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Abstract

G-quadruplexes are specific nucleotide structures of stacked planes of 

guanines, and can form in G-rich telomeres and promoter regions of 

oncogenes. Their stabilisation by small molecules has a profound anti-cancer 

effect, as it leads to telomerase inhibition and telomere uncapping followed by 

DNA damage response and senescence, as well as chromosomal instability, 

and down-regulation of oncogene expression.

This thesis reports on the design and synthesis of small molecule G-quadruplex 

ligands and their biophysical and biological evaluation. A series of highly water 

soluble naphthalene diimides (NDs) with A/-methylpiperazine end groups was 

synthesised, which have high affinity and selectivity for human telomeric G- 

quadruplexes over duplex DNA, as shown in FRET melting temperature assays. 

The compounds were conceived by molecular modelling as derivatives of 

previously described potent NDs, indicating enhanced selectivity through 

groove interactions between protonated A/-methylpiperazine groups and 

phosphates. Circular dichroism studies indicate that the ligands induce a 

parallel G-quadruplex topology in solution. In 96 h SRB assays, the compounds 

show high toxicity to a panel of cancer cell lines including pancreatic cancer 

cells, with IC50 values in the order of 0.1 pM and up to 100 fold selectivity over a 

normal fibroblast cell line. Treatment with the compounds at sub-cytotoxic 

concentrations over several weeks decreases growth of pancreatic cancer cells, 

resulting in senescence. The fluorescent lead compound was visualised inside 

the nuclei and cytoplasm of cancer cells by confocal microscopy. It causes DNA 

damage in cancer cells, which was indicated by detection of the phosphorylated 

histone H2AX. Cell cycle analysis was undertaken with propidium iodide in 

relation to further cellular responses to the compounds. The thesis examines 

the likely mode of action of these compounds in the light of this and further data, 

and suggests that they are promising candidates for the treatment of pancreatic 

cancers.

The thesis also reports on the design and synthesis of other novel G- 

quadruplex ligands.
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1) Introduction

1) Introduction

1.1) Cancer

1.1.1) General

Cancer is a leading cause of death worldwide with 7.9 million cancer related 

deaths in 2007 (WHO website). In developed countries such as the USA, 

cancer is the second most common cause of death after cardiovascular 

diseases (Xu et al., 2010). Men and women have a life time cancer risk of over 

40 %, based on US cancer rates from 2005-2007 (Altekruse et al., 2010).

100 Prostate

98 r . . . .  ............1 Thyroid

96 Testis

91
..... .........  1 Melanoma of the Skin

90 Breast (Fem ale)

85 1 Hodgkin Lymphoma

85 1 Corpus & Uterus. NOS
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e4 Kidney & Renal Pelvis

68 Non-Hodgkin Lymphoma

67l Rectum
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65 Kaposi Sarcoma
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54| Leukemia
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3e| Myeloma
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Lung & Bronchus

Liver & IBD

Mesothelioma

«0 Pancreas

Figure 1,1: 5-year survival rates of US cancer patients (both sexes, white) by cancer type, from 
1999-2006 [%], as provided by the Surveillance, Epidemiology, and End Results (SEER) 
program of the National Cancer Institute (NCI). Taken from Altekruse et al., 2010.

Cancers are malignant neoplasms that derive from healthy body cells through

DNA damage by faulty DNA replication, environmental factors, and a series of

mutations of genes regulating cell death (tumour-suppressor genes) and

proliferation (proto-oncogenes). The low probability of the combination of
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mutations leading to cancer is displayed in its higher prevalence in patients of 

high age (Altekruse et al., 2010). Altered gene expression results in cancers 

with features such as increased and self-regulated growth, which is insensitive 

to anti-growth signals. Other characteristics of cancer are immortality, by

passing of apoptosis (programmed cell death), and the ability to invade tumour- 

adjacent tissue and migrate into the whole body via the blood and lymph 

system, forming métastasés, and evasion of immune surveillance (Hannahan et 

al., 2000, Kroemer & Pouyssegur, 2008). Tumours are complex tissues 

containing normal cells - they employ healthy endothelial cells for their own 

blood supply (angiogenesis), and can be protected by normal stromal 

fibroblasts. Cancer is a collective term for a large number of different tumour 

types -  as every tumour has its own signature of gene expression, each of them 

can be regarded as an individual disease, for which personalised treatment 

methods are evolving (Kunz, 2008, Strimpakos et al., 2010).

1.1.2) Fatality of pancreatic cancers

Due to advances in cancer treatment, patients with several common cancer 

types, such as prostate or thyroid cancer, have a high proportion of 5-year 

survival in the US (figure 1.1, Altekruse et al., 2010), however, the 5-year 

survival rate for patients with pancreatic cancers is very low at only 6 %. 

Pancreatic cancer is the l f ^  most common cancer type, and the 8̂*̂  most 

common cause of cancer-related deaths in the US (Bayraktar et al., 2010). 

Patients are often diagnosed with pancreatic cancers at advanced stages 

beyond the possibility of surgery, leaving chemotherapy as the only option 

(Zalatnai et al., 2007). Treatment with the current drug of choice, gemcitabine, 

only achieves a full response in 2-4 % of patients, and the 1-year survival rate 

lies below 30 %. After uptake into the cells by human equilibrative nucleoside 

transporters (hENT), gemcitabine, a fluorinated analog of cytidine, is 

phosphorylated and used as a building block for the synthesis of consequently 

non-functional DNA. 5-fluorouracil, a competitive inhibitor of thymidylate 

synthase, is used for palliative treatment, as it is more tolerated and gives 

patients a better quality of life than gemcitabine (Bayraktar et al., 2010). The 

common resistance of pancreatic cancers to these drugs is complex, but 

involves the dysfunction of hENTs, and altered expression of apoptosis- 

regulating genes (Zalatnai et al., 2007, Shi et al., 2002). Support of pancreatic
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cancer cells by stromal fibroblasts and extracellular matrix proteins was shown 

to decrease the activity of anti-cancer drugs to pancreatic cancer cells 

(Miyamoto et al., 2004). Hence, the development of drugs with activity against 

pancreatic cancers is as highly challenging as it is urgently needed.

1.2) Cancer therapy

1.2.1) General

For a long-term decrease in cancer-related deaths, prevention is essential -  

according to the WHO, ~ 40 % of cancer related deaths can be prevented, e. g. 

by elimination of risk factors such as smoking, and by early diagnosis. Around 

72 % of cancer deaths in 2007 occurred in middle- or low income countries in 

which cancer prevention is uncommon (WHO website).

Cancer therapy generally includes surgical tumour removal, radiation therapy, 

and chemotherapy, which are applied separately or in combination, depending 

on tumour site, individual gene expression (e. g. mutation of tumour suppressor 

gene p53), state of tumour progression, and onset of métastasés.

1.2.2) Chemotherapy

Cytotoxic agents interfering with cell replication are effective due to increased 

proliferation rate of cancer cells compared to normal cells, as well as their 

incapability of repairing DNA damage due to mutations, and are traditionally 

used as chemotherapeutics, such as the anti-mitotic natural product taxol or the 

inorganic DNA-alkylating agent cisplatinum (Pazdur et al., 1993; Miller et al., 

2010). However, they display high toxicity to normal cell types, particularly cells 

with low doubling times, and cause severe side effects such as hair loss, 

nausea, immune insufficiency, and nephrotoxicity (Walker, 1993; Barabas et al., 

2008). Chemotherapy with low selectivity is not able to eliminate all cancer cells 

in the body, so that the disease cannot be fully cured. DNA alkylating agents 

used as cancer therapeutics may promote the generation of secondary tumours 

from healthy cells, as they cause DNA damage (Vega-Stromberg, 2003), and 

cause further mutations in cancer cells, leading to the formation of drug 

resistant neoplasms (Hunter et al., 2006). Inefficient drugs are evolutionary 

factors leading to survival of resistant mutant cells (Bhutia et al., 2010; Gatenby 

et al., 2009). Especially stem cells may survive non-selective chemotherapy and
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cause recurrence of cancer, or formation of métastasés after termination of the 

treatment (Mittal et al., 2009).

1.2.3) Molecular targeted therapy

1.2.3.1) General

Targeted cancer therapies selectively trigger or inhibit the function of molecular 

targets which are involved in tumour grov\rth and progression with small 

molecules or monoclonal antibodies, which have greater selectivity and produce 

fewer side effects. The term can also be defined wider as therapies which are 

selective for features that are cancer-specific or involved in their maintenance or 

promotion. One of the first molecular targets to be discovered was the estrogen 

receptor, which provides growth stimuli in hormone-dependent breast cancer 

types when activated by estrogen. It is inhibited by the small molecule 

tamoxifen, which is now used for the treatment of hormone-dependent breast 

cancer (Jordan, 2008). Monoclonal antibodies can either inhibit receptors by 

binding to their extracellular domain, or deliver agents selectively to cancer 

cells.

1.2.3.2) Molecular targets

1.2.3.2.1) Oncogenes and their products

Oncogenes and their products can be valuable molecular targets -  even though 

a large number of oncogenes are active in cancers, cell growth and survival is 

often dependent on a single oncogene, a phenomenon known as oncogene 

addiction (Weinstein & Joe, 2006). Oncogenes can be activated or deregulated 

through chromosomal rearrangements, mutations, and gene amplification, and 

play a major role in cancer initiation and progression. The products of 

oncogenes can be transcription factors, growth factors, growth factor receptors, 

signal transducers, chromatin remodelers, and apoptosis regulators (Croce, 

2008).

Relevant oncogenes and their products are:

• The mutated oncogene k-ras expresses a protein which promotes 

DNA transformation (Croce, 2008).

• The product of c-myc is a transcription factor which, when over 

expressed, promotes cancers through activation of telomerase
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expression and alteration of other transcription factors increasing cell 

growth (Simonsson, 2004; Louis et al., 2005).

• Upregulation of the anti-apoptotic oncogene bcl-2 leads to the evasion 

of apoptosis by many cancer cells (Croce, 2008).

• Tyrosine kinases, such as receptor tyrosine kinases kit and ret, are 

signal transducers affecting cell growth and proliferation, and are 

commonly deregulated in cancers, such as c-kit in gastrointestinal 

stromal tumours (Lennartsson et al., 2005).

• Overexpression of growth factors and growth factor receptors, such as 

the epidermial growth factor receptor (EGFR), the vascular endothelial 

growth factor (VEGF), or the platelet derived growth factor (PDGF) can 

deregulate several pathways including activation of cell growth, 

angiogenesis, and formation of métastasés (Croce, 2008).

• The hypoxia-inducing factor hlM a  is a transcription factor regulating 

VEGF expression and is over-expressed in kidney tumours (Semenza 

et al., 1997).

1.2.3.2.2) Non-oncogenes as molecular targets

A non-oncogene addiction of cancer cells has been postulated by Luo et al. 

(2009). Phenotypes leading to metabolic stress, proteotoxic stress, mitotic 

stress, oxidative stress, and DNA damage stress in cancer cells are 

interconnected with each other, and display new molecular targets. Cells which 

lack the DNA-repair protein BRCA, for instance, are addicted to the up- 

regulated DNA-repair protein poly(ADP-ribose) polymerase (PARP), for 

instance, and its inactivation can lead to apoptosis in cancer cells, as soon as 

they undergo spontaneous or induced DNA damage (Yu et al., 2002; Bryant et 

al., 2005; Salvati et al., 2010). The heat shock protein hsp90 is overexpressed 

in cancers, supports malignant transformation, and serves client proteins, of 

which many are oncoproteins. Its inhibition may lead to down-regulation of an 

array of oncoproteins with a combinatorial anti-cancer effect (Workman et al.,

2007).

1.2.3.3) Molecular targeted therapies

Examples of molecular targeted therapies:
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• inhibition of signai transduction, e. g. tyrosine kinase inhibition (Zwick 

et ai., 2001). imatinib inhibits the kinase ATP domain in the bcr-abi 

fusion protein and kit, and suppresses activation of mutated kit. it is 

approved for the treatment of chronic myelogenous leukaemia and 

gastrointestinal stromal tumours (GIST)(Zhu et al., 2007).

• Inhibition of the epidermal growth factor receptor (EGFR) tyrosine 

kinase by erlotinib and gefitinib (Eberhard et al., 2005).

• Anti-angiogenic compounds. The small molecule tyrosine kinase 

inhibitor sunitinib and the monoclonal antibody bevacizumab inhibit the 

vascular endothelial growth factor (VEGF)(Croce, 2008).

• Inhibition of molecules modulating the function of proteins regulating 

gene expression, such as inhibition of histone deacetylase by 

vorinostat (Richon, 2010).

• Inhibition of protein-protein interactions, e. g. inhibition of the 

interaction of bcl-2 family members by obatoclax (Warr & Shore, 

2008).

• Inhibitors of the DNA-repair protein poly(ADP-ribose) polymerase 

(PARP) (Iniparib, Olaparib) (Penning et al., 2010).

• Proteasome inhibition, followed by cell cycle arrest and apoptosis 

through bortezomib (Bonvini et al., 2007).

• Immunotherapy: Delivery of cytotoxic compounds to cancer cells by 

monoclonal antibodies (Ducry et al., 2010), or sensitisation of the 

immune system to cancer cells with monoclonal antibody-cytokine 

conjugates (Davis et al., 2003).

• Prodrug therapy: Antibody/gene directed enzyme prodrug therapy 

(ADEPT/GDEPT) delivers an enzme to the tumour site, where 

converts a non-toxic compound into a cytotoxic drug (Schellmann et 

al , 2 0 1 0 ).

• Gene therapy: Genes are delivered to cancer cells by a virus, e. g. 

delivery of apoptosis-inducing p53 gene to cancer cells which carry a 

deactivating p53 mutation, or delivery of anti-angiogenesis genes 

(Fukazawa et al., 2010a,b).
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• Virotherapy: A virus is delivered into cancer cells, which replicates 

selectively in the tumour-associated vasculature, leading to lytic cell 

death (Bazan-Peregrino et al., 2007).

• Cancer vaccines, such as vaccines against the human papilloma virus, 

which is associated with the generation of cervix carcinoma 

(Paavonen, 2008), or a vaccine against hTERT (Liu et al., 2010).

1.2.3.4) Limitations of molecular targeted therapies

Molecular targeted therapies often lead to resistance, as the inhibition of one 

pathway can be circumvented by activation of parallel pathways. Hence, 

triggering of multiple targets is often useful (Weinstein & Joe, 2006). Many of 

the compounds applied for the above described therapies are not selective for 

one target and even display multiple mechanisms of inhibition. Kinase inhibitors, 

for instance, often display activity against a range of different kinases (Croce, 

2008), so that the term “molecular targeted therapy" describes a theoretical 

ideal which has only been marginally reached.

1.2.3.5) New molecular targets

The discovery and validation of new molecular targets for cancer therapy and 

development of selective drugs to trigger them is the subject of much current 

cancer research (Workman & Collins, 2008). Even though a large number of 

new agents is produced, the number of drugs entering the clinic is very low, and 

oncology is among the therapeutic fields with the lowest attrition rates. This is 

partly dependent on regulations concerning clinical trials, but also on the lack of 

innovative medicines (Borad & von Hoff, 2008). Accordingly, new strategies and 

approaches to the development of new cancer therapeutics and thinking “out of 

the box" are required.

In the present work, a distinct approach to molecular targeted cancer therapy is 

investigated. Telomeric DNA and the promoter regions of several oncogenes 

are able to form structures called G-quadruplexes, and stabilisation of these G- 

quadruplexes by small molecules leads to DNA damage response in cancer 

cells, and deactivation of respective oncogenes. The theoretical background of 

this approach, and recent advances in this field are presented hereafter.
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1.3) Telomeres

1.3.1) DNA replication

During cell proliferation, the DNA in the nuclei is replicated, which proceeds via 

a highly organised and precise mechanism (figure 1.2). Both complementary, 

anti-parallel strands of the diploid DNA are used as templates for the synthesis, 

resulting in two identical diploid DNA strands. Initially, origins of DNA replication 

are formed by separation of DNA by helicases, allowing DNA synthesis at the 

resulting replication forks. This occurs preferably in AT-rich regions, which are 

easier to separate due to less hydrogen bonding compared to GC-pairs. DNA is 

elongated by a DNA polymerase, which adds nucleotides to the 3’ end of the 

new strand, and moves in 3’ to 5’ direction on the template DNA. As DNA 

polymerase is not able to form a new DNA strand, but only to add new 

nucleotides to an existing strand, a primer is needed, which is a short RNA 

sequence which attaches to the template strand in the origin and serves as a 

starting point for DNA synthesis. On the leading strand, one primer per origin is 

added, and DNA synthesis proceeds continuously in 3' to 5’ direction. At the 

end of the process, RNAse removes the primers, and the gaps are filled in by a 

DNA polymerase. Remaining nicks in the DNA are filled by ligase. On the 

lagging strand, however, several primers are needed, as it is anti-parallel to the 

leading strand, but DNA synthesis still processes in 3' to 5' direction. This leads 

to the formation of Okazaki fragments, which are later joined by a DNA 

polymerase (Alberts et al., 2002).

1.3.2) The end-replication problem

As the last primer-associated gap on the 3' end of the lagging strand cannot be 

filled by DNA polymerases, the 3' end of the newly synthesised DNA strand is 

shorter than its template, which is known as the end-replication problem (figure 

1.2; Olovnikow, 1973). This leads to chromosome shortening, which limits cell 

viability. After numerous replication cycles growth arrest and senescence in 

isolated fibroblast cells is observed (Hayflick, 1965). This implies that there is a 

limited number of divisions of a cell, known as the Hayflick limit.
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Figure 1.2; DNA synthesis and the end-replication problem.

1.3.3) Telomeres

Immediate chromosomal shortening through DNA replication would lead to 

direct loss of cell viability, which is not the case in eukaryotes, and suggests a 

mechanism evading chromosomal shortening. Chromosome ends have long 

been known to display high stability, and are, in contrast to chromosome 

fragments, protected from end-to-end fusions and rearrangements (Mueller, 

1938; McClintock, 1941).

Telomeres are non-coding, evolutionarily conserved nucleoprotein structures at 

the ends of linear eukaryotic chromosomes, are essential for chromosomal 

stability, and evade the end-replication problem (Szostak & Blackburn, 1982). 

They protect the ends of chromosomes from degradation by nucleases, 

chromosomal end fusions, and activation of DNA damage checkpoint signaling 

(Blackburn, 1991; Blackburn, 2000; Hackett et al., 2001). Human telomeres 
have a length of 4-12 kbp (Moyzis et a/., 1988), and it has been demonstrated
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that they are shortened during ageing of human fibroblasts, which amounts 50- 

150 bp during each replication (Harley et al., 1990). Telomere length in different 

chromosomes and cells varies, but it is the shortest telomere that is critical for 

chromosome stability and cell viability and not the average telomere length 

(Hemann et al., 2001). Telomere length generally decreases to 50 % from 

newborn to middle aged individuals (Blackburn, 2000).

1.3.4) Telomere structure and the Shelterin complex

Human telomeric DNA consists of repeats of the sequence d(TTAGGG) and 

has a single-stranded overhang at its 3’-end, which is 100-200 bases long 

(Moyzis et al., 1988; Wright et al., 1977). This overhang plays an important 

structural and functional role. It arranges in a T-loop conformation and is 

protected by six proteins to form a so called Shelterin complex, also called 

telosome, and protects the telomeric end from DNA repair mechanisms (figure 
1.3; de Lange, 2005). The proteins TRF1 and TRF2 (telomeric repeat binding 

factors) bind directly to double stranded telomeric DNA and are linked together 

by TIN2. The POT1 (protection of telomeres) protein binds specifically to single 

stranded telomeric repeats and is bound to TRF2 via the protein TPP1. 
Together with the protein Rapi, which binds to TRF2, the Shelterin complex 

connects the 3’-strand telomeric overhang with telomeric duplex DNA (de 

Lange, 2005). In an open form of the Shelterin complex promoted by POT1, in 

which no T-loop is present, and the telomeric end lies free, telomere elongation 

is possible (Zaug et al., 2005; de Cian et al., 2008; Miyoshi et al., 2008). 

Proteins of DNA damage, such as MRN proteins and Ku, are also bound to the 

Shelterin complex, and telomere uncapping is interpreted as a DNA double 

strand break in the cell (d’Adda di Fagagna et al., 2004). This will be discussed 

further in following chapters.

T4oop

TIN2 P0T1
•5 TRF1K TRF2

Rapi

P O T  I

TR Flfl f îR F 2

Figure 1.3: The Shelterin complex. Modified from de Clan et al., 2008.
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1.4) Senescence and apoptosis

1.4.1) Replicative and stress-induced senescence

Senescence is a cellular program leading to growth arrest, as well as altered 

morphology and metabolism, which somatic cells enter in response to ageing or 

stress such as telomere uncapping, DNA damage, oncogene activity, lack of 

nutrients, improper cell contacts, and oxidative stress (Shelton et al., 1999: 

Serrano & Blasco, 2001; Marita et al., 2003; Lloyd, 2002). It is a tumour 

suppressor mechanism, which hinders cells with abnormalities from replicating 

(Stewart & Weinberg, 2006).

Senescence has originally been regarded to be a response to cellular ageing. 

Due to telomere shortening during DNA replication, the number of divisions is 

limited in somatic cells, known as the Hayflick limit (Hayflick & Moorhead, 1961; 

Hayflick, 1965; Harley et al., 1990), and as critical telomere length is reached, 

senescence is activated (Smith & Pereira-Smith, 1996; Li et al., 2004).

More recently, senescence as a result of cellular stress such as DNA damage 

or oxidative stress has been extensively studied. However, critical shortening of 

telomeres can be interpreted as a form of DNA damage, which was 

demonstrated in an experiment in which DNA damage associated markers were 

observed in cells which had undergone telomere-initiated senescence (d’Adda 

di Fagagna et al., 2003). Both replicative and stress-induced senescence may 

thus be initiated and progress via the same general mechanism.

1.4.2) Apoptosis and necrosis

DNA damage activates a cascade of events towards its repair with temporary or 

permanent halt of cell cycle progression (Kastan & Bartek, 2004). 

Circumvention of the proliferative block without repair leads to cellular crisis due 

to chromosomal instability, followed by apoptosis, which is an organised and 

programmed cell death (Stewart & Weinberg, 2006). Very high stress results in 

direct necrosis, during which the cell membrane is ruptured, followed by an 

inflammatory response. The cellular response to stress and crisis is dependent 

on the level of chaperone proteins, which mediate its sensitivity and play a key 

role in damage repair (Soti et al., 2003; Ben-Porath & Weinberg, 2005).
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1.4.3) DNA damage response

DNA double strand breaks can be caused by gamma irradiation (vanAnkeren et 

al., 1988) and radiomimetic compounds (Elmroth et al., 2003). Furthermore, 

dissociation of Shelterin complex proteins P0T1 and TRF2 from telomeric ends 

leads to telomere uncapping (Blackburn, 2001), which is recognised as a DNA 

double strand break and activates the DNA damage response (d’Adda di 

Fagagna et al., 2003; Herbig et al., 2004; Herbig et al., 2006; Denchi & de 

Lange, 2007).

DNA damage activates sensor proteins, which pass the signal on to mediators, 

which then activate and amplify transducer kinases, which in turn activate 

effector proteins (Riches et al., 2008). Activation of the tumour suppressor 

genes p53 and pRb (retinoblastoma protein) plays a key role in the induction of 

senescence and apoptosis. Pathways described below are visualised in figures 

1.4 and 1.5.

Initially, DNA damage is recognised by sensor proteins, such as Rad9, Radi, 

and Husi (the 9-1-1 complex), and Rad 17 (Melo & Toczyski, 2002). They are 

recruited to the DNA damage site and facilitate activation of further proteins. 

The signal is transduced by large phosphoinositide 3-kinase-like proteins ATM 

(Ataxia telangiectasia mutated), ATR (Ataxia telangiectasia and Rad3 related), 

and the DNA-dependent protein kinase catalytic subunit protein ( D N A - P K c s ) .  

ATM kinase is present as an inactive homodimer with a blocked kinase domain 

in unstressed cells, and is associated with the protein phosphatase PP2A 

(Gately et al., 1998; Goodarzi et al., 2004). Upon DNA double strand breaks, 

ATM undergoes conformational changes through phosphorylation with cleavage 

of the homodimer, leading to its activation (Bakkenist & Kastan, 2003). 

Activated ATM is amplified by the MRN complex, consisting of MRE11 (meiotic 

recombination 11), NBS1 (Nijmegen breakage syndrome 1), and RAD50, which 

additionally comprises damaged DNA (Dupre et al., 2006; Horejsi et al., 2004; 

Constanzo et al., 2004). The activated and amplified ATM then phosphorylates 

a subset of proteins at their serine residues, which initiates the signal 

transduction cascade. Histone H2AX, which occurs in chromatin, is rapidly 

phosphorylated at protruding ends at Seri 39, which is then termed y-H2AX, 

producing a universal DNA double strand break response (Burma et al., 2001;
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Rogakou et al., 1998; Rogakou et al.; 1999; Kang et al., 2005). /-H2AX plays a 

central role in the assembly of DNA damage response factors and chromatin 

remodelers at the site of the DNA double strand break (van Attikum & Gasser, 

2009; Scully, 2010). Proteins of the Mre11-Rad50-Nbs1 (MRN) complex and 

other DNA damage repair and cell cycle checkpoint mediators such as 53BP1 

(p53 binding protein 1), MDC1 (mediator of DNA damage checkpoint 1) and 

BRCA1 (breast cancer protein 1) are phosphorylated and fixed at DNA damage 

sites, forming damage induced foci, which further activate ATM, ATR and DNA- 

P K c s  (Bekker-Jensen et al., 2006; Fitzgerald et al., 2009; Zhou et al., 2006).

Mechanisms of telomere damage response are complex - several proteins that 

play a role in DNA damage response are also involved in telomere maintenance 

(d’Adda di Fagagna et al., 2004). ATM itself was observed to reduce telomere 

instability in the presence of a G-quadruplex ligand in cells, which leads to the 

conclusion that it prevents activation of inappropriate DNA repair (Pennarun et 

al., 2008). During telomere capping, POT1 and TRF2 control ATM and ATR 

independently and activate them upon their dissociation from the Shelterin 

complex (Denchi & De Lange, 2007), and also the proteins of the MRN complex 

are involved in telomere maintenance (Wu et al., 2007; Slijepcevic, 2006).

1.4.4) Senescence-activating pathways

The effector kinases CHK1 and CHK2 are messengers with high mobility, and 

transduce signals for cell cycle delays upon communication with ATM/ATR 

(Bartek & Lukas, 2003). In stress-free cells, the tumour suppressor gene p53 is 

silenced by the E3 ubiquitin ligase MDM2. MDM2 can be sequestered by the 

PI4 ARF protein, a product of the INC4A locus, which is activated in stress 

situations, and in the presence of oncoproteins such as myc and ras (Lowe & 

Sherr, 2003). Upon inhibition of the p53-MDM2 interaction through 

phosphorylation by CHK1/CHK2 or ATM/ATR or activity of p i4̂ "̂̂ , p53 is 

activated and transcribes which inhibits cell cycle regulating cyclin

dependent kinases (Wahl & Carr, 2001). Inhibition of the cyclin E/CDK2 kinase 

complex leads to hypophosphorylation and thus activation of the retinoblastoma 

protein pRb, which inhibits E2F transcription factors (Narita et al., 2003). 

Consequently, the transcription of E2F targets is inhibited, which are effectors of 

cell cycle progression. This leads to growth inhibition and the initiation of
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senescence. p2 1  was found to be up regulated in cells entering senescence, 
however, the linear activation chain p53-p21-pRb requires steady signal input 

(Herbig et al., 2004). In permanently senescent cells, the INK4A locus protein 
p̂ giNK4a jg expressed, which inhibits the cyclin D/Cdk4,6 complex and thus 

activates pRb (te Poele et al., 2002; Herbig & Sedivy, 2006).
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Figure 1.4: "The molecular circuitry of senescence. p53 and Rb are the main activators of 
senescence. p53 can activate senescence by activating Rb through p21 and other unknown 
proteins, and also, in human cells, can activate senescence independently of Rb. Rb activates 
senescence by achieved by phosphorylation, performed by the ATM /ATR and Chk1/Chk2  
proteins, and by the p19ARF product of the INK4a locus, which sequesters Mdm2 in the 
nucleolus. The transcriptional control of the INK4a products is not fully elucidated, indicated are 
some of these regulators.” Taken from Ben-porath & Weinberg, 2005.

During senescence as a result of oxidative stress, is activated directly,

possibly via p38-MAP kinase (Kyriakis & Avruch, 2001; Iwasa et al., 2003). p38-
MAP was also shown to be an important factor in the DNA damage response of

telomerase-negative leukaemia cells to telomestatin (Tauchi et al., 2006). In the
absence of p53, telomere uncapping by TRF2 leads to p16-mediated

senescence (Smogorzewska & de Lange, 2002).

1.4.5) Cell-cycle checkpoints

The cell cycle consists of the G1 phase (Gap 1), in which cells increase in size, 
the S-phase, in which DNA replication proceeds, the G2 phase (Gap 2), an 

interphase in which the cells continue to grow, and the M-phase, in which 

mitosis occurs. Quiescent cells, which are not growing, are defined to be in GO 

phase. Cell cycle checkpoints ensure that the processes are executed correctly.
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and in case of any complications, cell cycle progression is halted in G1, S, or 
G2/M phase (Figure 1.5; Hartwell & Weinert, 1989).
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Figure 1.5: “A simplified scheme of cell-cycle checkpoint pathways induced in response to DNA  
damage (here DSBs), with highlighted tumour suppressors shown in red and proto-oncogenes 
shown in green. The proximal checkpoint kinases ATM  and ATR phosphorylate diverse 
components of the network, either directly (red ‘P’) or through the transducing kinases CHK2  
and CHK1 (black ‘P’). (For simplicity, some candidate dam age sensors and several A TM /A TR  
and CHK1/CHK2 substrates have been omitted.) The BRCA1 protein also contributes to cell- 
cycle arrest and DNA repair by homologous recombination, whereas p53 controls genes 
involved in cell death and DNA-repair mechanisms. The cell-cycle phase and the duration of the 
blockade affected by the effector pathways are indicated, including the potential permanent 
arrest (senescence), as mediated by p53. The global checkpoint network regulated by 
ATM /ATR and CHK2/CHK1 also affects cellular responses other than cell cycle progression, 
including DNA repair, transcription, chromatin assembly and cell death.” Taken from Kastan & 
Bartek, 2004.
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G1 arrest is the most common checkpoint response to DNA damage, and can 

be either temporary or permanent. Faulty DNA replication is halted reversibly in 

order to reduce damage during the ongoing synthesis. Cells undergoing G2/M 

arrest carry DNA damage acquired in G1, S, or G2 phase and are hindered 

from entering mitosis (Vuyyuri & Ahuja, 2009; Kastan & Bartek, 2004; Nakanishi 

et al., 2006).

The cyclin E/Cdk2 kinase complex promotes the transition of cells from G1 into 

S-phase. Its deactivation via the p53/MDM2-p21 pathway as described above, 

results in delayed and sustained G1-arrest (Wahl & Carr, 2001). CDC25A 

phosphatase is the activator of cyclinE(A)/Cdk2 kinase. It is expressed in late 

G1 phase, and regulated by ATR/CHK1. In the event of cellular stress, it is 

down regulated by phosphorylation through activated CHK1 and CHK2, leading 

to inhibition of cyclin E/Cdk2 and rapid, temporary G1-arrest, which is 

independent of p53 (Bartek & Lukas, 2004; Donzelli & Draetta, 2003).

Mechanisms leading to S-phase arrest are complex, and there seem to be 

various branches (Vuyyuri & Ahuja, 2009; Kastan & Bartek, 2004). One of them 

proceeds via CDC25A, as CDK2 inhibition leads to downregulation of 

processes involved in DNA synthesis (Bartek & Lukas, 2004). Another pathway 

involves the inhibition of the cohesin protein SMC1 by ATM or via the MRN 

protein NBS1 with involvement of the mediator BRCA1 (Yazdi et al., 2002).

Mechanisms involved in G2 or M phase arrest are equally diverse (Khodjakov & 

Rieder, 2009; Vuyyuri & Ahuja, 2009; Nakanishi et al., 2006; Kastan & Bartek, 

2004). The cyclin B/Cdkl complex is normally activated at the G2/M boundary, 

and upon cellular stress, it is inhibited by phosphorylation, leading to G2/M 

arrest. This can proceed via ATM/ATR/CHK1/CHK2 and CDC25A, or via p38- 

MAP kinase, with involvement of checkpoint mediators, such as 53BPI and 

BRCA1 (Mailand et al., 2002; Bulavin et al., 2001). G2/M phase arrest can be 

sustained by p53-independent mechanisms, and p53 negative tumour cells 

accumulate in G2 phase upon stress, which can be utilised for their 

sensitisation to therapeutics (Zhou & Bartek, 2004).

In the case that DNA damage occurs before or during the G2 phase with failure 

to activate cell cycle checkpoints, or if cells undergo defective or deregulated 

mitosis due to spindle perturbations, apoptosis is initiated. This phenomenon is
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known as the mitotic catastrophe and is controlled by cell cycle specific kinases 

such as Cdk1 and cell cycle proteins (Castedo et al., 2004).

1.4.6) Apoptosis mechanisms

In response to high cellular stress or crisis, apoptosis, a highly organised and 

efficiently executed program towards the killing of the cell, is initiated. It is 

broadly triggered by the mitochondria. Pre-apoptotic pathways are complex and 

not fully understood. Apoptosis can proceed via a death receptor mediated 

mechanism leading to activation of caspase 8 , or a death receptor independent 

mechanism leading to activation of caspase 9.

Death receptors of the TNFR (tumour necrosis factor receptor) family, such as 

TNFR1 (also known as p55, CD120a) and Fas (also known as CD95, Apo1) are 

activated by their specific ligands (Ashkenazi & Dixit, 1998). Their death 

domains, which are intermediate membrane proteins, are involved in the 

activation of initiator caspase 8 .

The apoptosis-promoting BAX (bc/-2-associated X) gene is initiated after 

activation of the death domains (Murphy et al., 2000). By formation of 

homodimers in the outer mitochondrial membrane, it opens the PT (permeability 

transition) pore, allowing cytochrome c to be released from the mitochondria 

into the cytoplasm (Zamzami et al., 1996; Xiang et al., 1996). Anti-apoptotic cell 

survival bcl-2 proteins regulate or interfere with this process by inhibiting PT and 

cytochrome c. Opening of the PT pore leads to loss of gradient and 

uncoupling of the respiratory chain. Consequently, the mitochondrial membrane 

potential is observed to collapse during early apoptosis. Expansion of matrix 

space, which goes along with PT, can lead to membrane rupture with release of 

large amounts of cytochrome c into the cytosol (Green & Reed, 1998). 

Cytochrome c activates caspases, which are intracellular cysteine proteases 

that dissociate the cytoskeleton. Caspases destroy the mitochondrial membrane 

further, which accelerates apoptosis (Ricci et al., 2003). Interference with the 

initiation of apoptosis by bcl-2 is eliminated by its caspase-mediated cleavage. 

Initiator caspases are able to activate effector caspases, so that a cascade 

amplifies the amount of active caspase, leading to efficient cell kill within hours 

(Thornberry & Lazebnik, 1998).
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A stress induced, death receptor independent pathway is activated in response 

to cell damage, activation of oncogenes, and growth factor deprivation. It is 

initiated by proteins containing the bcl-2 homology 3 domain, which deactivate 

bcl-2, leading to cytochrome c release and activation of caspase 9 (Croce, 

2008). p53 can be involved in the initiation of apoptosis, as it has been shown to 

effect the activation of initiator caspase 9 and BAX upon DNA damage or myc- 

induced apoptosis (Yin et al., 1997; Soengas et al., 1999).

1.5) Telomeres and cancer

1.5.1) Carcinogenesis

Cancer is a result of multiple mutations in genes expressing proteins involved in 

DNA damage signaling and repair, tumour suppressor genes involved in 

senescence/apoptosis checkpoint pathways, and proto-oncogenes which 

regulate cell growth (Kastan & Bartek, 2004; Nakanishi et al., 2006).

In human cancers, mutations in the tumour suppressor genes encoding p53 and 

p i6  are common (Roninson, 2003). Patients with inherited dysfunctions in 

genes expressing proteins involved in the DNA damage or senescence 

signalling pathway, such as ATM, NBS1, and BRCA1 are predisposed to the 

development of cancers (Shiloh & Kastan, 2001; Varon et al., 1998; Bulavin et 

al., 2 0 0 1 ).

As a consequence of mutational checkpoint disabling, cells which have 

undergone DNA damage, e. g. through telomere shortening, are not repaired 

and circumvent senescence. In this state of pre-crisis, cells are able to 

proliferate further, which leads to genomic instability through chromosomal 

fusions, anaphase bridges, and translocations (breakage-fusion-bridge cycles), 

resulting in aneuploidity (figure 1.6). They enter mitotic catastrophe and crisis, 

which initiates apoptosis. In -  1 in 10  ̂of these cells in crisis, however, telomere 

maintenance mechanisms are activated, and they gain immortality (Kim et al., 

1994). Proto-oncogenes can mutate to generate oncogenes, which promote 
abnormal cell growth. Cells which have undergone these transitions can then be 

defined as cancer cells, however, they undergo diverse further mutations, such 

as modification of cell metabolism (Camarena et al., 2007; Bailey et al, 2006; 

Stewart & Weinberg, 2006; Londoho-Vallejo, 2008).
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Figure 1.6; The process of carcinogenesis as a result of DNA or telomere damage, followed by 
checkpoint deactivation, pre-crisis events creating genomic instability, activation of telomerase, 
and oncogene activation.

1.5.2) Telomere maintenance in cancers

1.5.2.1) Telomerase

Telomerase is an enzyme which maintains and caps telomeres and is active in 

over 80 % of cancer cells, but which is not expressed in normal mammalian 

cells; however, stem cells and germ cells contain small amounts of telomerase 

(Kim et al., 1994; Shay et al., 2006). It is a large enzymatic complex of over 30 

proteins (Cohen et al., 2007), but the active complex consists of a catalytic 

subunit hTERT (telomerase reverse transcriptase), a ribonucleic domain hTR 

(also called hTERC), and the accessory factors Esti and dyskerin (figure 1.7; 

Smogorzewska & de Lange, 2004). hTR carries an RNA template that captures 

the end of the single telomeric DNA strand by hybridizing it to its first few bases. 

The telomeric end is then elongated using the rest of the template, and the DNA 

sequence is translocated, so that a free space in the template is created for 

another cycle of telomere synthesis. The activity of telomerase is negatively 

regulated by the Shelterin proteins TRF1 and POT1 to maintain telomeres at a
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constant length (Smogorzewska & de Lange, 2004; Kipling et al., 1995; Zhu et 
al., 1999).
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Figure 1.7: Schem e of telomerase docked at the telomeric 3 ’ end. Taken from Smogorzewska 
& de Lange, 2004.

1.5.2.2) The ALT-pathway

The finding that -  25 % of in vitro immortalised cell lines and -  15 % of tumours 

do not express telomerase led to the discovery that there are alternative 
lengthening of telomeres pathways (ALT) (Bryan & Reddel, 1997). It is a 

recombination-mediated process employing the rec-Q-like helicases BLM and 

WRN, which are also involved in DNA replication, recombination, and repair 

(Dunham et al., 2000; Londoho-Vallejo et al., 2004; Biessmann & Mason, 2003; 

Bhattacharyya et al., 2010). BLM and WRN are bound to and stimulated by 

TRF2, and BLM is able to unwind G-quadruplex DNA, but their precise function 

in telomere maintenance is not known (Opresko et al., 2002; Sun et al., 1998). 

The Holliday junction decatenase topoisomerase Hier (TOPOIIIa) has been 

found to be essential in the ALT pathway (Temime-Smaali et al., 2008).

1.6) G-quadruplexes

1.6.1) General

Many guanine-rich DNA sequences, such as telomeric DNA, are able form G- 

quadruplex structures. Four guanines are arranged in a plane through Hoogsten 

hydrogen bonding, forming G-tetrads, which stack on top of each other by n-n 

interactions (figure 1.8; Simonsson, 2001; Burge et al., 2006). The structure is 

stabilised by a potassium or sodium ion, which is situated in the interstices of 

the G-tetrads, coordinating eight guanines. G-tetrads were first discovered in
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1962, and G-quadruplex structures were fully characterised in 1989 (Gellert et 
al., 1962; Sundquist et al., 1989).

Figure 1.8: A G-tetrad. Hoogsten hydrogen bondings are Indicated by dashed lines.

1.6.2) G-quadruplex topologies

G-quadruplexes have different topologies, depending on DNA sequence, 

coordinating ion, and the number of strands involved (figure 1.9). They are 
made up of one, two, or four DNA strands, which can run parallel or antiparallel, 

and the DNA sections which are involved in the quadruplex, but not part of the 
G-tetrads, form loops. Depending on whether loops connect parallel or 

antiparallel strands which are either adjacent or opposite, they can be lateral, 
diagonal, or propeller-like. Guanines can have relative syn or anti conformation. 

G-quadruplexes have four grooves, which are the cavities at the sides of the 

quadruplex, and up to three loops (Burge et al., 2006; Phan et al., 2009).

G-quadruplex topology and stability are largely dependent on the type and 

length of the loops - parallel structures are generally observed if loops are short 

(Hazel et al., 2004). Topologies also depend on the coordinating ion and other 

conditions such as stabilisation by small molecules or proteins, and can 

interconvert via a diversity of intermediate states upon alteration of conditions or 

during the folding/unfolding process, which may be of biological significance 

(Lee et al., 2005; Lane et al., 2008; Dai et al., 2008; Chaires et al., 2010).
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Figure 1.9 “Schematic structure of human telomeric G-quadruplexes. (A) Tetrameric parallel- 
stranded G-quadruplex observed for the single-repeat human telomeric sequences d(TTAG G G ) 
and d(TTA G G G T) in solution. (B) Dimeric parallel-stranded G-quadruplex observed for the 
two-repeat human telomeric sequence d(TA G G G TTA G G G T) in a K^-containing crystal and in 

solution. (C) Dimeric antiparallelstranded G-quadruplex observed for two-repeat human 
telomeric sequence d(TA G G G TTA G G G T) in solution. (D) Asymmetric dimeric (3 + 1) G- 
quadruplex observed for the three-repeat human telomeric sequence
d(G G G TTA G G G TTA G G G T) in Na'" solution. (E) Asymmetric dimeric (3 + 1) G-quadruplex 
association observed for the three-repeat human telomeric sequence
d(G G G TTAG G G TTA G G G T) and the single-repeat human telomeric sequence d(TAG G G T) in 
Na^ solution and in solution. (F) Basket-type form observed for d[A (G G G TTA)3 GG G] in Na"" 
solution. (G) Propeller-type form observed for d[A (G G G TTA)3 GGG] in a K^-containing crystal. 
(H) ( 3 + 1 )  Form 1 observed for d[TA(G G G TTA )3 GGG] in solution. (I) (3 + 1) Form 2 
observed for d[TA(G G G TTA )3 G G G TT] in K'’ solution. (J) Basket-type form observed for 
d[(G G G TTA)3 GGGT] in solution, anti guanines are colored cyan; syn guanines are colored 
magenta; loops are colored red. M, N and W  represent medium, narrow and wide grooves, 
respectively.” Taken from Phan, 2010.

1.6.3) Telomeric G-quadruplexes

Telomeric DNA is rich in guanine and is able to form G-quadruplexes, which

was first shown in telomeric DNA from Oxythcha nova (Smith & Feigon, 1992;

Horvath & Schultz, 2001; Wang & Patel, 1993). Human telomeric DNA is highly 

polymorphic in dilute solution (Dai et al., 2008). The human telomeric G- 

quadruplex sequence determined by NMR with sodium as the coordinating ion 

(Wang & Patel, 1993) differed greatly from the structure with potassium as the 

coordinating ion solved by X-ray diffraction (Parkinson et al., 2002). In the 

structure coordinated by sodium, strands run anti-parallel and loops are lateral 

or diagonal, whereas in the structure coordinated by potassium, strands run 

parallel and loops are propeller-like (figure 1.9, F and G, respectively, and figure 

1.10). A mixed/ hybrid type topology is present in potassium solution (figure 1.9, 

H and I; Phan et al., 2006; Ambrus et al., 2006), but crystal structures found for
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co-crystals of human telomeric G-quadruplex -  ligand complexes always 
displayed parallel topology (figure 1.10; Lee et al., 2005; Parkinson et al., 2008; 
Campbell et al., 2008).

G-quadruplex structures were also found in telomeric RNA sequences, which 

have a parallel topology with propeller-type loops in Na"̂  and solution, which 

have close similarities with the crystal structure of coordinated telomeric 

DNA (Xu et al., 2008; Martadinata & Phan, 2009).

Figure 1.10; Parallel human telomeric G-quadruplex 22m er DNA from a co-crystal structure 
with a small molecule ligand (Parkinson et al., 2008), top view (top) and side view (bottom). G- 
tetrads are marked in yellow.

1.6.4) G-quadruplexes in oncogenes

Bioinformatics have shown that sequences which are able to form G-quadruplex 

structures are not only present in telomeres, but are highly prevalent in human 

DNA (Hupped & Balasubramanian, 2005; Todd et al., 2005). Promoter regions 

in almost half of all known genes throughout the human genome may be able to 

fold into G-quadruplexes, and especially the ones which are nuclease 
hypersensitive are guanine rich (Hupped & Balasubramanian, 2007). G-
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quadruplex forming sequences are significantly enriched in promoters of 

oncogenes, whereas promoters of tumour suppressor genes or house keeping 

genes are less likely to form G-quadruplexes (Eddy & Maizels, 2006; Hupped & 

Balasubramanian, 2007; Verma et al., 2008). Evidence for the ability of forming 

G-quadruplex structures in their promoter regions has been given for the 

oncogenes c-kit, c-myc, c-myb, k-ras, n-ras, PDGF-A, VEGF, hTERT, ret, hif- 

1a, and bcl-2, and the tumour-suppressor gene Rb (Brooks et al., 2010, Qin & 

Hurley, 2008). Oncogenes have been introduced with relevant examples in 

section 1.2.3.2.1.

Guanine-rich sequences in the c-myc promoter, as well as in the hif-la, VEGF, 

and ret promoters, predominantly form unimolecular, all-parallel G- 

quadruplexes with varying loop sizes (figure 1.11, A). The G-quadruplex 

structure in the PDGF-A promoter consists of four G-tetrads, and has a parallel 

type topology (Quin & Hurley, 2008).

The existence of G-quadruplex forming sequences in the promoter region of the 

receptor tyrosine kinase c-kit, which forms an oncogene when mutated, was 

demonstrated before the determination of their structures (Rankin et al., 2005; 

Fernando et al., 2006). Two different G-quadruplex structures can form in its 

promoter region, which are -  30 bases apart, so that the G-quadruplexes are 

not able to interact with each other. The upstream G-quadruplex has an all

parallel structure, and the downstream G-quadruplex has an unusual structure 

with a 2 + 1 discontinuity on one edge, but which is overall parallel (figure 1.11, 

B; Phan et al., 2007; Todd et al., 2007; Hsu et al., 2009). The downstream G- 

quadruplex structure of c-kit has a distinct pocket, which could be targeted by 

small molecule ligands selectively (Phan etal., 2007).

The hTERT promoter contains two G-quadruplexes which are able to form 

tandem structures to gain stability, as they are close in space. The upstream G- 

quadruplexes has a parallel type topology, whereas the downstream G- 

quadruplex has a mixed type parallel/anti-parallel topology with one large 

hairpin loop of ~ 25 bases (figure 1.11, C; Palumbo et al., 2009).

Bcl-2 is able to form multiple overlapping and equilibrating G-quadruplex 

structures in a G-rich region covering ~ 40 bases (Dexheimer et al., 2006). The

51



1) Introduction

G-quadruplex in the middle has a mixed parallel/anti-parallel topology and is the 
most stable one (figure 1.11, D; Dai et al., 2006).
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Figure 1.11: “Proposed classes of unimolecular G-quadruplexes found in eukaryotic promoter 
elements. Class I (A) is represented by the single G-quadruplex found in the c-myc promoter 
element. Class II (B) contains a pair of different G-quadruplexes separated by about three turns 
of DNA. Class III (C) is represented by the tandem G-quadruplexes from the hTERT promoter. 
Class IV (D) represents multiple overlapping G-quadruplexes. The example shown is from the 
Bcl-2 promoter and the G-quadruplex shown (M idG4) is the most stable of the three structures. 
In this model, bases are colored as follows: guanine, red; cytosine, yellow; thymine, blue; 
adenine, green” Taken from Brooks et al., 2010.

1.6.5) The i-motif

Another structural tertiary DNA structure worth mentioning is the i-motif. It forms 

in cytosine-rich DNA strands, based on intercalated C-C"̂  pairs, and its 

formation is favoured at low pH. It is found in telomeric DNA, and the promoter 

regions of several oncogenes, such as c-myc and bcl-2 (figure 1.12; Phan et al., 

2000; Brooks et al., 2010). Whilst the G-rich strand is folded into a G- 

quadruplex, the complementary C-rich strand is able to form an i-motif, which 

may have a similar switching function.
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0
o P

c-Myc Bcl-2

Figure 1.12: i-motif structures found in the promoter regions of the oncogenes c-myc and bcl-2. 
Taken from Brooks et al., 2010.

1.6.6) Biological functions of G-quadruplexes

1.6.6.1) General

Evidence for in vivo formation and distinct biological functions of G- 

quadruplexes is increasing (reviewed in Simonsson, 2004; Maizels, 2006; 

Oganesian & Bryan, 2007; Lipps & Rhodes, 2009).

Several proteins have been discovered which bind to G-quadruplexes or 

modulate them. Examples are the telomere-end-binding protein and the 

repressor-activator protein in ciliates, human topoisomerase I, and nucleolin. G- 

quadruplex specific nucleases are able to cut single stranded DNA next to the 

G-quadruplex, helicases, such as the previously discussed BLM and WRN, are 

able to unwind intermolecular G-quadruplexes, and specific resol vases, such as 
P0T1, are able to unwind intramolecular G-quadruplexes. These proteins are 

necessary for the modification of G-quadruplex DNA, as it is very stable once 

formed (Oganesian et al., 2007). Dysfunction of G-quadruplex modulating 

proteins is often associated with disease (Wu & Brosh, 2010).

The existence of these G-quadruplex-modulating proteins, the location of G- 

quadruplex forming sequences in promoter regions of genes which are sensitive 

to nucleases, and the finding that they are evolutionarily conserved, strongly 

hints at biological functions for G-quadruplexes (Hupped & Balasubramanian, 

2007; Capra et al., 2010). Equilibrated transitions between different G- 

quadruplex topologies and ss-DNA may be significant for their modification by
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proteins, and may be essential for possible switching functions of G- 

quadruplexes (Lane et al., 2008; Chaires et al., 2010).

1.6.6.2) Evidence of G-quadruplexes in vivo

G-quadruplex forming sequences are likely to be found in various parts of the 

cell (Huppert, 2008; Lipps & Rhodes, 2009). In the nucleus, G-quadruplexes 

may form in the double- and single stranded regions of telomeres, and in the 

promoter regions of oncogenes, which are low in chromatin. They can form in 

dsDNA, or when dsDNA becomes transiently single-stranded. Nucleoli contain 

rDNA, which may form G-quadruplex structures, and which codes for ribosomal 

RNA. The 5’ untranslated regions of mRNA may be able to fold into G- 

quadruplex structures, which form more readily than DNA-quadruplexes, as 

RNA is single stranded. The concentration of G-quadruplex forming motifs in 

mitochondrial DNA is ten fold higher than in nuclear DNA (Capra et al., 2010).

The discovery of G-quadruplex interacting proteins set the starting points for the 

development of experiments with different approaches for the investigation of 

the existence of G-quadruplex structures in vivo.

In one experiment, G-quadruplexes in the ciliate Stylonichia lemnae were 

visualised by a synthetic single chain antibody (Schaffitzel et al., 2001). The 

antibody selective for parallel/anti-parallel G-quadruplexes gave a strong signal 

in the macronucleus, but not in the micronucleus or the replication band, and 

the antibody with selectivity for parallel type G-quadruplexes only did not give 

any signal. This led to the conclusion that an anti-parallel type G-quadruplex is 

present in this species in vivo, and that G-quadruplex structures are resolved 

during DNA replication.

In another study, the necessity of the presence of telomeric binding proteins for 

the formation of G-quadruplexes was demonstrated by RNA interference 

(Paeschke et al., 2005). G-quadruplex unfolding is mediated through 

phosphorylation of the telomeric binding protein by the cell-cycle regulator 

Cdk2, giving further evidence for the resolving of G-quadruplexes during DNA 

replication, and it is facilitated in the presence of telomerase (Paeschke et al.,

2008).

A further experiment demonstrated that cells are able to harbour G- 

quadruplexes in DNA introduced into them (Duquette et al., 2004). E. coli cells
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were transfected with plasmids containing telomeric repeats, and upon 

introduction of transcription, the formation of G-quadruplex containing loops was 

observed via electron microscopy and with DNA-binding proteins such as 
nucleolin.

G-quadruplexes were visualised in vivo in a complex with a highly fluorescent 

cyanine dye, a radiolabelled G-quadruplex ligand accumulated at chromosome 

ends, and G-quadruplexes were isolated from human cells via complexation 

with a small molecule ligand (Yang et al., 2009; Granotier et al., 2005; Müller et 

al., 2010). However, these experiments only give evidence for the formation of 

G-quadruplexes in the presence of ligands, and not for the deliberate formation 

of G-quadruplexes in vivo.

1.6.6.3) Functions of telomeric G-quadruplexes

The exact function of G-quadruplexes in telomeres remains unclear to date, 

however, there are several proposed mechanisms of G-quadruplex structures 

participating in the control of telomere structure, including telomerase 

regulation, telomere end capping, and chromosomal re-arrangements.

In ciliates, formation of an intermolecular G-quadruplex can associate two or 

more chromosomes, which protects telomeric ends from degradation or 

inappropriate elongation (figure 1.13, a, left). This can proceed step-wise, via 

stabilisation by telomere-end-binding proteins (TEBP, figure 1.13, b). In 

humans, this mechanism may be applied to the functional fusion of gene 

segments, e. g. in immune response. G-quadruplexes may act as switches 

promoting the production of antibodies. In B cells, class switch recombinations 

of gene segments lead to the generation of V(D)J (variable, diversity, and 

joining) antigen receptor domains in response to antigenes. These genes are 

likely to be joined via G-quadruplex structures, and their formation may be 

promoted by a nucleolin-(hnRNP) complex (Simonsson, 2004).

Parallel tetramolecular G-quadruplexes may play a role in early meiosis, when 

sister chromatids form synapsis. This is confirmed by bioinformatics, which 

identified mitotic and meiotic double-strand break sites in proximity to G- 

quadruplex forming sequences (Capra et al., 2010).

Telomeric G-quadruplex structures in double-stranded and single-stranded 

telomeres lead to compaction of telomeres (figure 1.13, a, middle).
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In theory, G-quadruplex structures may also be involved in telomeric end- 
capping (figure 1.13, a, right). The telomeric end normally forms a T-loop 

consisting of the single-stranded overhang, and at the fusion point of double

stranded and single-stranded telomere, a D-loop is present. It may be possible 

that a G-quadruplex is formed at this fusion point, but this is unlikely, as the T- 

loop at the telomeric end is regulated by the Shelterin complex proteins. G- 

quadruplex structures may be involved in the regulation of telomerase (figure 

1.13, c). The single-stranded binding protein P0T1 resolves G-quadruplexes in 

the single-stranded telomeric overhang, which activates telomerase (Oganesian 

& Bryan, 2007; Maizels, 2006).
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Figure 1.13; “G4 DNA at telomeres, (a) Left, intermolecular, antiparallel G4 DNA joins two 
ciliate telomeres. Center, intramolecular, antiparallel G4 DNA within a vertebrate TTA G G G  
telomeric tail; the TTAG G G  repeat can also form other structures. Right, G4 DNA could in 
principle stabilize the junction of the telomere tail and duplex DNA predicted to occur as part of 
a t-loop, the lariat structure at a chromosome end. (b) Formation of the G4 D NA -TEB Pa//3  
complex at ciliate telomeres. Singlestranded regions (top) are bound by TEBPa, which allows 
TEBPjS to load (center); this in turn promotes formation of intermolecular G 4 DNA (bottom), (c) 
Resolution of telomeric G4 DNA by P 0T1 . Rapid interconversion of G4 DNA (top) and single
stranded conformations (center) permit P 0T1 to load (bottom), making the telomere end 
accessible to telomerase.” Taken from Maizels, 2006.

Terminal telomeric G-quadruplexes may be regarded to be DNA damage signal 

perse (Neidle, 2010). Dissociation of Shelterin complex proteins from telomeric 

ends initiates DNA damage response, and attached DNA damage signaling
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proteins, such as Ku, are released (d’Adda di Fagagna et al., 2004). The human 

nuclear protein poly (ADP-ribose) polymerase-1 (hPARP-1) is involved in DNA 

double-strand break repair and regulates telomere protection and maintenance. 

It binds to TRF1 and TRF2 and modulates their association to telomeric DNA, 

which regulates telomere elongation. hPARPI may be recruited to unprotected 

or damaged telomeres, and the catalytic activation of hPARPI through its 

specific recognition of telomeric and c-kit G-quadruplexes has been 

demonstrated (Soldatenkov et al., 2008; Salvati et al.; 2010).

1.6.6.4) Function of G-quadruplexes in promoter regions of genes

G-quadruplexes in the promoter regions of genes are very likely to be involved 

in the regulation of transcription, acting as activating switches.

Transcription is initiated by the assembly of nucleases in promoter regions of 

genes, forming a transcription bubble. For this, the formation of nuclease- 

hypersensitive regions in the promoter through dissociation of chromatin from 

the nucleosomes is required. The formation of G-quadruplexes and i-motifs in 

these promoter regions may cause chromatin unfolding, and thus activate 

transcription (Simonsson, 2004; Lipps & Rhodes, 2009).

In the example of the transcription of c-myc, the transcription factor nucleoside 

diphosphate kinase isoform B (NDPK-B) binds to the cytosine-rich strand 

opposite the G-quadruplex forming strand, and the G-quadruplex may be 

stabilised by the heterogenous ribonucleoprotein particle A/B (hnRNP A/B), 

which is a positive regulator of c-myc transcription. The heterogenous nuclear 

ribonucleoprotein K (hnRNP K) binds specifically to the cytosine-rich strand, 

and recruits RNA polymerase II, which is able to perform several rounds of 

transcription of the activated oncogene (Simonsson, 2004).

The proteins hnRNP A, Ku70, and PARP1 were demonstrated to recognise the 

G-quadruplex in the promoter region of k-ras, and may be involved in the 

regulation of its transcription (Cogoi et al., 2008).

G-quadruplex sequences were also found in the insulin linked polymorphic 

region (ILPR) of the insulin gene, acting as a switch regulating insulin. Low 

blood glucose levels increase the concentration of potassium ions, which 

stabilise G-quadruplex structures, activating insulin production (Simonsson, 

2004; Yu et al., 2009).
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G-quadruplexes in mRNA may be involved in the regulation of translation. An 

RNA G-quadruplex which forms near the 5’ cap of the UTR of n-ras was shown 

to inhibit translation (Kumari et al., 2007). In an experiment based on these 

findings, inhibition of translation upon G-quadruplex formation was 

demonstrated in vivo in eukaryotic cells (Arora et al., 2008).

1.7) G-quadruplex ligands

1.7.1) Structural features of G-quadruplex ligands

G-quadruplex structures can be stabilised by small molecule ligands. Their 

common feature is an aromatic system, which is able to perform n-n stacking 

interactions with the terminal G-tetrads of the G-quadruplex. Additionally, some 

compounds have side chains terminating in amine groups, which can be 

protonated in situ and are assumed to interact with negatively charged 

phosphates in the grooves at the sides of the G-quadruplex. Positive charge 

generally increases a compound's affinity for negatively charged nucleic acids, 

and gives molecules hydrosolubility. A large variety of G-quadruplex ligands has 

been synthesised to date, which has been frequently reviewed (Monchaud et 

al., 2007; Guittat et al., 2004; Tan et al., 2008; Ou et al., 2008; de Cian et al., 

2008; Franceschin, 2009; Monchaud et al., 2010; Granzhan et al., 2010).

Some prominent potent and extensively-studied G-quadruplex ligands can be 

divided into different categories (figure 1.14):

• Some ligands are macrocyclic molecules consisting of fused aromatic 

heterocycles, and may be based on natural products. Telomestatin has 

an optimal size for coordinating a G-tetrad. The nonpolar compound 

was isolated from Streptomyces annuiatus, and its challenging total 

synthesis has been accomplished (Shin-ya et al., 2001; Kim et al., 

2002; Doi et al, 2006). A recently developed synthesis of telomestatin 

employs dirhodium II catalysed reactions for the synthesis of oxazole 

rings from diazocarbonyl compounds (Linder et al., 2011). More easily 

synthetically accessible telomestatin-mimics have been synthesised, 

such as quinoline oligoamides (Shirude et al., 2007), and hexaoxazole 

macrocycles (Tera et al., 2008). TMPyP4 is a porphyrine with four 

cationic, A/-methylated pyridine substituents (Wheelhouse et al., 1998; 

Izbicka et al., 1999). It is the most extensively studied G-quadruplex
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ligand, but it shows affinity for duplex DNA, possibly due to its 

permanent positive charges. It does not coordinate any G-tetrads in a 

G-quadruplex co-crystal structure, and can thus be rated as a poor G- 

quadruplex ligand (Parkinson et al., 2007; Haq et al., 1999; Verma et 

al., 2009). Its analog diselenosapphyrin Se2Sap has an extended 

porphyrin core, and is the strongest known binder of the G-quadruplex 

in the c-myc promoter (Seenisamy et al., 2005).

h f  p

BRACO-19

Telomestatin

RHPS4

—f /  %

Quarfioxin

Figure 1.14: Prominent examples of potent and extensively studied G-quadruplex ligands.

• Other purely synthetic ligands have a planar aromatic core and non- 

aromatic side chains bearing amine end groups, and thus combine 

hydrophobic and hydrophilic properties in one molecule. The 

trisubstituted acridine BRACO-19 (Gowan et al., 2002; Schultes et al., 

2004), and its fluorinated analog, AS1410 (Martins et al., 2007), are 

examples for potent ligands of this type. Also substituted perylenes 

such as PIPER, and napthalene diimide (ND) derivatives fall into this 

category, and are further discussed in chapter 3.1 (Fedoroff et al., 

1998; Cuenca et al., 2008).
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• Polycyclic antibiotics, such as quarfioxin, a derivative of 

fluoroquinolone antibiotics, which contains a pentacyclic aromatic core 

and two side chains (Drygin et al., 2009). Another example is 

daunomycin from the anthracyclin family (Clark et al., 2003)

• The experimental drug RHPS4 is a pentacyclic acridine with a planar 

aromatic system and a permanent positive charge (Gowan et al., 2001; 

Heald et al., 2002; Gavathlotis et al, 2003).

Further G-quadruplex ligands will be introduced in the chemistry chapters and 

put into relation with compounds designed and synthesised in this project.

1.7.2) Structures of G-quadruplex-ligand complexes

Co-crystal and NMR structures of a variety of ligands and G-quadruplex 

nucleotides have been produced in order to study their mode of binding 

(reviewed by Neidle, 2009; Neidle & Parkinson, 2008). Knowledge of 

interactions of ligands with G-tetrads, loops, and grooves of the G-quadruplex, 

and the preference of certain topologies of G-quadruplexes can be useful for 

the design of new, more selective G-quadruplex ligands. NMR spectroscopy 

makes it possible to study ligand-G-quadruplex interactions in solution. These 

conditions have a higher similarity to a cellular environment, problematic 

crystallisation is not necessary, and it is possible to perform titration series 

(Fedoroff et al., 1998). X-ray crystal structures, however, display a lower 

amount of polymorphism.

The first crystal structure of a ligand-G-quadruplex complex was produced with 

daunomycin, an antibiotic from the anthracyclin family, on a tetramolecular 

quadruplex (Clark et al., 2003). In this structure, the ligand coordinates the 

terminal G-tetrads, and no intercalation between G-tetrads within the G- 

quadruplex is observed, which has been the case for all G-quadruplex-ligand 

complexes studied to date. A parallel G-quadruplex topology offers a large 

planar surface optimal for ligand binding.

A disubstituted acridine coordinates the G-tetrad of a bimolecular anti-parallel 

G-quadruplex with subsequent recognition of a terminal diagonal loop (figure 

1.15, a; Haider et al., 2002; Haider et al., 2003).
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In an NMR structure of a telomeric G-quadruplex with the perylene compound 

PIPER (chapter 3.1.4), one ligand molecule is sandwiched between two 

quadruplexes (Fedoroff et al., 1998).

The experimental drug RHPS4 coordinates terminal G-tetrads of a four- 

stranded parallel G-quadruplex and is additionally coordinated by an adenine- 

tetrad at the 5’ end (figure 1.15, b; Gavathiotis et al., 2003).

The porphyrin molecule TMPyP4 was studied as a ligand for a G-quadruplex 

found in the c-myc promoter (figure 1.15, c; Phan et al., 2005). The distance 

between the small porphyrin core and the G-tetrad is large, indicating little 

interaction. Instead, a strong interaction with its positively charged pyridyl 

groups was observed. TMPyP4 did not display any interactions with the G- 

quartets of a bimolecular human telomeric G-quadruplex, but with A-T base 

pairs (figure 1.15, d; Parkinson et al., 2007).

The experimental drug BRACO-19 is sandwiched between two bimolecular 

telomeric G-quadruplexes (figure 1.15, e; Campbell et al., 2008). In contrast to 

the usual 3 -3' and 5 -5' fashion, the G-quadruplexes are stacked in a 3’-5’ 

fashion, which makes the formation of drug-bound multimers possible. There 

are no electrostatic interactions between charged end-groups and phosphates 

in the grooves, but water molecules in the structures mediate interactions 

indirectly.

As for telomeric G-quadruplex-structures with a naphthalene diimide (ND) 

compound (figure 1.15, f; Parkinson et al., 2008; chapter 3.1), a parallel 

topology is observed. Each terminal G-tetrad is coordinated by an ND molecule, 

but also coordination of bases in the loops by additional ND molecules occurs. 

No direct groove binding is observed, but in some cases, moieties in the 

grooves are coordinated indirectly via water molecules. This will be further 

discussed in chapter 3.1.3.

Structural changes in loop geometries are common upon ligand binding, such 

as rearrangement of loops around side chains of BRACO-19. Loop flexibility 

may thus be a factor which has an influence on ligand selectivity.
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(a) (b)

(c)

(f)

£

Figure 1.15; “Cartoon representations of quadruplex-ligand complex structures, drawn from 
coordinates deposited in the PDB. The ligand is shown in space filling representation in each 
structure, colored orange, (a) Structure 1L1H. Ligand is a disubstituted amidoacridine molecule, 
(b) Structure 1NMZ. Ligand is the experimental drug RHPS4. (c) Structure 2A5R. Ligand is the 
porphyrin molecule TM PyP4. (d) Structure 2HR1. Ligand is the porphyrin molecule TM PyP4. (e) 
Structure 3CE5. Ligand is the experimental drug BRACO-19. (f) Structure 3CDM . Ligand is a 
naphthalene diimide derivative”. Taken from Neidle, 2009.
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1.8) G-quadruplex ligands as anti-cancer agents

1.8.1) Biological effects of G-quadruplex stabilisation by small molecules

1.8.1.1) Mechanisms of telomere targeting

1.8.1.1.1) Telomerase inhibition

The originally proposed mechanism of action of G-quadruplex ligands was 

inhibition of telomerase, which is only able to bind to non-G-quadruplex DNA 

(Zahler et al., 1991). This would impair the limitless replication potential of 

cancer cells and lead to telomere shortening (Shammas et al., 1999). After 

critical shortening of telomeric DNA, senescence inducing pathways would be 

initiated in cancer cells (Hahn et al., 1999; Neidle & Read, 2001; Neidle & 

Parkinson, 2002; Kelland, 2007; Feldser & Greider, 2007). However, this would 

require a large number of replication cycles -  assuming that the average 

telomere length is 5 kb and cell doubling time is 24 h, with loss of 100 

nucleotides per replication cycle, critical telomere shortening would only be 

reached after 40-50 days (Kelland, 2007; Oganesian & Bryan, 2007). However, 

telomere length varies greatly in cancer cells, and the length of the shortest 

telomere is crucial for a damage response, not the average telomere length 

(Hemann et al., 2001) This telomere-eroding response is observed for the 

oligonucleotide drug imetelstat (GRN163L), which inhibits telomerase directly by 

binding to its RNA template, and is now entering phase II clinical trials (Kelland, 

2007; Geron official website product information, January 2011). It is worth 

mentioning that the same company has also finalised phase II clinical trials for a 

cancer vaccine targeting telomerase (Liu et al., 2010; Geron official website 

product information, January 2011).

Indeed, telomerase inhibition was demonstrated for a large variety of G- 

quadruplex ligands in vitro, with an amidoanthraquinone compound being the 

first (Sun et al., 1997), followed by compounds such as PIPER, TMPyP4, 

BRACO-19, telomestatin, and RHPS4 (reviewed by de Cian et al., 2008), which 

made the telomerase repeat amplification protocol (TRAP) a standard assay for 

the validation of the mechanism of action of new G-quadruplex ligands (Sun et 

al., 1997; Kim et al., 1997). Decrease of telomerase activity was also 

demonstrated in cells treated with G-quadruplex ligands, such as BRACO-19, 

as well as decrease in telomere length (Gunaratnam et al., 2007). Treatment of
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cancer cells with various G-quadruplex ligands induced senescence, but for 

many compounds it was observed after treatment for 7-10 days, indicating the 

presence of additional mechanisms leading to accelerated telomere dysfunction 

(Gowan et al., 2001; Gowan et al., 2002; Riou et al., 2002; Shammas et al., 

2003; Burger et al., 2005; Brassart et al., 2007).

The telomere dysfunction, which was observed earlier than expected, was then 

explained as events following the uncapping of telomeric ends. Apart from 

telomere elongation, telomerase has the function of capping telomeric ends, 

and G-quadruplex stabilisation leads to telomere uncapping, which is one of 

several explanations for genomic instability caused by G-quadruplex ligands 

(Blackburn, 2000; Zhu, 1999; Leonetti et al; 2004; Brassart et al., 2007; 

Gunaratnam et al., 2007). In human tumour cells, telomere uncapping by 

telomestatin was shown to be modulated by P0T1 through telomeric overhang 

extension (Gomez et al., 2006b).

1.8.1.1.2) Inhibition of the ALT pathway

Even though the exact mechanism of the ALT pathway is not known, it is 

essential that helicases bind to telomeric DNA in order to modulate 

recombination and elongate it. It was demonstrated that initiation of G- 

quadruplexes by telomestatin leads to the dissociation of topoisomerase lllcr, 

which is essential for the ALT pathway, from telomeres in ALT cells (Temime- 

Smaali et al., 2008; Temime-Smaali et al., 2009). A range of G-quadruplex 

ligands inhibit proliferation of ALT cells (Incles et al., 2004; Riou et al., 2002; 

Burger et al., 2005).

1.8.1.1.3) DNA damage and cell cycle checkpoint activation

Treatment of cancer cells with G-quadruplex ligands activates a DNA damage 

response, which is indicated by DNA double strand break foci with 

phosphorylated histone H2AX, as well as chromosomal fusions in metaphase 

(Gomez et al., 2003; Leonetti et al., 2008; Pennarun et al., 2005; Burger et al., 

2005; Tahara et al., 2006; Salvati et al., 2007; Rodriquez et al., 2008). 

Dissociation of several proteins from telomeres leads to telomere uncapping 

and dysfunction, and the release and activation of DNA damage signaling 

proteins. This activates cell cycle checkpoints, which can lead to growth arrest
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and senescence, and also to apoptosis (Tauchi et al., 2003; Pennarun et al., 

2005; Qi et al., 2006).

The observed DNA damage response is likely to be a result of dissociation of 

several proteins from the telomere, leading to its uncapping. P0T1 caps and 

maintains the T-loop formed by the 3’ single stranded telomeric overhang and is 

essential for chromosome-end protection (Zaug et al., 2005). It disrupts 

telomeric G-quadruplexes for telomere elongation by telomerase. Forced G- 

quadruplex formation by small molecule ligands inhibits binding of POT1 to the 

telomeric overhang (Gomez et al., 2006a,b; Gunaratnam et al., 2007). In cancer 

cells, G-quadruplex formation can also lead to the dissociation of other proteins 

from the telomere, such as TRF2, and activate a DNA damage response in 

cancer cells (Karlseder et al., 1999; Gunaratnam et al., 2007; Tahara et al., 

2006; Zhou et al., 2009). Telomestatin displaces P0T1 in normal cells and 

cancer cells, but displaces TRF2 only in cancer cells, which may result in 

cancer-specific activation of a DNA damage response (Gomez et al., 2006; 

Tahara et al., 2006). P0T1 represses ATR kinase, which is activated upon loss 

of P0T1 from the Shelterin complex and transmits a DNA damage response 

signal, whereas TRF2 represses ATM kinase, which is activated upon its 

dissociation from the Shelterin complex (Rizzo et al., 2009; Denchi et al., 2007; 

Pennarun et al., 2008).

Checkpoint signaling upon telomere damage can proceed in a p53 dependent 

or dependent manner (Feldser & Greider, 2007; Smogorzewska &

de Lange, 2002). Up-regulation of senescence-associated cyclin dependent 

kinase inhibitors p21 and pi 6"̂ ^̂ ®, as well as chromosomal fusions, were 

detected in prostate cancer cells treated with BRACO-19 (Incles et al., 2004). 

Treatment of leukaemia cells with telomestatin led to phosphorylation of Chk2 

and senescence displayed as cell cycle arrest in G1 phase, which is associated 

with up-regulation of p21 (Tauchi et al., 2003). A derivative of telomestatin also 

induced G1 phase arrest in various cancer cell lines including childhood 

medulloblastoma (Shalaby et al, 2010), and a papaverine analog caused G1 

phase arrest in MCF7 cells (Rubis et al., 2008). However, other G-quadruplex 

ligands, such as TMPyP4, cause G2/M phase arrest in MCF7 cells at sub- 

cytotoxic concentrations (Izbicka et al, 1999). Multiple effects on cell cycle 

progression, such as activation of S-phase checkpoint and increase of M-phase
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duration were observed upon treatment of glioma cell lines with pyridine- 
dicarboxamide derivatives (Pennarun et al., 2005), and S- and G2/M phase 

arrest caused by RHPS4 and a carbazole derivative (Leonetti et al., 2004; 
Huang et al., 2008).
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Figure 1.16: Effect of G-quadruplex ligands on the cell cycle of cancer cells. Telomeric G- 
quadruplex stabilisation leads to telomere uncapping, followed by DNA dam age response, 
induction of permanent G1 phase arrest and senescence. G-quadruplex stabilisation may also 
hinder DNA synthesis, leading to S-phase arrest or inhibition of S-phase progression. Telomeric 
end fusions and anaphase bridges lead to G 2/M  phase arrest through mitotic catastrophe, 
followed by apoptosis.

The diverse effects of different ligands on the cell cycle may depend on 
individual mutations in genes involved in checkpoint signaling in cancer cell 

lines, the ligand concentration, and on its mode of binding and selectivity for G- 

quadruplex types. All ligands have a severe effect on telomere stability, with G1 

phase arrest indicating senescence, and G2/M phase arrest as a result of the 

formation of chromosomal end fusions, anaphase bridges, and translocations, 

resulting in mitotic catastrophe (figure 1.16; Tauchi et al., 2003; Pennarun et al., 
2005). G-quadruplex stabilisation may hinder cell cycle progression directly: 

DNA needs to be unwound for DNA synthesis in S-phase, and accordingly, G-
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quadruplex stabilisation may stop S-phase progression (Paeschke et al., 2008). 

G-quadruplex structures may be involved in the alignment of chromosomes in 

metaphase and anaphase bridges (Capra et al., 2010), and their stabilisation 

can lead to deregulation of mitosis (Shimizu et al., 2005).

1.8.1.1.4) Senescence and mitotic catastrophe in cancer therapy

The conversion of cancer cells with upregulated growth and limitless replication 

potential to senescent cells is a promising approach in cancer therapy, and 

specific senescence-inducing therapies are being developed. Permanent 

senescence of cancer cells, cancer stem cells, and tumour supporting stromal 

cells may be more attractive than induction of apoptosis by cytotoxic agents, 

which do not kill all cancer cells and are not able to target cancer stem cells and 

stroma, leading to reoccurrence of more aggressive and drug resistant cancers 

(Roninson, 2003; Kelland, 2005; also see chapter 1.2.2 on chemotherapy).

A number of compounds has been found to induce senescence in cancer cells, 

even if they did not carry functional p53 or pRb (Ewald et al., 2010). DNA 

damage has been demonstrated to induce senescence in tumour cells in vitro 

and in vivo (tePoele et al., 2002). G-quadruplex ligands have been suggested 

for targeting stem cells (Burger, 2008), and a synergistic effect in combination 

with cis-platinum was demonstrated for G-quadruplex ligands (Gunaratnam et 

al., 2009b).

Even though senescent neoplastic cells do not proliferate, they still secrete 

tumour-promoting proteins. Compared to initiation of senescence, initiation of 

mitotic catastrophe followed by apoptosis in cancer cells may thus be another 

promising approach to cancer therapy (Singh et al., 2010).

1.8.1.2) Interference with gene expression

Small molecule ligands may modify transcription and translation by stabilising 

G-quadruplexes in the promoter regions of genes, and in mRNA. The likely 

function of G-quadruplexes as switches for the activation of gene transcription 

has already been discussed, as well as their ability of modulating translation by 

forming in mRNA (chapter 1.6.6.4). Topologies of G-quadruplexes in the 

promoter regions of genes have also been discussed (chapter 1.6.4).
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However, it is not always predictable whether the effect of G-quadruplex ligands 

on transcription is positive or negative. The formation of G-quadruplex 

structures may initially activate transcription through unwinding chromatin 

structures, creating a “transcription bubble” and thus forming nuclease- 

hypersensitive regions, but unresolved binding of ligands to the promoter region 

may also block the promoter and inhibit the binding of proteins, such as 

nucleolin, to DNA (Hershman et al., 2008).

As a verified example, the G-quadruplex ligand quarfioxin decreases 

transcription of RNA polymerase I by inhibiting the binding of nucleolin to rDNA 

G-quadruplexes in the nucleoli. This limits ribosome biogenesis, which is up- 

regulated in cancers, and dependent on RNA polymerase I (Drygin et al., 2009).

However, G-quadruplex interacting triarylpyridines are able to increase c-kit 

expression, which is possibly due to coordination of internal G-tetrads at high 

ligand concentrations, leading to remodelling and disruption of the G- 

quadruplex (Waller et al., 2008; Waller et al., 2009).

TMPyP4 was screened for its impact on gene expression in a whole-genome 

expression microarray. The compound modified the expression of 1200 genes, 

of which ~ 60 % were likely to contain G-quadruplexes in their promoter 

regions. More than 500 genes with G-quadruplexes in their promoters were up- 

regulated, and ~ 200 were down-regulated. This may be due to the above 

mentioned destabilisation of certain G-quadruplexes and stabilisation of others. 

(Verma et al., 2009). However, as TMPyP4 is a ligand that shows duplex DNA 

binding and does not coordinate G-tetrads, the observed multiple effects of 

gene expression may be due to unspecific binding. In order to estimate the 

effect of G-quadruplex stabilisation on global gene expression, the study of 

more selective G-quadruplex ligands is thus necessary.

Several G-quadruplex ligands have been demonstrated to decrease oncogene 

expression (reviewed by Qin & Hurley, 2008). In theory, oncogenes associated 

with all six hallmarks of cancer (Hannahan et al., 2000) can be targeted with G- 

quadruplex ligands (figure 1.17).

TMPyP4 was shown to reduce the transcription of c-myc and k-ras (Siddiqui- 

Jain et al., 2002; Cogoi & Xodo, 2006; Grand et al., 2002). Phthalocyanins were 

shown to stabilise G-quadruplexes in the k-ras/h-ras promoters (Membrino et
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al., 2010), and pyrene derivatives stabilise a newly identified G-quadruplex in 

the k-ras promoter (Cogoi et al., 2009). A bis-quinolino dicarboxamide inhibited 

the transcription of n-ras in vitro by stabilising a G-quadruplex in the 5’ 

untranslated region of n-ras mRNA (Bugaut et al., 2010). A telomestatin 

derivative inhibited myc proliferation and activity in childhood medulloblastoma 
(Shalabyetal., 2010).
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VEG F-A
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F igure 1.17: “The six hallmarks of cancer shown with the associated G-quadruplexes found in 
the promoter regions of these genes. As described in the text, the various G-quadruplexes differ 
by folding pattern, number of tetrads, loop size and constituent bases. In this model, bases are 
colored as follows: guanine, red; cytosine, yellow; thymine, blue; adenine, green.” Taken from 
Brooks et al., 2010.

A G-quadruplex structure in the promoter region of hTERT was stabilised by 

telomestatin, TMPyP4, and perylene derivatives in vitro (Palumbo et al., 2009; 

Micheli et al., 2010). Telomerase is often down regulated upon treatment of cells 

with G-quadruplex ligands, which may be due to inhibition of the transcription of 

the hTERT oncogene (Gomez et al., 2004; Gowan et al., 2002; Tauchi et al., 

2003; Grand et al., 2002). However, results on telomerase expression need to
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be looked at carefully, as a much used antibody against hTERT shows cross

reactivity with abundant nucleolin (de Cian et al., 2007; Wu et al., 2006).

An isoalloxazine small molecule ligand, which stabilises both c-kit G- 

quadruplexes, reduced c-kit mRNA levels in a c-kit expressing cell line 

(Bejugam et al., 2007). Indenoisoquinolines, a naphthalene diimide, and 

benzophenoxazines inhibited c-kit expression and oncoprotein activity in a c-kit 

expressing gastrointestinal stromal tumour cell line (Bejugam et al., 2010; 

Gunaratnam et al., 2009; McLuckie et al., 2011), and in a cell based reporter 

assay, transcription of a luciferase reporter was reduced through stabilisation of 

a G-quadruplex from the c-kit promoter by benzophenoxazines (McLuckie et al., 

2011).

Transcription of bcl-2 was inhibited by a quindoline derivative in HL-60 tumour 

cells (Wang et al., 2010), and down regulation of bcl-2 protein was detected in 

imatinib resistant gastrointestinal stromal tumour cells treated with a 

naphthalene diimide compound (Gunaratnam et al., Pacifichem 2010).

1.8.2) Evaluation of G-quadruplex ligands as anti-cancer agents

1.8.2.1) In vivo evaluation of G-quadruplex ligands

The compounds BRACO-19, RHPS4, TMPyP4, telomestatin, and quarfioxin 

have been tested in xenograft models (reviewed by Neidle, 2010). All 

compounds seem suitable for the treatment of solid tumours, and caused 

significant tumour shrinkage or even complete remissions. RHPS4 caused 40- 

51 % tumour weight reduction in a metastatic melanoma and a DPP-resistant 

melanoma xenograft model (Leonetti et al., 2008). RHPS4, BRACO-19 and its 

fluorinated analog AS1410 were tested in xenografts in combination studies 

with cytotoxic anti cancer drugs such as taxol and cis-platinum, and have 

synergistic activity. The multiple mode of action of these compounds due to 

binding to telomeric and oncogenic G-quadruplexes may decrease the 

probability of resistance. Quarfioxin was tested in a pancreatic MIA-Pa-Ca-2 

xenograft, leading to 59 % tumour shrinkage (Drygin et al., 2009). RHPS4 and 

AS1410 entered clinical trials, however, these trials were stopped, possibly due 

to insufficient drug-like features and unsuitable ADME/pharmacological profile. 

RHPS4, for instance, displayed binding to the hERG receptor, leading to 

cardiovascular side effects (Prof. Malcolm Stevens, personal communication).
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Quarfioxin is currently in phase II clinical trials (Cylene pharma official website, 

January 2011).

1.8.2.2) Limitations and perspectives of G-quadruplex ligands as anti
cancer agents

Even though recently reported ligands may display selectivity for a specific G- 

quadruplex, e. g. significant selectivity for a G-quadruplex in the c-myc promoter 

over telomeric G-quadruplex DNA (Peng et al., 2010), a ligand which binds to 

only one G-quadruplex has not been found, yet. A universal interference with 

gene expression and other G-quadruplex mediated processes must be 

expected, leading to side effects (Simonsson, 2004).

Long term telomerase inhibition is expected to have severe side effects: 

Patients lacking dyskerin, an active component of telomerase, showed defective 

telomere maintenance leading to lethal bone marrow failure. Normal cells may 

also be affected by long term therapy through hPOT displacement, but a short 

term chemotherapy may be tolerated (de Cian et al., 2008).

However, knowledge on specific G-quadruplex-ligand interactions and the 

biological functions of G-quadruplexes is increasing, with the number of 

publications on G-quadruplexes rising exponentially over the past decade 

(Huppert, 2010), and may provide information for the design of more specific 

ligands. Recent discoveries hinting on functions of G-quadruplexes as 

regulators and switches in biological processes, as well as their modulation by 

small molecules have set a stage for exciting discoveries in this new emerging 

field.
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The aim of this project was to design and synthesise novel G-quadruplex 

ligands, evaluate them, and investigate their mechanism of action.

Tetrasubstituted ND ligands with new side chains were designed with the help 

of molecular modelling studies, with focus on improved groove interactions. 

Their affinity and selectivity for G-quadruplex DNA, as well as their mode of 

binding have been studied with the application of biophysical techniques such 

as FRET, CD studies, and X-ray crystallography. The biological activity of the 

new compounds has been evaluated, and the mechanism of their anti-cancer 

activity, including initiation of senescence, inhibition of protein synthesis, and 

induction of genomic instability, has been investigated.

Amidoanthraquinones with extended aromatic cores and an imidazolium 

bridged acridine cyclophane were designed and synthesised as further 

prospective G-quadruplex ligands.
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CHAPTER 3

DESIGN AND SYNTHESIS OF TETRASUBSTITUTED 

NAPHTHALENE DIIMIDES (NDs)
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3) Design and synthesis of tetrasubstituted naphthalene diimides (NDs)

3.1) Background

3.1.1) Properties of tetrasubstituted NDs

Figure 3.1 : General structure of tetrasubstituted Naphthalene Diimides (NDs).

Tetrasubstituted Naphthalene Diimides (NDs, figure 3.1) have a planar and 

compact aromatic core, which is electron deficient due to the electron 
withdrawing nature of the imide functionalities (figure 3.2).
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Figure 3.2: Schematic side view of rr-acidic (top left) and /r-basic (top right) aromatic rings 
between their electron-poor (blue) and electron-rich (red) p-clouds. Electrostatic potential 
surfaces (blue positive, red negative) and computed axial quadrupole moments Qzz of NDs 
compared to a substituted naphthalene. Taken from Sakai et al., 2010 and M areda et al., 2009.
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Their electron density is strongly dependent on the electronic properties of the 

core substituents, and their numerous properties can be tuned by variation of 

substituents (Sakai et al., 2010). Most aromatic compounds, such as 

naphthalene, contain an electron deficient aromatic plane with electron rich 

orbitals above and below. They are rr-basic and have a negative quadrupole 

moment, whereas most NDs have 77-acidic properties and a positive quadrupole 

moment. This inverted electronic system is responsible for the NDs’ molecular 

recognition properties (Mareda et al., 2009; Kishore et al., 2009).

3.1.2) Previously reported tetrasubstituted NDs

In recent years, tetrasubstituted NDs have been widely studied due to their 
recently facilitated synthesis (Würthner et al., 2002; Thalacker et al., 2006), and 

their outstanding physical and biological properties and applications (reviewed 

by Sakai et al., 2010).

Electron-donating or -withdrawing substituents at the electron-deficient ND core 

strongly affect the energy levels of its HOMO and LUMO, so that a palette of 

rainbow fluorescent core-substituted NDs was obtained by variation of 

substituents (Würthner et al., 2002; Kishore et al., 2009; figure 3.3).
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Figure 3.3: Frontier orbital energy levels of NDs, POPs (p-oligophenyls), ubiquinone, and 
chlorophyll (solid lines: HOM O, dashed lines: LUMO). Dashed arrows: absorption of light (hv) 
with wavelength (nm) of maximal absorption (top) and emission (bottom). Taken from Kishore et 
al., 2009.

Due to their rr-acidic properties, NDs are able to undergo face-to-face stacking 

and form supramolecular nanotubes (Mareda et al., 2009; Kishore et al., 2009). 

These tubes have n-semiconducting properties, and find applications in organic 

field-emitting transistors (Katz et al., 2000; Jones et al., 2007). Also
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photoinduced electron transport has been observed in tetrasubstituted NDs, so 

that these compact chlorophyll-mimics can be applied to the creation of artificial 

photosystems (Bhosale et al., 2006). rr-acidic molecules have long been 

predicted to perform rr-anion interactions by theoretical chemists (Ma et al., 

1997), which has been demonstrated (Mareda et al, 2009), but direct 

experimental evidence of this phenomenon was presented only recently on 

tetrasubstituted NDs with halogenide-, nitrate- and acetate-ions (Dawson et al., 

2010).

3.1.3) Tetrasubstituted NDs as G-quadruplex binding anti cancer agents

Tetrasubstituted NDs are excellent motifs for the molecular recognition of G- 

quadruplexes, as their rr-acidic core is ideal for performing rr-rr stacking 

interactions with G-tetrads, and four side chains bearing amine end groups 

have the potential to interact with the grooves at the sides of the G-quadruplex 

(Cuenca et al., 2008; Parkinson et al., 2008; Hampel et al., 2010; figure 3.4).

Figure 3.4: General structure of tetrasubstituted NDs as G-quadruplex ligands.

A reported series of tetrasubstituted NDs showed very high affinity for telomeric 

G-quadruplex DNA, as evaluated by FRET melting temperature experiments. 

The tetrasubstituted NDs with high affinity for G-quadruplex DNA displayed very 

high toxicity to the cancer cell lines MCF7 and A549 with I C 5 0  values of ~ 10- 

200 nM, and up to 10-fold selectivity over a normal fibroblast cell line. The 

selectivity of the most potent compounds from this series for G-quadruplex DNA 

over duplex DNA was relatively low, which was demonstrated by competition 

FRET experiments. NDs with high selectivity for G-quadruplex DNA over duplex 

DNA, however, did not exhibit significant biological activity, with I C 5 0  values 

above 1.6 pM for a trisubstituted morpholino derivative, which also shows low 

stabilisation of telomeric G-quadruplex DNA with ATm = 6 K at 0.5 pM
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concentration, and IC50 values above 8 pM for hydroxyl derivatives (Cuenca et 

al., 2008).

Trisubstituted NDs generally displayed lower affinity for G-quadruplex DNA than 

tetrasubstituted NDs. The affinity of disubstituted NDs reported by Cuenca et al. 

for G-quadruplex DNA was low, which agrees with the findings of a previous 

study of disubstituted NDs (Sissi et al., 2007). However, disubstituted NDs have 

been reported to have affinity for GC-rich DNA (Liu et al., 1996). The substituted 

naphthalene-imides enalfide and amonafide are/were evaluated as duplex-DNA 

binding anti-cancer agents, but Amonafide failed in phase III clinical trials 

(Brana & Ramos, 2001; Pharminfo website). Di- and triaminosubstituted NDs 

are more rr-acidic than their tetraaminosubstituted analogs due to less electron 

donating substituents at the ND core, and should perform greater rr-rr-stacking 

interactions. The reason for the higher G-quadruplex affinity of tetrasubstituted 

NDs may be their bulkiness and interaction of the side chain amines with the 

grooves at the sides of the G-quadruplex.

X-ray co-crystal structures of an ND derivative with a bimolecular 12mer human 

telomeric G-quadruplex DNA and an intramolecular human telomeric 23-mer G- 

quadruplex DNA gave information on the compound's mode of binding 

(Parkinson et al., 2008; figure 3.5). As expected, the terminal G-tetrads are 

coordinated by one ND core each in the structure of the 23mer G-quadruplex. 

Four ND molecules coordinate the G-tetrads of two G-quadruplexes, and two 

ND molecules display external interactions with bases in the loops at the sides 

of the G-quadruplexes. Hydrogen bondings between end groups of the ND side 

chains and water molecules were observed, via which grooves were indirectly 

coordinated. The co-crystal structure of the ND derivative with the 12mer G- 

quadruplex shows coordination of the G-tetrads by one ND molecule and 

interactions with the loops by two molecules. The G-quadruplex DNAs in the 

structures feature a parallel type topology. Previous molecular modelling studies 

of tetrasubstituted NDs on a 22mer intramolecular parallel stranded human 

telomeric G-quadruplex DNA (PDB ID 1KF1) showed groove interactions of the 

side chains (Cuenca et al., 2008). However, no direct groove interactions were 

found in the co-crystal structure of the 23mer, and in the case of the 12mer 

DNA, the side chains pointed away from the grooves.
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Figure 3.5; “The 23-m er crystal structure of the Intramolecular quadruplex of the sequence 
d[TAG G G (TTA G G G )3] (PDB ID 3C D M ) complexed with an ND ligand (top) shows the stacked 
arrangement of the two independent quadruplexes associated with six bound ligands, four 
stacked on the G-tetrads and two external. Nucleotide bases are shown in green for guanines, 
in cyan for thymines and in red for adenines; the ligand is shown in stick form with carbon atoms 
in mauve (middle). The 12-m er bimolecular quadruplex crystal structure. The structure of 
d(TA G G G TTA G G G T) (PDB ID 3 C C 0 ) complexed with an ND ligand (top) drawn as one 
quadruplex associated with three symmetry-independent ligands, one molecule of which is 
stacked on a G-tetrad and with two molecules interacting externally with the loops (bottom)”. 
Taken from Parkinson et al., 2008.
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Figure 3.6: An ND derivative with affinity for a G-quadruplex in the c-kit promoter, which 
displays activity against gastrointestinal stromal tumour (G IST) cells (left). Imatinib, a kinase 
inhibitor used for the treatment of G IST, against which development of resistance is common 
(right).

An ND-pyrrolidino derivative (figure 3.6, left) reported by Cuenca et al. has high 
affinity for a G-quadruplex found in the promoter region of the oncogene c-kit, 

and was evaluated as an agent for the treatment of gastrointestinal stromal 
tumours (GIST)(Gunaratnam et al., 2009). Over 80 % of GIST cells carry a 
mutation in the c-kit gene, and resistance to the current GIST therapeutic agent 

Imatinib (figure 3.6, right), which deactivates c-kit indirectly by inhibiting its 

phosphorylating kinase, is common (Fletcher et al., 2007; Heinrich et al., 2006).
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Figure 3.7: Changes in c-kit expression in Imatinib resistant G IST882 cells following 24 h of 
treatment with an ND-pyrrolidino derivative (figure 3.6)(left). Polyacrylamide gel showing 
telomerase activity in G IST882 cells treated with the ND-pyrrolidino derivative (figure 3.6) for 1 
week (right). Lane 1: Vehicle control. Lane 2: 0.5 pM. Lane 3: negative control. Taken from 
Gunaratnam et al., 2009.

Treatment of a patient derived GIST882 cell line with the ND compound 
resulted in quantitative suppression of c-kit mRNA and c-kit protein expression.
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combined with a decrease in telomerase activity (figure 3.7). This indicates a 

dual mechanism of action of this compound, as it stabilises both a c-kit- 

promoter G-quadruplex and the telomeric G-quadruplex. However, the toxicity 

of this ND-pyrrolidino derivative (figure 3.6, left) to the normal fibroblast cell line 

WI38 (IC50 = 0.06 pM; Cuenca et al., 2008) is 26 times higher than to GIST882 

(IC50 = 16 pM; Gunaratnam et al., 2009), which is not a promising starting point 

for in vivo evaluation.

3.1.4) G-quadruplex ligands related to tetrasubstituted NDs

The perylene diimide PIPER (figure 3.8), was used for studies on G-quadruplex 

binding dependency on self-aggregation, and selectivity of G-quadruplex vs. 

duplex DNA (Fedoroff et al., 1998). PIPER displayed telomerase inhibition, but 

also binding to duplex DNA under some conditions. A small library of other 

disubstituted perylenes was synthesised, which showed quadruplex stabilisation 

and telomerase inhibition, but which only displayed selectivity for G-quadruplex 

over duplex DNA when pH- and concentration-dependent self-aggregation was 

present, which cannot be achieved in a cellular environment (Rossetti et al., 

2002; Rossetti et al., 2005; Kern et al., 2002; Kern & Kerwin, 2002; Kerwin et 

al., 2002). Structure-activity relationship studies have shown that side chain 

charge density is crucial for G-quadruplex stabilisation, and perylenes with 

polyaminic side chains stabilise G-quadruplex sequences in the hTERT 

promoter (Micheli et al., 2009; Micheli et al., 2010).

.K

PIPER CORON

O

Figure 3.8: Structures of perylene derivatives (left, center) and a coronene derivative (right) as 
G-quadruplex ligands.
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Other tetrasubstituted perylene and coronene diimide derivatives have been 

recently synthesised and evaluated (Franceschin et al., 2007a,b; figure 3.8, 

center and right). Compounds from both series induce G-quadruplex formation 

when added to single-stranded telomeric DNA, and inhibit telomerase. They 

have larger aromatic cores than tetrasubstituted NDs, with all other structural 

features being the same. The extended aromatic cores may provide a larger 

surface of G-tetrad recognition, however, the electron density of perylene- and 

coronene diimides is likely to be higher than in NDs, leading to a decrease in tt-  

acidity and consequently their t t - t t  stacking ability. Furthermore, the 

naphthalene moieties in the perylene core are twisted by about 20 which is 

not ideal for stacking with the planar G-tetrads (Würthner et al., 2000; Würthner 

et al., 2001). However, molecular modelling studies with tetrasubstituted 

perylene diimides and coronene diimides on G-quadruplex DNA showed 

coordination of the G-tetrads and groove interactions of the side chains 

(Franceschin et al., 2007a,b). Direct comparison of the G-quadruplex affinity of 

tetrasubstituted NDs, perylenes and coronenes is not possible at present, as 

different methods and conditions were used for their evaluation, but it would 

give interesting insights in the requirements of ligands to perform t t - t t  stacking 

interactions with G-tetrads, and could provide valuable information for future 

ligand design.
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3.2) ND ligand design

For the design of ND compounds with increased selectivity for G-quadruplex 

DNA, side chains were chosen which can potentially interact with the grooves at 

the sides of the G-quadruplex DNA. The lack of side chain interactions with the 

G-quadruplex grooves of a previously reported ND compound (Parkinson et al., 

2008; figure 3.5) may be due to unsuitable electronic properties of the end 

groups or side chain length. The length of the side chains determines how 

deeply end groups can reach into the grooves, and thus, long side chains of 3, 

4 and 5 carbon atoms were chosen. Amine end groups that can be readily 

protonated, such as A/-methylpiperazine, were of interest, which resulted in the 

design of compounds 1.1-1.3 (figure 3.9). Under physiological conditions 

(pH 7.4), one of the two nitrogen atoms is likely to be protonated, as the pKa of 

monoprotonated A/,A/-dimethylpiperazine is 8.38, and the pKa of the 

diprotonated species is 3.81 (Khalili et al., 2009). During monoprotonation, the 

proton is evenly distributed between the two methylpiperazinyl nitrogen atoms. 

Positively charged side chains have the potential to interact electrostatically with 

negatively charged phosphate moieties in the grooves. The hypoxic, acidic 

environment found in many tumours opens the possibility of further protonation 

of the methylpiperazinyl nitrogen atoms (Hill et al., 2001; Bertout et al., 2008). 

This would increase the affinity of the A/-methylpiperazinyl NDs for G- 

quadruplex DNA to tumour tissue and may induce selectivity for hypoxic tumour 

cells over normal cells.

n = 3:1.1 
"r I n = 4;1.2  

n = 5 :1.3

Figure 3.9: NDs with side chains of 3-5 carbon atoms and A/-methylpiperazinyl end groups.

Apart from groove binding, the function of the end groups of the side chains of 

NDs is to give the molecules drug-like features such as solubility and high
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cellular uptake. The A/-methylpiperazinyl moiety features high hydrosolubility, 

which is a desired effect, as the compounds are required to function in an 

aqueous environment. Hydrosoluble or amphiphilic compounds can be 

transported into cells actively by membrane transporter proteins such as the 

solute carrier family (SLC), or the ATP binding cassette transporter family 

(ABC), however, these transporters are also known to be involved in the 

development of drug resistance (reviewed in Huang, 2007).

In vivo, the methyl group of the A/-methylpiperazine moiety may be removed via 

oxidative metabolism, as this mechanism has been observed for the N- 

methylpiperazinyl group of the drug Imatinib (figure 3.6; Ma et al., 2009), but the 

piperazinyl metabolite also has the potential to stabilise G-quadruplex DNA.

In order to assess whether side chain end groups which can be protonated are 

essential for the activity of the ND compounds, a compound 1.4 with side chains 

of 5 carbon atoms and triazoyl end groups, which are not likely to be 

protonated, was chosen to be synthesised (table 3.1).

The nitrogen atom in pyridine carries a lone electron pair, which is not fully 

involved in the aromatic system, and which can be protonated. Pyridine end 

groups may be partly A/-protonated under physiological conditions, as the pKa 

of the conjugated acid is 5.8 and 6.2 for 3-methylpiperidine and 

4-methylpiperidine, respectively (Grandberg et al., 1966). As side chain amines 

with pyridine end groups and a length of 2 carbon atoms were commercially 

available, they were introduced to the ND core to give compounds 1.5 and 1.6 

(table 3.1).

In previous studies, ND compounds with side chains of 2 and 3 carbon atoms 

an pyrrolidine end groups had been synthesised (Cuenca et al., 2008; 

compounds 1.9, 1.10) A commercially available side chain with 4 carbon atoms 

and a pyrrolidine end group was introduced to give compound 1.11 (table 3.1) in 

order to assess if a longer side chain had an effect on the compounds' activity 

and selectivity.

According to Lipinski’s rule of five, the majority of existing soluble and 

permeable drug molecules have a molecular weight below 500 g/mol (Lipinski 

et al., 1997). Side chains and large end groups add weight to the ND molecules, 

resulting in molecular weights of 858 g/mol, 914 g/mol, and 970 g/mol for
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A/-methyipiperazinyl-NDs with side chains of 3, 4, and 5 carbon atoms, 

respectively. Furthermore, Lipinski’s rule states that no more than 10 H-bond 

acceptors and 5 H-bond donors should be present in a drug molecule. The 

amount of H-bond donors and -acceptors depends on the protonation stage of 

the methylpiperazine moieties, but in the scenario of single protonation of one 

methylpiperazine group, both requirements would not be obeyed. Another 

requirement is an octanol/water partition coefficient logP below 5. The 

hydrosolubility of the /V-methylpiperazinyl compounds is expected to be high. 

Lipinski’s rule is used to provide useful directions for lead design, but after lead 

discovery, further developed molecules often disagree with Lipinski’s rule 

(Oprea et al., 2001). It is a guideline for initial drug development, but should not 

be used to rule out derivatives of molecules with confirmed biological activity.
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3.3) Molecular modelling

3.3.1) Background

Molecular modelling applies quantum mechanical and empirical forcefield terms 

to the simulation and prediction of the behaviour of molecular systems, which 

act towards reaching a state of lowest energy (Insight, 2000). In the past, 

molecular modelling experiments with numerous ligands and G-quadruplex 

DNA have been performed (Haider et al., 2003; Franceschin et al., 2007; 

Martins et al., 2007; Cuenca et al., 2008; Drewe et al., 2008; Haider et al., 

2009). In these experiments, the time dependent energetics of the interactions 

between ligands and G-quadruplex DNA was assessed in molecular dynamics 

simulations, or docking of the ligands on the G-quadruplex was performed.

3.3.2) Methods

The experiment was performed on an SGI Octane workstation (2 x 225 MHz 

MIPS R12000 CPUs; IRIX64 6.5 OS; Silicon Graphics Ltd.) with the Insight II 

package (Accelerys Software Inc., San Diego, USA) using Builder, Discover, 

and Docking modules. The ND ligands were built using the CVFF forcefield 

(Dauber-Osguthorpe et al., 1988), and the nitrogen atoms of the side chains 

were protonated. Partial charges and atomic potentials were calculated using 

the CVFF forcefield. Ligands were minimised in 500 steps, and repeated until 

no more changes could be observed. The G-tetrad of the 3’ end was chosen as 

a subset, and the ligand placed on top of it manually, with a distance equal to 

the distance between the G-tetrads, and the four side chains located over the 

four grooves. Docking was performed using the Affinity method (Affinity, 2000) 

allowing one orientation at a time in 1000 steps and repeated until no more 

changes in conformation and energy were observed.

3.3.3) Docking of NDs on a telomeric G-quadruplex

In order to estimate the interaction of the /V-methylpiperazinyl NDs to telomeric 

G-quadruplex DNA with focus on the interaction of the ligands’ side chains with 

the G-quadruplex grooves, qualitative docking was performed (Hampel et al., 

2010; as in Drewe et al., 2008). A parallel G-quadruplex derived from a co

crystal structure of the human 22mer telomeric DNA, sequence 

d[AGGG(TTAGGG)3], from which all water molecules and the potassium ion 

were removed, was used (Parkinson et al., 2008). The 3’ face of the G-
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quadruplex was chosen for the docking, as it bears more negative charges 
which can potentially interact with protonated amine groups of the side chains.

Figure 3.10; Qualitative molecular modeling of the NDs 1.1 (left), 1.2 (middle) and 1.3 (right) on 
a human telomeric G-quadruplex 22mer DNA structure obtained from a co-crystal structure 
(Parkinson et al., 2008). Positive charges of the G-quadruplex DNA, displayed as its Connolly 
surface, are coloured blue, negative charges are coloured red. The Connolly surface of the NDs 
is displayed in a semi-transparent dot style in yellow. Views include the top view of the 3’ end of 
the G-quadruplex (top row), and side views of grooves “a” and “b” (2""̂  row), “c” (3"̂  row) and “d” 
(bottom row).

The qualitative docking of the ND compounds 1.1-1.3 to the telomeric G- 

quadruplex DNA demonstrates that the A/-methylpiperazinyl end groups may 

interact with phosphates in the grooves. They are bulky and fill in the grooves 

fully, as the Connolly surfaces show. With increasing side chain length, the N- 

methylpiperazine end groups reach deeper into the grooves and in some cases 

interact with different phosphate moieties (figure 3.10). Due to their specific
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interactions with the grooves of the telomeric G-quadruplex DNA in the docking 

study, compounds 1.1-1.3 are expected to be selective ligands. Their individual 

interactions with the G-quadruplex differ from each other in respect to 

phosphate coordination, which may result in differences in their biophysical and 

biological properties.
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3.4) ND Synthesis

3.4.1) Background

3.4.1.1) General synthesis of tetrasubstituted NDs

1,2, 3. 4

M-R

Figure 3.11: T ra d it io n a l (to p ) a n d  im p ro v e d  (b o tto m ) s y n th e s is  o f  te tra s u b s titu te d  N D s .  
1) Cl2 (g), I2. 2) K O H . 3) F u m in g  H N O 3 . 4) H N O 3 , H 2S O 4. 5) A c O H , N H 2 R . 6) N H 2 R '. l a )  
D iis o b ro m o c y a n u r ic  a c id , o le u m .

The synthesis of tetrasubstituted NDs has been traditionally performed via a 

dichlorinated intermediate, which was obtained by perchlorinating pyrene with 

chlorine gas, followed by HCI elimination and two oxidation steps, with 5-8 % 

total yield (Vollmann et al., 1937; figure 3.11, top). This route is cumbersome 

and uses reagents which are hazardous. More recently, this original synthesis 

has been replaced by the use of a dibrominated species, which can be obtained 

from the naphthalene-dianhydride by bromination with dibromoisocyanuric acid 

(Würthner et al., 2002; Thalacker et al., 2006). This bromination, however, 

produces the monobrominated and tetrabrominated species as side products, 

which cannot be separated from the dibrominated species (Gao et al., 2007; 

Roger et al., 2007; figure 3.11, bottom). Conversion of this mixture with a neat 

amine results in nucleophilic substitution at the anhydride, leading to the diimde 

compound, and nucleophilic aromatic substitution of the bromide substituents 

(Thalacker et al., 2006). Nucleophilic substitution of bromide moieties at the 

core of NDs is possible due to their electron deficiency caused by the electron- 

withdrawing diimide moieties. As the electron density of the ND core increases
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after substitution of the first bromide with an electron donating substituent, the 

substitution of a second bromide proceeds more slowly (Kishore et al., 2008). 

This opens up the possibility of introducing two different substituents to the ND 

core. Selective substitution of the anhydride functionalities can be achieved via 

acid catalysis, and in a subsequent reaction, two different amines can be used 

for substituting the bromides (Kishore et al., 2008).

3.4.1.2) Mechanism of the Gabriel synthesis

The Gabriel synthesis gives access to alkylamines in two steps and was applied 

to the synthesis of the side chain amines. In the first step, a disubstituted amine 

is linked to an alkyl phthalimide a by nucleophilic substitution of a primary 

bromide, resulting in an aminoalkyl phthalimide b. The imide bond is then split 

with hydrazine ( N 2 H 4 )  to liberate the diamine e .  After the first nucleophilic 

addition of hydrazine to b, an amide c is formed as an intermediate product. 

Amides generally have very low reactivity, but as the second step is an 

intramolecular reaction forming a six membered ring, the acylation reaction 

takes place in the presence of acid, so that the diamine e  can be obtained, as 

well as the hydrazide d as a side product (Bruckner, 2003; figure 3.12).

base

A

o
c

HCI

Figure 3.12: General mechanism of the Gabriel amine synthesis.

3.4.2) Synthesis of NDs

3.4.2.1) Overview of synthesised NDs

The synthesis of tetrasubstituted ND compounds was carried out according to 

the previously published procedure via nucleophilic substitution of the 

dibrominated dianhydride 2 with the respective side chain amine (Thalacker et 

al., 2006; figure 3.13). Side chain amines 3.2-3 4 were prepared via Gabriel 

synthesis (figure 3.12; table 3.1); the other amines were commercially available.
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(i)

Figure 3.13: Synthesis of tetrasubstituted NDs. (i) Amine as solvent, microwave, 120-150 °C, 
8  min- 2  h.

amine 3 used as
cpd no amine source

side chain

3 4-methylpiperazin-1-yl commercial
3.1

4 4-methylpiperazin-1-yl1.2 Gabriel synthesis
3.2

5 4-methylpiperazin-1 -yl Gabriel synthesis1.3
3.3

1H-1,2,4-triazol-1-yl Gabriel synthesis1.4
3.4

commercialpyridin-4-yl1.5
3.5

commercialpyridin-3-yl1.6
3.6

commercialA/,/V-dimethylamine1.7
3.7

commercialA/,A/-diethylamine1.8
3.8

commercialpyrrolidin-1 -yl1.9 3.9

commercialpyrrolidin-1 -yl1.10
3.10

commercialpyrrolidin-1-yl1.11
3.11

commercialpiperidin-1-yl1.12 3.12

Table 3.1: ND compounds selected for synthesis and availability of the required side chains. 
^Compound had been synthesised in a previous study (Cuenca et al., 2008).
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The newly designed ND compounds 1.1-1 . 6  and 1.11 discussed in chapter 3.2 

were synthesised, and additionally, the previously reported ND compounds 1.7-

1 . 1 0  and 1 .1 2 , which were required for assays in our resident and external 

laboratories, were re-synthesised on an increased reaction scale and with 

optimisation of purification techniques (Hampel et al., 2010; Cuenca et al., 

2008). Table 3.1 gives an overview of all synthesised ND compounds and the 

origin of their side chains.

3.4.2 2) Synthesis of A/-methylpiperazinyl and triazoyl side chains

Three of the amines used as side chains were prepared via Gabriel synthesis in 

two steps each (Caldwell, 1965; Wright et al., 1968). A/-methylpiperazine was 

added to the commercially available A/-bromobutyl phthalimide or N- 

bromopentyl phthalimide, respectively, with sodium carbonate as a base in 

toluene to give the imides 5.2 and 5.3 with yields of 58-85 % (figures 3.14 and 

3.15; Hampel et al., 2010). A side reaction leading to reduced yields may be an 

elimination of hydrobromic acid from the bromoalkyl phthalimides, resulting in a 

terminal alkene.

In the next step, the imides were cleaved by reacting them with hydrazine in 

ethanol at reflux temperature, and subsequent heating with HCI to give the 

amines 3.2 and 3.3 (Hampel et al., 2010). The resulting hydrochloric acid salts 

of the amines were converted into the free bases with NaOH solution and 

extraction with diethyl ether. As the methylpiperazinyl amines are partly soluble 

in water even under strongly basic conditions, the extraction was not complete, 

however, they were isolated as yellow, volatile liquids with yields of 46-61 %.

0 “ - ' - 3 b
4.2

Figure 3.14; Gabriel synthesis of side chain amine 3.2. (i): Na2C0 3 , toluene, reflux, 16h, 85 %. 
(ii) a) N2H4, EtOH, reflux, 3 h. b) HCI, reflux, 30 min, 45 %.
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3.3

Figure 3.15; Gabriel synthesis of side chain amine 3.3 (i): Na2C0 3 , toluene, reflux, 16h, 58 %. 
(ii) a) N2H4, EtOH, reflux, 3 h. b) HCI, reflux, 30 min, 61 %.

In a similar manner, the synthesis of the triazoyl pentyl amine 3.4 was carried 

out (figure 3.16). 1,2,4-triazole was deprotonated with NaH and added to N- 

bromopentylphthalimide to give the imide 5.4 with 43 % yield. However, a 

disubstituted triazole compound was obtained as a side product, which was 

confirmed by mass spectrometry. This may be due to harsh deprotonation with 

sodium hydride, which was performed according to the literature procedure 

(Wright et al., 1986). Eventually, a milder base such as cesium carbonate, 

trimethylamine, or hydroxides may lead to a smoother reaction with lower 

amounts of disubstituted side product. The imide 5.4 was cleaved with 

hydrazine to give the hydrochloride salt of 3.4 with quantitative yield. The 

extraction of its free base proceeded readily due to its lipophilic properties.

\=̂ N
3.4

Figure 3.16: Gabriel synthesis of side chain amine 3.4 (i): a) NaH, DMF, 1h, RT. b) 100 °C, 
10 h. 43 %. (ii) a) N2H4, EtOH, reflux, 16 h. b) HCI, reflux, 6  h, quant.

3.4.2.3) Synthesis of tetrasubstituted NDs 1.1-1.12
The dibromo dianhydride 3, which was used as starting material, had been 

synthesised in our laboratories according to the published procedure (Thalacker 

et al., 2006; figure 3.11) and was available in stock. Due to its unsolubility, it 

was not possible to characterise it, but according to the literature, the 

bromination of naphthalene dianhydride produces a mixture of mono-, di-, and 

tetrabrominated anhydrides, which cannot be separated at this stage (Gao et 

al., 2007; Roger et al., 2007; figure 3.11).
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For the synthesis of the tetrasubstituted naphthalene diimides 1 (figure 3.12), 

the impure dibromodianhydride 3 was reacted with the respective amine as a 

solvent, at temperatures of 120-150 “C for 8  min-2 h (Thalacker et a/., 2006; 

Cuenca et al., 2008). The tetrasubstituted NDs 1 were isolated as blue solids by 

semi-preparative HPLC or column chromatography. All compounds which were 

later biologically evaluated were isolated with high or very high purity (table 3.2).

compound reaction scale purification method yield purity (HPLC, 280 nm)

1.1 190 mg semi-preparative HPLC 19% 99.9 %

1.2 180 mg semi-preparative HPLC 7% 96.2 %

1.3 1 0 0  mg semi-preparative HPLC 11 % 95.2 %

1.4 1 0 0  mg semi-preparative HPLC 8 % 87.6 %

1.5 80 mg semi-preparative HPLC 6 % 90.2 %

1.6 50 mg semi-preparative HPLC 8 % 96.8 %

1.7 1 0 0  mg column chromatography AI2O3 24% 96.6 %

1.8 1 0 0  mg column chromatography Si0 2 34% 98.9 %

1.9 1 2 0  mg semi-preparative HPLC 8 % 97.4 %

1.10 300 mg column chromatography Si0 2 25% 97.1 %

1.11 150 mg column chromatography Si0 2 11 % 99.4 %

1.12 150 mg semi-preparative HPLC 1 % 99.3 %

Table 3.2: Reaction and purity data of ND compounds 1.1-1.12

Compounds isolated by semi-preparative HPLC were obtained with yields 

below 2 0  %, as material was lost during purification, and the reaction mixture 

was not completely purified due to the time consuming process. In several 

cases, the purification was limited to a low HPLC uptake volume, as retention 

times of compounds in the reaction mixture did not differ significantly.

The purification of several previously synthesised ND compounds was improved 

by replacing semi-preparative HPLC by column chromatography on silica gel or 

aluminium oxide (table 3.2). Separation performed on acidic silica gel requires 

addition of a base which is likely to dissolve small amounts of silica gel that 

need to be removed via extraction. Aluminium oxide is pH-neutral, and no base
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needs to be added to the eluent mixture. By column chromatography, tens of 

milligrams of ND compound were isolated within hours with high purity and 

yields of up to 34 %. However, this method is not applicable to all ND 

compounds, as separation on Si0 2  or AI2O3 is poor in many cases.

Compounds 1.1-1.12 were all characterised by ^H-NMR spectrometry and High 

Resolution Mass Spectrometry, some of them also by ^^0 NMR spectrometry. 

Figure 3.17 shows the 1H-NMR spectrum of compound 1.3 in CDCI3. Signals of 

the protons in the side chains and end groups appear in high field (1.4- 

2.7 ppm), and protons of the CH2 groups attached to the secondary amine and 

the imide functionalities appear in middle field (3.5 and 4.2 ppm). The signals of 

the two protons of the naphthalene core as well as the protons of the secondary 
amines appear in low field (8.1 and 9.3 ppm).
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Figure 3.17: ''H-NMR spectrum of compound 1.3 in CDCI3. and assignment of the signals to its 
protons. Protons which are not displayed in the chemical structure have the same chemical shift 
as the protons chemically equivalent to them.

Apart from the blue tetrasubstituted NDs, a range of products with different 

colours was formed in the reactions. The most significant amongst them were 

red trisubstituted NDs. As they displayed lower stability than the tetrasubstituted
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analogues 1 and could not always be isolated, they were not further 

investigated. A radical mechanism has previously been proposed in order to 

explain the formation of trisubstituted NDs from the dibrominated species 3 

(Cuenca et al., 2008). In the present work, the synthesis of the ND 1.10 was 

conducted in the presence of 1 eq. of the radical quencher 4-fbutylcatechol, 

however, it did not change the ratio between the tri- and the tetrasubstituted 

product, and a higher amount of side products was obtained. The formation of 

the trisubstituted ND compound is more likely to derive from impurities of 

compound 3 described by other groups (Gao et al., 2007; Roger et al., 2007; 

figure 3.11). The formation of other side products varied with the type and 

quantity of the amine as well as the reaction time and temperature. In several 

cases, the reaction needed to be stopped before it was complete, as side 

products which could not be separated from the main product 1 appeared after 

longer reaction times. These may be ND derivatives with various other 

substitution patterns, or decomposition products.
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3.5) Conclusions

A variety of novel tetrasubstituted ND compounds has been designed as G- 

quadruplex ligands. Compounds with A/-methylpiperazinyl end groups and long 

side chains of 3-5 carbon atoms were evaluated by qualitative molecular 

modelling and displayed promising groove-interactions with phosphates at the 

sides of the G-quadruplex DNA.

The synthesis of seven novel tetrasubstituted ND compounds has been 

accomplished. Three of the compounds were synthesised with commercially 

available amines, and three side chain amines were generated by Gabriel 

synthesis in two steps.

Additionally, five previously reported tetrasubstituted NDs were re-synthesised 

for further evaluation, and their purification was optimised. Within hours, tens of 

milligrams of the compounds were isolated with high purity.

A radical mechanism leading to the formation of a trisubstituted side product 

was ruled out, as the addition of a radical quencher did not change the ratio 

between tri- and tetrasubstituted product. Its formation due to presence of a 

monobrominated species in the starting material as reported in the literature is 

more likely.
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CHAPTER 4

PHYSICAL PROPERTIES OF NDs
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4) Physical properties of NDs

4.1) Background

As the synthesised NDs were biophysically and eventually biologically 

evaluated, knowledge of their physical properties was required. It was desired 

that compounds displayed sufficient hydrosolubility and stability, and did not 

form aggregates. The fluorescent properties of several ND compounds were 

assessed, which were useful for their visualisation in biological systems.

4.2) Methods

Compound purity was assessed by analytical HPLC (see materials and 

methods, chapter 10.2).

UV/vis spectra were recorded in deionised water with a Cary 300 Bio 

spectrometer (Varian inc., USA) with the software “scan” and “simple reads”.

Fluorescence spectra of several NDs were recorded on a LS45 luminescence 

spectrometer (Perkin Elmer, USA) with excitation at 275 nm, 400 nm, and 

600 nm, using the FL WINLAB software (Perkin Elmer, USA). 200 pM ND 

solutions were prepared in deionised water from 10 mM stock solutions. Data 

were analysed using the Spekwin32 software (Friedrich Menges, Germany).

4.3) Assessment of physical properties of NDs

4.3.1) Solubility

The A/-methylpiperazinyl compounds 1.1-1.3 were highly hydrosoluble. 

Compounds 1.7-1.12 were soluble in water with addition of 4 equivalents of 

acid. Compounds 1.4, 1.5 and 1.6 bearing aromatic end groups at the side 

chains, displayed very low solubility in water, with minor improvements upon 

addition of acid for 1.5 and 1.6 This indicates that the ND core itself displays 

low solubility, and that solubility is dependent on the end groups of the side 

chains. The solubility of the ND compounds increases with the pKa of the 

protonated amine end groups.

4.3.2) Stability

As compounds 1.1-1.3 were evaluated in various biological assays, their 

stability was assessed in order to assure their persistence for up to one week at 

37 °C (table 4.1). After incubation for the respective amount of time in aqueous
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solution (200 pM), the purity of the samples was determined by analytical HPLC 

(280 nm), using two different gradient methods a and b (see materials and 

methods, chapter 10.2). Similar results were obtained for samples incubated at 

4 °C and at RT. Given that eventual decomposition products of the NDs are 

detectable at 543 nm or 280 nm, compounds 1.1-1.3 are stable in aqueous 

solution at 37 °C and below for at least 7 days.

t = 0 t = 48 h t = 96 h t = 7 6

a b a b a b a b

1.1 100 .0% 1 00 .0% 100.0% 100.0% 100 .0% n.a. 100 .0% 100.0%

1.2 99.1 % 99.8 % 100.0% 99.4 % 100.0% 100.0% 98.8 % 100.0%

1.3 100 .0% 99.7 % 100.0% 100.0% 100 .0% 100.0% 100.0 % n.a.

Table 4.1: Compound purities after incubation for various times at 37 °C in 200 pM aqueous 
solution, assessed by analytical HPLC with methods a and b (chapter 10.2).

4.3.3) UV/vis absorbance

Previously reported G-quadruplex ligands related to NDs, such as the perylene 

compound PIPER, are known to form self-assembled structures in solution 

(Fedoroff et al., 1998; figure 3.8). In the scenario of low solubility, molecules 

may undergo tt- j t  stacking interactions with each other and form nanowires 

(Mareda et al., 2009; Kishore et al., 2009).

The tetrasubstituted NDs 1 are solids with electrostatic properties, which are 

displayed in significant adherence of the powder to surfaces, as well as high 

surface tension of concentrated solutions in water. Chemical shifts of the side 

chains of compounds 1.1-1.3 in NMR spectra varied depending on the 

sample concentration, which may be due to intermolecular interactions.

In order to examine the ability of 1.1-1.3 to form self-assembled structures, 

UV/vis absorbance spectra of the compounds were recorded at different 

concentrations (figure 4.1). The formation of self-aggregates was expected to 

result in a non-linear increase in the absorption intensity or changes in the 

absorption wavelength upon increase of compound concentration.
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Figure 4.1; UV/vis absorbance spectra of compounds 1.1-1.3  in water.

The spectra of compounds 1.1-1.3 exhibit broad absorbance maxima at 
606 nm, and further maxima a t /  = 271 nm, 355 nm, and 275 nm (figure 4.1). 
The extinction coefficients e of the compounds were calculated with the Beer- 

Lambert law (Atkins, 1995):

£ = A/(l*c)

where A is the absorbance, I is the length of the cuvette (1 cm), and c is the 

concentration (mol/L)(table 4.2). In the future, the extinction coefficients can be 

used to determine the concentration of the compounds in solution.

/  [nm] f  (1.1) [LmoPcm'^j e (1.2) [Lmor^cm'^j £ (1.3) [LmoPcm'^j

606 6064 5963 5933

371 5153 4909 5256

355 5159 5029 5243

275 19344 19613 20713

Table 4.2: Extinction coefficients of compounds 1.1-1.3  for different absorbance wavelengths.
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Figure 4.2: The absorbance of compound 1.1 at its maximum absorbance wavelengths is 
proportional to its concentration. The linear relation indicates that no aggregation is present. 
Compound 1.2 and 1.3 gave very similar results.

The measurement of UV/vis spectra of compounds 1.1-1.3 was performed at a 
range of different concentrations. Figure 4.2 displays the relationship between 

concentration and absorbance of compound 1.1 at its maximum absorbance 

wavelengths, and almost identical results were obtained for compounds 1.2 and 

1.3 The linear increase of the absorbance with the compound concentration 

suggests that, at least at concentrations below 187 pM, no molecular self

aggregation occurs. Due to the detection limit of 4 absorbance units, it was not 

possible to conduct any measurements above this concentration. However, all 

biophysical and biological assays were conducted at ND concentrations in the 

nanomolar range and lower micromolar range, so that any occurrence of 

molecular self-aggregation of 1.1-1.3 in assays described below can be ruled 

out.

4.3.4) Fluorescence

ND compounds have fluorescent properties, which have been studied in recent 

literature (Kishore et al., 2009). They vary with the substituents, and colour 

palettes of NDs with diverse absorbance and fluorescence wavelengths have 

been designed for photochemical purposes. In the present work, the fluorescent
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4) Physical properties of NDs

properties of some NDs were utilised to visualise their uptake into cells. It was 

thus appropriate to investigate and quantify their fluorescent properties.

In the fluorescence spectra, a peak at the excitation wavelength and another 

peak at double of the excitation wavelength, which is a result of positive 

interference of the electromagnetic waves, appeared in addition to the 

fluorescence peaks (see figure 4.3, A as an example). Excitation wavelengths 

of 275 nm and 600 nm were chosen, as compounds 1.1-1.3 show absorbance 

maxima in the UV/vis spectra at these wavelengths. Fluorescence with 

excitation at the UV/vis absorbance maxima of 350 nm and 375 nm lead to 

overlap of fluorescence emission peaks at double of the excitation wavelength 

peaks, so that the excitation wavelength of 400 nm was chosen. Compounds 

1.7, 1.9, and 1.10 display strong fluorescence at 650 nm when excited at 

600 nm or 275 nm. Compounds 1.7, 1.9, and 1.10 exhibited fluorescence with 

very high intensity at 650 nm when excited at 275 nm. A band at the double 

excitation wavelength, 550 nm, appeared in the spectrum, which may have 

excited the compounds, and explains the strong fluorescence at 650 nm that 

was observed when the solutions were exposed to light with 275 nm 

wavelength.

The /V-methylpiperazinyl compounds 1.1-1.3 show less intense fluorescence 

than the other NDs, and may thus quench fluorescence. Within the 

methylpiperazinyl series, the fluorescence intensity decreases upon increase of 

side chain length. Upon protonation with HCI (1 mM), an increase in 

fluorescence intensity was observed, and in addition to the emission at 460 nm, 

a second fluorescence peak at 680 nm appeared (figure 4.3, A).

The observed differences in fluorescent properties of the NDs must be based 

on complex mechanisms, however, it can be concluded that the fluorescent 

properties of the NDs are dependent on the proximity of the side chain end 

groups to the ND core, as well as the electronic properties of the end groups.
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Figure 4.3: Fluorescent properties of NDs. A: Example of a fluorescence spectrum of 
compound 1.1 (200 pM) with excitation a t /  = 400 nm. The compound displays emission at 
~ 470 nm, and additionally at ~ 670 nm when protonated (1 mM HCI). The signals at 400 nm 
and 800 nm are the irradiation at the excitation wavelength and its double wavelength, which 
occurs due to positive interference of the waves. B: Fluorescence intensities of NDs with 
excitation a t /  = 275 nm. C: Fluorescence intensities of NDs when excited at 400 nm. D. 
Fluorescence intensities of NDs with excitation at 600 nm.
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4.4) Conclusions

The physical properties of NDs were investigated in order to assess their 

suitability for further biophysical and biological evaluation.

Comparison of the solubilities of synthesised NDs indicated that the ND core 

displays very low hydrosolubility, and that the hydrosolubility of ND derivatives 

increases with the pKa of the protonated amines in the side chains. The N- 

methylpiperazinyl NDs 1.1-1.3 display high hydrosolubility, whereas NDs with 

tertiary amine or pyridine end groups only dissolve with addition of acid.

Compounds 1.1-1.3 display very high stability. Incubation in aqueous solution 

at 37 °C for 7 days does not lead to any detectable decomposition.

1.1-1.3 show UV/vis absorbance maxima at 271 nm, 355 nm, and 275 nm, and 

have very similar extinction coefficients. At least at concentrations below 

190 pM, the UV/vis absorbance is proportional to the compound concentration, 

indicating that no self-aggregation is present.

Compounds 1.1-1.3 display a lower fluorescence intensity than 1.7, 1.9 and

1.10 at 275 nm and 600 nm excitation. Within the A/-methylpiperazinyl NDs 1.1- 

1.3, the fluorescence intensity decreases with increasing side chain length. 

Protonation leads to higher fluorescence intensity and emission at additional 

wavelengths. The electronic properties of the side chain end groups thus have 

an effect on the electron system in the ND core and its fluorescence.
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5) Biophysical evaluation of NDs

5.1) Fluorescence resonance energy transfer (FRET) assay

5.1.1) Background

5.1.1.1) Fluorescence resonance energy transfer (FRET)

Fluorescence resonance energy transfer (FRET) is a phenomenon observed 

between a donor and an acceptor molecule which are close in space (~ 5 nm), 

and can be utilised to study distance variations in biological systems tagged 

with fluorophores. Electrons of the donor molecule are excited into higher 

energetic states by a light source. This energy is then transmitted to the 

acceptor molecule in a radiationless fashion, resulting in the return of the donor 

molecule to its ground state by undergoing processes such as vibrational 

quenching or fluorescent emission (Sapsford et al., 2006). An overlap of the 

emission spectrum of the acceptor molecule and the absorbance spectrum of 

the donor molecule, as well as parallel transition dipole moments of acceptor 

and donor are required for FRET.

The efficiency E of FRET is described in the empirical Forster equation

£ =  (1 + R®/Ro®)'\

where Rq is the Forster radius, which is the distance at which the FRET 

efficiency is 50 %, and R is the distance of acceptor and donor fluorophore. The 

Forster radius can be calculated via

Ro =  8 , 8 - 1 0 ' ^ “  0D  n " *  J ( v ) ,

where 0d is the fluorescence quantum yield for the donor, k  a parameter that 

describes the relative orientation of the fluorophores, n is the refractive index of 

the medium, and J(v) is the spectral overlap of the fluorophores (Juskowiak, 

2006).

The relation of E to the reverse sixth power distance between the fluorophores 

makes the measurement of distances by FRET possible.

5.1.1.2) Application of FRET to G-quadruplex nucleotides

FRET has been widely used to study the stability of nucleotide structures such 

as G-quadruplexes (Mergny, 1999; Mergny & Maurizot, 2001; Mergny et al., 

2001; de Cian et al., 2005; de Cian et al., 2007). For this, short G-rich
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nucleotides are tagged with a donor and acceptor fluorophore at the 3' and 5' 

end. When the nucleotides are folded into G-quadruplex structures, the 

fluorophores are close in space, resulting in high FRET efficiency (figure 5.1). 

As soon as the nucleotide is denaturated, the distance between the 

fluorophores increases, leading to a strong decrease in FRET efficiency. In this 

case, the excited donor returns to its energetic ground state by emitting 

fluorescent radiation, which can be detected.

./I
I -  hv

Tm

AMRA.

hv stabilisation by 
small molecule

ffAMRA

Tm + AT

FAM

frAM R A

Figure 5.1; The principle of stability studies of G-quadruplex nucleotides tagged with donor 
(FAM)- and acceptor (TAMRA)-fluorophores by FRET. The fluorophores are close in space in 
the G-quadruplex structure, and FRET occurs. Upon melting/denaturation of the nucleotide, 
FRET is not possible due to the increased distance of the fluorophores. Stabilisation of the G- 
quadruplex structure by a small molecule increases the melting temperature (bottom).

The fluorophores 6-carboxyfluorescein (FAM) and 6-carboxy-A/,A/,A/’,A/-

tetramethylrhodamine (TAMRA) which are covalently attached to the

phosphates at the 5’ and the 3’ end, respectively, via 6-carbon linkers, have

been used for melting studies of G-quadruplex nucleotides (figure 5.2). While

the G-quadruplex is folded, the FRET efficiency is high, as the distance of the

fluorophores lies within the calculated Forster radius of 4.5 nm. FAM is excited

by light with wavelengths of 450^95 nm and emits fluorescent radiation at

515-545 nm. During FRET to TAMRA, this fluorescence is quenched by 72 %,
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which makes melting temperature studies by monitoring changes in 

fluorescence at 515-545 nm possible. TAMRA can be excited at ~ 550 nm and 

emits radiation at -  575 nm, which is not monitored, as only light with 

wavelengths below 454 nm is detected (Mergny et al., 2001).

-COOH

R
RAM with 6<arbon linker TAIVRA with 6-car1xn linker

Figure 5.2: Structures of the donor fluorophore FAM and the acceptor fluorophore TAMRA with 
6-carbon linker covalently bound to the phosphates at the 5’ and 3’ end of nucleotides for FRET 
melting temperature studies.

By increasing the temperature in small steps while measuring the fluorescence 

intensity, the melting temperature of fluorophore tagged G-quadruplex 

nucleotides can be determined. It is defined as the temperature at which the 

FRET efficiency reaches 50 %, which is equivalent to 50 % fluorescence 

intensity emitted by the donor fluorophore. In the ideal case, the fluorescence 

intensity vs. temperature plot has sigmoidal shape, and its first derivative 

displays a maximum at 50 % fluorescence intensity (figure 5.3).

In some cases, the fluorescence vs. temperature plots displayed a complex, 

non-sigmoidal shape (figure 5.4), but in these cases, the melting temperature 

could still be determined via manual interpolation. The non-ideal shape of the 

melting curves may be due to formation of various G-quadruplex topologies 

during the heating process. This phenomenon occurred at high ND ligand 

concentrations (above 1 pM), which may be due to selective stabilisation of 

certain G-quadruplex topologies by the ligands. The non-sigmoidal curves are 

not a result of the fluorescence of the NDs themselves, as the compounds do 

not display any photoactivity at the wavelengths of 450—490 nm excitation and 

515-545 nm emission (chapters 4.3.3 and 4.3.4). Electronic interactions of NDs 

with the FRET fluorophores, however, cannot be ruled out. As the non- 

sigmoidal curve shape was only observed at ligand concentrations above the 

concentration chosen for comparison, it does not affect the evaluation of the 

FRET experiment.
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Figure 5.3: Determination of the melting temperature (Tm) of fluorophore tagged G-quadruplex 
nucleotides by FRET.

FRET melting studies of G-quadruplex structures are not ideal models, as an 
equilibrium of several different topologies are present in solution. The human 

telomeric G-quadruplex DMA coordinated by potassium ions, for instance, can 

have parallel, anti-parallel and hybrid type topologies (Ambrus et al., 2006).

5.1.1.3) Assessment of G-quadruplex affinity of small molecules via FRET

FRET has been applied broadly for high-throughput screening of small 

molecules for their G-quadruplex stabilising ability (Mergny & Maurizot, 2001; 

de Cian et al., 2007). The FRET melting experiment is performed with the FAM- 

and TAMRA-tagged nucleotide in the presence of different ratios of the ligand. 

The increase in melting temperature ATm caused by different ligands can be 

compared at a fixed concentration and is obtained from the ATm vs. ligand 
concentration plot (figure 5.5). Melting temperature shifts should be compared 

at ligand concentrations at which the ATm vs. concentration curves are not 

saturated. The standard concentration for comparison is 1 pM, but for the ND 

compounds, comparison at 0.5 pM was chosen due to their high affinity for G- 

quadruplexes. An alternative possibility of displaying the results of the FRET 

assays is to list ligand concentrations leading to a nucleotide melting

110



5) Biophysical evaluation of NDs

temperature shift of 20 K, which avoids the problem of the saturation of the 
melting curves.

•t
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Figure 5.4: Example of G-quadruplex stabilisation of F21T, a 21mer human telomeric G- 
quadruplex DNA, by various ratios of the ND ligand 1.1.
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Figure 5.5: Melting temperature shifts of nucleotide sequences caused by compound 1.1 at 
different concentrations.
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The stabilisation of a variety of G-quadruplex DMAs and -RNA by the 

synthesised NDs was assessed in FRET melting temperature experiments, 

including the human telomeric G-quadruplex DNA sequence F21T, two 

sequences found in the promoter regions of the c-kit oncogene, c-kit1 and 

c-kit2, a G-quadruplex forming sequence of bc/-2 RNA, and a G-quadruplex 

DNA sequence found in the promoter region of hif-1a (table 5.1). Additionally, 

the compounds’ stabilisation of a duplex sequence T-loop was investigated for 

comparison with their G-quadruplex stabilisation. The experiments were 

performed in the presence of potassium ions, which display high stabilisation of 

G-quadruplex DNA. Experiments with the bc/2-RNA sequence were performed 

in the presence of sodium ions, as the melting temperature was too high in the 

presence of potassium ions (Dr. Tony Reszka, personal communication).

name nucleotide
type sequence cation Tm

r c ]

F21T G4-DNA 5’-FAM-GGG TTA 
TAMRA-3’

GGG TTA GGG TTA GGG- 58

c-kit1 G4-DNA 5’-FAM-AGA GGG AGG 
GGG GCT-TAMRA-3’

GGG GTG GGA GGA IC 52

c-kit2 G4-DNA 5’-FAM-CCC GGG 
GGA GG-TAMRA-3

GGG GGG GGA GGG AGG 55

bcl-2 G4-RNA 5'-FAM-GGG GGC 
GGG G- TAMRA-3’

CGU GGG GUG GGA GGU Na^ 68

h if-la G4-DNA 5'-FAM-GGG GAG GGG AGA GGG GGC GGG- 
TAMRA

78

T-loop duplex-DNA 5-FAM-TAT AGO 
ATA-TAMRA-3’

TATA TTT TTT TATA GGT 54

Table 5.1; Nucleotide sequences used for FRET experiments.

5.1.1.4) Assessment of G-quadruplex/duplex DNA selectivity of small 

molecules via competition FRET

The classic FRET assay gives information on stabilisation of the tested G- 

quadruplex nucleotide by the ligand. Even though a compound's stabilisation of 

G-quadruplex nucleotide can be compared to its stabilisation of duplex DNA, 

this does not give any information on its selectivity for G-quadruplex DNA in an 

environment in which mainly duplex DNA is present, such as the cell nucleus. In 

the competition FRET experiment, different ratios of untagged duplex DNA are 

added to the classic FRET scenario with tagged telomeric G-quadruplex DNA 

(F21T) and the ligand (Mergny et al., 2001; de Cian et al., 2005; Moorhouse et 

al., 2006). The amount of retained G-quadruplex stabilisation by the ligand upon
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addition of excess duplex DNA is a measure for its selectivity for quadruplex 

DNA over duplex DNA.

5.1.2) Methods

Measurements on the bcl-2 and hif-1a sequences were conducted by Dr. Tony 

Reszka.

All oligonucleotide sequences were purchased from Eurogentec, UK. From 

50 pM nucleotide stock solutions, 400 nM solutions in FRET buffer (50 mM 

potassium cacodylate pH 7.4) were prepared. The nucleotides were annealed 

by heating the samples up to 90 °C for 10 min and allowing them to cool down 

to RT within 4 h. 10 mM stock solutions of the compounds to be tested in 

deionised water with 4 eq. of HCI were diluted to double of the required 

concentrations with FRET buffer. Each well of RT-PGR 96 well plates (MJ 

Research, Waltham, MA) was loaded with 50 pL of nucleotide solution and 

50 pL of drug solution. Drug concentrations of 0.1, 0.2, 0.5, 1, 2, 5 and 10 pM 

were used, and repeated 3 times. Measurements were conducted on a DNA 

Opticon Engine (MJ Research) with excitation at 450-495 nm and detection at 

515-545 nm. The fluorescence was read at intervals of 0.5 °C over the range of 

30-100 °C. Before each reading the temperature was held constant for 30 s. 

The raw data were processed using Origin (Version 7.0, OriginLab Corp.). The 

graphs were smoothed using a 10-point running average and normalised. The 

melting temperatures were obtained by determining the maxima of the first 

derivative of the smoothed melting curves. The value of ATm is the melting 

temperature difference between the nucleotide in the presence of the drug at a 

certain concentration and the nature quadruplex.

The competition FRET assay was performed in a similar way to the FRET 

assay, but in addition to the tagged G-quadruplex sequence F21T and the drug, 

calf thymus duplex DNA solution was added. It was prepared by dissolving solid 

calf thymus DNA (10 mg, Sigma-Aldrich, UK) in 10 mL FRET buffer and shaking 

gently for 3 days. Undissolved particles were removed by centrifugation, and 

the concentration of DNA in the supernatant was determined by UV absorption 

at 260 nm, using the extinction coefficient e = 6600 L/mol/cm. The duplex DNA 

was added in ratios quadruplex/duplex ratios = 1:0, 1:1, 1:10 and 1:300 (G- 

quartets versus nucleotide phosphates). Concentrations in the wells were
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200 nM for F21T, 0.5 pM for the compound to be tested, and 0, 0.6 pM, 6 pM, 

60 pM and 180 pM for the calf thymus DNA.

5.1.3) Assessment of G-quadruplex stabilisation by NDs

The A/-methylpiperazinyl NDs 1.1-1.3 stabilise the human telomeric G- 

quadruplex sequence F21T, leading to melting temperature shifts of 23.8- 

28.3 K. Compounds 1.1 and 1.2 display moderate stabilisation of the c-kit2 

sequence with melting temperature shifts of 15.2 and 16.7 K, which is twice as 

high as the stabilisation of the c-kit2 sequence by compound 1.3 The 

stabilisation of the c-kit1 sequence by compounds 1.1-1.3 is low, with an 

increase in melting temperature of below 2 K for compound 1.1 and 1.3, and

4.9 K for compound 1.2 Compounds 1.1-1.3 produce stabilisation of the bcl-2 

RNA sequence, amongst which 1.2 shows the strongest interactions (ATm = 

12.8 K). The A/-methylpiperazinyl compounds show no stabilisation of the 

duplex T-loop sequence, with melting temperature shifts of 1 K and below, 

which are not significant considering that the estimated standard deviation of 

the melting temperatures is ± 1 K. This considers inaccuracy of pipetting during 

the preparation of ligand dilution series, as well as the standard deviation of the 

three repetitions of the experiment. The /V-methylpiperazinyl compounds show 

the trend of a slight decrease in G-quadruplex stabilisation with increasing side 

chain length. For other oligonucleotides, compound 1.2 with four carbon atoms 

in the side chains produces higher stabilisation, and 1.3 (five carbon atoms in 

the side chain) lower stabilisation than compound 1.1 (three carbon atoms). An 

explanation for this behaviour may be interactions of the side chains of different 

length with different phosphates in the grooves of the G-quadruplex, which was 

suggested by molecular modelling (chapter 3.3)(Hampel et al., 2010).

The nonpolar compounds 1.4 and 1.6 did not produce any stabilisation of G- 

quadruplex DNA in the FRET experiment, which is mainly due to their low 

solubility in FRET buffer. Their G-quadruplex stabilisation may be assessed 

otherwise, e. g. by mass spectrometry. However, their low solubility is not useful 

for eventual biological evaluation. Compound 1.5, which is soluble in FRET 

buffer, displayed moderate binding to the F21T sequence, leading to an 

increase in melting temperature of 6.5 K. Self-aggregation may be a factor 

leading to decrease of G-quadruplex stabilisation by nonpolar compounds.
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which has previously been demonstrated for perylene compounds (Kern & 

Kerwin, 2002; Kern et al., 2002; Ken/vin et al., 2002; Tuntiwechapikul et al., 

2006).

cpd.
F21T (G4
DNA, K")

c-k iti (G4
DNA,

FRET AT rC], 0 = 0.5 pM

c-kit2 (G4 b d -2  (G4 
DNA, K̂ ) RNA, Na^)

h if- la  (G4
DNA, K̂ )

T-loop (duplex 
DNA, K̂ )

1.1 28.3 1.8 15.2 6.6 n. a. 1.3

1.2 24.7 4.9 16.7 12.8 n. a. 0.1

1.3 23.8 1.5 7.7 3.8 n. a. 0.2

1.4 0 0 0 n. a. n. a. 0

1.5 6.5 0.9 2.1 n. a. n. a. 0

1.6 0 0 0 n. a. n. a. 0

1.7 33.0 4.5 8.4 22.5 5.9 3.8

1.9 28.7 11.2 29.0 10.7 0.7 5.7

1.10 31.7 1.6 15.1 21.0 4.9 3.8

1.11 32.6 1.3 9.6 4.7 n. a. 0.9

1.12 21.7 0.6 13.7 n. a. n. a. 0.7

Table 5.2: FRET melting temperature experiments with compounds 1.1-1.7 and 1.9-1.12 on 
various nucleotide sequences. Data on bcl-2 and hif-1a as well as all data on compound 1.9 
were produced by Dr. Tony Reszka. Compound 1.8 was only tested on hif-1a (ATm = 4.4 K).

Compounds 1.7, and 1.9-1.11 produce very high stabilisation of the telomeric 

G-quadruplex sequence F21T, but compounds 1.7, 1.9 and 1.10 also show 

some duplex DNA stabilisation (ATm = 4-6 K). Compound 1.7 displays 

moderate stabilisation of the c-kit sequences, and the highest stabilisation of the 

bcl-2 sequence from the ND series (ATm = 22.5 K). The stabilisation of F21T by 

compound 1.12 is slightly lower, but it shows no stabilisation of duplex DNA and 

moderate stabilisation of the c-kit2 sequence.

Comparison of the three pyrrolidine compounds with 1.9-1.11 with side chains 

of two, three and four carbon atoms in the side chains reveals some clear 

trends. With increasing side chain length, the stabilisation of telomeric G- 

quadruplex DNA increases, whereas the stabilisation of duplex DNA and G-
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quadruplexes in the kit promoter decreases significantly. Within this series, 

compound 1.10 produces the highest stabilisation of bcl-2 RNA (ATm = 21 K), 

the stabilisation of compound 1.9 is 50 % of that, and for compound 1.11 it is 

25 % of that. Again, this can be explained by interactions of side chains with 

different phosphates in the grooves.

Compound 1.9 produces the highest stabilisation of the c-kit1 and c-kit2 

sequences, and has previously been evaluated for its activity against 

gastrointestinal stromal tumour cells in which the c-kit oncogene is up-regulated 

(Gunaratnam et al., 2009).

A generally low affinity for hif-1a was observed for the tested compounds, with 

compounds 1.7 and 1.10 having a ATm of 5-6 K.

Some conclusions regarding the stochiometry of G-quadruplex DNA and ligand 

can be made, allowing for some estimations of the compounds' mode of 

binding: The G-quadruplex oligonucleotides were used at a concentration of 

0.2 pM, and form one G-quadruplex per molecule, with two binding sites (G- 

tetrads) for the ligands (3’ and 5’ face of the G-quadruplex). A 0.4 pM 

concentration of an ideally binding ligand would thus be sufficient to occupy all 

terminal G-tetrads. In the FRET experiments performed in this work, saturation 

of the melting curves was reached at ligand concentrations between 0.5 and 1 

pM. This may be due to ND molecules binding to the loops in the same fashion 

as previously reported in an ND-G-quadruplex DNA co-crystal structure 

(Parkinson et al., 2008, chapter 3.1).

5.1.4) Assessment of ND selectivity for G-quadruplex DNA via competition 

FRET

The selectivity of the AZ-methylpiperazinyl ND compounds 1.1-1.3 as well as the 

dimethylamine ND 1.7 and the pyrrolidine NDs 1.10 and 1.11 for G-quadruplex 

vs. duplex DNA was evaluated in competition FRET experiments at a 0.5 pM 

ligand concentration (Hampel et al., 2010). Compound 1.7 displayed the lowest 

selectivity for G-quadruplex DNA over duplex DNA. At a G-quadruplex: duplex 

DNA ratio of 1:1, its stabilisation ability for the G-quadruplex was only 70 %, and 

at 300 fold excess of duplex DNA, it had decreased below 20 %. Compounds

1.10 and 1.11 display slightly higher G-quadruplex selectivity, with a retained 

stabilisation ability of ~ 30 % at 300 fold excess of duplex DNA. The N-
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methylpiperazinyl compounds 1.1-1.3 display significantly higher selectivity for 
G-quadruplex DNA over duplex DNA; At a G-quadruplex: duplex DNA ratio of 

1:10, the G-quadruplex stabilisation is barely affected, and at a ratio of 1:300, it 

is still retained to ~ 50 %. The selectivity for G-quadruplex DNA varies within 

compounds 1.1-1.3 with compound 1.2 showing the highest selectivity. Again, 

this may be due to interactions with different phosphates in the grooves of the 

G-quadruplex, as demonstrated in the molecular modeling study (chapter 3.3).

■ ■  corrpound 1.1 
compound 1.2 
compound 1.3 

I -"^1 compound 1.7 
■ ■  compound 1.10 

compound 1.11

100

1
1

60-

40-

20 -

1:0 1:1 1:10 1:100 1:300
ratio G4 DNA : duplex DNA

[G-tetrads : nucleotide phosphates]

Figure 5.6: Competition FRET experiment showing the selectivity of several synthesised NDs 
for the F21T G-quadruplex DNA sequence over duplex DNA at 0.5 pM ligand concentration. 
Different ratios of excess duplex DNA were added (concentrations of G-quartets versus 
nucleotide phosphates of duplex DNA).

All compounds were tested at a 0.5 pM concentration in this competition 

experiment, even though they display slightly different Alms in the classic 

FRET experiment. The experiment was repeated at individual ligand 

concentrations required for a ATm of 20 K in the classic FRET experiment 

(results not shown). This lead to even more distinctive differences in selectivity 

for G-quadruplex over duplex DNA between the individual ligands and a 

confirmation of the trend described above.
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5.1.5) Conclusions

Most of the synthesised ND compounds produce high stabilisation of telomeric 

G-quadruplex DNA. Compounds 1.4-1.6 show low or no stabilisation, which 

may be due to their low solubility leading to self-aggregation.

ND compounds with different side chain lengths and the same end groups 

displayed differences in their stabilisation of various G-quadruplex sequences. 

This may be due to interactions of the side chains with different phosphates in 

the grooves of the G-quadruplexes. For the pyrrolidine compounds 1.9-1.11, 

the stabilisation of telomeric G-quadruplex DNA increased slightly, and 

stabilisation of duplex DNA and G-quadruplexes found in the c-kit promoter was 

observed to decrease with increasing side chain length.

Compounds 1.7 and 1.10 produce high stabilisation of the bcl-2 RNA sequence.

The ligand concentration necessary for the saturation of the ATm vs. ligand 

concentration plots is higher than the concentration of G-tetrads available for 

binding. Thus, coordination of loops is expected, as previously shown in a co

crystal structure (Parkinson et al., 2008).

The /V-methylpiperazinyl compounds 1.1-1.3 did not stabilise duplex DNA in the 

classic FRET experiment and showed significantly higher selectivity for 

telomeric G-quadruplex DNA over duplex DNA than the other synthesised NDs 

in competition experiments.
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5.2) Structural analysis of ND-G-quadruplex complexes

5.2.1) Circular Dichroism

5.2.1.1) Background

5.2.1.1.1) Circular Dichroism

Circular dichroism (CD) describes the difference in absorption of left- and right- 

handed circularly polarised light by chiral molecules (Nakanishi et al., 1991; 

Woody, 1995). CD can be quantified as the difference As of the molar extinction 

coefficients for left- and right-handed circularly polarized light El and Er.

A e  =  El-E r

It is quantified as the molar ellipticity G with units of degrees*cm^*dmor\

Via the geometrical relation

ta n 0 = (E L -E R )/(E L + E R )

and the Beer-Lambert law

E = A/(l*c)

where A is the absorbance, I is the length of the cuvette (1 cm), and c is the 

concentration (mol/L), the molar ellipticity stands in relation to Ae as

[0] = 3289.2 . Ae.

5.2.1.1.2) CD spectrometric conformational analysis of DNA

Bases of the DNA absorb light in the ultraviolet range between 180-300 nm 

(Johnson, 1996). Individual DNA conformations give characteristic CD spectra, 

which can be used empirically for the conformational analysis of DNA 

sequences of interest (Kypr et al., 2009).

CD spectroscopy has the following advantages for conformational analysis:

• It is very sensitive, and DNA samples can be measured at low 

concentrations. Molecular crowding can lead to changes in DNA 

conformation (Xue et al., 2007).

• There is no limitation to molecule size.

• Samples can be titrated with agents that cause conformational 

changes during the measurements.
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• It is possible to monitor changes between two conformers and 

distinguish them from gradual changes within a single conformation 

(Kypr et al., 1986).

• Solid film CD spectroscopy allows comparison with X-ray crystal 

structures.

• It is quick and relatively inexpensive which encourages the comparison 

of different oligonucleotides under various conditions.

X-ray crystallography and NMR spectroscopy are able to give more detailed 

structural information, but are more complicated to perform, and are focused on 

one single conformation. It is often difficult to obtain crystals for x-ray diffraction, 

and NMR techniques are limited to relatively short molecules.

5.2.1.1.3) CD spectrometry of G-quadruplex DMAs and their drug 

complexes

Telomeric G-quadruplex DNA sequences ( T T A G G G ) n  have been reported to 

have various topologies depending on factors such as the coordinating ion 

(Balagurumoorthy et al., 1992; Dapic et al., 2003) the number of telomeric 

repeats n (Vorlickova et al., 2005), molecular crowding (Xue et al., 2007), and 

the presence of G-quadruplex stabilising ligands (Paramasivan et al., 2007).

Telomeric DNA with Na"̂  as the coordinating ion forms a G-quadruplex with an 

anti-parallel topology in solution (e. g. at 3.5 mM concentration), resulting in a 

typical CD spectrum with a positive peak at 245 nm, a negative peak at 265 nm, 

and a positive peak at 290 nm. Upon addition of potassium ions, a more stable 

G-quadruplex with a mixed/hybrid type topology, which is typically indicated by 

a negative peak at 235 nm, a shoulder peak at 270 nm, and a positive peak at 

290 nm (Ambrus et al., 2006). In the crystal state, telomeric DNA was observed 

to have a parallel topology (Parkinson et al., 2002). Qualitative analysis of the 

spectra is most common, but the first derivative of the CD spectra of G- 

quadruplexes has been shown to be a useful tool for evaluation (Viglasky et al., 

2011).

A number of G-quadruplex ligands have been reported, which stabilise either 

the parallel or the anti-parallel form of G-quadruplex DNA. The ligands 

telomestatin, RHPS4, a porphyrazine compound and quindoline derivatives for
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instance induce the anti-parallel form, whereas the diselenosapphyrin Se2Sap, 

an extended heteroaromatic 1,4-triazole, amido phthalocyanines and an 

anthracene with a polyamine side chain induce a parallel type G-quadruplex 

topology (Rezler et al., 2005; Garner et al., 2009; Rodriguez et al., 2007; Zhou 

et al., 2005; AIzeer & Luedtke, 2010). This opens up the possibility of ligand- 

driven conformational switching of G-quadruplex DNA. The anti-parallel 

topology inducing ligands do not bear any side chains, whereas most of the 

parallel-type topology inducing ligands do. It has been hypothesised that the 

polyamine side chain of the above mentioned anthracene may be involved in 

the coordination of the G-tetrads in a threading mode. The anthracene is able to 

induce the formation of G-quadruplex DNA in the absence of other ions, and its 

side chain acts as a molecular anchor due to its analogy with G-quadruplex 

stabilising ammonium ions (Rodriguez et al., 2007).

5.2.1.2) Methods

UV and CD spectra of 23mer DNA TAGGG(TTAGGG)3  (OD = 1, c = 4.22 pM) 

with 1, 2 and 3 were recorded in sodium and potassium phosphate buffers 

(100 mM, pH 7.4), on a Chirascan Plus spectrometer (Applied Photophysics 

Ltd, Leatherhead, UK) at King’s College, London. Before the experiment the 

DNA was annealed in the respective buffer, and in some cases together with 

the ligands, by heating the solution to 85 °C for 10 min and letting it cool down 

to RT gradually over night. The UV absorbance and CD spectra were measured 

between 450 and 200 nm in a stain free rectangular 10 mm cell. The instrument 

was flushed continuously with pure evaporated nitrogen throughout the 

measurements. Spectra were recorded with a 1.0 nm step size, a 1.0 s 

measurement time-per-point, and a spectral bandwidth of 1.0 nm. All spectra 

were buffer baseline corrected and measured at 20 °C. All CD spectra were 

smoothed using the Savitzky-Golay method with a window factor of 4-8.

5.2.1.3) CD spectrometric analysis of ND-G-quadruplex DNA complexes

The effect of ligands 1.1-1.3 on the topology of a telomeric G-quadruplex 23- 

mer DNA was investigated by circular dichroism (CD)(Hampel et al., 2010). As 

expected, the nucleotide had a mixed/hybrid type topology in the absence of the 

ligand, with a negative peak at 235 nm, a shoulder peak at 270 nm and a 

positive peak at 290 nm (figure 5.7, B, black graph). Addition of 1-3 eq. of
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compound 1.1 did not lead to immediate changes in the spectrum, but after 6 h 
of incubation, the equilibrium shifted in the direction of a parallel-type topology, 

which was also found in DNA annealed in the presence of 1.1, indicated by a 

negative peak at 240 nm and a positive peak at 260 nm (figure 5.7, B, red 

graph).
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Figure 5.7; UV-absorbance and circular dichroism (CD) spectra of a human telomeric 23-m er 
DNA with various ratios of compounds 1.1-1.3 at pH 7.4 with 100 mM K"’. A: UV spectrum, 
compound 1.1 B CD  spectrum, compound 1.1 C: UV spectrum, compound 1.2 D: CD  
spectrum, compound 1.2 E: UV spectrum, compound 1.3 F: CD spectrum, compound 1.3
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Figure 5.8: UV-absorbance and circular dichroism (CD) spectra of a human telomeric 23-mer 
DNA with various ratios of compounds 1.1-1.3 at pH 7.4 with 100 mM Na'̂ . A: UV spectrum, 
compound 1.1 B CD spectrum, compound 1.1 C UV spectrum, compound 1.2 D: CD 
spectrum, compound 1.2 E: UV spectrum, compound 1.3 F CD spectrum, compound 1.3

The Na  ̂ coordinated 23-mer DNA formed a G-quadruplex with an anti-parallel

topology, with a positive peak at 245 nm, a negative peak at 265 nm, and a

positive peak at 290 nm (figure 5.8, B, black graph). Upon addition of compound

1.1, the ratio of the parallel arrangement increased instantly (figure 5.8, B, red

graph). The equilibration towards the parallel topology was more rapid than for
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the more stable complex. Compounds 1.2 and 1.3 gave very similar results, 

but with the absence of the shoulder at 290 nm in the CD spectrum of 1.1 in the 

presence of sodium, suggesting a more complete shift of the equilibrium 

towards the parallel structure.

The crystal structure of a complex of a telomeric G-quadruplex 23-mer DNA and 

an ND has a parallel topology, which is in agreement with the results of the CD 

study (Parkinson et al., 2008). In the FRET experiment, compounds 1.1-1.3 

stabilise a G-quadruplex in the c-kit2 sequence, which has a parallel type 

topology in solution, to a lesser extent than a telomeric G-quadruplex, which 

initially has a mixed/hybrid type topology. Loop or groove interactions may thus 

play an important role in G-quadruplex stabilisation by 1.1-1.3, which are 

different for the telomeric G-quadruplex and the c-kit2 sequence. Other classes 

of G-quadruplex ligands, bis-indole carboxamides and diarylethynyl amides, 

produce high stabilisation of a parallel c-kit2 sequence, which is likely to be due 

to groove interactions (Dash et al., 2008a,b).

5.2.2) X-ray crystallography

5.2.2.1) Background

Crystal structures and NMR structures have previously given information on the 

mode of binding of ligands to G-quadruplexes (see introduction, chapter 1.7.2). 

In order to investigate the interaction of the synthesised NDs to an 

intermolecular and an intramolecular telomeric G-quadruplex, as well as a G- 

quadruplex found in the c-kit promoter, co-crystals of the nucleotide-ligand 

complexes were attempted to be generated for x-ray analysis.

5 2.2.2) Methods

The crystallisations were set up with the help of MPharm student Syed Amir.

Crystallisations were carried out in SuperClear pre-greased 24 well plates 

(CPL-132, Crystalgen, Bioquote, UK) on silicone coated cover slips using the 

hanging drop/vapour diffusion method. All salt solutions were prepared in 

distilled water with salts purchased from Sigma-Aldrich UK and Merck 

(Germany) and filtered (Fast PES filter unit 280 mL, 568-0020, VWR 

International). The 23mer human telomeric DNA sequence TAGGG(TTAGGG)3  

(Eurogentec, UK) was used for crystallisation experiments with ligands 1.1-1.3,
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1.7, and 1.9-1.12. A 12mer human telomeric DNA with the sequence 

TAGGGTTAGGGT was used for crystallisations with 1.1-1.3, 1.7, 1.9, and 

1.10 A c-kit 11mer with the sequence AGGGAGGAGGG, and a c-kit1 23mer 

AGGGAGGGCGCTGGGAGGAGGGG, were used for crystallisations with 1.9 

and 1.12 All nucleotides were purchased from Eurogentec, UK. They were 

annealed as a 3 mM solution in 5 mM KCI and 20 mM KCaco pH 6.5 (1x buffer) 

by heating to 90 °C for 10 min and cooling down to RT slowly. Drop solutions 

were prepared in 1x buffer with 1, 1.5 or 2 mM DNA and 1, 2 or 2.5 eq. of 

ligand. For crystallisations with the 23mer human telomeric DNA, well solutions 

with 50 mM MgCb, 100 mM NaCI, 50 mM NaCaco (pH 6.5) and 0.6, 0.7 and 

0.9 mM (NH4)2S0 4  were used. Drop solution and well solution were added 

together as 1:1, 1:1.5 and 1:2 pL and equilibrated at 12 °C. For crystallisation 

experiments with the 12mer human telomeric DNA, 1 mM DNA and 1 mM 

ligand in 1x buffer was used as a drop solution. Well solutions contained 

300 mM NaCI, 50 mM NaCaco or KCaco pH 6.5, respectively, and the MPD 

concentration was varied from 25 % to 50 % in 5 % steps. 1 pL of drop solution 

and pL of well solution were added together and equilibrated at 12 °C. The c-kit 

nucleotides were crystallised using 24 standard screening conditions. 1 pL of 

well solution and 1 pL of drop solution containing 1 mM DNA and 1 mM ligand 

in 1x buffer were mixed and equilibrated at 12 °C.

To avoid redissolving of the crystals, the trays were not left at RT or under the 

microscope for longer than 10 min during observation.

5.2.2 3) Crystal observations

After incubation for 2 months, small crystals had formed in some trays, which 

did not diffract, and redissolved again. After two years of incubation at 12 °C 

and two months at 4 °C, biréfringent crystals were observed for compound 1.1 

with the 12mer and 23mer DNA, as well as for compound 1.7 with the 12mer 

and the 23mer DNA.

Conditions leading to well-shaped, biréfringent crystals were:

• Drop solution: ImM 12mer DNA, 1 mM 1.1 Well solution: 50 % MPD, 

56 mM KCaco, 300 mM NaCI.

• Drop solution: ImM 12mer DNA, 1 mM 1.7 Well solution: 50 % MPD, 

50 mM NaCaco, 300 mM NaCI.
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• Drop solution: 1 mM 23mer DNA, 2.5 mM 1.1 Well solution: 0.7 M

(NH4)2S0 4 . 50 mM NaCaco, 50 mM MgClz, 100 mM NaCI.

• Drop solution: 1 mM 23mer DNA, 2.5 mM 1.7 Well solution: 0.9 M

(NH4)2S0 4 , 50 mM NaCaco, 50 mM MgCl2 , 100 mM NaCI.

5.22.4) Evaluation of ND-G-quadruplex interaction by X-ray 

crystallography

Even though crystals of G-quadruplex DNA with compound 1.1 were 

biréfringent, and good x-ray diffraction patterns were obtained from various 

crystals, structures could not be solved. Crystals were possibly composed of 

two differently orientated sub-crystals, which is known as twinning. This resulted 

in a high r-factor, and the elementary cell could not be determined (Dr. Gary 

Parkinson, personal communication).

Figure 5.9: Co-crystal structure of a human telomeric G-quadruplex 23mer DNA (yellow) and 
NO compound 1.7 (coloured by atom type), side view. Two ND molecules coordinate terminal 
G-tetrads, whereas one ND molecule coordinates an adenine situated in a loop (top right).

However, an x-ray structure was obtained from a co-crystal of a 23mer

telomeric G-quadruplex DNA and compound 1.7, which was grown, diffracted,

and analysed by Dr. Gary Parkinson. The crystal was grown from a drop

solution containing 1.5 mM 1.7, 1.5 mM 23mer DNA, 0.9 M ammonium sulfate.
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10 mM magnesium chloride, 50 mM sodium chloride, 50 mM potassium 

chloride, and 35 mM potassium cacodylate, pH 6.5, which was equilibrated 

against 1 M ammonium chloride at 10 °C. The structure was solved in an 

analogous way to the previously reported ND-co-crystal (Parkinson et al., 

2008).

# #
fA

Figure 5.10; Co-crystal structure of a human telomeric G-quadruplex 23mer DNA (cartoon style, 
bases displayed as sticks) and ND compound 1.7, top view. The ND compounds coordinating 
the terminal G-tetrads display a mirrored relative orientation and their cores occupy the same 
positions on the G-tetrads. Side chains are situated above the grooves.

The co-crystal structure of 1.7 with a 23mer telomeric G-quadruplex DNA

displays structural similarities with the previously reported co-crystal structure

with an ND compound, however, it crystallised in a different space group

(discussed in chapter 3.1.3; Parkinson et al., 2008). The G-quadruplex has a

parallel type topology, terminal G-tetrads are coordinated by one ND molecule

each, and an additional ND molecule coordinates an adenine situated in a loop

(figure 5.9). The ND cores have a stacked, mirrored relative conformation

(figure 5.10), which gives a basis for stacking of coordinated G-quadruplexes

via ND interaction, with two ND molecules in between two G-quadruplexes, as
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observed previously (Parkinson et al., 2008). The side chains are mainly 

situated over the G-quadruplex grooves, however, no groove interactions are 

observed.

5.2.3) Conclusions

Compounds 1.1-1.3 induce a parallel type topology in human telomeric DNA in 

the presence of Na^ subsequently and in the presence of after several hours 

of incubation or after annealing together with the nucleotide. The lower 

stabilisation of the initially parallel c-kit2 structure shown in FRET experiments 

indicates that groove interactions may be involved in the stabilisation and 

induction of a parallel topology of the telomeric G-quadruplex, which initially has 

mixed/hybrid type topology in the presence of K ,̂ by compounds 1.1-1.3

Biréfringent co-crystals of compound 1.1 and telomeric G-quadruplex DNA were 

grown successfully, however, no x-ray structures could be obtained, possibly 

due to crystal twinning. Unfortunately, interactions of A/-methylpiperazinyl side 

chains with grooves at the sides of the G-quadruplex, which were indicated by 

molecular modelling, remain unproven.

A co-crystal structure of 1.7 and a telomeric G-quadruplex DNA revealed a G- 

quadruplex with a parallel type topology with two ND molecules coordinating the 

terminal G-tetrads, and one ND molecule coordinating an adenine situated in 

the loop. G-quadruplex coordinating ND molecules have a mirrored, stacked 

relative orientation. Side chains are situated over the grooves, but no groove 

interactions were observed. The presented co-crystal structure displays similar 

features to the previously reported ND-co-crystal structure (Parkinson et al., 

2008).
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5.3) Inhibition of protein binding to telomeric DNA

5.3.1) Background

Dissociation of the telomere-protecting protein POT 1 from telomeric DNA leads 

to DNA damage response, and upon treatment with G-quadruplex ligands, 

delocalisation of P0T1 was demonstrated in cancer cells (see introduction, 

chapter 1.8.1.1.3). TOPOIIIcr is involved in the lengthening of telomeres in the 

ALT pathway (see introduction, chapters 1.5.2.2 and 1.8.1.1.2). In vitro, the 

binding inhibition of P0T1 and TOPOIIIcr to telomeric DNA by G-quadruplex 

ligands can be evaluated in electrophoretic mobility shift assays (EMSA) 

(Gomez et al., 2006a; Temime-Smaali et al., 2009).

5.3.2) Methods

The following experiment was performed by Assitan Sidibe under the 

supervision of Prof. Jean-Frangois Riou in Paris.

Topo 111er was purified according to a previously published procedure (Goulaouic 

et al., 1999). Purified recombinant hPOTI, prepared after baculovirus 

expression, was a generous gift from Dr. D. Gomez (Institut de Pharmacologie 

et de Biologie Structurale, Toulouse, France). Oligonucleotide Wt26: 5’- 

I l AGGGl lAGGGI lAGGGl lAGGGl 1-3’ was labelled at the 5' end with [y- 

^^P]-ATP using T4 Polynucleotide Kinase (New England BioLabs®). 

Electrophoretic mobility shift assays using TOPOIIIcr or hPOTI were performed 

in 10 pL of the following solution; 50 mM HEPES (pH 7.9), 100 mM NaCI, 

0.1 mM EDTA, 4 % w/v sucrose, 2 % v/v glycerol, 0.1 mg/mL BSA, 0.02% w/v 

bromophenol blue, 20 nM labelled oligonucleotide and TOPOIIIcr (75 nM) or 

hPOTI (30 nM). The indicated concentrations of compounds were added in a 

volume of 1 pL just before the addition of TOPOIIIcr or hPOTI. The reaction 

mixture was incubated at room temperature for 30 min. Each individual mixture 

was separated immediately by electrophoresis on 1 % agarose gels in 0.5 x 

Tris-Borate-EDTA buffer. The gels were run at 80 V for 45 min, dried on 

Whatman DE81 paper, and visualised by a phosporimager (Typhoon 9210, 

Amersham). Data was analysed using ImageQuant software (Amersham) and 

results were expressed as percent of the DNA bound to TOPOIIIcr or hPOTI, 

with value determined in the absence of compound defined as 100 %. Values
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correspond to the mean value of three independent experiments ± SO for 
TOPOIIIcr and a single determination for hPOT 1.

5.3.3) Assessment of protein binding inhibition to telomeric DNA by NDs

The binding inhibition of P0T1 and topoisomerase lllcr to a telomeric DNA 

sequence WT26 was examined for the ligands 1.1 and 1.3 (Hampel et al., 

2010). Both compounds are able to inhibit the binding of P0T1 and TOPOIIIcr at 

excess concentrations, probably due to the induction of a G-quadruplex in the 

presence of the ligands (figure 5.11).
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Figure 5.11; A: Inhibition of POT1 (30 nM) and TOPOIIIcr (75 nM) binding to the telomeric G- 
quadruplex DNA sequence WT26 (20 nM) by 1.1 and 1.3 in an in vitro EMSA assay. B: The 
duplex DNA binding molecule does not inhibit the binding of TOPOIIIo to WT26. C: Compounds 
1.1 and 1.3 do not inhibit the binding of TOPOIIIcr to duplex DNA. D, E: Quantification of the 
gels shown in A.

Protein binding inhibition of 40-45 % was achieved and stabilised at ligand 

concentrations which are up to two magnitudes greater than the respective 

protein and nucleotide concentration. Ligand concentrations required for G- 

quadruplex stabilisation in FRET experiments lie in the same magnitude as the 

concentration of the nucleotides; however, FRET assesses stabilisation of a 

pre-formed G-quadruplex, whereas the ligands act as chaperones for G- 
quadruplex formation in the binding inhibition experiment (de Cian et al..
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2007c). Induction of the G-quadruplex by the ligands competes with the affinity 

of the specific proteins for the telomeric single-stranded DNA.

In vivo, compounds 1.1 and 1.3 have the potential to induce end-to-end fusions 

of chromosomes and hinder the maintenance of telomeres in both telomerase 

positive and ALT cells at excess concentrations, which needs yet to be 

examined.

Compounds 1.1 and 1.3 do not inhibit the binding of TOPOIIIcr to duplex DNA 

(figure 5.11, C). The inhibition of TOPOIIIcr binding to the G-quadruplex DNA 

sequence WT26 is specific, as the duplex binding molecule ethidium bromide 

does not inhibit the binding of TOPOIIIcr to WT26 (figure 5.11, B), and 

compounds 1.1 and 1.3 do not inhibit the binding of TOPOIIIcr to duplex DNA 

(figure 5.11, 0).

5.3.4) Conclusions

Compounds 1.1 and 1.3 inhibit the binding of TOPOIIIcr and POT1 to telomeric 

DNA at excess concentration. They are likely to induce the formation of a 

telomeric G-quadruplex in competition with protein binding to the single 

stranded telomeric DNA. This may lead to telomere uncapping and initiation of a 

DNA damage response followed by senescence, or chromosomal end-to-end 

fusions, genomic instability and apoptosis at excess ligand concentration in 

vivo.
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CHAPTER 6

BIOLOGICAL EVALUATION OF NDs
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6) Biological evaluation of NDs

6.1) Background

6.1.1) Preliminary biological evaluation of anti-cancer agents

Initial validation of the mechanism of action of new compounds is typically 

performed in cell-free assays. Additionally, structural biology data can give 

valuable information on the interaction of the compound with the target. 

Structure-activity relationships can often be determined from data provided by 

cell-free assays, and lead generation/ optimisation can be performed at this 

stage and later in the evaluation cascade, when more information on 

compounds' activity, selectivity, cell uptake, toxicity, and pharmacokinetic/ 

pharmacodynamic properties is available. As a next step, target validation and 

proof of concept of the compound’s mechanism of action must be undertaken in 

tumour cells using in vitro immortalised cancer cell lines as models. The 

potency of compounds is typically evaluated in cell-based proliferation assays. 

Further cell-based assays give information on the molecular mechanism of 

action, with application of potential biomarkers (Workman & Collins, 2008; 

Kelland, 2008; Collins & Workman, 2006; Workman & Collins, 2010).

6.1.2) Pre-clinical and pharmacological studies

Initial in vitro determination of adsorption, distribution, metabolism, excretion, 

and toxicology (ADMET) allows prediction of in vivo pharmacokinetic and 

pharmacodynamic parameters, which reduces the amount of unnecessary in 

vivo studies of drugs likely to display low biodistribution, or to produce side 

effects. First in vivo studies include maximum tolerated dose (MTD) studies in 

order to assess whether the therapeutic window is wide enough for efficient 

inhibition of the target at nontoxic compound concentration. In xenograft 

experiments, tumours are grown on the flanks of immunodeficient mice, and 

tumour volume in treated animals is monitored compared to tumours in 

untreated animals, however, there are alternative methods such as the hollow- 

fibre assay (see chapter 6.2 2.2). Subsequent validation of the mechanism of 

action of the drug candidates in the tumour material with utilisation of 

biomarkers is essential. Tumour imaging is used increasingly for studying 

clinical efficacy. Compounds with high clinical efficacy can then proceed to 

clinical trials (Workman & Collins, 2008; Kelland, 2008).
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6.1.3) Cell lines

Preliminary biological and pre-clinical evaluation of new anti-cancer agents can 

in part be performed in vitro on immortalised cancer cell lines. They were 

derived from tumour tissue donated by cancer patients, and modified in several 

steps such as insertion of genes. Immortalisation can be achieved through 

insertion of genes leading to telomerase expression, or activation of the ALT 

pathway (Reddel, 1995). Through their modifications, immortalised cancer cells 

have altered characteristics compared to the original tumour cells, but they 

serve as models on which compounds can be evaluated. Many cell lines were 

established by the National Cancer Institute (NCI) and used for in vitro 

screening of large quantities of compounds against a panel of cell lines 

representing common cancer types (see chapter 6.2.2).

Cancer cell lines used in this project are MCF7 (breast cancer), A549 (lung 

cancer), the pancreatic ductual carcinoma cell lines MIA-Pa-Ca-2, HPAC, 

PANC-1, and Bx-Pc-3, the renal cancer cell lines RCC4 and RCC4-VHL, and 

the patient-derived gastrointestinal stromal tumour cell line GIST882. The 

normal foetal lung fibroblast cell line WI38 was used in order to compare the 

compounds' activity in cancer with normal cells.

Cell lines are used for assessment of toxicity of new compounds, but their 

response to treatment with the compounds can also give information on or 

validate their mechanism of action. In order to understand the effect of G- 

quadruplex ligands on different cell lines, it is useful to know their genotypical 

features, e. g. expression and mutation of tumour-suppressor genes, 

telomerase activity, and levels of oncogene expression. For this reason, a 

literature search on several relevant genotypical features of the cell lines used 

in this project was performed (table 6.1).

Apart from the genotypical features listed in table 6.1, the breast cancer cell line 

MCF7 and the lung cancer cell A549 overexpress c-myc, which regulates the 

expression of hTERT, the catalytic subunit of telomerase (Tian et al., 2005).

The renal cancer cell lines RCC4 and RCC4-VHL are not fully characterised, 

however, they express p53'^ (Stickle et al., 2005). The hypoxia-inducing factor 

hif-1a is expressed by most human cell lines under oxygen deprivation, and 

initiates a diversity of metabolic changes, e. g. VEGF expression leading to
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angiogenic supply. Overexpression of hif-1a is involved in the initiation and 

promotion of renal cancers. RCC4 expresses the hypoxia-inducing factor hif-1a 

constantly, whereas RCC4-VHL only overexpresses hif-1a in hypoxia 

(Yamakawa et al., 2004).

cell line p53 pis p21 pRb telo-
mer3se c-kit bcl-2 k-ras references

MCF7 WT -/- + WT + + + WT a)

A549 WT -/- + WT + + + Ma b)

MIA-P3-C3-2 Md -/- + WT + - + Ma c)

HPAC WT n.d. + WT + n.d. +(low) Ma d)

PANC-1 Md -/- + WT + - - Ma e)

Bx-Pc-3 Md -/- + WT + - + WT f)

WI38 WT WT + WT - - - WT g)

Table 6.1: Expression of tumour-suppressor genes, oncogenes, and telomerase in cell lines 
used in this project. Key: WT -  wild type. Md -  deactivating mutation. Ma -  activating mutation. 
(+) -  expressed or over-expressed. (-) -  not (over)expressed. (-/-) -  deleted, n.d. -  not 
determined, indicated by no results in literature search (sci finder). References: a) Blagosklonni 
et al., 1996; Hara et al., 1996; Amellem et al., 1997; CLONTECHniques, 2000; Kim et al., 2001; 
Mines et al., 1999; Poliseno et al., 2002; Tian et al., 2005. b) Edelman et al., 2001; Katakura et 
al., 1999; McGrath-Morrow & Stahl, 2001; Jiang et al., 2010; Fukazawa et al., 2010. c) Ruggeri 
et al., 1992; Jâger et al., 2004; Chen et al., 2005; Kaino, 1997; Li et al., 2010; Humbert et al., 
2010; Chapter 6.5.3. d) Li et al., 1999; Radulovich, 2010; Ramakrishnan et al. 1998; Teng & 
Fahey, 2002; Chapter 6.5.3; Furugaki et al., 2010. e) Jâger et al., 2004; Chen et al., 2005; 
Kaino 1997; Wen et al., 2000; Li et al., 1999; Humbert et al., 2010; Joseph et al., 2010; Chapter 
6.5.3. f) Rajesh et al., 1999; Jâger et al., 2004; Du et al., 2008; Yasutome et al., 2005; Wang et 
al., 2006; Chapter 6.5.3. g) Hwang et al., 1999; Oh et al., 1999; Kawada et al., 2002; Gump et 
al., 2003; Kotake et al., 2007.

The patient-derived gastrointestinal stromal tumour cell line GIST882 has not 

been fully characterised, however, it overexpresses c-kit and c-myc, and is 

telomerase positive (Gunaratnam et al., 2009).

Several genotypic characteristics are common among pancreatic cancers:

• Expression of epidermial growth factor receptor (EGFR) plays a major 

role in the development of pancreatic cancers. They tend to have high 

EGFR levels, leading to promotion and development of stroma, which is 

involved in the maintenance of pancreatic cancers and increases their 

drug resistance (Mendes et al., 2007; Miyamoto et al., 2004).

• Elevated levels of k-ras are typical, which is activated through mutation in 

80 % of pancreatic cancers (Moore et al., 2001; Tian et al., 2005; 

Rozenblum et al., 1997).
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• Cyclin D1 and cyclin D3 are frequently over-expressed in pancreatic 

cancers, promoting enhanced cell growth and deregulation of the cell- 

cycle (Radulovich, 2010). However, mutations of cyclin D1 were found to 

be uncommon in pancreatic cancers (Huang et al., 1996).

• The transforming growth factor-^ receptor (TGF-/3) is involved in many 

cellular processes, such as proliferation, induction of senescence, and 

inactivation of telomerase. Its deactivation plays a multifunctional role in 

carcinogenesis. The MIA-Pa-Ca-2 cell line has a transforming growth 

factor-j8 receptor (TGF-j8) type II defect, which deregulates the cell cycle 

and enables cells to evade senescence (Jâger et al., 2004; Katakura et 

al., 1999). SMAD4, a mediator of TGF-j8, is deleted in the Bx-Pc-3 cell 

line, and in 50 % of pancreatic cancers (Moore et al., 2001).

• Abrogation of the Rb/p16 pathway is highly common, as p i6 is deleted in 

over 90 % of pancreatic cancers (Plath et al., 2002). Lack of p i6, which 

silences Rb, leads to high Rb levels and thus circumvention of apoptosis.

• The anti-apoptotic p53 is mutated in ~ 60 % of pancreatic cancers 

(Moore et al., 2001).

• Drug resistance of pancreatic cancers is associated with up-regulation of 

the anti-apoptotic oncogene bcl-2 (Shi et al., 2002).

Levels of bcl-2 protein in various pancreatic cancer cell lines were analysed

by Dr. Mekala Gunaratnam, and are displayed in chapter 6.5.3.

6.1.4) Biological evaluation of G-quadruplex ligands

Stabilisation of G-quadruplex structures by ND compounds has been 

demonstrated in cell free assays in vitro in experiments such as FRET melting 

temperature assays. Crystal structures displayed interactions of NDs with 

human telomeric G-quadruplex sequences, and CD studies demonstrated 

stabilisation of G-quadruplexes with parallel type topology. Telomere-uncapping 

was shown in vitro by hPOT and TOPOIIIcr displacement caused by NDs.

G-quadruplex stabilisation by small molecule ligands has been demonstrated in 

cells (Granotier et al., 2005; Müller et al., 2010), however, indirect methods for 

target validation are the assessment and confirmation of expected biological 

effects of G-quadruplex stabilisation, which provide proof of principle of the
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mechanism of action. Expected cellular responses to G-quadruplex ligands, 

which have been reported in the literature, are telomere uncapping through 

delocalisation of proteins bound to the G-quadruplex, such as hP0T1 and 

TRF2, and inhibition of telomerase. This is followed by a DNA damage 

response displayed in form of y-H2AX foci. Activation of cell cycle check points 

in response to DNA damage can lead to cell cycle arrest and senescence. 

Furthermore, uncapped chromosomes are able to undergo end-to-end fusions, 

which can initiate breakage-fusion-bridge cycles, resulting in genomic instability 

and mitotic catastrophe, and apoptosis is activated (discussed in chapter

1.8.1.1.3).

As discussed previously, down-regulation of oncogene expression is a further 

biological effect caused by G-quadruplex ligands (chapter 1.8.1.2).
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6.2) Short term toxicity of NDs

6.2.1) Suiforhodamine B assay (SRB)

6.2.1.1) Background

Screening compounds for acute cytotoxicity in vitro is one of the first steps of 

preliminary biological evaluation. For this, a fixed number of cells is incubated at 

different compound concentrations for a certain period of time, and the resulting 

number of cells determined with a dye. The IC50 value is the compound 

concentration leading to 50 % cell survival, and may be the outcome of both 

cytostatic and cytotoxic effects of the compound (figure 6.2).

The MTT assay was the first experiment developed of this kind. The number or 

remaining viable cells is determined via their metabolic reduction of the 

tétrazolium compound MTT in the mitochondria, resulting in a blue formazan 

compound which is detected colorimetrically (figure 6.1; Mosmann, 1983; 

Houghton et al., 2007). However, there are complications as the formazan 

metabolite does not completely dissolve in the media. In the MTT assay, the 

amount of viable cells whose mitochondria are unaffected by the drug is 

determined.

metabolic reduction HNI
N

X / /

MTT MTT-formazan

N©

suiforhodamine B (SRB)

Figure 6.1: Structures of MTT, its blue formazan metabolite, and the protein dye SRB.

In the SRB assay, the basic residues of the cells’ protein content are stained at 

acidic pH by suiforhodamine B (SRB, figure 6.1), which is subsequently 

extracted at basic pH and quantified colorimetrically at 540 nm absorbance. The
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amount of cellular protein is proportional to the number of cells, which is 

independent from mitochondrial function (Skehan et al., 1990). The SRB assay 

features high selectivity, reproducibility, and linearity. It was developed at the 

NCI and is now used by them for their 60 human tumour cell line screen 

(Houghton et al., 2007; Boyd & Pauli, 1995). A modified version of this protocol 

was used in this work (Papazisis et al., 1997).

100 -

drug concentration [uM]

Figure 6.2: Determination of the IC50 value from SRB assays, for the example of compound 1.1 
on HPAC cells.

6.2.1.2) Methods 

6.2.1.2.1) Cell culture

The cell lines MCF7, A549, MIA-Pa-Ca-2, PANC-1, Bx-Pc-3 (European 

Collection of Cell Cultures), WI38, HPAC (American Type Culture Collection), 

GIST882 (derived from a patient, received from Prof. Jonathan Fletcher, 

Maryland, USA), RCC4, and RCC4-VHL (HPA Culture Collection, UK) were 

maintained in monolayer culture in 75 cm  ̂ flasks (TPP, Switzerland) under a 

humidified 5 % CO2 atmosphere at 37 °C. Incubations were also carried out 

under these conditions, unless specified otherwise. For the cell lines MCF7 and 

A549, the medium Dulbecco’s MEM (GIBCO 21969, Invitrogen, UK) 

supplemented with L-glutamine (2 mM, GIBCO 25030, Invitrogen, UK), 

essential amino acids (1 %, GIBCO 11140, Invitrogen, UK), foetal calf serum 

(10 %, S I810, Biosera, UK) and hydrocortisone (0.5 pg/mL, Acres Organics, 

UK) was used. For MIA-Pa-Ca-2, PANC-1, RCC4, and RCC4-VHL, Dulbecco’s
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MEM, supplemented with L-glutamine (2 mM) and foetal calf serum (10 %) was 

used. The medium MEM (M2279, Sigma, UK) with added L-glutamine (2 mM), 

essential amino acids (1 %) and foetal calf serum (10 %) was used for the cell 

line WI38. For HPAC, D-MEM/F12 (1:1)(21331, Invitrogen, UK) supplemented 

with L-glutamine (2 mM), insulin (0.002 mg/ml, GIBCO 12585-014, Invitrogen, 

UK), transferrin (0.005 mg/ml, 11108-016, Invitrogen, UK), hydrocortisone 

(40 ng/ml), epidermal growth factor (10 ng/ml, 53003-018, Invitrogen, UK) and 

foetal calf serum (10 %) was used. The medium RPMI 1640 (GIBCO 31870, 

Invitrogen, UK) with L-glutamine (2 mM) and 15 % foetal calf serum was used 

for the cell line GIST882. RPMI 1640 (GIBCO 31870, Invitrogen, UK), 

supplemented with L-glutamine (2 mM), foetal calf serum (10 %) and sodium 

pyruvate (1 mM, 11360-039, Invitrogen, UK) was used for the cell line Bx-Pc-3. 

To passage the cells, they were washed with PBS (GIBCO 14040, Invitrogen, 

UK), treated with trypsine (GIBCO 25300, Invitrogen, UK), and re-seeded into 

fresh medium, resulting in an initial cell density of approximately 1x10^ cel Is/m L 

medium. Cells were counted using a Neubauer haemocytometer (Assistant, 

Germany) by microscopy or a MacsQuant flow cytometer (Miltenyi Biotech, 

Germany) on a suspension of cells obtained by washing with PBS, 

trypsinisation, centrifugation at 8 °C at 8000 rpm for 3 minutes, and re

suspension in fresh medium.

6.2.1.2.2) SRB assay

The cells were counted and diluted to the required concentration in 20 mL 

medium. For the cell lines MCF7, A549, MIA-Pa-Ca-2, PANC-1, Bx-Pc-3 and 

HPAC, 1000 cells with 160 pL media were seeded into each well of a 96 well 

plate (Nunc, Denmark). For WI38, 4000 cells per well and for GIST882, 24000 

cells per well were used due to their higher doubling time. After incubation for 

24 hours, the compounds to be tested, dissolved in 40 pL of medium, were 

added at different concentrations, and the cells incubated for 96 hours. The 

medium was then removed and the cells fixed by incubation with TCA (10 %, 

Sigma-Aldrich, UK) in water for 30 min. After removal of the TCA, the cells were 

washed with deionised water 5 times and dried at 60 °C for 1 h. Cells were then 

incubated with SRB (80 pL, 0.4 % in 1 % acetic acid, Acros Organics, UK) for 

15 min at RT. The SRB was removed, the wells washed with 1 % acetic acid 

(200 pL), and dried at 60 °C for 1 h. Tris-base (100 pL, 10 mM, Acros Organics,
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UK) solution was added to each well, and the plates were gently shaken for 

5 min. The absorbance at 540 nm was measured with a plate reader 

(Spectrostar Omega, BMG Labtech, Germany). The data were normalised to 

the value of 1 0 0  for the control experiment (untreated cells), and the IC50 values 

were obtained by interpolation from a plot done with Origin (Version 7.0, 

OriginLab Corp.), as the concentration leading to an absorbance intensity of 

50 %.

6.2.1.3) Assessment of short term cell growth arrest of NDs in SRB assays

The cytotoxicity of the synthesised NDs 1.1-1.3 (Hampel et al., 2010) and 1.7- 
1 . 1 2  was evaluated on a range of cancer cell lines and the normal fibroblast cell 

line WI38. Compounds 1.4-1.6 were excluded, as they showed poor or no 

affinity for G-quadruplex sequences in the FRET experiment, and were not 

soluble in the media. In general, high toxicity to cancer cell lines and 

significantly lower toxicity to the normal fibroblast cell line WI38 is desired for 

the prospective anti-cancer agents.

All tested compounds show toxicity to the cancer cell lines A549, MCF7, MIA- 

Pa-Ca-2, and HPAC in the nanomolar range. Compounds 1.7-1.12 generally 

have 5-10 fold selectivity for these cell lines over the normal fibroblast cell line 

WI38, whereas the A/-methylpiperazinyl NDs 1.1-1.3 display 50-100 fold 

selectivity. Compounds 1.1-1.3 are equally active against the pancreatic 

PANC-1 cell line. The increased selectivity of compounds 1.1-1.3 for cancer 

cells over the normal fibroblast cell line may correlate with their higher 

selectivity for G-quadruplex DNA over duplex DNA, as assessed by competition 

FRET experiments (chapter 5.1.4). In most of the tested cell lines, compound

1.2 displays higher toxicity than compounds 1.1 and 1.3, which corresponds 

with their activity in FRET experiments.

The toxicity of 1.1-1.3 to Bx-Pc-3 is 10 fold higher than to the other pancreatic 

cancer cell lines. Bx-Pc-3 expresses lower levels of hTERT than HPAC and 

PANC-1, which may be a reason for the lower sensitivity (Ramakrishnan et al., 

1998). Bx-Pc-3 cells display higher sensitivity to gemcitabine than MIA-Pa-Ca-2 

and PANC-1 (IC50S of 18, 36—40, and 50 nM, respectively, after 72 h; Hagmann 

et al., 2 0 1 0 ), but development of resistance is observed.

141



cpd/ SRB 
IC50 (pM) 1.1 1.2 1.3 1.7 1.8 1.9 1.10 1.11 1.12

WI38

A549

MCF7

MIA“P3-Ca-2

HPAC

PANC-1

Bx-Pc-3

GIST882

RCC4®

RCC4-VHL'

9.0 ±3.2

0.11 ± 0.02

14±4

9.0 ±0.5

11 ± 1

5.5 ±1.2 8.4 ±2.9 0.14 ±0.02

0.069 ± 
0.028

2.6 ± 0.8

1 0 ± 1

11 ± 1

0.26 ± 0.042

0.17 ± 0.03 0.10 ±0.02 0.20 ±0.01

0.11 ±0.02 0.073 ±0.01 0.12 ±0.02

0.19 ± 0.02 0.12 ±0.03 0.21 ±0.03

0.15 ±0.05 0.11 ± 0.03 0.19 ±0.05

1.5 ±0.1 1.0 ±0.1 0.76 ±0.1

>10

>10

0.017 ± 
0.002

0.034 ± 
0.005

0.043 ± 
0.005

0.056 ± 
0.002

n. a.

n. a.

36 ± 6  0.70 ±0.19

0.087 ± 
0.005

0.0051 ± 
0.0005

0.021 ± 
0.002

0.010 ± 
0.002

0.023 ± 
0.002

n. a.

n. a.

n. a.

0.079 ± 
0.008

0.021 ± 
0.004

0.040 ± 
0.006

0.012 ± 
0.004

0.040 ± 
0.004

n. a.

n. a.

0.16 ±0.03 2.3 ±0.9 0.59 ±0.05

0.032 ± 
0.004

0.036 ± 
0.005

0.10 ± 0.01

n. a.

n. a.

4.0 ±1.3 1.6 ±1.1 5.2 ±0.4 5.0 ±1.1

5.0 ±0.4 7.5 ±0.4 7.5 ±1.1 6.3 ±0.4

0.22 ± 0.03

0.38 ± 0.02

0.065 ± 
0.006

n. a.

n. a.

0.69 ±0.13 0.69 ±0.18 9.7 ±1.2

>10

>10

0.084 ± 
0.001

0.094 ± 
0.001

0.10 ± 0.01

n. a.

n. a.
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4.5 ± 0.4
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Table 6.2 (previous page): SRB IC50 values of ND compounds on a normal fibroblast cell line 
(WI38) and a panel of cancer cell lines after 96 h of incubation. Values are obtained from one 
experiment, with SD intervals calculated from differences between at least 8  wells per 
concentration. Compounds 1.1-1.3 display significantly higher toxicity to several cancer cell 
lines than to the normal fibroblast cell line VVI38. ÎCso values on RCC4 and RCC4-VHL cell lines 
were produced by Dr. Sarah Welsh.

Resistance of Bx-Pc-3 cells may be based on multi drug resistance genes 

(MDR), which belong to the ATP binding cassette transporter family (ABC) 

(Huang, 2007; Sui et al., 2009), and over-expression of bcl-2 (Shi et al., 2002). 

Resistance mechanisms are complex, and multiple pathways may be present 

(Zalatnai et al., 2007).

The toxicity of all compounds except 1.2 to the gastrointestinal cancer cell line 

GIST882 is lower than to the healthy fibroblast cell line WI38. Compound 1.2 

has affinity for G-quadruplex sequences in the c-kit promoter and bcl-2 mRNA 

as shown in FRET experiments, so that its activity can be correlated to its 

interference with the synthesis of these proteins. Compounds 1.7, 1.9 and 1.10 

show equal or higher affinity for these G-quadruplexes and display higher 

toxicity to GIST882 than 1.2, however, their toxicity to WI38 is higher than that.

The toxicity of the tested compounds to the renal cancer cell lines RCC4 and 

RCC4-VHL is generally low. All compounds except 1.8 showed no differences 

in toxicity to RCC4, which normally expresses hif-1a, and RCC4-VHL, which 

overexpresses hif-1a only in hypoxia. Compound 1.8 may thus stabilise the G- 

quadruplex in the promoter region of hif-1a in renal cancer cells, for which it 

showed moderate affinity in the FRET experiment.
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6.2.2) NCI 60 human tumour cell line anti-cancer drug screen

6.2.2.1) Background

The 60 human tumour cell line anti-cancer drug screen of the US National 

Cancer Institute (NCI) evaluates the activity of synthetic compounds and natural 

products from academia and industry. Between its establishment in 1989 and 

2007, 400,000 compounds have been screened against 60 selected cell lines 

representative of leukaemia and tumours of colon, lung, CNS, kidney, ovary, 

breast, and prostate (Shoemaker, 2006).

The study was initially developed for the assessment of compounds’ toxicity to 

particular tumour types (disease-orientated concept), but soon it was 

discovered that compounds with distinctive mechanisms of action displayed 

characteristic patterns in their activity profile. This led to the development of the 

bioinformatic COMPARE algorithm, which assigns different compounds that 

have similar activity profiles to the same mechanism of action. Bioinformatics 

have been taken further, linking characteristics such as gene expression to the 

in vitro screening data (Weinstein et al., 1992; Weinstein et al., 1997).

The componds’ potency is initially tested against the 60 cell lines at a fixed 

concentration via the therefore developed SRB assay (Houghton et al., 2007), 

and compared to the average potency of previously screened compounds. If the 

potency is sufficient, the compounds proceed to the next step of cytotoxicity 

assessment at five different concentrations. From this experiment, the GUo 

(concentration leading to 50 % growth inhibition), the TGI (concentration 

required for total growth inhibition) and LC50 (concentration leading to 50 % cell 

lethality) values can be obtained via the following equations:

G I50: 100x(T-T 0) /(C-T 0) — 50

T G I :  1 0 0 x ( T - T o ) / ( C - T o )  =  0

LC50: 100x(T-T o)/T 0 = -50

where T is the optical density at T = 48 h. To is the optical density at T = 0, and 

C is the optical density of the control. All values are normalised and can have 

values from -100 to +100 (Boyd et al., 1992; Monks et al., 1991).

Data are analysed by bioinformatic programs, which provide information on the 

compounds’ sufficiency in general activity and selectivity for further evaluation.
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A generally higher GI50 value compared to the LC50 value is required to assure 

high selectivity and low toxicity. Compounds with a unique, COMPARE-negative 

activity profile proceed to a hollow fibre study. Mice carrying a subcutaneous 

hollow fibre implant containing tumour cells are treated with the drug 

intraperitoneally (i. p.), and after one week’s treatment, tumour cells are 

extracted and analysed by the MTT assay, which is not as time consuming as 

xenograft studies (Hollingshead et al., 1999). If the compounds show activity, 

they are then evaluated on a xenograft model. Compounds with high activity 

and a distinct mechanism of action are then considered as candidates for 

clinical development.

6.2.2 2) NCI 60 human tumour cell line screen of selected NDs

The ND compounds 1.3, 1.7, and 1.10 were analysed for their activity against 

the 60 human tumour cell line panel at the NCI. They were chosen because 

they showed high affinity for quadruplex DNA in FRET experiments and high 

potency in SRB assays, and because they were available at the required 

amounts (20 mg). The compounds were initially tested for their potency at 

10 pM concentration. In the one dose activity profiles, the center of the graphs 

corresponds to the mean growth percent for all the cell lines (figures 6.3-6.5). 

The bars extending to the right indicate higher sensitivity of the cell line to the 

compound than average, and bars extending to the left indicate that cells are 

less sensitive than average to the compound.

Compound 1.3 displayed high activity against two melanoma and two breast 

cancer cell lines. There was no activity against renal cancer, and moderate 

activity against several cell lines such as ovarian and non small cell lung cancer 

cell lines (figure 6.3).

Activity profiles of compounds 1.7 and 1.10 displayed similarities with each 

other, and differed from the profile of compound 1.3 They displayed high 

activity against several renal cancer cells, as well as a CNS and a melanoma 

cell line (figures 6.4 and 6.5).
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Developmental Therapeutics Program
One Dose Mean Graph

NSC: 753939/1 Cone: 1.00E-5 Molar

Experiment ID: 10080S03

Test Date: Aug 09. 2010

Report Date: Sep 02. 2010

P a n e l/C e ll L ine G row th  P e rc e n t M ean  G ro w th  P e rc e n t G ro w th  P e rc e n t

Leukemia
CCRF-CEM 13.86 ■
HL-60(TB) 51.45
K-562 8.94
MOLT-4 25.17
SR 1.43

Non-Small Cell Lung Cancer
A549/ATCC 5.01
EKVX -11.44
HOP-62 14,59 ■
HOP-92 2.86
NCI-H226 0.13
NCI-H23 34.10
NCI-H322M -23.22
NCI-H460 5.16

Colon Cancer
COLO 205 -15.42
HCC-2998 29.12
HCT-116 2.16
H O T-15
KM12 2.69
SW -620 21.93 ■

CNS Cancer
SF-268 -2.31
SF-295 36.37
SF-539 1 0 4 3
SNB-19 3.84
SNB-75 -8.40
U251 2.35

Melanoma
LOX IMVI 1.90
M14 81.79
MDA-M B-435 -41.52
SK-MEL-28 -34.85
SK-MEL-5 44.35
UACC-257 -11.43
UACC-62 21.86

Ovarian Cancer
IGROV1 -0.05
OVCAR-3 3.82
OVCAR-5 -9.79
OVCAR-8
K i/^ i/A r \D  r*>f~r*

12.61 ■
NCI/ADR-RES 109.51
SK-OV-3 -29.58

Renal Cancer
786-0 92.91
A498 95.57
ACHN 88.45
CAKI-1 101.80
RXF 393 64.42
SN12C 5.16
UO-31 114.89

Prostate Cancer
PC-3 12.63
DU-145 0.92

Breast Cancer
M CF7 -6.01
MDA-M B-231/ATCC -34.05
HS 578T -2.40
BT-549 11.41
T-47D 16.47
M DA-M B-468 -50.77

Mean 18.46

ange

150 100 50 -50 -100 -150

Figure 6.3: NCI 60 human tumour cell line panel screen of compound 1.3
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Developmental Therapeutics Program
One Dose Mean Graph

NSC: 753938/1 Cone: 1.00E-5 Molar

Experiment ID: 10080S03

Test Date: Aug 09. 2010

Report Date: Sep 02. 2010

Panel/Cell Line Growth Percent

Leukemia
CCRF-CEM 10.81
HL-60(TB) 61.24
K-562 6.48
MOLT-4 25.11
SR 6.30

Non-Small Cell Lung Cancer
A549/ATCC -30.79
EKVX -18.36
HOP-62 -11.40
HOP-92 -0.17
NCI-H226 -33.25
NCI-H23 21.15
NCI-H322M -26.90
NCI-H460 -43.52

Colon Cancer
COLO 205 -56.63
HCC-2998 13.76
HCT-116 -29.69
HCT-15 13.67
HT29 -42.25
KM12 3.01
SW -620 -14.58

CNS Cancer
SF-268 1.31
SF-295 -34.85
SF-539 -23.01
SNB-19 10.66
SNB-75 -66.89
U251 3.63

Melanoma
LOX IMVI -42.34
M14 3.47
MDA-MB-435 -52.84
SK-MEL-2 -9.31
SK-MEL-28 -48.56
SK-MEL-5 -82.38
UACC-257 -27.32
UACC-62 -49.26

Ovarian Cancer
IG R 0V1 -24.62
O VCAR-3 -39.10
OVCAR-5 0.73
OVCAR-8 5.35
NCI/ADR-RES 52.19
SK-OV-3 -4.23

Renal Cancer
786-0 -47.55
A498 -64.82
ACHN -41.59
CAKI-1 4.58
RXF 393 -68.30
SN12C 9.31
TK-10 7.45
UO-31 -26.59

Prostate Cancer
PC-3 12.07
DU-145 -40.70

Breast Cancer
MCF7 0.77
MDA-MB-231/ATCC -0.63
HS 578T -11.23
BT-549 37.01
T-47D -1.16
MDA-MB-468 -53.24

Mean -15.32
Delta 67.06
Range 143.62

Mean Growth Percent - Growth Percent

150 100 50 -50 -100 -150

Figure 6.4; NCI 60 human tumour cell line panel screen of compound 1.7
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Developmental Therapeutics Program
One Dose Mean Graph

NSC: 753940/1 Cone: 1.00E-5 Molar

Experiment ID: 10080803

Test Date: Aug 09. 2010

Report Date: Sep 02. 2010

P a n e l/C e ll L ine G row th  P e rc e n t

Leukemia
CCRF-CEM 10.09
HL-60(TB) 29.94
K-562 6.04
MOLT-4 16.50
SR 3.03

Non-Small Cell Lung Cancer
A549/ATCC 7.79
EKVX -17.19
HOP-62 -13.74
HOP-92 0.43
NCI-H226 -26.26
NCI-H23 -2.37
NCI-H322M -29.47
NCI-H460 -32.12

Colon Cancer
COLO 205 -68.37
HCC-2998 -43.12
HCT-116 2.72
HCT-15 12.92
HT29 -7.75
KM12 0.82
SW-620 -3.24

CNS Cancer
SF-268 -7.10
SF-295 -42.51
SF-539 -32.60
SNB-19 7.13
SNB-75 -83.11
U251 1.98

Melanoma
LOX IMVI -7.80
M14 -63.06
MDA-MB-435 -62.37
SK-MEL-2 1.12
SK-MEL-28 -42.30
SK-MEL-5 -66.00
UACC-257 -29.83
UACC-62 -52.21

Ovarian Cancer
IGROV1 -30.31
OVCAR-3 -21.81
OVCAR-5 -0.86
OVCAR-8 5.37
NCI/ADR-RES 51.06
SK-OV-3 -6.65

Renal Cancer
786-0 -13.85
A498 -67.27
ACHN -31.15
CAKI-1 14.38
RXF 393 -67.60
SN12C 10.29
TK-10 13.06
UO-31 -34.88

Prostate Cancer
PC-3 11.67
DU-145 -16.14

Breast Cancer
MCF7 0.24
MDA-MB-231/ATCC -9.58
HS 578T -16.46
BT-549 -29.89
T-47D -6.25
MDA-MB^68 -62.23

Mean -16.80
Delta 66.31
Range 134.17

M ean  G ro w th  P e rc e n t - G ro w th  P e rc e n t

150 100 50 -50 -100 -150

Figure 6.5: NCI 60 human tumour cell line panel screen of compound 1.10.
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Figure 6.6: 5-concentration range activity profile of compound 1.3

Due to their activity against various tumour cell lines in the one dose 

experiment, the compounds were selected for the five doses assay at the NCI. 

They were tested at 0.01, 0.1, 1, 10, and 100 pM concentration for the 

determination of the GI so, TGI, and LCsq value (figures 6.6-6.8). Compounds 

selected for further screening in hollow fibre tests usually have high activity 

(GIso) and low toxicity (LC sq). For many of the cell lines for which a high 

logioGlso was obtained, a high logioLCso was found, so that the compounds 

were not selected for further evaluation.

However, for other cell lines, among which were the telomerase expressing 

tumour cell lines MCF7 and A549, the GIso value was significantly lower than 

the LCso For instance, the LCso/Glso for compound 1.3 was 37, 46, 55, and 69 

for the leukaemia cell line CCRF-CEM, the CNS cancer cell line SNB-19, the 

lung cancer cell line HOP-92, and the colon cancer cell line HT29, respectively. 

Compound 1.7 displayed even higher differences between growth inhibition and 

toxicity, with LCso/GlsoS of 135, 147, 255, and 389 for the renal cancer cell line
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ACHN, the colon cancer cell line HT29, the breast cancer cell line MCF7, and 

the lung cancer cell line NCI-H226, respectively. Compound 1.10 produced 
growth inhibition in the ovarian cancer cell line OVCAR-5, the colon cancer cell 

line HT29, the breast cancer cell line MCF7, the lung cancer cell line NCI-FI225, 

and the ONS cancer cell line U251 with LC50/GI50S of 60, 66, 71, 93, and 155, 

respectively.

Even though the compounds’ average difference between growth inhibition and 

toxicity on the 60 cell lines may be too low according to bioinformatics, they may 

still be potent candidates for the treatment of cancer types represented by the 

cell lines they displayed activity for.

National Cancer Ins'jrute Developmental Thei-aoeu: cs P-ogram 

Mean G'aphs

NSC 75393&1

Report Date November 08. 2010

EXP ID 1009NS22

Test Date September 13. 2C10

L jrj C»

KCiAOfi-PES

:1a

II :lsl

l i

Figure 6.7: 5-concentration range activity profile of compound 1.7
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Figure 6.8: 5-concentration range activity profile of compound 1.10 

6.2.2.3) COMPARE study

The activity profiles of ND compounds 1.3, 1.7, and 1.10 from the NCI 60 cell 

line panel screen were processed by the COMPARE algorithm against the 

mechanistic set by Dr. Antonella Pepe at the NCI, which produced correlations 

to molecules with a similar mechanism of action of up to 70 % (table 6.3).

Compound 1.3 showed significant mechanistic correlation with other 

compounds of > 60 %, whereas compounds 1.7 and 1.10 only showed 

correlation of up to 58 %, which, however, can also be taken into consideration 

for evaluation. The compounds that correlate with the mechanism of action of 

the tested NDs have very diverse chemical structures (figure 6.9), but several of 

them have distinctive mechanisms of action in common:

• Bisantrene hydrochloride is a DNA intercalating antineoplastic 

molecule, which causes DNA single-strand breaks, DNA-protein 

crosslinking, and inhibition of DNA replication. It has similar activity to
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the anthracycline doxorubicin (Elliott et al., 1989; NCI online drug 

dictionary).

Correlation Compound
code target Common 

cell lines

Seed
stand.
Dev.

Target
stand.

Dev.

1 .3 -
NSC 753939

NSC 8337766
0.701 Bisantrene

hydrochloride
47 0.48 0.622

0.693 1 .3 -
NSC 753939

NSC S49842  
Vinblastine sulfate

47 0.535 0.766

0.625 1 .3 -
NSC 753939

NSC S328426  
phyllanthoside

57 0.506 0.611

0.585
1 .3 -

NSC 753939
NSC S265450  
Nogalomycin C

47 0.48 0.43

0.518
1 .7 -

NSC 753938
N S C S 93419

STEFFIM YC IN 53 30.6 0.135

0.480
1 .7 - N SC .S169676

55 0.404 0.258NSC 753938 a phenothiazine

0.477
1 .7 - NSC:S684480

59 0.391 0.371
NSC 753938 darpone

0.567
1 .1 0 -

NSC 753940
N S C S 325319  

didemin B 55 0.287 0.346

0.535 1 .1 0 -
NSC 753940

N S C S 265450  
NOGALOM YCIN  C

47 0.275 0.43

0.531
1 .1 0 -

NSC 753940
N S C S 93419

STEFFIM YC IN
53 20 0.135

Table 6.3: Mechanistic C O M PA RE study of compounds 1.3, 1.7, and 1.10.

Ha H OH

OH

OH O OH O

y NH

NSC 169676, 
a phenothiazine

NH

Darpone

O

OH O OH O

Steffi mydn

Figure 6.9: Chemical structures of selected small molecules that were found to display a similar 
mechanism of action to ND compounds 1.3, 1.7, and 1.10 in the mechanistic CO M PA RE study.
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• Vinblastine sulfate is a natural alkaloid, which inhibits microtubule 

formation, causing mitotic block (Jordan et al., 1992). It is now in 

phase IV clinical trials against Hodgkin lymphoma (NCI website).

• Phyllanthoside is a natural glycoside which inhibits protein synthesis 

through interfering with translation elongation (Chan et al., 2004).

• The phenothiazine (NSC 169676, CAS 66421-94-1) is an anti-mitotic 

agent, which inhibits the human mitotic kinesin Eg5 (DeBonis et al., 

2004).

• Didemin B is a marine natural product, which inhibits protein synthesis 

via binding to complexes between ribosomes and the elongation factor 

EF-lor, which prevents binding to elongation factor EF-2 (Ahuja et al., 

2000).

• The planar, fused aromatic darpone was found to inhibit integral 

membrane chadherinll proteins, which mediate cell-adhesion (Byers 

et al, 2010).

• Nogalomycin and steffimycin are cytotoxic antibiotics from the 

anthracycline family, with doxorubicin and daunomycin as further 

members. DNA intercalation and affinity for GC-rich sequences was 

observed, and inhibition of transcription through interference with 

targets in the DNA promoter region is a proposed mechanism of action 

for nogalomycin, daunomycin, and steffimycin (Banerjee & 

Mukhopadhyay, 2008; Shram et al., 1991; Mansilla & Portugal, 2008). 

Nogalomycin contains a dimethylamine moiety, which is protonated at 

physiological pH, leading to increased affinity for nucleic acids. G- 

quadruplex binding has been confirmed for anthracyclines, and the 

complex of a dimeric hairpin G-quadruplex and daunomycin was the 

first G-quadruplex-ligand co-crystal structure (Manet et al., 2010; Clark 

et al., 2003), so that the observed transcription inhibition may be based 

on G-quadruplex stabilisation.

Several compounds which displayed mechanistic similarities to the tested NDs 

in the COPARE study are likely to be G-quadruplex binding molecules, such as 

the anthracyclines. Darpone is a polycyclic compound with a fused aromatic 

system, which may be able to stabilise G-quadruplex structures (figure 6.9).
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DNA binding and inhibition of transcription are mechanisms verified for 

anthracyclines and bisanthrene hydrochloride, and are expected for G- 

quadruplex binding small molecules, which inhibit transcription of oncogenes. 

The natural products phyllanthoside and didemin B inhibit protein synthesis, 

which has been observed for G-quadruplex ligands through stabilisation of G- 

quadruplexes in promoter regions of oncogenes, and in mRNA. Vinblastine 

sulfate and a phenothiazine cause mitotic block, which has been shown for 

several G-quadruplex ligands in the past as a possible result of chromosomal 

fusions and anaphase bridges following telomere uncapping, with mitotic 

catastrophe as a possible outcome.

A range of compounds is known to date which are able to induce senescence in 

cancer cells, and many of them act as DNA damage inducing agents, such as 

the anthracycline doxorubicin, which is able to induce senescence in cancer 

cells lacking p53 and p21 (Ewald et al., 2010). In a similar way, NDs may be 

able to cause cellular senescence via DNA damage. The ability to induce 

senescence has remained unidentified for many known antineoplastic agents, 

and new developed screens will add more compounds known for their activity to 

the library of senescence inducing compounds (Ewald et al., 2010).

6.2.3) Conclusions

All tested compounds show toxicity to A549, MCF7, and the pancreatic cancer 

cell lines MIA-Pa-Ca-2 and HPAC in the range of 100-200 nM, with the N- 

methylpiperazine derivatives 1.1-1.3 displaying highest selectivity for cancer 

cells compared to the normal fibroblast cell line WI38 (up to 100 fold), and are 

thus selected as lead compounds from the series of synthesised NDs. 1.1-1.3 

display equally high toxicity to the pancreatic cancer cell line PANG-1, and 10 

fold lower toxicity to Bx-Pc-3, which may be due to lower levels of hTERT, or 

multiple resistance mechanisms.

Compound 1.2 displayed selectivity for the gastrointestinal stromal tumour cell 

line GIST882 over WI38. Several compounds displayed higher toxicity to 

GIST882, but significantly higher toxicity to WI38.

Compound 1.8 has higher toxicity to the hif-1a expressing cell line RCC4 than 

to RCC4-VHL, which only expresses hif-1a in hypoxia, and may thus inhibit 

expression of/?/f-'/a.
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In general, the in vitro cytotoxic effects of the NDs correspond directly with their 

affinity and selectivity for G-quadruplex DNA/RNA. Multiple target inhibition may 

thus be present for compounds stabilising both telomeric and gene promoter G- 

quadruplexes. However, broader aspects such as cellular uptake or efflux may 

be involved in cytotoxicity.

Compounds 1.3, 1.7, and 1.10 were tested in the NCI 60 tumour cell line 

screen. They all displayed growth inhibition of several cell lines representing 

cancer types, such as melanoma, breast cancer, ovarian, and non small cell 

lung cancer for 1.3, and melanoma, renal cancer, and CNS cancer for 1.7 and

1.10 The growth inhibition profile of 1.3 differed from the profiles of 1.7 and 

1.10, which were similar to each other. All three compounds were selected for 

the five dose testing. They produced growth inhibition and up to 389 times lower 

toxicity for several cancer cell lines, but their average selectivity for the 60 cell 

lines was too low to be chosen for further testing. The compounds may still be 

drug candidates for cancer types representing the cell lines they displayed 

selectivity for.

The mechanistic COMPARE analysis of the activity profiles of compounds 1.3, 
1.7, and 1.10 confirms the expected mechanism of action of ND compounds as 

inhibitors of transcription, translation, and effectors of genomic instability. 

Compounds from the anthracycline family, of which some are known to stabilise 

G-quadruplex DNA and induce senescence, were also correlated to the ND 

compounds’ activity profile. This also demonstrates that the COMPARE study is 

a powerful tool for the determination of the mechanism of action of new 

compounds.
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6.3) Cellular long term effects of NDs

6.3.1) Background

6.3.1.1) Telomerase inhibition and senescence

The SRB assay gives information on short term growth inhibition and toxicity of 

compounds, which, in the case of G-quadruplex ligands, may be a result of 

telomere uncapping, followed by senescence or genomic instability and 

apoptosis, or down regulation of oncogene expression.

As discussed earlier (chapter 1.8.1.1.1), the originally proposed mechanism of 

G-quadruplex ligands was telomerase inhibition leading to replicative 

senescence, which was expected to be observed after several weeks. 

Senescence caused by G-quadruplex ligands is typically observed after 7-10 

days of incubation, which is earlier than expected from a mechanism leading to 

replicative senescence, and is partly a result of telomere uncapping, and thus 

stress-induced senescence. For the assessment of the ability of a compound to 

induce senescence, cell growth can be monitored during incubation at sub- 

cytotoxic concentrations for several weeks, and cells can be examined for 

phenotypes of senescence, as well as hTERT expression, and telomerase 

activity.

The senescence-inducing mechanism of action has been explored for several 

G-quadruplex ligands, such as BRACO-19, which induces growth inhibition in 

long term studies, produces positive results in senescence staining, and 

decreases telomerase activity (Incles et al., 2004; Gunaratnam et al., 2007).

6.3.1.2) Long term growth inhibition

In the long-term growth inhibition study, a fixed number of cells is incubated with 

ligands at sub-cytotoxic concentrations over several weeks, and the number of 

population doublings is monitored compared to untreated cells. A decrease in 

cell growth is attributed to senescence caused by the compounds.

An alternative assay is the colony forming clonogenic assay, in which cancer 

cells are incubated with the compound for a short period, then seeded into 

flasks, and eventual colonies formed by single cells are monitored (Hamburger 

& Salmon, 1977; Shoemaker et al., 1985). The inability of cells to form colonies 

after termination of treatment with the compounds indicates growth inhibition
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and senescence, in particular of stem cells. This has been studied in vitro and in 

vivo on RHPS4 (Phatak et al., 2007).

6.3.1.3) Telomerase repeat amplification protocol (TRAP)

The telomerase repeat amplification protocol (TRAP) is a PCR based assay 

applied for the determination of telomerase activity (Kim et al., 1994; Kim & Mu, 

1997). It can be used for the assessment of telomerase inhibition by ligands in 

vitro, and for analysis of telomerase activity in cell extracts.

The classic TRAP assay includes two steps:

1. Primer elongation by telomerase in the presence of the ligand.

A DNA primer is incubated with telomerase (or the protein extracted from cells 

containing telomerase) at telomerase activating conditions. After addition of four 

or more telomeric repeats, the telomeric DNA is able to form a G-quadruplex, 
which can be stabilised by the ligand, leading to telomerase inhibition. The 

resulting DNA sequences are then shorter compared to elongation products in 

the absence of the ligand (figure 6.10).

2. Amplification of telomerase elongation products by PCR.

Telomerase elongation products from step 1 are amplified by polymerase chain 

reaction (PCR) using Taq-polymerase. PCR products are then characterised by 

polyacrylamide gel electrophoresis (PAGE), and are displayed as a product 

ladder in the denaturing gels.

a) b) c)
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Figure 6.10: Schematic representation of the telomerase repeat amplification protocol (TRAP), 
a) A primer is incubated with the protein extract containing telomerase. b) At the activation 
temperature, telomerase adds telomeric repeats to the primer, c) After dénaturation, nucleotide 
sequences are amplified by PCR and their lengths subsequently analysed by gel 
electrophoresis, d) After addition of four telomeric repeats to the primer by telomerase, the 
nucleotide is able to form a G-quadruplex, which can be stabilised by a ligand, e) Nucleotide 
sequences synthesised in the presence of the ligand are shorter, as telomerase is inhibited. 
Taken from Reed et al., 2008.
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Due to interaction of ligands with Tag-polymerase in the PCR step, the classic 

TRAP assay often gave false positive results, leading to overestimation of the 

ability of ligands to reduce telomerase activity. This problem was overcome by 

development of the modified TRAP-LIG assay, which employs an intermediate 

step removing the ligand from telomerase elongation products with a nucleotide 

purification kit before the PCR step. The TRAP-LIG assay was used for the 

determination of telomerase activity in cells from the long term study in this 

project, and was performed by Dr. Mekala Gunaratnam (Reed et al., 2008).

6.3.1.4) Senescence associated /3-galactosidase activity

Senescence and its molecular basis have been discussed previously in chapter 

1.4. Senescent cells differ from somatic cells in morphology and metabolism. 

They are enlarged and flattened, and express senescence associated 

j8-galactosidase that is active at pH 6, and which can be employed for the 

identification of senescent cells with a commercially available kit. Most cells 

express lysosomal jS-galactosidase, which is, however, inactive at pH 6. X-gal, a 

modified galactoside, is cleaved by SA-)8-galactosidase at pH 6, resulting in a 

blue precipitate which can be detected histochemically (Dimri et al., 1995).

6.3.2) Methods

6.3.2.1) Long term growth inhibition study

After counting, 3*10* cells were seeded in 10 mL of medium containing the 

compound to be tested in a 75 cm^ flask and incubated for 7 days. The cells 

were then harvested and counted. 3*10* of the cells were re-seeded, and the 

process was repeated for another week. Population doublings were calculated 

using the formula

Nf = No 2'*' 

pd = log(Nf/No)/log2

where No is the number of cells at the time of seeding (3*10*), Nf is the number 

of cells at the time of counting, and pd is the number of population doublings.
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6.3 2.2) Modified TRAP-LIG assay

The modified TRAP-LIG assay was performed by Dr. Mekala Gunaratnam in 

our laboratories.

Pelleted cells were lysed in RIPA lysis buffer (1x) containing protease cocktail 

inhibitors, PMSF and sodium orthovanadate (Santa Cruz Biotechnology) 

according to manufacturer’s instruction. Total protein concentration was 

determined using the Pierce BOA protein assay kit according to manufacturer’s 

instructions.

Protein extract from MCF7 and MIA-Pa-Ca-2 cells treated with compound 1.1 

for one or two weeks at 50 nM or 75 nM concentration was incubated with 

master mix containing the TS forward primer (0.1 pg of 5’-AAT COG TOG AGO 

AGA GTT-3'), TRAP buffer (20 mM Tris-HCI [pH 8.3], 68 mM KOI, 1.5 mM 

MgCb, 1 mM EGTA, 0.05 % v/v Tween-20), bovine serum albumin (0.05 pg), 

and dNTPs (125 pM each), protein extract (1000 ng/sample) diluted in lysis 

buffer (10 mM Tris-HCI, pH 7.5, 1 mM MgCb, 1 mM EGTA, 0.5 % CHAPS, 

10% glycerol, 5 mM j8-mercaptoethanol, 0.1 mM AEBSF). The telomerase 

elongation step was carried out for 10 min at 30 °C, followed by 94 °C for 5 min 

and a final maintenance of the mixture at 20 °C. Elongated products were 

purified using the QIAquick nucleotide purification kit (Qiagen) according to the 

manufacturer’s instructions. The purified samples were freeze-dried and then 

redissolved in PCR-grade water at room temperature prior to the amplification 

step. Purified telomerase extended samples were then subject to PCR 

amplification. For this, a second PCR master mix was prepared consisting of 

ACX reverse primer (1 pM, 5 -GCG CGG [CTTACC]3 CTA ACC-3'), TS fonA/ard 

primer (0.1 pg, 5'-AAT CCG TCG AGC AGA GTT-3'), TRAP buffer, BSA (5 pg), 

0.5 mM dNTPs, and 2 U of TAQ polymerase (RedHot, ABgene, Surrey, UK). An 

aliquot of 10 pL of the master mix was added to the purified telomerase 

extended samples and amplified for 35 cycles of 94 ®C for 30 s, at 61 °C for 

1 min, and at 72 °C for 1 min. Samples were separated on a 12 % PAGE and 

visualised with SYBR green (Sigma Aldrich, UK) staining. Gels were quantified 

using a gel scanner and gene tool software (Sygene, Cambridge, UK). Intensity 

data were obtained by scanning and integrating the total intensity of each PCR 

product ladder in the denaturing gels. Drug treated samples were normalised
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against positive control containing untreated protein only. All samples were 

corrected for background by subtracting the fluorescence reading of the 

negative control.

6.3 2.3) Senescence staining

Staining for senescence associated j8-galactosidase was carried out following 

the protocol from the supplier (Cell Signaling Technology, Inc., Beverly, MA). 

1x10^ cells obtained from the long term studies were seeded in 35 mm 6-well 

plates (Nunc A/S) in 2 mL medium and incubated overnight. The medium was 

then removed, the cells washed, fixed with formaldehyde (2 %) and 

glutaraldehyde (0.2 %) in PBS for 15 min, and washed twice more. 1 mL of a 

staining solution (citric acid/sodium phosphate (40 mM), pH 6.0, NaCI (0.15 M), 

MgOL (2 mM), potassium ferrocyanide (5 mM), potassium ferricyanide (5 mM), 

X-gal (1 mg/mL, 5-bromo-4-chloro-3-indolyl-j8D-galactopyranoside) was added 

to each well. The cells were incubated overnight and examined by light 

microscopy (magnification 200 x) for the characteristic senescence-associated 

blue stain.

6.3.3) ND induced long term growth inhibition, telomerase inhibition, and 

senescence

6.3.3.1) Long term growth inhibition by NDs

Compounds 1.1-1.3 were tested in growth inhibition studies on A549, MIA-Pa- 

Ca-2, HPAC, and MCF7 cells at different sub-cytotoxic concentrations (figures 

6.11 and 6.12). In all cases, proliferation of treated cells was decreased 

compared to untreated cells. In most cases, proliferation was decreased after 

as little as 7 days of incubation, which suggests that the telomere uncapping 

mechanism is involved, which occurs more rapidly than replicative senescence. 

However, in some cases, a delayed growth inhibition was observed only after 

two weeks, as in the case of A549 cells treated with compound 1.1, which 

implies that senescence caused by the compound is in part of a replicative 

nature. In most cases, proliferation decreased further after the second and third 

week, which indicates induction of senescence caused by the NDs, which can 

be both replicative and stress-induced. Telomere length varies within cell 

populations, and compounds 1.1-1.3 may have a particularly strong 

antiproliferative effect on sub-populations with short telomeres. Down-regulation
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of expression of oncogenes which promote cell growth through stabilisation of 

quadruplexes in oncogene promoters or mRNA, however, may also be 

responsible for the observed growth inhibition, so that further experiments are 

necessary to assess whether cells underwent senescence.

A549. compound 1.1

- ■ - N C  
- • - S O n M  

75 nM
2

1 0 -

110 nM)8
6

S'

7 14
time idays)

21

2 2 -

20

18

16

14

12

10

8

6

4

2

0

MIA-Pa-Ca-2. compound 1.1

NC 
50 nM 

*  75 nM

(10,,.,= IIO n M l

0 7 14
time (days)

21

16
14

12
10
8

6

4

2

04

A549, compound 1.2

- " - N C  
—• — 50 nM 
—•  — 75 nM

(IC50 > 69 nM)

MIA-Pa-Ca-2. com|x>und 1.2

- ■ - N C  
—• — 50 nM 
—• — 75 nM

(IC„ = 73 nM)

A

y

time (days)

7 14

time (days)

A549. compound 1.3

- ■ - N C  
- • -  i50 nM 
- • -  200 nM

ilC„, = 260 nM)

7 14
time (days)

22-,

u> 2 0 -
c
5 18-
6 16-

1 14-
«

12-

& 10-

Î 8 -

i 6 -

8 4 -
C3

2 -

0 -

MIA-Pa-Ca-2. compound 1.3

- ■ - N C  
—• — 75 nM 
—•— 100 nM
(1C, = 120 nM)

7 14
time (days)

Figure 6.11: Long term growth inhibition of A549 and MIA-Pa-Ca-2 cells treated with 
compounds 1.1-1.3 at sub-cytotoxic concentrations.
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Figure 6.12; Long term growth inhibition of HPAC and MCF7 cells treated with compounds 1.1-
1.3 at sub-cytotoxic concentrations.

6.3.3 2) Telomerase inhibition by NDs

Telomerase activity in protein extracts from MCF7 (Hampel et al., 2010) and 

MIA-Pa-Ca-2 cells treated with compound 1.1 and 1.2 at 50 nM and 75 nM 

concentration in the long term growth inhibition study was assessed via the 

modified TRAP-LIG assay, which was conducted by Dr. Mekala Gunaratnam.

In MCF7 cells treated with 1.1 for one week at 50 nM (- 30 % of the IC50 value), 

telomerase activity was reduced to 50 %, which was maintained after a further
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week (figure 6.13). The demonstration of telomerase inhibition by compound 1.1 

indicates that long term growth inhibition may in part be due to telomerase 

inhibition, leading to replicative telomere shortening and telomere uncapping. 

Sustained telomerase inhibition after two weeks of incubation correlates with 

the observation that MCF7 cell growth did not decrease any further in the 

second week of treatment with compound 1.1, however, cell growth decreased 

further at higher compound concentration of 75 nM.
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Figure 6.13: Effects of compounds 1.1 and 1.2 on telomerase activity in MCF7 and MIA-Pa-Ca- 
2 cells, a) Denaturing gel from the TRAP-LIG assay with protein extract from MCF7 cells with 
compound 1.1 at a concentration of 50 nM after 1 and 2 weeks of incubation, b) Denaturing gel 
from TRAP-LIG assay of protein extract from MIA-Pa-Ca-2 cells with compounds 1.1 and 1.2 
after 1 week, c), d) Quantitation of the gels from a) and b), respectively.
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In MIA-Pa-Ca-2 cells, treatment with 1.1 for 1 week at 50 nM concentration 

resulted in decrease in telomerase activity to -  80 %, and at 75 nM 

concentration, it decreased to ~ 60 % (figure 6.13). Treatment with 1.2 at 50 nM 

and 75 nM concentration led to decrease of telomerase activity to ~ 50 %, 

however, its IC50 value in MIA-Pa-Ca-2 is lower at 73 nM opposed to 110 nM for 

compound 1.1

A critical look must be taken at the information that the TRAP assay gives, and 

what relevance it has under the aspect of senescence being based on telomere 

uncapping followed by DNA damage. The TRAP assay determines activity of 

telomerase from a cellular protein extract in vitro, and not telomerase activity in 

cells. G-quadruplex ligands may inhibit telomerase in cells, but telomere 

uncapping should not affect telomerase levels. Lowered telomerase activity may 

thus be the consequence of down-regulation of hTERT expression through G- 

quadruplex stabilisation in the promoter region of the hTERT gene. Telomerase 

inhibition monitored in the TRAP assay may be an effect of the ligand present in 

the cellular extract during the in vitro primer elongation step, but the ligand 

extraction efficacy in the protein extration step is not known. Ligand molecules 

which are taken up into cells may agglomerate after repeated treatment, leading 

to higher ligand concentration in the extract, and decreased telomerase activity. 

In any case, telomerase inhibition monitored in the TRAP assay should be 

proportional to the ligand concentration in the cell, may in part be a result of 

inhibition of hTERT expression, and thus represents telomerase inhibition by 

ligands in cells. Lowered telomerase levels may lead to decreased capping of 

telomeric ends, which may effect a DNA damage response and senescence, 

but recent studies have shown that the uncapping of other proteins, such as 

POT 1 and TRF2, plays a major role in the initiation of a DNA damage response.

Compounds 1.1 and 1.2 display high potency in the TRAP assay, and the 

decrease in telomerase activity may be attributable to the high telomeric G- 

quadruplex stabilising ability of 1.1 and 1.2, and possibly also to stabilisation of 

G-quadruplexes in the hTERT promoter, leading to inhibition of hTERT 

expression. Stabilisation of the G-quadruplex in the hTERT promoter, however, 

is still to be demonstrated in biophysical assays. As discussed in chapter 1.6.4, 

the promoter region of the gene encoding for hTERT is able to form two G- 

quadruplex structures which may interact with each other, and 1.1 has the
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potential of forming a sandwich complex with them. hTERT expression was 

decreased in a tumour from a MIA-Pa-Ca-2 xenograft treated with 1.1, which 

will be discussed in chapter 6.10.3.4.

6.3.3 3) ND induced senescence

Senescence staining was performed on A549, MIA-Pa-Ca-2, and HPAC cells 

treated with compound 1.1 for 14 days in the long term growth inhibition study. 

The population of senescent cells stained blue at pH 6 due to activity of 

senescence-associated /3-galactosidase (figure 6.14). An enlarged and flattened 

morphology which is characteristic for senescent cells can also be observed 

among many of the stained cells. This is direct evidence for compound 1.1 

causing senescence after long term treatment at sub-cytotoxic concentrations in 

cancer cells. The images displayed in figure 6.14 are from a preliminary 

experiment -  in future work, images can be quantified and the percentage of 

senescent cells after treatment with the compound compared to an untreated 

sample.

Figure 6.14; Senescence-associated )S-galactosidase stain of cells from the long time growth 
inhibition experiment after 14 days of incubation with compound 1.1. A: A549 cells, 75 nM 1.1 
B MIA-Pa-Ca-2 cells, 75 nM 1.1. C: HPAC cells, 150 nM 1.1.
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6.3.4) Conclusions

Compounds 1.1-1.3 caused long term growth inhibition at sub-cytotoxic 

concentrations in various cancer cell lines. Proliferation curves suggest a 

growth inhibition which is in part based on telomere uncapping leading to 

stress-induced senescence after 7 days, as well as delayed replicative 

senescence through telomere shortening.

In protein extracts from MCF7 and MIA-Pa-Ca-2 cells treated with compound

1.1 or compound 1.2 in the long term growth inhibition study at sub-cytotoxic 

concentrations, telomerase activity was decreased to up to 50 %. Compounds

1.1 and 1.2 are thus potent inhibitors of telomerase, which is due to their 

demonstrated stabilisation ability of telomeric G-quadruplex DNA, as well as 

possible inhibition of hTERT expression through stabilisation of G-quadruplexes 

in the hTERT promoter, which has yet to be examined, however, results on 

hTERT expression in a xenograft tumour hint at this mechanism (chapter

6.10.3.4).

A549, MIA-Pa-Ca-2, and HPAC cells treated with 1.1 at sub-cytotoxic 

concentrations for 14 days displayed senescent features, which were identified 

through senescence-associated j8-galactosidase stain combined with altered 

morphology.
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6.4) Cell uptake studies

6.4.1) Background

Assessment of cellular uptake and location of candidates for anti cancer agents 

inside the cell can provide information on whether compounds are able to reach 

their targets. Drug candidates must be able to enter and be sustained in cells, 

and compounds which stabilise G-quadruplexes in telomeres or in the promoter 

regions of genes must enter the nucleus, where chromosomes are located. 

However, as discussed in chapter 1.6.6, G-quadruplex structures are present in 

a diversity of cellular locations: Ribosomal DNA (rDNA) is located in the 

nucleoli, and ribosomal RNA (rRNA), for which rDNA encodes, is located in 

ribosomes, and further RNA is in the cytoplasm. RNA forms G-quadruplexes 

more deliberately than chromatin stabilised chromosomal DNA. Mitochondrial 

DNA contains ten times more G-quadruplex-forming sequences than 

chromosomal DNA (Capra et al., 2010).

As reported in chapter 4.3.4, ND compounds have fluorescent properties, which 

can be used for their visualisation in cells by confocal microscopy. Fluorescence 

intensity varies within the ND series, with the A/-methylpiperazine derivatives 

1.1-1.3 generally displaying lower fluorescence intensity than the other 

compounds. Within the N-methylpiperazine series, compound 1.1 displays the 

highest fluorescence intensity, which decreases with increasing side chain 

length. Fluorescence is observed at 400 and 600 nm excitation, with emission 

at ~ 460 and ~ 650 nm, and fluorescence intensity is higher at low pH.

6.4.2) Methods

Cover glasses (16 mm diameter, thickness #1, FB58700, Fisher, UK) were 

cleaned in HCI (2 M) overnight, rinsed with deionised water and sterilised in 

Eton (70 %) overnight, dried and coated with poly-lysine solution (100 pg/mL, 

P4832, Sigma Aldrich, UK) under sterile conditions. In a 6-well plate (Nunc 

A/S), 0.5 mL indicator free medium (GIBCO 31053, Invitrogen, UK) containing 

2x10® cells were placed on top of one dry cover glass per well. After incubation 

overnight leading to attachment of the cells to the cover glasses, the suitable 

amount of a 1 mM stock solution of the drug was added, and the cells incubated 

for 30 min. The media were then removed, the cells washed with PBS and fixed 

with fresh formaldehyde solution (2 % in PBS) for 10 min at RT. After washing
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with PBS ( 5 x 2  mL), the cover glasses were placed face down on microscopy 

slides (631-0114, VWR international) using mounting medium (6 pL, 

Vectashield, Vector Laboratories, CA, USA). The edges of the cover glasses 

were sealed with nail varnish. Visualisation was performed with a LSM 510 

META confocal microscope (Zeiss, Germany) with a Plan-Apochromat 63x/1.4 

NA oil submersion lens a 543 nM He/Ne laser, and a 560 nM LP filter. A LSM 

710 META confocal microscope (Zeiss, Germany) with a Plan-apochromat 

40x/1.3 Oil DIG M27 oil submersion lens and a 410-533 nm filter was also 

used. Cell morphology was visualised by light microscopy, and the drug was 

visualised due to its fluorescence in the red light spectrum.

Preparation of formaldehyde (2 %) solution for cell fixation:

Paraformaldehyde powder (22 g) was added to distilled water (450 mL) at 60 °G 

while stirring. NaOH (5 drops of a 2 N solution) was added and the solution 

stirred at 60 °C for 15 min, resulting in a clear solution. PBS (50 mL) was 

added, and the solution was cooled to RT and brought to pH 7.2 by addition of 

HGI (0.1 N) The solution was filtered, aliquoted, and frozen.

6.4.3) Studies on uptake of NDs Into cancer cells

Confocal microscopy images of MGF7 cells incubated with various ND 

compounds at 500 nM concentration showed that all compounds were taken up 

into cells (table 6.4). However, NDs displayed a diversity in fluorescence 

intensity and location inside the cells.

cpd IC50 on MCF7 
[pM]

red fluorescence 
intensity [AU]

cell uptake at 500 
nM into cytoplasm

cell uptake at 500 nM 
into nuclei

1.1 0.17 ±0.03 2.2 at 200 pM + - (+ at 50 pM in A549)

1.2 0.10 ±0.02 0.69 at 200 pM + -

1.3 0.20 ± 0.01 0.20 at 200 pM + -

1.7 0.034 ± 0.005 1.9 at 10 pM + +

1.9 0.040 ± 0.006 1.8 at 10 pM + +

1.10 0.036 ± 0.005 1.7 at 10 pM + +

1.11 0.38 ± 0.02 n. a. + +

1.12 0.094 ± 0.001 n. a. + - (+ at 10 pM)

Table 6.4: Uptake of ND derivatives into the cytoplasm and nuclei of MCF7 cells in comparison 
to their IC50 values and fluorescence intensities.
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All tested compounds located in the cytoplasm, but not all compounds were 

visible in the nuclei. Incubation for longer periods (12 and 24 h compared to 

30 min) did not change the results. Visualisation was found to be correlated to 

the compounds’ fluorescence intensity rather than to their toxicity -  only 

compounds with high fluorescence intensity were visualised in the nuclei (table

6.4). Additionally, tt- tt stacking of NDs to G-quadruplexes may quench their 

fluorescence, as this phenomenon has been observed for other G-quadruplex 

ligands, and can be employed for the assessment of their binding (Cheng et al., 

2008).

Figure 6.15; Uptake study of 1.1 into A549 cells. A1: Fluorescence image. A2: Overlay of 
fluorescence and transmitted light images. A3: Transmitted light image. B: Negative control, 
overlay of fluorescence and transmitted light images. Compound 1.1 locates predominantly in 
the nuclei and nucleoli.

Compound 1.1 was visualised in the nuclei of A549 cells at a higher 

concentration of 50 pM (figures 6.15 and 6.16). The morphology of the cells is 

visible in the transmitted light images, and overlay of transmitted light image 

and fluorescence image gives information on the localisation of the drug inside 

the cell. Location of the compounds inside the nuclei was confirmed by a series 

of Z-stack images displaying different cell sections (figure 6.16), and the 

experiments were repeated twice with new samples. Even though a very high 

and toxic concentration of this compound is necessary for its visualisation, 1.1 is
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likely to be present in the nuclei at lower concentrations relevant for treatment, 

at which its fluorescence intensity at pH 7.4 is too low to be detected, and 

possibly quenched by G-quadruplex binding.

Figure 6.16: Z-stack images (1 pM intervals) of A549 cells incubated with compound 1.1 
(50 pM). Stack images confirm that the compound is located inside nuclei and nucleoli.

As 1.1 locates in the nuclei, stabilisation of telomeric G-quadruplexes in cells is
likely. A small number of ligand molecules may be required to cause severe

telomere damage, as a human cell contains 23 chromosome pairs with two

ends each, however, DNA of cancer cells often is aneuploid. Stabilisation of G-

quadruplexes in gene promoters by 1.1 is also likely.

Accumulation of 1.1 in the nucleoli of A549 cells indicates interactions with 

rDNA, which may interfere with its transcription, leading to inhibition of protein 

synthesis. Similar to Quarfloxin, 1.1 may inhibit nucleolin binding to rDNA in the 

nucleoli and limit transcription of RNA polymerase I. This inhibits ribosome 

biogenesis, which is up-regulated in cancers (Drygin et al., 2010).

Compounds 1.2 and 1.3 displayed higher uptake into cells than 1.1, but were 

not visualised inside the nuclei, which may be due to their significantly lower 

fluorescence intensity. In addition to confocal microscopy, it was possible to 

examine the cellular uptake of 1.1-1.3 through their blue colour: After 

incubation of 1 million A549 cells with 1.1, 1.2, or 1.3, respectively, at 10 pM 

concentration for 24 h, the pellet of cells incubated with 1.3 displayed a 

significantly stronger blue coloration than pellets of cells incubated with 1.1 and

1.2 As the three compounds have almost identical extinction coefficients, as
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reported in chapter 4.3.3, compound 1.3 displays higher uptake into A549 cells 

(figure 6.17). Higher cellular uptake of compounds with longer side chains and 

consequently higher molecular weight may be related to an active cellular 

transporter mechanism.

Figure 6.17; Pellets of A549 cells (1 million) incubated with 1.1 (left), 1.2 (middle), and 1.3 
(right) at 10 |jM concentration for 24 h represent the cellular uptake of the blue compounds, 
which have very similar extinction coefficients.

Uptake studies of compounds 1.1-1.3 were also conducted on MIA-Pa-Ca-2 
cells (figure 6.18). Very high concentrations of 200 pM were required for the 

visualisation of compounds 1.1 and 1.2, whereas compound 1.3 displayed high 

fluorescence intensity at 50 pM. The lower uptake compared to MCF7 and A549 
cells implies that an efflux mechanism, possibly a member of the previously 

discussed ABC transporter family, may be activated in the pancreatic MIA-Pa- 
Ca-2 cell line. Compounds were only visualised in the cytoplasm and not in the 

nucleoli, which may be due to previously discussed low fluorescence intensity 

and fluorescence quenching upon G-quadruplex binding.

In the normal fibroblast cell line WI38 compounds located in the same fashion 

as in the cancer cell lines.

Accumulation of NDs in the cytoplasm hints at stabilisation of G-quadruplexes in 

mitochondrial DNA or RNA in ribosomes. Stabilisation of G-quadruplex 

nucleotides outside the nucleus may inhibit various cellular processes. Some of 

these processes may not be cancer specific, however, ribosome biogenesis is 

up-regulated in cancers, which could be inhibited by G-quadruplex ligands, but 

in the case of quarfloxin, this was shown to be a result of stabilisation of a G- 

quadruplex in rDNA in the nucleoli (Drygin et al., 2009). Affinity of compound

1.10 and a further ND derivative to telomeric RNA has been demonstrated 

previously (Collie et al., 2009). Several NDs synthesised in this project have 
affinity for bcl-2 mRNA, and a G-quadruplex ligand was shown to inhibit
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translation by stabilising a G-quadruplex sequence in the 5’ UTR region of 

mRNA (Bugaut et al., 2010).

Figure 6.18: Cell uptake study of compounds 1.1 (200 pM, B), 1.2 (200 pM, 0), and 1.3 (50 pM, 
D) on MIA-Pa-Ca-2 cells using fluorescence confocal microscopy. A: Negative control. 1: 
Fluorescence image. 2: Transmitted light image. 3: Fused fluorescence and transmitted light 
images.

In order to examine localisation of ND compounds in mitochondria, cells 

incubated with compounds 1.1-1.3 were stained with MitoTracker green
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(M7514, Invitrogen, UK) after fixation. However, it was not possible to reduce its 

spectral overlap with ND fluorescence for clear differentiation, so that 

localisation of 1.1-1.3 in the cytoplasm could not be specified. In future 

experiments, comparison of cell uptake images with samples treated with 

RNAse may give information on stabilisation of cellular G-quadruplex RNA.

6.4.4) Conclusions

All tested ND compounds are taken up into a number of cancer cell lines. 

Visualisation in the nucleus correlates with the ND compounds' varying 

fluorescence intensities, and fluorescence quenching may be involved. 

Compounds 1.7 and 1.9-1.12 were visualised in the nuclei and in the cytoplasm 

of MCF7 cells at 500 nM concentration, which is in part attributable to their high 

fluorescence intensity.

Compound 1.1, which displays low fluorescence intensity, localised in the nuclei 

and nucleoli of A549 cells after incubation at 50 pM concentration, which shows 

that the compound has the potential to stabilise G-quadruplexes in telomeres 

and oncogene promoters in cells. Compounds 1.2 and 1.3 display higher 

cellular uptake, but were only visualised in the cytoplasm, which may be due to 

their significantly lower fluorescence, and possibly fluorescence quenching. 

Uptake of 1.1-1.3 into MIA-Pa-Ca-2 cells was visualised in the cytoplasm only 

at high ligand concentrations of 50-200 pM.

An active transporter mechanism may promote uptake of heavy compounds, 

however, transporters may also be involved in lower cellular uptake into 

pancreatic MIA-Pa-Ca-2 cancer cells. Localisation of ND compounds in the 

nucleoli and the cytoplasm may indicate interactions with rDNA, rRNA, mRNA, 

and mitochondrial DNA G-quadruplexes in addition to the initially proposed 

chromosomal G-quadruplexes, which may cause inhibition of transcription of 

RNA polymerase followed by down-regulation of ribosome biogenesis, as well 

as inhibition of translation, and other cellular processes.
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6.5) Protein expression

6.5.1) Background

As discussed in chapter 1.8.1.2, G-quadruplex ligands have been shown to 

downregulate the expression of oncoproteins, which is very likely to occur via 

stabilisation of G-quadruplexes in the promoter regions of oncogenes, and in 

mRNA. Among the proteins which have been reported to be down-regulated in 

the presence of a G-quadruplex ligand is the anti-apoptotic oncoprotein bcl-2. 

Down regulation of bcl-2 reverses the cancer cells’ gained ability to evade 

apoptosis, and makes them vulnerable to DNA damage and apoptosis 

signaling.

6.5.2) Methods

The following experiment was conducted by Dr. Mekala Gunaratnam in our 

laboratories.

Pelleted cells were lysed in RIPA lysis buffer (1x) containing protease cocktail 

inhibitors, PMSF and sodium orthovanadate (Santa Cruz Biotechnology) 

according to manufacturer’s instruction. Total protein concentration was 

determined using the Pierce BOA protein assay kit according to manufacturer’s 

instructions.

Total protein from samples was loaded onto pre-cast SDS-PAGE gels (Bio Rad) 

and transferred onto a nitrocellulose membrane (Invitrogen) and the 

membranes were probed with primary antibodies against bcl-2 and j8-actin 

(Santa Cruz Biotechnology). Following incubation with the appropriate 

secondary antibodies the membranes were visualised with the horseradish 

peroxidase luminescent visualisation system (National Diagnostics).

6.5.3) Effect of compound 1.1 on bcl-2 expression

The effect of compound 1.1 on bcl-2 levels in MIA-Pa-Ca-2 cells from the long 

term growth inhibition study was assessed. After one week at 50 nM 

concentration (-  50 % of the IC50 value), bcl-2 levels are not affected 

significantly, however, after incubation with 1.1 at 75 nM concentration for one 

week, bcl-2 expression is decreased to below 60 % (figure 6.19). This 

demonstrates the ability of 1.1 to inhibit protein expression. The ligand’s effect 

on the expression of other oncoproteins, but also on general protein expression

174



6) Biological evaluation of NDs

should be assessed in order to estimate the dimension of cellular effects and 

side effects of 1.1 (Prof. Nancy Maizels, personal communication). The 

COMPARE study indicated that NDs 1.3, 1.7, and 1.10 have mechanistic 

similarities with compounds that inhibit protein synthesis, so that global effects 

of ND compounds on protein expression are to be expected.

Upregulation of bcl-2 upon drug treatment has been discovered to be a 

resistance mechanism of pancreatic cancer cells. Resistance of this kind is not 

the case for compound 1.1 after 1 week; however, effects on bcl-2 levels after 

treatment for several weeks should be examined.
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Figure 6.19: Bcl-2 expression in MIA-Pa-Ca-2 cells after treatment with 1.1 for 1 week. Left: 
Gels visualising expression of bcl-2 in untreated MIA-Pa-Ca-2 cells, and cells treated with 
50 nM and 75 nM of 1.1 for 1 week, and levels of j8-actin. Right: Quantification of the gels 
displaying down-regulation of bcl-2 expression by 1.1 at 75 nM after 1 week.

Figure 6.20: Expression levels of bcl-2 protein. Lane 1: GIST48, human gastrointestinal tumour. 
Lane 2: MIA-Pa-Ca-2 human pancreatic tumour. Lane 3: Bx-Pc-3, human pancreatic tumour. 
Lane 4: PANC-1, human pancreatic tumour. Lane 5: HPAC, human pancreatic tumour. Equal 
volume of total protein was loaded in each lane.

Expression levels of bcl-2 protein in several untreated pancreatic cancer cell 

lines were also examined in order to estimate the presence of bcl-2 as a target 

for treatment (figure 6.20). MIA-Pa-Ca-2 cells contain the highest amount of bcl- 

2 protein among the tested pancreatic cancer cell lines, however, bcl-2 levels 

are significantly higher in the imatinib resistant gastrointestinal stromal tumour 

cell line GIST48.
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6.6) DMA damage response, cell cycle arrest, and apoptosis signaling

6.6.1) Background

6.6.1.1) Detection of DMA damage response

As discussed previously (chapters 1.4.3 and 1.8.1.1.3), stabilisation of telomeric 

G-quadruplexes by small molecules leads to telomere uncapping and initiates a 

DMA damage response which is equivalent to the response to DMA double 

strand breaks via formation of y-H2AX foci. They can be detected via 

immunostain and subsequent visualisation via fluorescence/confocal 

microscopy (Salvati et al., 2007), or direct quantification by flow cytometry 

(Tanaka et al., 2007a). As a reference compound, etoposide can be used, 

which is known to cause DMA double strand breaks followed by mitotic 

catastrophe and apoptosis (Tanaka et al., 2007b). However, up-regulation of 

telomerase in pancreatic cancer cells in response to etoposide has been 

reported, which may be an anti-apoptotic pathway leading to resistance (Sato et 

al., 2000), which has also been observed for a G-quadruplex ligand (Gowan et 

al., 2003).

6.6.1.2) Telomere aggregation

Telomeric aggregates (TAs) have been observed as a consequence of cellular 

senescence, and can be regarded as sites of DMA damage, which were 

characterised by absence of hTERT and co-localisation of y-H2AX (Raz et al. 

2008). Observed TAs can represent chromosomal fusions and initiate 

breakage-fusion-bridge cycles, leading to chromosomal instability (Caporali et 

al., 2007).

G-quadruplex ligands have been shown to cause telomere uncapping, 

chromosomal fusions and formation of anaphase bridges, which has been 

discussed in chapter 1.8.1.1.3.

In an experiment conducted at Deutsches Krebsforschungsinstitut in 

Heidelberg, Germany, the ND compound 1.10, which was synthesised in this 

project, was analysed for its effect on the formation of TAs in cancer cells using 

the fluorescence in situ hybridisation technique (FISH) and quantitative 

evaluation by 3D fluorescence microscopy (Chuang et al., 2004). FISH applies 

a fluorescence-labelled DNA- or PNA probe, a telomeric sequence in this case.
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which binds to telomeres and allows their fluorescent microscopic visualisation 

(figure 6.21; Pinkel et al., 1986). Dimeric telomeres (2er), trimeric telomeres 

(3er), assemblies of more than three telomeres (>3er), and TAs, were quantified 

in untreated cells and tumour cells treated with 1.10 TAs are defined as an 

undistinguishably large number of associated telomeres in the nucleus.

B

Figure 6.21: Example of assemblies of 2, 3 or >3 telomeres, and telomeric aggregates (TAs) in 
nuclei of cancer cells, visualised by fluorescence in situ hybridisation (FISH) and 3D 
fluorescence microscopy. Taken from Sebastian Veith, bachelor thesis, 2008.

6.6.1.2) Flow cytometry

A flow cytometer can be utilised for counting cells and analysing their size, 

morphology, and fluorescent properties. During the measurement, a stream of 

cells is passed through a beam of light and lasers, and forward scattering (FSC) 

and side scattering (SSC), as well as fluorescence emission from the cells are 

detected. The FSC depends on the size of the cell, whereas the 880 gives 

information on its inner complexity, so that cell populations with different 
morphological features can be visualised in side scatter vs. forward scatter plots 

(e. g. figure 6.22, top left). Cells stained with various fluorescent biomarkers can
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be quantified by flow cytometric analysis in respect to the amount of stained 

cells as well as their content of fluorescent moieties.

6.6.1.3) Cell cycle arrest and cell cycle analysis

The DNA damage response initiates a cascade of cell cycle checkpoint and 

senescence/apoptosis signaling, which was previously discussed (chapters 

1.4.4-1.4.6). p53 and p16/pRB mediated senescence signaling pathways are 

activated, leading to deactivation of CDK2, and permanent G1 arrest resulting in 

senescence, and up-regulation of p21 (chapter 1.8.1.1.3). This scenario, 

however, is only possible in cells with functional, wild type p53 and p i6. Parallel 

pathways are expected for cells with non-functional p53 and p i6, e. g. the 

SMC1 mediated pathway, leading to S-phase arrest, and the CDC25 

phosphatase pathway, which can lead to temporary G1 phase arrest, S-phase, 

and G2 phase arrest (chapter 1.4.5). Chromosomes with uncapped telomeres 

undergo fusions, and breakage-fusion-bridge cycles lead to genomic instability, 

which results in mitotic catastrophe displayed as G2/M phase arrest. This is 

followed by apoptosis, displayed by cells in subGI due to loss of DNA (chapter

1.8.1.1.3).

Cell cycle analysis can be performed by staining the DNA of fixed cells with a 

dye such as propidium iodide (PI) and quantification of dye molecules per cell 

by flow cytometry (Nunez, 2001). This is based on the principle that the DNA 

content varies in cells in different phases of the cell cycle. Quiescent cells in GO 

phase and cells entering the cell cycle in G1 phase contain low amounts of 

DNA. During S phase, DNA is synthesised, so that DNA content increases, 

reaching a peak in G2/M phase. Apoptotic cells have lost most of their DNA 

content through perforation, and appear in subGI phase (figure 6.22, right).

During the measurement, cells are first monitored in a SSC vs. FSC plot, in 

which apoptotic cells display a lower SSC and FSC than the live cell population 

due to their decrease in size and loss of content (figure 6.22, top left). On the 

fluorescence channel of PI, single cells with equal fluorescence area and height 

are selected for analysis, and other events, such as doublets and clumps, which 

would falsely increase the G2/M population, are neglected (figure 6.22, bottom 

left). Selected cells are then displayed in a histogram on the PI fluorescence 

channel. The characteristic cell cycle distribution displays cell populations in
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subGI, G0/G1, S, and G2/M phase with increasing fluorescence intensity due 

to higher DNA content stained with PI (figure 6.22, right).
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Figure 6.22: Example of cell cycle analysis with propidium iodide (PI) of A549 cells. Top left: 
SSC vs. FSC density plot displaying live cell population and smaller apoptotic population below. 
Bottom left: Selection of single cells in PI area vs. height plot. Right: Cell cycle profile of A549 
cells, quantifying cell populations in subGI (apoptotic), G0/G1, S, and G2/M phase.

6.6.1.4) Identification of apoptotic cells

Apoptosis pathways and signaling have been discussed in chapter 1.4.6. 

Apoptosis caused by G-quadruplex ligands is likely to be a consequence of 

DNA damage signaling or mitotic catastrophe. It is noteworthy that inactivation 

of FasR/FasL death receptor signaling is highly prevalent in pancreatic cancers 

as a mechanism of evasion of apoptosis (Bernstroff et al., 1999). Stress- 

induced apoptosis caused by G-quadruplex ligands, may proceed via a death 

receptor independent pathway, with bcl-2 family proteins and caspase 9 as 

downstream mediators. However, apoptosis pathways are not fully understood, 

and there are also several parallel p53-independent pathways.

Several physiological features of cells appearing at different stages of 

apoptosis, as well as activity of caspases, can be applied to the detection of 

apoptotic cells via the following methods:

• Caspases are activated during apoptosis, which amplify the apoptotic signal 

and dissociate the cytoskeleton. Caspase 3 is an effector kinase, which is
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responsible for the cleavage of key proteins, such as PARP (Fernandes- 

Alnemri et al., 1994). Caspase 3 can be detected via immunostaining and 

flow cytometric analysis (Goodyear et al., 2004; King et al., 2007).

• Due to inhibition of the PT pore and membrane permeabilisation, the

mitochondrial membrane potential is lost during apoptosis.

Tetramethylrhodamineethylester (TMRE) is a cationic fluorescent molecule 

which is only sequestered by active mitochondria with intact mitochondrial 

membrane potential, which allows to distinguish live cells from cells in early 

apoptosis (figure 6.23; Hirsch et al., 1998; King et al., 2007; Iglesias et al., 

2008; Jayaraman, 2005).

• During early apoptosis, the negatively charged phospholipid

phosphadylserine, which is located on the inside of the plasma membrane 
lipid bilayer, redistributes to the outer cytosolic leaflet. Annexin V is a

phospholipid binding protein with high affinity for phosphadylserine, which 

can be labelled with a fluorescent marker for the application to the detection 

of apoptotic cells by flow cytometry (Iglesias et al., 2008).
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Figure 6.23: Example for the identification of apoptotic cells by flow cytometry. M IA-Pa-Ca-2  
cells treated with compound 1.1 for 24 h, stained with DAP I and TM RE. Fluorescence of TM R E  
is displayed on the x-axis, and fluorescence of DAPI is displayed on the y-axis. Live cells are 
TM R E(+)/D A P I(-), and displayed in the bottom right segment. Apoptotic cells are T M R E (-  
)/D A P I(-), and displayed in the bottom left segment. Necrotic cells are T M R E (-)/D A P I(+ ), and 
displayed in the top left segment. A small, neglectable population of live cells has ruptured 
membranes and appears in the top right segment as TM R E(+)/D A PI(+).

• Due to DNA loss, cells in late apoptosis or necrotic cells appear in subGI 

phase in the cell cycle analysis profile (figure 6.22).
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• 4’,6-diamidino-2-phenylindole (DAPI) is a fluorescent DNA double strand 

binding molecule, which also displays affinity for the minor groove. It only 

enters cells with a disintegrated membrane, which implies its use as a stain 

for necrotic cells (figure 6.23; Iglesias et al., 2008).

6.6.2) Methods

6.6.2.1) Visualisation of y-H2AX by confocal microscopy

MIA-Pa-Ca-2 cells were grown on cover slips as for the cell uptake studies 

(chapter 6.4.2). After the cells had attached to the cover slips, they were 

incubated with 1.1 (1 pM) and etoposide (30 pM) for 24 h. They were then 

washed with PBS, and fixed with fomaldehyde (2 % in PBS) for 10 min at RT. 

Cells were permeabilised with triton x (0.1 % in PBS, Sigma Aldrich, UK) for 

5 min at RT, and washed with blocking buffer (3 % BSA, Sigma Aldrich, UK, 

and 0.05 % triton x in PBS). They were incubated with phospho-histone H2AX 

(Ser139)(20E3) rabbit mAb alexa fluor 488 conjugate (1:67 dilution in PBS, 

#9719, Cell Signaling, USA) for 1 h and subsequently washed with PBS. Some 

samples were also incubated with DAPI (1:5000 dilution of a 2 mg/mL solution 

in PBS, Sigma Aldrich, UK) for 5 min and washed with PBS. Cover slips were 

mounted as described in chapter 6.4.2, and analysed by confocal microscopy 

on a LSM 710 META confocal microscope (Zeiss, Germany) with a plan- 

apochromat 40 x /1.3 Oil DIC M27 oil submersion lens.

6.6 2.2) Fluorescence in situ hybridisation (FISH) and 30 microscopy

The following experiment was conducted by Mr. Sebastian Veith under the 

supervision of Prof. Petra Boukamp at Deutsches Krebsforschungsinstitut, 

Heidelberg, Germany.

The experiment was performed on the HaCaT-myc cell line, which was kept in 

DMEM with 10 % PCS and 1 % Penicillin/Streptomycin, and grown on cover 

slips for the experiment. The slides were held in a coplin jar filled with 3.7 % 

formaldehyde (# 252549, Sigma, Germany) for 10 min. Then they were washed 

in PBS/ 0,1 % glycine (# 1023, Gerbu Biotechnik GmBH, Germany) for 5 min to 

wash away aldehyde groups. After that they were transferred to a coplin jar 

filled with PBS/0.2 % triton x 100 (# T8787, Sigma, Germany) and held there for 

12 min on a shaker. Then they were washed two times for 5 min in fresh PBS. 

The slides for storage were then put in a fresh coplin jar of PBS and stored in
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the refrigerator. The slides for direct use were washed one more time in fresh 

PBS for 5 min. After that, they were dehydrated in an increasing ethanol series, 

which consisted of 70 %, 85 % and 100 % ethanol. Each was used for 2 min 

and afterwards the slides were air-dried. The slides were shortly examined 

under the microscope to determine on what place of the slide and in which 

amount the probe (Cy3) would be applied. Cy3 is a fluorescence-labelled PNA 

probe with a complementary sequence to the telomere sequence. For a 9 x 

9 mm cover slip, 3 pi Cy3 were used and for a 22 x 22 mm cover slip, 10 pi Cy3 

were used. After the application of Cy3 to the coverslips, the slides were put 

into the HyBrite hybridising system (Vysis, now: Abbott Molecular, USA), where 

they were heated to 80 °C for 3 min to denature the DNA and then held at 30 °C 

for at least two hours for hybridisation. After that, the slides were shaken in a 

coplin jar with 70 % formamide/10 mM tris base (# 15515-026, Invitrogen) until 

the cover slip floated off. Then they were washed twice for 15 min in 70 % 

formamide/10 mM tris base on a shaker to eliminate free Cy3. The slides were 

transferred to a coplin jar with PBS for 1 min, transferred to a coplin jar filled 

with 0.1 X SSC and incubated in a water bath at 55 °C under slight shaking for 

5 min. This step is crucial, as it washes away false bound probe. After that, the 

slides were washed twice for 5 min in PBS/0.05 % tween 20 (# PI 379, Sigma, 

Germany), and mounted with 20 pL Vectashield containing 500 ng/ml DAPI .

After FISH, the slides were examined with an Axioplan 2 microscope (Zeiss, 

Germany), equipped with an automated z-stage. For all pictures a 63 x oil 

objective was used because it gives the best resolution of telomeres and the 

deconvolution routine was optimised for this objective. First, a region with clear 

signals of the telomeres and low background was selected. Two to three cells, 

maximal 4, were chosen for microscopy and the focus was manually adjusted. 

The software determined the optimal exposure times of Cy3 and DAPI and 

performed 100 pictures for each fluorescent filter with 0.2 pm distance between 

the pictures. For each slide at least 100 cells were examined and all exposure 

times were noted. The signals that were recorded in one layer gave also weaker 

signals in the layers above and below. Therefore, the finished pictures 

underwent the process of deconvolution, where all the signals from the picture 

stack were folded back by the image processing. Thereafter, the processed
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pictures were visualised in their 3 dimensions. For all pictures the same settings 

were used.

6.6.2.S) Flow cytometry

Flow cytometry experiments were carried out on a MACS Quant flow cytometer 

(Miltenyi Biotech, Germany) with specific MACS Quantify software.

6.6.2.3.1) Cell cycle analysis with propidium iodide (PI)

After incubation with the compound, two million cells were harvested by 

trypsinisation and centrifuged (4 min at 8000 rpm). Eventual floating cells in the 

media were also collected. Cells were washed with PBS and fixed with ice cold 

ethanol (70 %) while mixing and stored at 4 °C. The ethanol was removed by 

centrifugation (8 min at 12000 rpm) and the cells washed with PBS twice. The 

pellet was incubated with ribonuclease A solution (50 pL, 100 pg/mL, 15 min at 

RT, Sigma Aldrich, UK), and PI solution (450 pL of a 50 pg/mL solution in PBS, 

Sigma Aldrich, UK) was added to the mixture. During flow cytometric analysis, 

at least 10 000 events were collected. Events on the PI channel were collected 

on a linear scale, and in a dot plot displaying PI area versus PI height, doublets, 

clumps and subGI cells were gated out.

6.6 2.3.2) TMRE and DAPI staining

The cells incubated with the compound (1 million) were harvested, including 

floating cells, and centrifuged (4 min at 8000 rpm). They were resuspended in 

medium (1 mL), and incubated with tetramethyl-rhodamine ethyl ester (TMRE, 

4 pL of a 10 pM solution, T-669, invitrogen) for 15 min at 37 °C. The cells were 

washed twice with PBS, resuspended in PBS (300 pL), DAPI was added (1 pL 

of a 2 mg/mL solution), and cells were analysed by flow cytometry. At least 

10000 events were collected.

6.6 2.3.3) Detection of active caspase 3

After incubation with the compound, two million cells were harvested by 

trypsinisation and centrifuged (4 min at 8000 rpm). Eventual floating cells in the 

media were also collected. The cells were fixed with paraformaldehyde (2 % in 

PBS) for 15 min at RT while mixing. They were washed with blocking buffer 

(3 % BSA and 0.05 % triton x in PBS) and incubated with FITC coupled 

caspase 3 monoclonal antibody (20 pL, 5593410, BD Pharmingen) for 1 h at
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37 °C. The cells were washed with PBS, resuspended in PBS (200 pL), and 

analysed by flow cytometry. At least 10 000 events were collected.

6.6.2.3.4) Detection of y-H2AX by flow cytometry

After incubation with the compound, two million cells were harvested by 

trypsinisation and centrifuged (4 min at 8000 rpm). Eventual floating cells in the 

media were also collected. The cells were washed with PBS and fixed with 

paraformaldehyde (2 % in PBS) for 15 min at RT while mixing. 1 mL of ice cold 

PBS was added, and the solvent removed by centrifugation (8 min at 

12000 rpm). The cells were permeabilised with triton x (0.1 % in PBS, Sigma 

Aldrich, UK, 1 mL) for 30 min at RT and washed twice with blocking buffer (3 % 

BSA, Sigma Aldrich, UK, and 0.05 % triton x in PBS). Phospho histone H2AX 

(Ser139)(20E3) rabbit mAb alexa fluor 488 conjugate (5 pL, # 9719, Cell 

Signaling, USA) was added and the cells incubated for 30 min at RT. The cells 

were washed once with PBS, and analysed by flow cytometry after 

resuspension in PBS (200 pL). At least 10 000 events were collected.

6.6.3) Assessment of ND induced DNA damage and telomere aggregation

6.6.3.1) ND induced H2AX phosphorylation

MIA-Pa-Ca-2 cells were incubated with compound 1.1 at 1 pM concentration for 

24 h, and stained with an alexa fluor 488 labelled antibody specific for y-H2AX, 

which was visualised by confocal microscopy (figure 6.24, B). Another sample 

was treated with etoposide, which is known to cause DNA double strand breaks 

followed by H2AX phosphorylation (figure 6.24, A). In both samples, the 

presence of y-H2AX in the nuclei was demonstrated, which indicates DNA 

damage.

In some samples, nuclei were additionally visualised with DAPI, but spectral 

overlap with alexa fluor 488 could not be eliminated completely, which 

manipulated the results. As a consequence, cells stained with y-H2AX antibody 

only were used for evaluation. Overlay of fluorescence image with the 

transmitted light image displaying the cell morphology clearly shows location of 

y-H2AX foci inside the nuclei. A sample treated with compound 1.1 which was 

not stained with the antibody (figure 6.24, C), and an untreated sample stained 

with the antibody (figure 6.24, D) were used as negative controls, which confirm 

the specificity of the results.
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Figure 6.24: Detection of DNA damage in M IA-Pa-Ca-2 cells by compound 1.1 in an 
immunofluorescence experiment with Alexa 488 labelled y-H2AX antibody. A: M IA-Pa-Ca-2  
cells incubated with the reference compound etoposide (30 pM) for 24 h and anti y-H2AX  
stained. A1: Fluorescence image. A2: Transmitted light image. A3: Merged fluorescence and 
transmitted light images. B: M IA-Pa-Ca-2 cells incubated with compound 1 (1 pM) for 24 h and 
anti H2AX stained. 81: Fluorescence image. 82: Transmitted light image. 83: Transmitted 
fluorescence and transmitted light images. C: M IA -Pa-C a-2 cells incubated with compound 1.1 
(1 pM) for 24 h, unstained. D: Untreated M IA-Pa-Ca-2 cells, y-H2AX-stained.

6.6.3 2) ND-induced telomere aggregation

Compound 1.10 was examined for its ability to induce telomere aggregation 
(TA) in the cell line HaCaT-myc by Mr. Sebastian Veith at Deutsches 

Krebsforschungszentrum, Heidelberg, Germany. HaCaT-myc cells are 

keratinozyte derived HaCaT cells transfected with c-myc (Boukamp et al., 1988; 

Schuermann et al., 1990) and show a small but constant fraction of TAs while 

the parental HaCaT cells are generally void of TAs (Ermler et al., 2004).

Treatment of HaCaT-myc cells with the ND compound 1.10 (40 nM, 48 h) 

resulted in a significant increase of associates of 3 or more telomeres and TAs 

(figure 6.25). Both treated and untreated cells carried two associated telomeres. 

In the untreated sample 28.8 % of cells carried naturally occurring associates of 

more than 3 telomeres, and 1.7 % carried TAs. In the sample treated with 1.10, 
associates of more than 3 telomeres were found in 77.1 % of cells, and TAs 

were found in 21.1 % of cells.

The observed increase in telomeric associates and aggregates was achieved at 

sub-cytotoxic concentration, however, HaCaT-myc cells are susceptible for the 

formation of telomeric associates and assemblies. It would be interesting to 

examine the effect of 1.10 and other NDs such as 1.1 on telomeric assemblies 

in other cancer cell lines, e. g. pancreatic cancer cell lines.
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Figure 6.25: Telomeric association (2er, 3er, >3er) and aggregation (TAs) in HaCaT-m yc cells 
incubated with compound 1.10 (40 nM, 48 h).

6.6.4) Flow-cytometric analysis of cellular effects of NDs

In order to elucidate the pathways of DNA damage, cell cycle checkpoint 
signaling and apoptosis, as well as the time frame of their occurrence, A549, 

MIA-Pa-Ca-2, and HPAC cells were treated with compound 1.1 and analysed at 

different time points over 48 h. 2 million cells with 20 mL media per 150 cm  ̂
flask were incubated with 1.1, and apoptotic/necrotic cells were analysed by 

flow cytometry via TMRE/DAPI staining, cell cycle analysis with PI, as well as 
detection of activated caspase 3 and y-H2AX with fluorescent-labelled 

antibodies.

6.6.4.1) Preliminary experiments

In preliminary experiments, cell cycle profiles of cells from the long term growth 

inhibition study did not display any significant differences between treated and 

untreated cells. For A549 and MIA-Pa-Ca-2 cells, several samples displayed a 

tendency towards an increase of cells in G2/M phase. However, these changes 

were not significant.

In A549 and MIA-Pa-Ca-2 cells incubated with 1.1 at sub-cytotoxic 

concentrations, or at toxic 1-10 pM concentration for 1 or 5 h, y-H2AX could not 

be detected by flow cytometry.

At a highly toxic drug concentration (200 pM), necrosis of A549 cells, which was 
detected via DAPI stain, started to appear after 12 h of incubation, with ~ 60 % 

necrotic cells after 36 hours. This indicates that necrosis caused by 1.1 does
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not occur spontaneously, but is likely to be the result of a regulated apoptotic 

process.

G.6.4.2) Cell cycle analysis

A549 cells treated with 1.1 (0.5 pM) displayed G2/M phase arrest after 12 h of 

incubation, which was sustained after 48 h (figure 6.26, right row). After 36 h, 

the S phase population decreased significantly. This may be based on G1 

checkpoint activation, as no more cells proceeded from G1 into S phase. 

Furthermore, G-quadruplexes need to be resolved for DNA synthesis to 

proceed in S-phase, which may be hindered by G-quadruplex stabilisation by

1.1 (Paeschke et al., 2008). In the SSC vs. FSC plots, the apoptotic/necrotic cell 

population is displayed below the live cell population, and increases during the 

experiment (figure 6.26, left row). Inclusion of this apoptotic population into the 

cell cycle profile was displayed as a larger G2/M population, and a subGI 

population. However, it significantly reduced the clarity of the cell cycle profile, 

so it is not shown here. Cell populations in different growth phases can be 

quantified by commercial computer programs, which were not available. 

However, qualitative evaluation is sufficient in this experiment, as significant 

changes in the cell cycle distribution caused by compound 1.1 are visible.

A549 cells express wild-type p53, and carry a p16 deletion. G1-phase arrest 

can be initiated in a p53 dependent pathway, with deactivation of CDK2, and 

up-regulation of p21 in senescence. Observed G2/M phase arrest may also 

proceed via this p53 dependent pathway through inhibition of CDK1, but it is 

likely to be a result of telomere uncapping followed by chromosomal fusions and 

mitotic catastrophe, as discussed earlier.

MIA-Pa-Ca-2 cells treated with 1.1 (1 pM) show no changes in the cell cycle 

profile after 24 h, but after 48 h, G2/M arrest is observed (figure 6.27). Even 

though the 96 h IC50 value for MIA-Pa-Ca-2 and A549 is identical, MIA-Pa-Ca-2 

cells display delayed or lower short term sensitivity to 1.1 This may be due to 

lower cellular uptake of 1.1 into MIA-Pa-Ca-2 cells, which was reported in 

chapter 6.4. At a 0.5 pM concentration, compound 1.1 had no effect on the cell 

cycle of MIA-PA-Ca-2 cells, however, it must be considered that 100 times more 

cells per mL media were used in this experiment than in the SRB assay (SRB
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uses 1000 cells in 100 pL), which makes a significant difference as the 

compound is taken up into the cells.

untreated ; ^
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Figure 6.26: Cell cycle analysis of A549 cells, treated with compound 1.1 (0.5 pM). Cell cycle 
profiles (right, red graphs) are overlaid with the profile of the untreated sample (right, black 
graphs). SSC vs. FSC plots (left) display increasing populations of apoptotic/necrotic cells with 
incubation time.
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-ŷ

Figure 6.27; Cell cycle analysis of M IA-Pa-Ca-2 cells, treated with compound 1.1 (1 pM). Cell 
cycle profiles (right, red graphs) are overlaid with the profile of the untreated sample (right, black 
graphs). SSC vs. FSC plots (left) display increasing populations of apoptotic/necrotic cells with 
incubation time.

MIA-Pa-Ca-2 cells have a deactivating p53 mutation and a p16 deletion, and a 

transforming growth factor-/3 receptor (TGF-j8) dysfunction enabling them to 

evade senescence, which may explain why no G1 phase arrest is present. As 

discussed in chapter 6.6.1.3, the parallel CDC25 phosphatase pathway, which 

leads to temporary G1 phase arrest, S-phase, and G2/M phase arrest can be 

active for cells without functional p53 and p i6. However, as G2/M arrest is 

observed at a time when apoptosis is present, it may be a result of mitotic 

catastrophe.

A different effect is observed for HPAC cells, which display temporary S-phase 

arrest after 24 h, followed by G1 phase arrest after 48h, which is still present 

after 7d, when incubated with 1.1 (0.5 pM)(figure 6.28). The temporary S-phase 

arrest is a primary response of the cells to attempt to repair the damage caused 

by 1.1, and may proceed via the SMC1 mediated pathway, but there are several
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known pathways which can lead to S-phase arrest. G-quadruplex stabilisation 

may directly halt S-phase progression through inhibiting DNA synthesis, as 

discussed earlier.

untreated

y

y

24 h

% y

48  h

/

7 d

Figure 6.28: Cell cycle analysis of HPAC cells, treated with compound 1.1 (0.5 pM). Cell cycle 
profiles (right, red graphs) are overlaid with the profile of the untreated sample (right, black 
graphs). Absence of apoptotic cells in SSC vs. FSC plot and G1 phase arrest indicate 
senescence.

S-phase arrest was also observed in HPAC cells upon treatment with 

gemcitabine (Li et al., 1999), so that the ND induced S-phase arrest may not be 

a direct effect of G-quadruplex stabilisation, but a cell specific response to DNA 

damage. Subsequent permanent G1 phase arrest is likely to be mediated by
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wild type p53, which HPAC expresses, via deactivation of CDK2, and up- 

regulation of p21 in senescence. To further investigate the observed resolving 

of the S-phase arrest, cell cycle analysis with incorporation of 

bromodeoxyuridine (BrdU) can be performed in future experiments.

The diversity of cell cycle checkpoint responses to treatment with 1.1 indicates 

that the individual characteristics of gene expression and mutation for different 

cancer cells have a major influence on the outcome of treatment with G- 

quadruplex ligands.

Also compounds 1.2 and 1.3 caused G2/M phase arrest in MIA-Pa-Ca-2 and 

A549 cells. This occurred earlier and was more intense for compound 1.3, 
which may be related to its higher cellular uptake (figure 6.29).

SH201CM18-10 7104 01fi\P1\P?

Figure 6.29: Comparison of the effect of different ND compounds and etoposide on the cell 
cycle distribution of M IA-Pa-Ca-2 cells at 1 pM, 14 h. Dark green: Untreated. Magenta: 
Compound 1.1. Cyan: Compound 1.2. Red: Compound 1.3 Orange: Etoposide 30 pM. G2/M  
phase arrest caused by 1.3 occurs earlier and is more intense than for the other tested NDs, 
which may correlate with its higher cellular uptake.

6.6.4.3) Detection of apoptosis/necrosis

For A549 cells, apoptosis starts after 12 h of treatment with compound 1.1 

(0.5 pM), and apoptotic populations are high after 24 and 36 h (> 40 %; figure 

6.30, A). The number of necrotic cells increases from the starting point of 

apoptosis. After 48 h, the number of apoptotic cells decreases, because they 

have become necrotic. ~ 30 % live cells remain after 48 h, which may be a sub

population which is less sensitive to 1.1, or which may have undergone 

senescence.
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Treatment of HPAC cells with 1.1 (1 | jM ) only increases apoptotic and necrotic 

cell populations to a small extent, which is plausible, as permanent G1 phase 

arrest and senescence were observed for this cell line.

Untreated MIA-PA-Ca-2 cells naturally have a higher number of apoptotic and 

necrotic cells than the other tested cell lines, which is an individual feature of 

this cell line, possibly due to observed poor attachment to surfaces and 

neoplastic stress. Treatment with 1.1 at 0.5 pM concentration decreases the live 

cell population and increases the population of necrotic cells, with the share of 

apoptotic cells remaining relatively constant. At 1 pM ligand concentration, high 

populations of apoptotic and necrotic cells are present after 48 h.
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Figure 6.30: Time dependent identification of live, apoptotic and necrotic populations after 
treatment of cancer cell lines with compound 1.1 A: A549 cells, 0.5 pM 1.1 B: HPAC cells, 
1 pM 1.1. C: M IA-Pa-Ca-2 cells, 0.5 pM 1.1. D: M IA -Pa-C a-2 cells, 1 pM 1.1.

6.6.4.4) Detection of active caspase

Active caspase was detected in A549 cells treated with 0.5 pM 1.1 for 24 and 

48 h, as well as in MIA-Pa-Ca-2 cells treated with 1 pM 1.1 for 48 h (figure
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6.31). This indicates that apoptosis is present, and also confirms a regulated, 
mitochondrial apoptotic mechanism.
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Figure 6.31; Detection of active caspase 3 in cancer cell lines after treatment with 1.1. A: A549 
cells, 0.5 pM 1.1. Dark green: Treated (24 h), unstained. Blue: Untreated, stained. Light green: 
Treated (24 h), stained. Red: treated (48 h), stained. B: MIA-Pa-Ca-2 cells, 1 pM 1.1 Dark 
green; Treated (48 h), unstained. Blue: Untreated, stained. Light green; Treated (48 h), stained.

6 6.4.5) Detection of y-H2AX

/-H2AX was detected in A549 cells incubated with 1.1 (0.5 pM) at different time 

points (figure 6.32). After 24 h of incubation, a small amount of /-H2AX is 

present. Phosphorylation increases strongly at 36h, and is lowered again after 

48 h of incubation.

There may be a correlation of H2AX phosphorylation with the amount of 

apoptotic cells and caspase activation; Caspases dismantle the cytoskeleton, 

and are known to cause a secondary DNA damage response through active 

defragmentation of DNA. For this reason, it is not certain whether the detected 

H2AX phosphorylation is caused by primary DNA damage through ND 

compound induced telomere uncapping, or secondary DNA damage through 

caspase activity. In the presence of a caspase inhibitor, such as z-VAD-FMK, 
the detection of y-H2AX would be of greater significance (Tanaka et al., 2007a). 

It is possible that 1.1 causes primary H2AX phosphorylation, which is too low to 

detect, or which occurs at a specific time point which has not been examined, 

yet.

In another experiment, the ability of compounds 1.1-1.3 to induce FI2AX 
phosphorylation in A549 and MIA-Pa-Ca-2 cells was compared (figure 6.33).
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1.2 is able to induce a slightly higher level of y-H2AX, and 1.3 a greater 

amount, which correlates with their cellular uptake. In the cell uptake studies,

1.2 and 1.3, which have only weak fluorescent properties, were not visualised 

inside the nuclei, however, their ability to induce H2AX phosphorylation is an 

indicator of compounds 1.2 and 1.3 reaching the nucleus and thus causing DNA 
damage.

mu/AH») A

Figure 6.32; Detection of /-H2AX in A549 cells, treated with compound 1.1 (0.5 pM). Black. 
Untreated cells. Green: 24 h. Red: 36 h. Blue: 48 h. Purple: Etoposide, 30 pM, 24 h.
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Figure 6.33: Comparison of H2AX phosphorylation caused by compounds 1.1-1.3 and 
etoposide in A549 and MIA-Pa-Ca-2 cells. Left: A549 cells, 10 pM compound, 24 h. Right: MIA- 
Pa-Ca-2, 1 pM compound, 14 h. Dark green: Untreated. Magenta: Compound 1.1 Cyan: 
Compound 1.2 Red: Compound 1.3 Orange: Etoposide 30 pM.
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6.6.5) Conclusions

DNA damage was detected in MIA-Pa-Ca-2 cells treated with compound 1.1 for 

24 h in the form of phosphorylated histone H2AX in the cell nuclei. This DNA 

damage may occur due to telomere uncapping, which is also indicated by 

telomerase inhibition by 1.1 in cell extracts, and dissociation of hTERT from 

telomeric DNA caused by 1.1 in vitro. The ND compound 1.10 caused 

increased telomere association and telomere aggregation in keratinozyte 

derived cells, which may represent chromosomal fusions leading to DNA 

damage and genomic instability.

Compound 1.1 causes G1 and G2/M phase arrest followed by apoptosis in 

A549 cells and G2/M phase arrest in MIA-Pa-Ca-2 cells, whereas it causes 

temporary S-phase arrest followed by permanent G1 phase arrest and 

senescence in HPAC cells. This different behaviour may be in part based on the 

p53 and p i6 status of the cell lines, as MIA-Pa-Ca-2 cells express mutated, 

dysfunctional p53 and carries a p i6 deletion, and A549 and HPAC express wild 

type p53, and A549 carries a p i6 deletion. This enables A549 and HPAC to 

undergo a p53 mediated pathway with inhibition of CDK1 and G1 phase arrest. 

A549 and MIA-Pa-Ca-2 are likely to enter mitotic catastrophe upon telomere 

uncapping, chromosomal fusions and formation of anaphase bridges, which is 

displayed as G2/M phase arrest and apoptosis.

Active caspase was detected in A549 and MIA-Pa-Ca-2 cells treated with 

compound 1.1 after 24 and 48 h, respectively, which indicates that they undergo 

a controlled, mitotic apoptotic program.

/-H2AX was detected in A549 and MIA-Pa-Ca-2 cells after treatment with 1.1, 

however, high levels of phosphorylation were observed when apoptosis was 

present and caspase was active, which implies that the detected DNA damage 

signal is of secondary nature through caspase activity. Compounds 1.2 and 1.3 

cause a greater amount of H2AX phosphorylation than 1.1, which correlates 

with their higher cellular uptake.
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6.7) In vitro pharmacokinetics and pharmacodynamics of NDs

6.7.1) Background

Before testing a compound in vivo, in vitro pharmacokinetic (pk) and 

pharmacodynamic (pd) studies, such as adsorption, distribution, metabolism 

excretion, and toxicity (ADME-Tox) or receptor binding assays, are useful for 

ruling out any intolerable off-target effects and assuring sufficient compound 

uptake and distribution.

A few estimates of the pharmacological properties of compound 1.1 can already 

be made from its chemical and physical properties. It is highly water soluble, 

and stable under aqueous conditions at 37 °C for at least 7 days. Cell uptake 

studies have shown that it is able to enter cancer cells and reach its targets by 

localising in the nuclei and sites in the cytoplasm. The compound does not carry 

any permanent positive charges, however, N-methylpiperazinyl nitrogen atoms 

are protonated at physiological pH and in a hypoxic tumour environment, which 

may increase its affinity for nucleic acids, but may also promote renal excretion 

(Giacomini, 1997).

Regarding pharmacodynamics of 1.1, metabolic removal of the methyl groups 

of the A/-methylpiperazinyl moieties is possible, which has been demonstrated 

for Imatinib (Ma et al., 2009), however, this does not necessarily imply loss of 

activity. As compound 1.1 is likely to be sensitive to very strong acids, its oral 

administration should, if at all, only proceed via stomach acid resistant 

capsules. For first in vivo experiments, intraperitoneal (i. p.) or intravenous (i. v.) 

injection is preferred.

The hERG gene is responsible for the current in potassium channels and 

repolarisation of ventricles (Hancox et al., 2008). Interference with hERG 

potassium channels, or the potassium current, by drug candidates leads to 

cardiac toxicity and arhythmia. hERG binding is an intolerable side effect, which 

is observed for many compounds entering pre-clinical testing, such as the G- 

quadruplex ligand RHPS4 (Prof. Malcolm Stevens, personal communication). 

For this reason, assessment of interference with hERG was necessary for 

compound 1.1. The patch clamp assay can be used for determination of 

interference with hERG. For this, cells transfected with the hERG gene are
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stimulated with electric currents, and the resulting hERG current is measured 

and monitored upon addition of the compound to test (Hancox et al., 2008).

6.7.2) Methods

6.7.2.1) In vitro receptor binding assays

The following experiment was performed at Cerep, France, by their scientific 

staff.

An automated and high-throughput receptor binding assay was performed on 

80 transmembrane and soluble receptors, ion channels, and monoamine 

transporters. Assays were carried out via competition based scintillation 

proximity assay (SPA), employing a receptor isolated from a cellular membrane 

or solution, and a radiolabelled antagonist ligand. A minimum of 6 control wells 

(non-specific and total binding) with or without vehicle and an 8-point dose- 

response of the relevant reference compound were used. Binding of the 

radiolabelled antagonist ligands to receptors on the surface of the bead, which 

contains a scintillant, results in release of light, which is detected. The intensity 

of scintillation correlates with the binding of the antagonist ligand to the 

receptor, which decreases in case of receptor binding of the compound to test. 

The concentration of compound 1.1 in these assays was 10 pM.

6.7.2.2) Automated patch-clamp assay for hERG

The following experiment was performed at Cerep, France, by their scientific 

staff.

CH0-K1 cells were originally obtained from the American Tissue Culture 

Collection (ATCC). hERG cDNA (GenBank sequence NM_000238) was 

subcloned into pSI vector (Promega) at Cerep. The CH0-K1 cells were co

transfected with this construct and pPUR (containing puromycin selective 

marker, BD Bioscience). After selection in puromycin for 10 days, single 

colonies were selected and verified with hERG potassium currents. Stably 

transfected cells were cultured in F-12 Kaighn's Nutrient Mixture medium 

(Invitrogen) + 10 % FBS at 37 °C for 1-3 days. Subsequently, the cells were 

harvested by trypsinisation, and kept in Serum Free Medium (SFM) at room 

temperature before recording. The cells were washed and resuspended in 

extracellular solution before being applied to the patch clamp sites. After whole
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cell configuration was achieved, the cell was held at -80 mV. A 50 millisecond 

pulse to -40 mV was delivered to measure the leaking current, which was 

subtracted from the tail current on-line. Then the cell was depolarized to 

+20 mV for 2 seconds, followed by a one second pulse to -40 mV to reveal 

hERG tail current. This paradigm was delivered once every 5 seconds to 

monitor the current amplitude. The extracellular solution (control) was applied 

first and the cell was stabilised in extracellular solution for 5 min. Then the test 

compound was applied from low concentrations to high concentrations 

cumulatively. The cell was incubated with each test concentration for 5 minutes. 

During the incubation, the cell was repetitively stimulated using the voltage 

protocol described above, and the tail current amplitude was continuously 

monitored.

6.7.3) In vitro pharmacology and toxicology of 1.1

Compound 1.1 was tested in an automated high-throughput receptor binding 

study on 80 transmembrane and soluble receptors, ion channels, and 

monoamine transporters at Cerep, France. At 10 pM concentration, it interferes 

with the chemokine receptor CXCR2 (62 % inhibition), the neuropeptide 

receptor Y1 (67 % inhibition) the serotonin receptor 5- H T i b  (73 %), and 

muscarinic receptors M1-M5 (88-99 % inhibition). The inhibitory concentration 

of 1.1 to the muscarinic receptors was further specified by determination of the 

respective I C 5 0  values (figure 6.34). Those lie in the range of 0.1-3.9 pM, which 

lies just above the concentration at which compound 1.1 is toxic to cancer cells. 

This suggests that 1.1 may cause neurological side effects in vivo if 

administered at high concentrations, but it may be tolerable at compound 

concentrations within the therapeutic window. Cisplatin, which is a highly 

efficient and well-established anti cancer drug, has nephrotoxic side effects 

(Barabas et al., 2008). Compounds with activity for muscarinic receptors can be 

used for the treatment of Alzheimer’s disease or other central nervous system 

disorders (Eglen, 2005; Conn et al., 2009; Fisher, 2006).

Compound 1.1 displays very little, if any, interference with the hERG channel. 

At a concentration of 10 pM, hERG inhibition was 2.3 %, which lies within the 

error range (table 6.5).
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Figure 6.34: Quantification of affinity of compound 1.1 for muscarinic receptors.

test concentration [M] % Inhibition of tail current

1*10'^ 3.6

1*10'® -3.1

n o ® 2.3

Table 6.5: Studies on hERG receptor inhibition of compound 1.1 in an automated patch clamp 
assay show that no significant interaction is present at tested concentrations, and that no 
cardiotoxicity is expected for 1.1.

6.7.4) Conclusions

Compound 1.1 was tested in an industrial high throughput receptor binding 

study, and cardiovascular toxicity to hERG was assessed. Receptor binding to 

the muscarinic receptors as well as a chemokine, a serotonin, and a 

neuropeptide receptor was observed, however, this may not be problematic at 

concentrations relevant for cancer treatment. Interference with the hERG 

receptor is a problem for many compounds entering pre-clinical studies, but no 

such interference was found for compound 1.1
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6.8) Xenograft study

6.8.1) Background

Compound 1.1 is the lead compound from the series of ND compounds 

reported in this project. It has up to 100 fold selectivity for pancreatic and other 

cancer cell lines over a normal fibroblast cell line, it localises in the nuclei of 

cancer cells, decreases telomerase activity, inhibits expression of oncoproteins, 

and induces senescence as well as apoptosis in cancer cell lines, depending on 

their p53 status. 1.1 may be able to induce senescence in stem cells, and 

through multiple targeting, it may be able to overcome the drug resistance 

pancreatic cancers generally display. In vitro pharmacological data show 

inhibition of neurological receptors, so that side effects are expected at high 

compound concentrations, however, no cardiovascular toxicity is present, which 

is crucial. Due to its promising features and activity, 1.1 was progressed to in 

vivo testing.

As the first in vivo experiment of a novel compound, the maximum tolerated 

dose (MTD) must be determined, which is stated in the units mg of compound 

per kg of body weight. For this, the drug is administered to mice at slowly 

increasing doses. When the toxic concentration is approached, animals show 

weight loss (Morton & Griffiths, 1985). After determination of the MTD for a 

single injection, the MTD for regular injections is determined, which is then 

chosen for administration in the xenograft experiment.

In the xenograft experiment, tumours are grown in the flanks of immuno- 

deficient mice from human cancer cell lines. After injection of the cells, tumours 

are left to establish for several weeks, after which administration of the 

compound is started. Average tumour volume or tumour weight of treated and 

untreated animals are compared in plots, and the relative tumour growth 

inhibition by the compound can be started.

Gemcitabine produces 69 % growth inhibition in MIA-Pa-Ca-2 xenografts, 

-  55 % growth inhibition in HPAC xenografts, and 76 % growth inhibition in 

PANC-1 xenografts (Schultz et al., 1993; Furugaki et al., 2010). The G- 

quadruplex ligand Quarfloxin was tested on MIA-Pa-Ca-2 xenografts, and
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produced 59 % growth inhibition (Drygin et al., 2009). Xenograft studies with G- 

quadruplex ligands were discussed in more detail in chapter 1.8.2.

6.8.2) Methods

The animal experiments were carried out by Dr. Maria de la Fuente under 

supervision of Dr. Andreas Schatzlein in the Cancer Pharmacology Group at the 

School of Pharmacy, London.

Animals were housed in groups of five at 19 °C to 23 °C, with a 12-hour light- 

dark cycle, and fed a conventional diet. Experimental work was carried out in 

accordance with UK Home Office regulations. A dose range assay was 

performed in female GDI mice, with an initial mean weight of 25 g (Harlan UK 

Ltd,).

Compound 1.1 was dissolved in PBS and administered intraperitoneally to the 

mice (n=2). Body weight was recorded daily and the animals were observed for 

clinical symptoms (Morton and Griffiths 1985). The starting dose of 10 pg/kg 

was increased step-wise in order to determine the MTD.

MIA-Pa-Ca-2 cells were obtained from the European Collection of Cell Cultures 

(ECACC) and cultured as recommended (DMEM, 2 mM glutamine, and 10 % 

Foetal Bovine Serum). Five to six weeks old immunodeficient Swiss nude mice 

(Charles River UK Ltd) were maintained in individually ventilated caging (IVC) 

systems. Tumours were inoculated by subcutaneous injection of 1*10^ cells in a 

mixture of 50:50 (v/v) medium and Matrigel® (BD Bioscences) in each flank. In 

a similar study, 5*10® HPAC cells in 50 % growth media/50 % Matrigel® (BD 

Bioscences) were subcutaneously injected in both flanks of each mouse 

(100 pl/flank).

Tumour growth was followed by serial calliper measurement, body weights were 

recorded and tumour volumes were calculated (volume=cP * tt IQ). Animals 

were randomised into two groups, one of them used as control and the other 

treated by intraperitoneal injection of 3 mg/kg of 1.1 three times per week (n=5 

animals per group). The median relative tumour volume was plotted against 

time. Relative tumour volumes were calculated for each single tumour by 

dividing the tumour volume on day X  by that on day 0 (first day of treatment). 

Upon termination of the experiment (day 25 for MIA-Pa-Ca-2, and 35 for
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HPAC), the tumours were excised, and snap-frozen in liquid nitrogen for further 
analysis.

6.8.3) Evaluation of compound 1.1 in pancreatic xenografts

The initial MTD study showed that the safe therapeutic dose was 15 mg/kg 

given as a single i. p. injection. The same dose was also well tolerated after i. v. 

administration. In order to design a therapeutic regime, animals were 

subsequently treated i. v. with 1.1, in a repetitive dosing study. Three different 

schedules were established: 1/2 of the MTD twice per week, 1/5 of the MTD 

every 48 h, and 1/10 of the MTD every 24 h. Only the first schedule was found 

to be toxic, with a reported loss of animal body weight.

Compound 1.1 caused significant growth inhibition of pancreatic xenograft 

tumours when administered at 3 mg/kg three times per week. In MIA-Pa-Ca-2 
xenografts, tumour growth was inhibited by -  52 % (figure 6.35), and in HPAC 

cells by -40 % (figure 6.36). The greater observed sensitivity of MIA-Pa-Ca-2 to 
compared to HPAC is analogous to their relative sensitivity to gemcitabine 
(Schultz et al., 1993; Furugaki et al., 2010). Furthermore, the IC50 of 1.1 to p53 
wild type HPAC is higher compared to MIA-Pa-Ca-2, and 1.1 was found to 

cause senescence in HPAC cells, whereas apoptosis is only observed in MIA- 

Pa-Ca-2 cells at toxic concentrations.

Treated animals did not show any weight loss (figure 6.37).
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Figure 6.35: Study of compound 1.1 on a pancreatic MIA-Pa-Ca-2 xenograft, with ~ 52 % total 
growth inhibition.
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Figure 6.36: Study of compound 1.1 on a pancreatic HPAC xenograft, with ~ 40 % total growth 
inhibition.
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Figure 6.37: Body weight of animals treated with compound 1.1 (3 mg/kg).

6.8.4) Conclusions

Compountd 1.1 was well tolerated in mice when administered at 3 mg/kg three 

times a week. In pancreatic xenograft models, 40 % growth inhibition was 

achieved for HPAC after 35 days, and 52 % growth inhibition was achieved for 

MIA-Pa-Ca-2 after 25 days of treatment with 1.1 Compound 1.1 is thus a 

candidate for the treatment of pancreatic cancers.
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6.9) Pharmacokinetic studies of 1.1

6.9.1) Background

Methods for detection of compound distribution in the animals or their tumours 

were compared, such as confocal microscopy, solid phase extraction (SPE) 

with liquid chromatographic/mass spectrometric (LC/MS) analysis, and in vivo 

spectral fluorescence imaging, with prospect of application to future 

pharmacokinetic studies.

6.9.2) Applications for assessment of in vivo pharmacokinetics

6.9.2.1) Confocal microscopy

6.9.2.1.1) Background

In cell uptake studies, compound 1.1 has been located in cancer cells in vitro 

via confocal microscopy. This technique was to be applied to uptake studies on 

compound 1.1 into MIA-Pa-Ca-2 tumours of the i. p. injected animals.

6.9 2.1.2) Methods

Frozen tumour samples were cut into 15 pM thick sections with a CM 1800 

cryostat (Leika, UK) at -20 “0 and kept at that temperature on microscopy slides 

(631-0114, VWR international). Subsequently after unfreezing, the samples 

were fixed with formaldehyde (2 % in PBS) for 10 min at RT. After washing with 

PBS, several samples were permeabilised with triton x (0.25 % in PBS, Sigma 

Aldrich, UK) for 5 min at RT, other samples were washed with PBS and 

mounted. Permeabilised samples were washed with PBS again and incubated 

with MitoTracker green (20 nM in PBS, Invitrogen, UK) for 15 min at RT, and 

with DAP I (0.4 pg/mL in PBS, Sigma Aldrich, UK) for 5 min at RT. After 3 

washes with PBS, the samples were covered with cover glasses (16 mm 

diameter, thickness #1, FB58700, Fisher, UK) using mounting media 

(Vectashield, Vector Laboratories, CA, USA), sealed with nail varnish, and 

visualised by confocal microscopy on a LSM 710 META confocal microscope 

(Zeiss, Germany) with a plan-apochromat 40x/1.3 Oil DIG M27 oil submersion 

lens.
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6.9.2.1.3) Confocal microscopy of xenograft tumours

Slices of MIA-Pa-Ca-2 tumours were examined by confocal microscopy in 

attempt to detect compound 1.1 in the tumour material (figure 6.38, B). A 

tumour from an untreated animal (A), and a treated animal which was injected a 

solution of 1.1 (300 pL of a 0.4 mM solution) directly into the tumour (0) were 

used as negative and positive reference, respectively.

Staining with DAPI and MitoTracker green displays the inhomogeneous 

morphology of the tumours (figure 6.38, A1-C1). Confocal microscopic analysis 

of unstained samples in the red fluorescence spectrum displayed strong 

autofluorescence of the tumour cells at settings with high sensitivity, which 

obstructed the detection of compound 1.1, and at lower sensitivity, no 
fluorescence was visible. In fact, the positive reference sample shows the 

lowest fluorescence intensity (figure 6.38, 02). The concentration of compound 

1.1 was probably too low for it to be detected, and it may have been removed 

from the cells by the large amount of washing steps.

Figure 6.38: Confocal microscopic analysis of sliced MIA-Pa-Ca-2 xenograft tumours in attempt 
to study in vivo tumour cell uptake of 1.1 A: Untreated tumour. B: Tumour from animal treated 
with 3 mg/kg of 1.1 every three days, 48 h after the last injection. 0: Tumour from group B which 
was injected 300 pL of 0.4 mM of 1.1 as positive control. Top row: Cells were stained with DAPI
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and MitoTracker green. Bottom row: Unstained cells display high autofluorescence at sensitive 
settings, which obstructs compound detection.

6.9.2.2) Solid phase extraction (SPE) and liquid chromatography mass 

spectrometry (LC/MS) quantification for pharmacokinetic application

6.8.2.2.1) Background

Mass spectrometry is a useful tool for the quantification of small molecules in 

tissue samples, and can be used for pharmacokinetic studies (Zhou & Gallo, 

2009; Boyd et al., 2008). This is generally done on compound extracts from the 

cell lysate.

Organic extraction of compound 1.1 from the tissue lysate was not possible due 

to its high hydrosolubility. The compound was to be isolated from the tissue via 

solid phase extraction (SPE) and quantified by liquid chromatography/mass 

spectrometry (LC/MS). In general, the compound is extracted from the lysed 

tissue by passing it through a small disposable column containing a solid phase 

which adsorbs the compound. The compound is then eluted with a specific 

solvent, and quantified by LC/MS via the integral of its peak in the 

chromatogram.

6.5.2.2.2) Methods

LC/MS measurements were performed on a Navigator mass spectrometer 

(Varian, USA) with a Waters 2695 separation module for liquid chromatography. 

A symmetry C18 column (3.5 pm 4.6 x 75 mm, part. No. WAT066224, Waters, 

USA) was used, with the following chromatography method: 98 % aq. For 

3 min, 60 % aq. over 12 min, 0 % aq. for 1 min, 98 % aq. for 4 min, with 

acetonitrile and water with 0.1 % formic acid as mobile phases, and a flow rate 

of 0.2 mL/min. Injection volume was 30 pL, and retention times were 13.5 min 

for 1.1, and 13.8 min for 1.2

The Navigator was calibrated with myoglobin (pos) and rutin (neg). It was run 

with a nitrogen supply at 400 L/h, with the following settings:

Source: Capillary: 2.9, cone: 25, skimmer: 1.4, skimmer o/s: 4, RF lens: 0.1, 

source heater: 120. MS: LM resolution: 12.5, HM resolution: 12.5, ion energy: 

1.0, ion energy ramp: 0.0, multiplier: 610. Sensitivity to 1.1 and 1.2 was 

increased by using selected time monitoring of m/z = 857, 913.
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Data were processed with the MassLab software. Integration was performed via 

the operations TIC chromatogram, BPI chromatogram, and smoothing 

(Savitzky-Golay).

For SPE, a 018 Bond Elut column (# CIS 1210-2001 Varian), an SCX-2 column 

(500 mg, # 532-0500-0, Isolute), and a 08 column (# 08 006101, Analytichem 

International) were used, and eluents were water, acetonitrile, methanol, and 

these solvents with 0.1 % formic acid or 5 % ammonia.

A compound solution was loaded onto the column, which was rinsed with water 

(1 mL). The compound was eluted with the respective solvent (~ 3 mL), and the 

solvent removed i. vac. The residue was redissolved in water (200 pL) and 

analysed by LO/MS.

6.9.2.2.3) SPE and LC/MS quantification of 1.1

For the assignment of compound concentration to its integral, optimisation of 

the LO/MS settings and recording of a calibration curve was necessary. 

Compound 1.2 was chosen as a reference compound, which was to be added 

to the cell lysate or the extract at a known concentration in order to help to 

determine the concentration of 1.1 The integrals of the peaks in the 

chromatograms of 1.1 and 1.2 on their own at different concentrations resulted 

in calibration curves with the expected linear relation between integral and 

concentration. Integrals for compound 1.2 were significantly higher, which 

indicates that it ionises more easily in the electron spray process. The 

calibration curve of 1.1 in the presence of 1.2 at 5 pM concentration showed 

that 1.1 ionised better in the presence of 1.2 than on its own, which is a known 

phenomenon in mass spectrometry (Boyd et al., 2008). However, in the 

presence of 1.2, there was no more linearity between integral and concentration 

of 1.1, indicating that there is an interaction between the two compounds, and 

that 1.2 cannot be used as a reference compound.

In preliminary experiments on SPE of compound 1.1, a column with a Cl 8 

stationary phase was suitable. Compound 1.1, which was applied as a 200 pM 

solution, was eluted with acetonitrile and 0.1 % formic acid with 70.8 % 

extraction efficiency. Adhesion of 1.1 to a C8 and an SCX-2 column was very 

high, leading to low extraction efficiency.
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Figure 6.39: Calibration curve for the quantification of compound 1.1 by LC/MS for future 
pharmacokinetic application, with attempt of using compound 1.2 as a reference.

On the Navigator mass spectrometer used, the detection limit of 1.1 and 1.2

was 2 pM at 30 pL injection volume, however, this lies above the maximum

expected compound concentration in the extract (1.2 pM), assuming that the

administration of 1.1 is 3 mg/kg, 100 mg of tumour are extracted, and the
extraction efficiency is 70 %. Larger volumes could not be injected for technical

reasons, and the amount of available tumour material was not sufficient to

perform any extractions on a larger scale. If a more sensitive mass

spectrometer and a different reference compound are used, SPE and LC/MS

may be a suitable method for pharmacokinetic studies of compound 1.1

6.9.2.3) In vivo spectral fluorescence imaging study

6.9.2.3.1) Background

The fluorescent properties of compound 1.1 were utilised for in vivo 

fluorescence imaging. This technique is highly sensitive and has the advantage 

over confocal microscopy that no washing steps are involved which could rinse 

out the compound. The imaging method allows location of the fluorescent 

compound in the animal, and in excised organs.

6.9.2 3.2) Methods

The following experiment was performed by Dr. Maria de la Fuente under the 

supervision of Dr. Andreas Schatzlein in the Cancer Pharmacology Group.

48h after i. p. injection of 1.1 at 3 mg/kg, spectral fluorescence images of the 

mice and the excised organs were obtained using the Maestro In Vivo Imaging
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System (CRi Inc). Optical image sets were acquired with a yellow filter for 

acquisition of one complete image cube. Spectral libraries for 1.1 were imported 

and the respective spectra unmixed, using a commercial software (Maestro 

software; CRi Inc). Mice were sacrificed after completion of imaging, and the 

tumours and main organs excised to enable ex vivo optical imaging.

6.9.2.3.3j In vivo spectral fluorescence imaging of compound 1.1

Compound 1.1 was visualised via its fluorescence in animals treated at 3 mg/kg 

i. p., whereas untreated animals only showed very low autofluorescence.

Untreated

Treated Untreated Treated

Tumors

Treated Untreated
Treated Untreated

Tumors

Figure 6.40: In vivo spectral fluorescence Imaging of compound 1.1, 48 h after I. p. injection of 
3 mg/kg. Right: Black background. Left: Bright field image. Colours: grey -  autofluorescence. 
Red/brown -  fluorescence. Compound 1.1 localises in the tumours.

209



6) Biological evaluation of NDs

The imaging was performed on four animals, for which the same observations 

were made. The in vivo imaging shows that 1.1 localises in the tumours (figure 

6.40). Fluorescence imaging of excised organs and tumours ex wVo displays 

accumulation of the compound in the tumours, in the lung, and in the pancreas, 

which is optimal for the treatment of pancreatic cancers (figure 6.41). As 1.1 

displays high toxicity to the lung cancer cell line A549, its accumulation in the 

lung may be utilised for the treatment of lung cancer. No obvious reason exists 

for the accumulation of 1.1 in lung and pancreas. 1.1 may be taken up into the 

tumour cells via active transporter mechanisms, and in the acidic, hypoxic 

tumour environment, the degree of protonation of the A/-methylpiperazinyl 

groups may be higher, leading to higher affinity for nucleotides.

lungs
tumors

spleen

/
heart

liver

kidneys pancreas

spleen

pancreas

tumors

heart

liver

lung

kidneys

Figure 6.41: Ex vivo spectral fluorescence imaging of compound 1.1, in excised organs from 
animals treated with 1.1 by i. p. injection of 3 mg/kg, 48 h after last injection. Right: Black 
background. Left: Bright field image. Colours: grey -  autofluorescence. Red/brown -  
fluorescence. Compound 1.1 localises in the tumours, lung, and pancreas.

No significant accumulation of 1.1 in the liver was observed, which indicates low

toxicity for this organ. As the images were taken 48 h after the last injection, the
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lack of accumulation of 1 .1  in the kidneys does not give any information on 

compound excretion, however, a significant amount of 1 .1  remained in the 

body.

6.9.3) Conclusions

Three different methods for pharmacokinetic studies of compound 1.1 were 

evaluated.

Detection of 1.1 in tumour tissue of treated animals by confocal microscopy was 

not accomplished due to autofluorescence of the tissue, and low compound 

concentration in the tissue after many washing steps.

SPE of compound 1.1 was probed on different columns with extraction 

efficiency of up to 70.8 %. Settings for subsequent LC/MS analysis for the 

quantification of 1 .1  in tissue of treated animals were optimised, and a 

calibration curve was recorded. This method may be suitable for the 

quantification of 1 .1  in future experiments, however, a suitable reference 

compound needs to be found, and mass spectrometer with higher sensitivity is 

required.

Qualitative detection of 1.1 in treated animals was achieved by in vivo spectral 

fluorescence, and ex vivo spectral fluorescence analysis of excised organs. 1 .1  

localises in tumours of treated animals, as well as in the pancreas and lung, 

which implies that pharmacokinetics of 1 .1  are suitable for the treatment of 

pancreatic cancers and lung cancers. In the kidneys and liver, no significant 

amounts of the compound were localised, indicating that low toxicity is present.

Qualitative detection of the compound's fluorescence in tissue is possible, but it 

is not possible to use this method for its quantification, and fluorescence 

quenching through binding to G-quadruplex nucleotides may be present.
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6.10) In vivo mechanism of action of 1.1 

6.10.1) General

In order to validate the mechanism of action of 1.1 previously found in in vitro 

cell experiments in the xenograft tumours, they were analysed using various 

methods. Cell cycle profiles of tumour cells, which were disaggregated applying 

different techniques, were analysed. Furthermore, DNA damage in tumour 

material was assessed by immunohistochemical staining against y-H2AX, 

telomerase activity was analysed via TRAP, and alterations in gene expression 

were investigated by immunoblotting.

6.10.2) Methods

6.10.2.1) Disaggregation and flow cytometric analysis

Fresh HPAC tumours and MIA-Pa-Ca-2 tumours defrosted in 0.1 % EDTA 

solution in PBS were cut into small pieces ( 3 x 3 x 3  mm) with scissors. Tissues 

were mechanically dispersed by gently pressing them through a nylon mesh cell 

strainer (100 pM, # 352360, BD Falcon) with the plunger of a 5 mL syringe into 

a tissue culture dish containing 0.1 % EDTA in PBS, so that cells were 

permanently in suspension. They were then filtered through a nylon mesh cell 

strainer (35 pM, # 352235, BD Falcon), centrifuged at 2000 g for 6  min at 4 °C, 

and fixed with ice cold ethanol (70 %) for PI cell cycle analysis.

6.10.2.2) Immunohistochemistry

The following experiment was performed by Dr. Alexander Harkavyi under 

supervision of Dr. Peter Whitton at the School of Pharmacy, London.

Frozen tumour samples were cut into 15 pM thick sections with a CM 1800 

cryostat (Leika, UK) at -20 °C and kept at that temperature on microscopy slides 

(631-0114, VWR international). For every tumour sample, five slides with three 

sections each were prepared. One slide was used as negative control (no first 

antibody), and two slices each were treated with the first antibody in 1/250 and 

1/500 dilution, respectively. Samples were dried for 24 h at RT and denaturated 

with MCI (2 M) at 37 °C for 30 min to expose H2AX binding sites. Samples were 

then fixed with acetone/ethanol 3:1 for 5 min at RT, and washed with PBS. 

Dehydration was achieved by incubation with ethanol (70 %, 95 %, and 100 % 

for 2 min each). In order to block endogenous peroxidase activity, samples were
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soaked with H2O2 (0.3 % in methanol, Sigma Aldrich) for 10 min, and then 

rehydrated with ethanol (95 % and 70 % for 2 min each). Slides were washed 

with PBS, and samples on the same slide separated with a water repellent PEP 

pen (Sigma Aldrich, UK). PBS was added, and samples were incubated with 

swine serum (10 % in PBS, Vector labs) for 10 min. The first antibody, anti- 

phosphohistone H2AX (Seri39) mouse mAb, clone JBW301 (1/250 and 1/500 

dilution in PBS, # 05-636, Millipore, USA) was added, the tissue saturated with 

water, and incubated overnight at RT. The samples were washed twice with 

PBS for 15 min each, and the second antibody was added (Goat Anti 

mouse biotinylated antibody, 1: 10000 dilution, # 401213, Merck Biosciences). 

ABC complex was prepared (avidin and horseradish peroxidase which later 

reacts with biotin and DAB to produce the dark brown colour. Vector Labs), and 

stored at 4 °C for 30 min. Slides were washed twice with PBS for 15 min each, 

ABC complex was added, and incubated for 30 min at RT. DAB was prepared 

by dissolving one tablet (Sigma Aldrich, UK) in PBS (15 ml), filtration, and 

addition of H2O2 (12 pL, Sigma Aldrich, UK). Slides were washed with PBS for 

15 min, with PB for 10 min, and incubated with DAB for 2 min at RT. They were 

then placed in a rack in distilled water, then left in freshly filtered haematoxylin 

(Sigma Aldrich, UK) for 30 s, and left in ethanol with 0.3 % HCI for 10 s. 

Samples were rinsed in running tap water for 10 min, and subsequently 

dehydrated with ethanol (70 %, 95 %, 100 % for 2 min each), and xylene (5- 

10 min). Slides were placed on filter paper, and samples were mounted using 

mounting medium (Vectashield) and cover glasses.

6.10.2.3) Protein extraction

The following experiment was performed by Dr. Mekala Gunaratnam in our 

laboratories.

Frozen tumour samples of ~ 5 mg were lysed in RIPA lysis buffer (1x) 

containing protease cocktail inhibitors, PMSF and sodium orthovanadate (Santa 

Cruz Biotechnology) according to manufacturer's instruction. Total protein 

concentration was determined using the Pierce BCA protein assay kit according 

to manufacturer’s instructions.
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6.10.2.4) TRAP assay

The following experiment ivas performed by Dr. Mekala Gunaratnam in our 

laboratories.

Telomerase activity was determined using the TRAP-LIG assay, a modified 

telomere repeat amplification protocol that ensures that there is no carry-over of 

ligand into the second PCR step of the assay. 1000 ng of protein from untreated 

and treated samples were incubated with IS  forward primer (0.1 pg of 5-AAT 

CCG TCG AGC AGA GTT-3') at 30 °C for 10 min to allow the initial elongation 

to take place. Elongated products were purified using QIA quick nucleotide 

purification kit (Qiagen) according to the manufacturer’s instructions. The eluted 

samples were freeze-dried and re-dissolved in PCR grade water. Redissolved 

PCR products were subjected to amplification in master mix containing ACX 

reverse primer (1 pM, 5' GCG CGG [CTTACCjs CTA ACC-3'), TS forward 

primer (0.1 pg, 5'-AAT CCG TCG AGC AGA GTT-3'), TRAP buffer, BSA (5 pg), 

0.5 mM dNTPs, and 2 U of TAQ polymerase (RedHot, ABgene, Surrey, UK) for 

35 cycles of 94 °C for 30 s, at 61 °C for 1 min, and at 72 °C for 1 min. Samples 

were separated on a 12 % PAGE and visualised with SYBR green (Sigma 

Aldrich, UK) staining. Gels were quantified using a gel scanner and gene tool 

software (Sygene, Cambridge, UK). Intensity data were obtained by scanning 

and integrating the total intensity of each PCR product ladder in the denaturing 

gels. Background readings were corrected against a negative control and 

telomerase activity was expressed as a percentage of activity relating to activity 

in untreated sample.

6.10.2.5) Immunoblotting

The following experiment was performed by Dr. Mekala Gunaratnam in our 

laboratories.

Total protein from samples was loaded onto pre-cast SDS-PAGE gels (Bio Rad) 

and transferred onto a nitrocellulose membrane (Invitrogen), and the 

membranes were probed with primary antibodies against bcl-2, hsp90, hTERT, 

and jg-actin (Santa Cruz Biotechnology). Following incubation with the 

appropriate secondary antibodies, the membranes were visualised with the 

horseradish peroxidase luminescent visualisation system (National 

Diagnostics).
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6.10.3) Tumour analysis

6.10.3.1) Tumour phenotypes

Tumours were more complex than cells kept in vitro in monolayer culture, which 

made their analysis more challenging. MIA-Pa-Ca-2 xenograft tumours were 

highly inhomogenous in shape, size, and structure. Dissection revealed the 

presence of thin blood vessels and a firm outer cellular layer. HPAC tumours 

were more homogenous in shape and size, but were surrounded by a thick 

outer cellular layer.

6.10.3.2) Tumour cell disaggregation and flow cytometric analysis

For flow cytometric cell cycle analysis, tumour tissues needed to be 

disaggregated. In preliminary experiments, MIA-Pa-Ca-2 cells were 

disaggregated mechanically or enzymatically with collagenase and dispase 

(Deng et al., 2009; Al-Hajj et al., 2003; Baeten et al., 2002), however, the 

resulting suspension mostly contained cell fragments, and most events 

monitored by flow cytometry were PI negative. As the xenograft tumours were 

likely to contain murine cells, it was attempted to selectively stain human tumour 

cells with CD44 antibody (Al-Hajj et al., 2003; Baeten et al., 2002), but only a 

very small population of cells stained positive, which may be due to the 

antibody's selectivity for stem cells, and most cells in the suspension not being 

intact due to harsh disaggregation conditions. However, elimination of red blood 

cells through lysis with NH4CI solution was achieved (0.9 % in PBS, Park et al., 

1988).

A novel technique allows disaggregation of tumour cells through nylon mesh 

cell strainers, and without the use of enzymes (Heinlein et al., 2010). This was 

applied to the MIA-Pa-Ca-2 and HPAC tumours, resulting in mainly intact cells 

which were subsequently used for cell cycle analysis with PI (figures 6.42 and 

6.43).

Cell cycle profiles represent the inhomogeneity of the xenograft tumours - cell 

cycle profiles of tumours vary within the same treatment group, which makes 

differences between treated and untreated cells insignificant. Different amounts 

of subGI cell populations are present within the same treatment group, which 

do not correlate to the way of treatment.
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Figure 6.42: Flow cytometric cell cycle analysis of cells from HPAC xenograft treated with 1.1
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Figure 6.43: Flow cytometric cell cycle analysis of cells from M IA-Pa-Ca-2 xenograft treated 

with 1.1.

6.10.3.3) Immunohistochemical analysis

The MIA-Pa-Ca-2 and HPAC xenograft tumours were analysed for DNA 

damage by immunohistochemical stain for y-H2AX. HPAC tumours did not 

stain, but DNA damage in MIA-Pa-Ca-2 xenograft tumours treated with 1,1 was 

demonstrated by positive staining compared to the negative control (figure 6.44, 

group B). However, the quality of the sample of the tumour from the animal 
which was not treated with 1.1 (figure 6.44, group A) is not sufficient to 

distinguish whether DNA damage in the treated tumour is specific and a
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consequence of the presence of 1.1 The immunohistochemical stain was 

performed on frozen tumour samples, and in future experiments, staining of 

paraformaldehyde fixed and paraffin embedded samples may result in better 

preservation of the tissue morphology and more substantial information on DNA 

damage caused by compound 1.1 in the tumour samples.

(Group A) Negative Control (Group A) 1/500 dilution (Group A) 1/250 dilution

(Group B) Negative Control (Group B) 1/500 dilution (Group B) 1/250 dilution

Figure 6.44: Immunohistochemical stain of M IA-Pa-Ca-2 xenograft tumours for DNA damage 
via /-H 2A X . A: Tum our from untreated animal. B: Tum our from animal treated with 3 mg/kg of 
1.1 three times a week for 25 d. The negative control was not treated with the first antibody.

6.10.3.4) Gene expression and telomerase activity

MIA-Pa-Ca-2 xenograft tumours treated with 1.1 were analysed for telomerase 

activity and alteration in protein expression.

Telomerase activity in the treated MIA-Pa-Ca-2 xenograft tumour was reduced 

to 50 % compared to the untreated tumour (figure 6.45). In the treated samples, 

expression of hTERT and hsp90 is reduced to -  70 % (figure 6.46), which may 

be due to stabilisation of G-quadruplexes in their promoter regions. As hTERT 

expression can only take place when hsp90 is associated to the promoter of the 

hTERT gene, down regulation of hTERT may result directly from downregulation 

of hsp90 (Kim et al., 2008). The observed decreased activity of telomerase is 

thus in part due to hTERT-, and possibly due to hsp90-downregulation. No G- 

quadruplex has been found in the promoter region of hsp90 up to date
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(SciFinder search, February 2011), so that the mechanism of hspQO 

downregulation in the presence of compound 1.1 is not clear. Lowered levels of 

chaperone hsp90 are expected to have multiple anti cancer effects, as it serves 

a large number of client proteins of which many are oncogenes or tumour 
suppressor genes.

Down-regulation of bcl-2 has been observed in MIA-Pa-Ca-2 cells treated with

1.1 in vitro, which is likely to occur via stabilisation of G-quadruplexes in its 

gene promoter region, or in mRNA (chapter 6.5.3). In vivo, treatment with 

compound 1.1 did not affect bcl-2 levels significantly (figure 6.47), however, in 

the in vitro experiment, down-regulation was only observed at -  75 %, but not at 

-  50 % of the IC50 value. Pancreatic tumours have been reported to respond to 
drug candidates with up-regulation of bcl-2, which causes resistance. It is 

reassuring that such a resistance-forming mechanism is not present during 

treatment with 1.1 for 25 days.

Analysis of telomerase activity and protein expression in FI PAC xenograft 

tumours treated with 1.1 was still ongoing at the time of completion of this 

thesis.
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Figure 6.45: Left: Gel showing in vivo telomerase activity in M IA-Pa-Ca-2 xenograft tumour 
samples. Lane 1: Untreated tumour. Lane 2: Tumour from animal treated with compound 1.1. 
Right: Graph showing in vivo telomerase activity normalised against untreated tumour sample.
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Figure 6.46; Expression levels in MIA-Pa-Ca-2 xenograft tumour exposed to compound 1.1. a) 
expression of hsp90 protein. Lane 1: Untreated tumour. Lane 2: Tumour treated with BMSG- 
SH-3. c) Expression of hTERT. Lane 1: Untreated tumour. Lane 2: Tumour from animal treated 
with compound 1.1 e) Represents expression of /3-actin. Graphs b) and d) show quantified 
expression levels of hsp90 and hTERT proteins normalised against untreated ,8-actin 
expression levels.
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Figure 6.47: Expression of bcl-2 protein in MIA-Pa-Ca-2 tumour xenografts exposed to 
compound 1.1. Lane 1: Untreated tumour. Lane 2: Tumour from animal treated with compound 
1.1 a) Represents expression of bcl-2 protein, b) Shows expression of jS-actin. c) Graph 
showing bcl-2 protein expression normalised against untreated j8-actin expression levels.

6.10.4) Conclusions

The xenograft tumour material was highly inhomogeneous in size and 

morphology.

Disaggregation of xenograft tumour cells was optimised, and their cell cycle 

profile was analysed. Due to inhomogeneity within treated and untreated 

groups, no substantial changes in the cell cycle profile upon treatment with 

compound 1.1 could be determined in the tumour material.

Immunohistochemical staining of MIA-Pa-Ca-2 xenograft tumour sections from 

animals treated with compound 1.1 against y-H2AX indicates that DNA damage 

is present, however, this experiment needs to be repeated, as the untreated 

sample does not give sufficient information on the specificity of the stain.

Telomerase expression in protein extract from MIA-Pa-Ca-2 xenograft tumours 

from animals treated with compound 1.1 was reduced to -  50 % compared to 

the untreated tumours. hTERT levels were reduced to -  70 % in treated 

tumours, which may depend directly of the level of hsp90, which is required for 

hTERT expression, and which was also reduced to -  70 %. In vivo, treatment 

with compound 1.1 did not significantly affect bcl-2 levels, which also indicates 

that a resistance mechanism involving upregulation of bcl-2 is not present.
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7) Conclusions and perspectives - NDs

7.1) Conclusions

Since the proof of principle that G-rich sequences are able to form G- 

quadruplexes, which can be stabilised by small molecule ligands, a large variety 

of compounds has been synthesised and tested in biophysical assays 

(Monchaud & Teulade-Fichou, 2008). However, only a small number of these 

ligands has been studied extensively, such as telomestatin, RHPS4, and 

BRACO-19, which progressed the understanding of the biological effects of G- 

quadruplex stabilisation. The initial theory of the anti-cancer effect of ligands 

being based on telomerase inhibition by stabilisation of telomeric G- 

quadruplexes was replaced by the finding that uncapping of proteins from 

telomeres by G-quadruplex stabilisation initiates a DNA damage response as 

well as chromosomal fusions, which lead to senescence and apoptosis (Gomez 

et al., 2003; Leonetti et al., 2008; Burger et al., 2005; Tahara et al., 2006; 

Salvati et al., 2007; deCian et al., 2007). Additionally, G-quadruplexes in gene 

promoters, in the 5’ UTR of mRNA, and in rDNA were found, and their 

stabilisation can inhibit protein expression (Qin & Hurley, 2008; Drygin et al., 

2009). There are further G-quadruplex forming sequences throughout the 

genome, which may act as switches in biomolecular processes, and their exact 

function is still to be explored (Lipps & Rhodes, 2009). Telomestatin, 

BRACO-19, RHPS4, TMPyP4 and quarfloxin were also evaluated on xenograft 

models, with BRACO-19 leading to 96 % tumour shrinkage and some complete 

remissions in a human uterine carcinoma xenograft (Neidle, 2010; Burger et al., 

2005). Quarfloxin was evaluated on a pancreatic MIA-Pa-Ca-2 xenograft, 

leading to 59 % tumour shrinkage (Drygin et al., 2009).

A library of naphthalene diimide (ND) compounds has been previously 

synthesised and evaluated as G-quadruplex ligands, showing high stabilisation 

of G-quadruplex DNA, and high toxicity to a panel of cancer cell lines (Cuenca 

et al., 2008). However, compounds also showed binding to duplex DNA and 

toxicity to a normal fibroblast cell line.

In this project, a new series of ND compounds with A/-methylpiperazinyl side 

chains was designed with the help of molecular modelling, which showed 

optimal groove interactions between A/-methylpiperazinyl substituents and
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phosphates. The lead compound 1.1 was found to have chemical, physical, 

biophysical, and biological, pharmacodynamic and pharmacokinetic properties 

which make it a promising candidate for an anti cancer agent. Hence, this work 

describes the development of a G-quadruplex binding anti cancer agent from 

concept to pre-clinical evaluation.

Compound 1.1 is synthetically accessible in only two steps from commercially 

available material, is hydrosoluble, and displays stability in aqueous solution at 

37 °C. It produces stabilisation of G-quadruplexes found in telomeric DNA and 

gene promoters, and has high selectivity for G-quadruplex DNA over duplex 

DNA, which can be attributed to its specific G-quadruplex groove interactions 

with its side chains, indicated by molecular modelling. Compound 1.1 stabilises 

the parallel type topology of telomeric G-quadruplex DNA in solution, and it 

inhibits binding of hP0T1 and topoisomerase Ilia to telomeric DNA, which may 

hinder telomere maintenance in cancer cells, and cause telomere uncapping.

Compound 1.1 displays high toxicity (-  0.1 pM) to a panel of cancer cells 

including pancreatic cancer cells, for which it has up to 100 fold selectivity over 

a normal fibroblast cell line. Previously reported ND compounds have up to 10 

fold selectivity for cancer cell lines over a normal fibroblast cell line, and 

BRACO-19 has only 4 fold selectivity (Cuenca et al., 2008; Gunaratnam et al., 

2007). Compound 1.1 is taken up into the nuclei of cancer cells, but also 

localises at other sites in the cytoplasm. The biological mechanism of action of

1.1 was revealed, leading to the conclusion that multiple but precise 

mechanisms effect its anti cancer activity:

• Compound 1.1 induces senescence in cancer cells, which is likely to

be based on inhibition and down-regulation of telomerase through

stabilisation of G-quadruplexes in telomeres and in the promoter 

region of hTERT, as well as stress-induced senescence through 

telomere uncapping and DNA damage response through formation of 

y-H2AX foci.

• Compound 1.1 is able to inhibit protein expression: bcl-2 levels were

decreased in cells treated with 1.1 in vitro, and expression of hTERT

and hspQO was down-regulated in vivo.
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• Compound 1.1 is able to induce cell cycle arrest in G2/M phase, which 

may be due to telomere uncapping and resulting telomere fusions and 

anaphase bridges, followed by genomic instability. This results in 

mitotic catastrophe and regulated, mitotic apoptosis. An analog 

compound 1.10 was shown to significantly increase telomeric 

aggregation in cells, which may be a result of chromosomal fusions.

These three mechanisms of action were also confirmed in an NCI COMPARE 

study of close analogs of 1.1, such as 1.3, providing compounds with similar 

mechanisms of action to the NDs, which were DNA binders, inhibitors of protein 

synthesis, and anti-mitotic agents. A COMPARE study of quarfloxin, which is 

thought to inhibit nucleolin binding to rDNA by G-quadruplex stabilisation, did 

not show any correlation to other known compounds (Drygin et al., 2009).

Diverse effects on the cell cycle of cancer cells have been reported for several 

G-quadruplex ligands, and G1 phase arrest has been interpreted as 

senescence, whereas G2/M phase arrest has been attributed to genomic 

instability caused by ligands (Tauchi et al., 2003; Leonetti et al., 2004; Shalaby 

et al., 2010; Izbicka et al., 1999; Pennarun et al., 2005; Huang et al., 2008). The 

present work reveals that the response of different cell lines to compound 1.1 is 

strongly dependent on their individual mutations in tumour suppressor-genes, 

with temporary S-phase arrest followed by senescence in p 5 3^  cells, and 

G2/M phase arrest in p53‘ ‘̂ and p16^ cells. This work also proposes that the 

observed effects of 1.1 on the cell cycle may be a direct result of G-quadruplex 

stabilisation, as G-quadruplexes hinder nucleotide synthesis in S-phase, and 

may deregulate the alignment of chromosomes during mitosis, leading to 8- 

phase or G2/M-phase arrest, respectively.

Compound 1.1 does not display any binding to hERG, which would otherwise 

cause cardiotoxicity. 1.1 is tolerated in mice when injected i. p. or i. v. at 

3 mg/kg three times a week, and produced 40 % and 52 % tumour growth 

inhibition in pancreatic HPAC and MIA-Pa-Ca-2 xenografts, respectively. This 

tumour response is achieved at lower concentration and less frequent injection 

than for quarfloxin, the only other G-quadruplex ligand which has been 

evaluated in pancreatic xenografts, wich was administered at 5 mg/kg i.v. daily.
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leading to 59 % tumour shrinkage in MIA-Pa-Ca-2 xenografts (Drygin et al., 

2009).

1.1 localised in the tumours, as well as in the pancreas and in the lung, which 

may be useful for the treatment of pancreatic and lung cancers, and no 

significant accumulation in liver or kidneys was observed. The mechanisms of 

action of 1.1 were confirmed in the tumour material from the treated xenografts 

in the form of telomerase inhibition, and downregulation of hJERT and hsp90 

expression.

The selectivity of 1.1 for G-quadruplex over duplex DNA and for cancer cells 

over a normal fibroblast cell line, promising preliminary pharmacokinetic and 

pharmacodynamic data, and efficiency in in vivo xenograft studies suggest that 

it may be worth proceeding compound 1.1 to preclinicaI/clinical studies. 

Mechanistic studies verified that the compound has multiple targets, which has 

synergistic effects and may lead to high efficiency in the treatment of cancers, 

and produce lower resistance compared to a drug with one target.

It may also be possible to apply 1.1 for synergistic therapy together with other 

molecular targeted cancer therapeutics, e. g. PARP inhibitors. Its ability to 

decrease bcl-2 expression and to cause genomic instability can sensitise 

cancer cells to cytotoxic compounds, and due to its ability to induce 

senescence, compound 1.1 could be used for targeting cancer stem cells.

7.2) Future work

Apart from pre-clinical studies, further mechanistic studies could be performed 

on compound 1.1:

In future work, the biophysical background of several observed biological effects 

of 1.1 should be verified, such as stabilisation of G-quadruplex sequences in the 

hTERT and promoter or the respective mRNA, which can be assessed by FRET 

or via co-crystal structures. The mechanism of the observed hsp90 

downregulation also needs to be investigated. G-quadruplex groove interactions 

of the A/-methylpiperazinyl end groups of 1.1, which were indicated by molecular 

modelling, remain to be demonstrated by crystallography or NMR techniques.

Several in vitro biological studies should be conducted on compound 1.1, such 

as the assessment of its general effect on protein expression, e. g. in a chip
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style assay. Furthermore, it needs to be elucidated whether DNA damage 

observed as H2AX phosphorylation is of primary nature due to G-quadruplex 

stabilisation and telomere uncapping, or a secondary effect of caspase activity, 

which can be investigated with the application of caspase inhibitors. It may be 

useful to perform studies on telomere uncapping (e. g. hPOT displacement) and 

chromosomal fusions in cells in the presence of 1.1 to further confirm its ability 

to cause DNA damage. Analysis of xenograft tumour material for telomerase 

activity, expression levels of oncoproteins, such as k-ras, which is up-regulated 

in pancreatic cancers and has been shown to be down-regulated by G- 

quadruplex ligands, and detection of y-H2AX, is still ongoing. Levels of p21 may 

give information on senescence of tumour cells. In future xenograft 

experiments, early changes in protein expression could be monitored by mass 

spectrometry (Reyzer et al., 2004).
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CHAPTER 8

CYCLOPHANES AS G-QUADRUPLEX LIGANDS
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8) Cyclophanes as G-quadruplex ligands

8.1) Background

Apart from a number of polycyclic aromatic cores with side chains, such as 

BRACO-19 (Gowan et al., 2002), macrocycles/cyclophanes and dimers have 

found applications as G-quadruplex ligands (figure 8.1).
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NH HN
O

quinoline-oligoamidehexaoxazole macrocycle
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platinum supramolecular square
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O
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o

BRACO-19 dimers

Figure 8.1; Examples of cyciophanes/macrocycies and dimers used as G-quadruplex ligands.

Telomestatin, which is a natural macrocyclic G-quadruplex ligand, and 

porphyrin derivatives, such as TMPyP4 and Se2Sap, have been discussed 

previously in chapter 1.7. More easily synthetically accessible telomestatin-
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8) Cyclophanes as G-quadruplex ligands

mimics have been synthesised, such as quinoline oligoamides (Shirude et al., 

2007), polyoxazole macrocycles (Tera et al., 2008; Rzuczek et al., 2010; Jantos 

et al., 2006; Pilch et al., 2008), which stabilise G-quadruplex DNA (figure 8.1). 

Some derivatives have toxicity against cancer cells, which lies in the same 

dimension as the toxicity of telomestatin (Pilch et al., 2008), and one derivative 

displays anti-cancer activity in a xenograft model (Rzuczek et al., 2010).

A recently reported platinum supermolecular square presents a novel and 

ingenious approach to the design of G-quadruplex ligands. It is synthetically 

accessible in one step only and produces high G-quadruplex stabilisation and 

telomerase inhibition (Kieltyka et al., 2008).

A series of polyammonium cyclophane-type macrocycles has been synthesised 

and evaluated, such as the bis-quinacridine compound B0Q1 (Teulade-Fichou 

et al., 2003; reviewed by Granzhan et al., 2010). These molecules consist of 

two G-tetrad coordinating aromatic cores, which are linked via alkyl chains 

bearing ammonium and ether functionalities.

Dimers of established ligands have been synthesised to optimise G-quadruplex 

stabilisation. Dimers of telomestatin produced high G-quadruplex stabilisation 

(lida et al., 2009; lida et al., 2010), and dimer analogs of the acridine BRACO- 

19 exhibited higher G-quadruplex stabilisation in FRET experiments and 

enhanced inhibition of hPOTI and telomerase than BRACO-19 itself (Fu et al., 

2009).

8.2) Ligand design

In a recent study, G-quadruplex ligands with an acridine core and two side 

chains were synthesised and evaluated (Sparapani et al., 2010). A co-crystal 

structure of a molecule from this series with G-quadruplex RNA revealed that 

each terminal G-tetrad of the G-quadruplex is coordinated by two acridine 

cores, and that the aromatic moieties of the side chains interact with the G- 

tetrads only in part (figure 8.2; Collie et al., 2011).

Considering the observation that two acridine moieties occupy one G-tetrad in 

the G-quadruplex RNA co-crystal structure (figure 8.2), the concept of creating 

a larger molecule containing two acridine cores which is able to occupy the 

entire G-tetrad is a logical consequence.
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Figure 8.2: a) The chemical structure of the acridine molecule /V,A/'-((1,T-(acridine-3,6- 
diyl)bis(1 H-1,2,3-triazole-4,1 -diyl))bis(3,1 -phenylene))bis(2-(diethylamino)acetamide). b) View of 
the crystal structure onto the plane of a terminal G-quartet, showing two stacked and side-by- 
side acridine molecules, c) Schematic view of two quadruplexes in cartoon representation with 
backbones colored orange and showing the two layers of acridine molecules sandwiched 
between them. Figures were provided by Gavin Collie (from Collie et al., 2011).

Compound 14 (figure 8.3) is a cyclophane consisting of two acridine moieties. 

They are connected by two bridging imidazoyl groups bearing one permanent
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positive charge each, which give the molecule hydrosolubility and electrostatic 

affinity for negatively charged nucleic acids. Substitution of the acridine in the 

4,5-position was chosen due to its easier synthetic access compared to 3,6- 

position. Due to their proximity to the electron donating nitrogen atom, position 4 

and 5 are reactive in electrophilic substitution reactions. The anthracene analog 

of 14 has previously been reported, as well as an acridine compound with two 

positively charged imidazoyl side chains (Kim et al., 2006; Kim et al., 2008). 

These anthracene molecules were created for applications as fluorescent 

chemosensors for pyrophosphate and dihydrogen phosphate, but have not 

been evaluated as G-quadruplex ligands. Acridines with side chains attached to 

the core via a methyl moiety have been reported as G-quadruplex ligands, 

which only showed G-quadruplex stabilisation at high concentrations above 5 

pM (Laronze-Cochard et al., 2009), and the newly designed cyclophanes were 

expected to display higher G-quadruplex stabilisation due to their extended 

aromatic core and the permanent positive charge. The creation of a large 

compound library of derivatives of 14 is possible: The acridine core can be 

replaced by other aromatic cores such as bipyridine or phenanthroline, and it is 

possible to synthesise molecules with two different aromatic cores.

Br Br

14

a' aroTBbccxxeunit

b; ionic bridging unit

a =

b = OOOH

W2

Figure 8.3; Design of the cyclophane ligand 14 and examples of possible variations.

Benzimidazole can be introduced instead of imidazole in order to extend the 

aromatic system. Side chains may also be introduced, which could either be 

attached to the aromatic core, or to the bridging imidazole type moiety, e. g. 

through substitution with histidine analogs. However, as the molecular weight of 

14 is 544 g/mol (excluding coordinating anions), which lies just above the 

maximum molecular weight suggested by Lipinski’s rule of 5 (Lipinski et al., 

1997), an increase in molecular weight by adding further moieties to the 

molecules should be avoided.
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8.3) Molecular modelling

Qualitative docking of compound 14 on a human telomeric G-quadruplex 22mer 

DNA (as in chapter 3.3; figure 8.4) indicated that the molecule’s size is suitable 

for occupying one G-tetrad. The molecule had a non planar conformation in the 

molecular modelling experiment, which is not ideal for its interactions with the 
G-quadruplex. However, tt- tt stacking interactions with the G-tetrad, which the 

CVFF is not able to simulate, may change the conformation of compound 14. 

The nature of the coordinating ion could also have an impact on the molecule’s 
conformation.

Figure 8.4; Qualitative molecular modelling of compound 14 on a human telomeric G- 
quadruplex 22mer DNA.

8.4) Synthesis

The synthesis of 14 was carried out in 3 steps (figure 8.5) starting from acridine 

(11), which was selectively bromomethylated in positions 4 and 5 with 
bromomethyl methyl ether (BMME) in oleum (Di Giorgio et al., 2005). In this 

electrophilic aromatic substitution reaction, the acridine’s positions 4 and 5 are 

reactive due to their proximity to the electron donating nitrogen atom. In the
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presence of concentrated sulfuric acid, the methyl ester of BMME undergoes 

protonation and becomes a stronger leaving group than the bromide.

/

11 12

Br Br

14

13

Figure 8.5: Synthesis of the cyclophane compound 14. (/): BMME, oleum, 50 °C, 18 h, 87 %. 
(//): a) Imidazole, NaH, THF, RT, 30 min. b) Compound 12, RT, overnight, 63 %. {Hi): Compound 
12, acetonitrile, RT, 20 h, 34 %.

The resulting dibromomethyl compound 12 was reacted with imidazole, which 

had been deprotonated with sodium hydride in THF, to give the bisimidazole 

derivative 13 (Kim et al., 2006). Imidazole was used in five fold excess in order 

to obtain 13 as the main product with 63 % yield after purification by column 

chromatography.

A range of side products was generated when 12 was reacted with a 

stochiometric amount of imidazole: Apart from 13 and traces of 14, a 

monosubstituted compound and a non cyclic derivative containing two acridine 

and three imidazole moieties were identified by mass spectrometry. Conversion 

of 13 with a stochiometric amount of 12 in acetonitrile gave the cyclophane 14 

as a white solid with 34 % yield, which was further purified by semipreparative 

HPLC. As 14 was isolated by filtration even though it is partly soluble in 

acetonitrile, an optimization of the workup procedure could lead to an increase 

of the yield. As expected, 14 displayed good water solubility.

The formic acid salt of 14 was characterised by ^H-NMR spectroscopy in 

DMSO-De (figure 8.6). The integral of the signal assigned to the formic acid’s 

carbonyl proton indicates that four formic acid molecules are present in the
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structure, which means that the nitrogen atoms of the acridines are protonated, 
resulting in four positive charges per molecule.
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Figure 8.6: ^H-NMR spectrum of compound 14 (formate salt) in DMSO-De, and assignment of 
its protons to the NMR signals. Protons which are not displayed in the chemical structure have 
the same NMR shift as the protons chemically equivalent to them.

8.5) X-ray crystallographic structure analysis

8.5.1) Background

Molecular modelling had indicated a non-planar conformation of 14. In order to 

investigate the conformation of compound 14, it was crystallised, and x-ray 

analysis was performed.

8.5.2) Methods

X-ray diffraction and analysis was performed by Gavin Collie in our laboratories.

Crystals of compound 14 were grown by vapour diffusion using acetonitrile and 

methanol as a solvents. A dataset was collected at 105 K on a single crystal, on 

an Oxford Diffraction diffractometer (fitted with NovaT generator X-ray source 

and Titan CCD detector). A complete dataset was collected to 0.87 A resolution 

and processed using the CrysalisPro software package (Oxford Diffraction). 

Structure solution and refinement were performed using SHELXS-97 and 

SHELXL-97 respectively. The structure was solved in the triclinic space group 

PI. The asymmetric unit contains one molecule of SMH1-A4 plus two ordered 

hexafluorophosphate counter-ions. The R factor of the refined model is 

10.27 %. Data collection and refinement statistics are shown in table 8.1.
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Chemical formula C36 Hgg F12 Ng P2

Point group P1

Unit cell lengths a = 9.1748

b = 9.2224

c= 11.1515

Unit cell angles 0 = 84.141

(3 = 71.834

Y = 65.681

Resolution in f - 0.87

Unique reflections 2566

l/lo 57.8

Completeness 97%

Redundancy 2.4

R factor 10.27 %

Table 8.1: Data collection and refinement statistics for 14.

8.5.3) Crystallisation and crystal structure of 14

Crystallisations of the bromide and formate salt of 14 were attempted by vapour 
diffusion with various ratios of acetonitrile, methanol, xylene, and water, but no 

crystals were obtained. However, the generation of the hexafluorophosphate 

salt of 14 and its recrystallisation from acetonitrile and methanol (1:1) afforded 

biréfringent colourless crystals. X-ray analysis was performed by Gavin Collie in 

our laboratories.

Figure 8.7: X-ray crystal structure of the di-hexafluorophosphate salt of compound 14, kindly 
produced by Gavin Collie.

The X-ray crystal structure of 14 reveals that in the solid state, the compound 

features a chair-like conformation, with the imidazole moieties facing each other 

in an anti-parallel fashion, and the acridine moieties arranged in two planes 
which are parallel to each other (figure 8.7). The coordinating
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hexafluorophosphate ions are visible in the structure. In general, the 

conformation of 14 obtained from the crystal structure agrees with the 
conformation simulated in the molecular modelling, which was generated 

through energy minimisation. However, the conformation of 14 in solution or 

when bound to the G-quadruplex through tt- tt stacking interactions remains 

unknown.

8.6) Biophysical and biological evaluation

FRET AT [K] 

at 1 fjM.

SRB I C 5 0  [mM]

F21T

c-kit1

c-kit2

T-loop

A549

MCF7

MIA-Pa-Ca-2

HPAC

WI38

14.2 

5.7 

10.5

10.3

13.0 ± 1.4 

23.3 ± 3.0

17.7 ±2.9

15.7 ±1.9 

>  10 *

4 5 -,

40

- ■  F21T  
•  c-kit1 
A c-kit2 
▼ T-loop

ATm [K]

0 1  2 3 4 5 6 7 8 9  10 11

Ligand Concentration [nM]

Table 8.2 (left); FRET melting temperature data and SRB cytotoxicity data of 14. *The I C 5 0  

value on WI38 was determined by Dr. Sarah Welsh. Figure 8.8 (right): FRET melting curves of 
nucleotide sequences and compound 14.

The affinity of compound 14 for various DNA sequences was assessed in FRET 

melting temperature experiments (table 8.2; figure 8.8). 14 stabilises the 

telomeric G-quadruplex sequence F21T with an increase in melting temperature 
of 14 K at 1 pM concentration. A lower affinity was observed for the c-kit1 and c- 

kit2 sequences, with 5.7 K and 10.5 K, respectively. Compound 14 stabilises 

the duplex DNA sequence T-loop leading to an increase in melting temperature 

of 10 K. Its general affinity for nucleic acids can be explained by its permanent 

positive charge, which leads to a general affinity for nucleic acids, however, its 

affinity for the c-kit1 sequence is lower than for the duplex sequence. The 

anthracene analogue of 14 was designed to be a chemosensor for phosphates, 

so the interaction of 14 with phosphates in nucleic acids is likely. As the 

nitrogen atoms of the acridine can be protonated, which was indicated by the 

NMR spectrum of the compound’s formate salt, 14 bears four positive charges.
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The cytotoxicity of compound 14 was assessed in SRB assays on various 

cancer cell lines and the healthy fibroblast cell line WI38 (Table 8.2). The 

compound displays modest toxicity to the lung cancer cell line A549 and the two 

pancreatic cancer cell lines MIA-Pa-Ca-2 and HPAC with IC50 values in the 

range of 13-18 pM, and a slightly lower toxicity to the breast cancer cell line 

MCF7. The IC50 value for the normal fibroblast cell line WI38 lies above 10 pM. 

At this highest tested concentration, the protein content in the wells was 75 % of 

the protein content in the untreated wells, which enables an estimation to be 

made that the IC50 value on WI38 lies between 10 pM and 15 pM. As the 

compound exhibits general affinity for nucleic acids and has no specificity for G- 

quadruplex DNA, as indicated by the FRET experiments, it is not surprising that

14 is equally toxic to cancer and normal cells. Its cytotoxicity is unlikely to be 

based entirely on G-quadruplex binding, but also on duplex DNA binding, and 

possibly on complex interference with other cellular targets.

8.7) Conclusions

Compound 14 is a potent G-quadruplex binding molecule which displays 

modest cytotoxicity to a diversity of cancer cell lines, but it shows stabilisation of 

duplex DNA and toxicity to a normal fibroblast cell line in the same 

concentration range as for the tested cancer cells. The lack of its selectivity can 

be explained by its permanent positive charge and its non planar conformation, 

which may lead to duplex DNA binding. However, as 14 displays a good 

amount of G-quadruplex binding and cytotoxicity, it can be seen as a starting 

point for the development of more selective analogues.

8.8) Perspectives

In future work, derivatives of 14 could be synthesised and evaluated which are 

more likely to be planar, with sp^ conjugated nitrogen atoms replacing the CH2- 

bridging units and pyrrole instead of positively charged imidazole as a linker 

(compound 15, figure 8.9). The nitrogen atom with its lone electron pair would 

realise the conjugation of the aromatic systems, which may increase the ability 

of the molecule to perform tt - t t  stacking interactions. However, the synthesis of

15 is expected to be challenging due to strains in the cyclic structure. More 

molecular modelling/energy minimisation calculations may provide information
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on the conformation of compound 15, as well as the energy difference between 

the planar and chair type conformation of 14.

ISH
MH
NH

15

Figure 8.9: Compound 15, a suggested improved structure evolved from compound 14.
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9) Amidoanthraquinones

9.1) Background

The first synthetic G-quadruplex ligands contained tricyclic chromophoric cores 

which perform n-n stacking interactions with G-tetrads, and side chains with 

polar end groups, which are attached to the cores via amide functionalities. 

Acridine, anthraquinone, and acridone were initially used as cores, and libraries 

of derivatives with variation in substitution patterns, side chain lengths, and 

amine end groups were synthesised and evaluated (figure 9.1).

anthracpjinone acridine acridone

side chains: ^

X 'V r
o H in 9 position

R = MVtefe, pymoiicine, pyridine etc.

Figure 9.1: Anthraquinone, acridine, and acridone cores as bases for synthetic G-quadruplex 
ligands, and examples for their side chains.

Anthraquinone derivatives, such as natural anthracene antibiotics and the 

synthetic substituted anthraquinone mitoxantrone, which entered clinical trials 

for cancer treatment, were evaluated as DNA intercalating molecules, which 

also inhibit topoisomerase II, leading to inhibition of transcription (Moro et al., 

2004; Kumpulainen et al., 1998). However, they have side effects such as 

toxicity to normal cells, through the formation of oxygen radical species, and 

cardiotoxicity due to their redox potential (Zingler et al., 2005; Moro et al., 

2004).

In early studies, DNA binding, cytotoxic 1,4-disubstituted anthraquinone 

compounds were produced (Collier & Neidle, 1988; Agbandje et al., 1992), and 

a compound from this series was shown to stabilise G-quadruplexes and inhibit 

telomerase (Sun et al., 1997). This proved the principle of telomerase inhibition 

through G-quadruplex stabilisation by small synthetic molecules, and set a 

starting point for the development of further ligands.

Subsequently, structure-activity relationships were determined from libraries of 

1,4, 1,5, 1,8, 2,6, and 2,7 substituted anthraquinones, which had been
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evaluated via the TRAP and SRB assays (Perry et al., 1998a; Perry et al., 

1998b; Neidle et al., 2000): Two side chains, and amide groups are required for 

the compounds’ activity, and a side chain length of two carbon atoms, as well 

as piperidine or pyrrolidine end groups are optimal. The substitution pattern of 

the side chains on the core did not seem to have an effect on the compounds’ 

activity. Increased G-quadruplex stabilisation was found for compounds with 

cationic charges in the side chains. However, there was no significant 

correlation between telomerase activity and cytotoxicity. In a further study, it 

was discovered that 2,6 and 2,7 substituted amidoanthraquinones displayed 

higher activity when the nitrogen atom of the amide was directed towards the 

chromophore in comparison to the inversely directed amide (Zagotto et al.,

2008). This may be based on increased 77-acidity due to the electron- 

withdrawing nature of the nitrogen atom, resulting in stronger tt- t t  stacking 

interactions.

2,7-disubstituted acridines produced a lower amount of telomerase inhibition 

than anthraquinone analogs (Harrison et al., 1999). The acridine nitrogen atom 

is protonated at physiological pH, resulting in its situation over the center of the 

G-tetrad. Hydrogen bonding interactions with thymine in the diagonal loop of 

bimolecular G-quadruplex DNA were detected, so that G-quadruplex binding of 

disubstituted acridines is strongly dependent on the nature of the loops 

(Campbell et al., 2009). Trisubstituted acridines were then designed and 

synthesised, which carried classic side chains in 3,6, 2,6, and 2,7 position, and 

an additional substituent such as an aniline moiety in 9 position (Read et al., 

2001; Harrison et al., 2003). They displayed improved telomerase inhibition, 

which was present at sub-cytotoxic concentrations, and the 3,6,9 substituted 

derivatives were most active in this series. Further studies on the variation of 

side chain length and variation of substituents of 3,6,9 trisubstituted acridines 

revealed that compounds with the shortest side chains in 3,6 position were most 

active, and that protonation of the substituent in 9 position increased G- 

quadruplex stabilisation and telomerase inhibition, bringing forth the lead 

compound BRACO-19 (discussed in chapter 1.7; Moore et al., 2006). 

Replacement of the aniline group in 9 position by a fluorinated benzylamine 

gave a derivative producing higher telomerase inhibition than BRACO-19 

(Martins et al., 2007). An approach towards the design of ligands with specific
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binding to individual G-quadruplexes in gene promoters was made by creating 

BRACO-19 analogs with peptides attached to side chains (Ladame et al., 2004; 

Redman et al., 2009). Through simultaneous contacts with both acridine and 

peptide moieties, a more than 10 fold selectivity for a G-quadruplex in the n-ras 

promoter region over other G-quadruplexes was achieved.

Disubstituted acridone compounds with substituents in 2,6, 2,7, and 3,6 position 

produced telomerase inhibition equal to their acridine analogs, however, they 

did not cause any growth arrest in cells at sub-cytotoxic concentrations 

(Harrison et al., 2004). This may be based on the decreased electron 

delocalisation in the acridone core compared to acridine. 3,6 disubstituted 

analogs with peptide bearing side chains were synthesised, which displayed 

higher selectivity for G-quadruplex over duplex DNA compared to previous 

acridones (Ladame et al., 2002, 2004).

In order to improve G-quadruplex stabilisation, 4,5 disubstituted acridones with 

extended aromatic side chains were synthesised (figure 9.2; Cuenca et al.,

2009). Planarity of the aromatic core system was to be achieved by hydrogen 

bonding between oxygen atoms of the inversely directed amide and the proton 

on the acridone nitrogen atom. High stabilisation of G-quadruplex DNA and 

selectivity over duplex DNA was demonstrated in FRET assays, but substantial 

telomerase inhibition was not observed. The compounds have low toxicity to a 

panel of cancer cell lines and a normal human fibroblast cell line, and long term 

growth inhibition was observed.

NH O HM,
NH

NH;0NH

Figure 9.2: Acridone compounds with extended aromatic system, and planarity through 
coordination of amido oxygen atoms by hydrogen bondings with the hydrogen atom on the 
acridone nitrogen atom (left, Cuenca et al., 2009). Design of a novel 1,8 disubstituted 
anthraquinone with extended aromatic system, and planarity through coordination of inverted 
amido nitrogen atoms by anthraquinone oxygen atom via hydrogen bonding (right).
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9.2) Compound design

An approach for the creation of new, improved ligands was to synthesise 

compounds based on the anthraquinone core bearing extended side chains 

with inverted amide groups in 1,8 position (figure 9.2, right). This would 

generate compounds with an extended aromatic core, in which planarity is 

given through coordination of amido nitrogen atoms by an anthraquinone 

oxygen atom. Direct attachment of amido nitrogen atoms to the anthraquinone 

core was likely to decrease electron density and enhance G-quadruplex 

stabilisation.

9.3.) Synthesis

M-b O M-b

16

NH O

NCb

NH O

17

M-b NHb
18

NH O

ONH

NH O

HM.NH

n = 1 :19.1 
n = 2; 19.2

n = 1. R =  pyrrolidine: 20.1
n = 1, R=dimetlTyiamne: 20.2
n = 1, R = morphdine: 20l 3
n = 1, R = N<nBthylpiperazine: 20l 4  
n = 2, R = pyrrolidine: 20.5

Figure 9.3: Synthesis of amidoanthraquinones 20.1-20.5. (/) Nitrobenzoyi chloride, EtaN, THF, 
60 °C, overnight. (/7) Na2S, NaOH, EtOH, H2O, reflux, 6 h. (///) Chloroacetyl chloride or 
chloropropionyl chloride, 55 °C, overnight. (/V) The respective amine, Kl, EtOH, 60-70 °C, 3h- 
overnight.

The synthesis of the amidoanthraquinones was conducted in four steps starting 

from 1,8-diamino-anthraquinone (figure 9.3; 16), which had been synthesised 

by Dr. Anthony Reszka in our laboratories according to the established 

procedure (Perry et al., 1998b). It was reacted with Nitrobenzoyi chloride to give 

compound 17 in quantitative yield. A 7 fold excess of nitrobenzoyi chloride was
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used, and the reaction was run overnight, as stochiometric amounts and shorter 

reaction times led to the monosubstituted product. The nitro functionality of 17 

was reduced via Zinnin reduction with Na2S and NaOH, resulting in the amine 

18 with quantitative yield. Addition of chloroacetyl chloride or chloropropionyl 

chloride to 18 gave compounds 19.1 and 19.2 with 93 % and 87 % yield, 

respectively. All the intermediate products 17-19 featured very low solubility, 

and they could not be characterised by NMR spectroscopy. Traces of 

monosubstituted side products present in the compounds, which had higher 

solubility in the NMR solvents, predominantly appeared in the spectra. 

However, the major components were the disubstituted compounds, as the final 

products were the disubstituted species. All the reactions were two-phase 

reactions, so that long reaction times were necessary to assure a complete 

conversion. In the final reaction, the amine end groups were introduced to 

compounds 19, which was catalysed by potassium iodide, and purification of 

the final compounds was attempted by semipreparative HPLC. All compounds 

were fully characterised by ^H-NMR spectroscopy and HRMS. Compound 20.4, 

bearing /V-methylpiperazinyl groups, was soluble in DMSO, compounds 20.1, 

20.2, and 20.5 dissolved in acetic acid, and compound 20.3 was moderately 

soluble in chloroform, which were used as NMR solvents. Unfortunately, only 

low purity rates were achieved, and compounds were not stable, which was 

indicated by the following observations:

• After semipreparative HPLC purification and removal of the eluent 

(H2O and acetonitrile (1:1) with 0.1 % formic acid), the compounds 

were redissolved in the eluent and their purity examined by analytical 

HPLC. A variety of peaks with diverse retention times appeared, which 

could either occur due to molecular aggregation through low solubility, 

or due to decomposition of the material during the removal of the 

solvent or on the column.

• NMR samples of freshly purified compounds, which had given 

acceptable spectra when measured immediately, were run again after 

one day. The integrals of the NMR signals, which were characteristic 

for the compounds, had decreased significantly, and large signals in 

the high field appeared, which are most likely to be decomposition 

products.
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• After dissolving/suspending the purified material in chloroform and 

removing the solvent again, the yellow compounds turned brown.

Decomposition of anthraquinone derivatives during semi-preparative HPLC has 

been observed in previous experiments (Dr. Silvia Sparapani, personal 

communication). In parallel to this project, the synthesis of 1,5 disubstituted 

analogs of the target compounds was attempted, however, HPLC purification 

and isolation of the final products was not successful (Dr. Simon Dawson, 

personal communication). The acridone analogs (figure 9.2, left) displayed 

slight instability, however, their isolation and evaluation was possible (Dr. 

Francisco Cuenca, personal communication).

1,8-disubstituted amidoanthraquinones with “classic” side chains (figure 9.1) 

were previously synthesised in the Neidle group, and no instability was reported 

(Perry et al., 1998b), however, HPLC separation of some derivatives was 

problematic (Dr. Katherine Jarvis, personal communication). The long and 

heavy side chains may cause kinetic instability. A cyclisation reaction of the side 

chains leading to the instability of compounds 20 is unlikely, as a large number 

of decomposition products (HPLC) appears in the high NMR field, accompanied 

with dark coloration. Thus, molecules must undergo a decomposition resulting 

in fragmentation. Redox properties of the anthraquinone core, and the formation 

of oxygen radical species, which may be initiated through light irradiation, may 

also be responsible for the observed instability.

9.4) Conclusions

A small library of planar amidoanthraquinones with extended aromatic cores 

was designed, and the synthesis of five compounds was carried out. The 

synthesis of unsoluble intermediate products was optimised, and it was 

attempted to purify small amounts of final compounds which were characterised 

by mass spectrometry and NMR, however, purity was low and instability of the 

compounds was observed.

Instability may be based on heavy side chains causing thermodynamic or 

kinetic instability, or on redox properties of the anthraquinone core and 

formation of reactive oxygen radicals through light irradiation. Whichever 

mechanism may lead to the compounds' decomposition, they cannot be used in 

further studies due to their high instability.
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10) Materials and methods

10.1) Chemistry - general

All chemicals, reagents and solvents were purchased from Sigma-Aldrich, Alfa 

Aesar, and Lancaster Synthesis and used without further purification. Solvents 

were supplied by BDH and Fisher scientific, anhydrous solvents by Sigma- 

Aldrich, and HPLC solvents by Fisher scientific. All reactions were carried out 

under a nitrogen or argon atmosphere in clean, oven dried glassware. 

Microwave reactions were performed in an Initiator microwave (Biotage, 

Sweden).

10.2) Chromatography

TLC analysis was carried out on silica gel (Merck 60F-254) with visualisation at 

254 and 266 nm, and flash chromatography was performed using BDH silica gel 

(BDH 153325P). HPLC analysis was carried out with a Gilson apparatus 

combining a 322 PUMP and an Agilent 1100 SERIES detector, using a C18 5p 

(100 X 4.6 mm) column (41622271 (W), YMC, Japan), at a flow of 1 mL/min.

Water with 0.1 % formic acid was used as the aqueous solvent, and as organic 

solvent, acetonitrile with 0.1 % formic acid. A variety of methods was used for 

analytical HPLC, using the following gradients:

a) 100 % aqueous for 5 min after injection, to 60 % aqueous over 18 min 

and to 0 % aqueous over 1 min.

b) 100 % aqueous for 5 min after injection, to 60 % aqueous over 43 min 

and to 0 % aqueous over 1 min.

c) 80 % aqueous at the time of injection, to 75 % aqueous over 5 min, to 50 

% aqueous over 15 min and to 0 % aqueous over 15 min.

d) 95 % aqueous at the time of injection for 5 min, to 0 % aqueous over 15 

min, and 95 % aqueous for 5 min.

Preparative HPLC was carried out with a Gilson apparatus combining a 322 

PUMP and a UVA/IS-155 detector, using a Cl 8 5p (100 x 20 mm) column 

(201022272) (W), YMC, Japan, at a flow of 8 mL/min. The following methods 

were used:
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A) 100 % aqueous for 5 min after injection, to 60 % aqueous over 25 min 

and to 0 % aqueous over 5 min.

B) 100 % aqueous for 5 min after injection, to 60 % aqueous over 47.5 min 

and to 0 % aqueous over 0.5 min.

C) 100 % aqueous for 5 min after injection, to 87 % aqueous over 12 min, 

staying at 87 % for 8  min, and to 0 % aqueous over 1 min.

D) 100 % aqueous for 5 min after injection, to 70 % aqueous over 23 min, 

and to 0  % aqueous over 2  min.

E) 100 % aqueous for 5 min after injection, to 76 % aqueous over 20 min, 

and to 0  % aqueous over 2  min.

F) 80 % aqueous at the time of injection, to 50 % aqueous over 20 min, and 

0 % aqueous for 14 min.

G) 95 % aqueous at the time of injection for 5 min, to 0 % aqueous over 35 

min, and 95 % aqueous for 5 min.

H) 0 % aqueous for 5 min, to 60 % aqueous over 35 min, 0 % aqueous for 2 

min, and 100 % aqueous for 5 min.

Method a) and b) were used for compounds 1.1-1.3, 1.6-1.12, and 14. Method

c) was used for 1.4, and d) was used for the amidoanthraquinones 20.1-20.5.

For preparative HPLC, method A) was applied for 1.1 and 1.6, B) was used for

1.3 and 1.5, 0) was used for 1.9, D) was used for 1.2, E) was used for 1.12, and 

F) was used for 1.4. Method G) was used for the amidoanthraquinones 20.1- 

20.5, and method H) for the cyclophane 14.

10.3) Analysis

NMR spectra were recorded at 400 MHz (^H NMR) and 100 MHz (^^0 NMR) on 

a Bruker spectrometer in CDCI3 (with 0.05 % IMS, Cambridge Isotope 

Laboratories, USA) or DMSO-De (Sigma-Aldrich, UK). NMR spectra were 

analysed in MestReC 4.5.6.0 with chemical shifts using TMS as a standard 

(0 = 0 ppm). NMR multiplicity abbreviations are s (singlet), br s (broad singlet), d 

(doublet), dd (doublet of doublets), ddd (doublet of doublet of doublets), t 

(triplet), dt (triple of doublets), tt (triple of triplets), 4q (quartet), 5q (quintuplet), 

and m (multiplet). Coupling constants J are reported as observed in hertz (Hz).

249



10) Materials and methods

High Resolution Mass spectra (HRMS) services were provided by the School of 

Pharmacy and were conducted on a Micromass Q-TTOF Ultima Global tandem 

mass spectrometer run under electrospray ionisation (ESI), and processed 

using the MassLab 3.2 software.

10.4) Chemistry experimental

10.4.1) Synthesis of side chains

2-(4-(4-methylpiperazin-1 -yl)-butyl)isoindoline-1,3-dione (5.2).

— N  ^  6

A solution of A/-methylpiperazine (5.86 g, 58.5 mmol, 1.1 eq.) and N- 

bromobutylphthalimide (15.0 g, 53.2 mmol, 1.0 eq.) in toluene (30 mL) was 

heated at reflux temperature with Na2C0 3  (6.76 g, 63.8 mmol, 1.2 eq.) for 16 h. 

The reaction mixture was filtered, and the residue washed with hot toluene. 

Removal of the solvent i. vac. gave a viscous, yellow oil (14.3 g, 45.3 mmol, 

85 %), which was further purified by column chromatography (DCM/MeOH/NEta 

90:5:5). NMR (CDCI3 , 400 MHz): 5 = 1.50-1.58 (m. 2H), 1.70 (5q, 2H. 

J=7.Q Hz), 2.30-2.34 (m, 5H), 2.34-2.60 (m, 8 H), 3.71 (t, 2H, J = 7.2 Hz), 

7.69-7.75 (m, 2H), 7.81-7.86 (m, 2H). NMR (CDCI3 , 400 MHz): 5 = 24.1 

(CH2), 26.4 (CH2), 37.8 (CH2 ), 45.7 (CH3), 52.7 (2 x CH2), 54.8 (2 x CH2 ), 57.8 

(CH2), 123.2 (4xC), 133.8 (2xC), 162.5 (2xC=0). HRMS (ES+) calcd.: 

C17H2 3N3O2 [M+H]* 302.1869. Found: 302.1873.

4-(4-methyipiperazin-1 -yl)-butan-1 -amine (3.2).

—N

To a solution of 5.2 (10.0 g, 33.2 mmol, 1.0 eq.) in ethanol (90 mL), hydrazine 

hydrate (1.95 g, 39.0 mmol, 1.2 eq.) was added, and the mixture was heated at 

reflux temperature for 3 h. After cooling to RT, 5 N HOI (100 mL) was added, 

and the mixture re-heated for 30 min. The side product was removed by 

filtration, and the solvent was removed i. vac. The residue was resuspended in 

4 M NaOH solution (30 mL), and the aq. phase was extracted with Et2 0  (5 x 

100 mL). The extracts were dried over MgS0 4 , and after removal of the solvent
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the free amine was obtained as a yellow oil (2.57 g, 15.0 mmol, 45 %). NMR 

(CDCI3 , 400 MHz): 5 = 1.41-1.57 (m. 4M), 2.28 (s, 3H), 2.33-2.60 (m, 10H),

2.70 (t, 2 H, J = 7.2 Hz). NMR (CDCI3 , 400 MHz): ô = 24.3 (CH2). 31.8 (CH2),

42.1 (CH2), 46.1 (CH3). 53.2 (2 XCH2 ), 55.2 (2 XCH2), 58.5 (CH2). HRMS (ES+) 

calcd.: C9H21N3 [M+Hf 172.1811. Found: 172.1814.

2-(5-(4-methylpiperazin-1 -yl)-pentyl)isoindoline-1,3-dione (5.3).

—N

A solution of A/-methylpiperazine (4.65 g, 46.4 mmol, 1.1 eq.) and N- 

bromopentylphthalimide (12.5 g, 42.2 mmol, 1.0 eq.) in toluene (30 mL) was 

heated with Na2C0 3  (5.40 g, 50.6 mmol, 1.2 eq.) under reflux for 16 h. The solid 

material was filtered off and washed with hot toluene. Concentration of the 

toluene extracts gave the crude material, which was purified by column 

chromatography on silica gel (DCM/MeOH/NEt3 95:2.5:2.5) to give 5.3 as a 

yellow oil (7.66 g. 24.3 mmol, 58 %). NMR (CDCI3, 400 MHz): 5 = 1.36-1.40 

(m, 2H), 1.57 (5q, 2H, J = 7.6 Hz), 1.70 (5q, 2H,J = 7.6 Hz), 2,32-2,46 (m, 5H), 

2,48-2,76 (m, 8 H), 3.68 (t, 2H, J = 7.2 Hz), 7.69-7.73 (m, 2H), 7.80-7.86 (m, 

2 H). NMR (CDCI3, 400 MHz): 5 = 24.7 (CH2), 26.1 (CHj), 28.4 (CH2), 37.9 

(CH3), 45.6 (CH2), 52.6 (2 x CH2), 54.7 (2 x CH2), 58.1 (CH2), 123.2 (2xC), 132.2 

(2xC), 133.9 (2xC), 168.4 (2xC=0). HRMS (ES+) calcd.: C18H25N3O2 [M+Hf 

316.2025. Found: 316.2025.

5-(4-methy!plperazln-1 -yl)-pentan-1 -amine (3.3).

,NH2

—N

A solution of 5.3 (7.66 g, 24.3 mmol, 1.0 eq.) and hydrazine hydrate (1.27 g,

25.3 mmol, 1.0 eq.) in ethanol (60 mL) was heated at reflux temperature for 3 h. 

After cooling to RT, 5 N HOI (60 mL) was added, and the mixture was re-heated 

for 30 min. The side product was removed from the cold mixture by filtration, 

and the solvent was removed from the filtrate i. vac. The hydrochloride salt of 

the amine was converted into the free base by addition of an aqueous 4 M

251



10) Materials and methods

NaOH solution (20 mL). Extraction with Et2 0  (5 x 50 mL), drying of the extracts 

over MgS0 4  and removal of the solvent gave the free base (2.75 g, 14.8 mmol, 

61 %) as a yellow liquid. NMR (CDCI3, 400 MHz): ô = 1.25-1.65 (m, 6 H), 

2.12-2.20 (m, 5H), 2.22-2.48 (m, 8 H), 2.57-2.61 (m, 2H). NMR (CDCI3. 

400 MHz): 5 = 24.3 (CH2), 26.2 (CH2), 32.1 (CH2), 41.1 (CH2), 45.7 (CH3), 52.7 

(2 XCH2), 54.7 (2 XCH2 ), 57.8 (CH2). HRMS (ES+) calcd.: C10H23N3 [M+H]^ 

186.1970. Found: 186.1977.

2-(5-(1 H-1,2,4-triazol-1 -yl)-pentyl)isoindoline-1,3-dione (5.4).

1,2,4-Triazole (6.413 g, 92.85 mmol, 1.1 eq.) was stirred with NaH (4.052 g of a 

60 % suspension in mineral oil, 101.29 mmol, 1.2 eq.) in dry DMF (150 mL) for 

1 h. A/-Bromopentylphthalimide (25.0 g, 84.41 mmol, 1.0 eq.) was added, and 

the solution was heated at 100 °C for 10 h. The solvent was removed i. vac., 

DCM (200 mL) and water (200 mL) were added to the residue, and the phases 

were separated. The aqueous layer was extracted with DCM (2 x 200 mL), the 

organic extracts were dried over MgS0 4 , and the solvent was removed i. vac. 

The crude product was purified by column chromatography (DCM/MeOH 90:10) 

to give a colourless oil (10.298 g, 36.22 mmol, 42.9 %). ^H NMR (CDCI3 , 

400 MHz): ô = 1.34-1.40 (m, 2H), 1.73 (5q, 2H, J = 7.6 Hz), 1.96 (5q, 2H, J =

7.6 Hz), 3.69 (t, 2H, J = 7.2 Hz), 4.17 (t, 2H, J = 7.2 Hz), 7.70-7.74 (m, 2H), 

7.82-7.86 (m, 2 H), 7.90 (s, 1 H), 8.04 (s, 1H). NMR (CDCI3, 400 MHz): ô =

23.6 (CH2), 27.9 (CH2 ), 29.3 (CH2), 37.5 (CH2 ), 49.4 (CH2), 123.2 (2 x0 ), 134.0 

(4x0), 142.8 (0), 151.9 (0). HRMS (ES+) calcd.: O15H16N4O2 [M+Hf 285.1352. 

Found: 285.1335.

5-(1 ,2,4-triazol-1 -yl)-pentan-1 -amine (3.4).

To a solution of 5.4 (8.800 g, 30.95 mmol, 1.0 eq.) in EtOH (80 mL), hydrazine 

hydrate (1.69 mL, 1.735 g, 34.66 mmol, 1.12 eq.) was added, and the mixture
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was heated at reflux temperature for 16 h. The resulting solution with a white 

precipitate was cooled down, 4 N HCL (120 mL) was added, and the mixture 

heated to reflux for 6  more hours. After cooling down, the side product, 

phthalhydrazide, was removed by filtration, the mother liquor concentrated and 

filtered again. The solvent was removed to give the hygroscopic dihydrochloride 

of the target amine (7.662 g, quant.). Small amounts needed for further 

reactions were converted into the free base by treatment with aqueous 4 M 

NaOH solution, extraction with Et2 0 , drying over MgS0 4 , and removal of the 

solvent.  ̂H NMR (DMSO-Dg, 400 MHz): 5 = 1.29 (5q. 2H, J = 7.6 Hz), 1.61 (5q, 

2H, J = 7.6 Hz), 1.83 (5q, 2 H, J = 7.6 Hz), 2.68-2.77 (m, 2H). 4.29 (t, 2H, 

J = 6 . 8  Hz), 8.60 (s, 1 H), 9.45 (s, 1H). NMR (CDCI3, 400 MHz): 5 = 22.5 

(CH2), 26.1 (CH2 ), 28.0 (CH2 ), 38.3 (CH2), 49.6 (CH2 ), 142.5 (C), 147.1 (C). 

HRMS (ES+) calcd.: C7H14N4 [M+Hf 155.1297. Found: 155.1303.

10.4.2) Synthesis of NDs

The starting material for the synthesis of the ND compounds, 2,6-dibromo-

1,4,5,8-naphthalenetetracarboxylic acid dianhydride (2), was provided by Dr. 

Francisco Cuenca.

N,^-Bis(3-(4-methylpiperazin-1-yl)propylamino)-2,6-bis(3-(4- 
methylpiperazin-1 -yl)propylamino)-1,2,5,8-naphthalenetetracarboxylic acid 

diimide (1.1).

H r ’T

A suspension of 2,6-dibromo-1,4,5,8-naphthalenetetracarboxylic acid 

dianhydride (2) (190 mg, 446.0 pmol) in 1-(3-aminopropyl)-4-methylpiperazine 

(3.1) (1.0 m l) was heated in the microwave at 150 °C under argon with stirring 

for 2 h. The amine was removed i. vac., and compound 1.1 (37.0 mg,

0.0852 mmol, 19 %) was isolated by preparative HPLC as a dark blue solid.
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NMR (CDCI3, 400 MHz): ô = 1.91-2.00 (m, 8 H), 2.23 (s, 6 H), 2.31 (s, 6 H),

2.35-2.68 (m, 40H), 3.58 (4q, 4H, J= 5.6 Hz), 4.24 (t, 4H, J = 7.6 Hz), 8.17 (s, 

2H), 9.41 (t, 2H. J = 5.2 Hz). '’^C NMR (CDCI3 , 500 MHz): 5 = 26.28 (4 xCH2), 

38.22 (2 XCH2 ), 41.98 (2 XCH2 ). 45.75 (4 XCH3), 52.70 (4 xCH2 ), 52.93 (4 xCH2), 

54.84 (4 xCH2 ), 54.91 (4 xCH2), 54.65 (2 XCH2 ), 55.95 (2 XCH2 ), 101.99 (2 xC), 

118.39 (2xCH), 121.21 (2xC), 125.82 (2xC), 149.22 (2xC), 163.04 (2xC=0), 

166.16 (2xC=0). HRMS (ES+) calcd.: C46H72N12O4 [M+H]* 857.5878. Found: 

857.5878. Purity (HPLC, 280 nm): 99.9 %.

A/,Ar-Bis(5-(4-methylpiperazin-1-yl)butylamino)-2,6-bis(5-(4- 

methylpiperazin-1 -yl)butylamino)-1,2,5,8-naphthalenetetracarboxylic acid 

diimide (1 .2 ).

A suspension of 2 (180 mg, 0.422 mmol) in 3.2 (1.0 mL) was heated under 

argon at 150 °C with stirring in the microwave for 20 min. The amine was 

removed i. vac., and 1.2 (27.3 mg, 0.0299 mmol, 7 %) was isolated by HPLC. 

^H NMR (CDCIa, 400 MHz): 5 = 1.59-1.88 (m, 16H), 2.28 (s, 6 H), 2.29 (s. 6 H),

2.35-2.66 (m. 40H), 3.52 (4q. 4H. J = 6.0 Hz), 4.19 (t, 4H, J = 7.2 Hz), 8.12 (s, 

2H), 9.35 (t, 2H, J = 5.2 Hz). NMR (CDCI3, 500 MHz): 5 = 24.24 (2 XCH2 ),

24.64 (2 XCH2), 26.19 (2 XCH2 ), 27.49 (2 XCH2 ), 40.19 (2 XCH2), 43.03 (2 XCH2 ), 

45.38 (4 xCH3), 53.16 (8 XCH2 ), 55.68 (8 XCH2 ), 58.04 (2 XCH2), 58.23 (2 XCH2 ), 

101.85 (2x0), 116.29 (2xCH), 121.10 (2x0), 125.79 (2x0), 149.14 (2x0),

163.05 (2x0=0), 166.14 (2x0=0). HRMS (ES+) calcd.: O50H80N12O4 [M+H]* 

913.6504. Found: 913.6506. Purity (HPLO, 280 nm): 96.2 %.
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A/,A/’-Bis(5-(4-methylpiperazin-1-yl)pentylamino)-2,6-bis(5-(4- 
methylpiperazin-1 -yi)pentylamino)-1,2,5,8-naphthalenetetracarboxylic acid 

diimide (1.3).

o

A suspension of 2 (100 mg, 0.235 mmol) in 3.3 (0.5 mL) was heated under 

argon at 150 °C with stirring in the microwave for 2 h. The amine was removed 

i. vac., and 1.3 (25.6 mg, 0.0264 mmol, 11.0 %) was isolated by HPLC. NMR 

(CDCI3 , 400 MHz): ô = 1.41-1.62 (m, 16H), 1.70-1.86 (m, 8 H), 2.28 (s, 6 H), 

2.29 (s, 6 H), 2.31-2.79 (m, 40H), 3.50 (4q, 4H, J = 5.6 Hz), 4.16 (t, 4H, 

J = 7.6 Hz), 8.11 (s, H), 9.33 (t, 2H, J = 5 . 2  Hz). NMR (CDCI3 , 500 MHz): 

5= 25.13 (2 XCH2). 26.61 (2 XCH2), 28.08 (2 XCH2 ), 29.35 (2 XCH2), 40.34 

(2 xCH2), 43.11 (2 XCH2 ), 46.06 (4 XCH3), 53.25 (8 XCH2 ). 55.14 (8 XCH2), 58.44 

(2 XCH2), 58.59 (2 XCH2), 101.89 (2xC), 118.30 (2xCH), 121.18 (2xC), 125.39 

(2xC), 149.17 (2xC), 163.07 (2xC=0), 166.18 (2xC=0). HRMS (ES+) calcd.: 

C54H88N12O4 [M+H]* 969.7130. Found: 969.7151. Purity (HPLC. 280 nm):

95.2 %.
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A/,A/’-Bis(5-(1 H-1,2,4-triazol-1 -yl)pentylamino)-2,6-bis(5-(1 H-1,2,4-triazol-1 - 
yl)pentylamino)-1,2,5,8-naphthalenetetracarboxylic acid diimide (1.4).

NT

1^1

»

N=/

A suspension of 2 (100 mg, 234.8 pmol) in 3.4 (150 mg) was heated under 

argon at 120 °C with stirring for 2 h. The amine was removed i. vac., and 1.4 

(15.8 mg, 18.70 pmol, 8.0 %) was isolated by HPLC. NMR (CDCI3, 

400 MHz): ô = 1.44-1.58 (m, 8 H), 1.75-1.88 (m, 8 H), 1.95-2.05 (m, 8 H), 3.49- 

3.53 (m, 4H), 3.61-3.66 (m, 4H), 4.20^.25 (m, 8 H), 7.94 (s, 2H), 8.08-8.10 (m, 

8 H), 9.32 (t, 2H, J = 4.0 Hz). HRMS (ES+) calcd.: C4 2H52N16O4 [M+Hf 

845.4435. Found: 845.4451. Purity (HPLC, 280 nm): 87.6 %.

^,^’-Bis(2-(pyridin-4-yl)ethylamino)-2,6-bis(2-(pyridin-4-yl)ethylamino)-
1,2,5,8-naphthalenetetracarboxylic acid diimide (1.5).

A suspension of 2 (80 mg, 187.8 pmol) in 4-(2-aminoethyl)pyridine (0.5 mL) was 

heated under argon in the microwave at 150 °C with stirring for 8  min. The 

amine was removed i. vac., and 1.5 (8.5 mg, 11.86 pmol, 6.3 %) was isolated 

by HPLC. 'H NMR (CDCI3, 400 MHz): 5 = 3.00-3.12 (m, 8 H), 3.82 (4q, 4H,
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J = 5.6 Hz), 4.39-4.48 (m, 4M), 8.11 (s, 2H), 8.44-8.76 (m, 16H), 9.41 (t, 2H, 

J = 4.8 Hz). HRMS (ES+) calcd.: C42H36N8O4 [M+Hf 717.2938. Found: 

717.2962. Purity (HPLC, 280 nm): 90.2 %.

A/,Ar-Bis(2-(pyridin-3-yl)ethylamino)-2,6-bis(2-(pyridin-3-yl)ethylamino)-

1,2,5,8-naphthalenetetracarboxylic acid diimide (1.6).

.N

A suspension of 2 (50 mg, 117.4 pmol) in 3-(2-aminoethyl)pyridine (0.3 mL) was 

heated under argon in the microwave at 150 °C with stirring for 10 min. The 

amine was removed i. vac., and 1.6 (6.7 mg, 9.35 pmol, 8.0 %) was isolated by 

HPLC. 'H NMR (CDCI3. 400 MHz): 5  = 3.00-3.13 (m, 8 H), 3.78-3.83 (m, 4H), 

4.38-4.41 (m, 4H), 7.26-7.31 (m, 4H). 7.65-7.70 (m, 4H), 8.12 (s, 2H), 8.49-

8.64 (m, 8 H), 9.43 (t, 2H, J = 4.8 Hz). HRMS (ES+) calcd.: C42H36N8O4 [M+H]* 

717.2938. Found: 717.2950. Purity (HPLC, 280 nm): 96.8 %.

N,Ar-Bis(3-(dimethylamino)propylamino)-2,6-bis(3-
(dimethylamino)propylamino)-1,2,5,8-naphthalenetetracarboxylic acid 

diimide (1.7).

H I

A suspension of 2 (100 mg, 234.8 pmol) in A/,A/-dimethyl-1,3-propanediamine 

(1.5 mL) was heated under argon in the microwave at 150 °C with stirring for
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30 min. The amine was removed i. vac., and 1.7 (36 mg, 56.53 pmol, 24.1 %) 

was isolated by column chromatography on AI2O3 (DCMiMeOH 

100/0^100/1-^100/1.5). NMR (CDCI3 , 400 MHz): ô = 1.79-1.91 (m, 8H),

2.19 (s, 12H), 2.20 (s, 12H), 2.34-2.40 (m, 8H), 3.50 (4q, 4M, J = 6.8 Hz), 4.15 

(t, 4H, J = 7.6 Hz), 8.11 (s, 2H), 9.34 (t, 2H, J = 5.6 Hz). HRMS (ES+) calcd.: 

C34H52N8O4 [M+H]^ 637.4190. Found: 637.4193. Purity (HPLC, 280 nm):

96.6 %.

yV,/V’-Bis(3-(diethylamino)propylamino)-2,6-bis(3-

(diethylamino)propylamino)-1,2,5,8-naphthalenetetracarboxylic acid
diimide (1.8).

k

A suspension of 2 (100 mg, 234.8 pmol) in /V,/V-diethyl-1,3-propanediamine 

(1.5 mL) was heated under argon in the microwave at 150 °C with stirring for 

2 h. The amine was removed i. vac., the residue was purified by column 

chromatography on silica gel (DCM:MeOH:NEt3 9.5/0.25/0.25) to obtain 1.8 

(60 mg, 80.10 pmol, 34.1 %). NMR (CDCI3, 400 MHz): 5 = 1.0-1.06 (m, 

24H), 1.83-1.97 (m, 8H), 2.53-2.63 (m, 24H), 3.55 (4q, 4M, J = 6.8 Hz), 4.20 (t, 
4H, J=  7.6 Hz), 8.16 (s, 2H), 9.42 (t, 2H, J = 5.2 Hz). HRMS (ES+) calcd.: 

C42H60N8O4 [M+H]* 741.4816. Found: 741.4797. Purity (HPLC, 280 nm): 

98.9 %.
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/V,AT-Bis(3-(pyrrolidin-1-yl)ethylamino)-2,6-bis(3-(pyrrolidin-1- 
yl)ethylamino)-1,2,5,8-naphthalenetetracarboxylic acid diimide (1.9).

S

A suspension of 2 (120 mg, 281.7 pmol) in 1-(2-aminoethyl)pyrrolidine (1.0 mL) 

was heated at 150 °C for 10 min in the microwave under argon with stirring. The 

amine was removed i. vac., and 1.9 was isolated by HPLC (15.6 mg,

22.79 mmol, 8.1 %). NMR (CDCI3, 400 MHz): 5 = 1.68-1.78 (m, 16H), 2.56- 

2.60 (m, 16H), 2.73 (t, 4M, J = 7.2 Hz). 2.82 (t, 4H, J = 6 . 8  Hz), 3.56 (4q, 4H, 

J=  13.6 Hz), 4.30 (t, 4H, J=7.6 Hz), 8.10 (s, 2H), 9.43 (t, 2H, J = 4.8 Hz); HRMS 

(ES+) calcd.: C38H52N8O4 [M+H]* 685.4190. Found: 685.4171. Purity (HPLC, 

280 nm): 97.4 %.

N,Ar-Bis(3-(pyrrolidin-1-yl)propylamino)-2,6-bis(3-(pyrrolidin-1- 
yi)propylamino)-1,2,5,8-naphthalenetetracarboxylic acid diimide (1.10).

' O

A suspension of 2 (300 mg, 704.3 pmol) and 4-fbutylcatechol (0.117 g,

704.1 pmol, 1.0 eq) in 1-(3-aminopropyl)pyrrolidine (4.0 mL) was heated under 

argon in the microwave at 150 °C with stirring for 20 min. The amine was 

removed i. vac., and the residue was purified by column chromatography on 

silica gel (DCMiMeOHiNEta 9.5/0.25/0.25^9.3/0.3/0.3) to obtain 1 . 1 0  (131 mg,
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176.79 ijmol, 25.1 %). NMR (CDCI3 , 400 MHz): 6 = 1.71-1.76 (m, 8 H), 1.78- 

1.83 (m, 8 H), 1.94-2.01 (m, 8 H), 2.47-2.55 (m, 16H), 2.57-2.65 (m, 8 H), 3.59 

(4q, 4M, J = 6.0 Hz), 4.26 (t, 4H, J = 7.6 Hz), 8.19 (s, 2H), 9.44 (t, 2H, J = 

5.2 Hz). Purity (HPLC, 280 nm): 97.1 %.

/V,Ar-Bis(4-(pyrrolidin-1-yl)butylamino)-2,6-bis(4-(pyrrolidin-1- 
ylbutylamino)-1,2,5,8-naphthalenetetracarboxylic acid diimide (1.11).

A suspension of 2 (150 mg, 352.1 pmol) in 1-(4-aminobutyl)pyrrolidine (1.0 mL) 

was heated under argon in the microwave at 150 °C with stirring for 12 min. The 

amine was removed i. vac., and the residue was purified by column 

chromatography on silica gel (DCM:MeOH:NEt3 9.5/0.25/0.25). 1.11 (31.5 mg, 

39.51 pmol, 11.2 %) was obtained as a dark blue solid. ^H NMR (CDCI3 , 

400 MHz): ô = 1.52-1.84 (m, 32H), 2.37-2.56 (m, 24H), 3.45 (4q, 4H, J =

5.6 Hz), 4.12 (t, 4H, J = 7.6 Hz), 8.04 (s, 2H), 9.28 (t, 2H, J = 5.2 Hz). HRMS 

(ES+) calcd.: C4 6H68N8O4 [M+H]^ 797.5442. Found: 797.5456. Purity (HPLC, 

280 nm): 99.4 %.
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A/,/V’-Bis(3-(piperidin-1-yl)ethylamino)-2,6-bis(3-(piperidin-1-yl)ethylamino)-
1,2,5,8-naphthalenetetracarboxylic acid diimide (1.12).

o

A suspension of 2 (150 mg, 352.1 pmol) in 1-(2-aminoethyl)piperidine (1.0 mL) 

was heated under argon in the microwave at 150 °C with stirring for 10 min. The 

amine was removed i. vac., and 1.12 (3.2 mg, 4.32 pmol, 1.2 %) was isolated 

by HPLC. NMR (CDCI3, 400 MHz): 5 = 1.57-1.71 (m, 24H), 2.50-2.74 (m. 

24H), 3.59 (4q, 4H, J = 5.2 Hz), 4.30 (t, 4H. J = 7.2 Hz), 8.14 (s, 2H), 9.53 (t, 
2H, J = 4.8 Hz). HRMS (ES+) calcd.: G4 2H50N8O4 [M+H+Hf* 371.2447 Found: 

371.2391. Purity (HPLC, 280 nm): 99.3 %.

10.4.3) Cyclophane synthesis

4,5-bis(bromoethyl)acridine (12).

Bromomethyl methyl ether (BMME, 90 %, 5.00 g, 36.0 mmol, 4.0 eq.) was 

added to a solution of acridine (1.61 g, 9.00 mmol, 1.0 eq.) in H2SO4 (conc., 

20 mL) at 50 °C. The solution was stirred at 50 °C for 18 h, and cooled at 4 °C 

for 1 h. The mixture was poured onto water (100 mL) and extracted with 

chloroform (10 x 50 mL). The organic phases were dried over MgS0 4  and the 

solvent removed to give the product as a yellow solid (2.86 g, 7.84 mmol,

87.1 %). ^H NMR (CDCI3, 400 MHz): 5 = 5.44 (s, 4H), 7.53 (dd, 2H, J = 18, 22 

Hz), 7.94 (d, 2H, J=  18 Hz), 8.00 (dd, 2H, J=  18, 21 Hz), 8.79 (s, 1H). '^C NMR 

(CDCI3, 400 MHz): 30.1 (2 XCH2), 125.9 (2xCH), 126.8 (2xCH), 129.0 (2xCH, 

2xC), 131.2 (2xC), 136.4 (CH), 145.7 (2xC). HRMS (ES+) calcd.: CisHiiBr2N 

[M+Hf 363.9337. Found: 363.9334.
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4,5-bis(imidazoylmethyl)acridine (13).

To a solution of imidazole (0.373 g, 5.48 mmol, 10 eq.) in THF (20 mL), NaH 

(60 % suspension in mineral oil, 0.234 g, 5.84 mmol, 11 eq.) was added, and 

the mixture stirred for 30 min at RT. After addition of 4,5-bis(bromoethyl) 

acridine (0.200 g, 0.548 mmol, 1.0 eq.) the mixture was stirred overnight at RT. 

It was then poured onto water (50 mL) and extracted with chloroform (3 x 

100 mL). The organic phases were dried over MgS0 4  and the solvent was 

removed. The crude material was purified by column chromatography on silica 

gel (DCM/MeOH/EtaN 90:5:5), and the product was obtained as a light yellow 

solid (117 mg, 0.345 mmol. 62.9 %). NMR (CDCI3 , 400 MHz); 5 = 5.93 (s, 

4M), 7.07 (s, 2H), 7.12 (s, 2H), 7.40 (dd, J = 17, 19 Hz, 2H), 7.50-7.54 (m, 2H),

7.70 (8, 2H), 8.01 (d, J = 19 Hz), 8.84 (s, 1H). NMR (CDCI3 , 400 MHz): 5 =

47.5 (2xCH2), 119.8 (2xCH), 125.8 (2xCH), 126.6 (2xC), 128.7 (2xCH), 129.1 

(2xCH), 129.6 (2xCH), 134.9 (2xCH), 137.0 (2xC), 138.0 (2xCH), 145.9 (2xC). 

HRMS (ES+) calcd.: C21H17N5 [M+H]* 340.1562. Found: 340.1544.

Cyclophane 14.

A solution of 4,5-bis(imidazoylmethyl)acridine (100 mg, 0.295 mmol, 1.0 eq) 

and 4,5-bis(bromoethyl) acridine (107.5 mg, 0.295 mmol, 1.0 eq) in acetonitrile 

(60 mL) was stirred at RT for 20 h. The formed white precipitate was removed 

by filtration and dried i. vac. to give the crude product (70.0 mg, 0.0994 mmol, 

34 %). A small quantity was purified by HPLC to give 3.3 mg of pure compound.

For the generation of the hexafluorophosphate salt, 14 (30 mg, 0.0426 mmol, 

1.0 eq.) was dissoved in water (15 mL), and KPFe (15.7 mg, 0.0852 mmol, 2.0 

eq.) was added. The white precipitate was isolated by filtration and dried i. vac..
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and the hexafluorophosphate salt of 14 (27.0 mg, 0.0324 mmol, 76 %) was 

obtained as a white solid. NMR (DMSO-De, 400 MHz): 5 = 6.04 (s, 8H), 7.71 

(s, 4M), 7.80 (dd, J = 20, 38 Hz, 4H), 8.11 (d, J = 16 Hz, 4H), 8.37 (d, J = 20 Hz, 

4H), 9.32 (s, 2H), 9.38 (s, 2H). MTOF-MS: calcd: C36H2gN6^̂  [M+H]^ 545.0. 

Found: 545.0. Purity (HPLC, 254 nm): 95.5 %. HRMS (ES+) calcd.: C36H2bN6^* 

[M p  272.1188. Found: 272.1209.

10.4.4) Amidoanthraquinone synthesis

1.8-diamino-anthraquinone (16).

o

M-b O Nhb

The starting material was obtained from Dr. Tony Reszka, who synthesised it 

according to the established procedure (Perry et al., 1998b). Before use, the 

structure of the compound was confirmed by NMR and Mass Spectrometry: 

^H NMR (CDGI3, 400 MHz): 5 = 6.75 (sbr, 4H), 6.94 (dd, J = 18, 21 Hz, 2H), 

7.41 (t, J = 20 Hz, 2H), 7.62 (dd, V = 18, 21 Hz). HRMS (ES+) calcd.: 

C14H10N2O2 [M+Hf 239.0820. Found: 239.0816.

Amidoanthraquinone 17.

o

NH O H N ^O

NO2 NQz

A solution of 1.8-diamino-anthraquinone (500 mg, 2.10 mmol, 1.0 eq.) in THF 

(10 mL) and NEta (2 mL) was cooled to 4 °C, and nitrobenzoyl chloride (6.00 g,

32.3 mmol, 15 eq.) was added dropwise. The mixture was stirred at 60 °C 

overnight. Et20 (20 mL) was added, the solid was removed by filtration, washed 

with Et2Û, H2O, MeOH and Et20, and dried i. vac. to give the product (1.14 g,

2.13 mmol, quant.) as an orange, insoluble solid.
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Amidoanthraquinone 18.

NH O

NHz 1^

To a solution of 17 (1.10 g, 2.05 mmol, 1.0 eq.) in EtOH (15 mL) was added a 

solution of sodium sulfide nonahydrate (3.10 g, 12.9 mmol, 6.3 eq.) and NaOH 

(4.62 g, 116 mmol, 58 eq.) in H2O (40 mL). The mixture was heated at reflux 

temperature for 6  h and left to stand at RT overnight. The EtOH was removed

i. vac., the mixture was cooled to 4 °C, the product was removed by filtration, 

washed with H2O and dried i. vac. to give the product (1.57 g, 3.29 mmol, 

quant.) as a red, poorly soluble solid. HRMS (ES+) calcd.: C28H20N4O4 [M+H]^ 

239.0820. Found: 239.0814.

Amidoanthraquinone 19.1

NH O UN,

NH HN.

A suspension of 18 (200 mg, 0.420 mmol, 1.0 eq.) in chloroacetyl chloride 

(1.5 mL) was heated at 55 °C overnight. Et2 0  (10 mL) was added, the solid was 

removed by filtration and dried i. vac. to give the product (245 mg, 0.389 mmol,

92.6 %) as an orange, insoluble solid.
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Amidoanthraquinone 19.2.

O ^ N H  O H N ^ O

,NH

Cl Cl

A suspension of 18 (200 mg, 0.420 mmol, 1.0 eq.) in chloropropionyl chloride 

(5 mL) was heated at 70 °C for 3 h. Et2 0  (10 mL) was added, the solid was 

removed by filtration and dried i. vac. to give the product (241 mg, 0.367 mmol,

87.3 %) as an orange, insoluble solid.

Amidoanthraquinone 20.1.

o

NH O H N ^ O

NH HN.

A mixture of 19.1 (22 mg, 0.0350 mmol, 1.0 eq.), pyrrolidine (847 mg,

12.1 mmol, 345 eq.) and Kl (5 mg, 0.00301 mmol, 0.086 eq) in EtOH (2 mL) 

was heated at 70 °C for 3 h. The solvent was removed i. vac., and part of the 

crude material was purified by HPLC to give the product as a yellow solid 

(5.60 mg, 8.01 |jmol. 22.9 %). 'H NMR (CD3COOD, 400 MHz); 5 = 2.16-2.23 

(m, 8 H), 3.67-3.73 (m, 8 H), 4.55 (s, 4 H), 7.91-7.99 (m, 6 H), 8.10 (s. 4M), 8.14 

(d, J =  ^7 Hz, 2H), 8.26 (d, J = 21 Hz, 4H), 9.40 (d, J = 20 Hz, 2H). HRMS 

(ES+) calcd.: C4 0H38N6O6 [M+Hf 699.2931. Found: 699.2924. Purity (HPLC, 

254 nm): 93.0 %.
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Amidoanthraquinone 20.2.

NH O HN^ ,0

NH HN.

A mixture of 19.1 (25 mg, 0.0397 mmol, 1.0 eq.), diethyl amine (2 mL) and Kl 

(5 mg, 0.00301 mmol, 0.076 eq) in EtOH (2 mL) was heated at 60 °C overnight. 

The solvent was removed i. vac., and part of the crude material was purified by 

HPLC to give the product as a yellow solid (3.40 mg, 4.84 pmol, 12.2 %). 

'H NMR (CD3COOD. 400 MHz); 5 = 1.48 (t, J = 18 Hz, 12H), 3.53-3.58 (m, 

8 H), 4.47 (s, 4 H), 7.83-7.94 (m, 6 H), 8.05 (d, J = ^9 Hz, 2H) 8.11 (s, 4H), 8.16 

(d, J = 12 Hz, 4H), 9.33 (d, J = 2^ Hz, 2H). HRMS (ES+) calcd.: C40H42N6O6 

[M+Hf 703.3244. Found: 703.3239. Purity (HPLC, 254 nm): 81.8 %.

Amidoanthraquinone 20.3.

NH O H N ^ O

HN.

A mixture of 19.1 (20 mg, 0.0318 mmol, 1.0 eq.), morpholine (1.5 mL) and Kl 

(5 mg, 0.00301 mmol, 0.095 eq.) in EtOH (1.5 mL) was heated at 70 °C for 6  h. 

The solvent was removed i. vac., and part of the crude material was purified by 

HPLC to give the product as a yellow solid (5.00 mg, 6.84 pmol, 21.5 %). 

^H NMR (CDCb, 400 MHz): 5 = 2.69-2,75 (m, 8 H), 3.29 (s, 4H), 3.83-3.85 (m, 

8 H), 7.85-7.95 (m, 6 H), 8.10-8.21 (m, 6 H), 9.44-9.46 (m, 2H), 9.55 (s, 2H), 

13.30 (s, 2H). HRMS (ES+) calcd.: C40H38N6O8 [M+H]* 731.2830. Found: 

731.2816. Purity (HPLC, 254 nm): 85.5 %.
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Amidoanthraquinone 20.4.

o

NH O H N ^ O

NH HN.

A mixture of 19.1 (12 mg, 0.0191 mmol, 1.0 eq.), A/-methylpiperazine (1.5 mL) 

and Kl (5 mg, 0.00301 mmol, 0.158 eq.) in EtOH (1.5 mL) was heated at 70 °C 

for 6 h. The solvent was removed i. vac., and part of the crude material was 

purified by HPLC to give the product as a yellow solid (2.7 mg, 3.57 pmol,

18.7 %). NMR (DMSO-De, 400 MHz): 5 = 2.13 (s, 6H). 2.28-2.60 (m, 16H),

3.20 (s. 4M), 7.82-7.87 (m, 8H), 7.99 (d, J = 2^ Hz, 4H), 9.01-9.10 (m, 2H), 

9.99 (s, 2H), 12.68 (s, 2H). HRMS (ES+) calcd.: C42H44N8O6 [M+Hf 757.3462. 

Found: 757.3434. Purity (HPLC, 254 nm): 92.1 %.

Amidoanthraquinone 20.5.

A mixture of 19.2 (25 mg, 0.0397 mmol, 1.0 eq.), pyrrolidine (500 mg,

7.14 mmol, 180 eq.) and Kl (5 mg, 0.00301 mmol, 0.076 eq) in EtOH (2 mL) 

was heated at 70 °C for 3 h. The solvent was removed i. vac., and part of the 

crude material was purified by HPLC to give the product as a yellow solid 

(3.20 mg, 4.40 pmol, 11.1 %). ^H NMR (CD3COOD, 400 MHz): 5 = 2.02-2.23 

(m, 8H). 3.18-3.24 (m, 8H), 3.71-3.81 (m, 4 H). 3.86-4.03 (m, 4H), 7.84-7.92 

(m, 6H), 8.05 (d, J = 19 Hz, 2H), 8.11-8.14 (m, 8H), 9.32 (d. J = 21 Hz, 2H).
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HRMS (ES+) calcd.: C43H42N6O6 [M+H]^ 727.3244. Found: 727.3236. Purity 

(HPLC, 254 nm): 99.3 %.
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13) Appendix

Appendix: Compound - structure key NDs

M r

amine 3 used ascompound
no. side chain

3 4-methylpiperazin-1-yl
3.1

1.2 4 4-methylpiperazin-1-yl
3.2

1.3 5 4-methylpiperazin-1-yl
3.3

1.4 1/-/-1,2,4-triazol-1-yl
3.4

1.5 pyridin-4-yl
3.5

1.6 pyridin-3-yl
3.6

A/,A/-dimethylamine
3.7

1.8 A/,A/-diethylamine
3.8

pyrrolidin-1-yl
3.9

1.10 pyrrolidin-1-yl
3.10

1.11 pyrrolidin-1-yl
3.11

1.12 piperidin-1-yl
3.12
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