possibly develop a drug to block that interaction. 

CRISPR is another emerging gene editing tool, which can potentially be used to 

study G4s. For examples, specific G4 forming sequences be altered (removed, 

replaced or chemically modified) to determine what downstream effects occur. 

For example, if the G4 forming sequence is removed in the promoter region, does 

that alter gene expression? 

5.6 Conclusion 

Cancer is a complicated disease with many avenues of attack for treatment, these 

include gene therapy, immunotherapy, radiotherapy and chemotherapy. In this 

thesis, we reported the first multicarbazole based G4-ligands, which are selective 

towards hTelo and KRAS, but not other G4s. We also found that these ligands 

are exceptionally discriminatory against dsDNA, an important attribute for G4-

ligands.  

In our efforts to understand how these multicarbazoles interact with G4s, we 

managed to obtain the first KRAS G4 crystal structure. The KRAS G4 crystal 

structure differs from the NMR solution structure. The KRAS G4 crystal was found 

to be compact, had unique π-stacking, especially in the A14-A17 propeller loop, 

and conserved water molecules. The KRAS G4 crystal structure is of importance 
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as it may guide future drug design efforts and may lead to the development of a 

KRAS inhibitor.  
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Supporting Information  

This section contains the supporting information for the published works and the 
soon to be published work. 
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Arnold Ou,1 Aurore Guédin,2 Brian W. Skelton,1,3 Samir Amrane,2 Cameron W. Evans,1 Marck 
Norret,1 Iyer K. Swaminathan,1 Jean-Louis Mergny2 and Nicole Smith*1 

1. School of Molecular Sciences, The University of Western Australia, 35 Stirling HW, 
Crawley-6009 

2. ARNA Laboratory, IECB, Institution Université Bordeaux, INSERM U1212, CNRS UMR 
5320, Pessac, France 

3. The Centre for Microscopy, Characterisation and Analysis, The University of Western 
Australia, 35 Stirling HW, Crawley-6009 

All reactions were carried out under argon or nitrogen with Schlenk techniques unless otherwise 
stated. Glassware was dried in the oven prior to reactions. Chemicals were purchased from 
Sigma-Aldrich, Merck, Acros, Alfa Aesar or Chem Supply and were used as is, unless otherwise 
stated. Dimethylformamide was stored over 3 Å molecular sieves and under argon. Nuclear 
Magnetic Resonance (NMR) were conducted on the Bruker AV400, AV500 or AV600. 
Multiplicities are abbreviated as the following; singlet (s), doublet (d), triplet (t), multiplet (m), 
broad (br), doublet of doublets (dd). NMR spectra were calibrated to residue solvent peak.S1 
Deuterated solvents was purchased from Sigma-Aldrich and was stored over 3 Å molecular 
sieves. 3-(chloropropyl)amines,S2 1,3,5-Tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzeneS3 and 3-bromocarbazoleS4 were prepared according to literature procedures.  High 
resolution mass spectrometry was conducted on a Waters LCT Premier XE mass spectrometer. 
Compounds 2a-h were weighed out into vials and dissolved in dioxane (1-2 mL). Multicarbazole 
salts were prepared by the dropwise addition of 4M HCl in dioxane (Alfra Aesar) in dioxane 
solution, until no more precipitate formed. The solvent was then removed in vacuo to afford a 
powder (off white to brown). 2a-h•3HCl salts were dissolved in molecular biology grade 
dimethylsulfoxide (Sigma-Aldrich) to make 10 mM and 100 mM stock solutions and stored in the 
freezer until required. Compounds were dissolved in water (milliQ) to the appropriate 
concentration for each reaction. 

For Forster resonance energy transfer (FRET), Oligonucleotides were purchased from 
Eurogentec or Integrated DNA Technologies and resuspended in nuclease free water to make 
100 µM stock solutions. Compounds (1, 2a-h) were dissolved in molecular biology grade 
dimethylsulfoxide (Sigma-Aldrich) to make 10 mM and 100 mM stock solutions. All stock 
solutions were stored at -20 °C until required. All oligonucleotides were then further diluted in 
the relevant buffer and pre-annealed prior to conducting FRET assays. Preannealing of the 
oligonucleotides consisted of heating at 95 °C for 2 min and then cooling on ice . 

The FRET assays were performed as a high throughput screen in a 96-well format on a Agilent 
Stratagene Mx3005P real-time PCR machine. After a first equilibration step at 25 °C for 5 min, a 
stepwise increase of 1 °C every minute for 71 cycles to reach 96 °C was performed and 
measurements were made after each “cycle” with excitation at 492 nm and detection at 516 nm. 
Final analysis of the data was carried out using Excel and KaleidagGraph software. Emission of 
FAM was normalized between 0 and 1, and apparent Tm was defined as the temperature for 
which the normalized emission is 0.5. Each well was duplicated and contained a total reaction 
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volume of 25 µL, with the labelled oligonucleotide (0.2 mM) in K+ or Na+ buffer in the absence or 
presence of compound (1, 5  and 10 mM). K+ buffer contained lithium cacodylate (10 mM) at pH 
7.2, KCl (10 mM) and LiCl (90 mM) and Na+ buffer contained lithium cacodylate (10 mM) at pH 
7.2 and NaCl (100 mM).  

FRET competition experiments were conducted in K+ buffer with 0.2 mM of F21T in the 
presence of compound (5 µM) and ds26 competitor (15 µM or 50 µM).  

Circular dichroism (CD) titration was performed on the Jasco J-1500 CD Spectrometer using 
quartz cells (Hellma Analytics) with a path length of 10 mm. DNA solution (10 mM potassium 
chloride, 90 mM lithium chloride, 10 mM lithium cacodylate at pH 7.2, and 4 µM 22Ag or 22Kras) 
was annealed prior to CD titration, then 500 µL was transferred into each cell. The CD spectra 
was an average of 3 runs, with background (buffer) subtracted. Scan rate was 100 nm/min and 
temperature set at 20 °C 

NMR titrations were performed in a 3 mm NMR tube, at 25 °C, with 250 µL of sample (100 µM 
22Kras, 20 mM potassium phosphate pH 6.5 and 70 mM potassium chloride,) in 10% D2O in 
H2O, on the Bruker 600 MHz. The DNA was annealed prior to NMR (95 °C for 2 minutes and 
then cool on ice). The water signal was suppressed with excitation sculpting. Compound was 
added in the appropriate amount after each experiment. 

 

 

Preparation of multicarbazoles 

 

�� �!������������� ����	��	�	�����

In a Schlenk tube, 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene  (500 mg, 1.1 
mmol), 3-bromocarbazole (821 mg, 3.4 mmol), cesium carbonate (3.81 g, 11.7 mmol), 
degassed dioxane/water (5:1, 25 mL), (dppf)PdCl2 (124 mg, 0.17 mmol) and stir bar was added. 
The flask was sealed under argon and the suspension was then stirred at 90 °C overnight. The 
reaction was quenched the next day with water (20 mL), extracted with dichloromethane (3 x 25 
mL), dried over anhydrous sodium sulfate and then concentrated. The residue was purified by 
silica gel column chromatography (hexane:ethyl acetate, 6:4) to afford the desired product as an 
off-white solid (221 mg, 35%). Crystals suitable for X-ray diffraction were prepared by vapor 
diffusion (room temperature) of methanol into a concentrated solution of 1 in dimethyl sulfoxide. 
1H NMR (500 MHz, dmso-d6): δ 11.35 (s, 3H), 8.73 (s, 3H), 8.33 (d, J = 7.6 Hz, 3H), 8.08 (s, 
3H), 7.99 (d, J = 8.4 Hz, 3H), 7.64 (d, J = 8.3 Hz, 3H), 7.53 (d, J = 7.9 Hz, 3H), 7.42 (t, J = 7.4 
Hz, 3H), 7.20 (t, J = 7.4 Hz, 3H). 



13C NMR (125 MHz, dmso-d6): δ 142.6, 140.3, 139.4, 131.4, 125.7, 125.1, 123.4, 123.2, 122.7, 
120.1, 118.9, 118.6, 111.3, 111.1. 

HRMS (ESI+): m/z calculated for C42H28N3 [M+H]+ 574.2283 and found 574.2283. 

Figure S1: 1HNMR of compound 1 



 

Figure S2: 13CNMR of compound 1 

 

Crystallography 
The crystal data for 1 are summarized in Table S1 with the structure depicted in Scheme 

1, where ellipsoids have been drawn at the 50% probability level. Crystallographic data 

for the structure were collected at 100(2) K on an Oxford Diffraction Gemini 

diffractometer using Cu Kα radiation.  Following multi-scan absorption corrections and 

solution by direct methods, the structure was refined against F2 with full-matrix least-

squares using the program SHELXL-2014S5. The solvent was modelled as a methanol 

molecule disordered about a � centre. Methanol hydrogen atoms were located from 

residual electron density. All remaining hydrogen atoms were added at calculated 

positions and refined by use of riding models with isotropic displacement parameters 

based on those of the parent atoms. Anisotropic displacement parameters were 

employed throughout for the non-hydrogen atoms.  The CCDC deposit (CCDC No: 

1838265) contains supplementary crystallographic data, and can be obtained free of 

charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 



Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: (+44) 

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

 

Table S1.  Crystal data and structure refinement for 1. 

Empirical formula  C42.50H29N3O0.50 

Formula weight  589.69 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  Trigonal 

Space group  R� 

Unit cell dimensions a = 21.9820(5) Å  

 b = 21.9820(5) Å  

 c = 10.3781(3) Å  

Volume 4342.9(2) Å3 

Z 6 

Density (calculated) 1.353 Mg/m3 

μ 0.623 mm-1 

Crystal size 0.146 x 0.094 x 0.042 mm3 

θ range for data collection 4.022 to 67.341°. 

Index ranges -25<=h<=16, -18<=k<=26, -12<=l<=5 

Reflections collected 3874 

Independent reflections 1719 [R(int) = 0.0285] 

Completeness to θ = 67.341° 99.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.000/ 0.9355 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1719 / 13 / 156 

Goodness-of-fit on F2 1.074 

Final R indices [I>2σ(I)] R1 = 0.0402, wR2 = 0.1053 

R indices (all data) R1 = 0.0506, wR2 = 0.1116 

Largest diff. peak and hole 0.186 and -0.168 e.Å-3 

 

 



Procedure for N-alkylation of multicarbazoles. 

 

2,2',2''-(3,3',3''-(benzene-1,3,5-triyl)tris(9H-carbazole-9,3-diyl))tris(N,N-diethylethanamine) 
(2a) 

In a 5 mL round bottom flask containing 1 (20 mg, 0.035 mmol) and dmf (1 mL), sodium hydride 
(15 mg, 0.35 mmol) was added at 0 °C. The yellow suspension was stirred for 10 minutes under 
argon, prior to the addition of 2-(chloroethyl)diethylamine (20 mg, 0.12 mmol). The flask was 
then heated at 95 °C under an atmosphere of argon, overnight. The next day, the reaction was 
checked with thin layer chromatography and if the reaction has not completed, sodium hydride 
was added and stirred until completion. Once completed, the reaction is filtered through 
Celite/cotton and the solvent was removed. The residue was imbedded on a small silica plug 
with dichloromethane (2 mL), and washed with mL hexanes/ethyl acetate (3 x 25 mL, 6:4). The 
product was then eluted with chloroform:methanol:NH4OH(aq) (65:30:5) and the solvent was 
removed to give the desired product as an off-white waxy solid (18 mg, 59%). 
1H NMR (500 MHz, dcm-d2): 8.56 (d, J = 1.5 Hz, 3H), 8.22 (d, J = 7.8, 3H), 8.08 (s, 3H), 7.99-
7.97 (m, 3H), 7.63 (d, J = 8.5 Hz, 3H), 7.52-7.51 (m, 6H), 7.29-7.26 (m, 3H), 4.50 (t, J = 7.1 Hz, 
6H), 2.94-2.91 (m, 6H), 2.70-2.66 (m, 12H), 1.05 (t, J = 7.1 Hz, 18H). 
13C NMR (125 MHz, dcm-d2): 143.5, 141.4, 140.5, 132.9, 126.3, 125.8, 124.8, 123.8, 123.4, 
120.8, 119.44, 119.36, 109.5, 109.4, 51.5, 48.0, 42.7, 12.1. 

HRMS (ESI+): m/z calculated for C60H67N7 [M+H]+ 871.5427 and found 871.5396. 



  

Figure S3: 1HNMR of compound 2a 

 



 

Figure S4: 13CNMR of compound 2a 

 

1,3,5-tris(9-(2-(pyrrolidin-1-yl)ethyl)-9H-carbazol-3-yl)benzene (2b) 

2b was prepared following the procedure of 2a. Off-white solid (23 mg, 76%).  
1H NMR (500 MHz, dcm-d2): 8.56 (d, J = 1.2 Hz, 3H), 8.21 (d, J = 7.7 Hz, 3H), 8.07 (s, 3H), 
7.99-9.77 (m, 3H), 7.64 (d, J = 8.5 Hz, 3H), 7.54-7.51 (m, 6H), 7.29-7.26 (m, 3H), 4.56 (t, J = 7.4 
Hz, 6H), 3.00 (t, J = 7.4 Hz, 6H), 2.69 (br, 12H), 1.83-1.80 (m, 12H). 
13C NMR (125 MHz, dcm-d2): 143.5, 141.3, 140.5, 133.0, 126.3, 125.8, 124.8, 123.8, 123.4, 
120.8, 119.5, 119.4, 109.5, 109.3, 54.8, 54.5, 42.8, 24.0. 

HRMS (ESI+): m/z calculated for C60H61N6 [M+H]+ 865.4956 and found 865.4919. 



  

Figure S5: 1HNMR of compound 2b 

 



  

Figure S6: 13CNMR of compound 2b 

 

 

1,3,5-tris(9-(2-(piperidin-1-yl)ethyl)-9H-carbazol-3-yl)benzene (2c) 

2c was prepared following the procedure of 2a. Off-white solid (26 mg, 50%).  
1H NMR (500 MHz, dcm-d2): 8.55 (d, J = 1.5 Hz, 3H), 8.21 (d, J = 7.8 Hz, 3H), 8.07 (s, 3H), 
7.98-7.96 (m, 3H), 7.62 (d, J = 8.5, 3H), 7.53-7.4 (m, 6H), 7.28-7.25 (m, 3H), 4.52 (t, J = 7.1 Hz, 
6H), 2.79 (t, J = 7.2 Hz, 6H), 2.56 (br, 12H), 1.63-1.59 (br, 12H), 1.47-1.46 (m, 6H).  



13C NMR (125 MHz, dcm-d2): 143.5, 141.4, 140.5, 132.9, 126.3, 125.8, 124.8, 123.8, 123.4, 
120.8, 119.4, 119.3, 109.5, 109.4, 57.4, 55.4, 41.6, 26.4, 24.6.   

HRMS (ESI+): m/z calculated for C63H67N6 [M+H]+ 907.5427 and found 907.5447. 

  

Figure S7: 1HNMR of compound 2c 



  

Figure S8: 13CNMR of compound 2c 

 

 

1,3,5-tris(9-(2-morpholinoethyl)-9H-carbazol-3-yl)benzene (2d) 

2d was prepared following the procedure of 2a. Off-white solid (22 mg, 69%). 
1H NMR (500 MHz, dcm-d2): 8.56 (s, 3H), 8.21 (d, J = 7.7 Hz, 3H), 8.08 (s, 3H), 7.97 (d, J = 7.2 
Hz, 3H), 7.60 (d, J = 8.4 Hz, 3H), 7.51-7.49 (m, 6H), 7.29-7.27 (m, 3H), 4.50 (t, J = 7.1 Hz, 6H), 
3.67 (t, J = 4.4 Hz, 18H), 2.83 (t, J = 7.1 Hz, 6H), 2.56 (br, 12H). 
13C NMR (125 MHz, dcm-d2): 143.5, 141.3, 140.5, 132.9, 126.3, 127.8, 124.8, 123.8, 123.4, 
120.8, 119.5, 119.4, 109.5, 109.3, 67.3, 57.2, 54.5, 41.5. 



HRMS (ESI+): m/z calculated for C60H61N6O3 [M+H]+ 913.4805 and found 913.4863 

  

Figure S9: 1HNMR of compound 2d 

 



  

Figure S10: 13CNMR of compound 2d 

 

 

3,3',3''-(3,3',3''-(benzene-1,3,5-triyl)tris(9H-carbazole-9,3-diyl))tris(N,N-diethylpropan-1-
amine) (2e) 

2e was prepared following the procedure of 2a. Obtained as an off-white solid after purification 
(21 mg, 66%) 
1H NMR (500 MHz, dcm-d2): 8.56 (d, J = 1.4 Hz, 3H), 8.22 (d, J = 7.7 Hz, 3H), 8.08 (s, 3H), 
7.99-7.97 (m, 3H), 7.65 (d, J = 8.5 Hz, 3H), 7.55-7.49 (m, 6H), 7.29-7.26 (m, 3H), 4.74 (t, J = 
7.1, 6H), 2.64-2.58 (m, 18H), 2.14 (m, 6H), 1.06 (t, J = 7.2 Hz, 18H). 



13C NMR (125 MHz, dcm-d2): 143.5, 141.4, 140.5, 132.8, 126.3, 125.7, 124.8, 123.8, 123.4, 
120.8, 119.4, 119.3, 109.6, 109.5, 50.5, 46.9, 41.5, 26.5, 11.3. 

HRMS (ESI+): m/z calculated for C63H73N6 [M+H]+ 913.5897 and 913.5887  

  

Figure S11: 1HNMR of compound 2e 



  

Figure S12: 13CNMR of compound 2e 

 

 

1,3,5-tris(9-(3-(pyrrolidin-1-yl)propyl)-9H-carbazol-3-yl)benzene (2f) 

2f was prepared following the procedure of 2a. Off white solid (15 mg, 47%) 
1H NMR (500 MHz, dcm-d2): 8.56 (d, J = 1.4 Hz, 3H), 8.21 (d, J = 7.7 Hz, 3H), 8.07 (s, 3H), 
7.97 (dd, J = 8.4Hz, 1.6 Hz, 3H), 7.67 (d, J = 8.5 Hz, 3H), 7.55 (d, J = 8.2 Hz, 3H), 7.51-7.49 (m, 
3H), 7.29-7.25 (m, 3H), 4.51 (t, J = 6.5 Hz, 6H), 2.60-2.55 (m, 18H), 2.18-2.16 (m, 6H), 1.86-
1.81 (br, 12H).  
13C NMR (125 MHz, dcm-d2): 143.5, 141.5, 140.7, 132.8, 126.3, 125.8, 124.8, 123.7, 123.3, 
120.7, 119.4, 119.3, 109.7, 109.5, 67.4, 41.2, 27.4, 23.9.  



 HRMS (ESI+): m/z calculated for C66H67N6 [M+H]+ 907.5427 and found 907.5408.  

  

Figure S13: 1HNMR of compound 2f 

 



 
Figure S14: 13CNMR of compound 2f 

 

 

1,3,5-tris(9-(3-(piperidin-1-yl)propyl)-9H-carbazol-3-yl)benzene (2g) 

2g was prepared following the procedure of 2a. Isolated as off-white solid (10 mg, 30%). 
1H NMR (500 MHz, dcm-d2): 8.56-8.55 (m, 3H), 8.21 (d, J = 7.7 Hz, 3H), 8.07 (s, 3H), 7.98-7.96 
(m, 3H), 7.68 (d, J = 8.5 Hz, 3H), 7.57 (d, J = 8.3 Hz, 3H), 7.52-7.48 (m, 3H), 7.28-7.25 (m, 3H), 
4.49 (t, J = 6.6 Hz, 6H), 5.53-2.31 (m, 14H), 1.67 (t, J = 5.4, 12H), 1,48 (br, 6H). 
13C NMR (125 MHz, dcm-d2): 143.6, 141.5, 140.7, 132.8, 126.2, 125.7, 124.8, 123.7, 123.4, 
120.7, 119.4, 119.3, 109.8, 109.6, 55.9, 54.7, 41.1, 26.2, 24.7. 



HRMS (ESI+): m/z calculated for C66H73N6 [M+H]+ 949.5897 and found 949.5883. 

  

Figure S15: 1HNMR of compound 2g 

 



  

Figure S16: 13CNMR of compound 2g 

 

 

 

1,3,5-tris(9-(3-morpholinopropyl)-9H-carbazol-3-yl)benzene (2h) 

2h was prepared following the procedure of 2a. Off white solid (23 mg, 80%) 
1H NMR (500 MHz, dcm-d2): 8.57 (d, J = 1.5 Hz, 3H), 8.22 (d, J = 7.6 Hz, 3H), 8.08 (s, 3H), 
7.97 (dd, J = 8.5 Hz, 1.8 Hz, 3H), 7.68 (d, J = 8.5 Hz, 3H), 7.57 (d, J = 8.2 Hz, 3H), 7.52-7.48 
(m, 3H), 7.29-7.25 (m, 3H), 4.50 (t, J = 6.6 Hz, 6H), 3.74 (t, J = 9.2 Hz,  12H), 2.41 (br, 12H), 
2.34 (t, J = 6.5 Hz, 6H), 2.13-2.08 (m, 6H). 



13C NMR (125 MHz, dcm-d2): 143.5, 131.5, 140.7, 132.8, 126.2, 125.7, 124.8, 123.7, 123.3, 
120.7, 119.4, 119.3, 109.7, 109.6, 67.3, 55.6, 54.0, 40.9, 25.8. 

HRMS (ESI+): m/z calculated for C63H67N6O3 [M+H]+ 955.5275 and found 955.5289. 

  

Figure S17: 1HNMR of compound 2h 

 



  

Figure S18: 13CNMR of compound 2h 

 

Biophysical Assays 

Table S2 – Table of oligonucleotides for FRET and CD 

 

 

 

Name Sequence Structure Species Region 

F21T 5’-FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA-3’ K+ Hybrid 
Na+: Antiparallel basket Human 

Human Telomeric repeat 

FmycT 5’-FAM-TTGAGGGTGGGTAGGGTGGGTAA-TAMRA-3’ Parallel  Human c-Myc Promotor 
FHIV32T 5’-FAM-CAGGGAGGCGTGGC2TGGGCGGGA-TAMRA-3’ Polymorphic Virus HIV PRO2 gene 

F21RT 5’-FAM-rGrGrGrUrUrArGrGrGrUrUrArGrGrGrUrUrArGrGrG-TAMRA-
3’  Parallel Human 

Human telomeric repeat 
containing RNA 

F21CTAT 5’-FAM-GGGCTAGGGCTAGGGCTAGGG-TAMRA-3’ Anti-parallel Human 
Human telomeric repeat 
variant 

FKrasT 5’-FAM-AGGGCGGTGTGGGAAGAGGGA-TAMRA-3’ Parallel  Human KRAS promotor 
FHIV321T 5’-FAM-TTGGCCTGGGCGGGACTGGGA-TAMRA-3’ Anti-Parallel Virus HIV PRO1 gene 

FdxT 5’-FAM-TATAGCTATA-hexaethyleneglycol-TATAGCTATA-TAMRA-3’ Intramolecular duplex 
(hairpin)   

 

ds26 5’-AGAGAGTTAGTTAGTTAGTTAGTTAGTTAGTTAGTTAGTTAG-3’ Duplex DNA    

22Ag 5’-AGGGTTAGGGTTAGGGTTAGGG-3’ K+ Hybrid 
Na+: antiparallel basket Human 

Human telomeric repeat 

22Kras 5’-AGGGCGGTGTGGGAATAGGGAA-3’ Parallel  Human KRAS promotor 



 

 

Table S3: Ligand induced ∆Tm (˚C) of F21T in 100 mM Na+ buffer 

 

 

 

 

 

 

 

 

NSNS

Ligand

1

2a

2b

2c

2d

2f

2g

2h

2e

ΔTm (°C) F21T (0.2 μM)

1 μM 5 μM 10 μM

2.2 ± 0.3

2.8 ± 0.1

2.0 ± 0.9

4.0 ± 0.04

5.9 ± 1.4

5.0 ± 0.7

1.3 ± 0.06

2.0 ± 1.1

9.0 ± 0.04

14.1 ± 0.3

13.5 ± 0.6

3.0 ± 0.04

6.8 ± 0.1

14.6 ± 0.5

8.2 ± 1.0

10.3 ± 0.1

18.8 ± 1.5

15.2 ± 0.2

NS

NS

NS 2.1 ± 0.5 3.7 ± 0.1

NS = No stabilization (ΔTm <1 °C)

NS

NS



 

 

Circular Dichroism Titration 

 

Figure S19: Circular dichroism titration with 22Ag. a) 2b; b) 2e; c) 2f; d) 2g 

 

 

Figure S20: Circular dichroism titration with 22KRAS. a) 2b; b) 2e; c) 2f; d) 2g 



Figure S21: Plot of molar ellipticity versus concentration of 22Ag, fitted to a polynomial  

 

Figure S22: Plot of molar ellipticity versus concentration of 22KRAS, fitted to a polynomial 
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Table S4: Plots of [D]50% of 2b, 2e, 2f and 2g 

Ligand 22Ag [D]50% (uM) 22KRAS [D]50% (uM) 

2b 16.9 14.4 

2e 9.5 11.1 

2f 11.2 6.0 

2g 10.6 8.05 

 

 

NMR titration 

 

Figure S23: NMR titration of 22Kras with 2f.3HCl (0.5-2.0 equivalents). 
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FRET Competition 

Figure S24: Plots of normalized fluorescence vs temperature for F21T in the absence and 
presence of ds26 competitor 
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Supplementary figure 1: CD spectra of KRAS-22RT and KRAS-22RBrU in K+ buffer. Both 

spectra showing the characteristic signals at 240 nm and 260 nm for a parallel G4 topology, 

confirming that the substitution of 5-bromouracil did not alter the G4 topology in solution. 
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Supplementary table 1. Crystallographic Data 

 

 

 

 

 

Table 1. Crystallographic Data 

 
22RT 22RBrU 

Sequence  5’AGGGCGGTGTGGGAATAGGGAA-3’ 5’-AGGGCGGBrUGTGGGAABrUAGGGAA-3’ 

PDB ID 66N5 66N6 

Data Statistics 
  

Space Group P1211 P1211 

a,b,c (Å) 33.69, 30.13, 52.97 33.45, 29.94, 52.69 

α, β, γ (°) 90.00, 94.51, 90.00 90.00, 94.62, 90.00 

Wavelength (Å) 0.9537 0.9199 

Resolution (Å) 30.13-1.60  33.34-1.80 

R-merge 0.051 (0.275) 0.107 (0.978) 

Mean I/sigma 16.0 (3.4) 10.9 (1.3) 

Multiplicity 6.3 (4.7) 7.0 (5.0) 

Wilson B-factor (Å2) 19.01 21.91 

Completeness 96.5 (74.2) 97.7 (80.2) 

CC1/2 0.999(0.976) 0.999(0.553) 

Refinement 
  

No. Reflections 86330 67676 

No. Unique Reflections 13756 9608 

Resolution (Å) 29.4-1.6  33.34-1.80 

R-work/R-free 0.2101/0.2407 0.1967/0.2414 

RMS bond (Å) 0.008 0.008 

RMS degree (∘) 0.897 1.061 

Average Overall B-factor (Å2) 26.32 25.38 

Average B-factor for DNA (Å2) 28.47 28.52 

Average B-factor for K(Å2) 15.62 12.65 

Average B-factor for Waters (Å2) 32.74 31.84 

No. ions 5 5 

No. water molecules 64 92 



 

Supplementary figure 2: Crystal structure of KRAS-22RBrU quadruplex. Side view (Left) and top 

view (Right). Chain A in colored (A = blue, G = green, T = pink, C = yellow and BrU = orange, 

Potassium = Purple) and chain B in grey. Potassium ions can be observed in the central channel, 

sandwiched between two G-tetrads.  

 

 

Supplementary figure 3: Correct assignment of BrU residues is confirmed by a bromine 

anomalous difference map shown as red mesh contoured at 4 sigma. 

 

 



 

Supplementary figure 4: Image of 22RT and 22RBrU colored accordingly to B-factors. The A14-

A17 loop has more disorder, compared to that of the G-tetrads.  

 



  
 
Supplementary figure 5. DNA backbone heavy atom rmsd (Å) with respect to the starting 
structure.  
 

 



 
Supplementary table 2. Geometry about the K+ ions that are located in the central channel of 
the KRAS quadruplex during MD simulations. 

 K-K Distancea O6-K Distancea 

Dimer 3.57 ± 0.22 Å 2.72 ± 0.20 Å 
Monomer Ab 3.72 ± 0.16 Å 2.74 ± 0.20 Å 
Monomer Bb 3.71 ± 0.15 Å 2.74 ± 0.19 Å 

Monomer 5I2V 3.71 ± 0.16 Å 2.74 ± 0.19 Å 
Dimer with 2b  3.60 ± 0.37 Å 2.74 ± 0.34 Å 
Dimer with 2f  3.68 ± 0.55 Å 2.77 ± 0.41 Å 

Monomer with 2b  3.73 ± 0.16 Å 2.74 ± 0.19 Å 
Monomer with 2f  3.74 ± 0.16 Å 2.74 ± 0.20 Å 

a Average and standard deviation for the respective distances. bA and B 
refer to the chain of the dimer from which the monomer structure was 
generated 

 

 

 

 

Supplementary figure 6: Schematic representation of the promoter KRAS near G4 structure. 
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Supplementary table 3. Hydrogen-bonding occupancies and geometric features (distances in Å 
and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 dimer.a 

Acceptor Donor Frac AvgDist AvgAng 
A15@N7 A17@N6H2 44% 3.0548 156.5292 
A14@N1 Solvent 115% 2.9282 156.209 
A14@N3 Solvent 108% 2.9126 156.6565 
A14@N7 Solvent 118% 2.9231 155.8701 
A14@O3' Solvent 86% 2.9518 151.5293 
A14@O4' Solvent 81% 2.9471 149.6579 
A14@O5' Solvent 51% 3.0953 143.0462 
A14@OP1 Solvent 275% 2.7491 161.911 
A14@OP2 Solvent 286% 2.7578 161.4882 

Solvent A14@N6H1 321% 3.1135 142.1755 
Solvent A14@N6H2 307% 3.0918 145.28 

A15@N1 Solvent 109% 2.9187 156.8546 
A15@N3 Solvent 99% 2.8942 158.8691 
A15@N7 Solvent 84% 2.8934 157.6952 
A15@O3' Solvent 69% 2.9988 147.0669 
A15@OP1 Solvent 292% 2.7759 159.8261 
A15@OP2 Solvent 278% 2.7647 159.9791 

Solvent A15@N6H2 297% 3.0928 145.4552 
A17@N1 Solvent 105% 2.9295 155.3001 
A17@N3 Solvent 95% 2.9041 158.0046 
A17@N7 Solvent 56% 2.9201 157.5075 
A17@O3' Solvent 65% 2.9632 149.8531 
A17@OP1 Solvent 274% 2.7783 159.347 
A17@OP2 Solvent 261% 2.7585 160.3814 

Solvent A17@N6H1 315% 3.1087 143.4897 
Solvent A17@N6H2 149% 3.0968 142.3526 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 
 

 

 

Supplementary figure 7: Capping of the G-tetrad on the tail end. Watson-Crick pairing between 

A22A •T8A and A22A • BrU8A shown, with measured distances. 

 



 

 

 

Supplementary figure 8: Overlap of 22RT and 22RBrU. Water molecules that were determined 

to be in proximity between the two crystal structures were considered conserved and highlighted 

in pink. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 
Supplementary figure 9. MD representative structures from clustering of the quadruplex 

monomer simulation started from chain B (A = blue, G = green, T = pink, C = yellow and K+ = 
purple). Only structure with > 10% occupancy are shown. 

 

 

 

 

 

 

 

 



 

 

 
Supplementary figure 10. MD representative structures from clustering of the quadruplex 

monomer simulation started from the NMR solution structure (PDB ID: 5I2V; A = blue, G = green, 

T = pink, C = yellow and K+ = purple). Only structure with > 10% occupancy are shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
Supplementary table 4. Hydrogen-bonding occupancies and geometric features (distances in Å 
and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 monomer 
(chain A).a 

Acceptor Donor Frac AvgDist AvgAng 
A15@N7 A17@N6H2 15% 3.055 156.2 
A21@N3 T8@N3H 11% 3.060 163.8 
A14@N1 Solvent 101% 2.921 156.5 
A14@N3 Solvent 106% 2.914 156.9 
A14@N7 Solvent 108% 2.916 156.8 
A14@O3' Solvent 80% 2.955 151.5 
A14@O4' Solvent 53% 2.966 148.2 
A14@OP1 Solvent 278% 2.756 161.5 
A14@OP2 Solvent 286% 2.772 160.0 

Solvent A14@N6H1 303% 3.110 143.4 
Solvent A14@N6H2 300% 3.093 145.3 

A15@N1 Solvent 109% 2.926 156.4 
A15@N3 Solvent 97% 2.906 158.0 
A15@N7 Solvent 95% 2.911 156.6 
A15@O3' Solvent 77% 2.969 149.9 
A15@O5' Solvent 51% 3.068 144.8 
A15@OP1 Solvent 290% 2.768 160.7 
A15@OP2 Solvent 286% 2.771 160.2 

Solvent A15@N6H1 320% 3.109 142.4 
Solvent A15@N6H2 295% 3.090 145.1 

A17@N1 Solvent 78% 2.937 154.9 
A17@N3 Solvent 107% 2.908 158.0 
A17@N7 Solvent 60% 2.913 157.7 
A17@O3' Solvent 78% 2.980 149.4 
A17@OP1 Solvent 296% 2.780 159.7 
A17@OP2 Solvent 272% 2.763 160.5 

Solvent A17@N6H1 226% 3.111 143.5 
Solvent A17@N6H2 174% 3.094 143.9 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary table 5. Hydrogen-bonding occupancies and geometric features (distances in Å 
and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 monomer 
(chain B).a 

Acceptor Donor Frac AvgDist AvgAng 
A15@N7 A17@N6H2 17% 3.061 156.3 
A23@N1 T8@N3H 12% 3.036 160.9 
T8@O4 A21@N6H1 16% 2.930 159.8 

A14@N1 Solvent 113% 2.930 156.1 
A14@N3 Solvent 111% 2.915 156.6 
A14@N7 Solvent 116% 2.922 156.3 
A14@O3' Solvent 85% 2.951 151.8 
A14@O4' Solvent 73% 2.958 149.3 
A14@O5' Solvent 54% 3.058 144.7 
A14@OP1 Solvent 280% 2.751 162.0 
A14@OP2 Solvent 288% 2.770 160.2 

Solvent A14@N6H1 317% 3.113 142.4 
Solvent A14@N6H2 308% 3.092 145.0 

A15@N1 Solvent 108% 2.917 156.9 
A15@N3 Solvent 86% 2.896 159.0 
A15@N7 Solvent 95% 2.903 157.7 
A15@O3' Solvent 71% 2.987 148.4 
A15@OP1 Solvent 291% 2.777 159.9 
A15@OP2 Solvent 278% 2.763 160.4 

Solvent A15@N6H1 293% 3.110 142.0 
Solvent A15@N6H2 262% 3.094 144.7 

A17@N1 Solvent 94% 2.935 155.3 
A17@N3 Solvent 105% 2.908 157.6 
A17@N7 Solvent 75% 2.923 156.8 
A17@O3' Solvent 79% 2.973 149.6 
A17@OP1 Solvent 269% 2.764 160.2 
A17@OP2 Solvent 293% 2.780 159.6 

Solvent A17@N6H1 298% 3.106 143.2 
Solvent A17@N6H2 208% 3.098 144.5 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 

 
  



Supplementary table 6. Hydrogen-bonding occupancies and geometric features (distances in Å 
and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 monomer 
(NMR solution structure PDB: 5I2V).a 

Acceptor Donor Frac AvgDist AvgAng 
A15@N7 A17@N6H2 15% 3.101 161.4 

A14@OP2 A15@N6H1 10% 2.919 157.9 
A21@N3 T8@N3H 25% 3.058 163.6 
A14@N1 Solvent 97% 2.914 157.3 
A14@N3 Solvent 100% 2.914 157.2 
A14@N7 Solvent 99% 2.909 157.0 
A14@O3' Solvent 74% 2.968 150.0 
A14@OP1 Solvent 283% 2.752 161.8 
A14@OP2 Solvent 281% 2.789 158.7 

Solvent A14@N6H1 287% 3.087 144.9 
Solvent A14@N6H2 304% 3.107 143.0 

A15@N1 Solvent 110% 2.935 155.3 
A15@N3 Solvent 86% 2.909 158.3 
A15@N7 Solvent 105% 2.921 156.5 
A15@O3' Solvent 67% 2.985 149.7 
A15@O4' Solvent 50% 2.944 150.1 
A15@OP1 Solvent 296% 2.780 159.9 
A15@OP2 Solvent 283% 2.758 161.3 

Solvent A15@N6H1 271% 3.096 144.5 
Solvent A15@N6H2 279% 3.111 142.6 

A17@N1 Solvent 64% 2.934 155.7 
A17@N3 Solvent 96% 2.913 157.6 
A17@N7 Solvent 87% 2.905 157.3 
A17@O3' Solvent 80% 2.974 150.0 
A17@O5' Solvent 53% 3.052 145.7 
A17@OP1 Solvent 294% 2.780 159.8 
A17@OP2 Solvent 265% 2.765 160.0 

Solvent A17@N6H1 284% 3.086 145.1 
Solvent A17@N6H2 195% 3.111 142.5 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 
  



 

 
Supplementary figure 11. MD representative structures of the quadruplex dimer with 2b bound. 

Only structure with > 10% occupancy are shown. Chain A colored (A = blue, G = green, T = pink, 

C = yellow, K+ = purple, 2b = red), and chain B in grey. 



 
 
 

 
Supplementary figure 12. MD representative structures of the quadruplex dimer with 2f bound. 

Only structure with > 10% occupancy are shown. Chain A colored (A = blue, G = green, T = pink, 

C = yellow, K+ = purple, 2f = red),  and chain B in grey. 

 

 
 
 
 
 
 



 
 
 
 
Supplementary table 7. Hydrogen-bonding occupancies and geometric features (distances in Å 
and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 dimer with 
the ligand 2b bound.a 

Acceptor Donor Frac AvgDist AvgAng 
A14@N1 Solvent 112% 2.921 156.3 
A14@N3 Solvent 105% 2.913 156.9 
A14@N7 Solvent 114% 2.921 156.1 
A14@O3' Solvent 84% 2.961 151.0 
A14@O4' Solvent 78% 2.949 149.7 
A14@O5' Solvent 58% 3.061 144.4 
A14@OP1 Solvent 279% 2.751 161.9 
A14@OP2 Solvent 289% 2.766 160.7 

Solvent A14@N6H1 304% 3.113 141.9 
Solvent A14@N6H2 305% 3.090 145.5 

A15@N1 Solvent 88% 2.902 157.7 
A15@N3 Solvent 73% 2.890 159.3 
A15@N7 Solvent 97% 2.881 158.7 
A15@O3' Solvent 68% 3.002 147.5 
A15@OP1 Solvent 295% 2.776 160.0 
A15@OP2 Solvent 279% 2.767 160.2 

Solvent A15@N6H1 261% 3.109 141.9 
Solvent A15@N6H2 297% 3.086 146.4 

A17@N1 Solvent 84% 2.896 157.5 
A17@N3 Solvent 74% 2.890 160.0 
A17@N7 Solvent 83% 2.896 158.6 
A17@O3' Solvent 53% 2.949 150.5 
A17@OP1 Solvent 268% 2.780 159.1 
A17@OP2 Solvent 258% 2.749 161.1 

Solvent A17@N6H1 289% 3.109 143.6 
Solvent A17@N6H2 275% 3.087 143.9 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 
 
  



Supplementary table 8. Hydrogen-bonding occupancies and geometric features (distances in Å 
and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 dimer with 
the ligand 2f bound.a 

Acceptor Donor Frac AvgDist AvgAng 
T8@O4 A21@N6H1 30% 2.910 155.7 

A21@N1 T8@N3H 28% 3.060 159.5 
A22@N1 T8@N3H 23% 2.994 163.3 
T8@O2 A22@N6H1 23% 2.955 157.0 

A21@N3 A22@O3'H 21% 2.933 155.7 
A15@N7 A17@N6 14% 3.055 156.2 
A14@N1 Solvent 113% 2.928 156.1 
A14@N3 Solvent 109% 2.909 156.9 
A14@N7 Solvent 114% 2.924 156.1 
A14@O3' Solvent 86% 2.957 151.5 
A14@O4' Solvent 81% 2.945 149.7 
A14@O5' Solvent 53% 3.079 143.5 
A14@OP1 Solvent 276% 2.749 162.0 
A14@OP2 Solvent 287% 2.761 161.0 

Solvent A14@N6H1 323% 3.113 142.1 
Solvent A14@N6H2 315% 3.090 145.0 

A15@N1 Solvent 103% 2.909 157.1 
A15@N3 Solvent 72% 2.890 158.9 
A15@N7 Solvent 92% 2.883 159.0 
A15@O3' Solvent 66% 3.001 147.4 
A15@OP1 Solvent 293% 2.777 159.9 
A15@OP2 Solvent 275% 2.766 160.0 

Solvent A15@N6H1 298% 3.104 142.4 
Solvent A15@N6H2 289% 3.092 146.3 

A17@N1 Solvent 107% 2.920 156.3 
A17@N3 Solvent 87% 2.913 158.4 
A17@N7 Solvent 86% 2.904 157.2 
A17@O3' Solvent 71% 2.951 151.0 
A17@OP1 Solvent 279% 2.782 159.1 
A17@OP2 Solvent 248% 2.752 160.8 

Solvent A17@N6H1 319% 3.112 142.5 
Solvent A17@N6H2 264% 3.096 143.5 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary table 9. MMGBSA pair-wise and overall binding energies (kcal/mol) for the 
binding of the functionalized multicarbazoles to the KRAS quadruplex dimer.a 

 2b 2f 
 Average Std. Dev. Average Std. Dev. 

A1 0.0 0.0 -6.3 5.1 
G2 0.0 0.0 -1.3 1.8 
G3 0.0 0.0 -1.0 1.2 
G4 0.0 0.0 -0.5 0.5 
C5 0.0 0.0 -0.1 0.1 
G6 0.0 0.0 0.0 0.0 
G7 0.0 0.0 -0.1 0.1 
T8 0.0 0.0 -3.1 5.1 
G9 0.0 0.0 -0.5 0.8 
T10 0.0 0.0 0.0 0.0 
G11 0.0 0.0 0.0 0.0 
G12 -0.1 0.0 0.0 0.1 
G13 0.0 0.0 -0.2 0.3 
A14 -0.1 0.1 0.0 0.1 
A15 -1.3 1.8 0.0 0.0 
T16 -5.9 6.1 0.0 0.0 
A17 -3.1 4.4 0.0 0.0 
G18 -0.1 0.2 -0.1 0.0 
G19 0.0 0.0 -0.3 0.4 
G20 0.0 0.0 -1.9 1.1 
A21 0.0 0.0 -5.9 4.3 
A22 0.0 0.0 -3.6 5.7 
A23 -6.9 5.7 0.0 0.0 
G24 -0.6 0.5 0.0 0.0 
G25 -0.1 0.1 0.0 0.0 
G26 -0.3 0.5 0.0 0.0 
C27 -0.2 0.3 0.0 0.0 
G28 0.0 0.0 0.0 0.0 
G29 0.0 0.1 0.0 0.0 
T30 -3.4 5.9 0.0 0.0 
G31 -0.4 0.8 0.0 0.0 
T32 0.0 0.0 -1.1 1.9 
G33 0.0 0.0 -0.7 1.2 
G34 0.0 0.1 -0.5 0.8 
G35 -0.1 0.2 -0.1 0.0 
A36 0.0 0.0 -0.7 1.1 
A37 0.0 0.0 -1.6 1.4 
T38 0.0 0.0 -3.8 4.4 
A39 0.0 0.0 -0.5 0.6 
G40 0.0 0.0 0.0 0.0 
G41 -0.2 0.2 0.0 0.0 
G42 -0.8 0.3 0.0 0.0 
A43 -3.5 5.3 0.0 0.0 
A44 -3.5 6.0 -0.1 0.2 

Total Binding Energy -18.0 5.8 -19.2 6.6 
aAverage and standard deviations are reported over the three replicas 

 



 
Supplementary figure S13. MD representative structures from clustering of the quadruplex 

monomer with 2b bound (A = blue, G = green, T = pink, C = yellow, K+ = purple, 2f = red). Only 

structure with > 10% occupancy are shown. 

 



 
Supplementary figure 14. M MD representative structures from clustering of the quadruplex 

monomer with 2f bound (A = blue, G = green, T = pink, C = yellow, K+ = purple, 2f = red). Only 

structure with > 10% occupancy are shown. 

 
 

 

 

  



Supplementary table 10. Hydrogen-bonding occupancies and geometric features (distances in 
Å and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 monomer 
with the ligand 2b bound.a 

Acceptor Donor Frac AvgDist AvgAng 
A19@N3 A17@N6H1 11% 3.153 147.7 
A16@N1 Solvent 95% 2.917 156.7 
A16@N3 Solvent 118% 2.919 157.0 
A16@N7 Solvent 104% 2.909 156.3 
A16@O3' Solvent 81% 2.966 150.5 
A16@OP1 Solvent 286% 2.756 161.7 
A16@OP2 Solvent 286% 2.785 158.9 

Solvent A16@N6H1 281% 3.102 143.7 
Solvent A16@N6H2 311% 3.078 147.1 

A17@N1 Solvent 91% 2.908 157.8 
A17@N3 Solvent 62% 2.895 158.7 
A17@N7 Solvent 86% 2.901 157.5 
A17@O3' Solvent 64% 2.991 148.6 
A17@OP1 Solvent 296% 2.780 159.8 
A17@OP2 Solvent 288% 2.764 160.8 

Solvent A17@N6H1 209% 3.105 140.8 
Solvent A17@N6H2 265% 3.081 145.6 

A19@N1 Solvent 98% 2.933 155.9 
A19@N3 Solvent 77% 2.913 158.2 
A19@N7 Solvent 115% 2.913 157.7 
A19@O3' Solvent 73% 2.976 149.5 
A19@O4' Solvent 50% 2.963 149.7 
A19@O5' Solvent 52% 3.042 146.6 
A19@OP1 Solvent 299% 2.783 159.7 
A19@OP2 Solvent 262% 2.762 160.5 

Solvent A19@N6H1 305% 3.107 142.3 
Solvent A19@N6H2 301% 3.096 143.8 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 
  



Supplementary table 11. Hydrogen-bonding occupancies and geometric features (distances in 
Å and angles in deg.) for interactions involving loop residues of chain A in the KRAS G4 monomer 
with the ligand 2f bound.a 

Acceptor Donor Frac AvgDist AvgAng 
A17@N7 A19@N6H2 27% 3.019 157.0 
A16@N1 Solvent 110% 2.927 156.2 
A16@N3 Solvent 110% 2.915 156.6 
A16@N7 Solvent 112% 2.918 156.5 
A16@O3' Solvent 87% 2.956 151.5 
A16@O4' Solvent 76% 2.956 149.1 
A16@O5' Solvent 55% 3.066 144.3 
A16@OP1 Solvent 278% 2.752 161.9 
A16@OP2 Solvent 288% 2.772 160.1 

Solvent A16@N6H1 315% 3.113 142.2 
Solvent A16@N6H2 305% 3.091 145.1 

A17@N1 Solvent 102% 2.917 157.2 
A17@N3 Solvent 71% 2.900 159.0 
A17@N7 Solvent 77% 2.889 158.4 
A17@O3' Solvent 63% 3.006 147.1 
A17@OP1 Solvent 294% 2.777 159.9 
A17@OP2 Solvent 277% 2.765 160.2 

Solvent A17@N6H1 271% 3.109 141.6 
Solvent A17@N6H2 232% 3.094 144.7 

A19@N1 Solvent 102% 2.927 156.5 
A19@N3 Solvent 86% 2.907 158.5 
A19@N7 Solvent 94% 2.925 157.1 
A19@O3' Solvent 68% 2.975 150.2 
A19@OP1 Solvent 294% 2.780 159.6 
A19@OP2 Solvent 268% 2.762 160.5 

Solvent A19@N6H1 290% 3.109 143.1 
Solvent A19@N6H2 196% 3.100 143.9 

aThe hydrogen-bonding occupancies are based on a heavy atom distance and 
angle cut-off of 3.4 Å and 120°, respectively. 

 
 

 

  



Supplementary table 12. MMGBSA pair-wise and overall binding energies (kcal/mol) for the 
binding of the functionalized multicarbazoles to the KRAS quadruplex monomer.a 

 2b 2f 
 Average Std. Dev. Average Std. Dev. 

A1 -7.5 1.0 -8.9 3.5 
G2 -8.7 1.4 -10.3 1.5 
G3 -0.8 0.2 -1.0 0.4 
G4 -0.1 0.0 -0.2 0.2 
C5 0.0 0.0 -0.2 0.2 
G6 -8.7 1.3 -9.2 0.7 
G7 -0.9 0.1 -0.8 0.2 
T8 0.0 0.0 0.0 0.0 
G9 -0.1 0.0 -0.1 0.0 
T10 -0.3 0.4 0.0 0.1 
G11 -10.8 0.9 -10.0 0.4 
G12 -1.0 0.1 -2.4 0.8 
G13 -0.2 0.1 -0.8 0.4 
A14 -1.4 2.2 -0.1 0.1 
A15 -1.2 1.2 -0.3 0.2 
T16 -1.3 2.1 -0.1 0.1 
A17 -5.0 2.1 -3.8 0.3 
G18 -10.6 0.6 -11.9 0.7 
G19 -0.8 0.1 -1.4 0.4 
G20 -0.1 0.0 -0.4 0.3 
A21 0.0 0.0 -0.1 0.1 
A22 0.0 0.0 0.0 0.0 

Total Binding Energy -51.0 3.4 -57.5 1.9 
aAverage and standard deviations are reported over the three replicas 

 

 
Supplementary figure 15: Electron density map of the G-tetrad showing the curvature of the G-tetrad. 
The curvature intensifies towards the tail of the G4 monomer.  
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Appendix B 

Appendix B contains work that was conducted during the PhD but not included in 

the maid section of the thesis, these also include contributions to other projects. 

In the following section the work involving the identifying the G4 promoter in the 

NEAT1 gene, and the design and synthesis and evaluation of N-heterocyclic 

carbene ligands and complexes as potential catalysts in transition-metal 

catalyzed cross-coupling reactions and asymmetric ring-opening reactions, are 

presented. A new method of immunoprecipitation using small cell numbers is also 

presented.  
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Identification of a promoter G-quadruplex in the nuclear 

enriched abundant transcript 1 gene (NEAT1) with nuclear 

magnetic resonance 

Nuclear Enriched Abundant Transcript 1 (NEAT1) is a gene that codes for a long 

non-coding RNA, a component of paraspeckles, a sub nuclear body found within 

the nucleus which has been shown to be involved in carcinogenesis.[144,145] Three 

main components are responsible for paraspeckles, one is the Drosophila 

behavior human splicing proteins (DBHS), fused in sarcoma (FUS) protein, and 

NEAT1. The promoter of the NEAT1 gene contains a predicted G4 (G4Hunter) 

~93 nucleotides from the transcription start site (TSS) which we named 

NT1(figure 1).  

 

Figure 1 – Scheme of the predicted G4 (purple) in the promoter of the NEAT1 

gene 
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Figure 2: G-tetrad (top) with imino protons colored in blue. 1D1H NMR spectra of 

the NT1, zoomed in on the imino region (12-10 ppm). 

In figure 2, we can see approximately four clear peaks and one large peak 

overlapping with two smaller peaks. We also observe minor peaks through the 

baseline, which suggest there is a dominant specie and a minor species in 

solution. Based on the G4 forming sequence of NT1, and the NMR, we can 

assume that the NT1 G4 is a polymorphic 3-layered. 

Materials and Methods 

All reagents were purchased from Sigma-Aldrich or Merck in the highest purity 

where possible and used as is without further purification. NMR solvents (D2O) 

was purchased from Sigma-Aldrich. Nuclease free water was purchased from 

Thermofischer. The predicted NEAT1 promoter G4 (NT20) sequence (5’-
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dCGGGCAGGGTCGGGGAGGGA-3’) was purchased from IDT with HPLC 

purification. 

NMR Spectroscopy 

Prior to NMR, 100 µM of NT1 was suspended in potassium phosphate buffer (70 

mM potassium chloride and 25 mM potassium phosphate pH 7.0) with 10% 

deuterium oxide, then heated to 95 °C for 5 min and allowed to cool to room 

temperature overnight. 1H NMR was performed in a 3 mm NMR tube (~250 µL) 

at 25 °C on the Bruker Avance IIIHD 600 system. Water was suppressed using a 

modified WATERGATE with excitation sculpting.[146] 
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Development of a G4 ChIP-seq technique for small cell numbers and 

analysis of G4s in human mammary epithelial cells 

Abstract 

G-quadruplexes are found predominately in nucleosome depleted regions of the 

genome, which also coincide with gene regulatory elements, such as promoters. 

Previously reported methods for identifying G4s have been limited to large cell 

numbers (20 million) which may not always be feasible. In this work, we attempt 

to develop a G4-ChIP protocol, which utilizes a transposase (Tn5) to generate 

the DNA fragments for ChIP. 

Background 

G-quadruplexes (G4s) are four-stranded DNA secondary structures and have 

been shown to be enriched in the gene’s regulatory regions such as promoters, 

transcription start site, 5’UTR and 3’UTR.  These regions are often called NHE 

(nuclease hypersensitive elements) since these regions are accessible to 

DNase[42] and transposase (Tn5)[40] and occur in active genes. In diseased states, 

the G4 landscape would often be different from a healthy counterpart. This is 

evident in cancers, where immunohistochemistry has shown G4s foci are found 

in larger portion in cancer cells over health counterparts.[55] 

To map G4s in the genome, immunoprecipitation techniques utilizing G4 specific 

antibody (hf2 and BG4) have been developed.[53],[57] When human chromatin was 

used as an input, G4s were found to be enriched in regions of open chromatin, 

which coincided with regions of transcriptional activity.[57] G4 chromatin 

immunoprecipitation with sequencing (ChIP-seq) peaks largely overlapped with 
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ATAC-seq and FAIRE-seq peaks (Up to 98%), which implies G4 can mostly form 

in regions of open chromatin. 

Both ATAC-seq[40] and FAIRE-seq[41] are technique for analyzing regions of open 

chromatin, a proxy for identifying transcriptionally active genes. ATAC-seq 

utilizes a transposase (Tn5) to cut DNA at regions of open chromatin, whereas 

FAIRE-seq exploits the solubility of DNA and DNA-protein complexes in 

chloroform:phenol. Nonetheless, both techniques provide insight into regions of 

open chromatin. 

The mapping of G4s in non-cancerous and cancerous cells are important, as it 

provides insight on how genes are regulated. G4s have also been proposed to 

be a target for small molecule drug therapy, and the identification of quadruplexes 

in cancer is important to allow design of specific drugs. For example, if a G4 falls 

within a region of a gene in both non-cancerous and cancerous cells, it may not 

be a suitable drug target due to off target effects.  

A limitation of G4-ChIP in the original reports is it required 20 million cells, 

something that may be difficult to achieve if cells were taken from patients, such 

as primary human cells.[57] To alleviate this, we attempted to develop a new 

technique which utilizes the ATAC-seq protocol coupled with a G4 ChIP method 

on human mammary epithelial cells (HMEC) and the transformed (pre-malignant) 

variant human mammary epithelial cells (vHMEC). Recently, the authors of the 

original G4-ChIP paper suggested one may use as little as 100,000 cells with 

optimization.[147]  

Materials and Methods 
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All reagents were purchased from Sigma-Aldrich, Merck or Thermofischer. 

Nuclease free water was purchased from Thermfischer. Anti-FLAG magnetic 

beads were purchased from Sigma-Aldrich. Proteinase K was purchased 

(Thermofischer) as a lyophilized powder and dissolved to a concentration of 20 

mg/mL in TE buffer (10 mM Tris pH 8.0, 0.1 mM EDTA) before use.  DNA was 

purified with the Qiagen MinElute PCR purification kit following kit protocol unless 

otherwise stated. 

Cell Culture  

Cell culture was conducted at the Garvan Institute of Medical Research (NSW, 

Australia) and The Kinghorn Cancer Centre (NSW, Australia). Human mammary 

epithelial cells were grown according the protocol of Stamper.[148] HMEC (Bre39 

and Bre98) cell lines were taken from healthy patients undergoing breast 

reduction surgery with consent and ethics approval. Breast tissue was diced and 

digested with collagenase to generate organoids. Organoids were grown in 

MBD170 basel free media to form colonies (1-2 cm). These were then partially 

trypsinized to remove somal cells but leaving the epithelial cells. These cells were 

then transferred to a new flask and labelled and considered as passage 1. 

vHMEC were generated as HMECs entered senescence. Media was continually 

changed every week or two, until cells started to grow again. 

Table 1: HMEC/vHMEC donor information 

Donor Age of Donor Passage at Selection 

Bre38 29 5 

Bre98 30 6 
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