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ABSTRACT 

 

TARGETING HUMAN TELOMERIC DNA WITH AZACYANINES 

 

Küçükakdağ Doğu, Ayça 

Master of Science, Chemistry 

Supervisor: Assoc. Prof. Dr. Özgül Persil Çetinkol 

  

May 2019, 149 pages 

 

Small molecules targeting telomeric DNA or its interactions with telomerase have 

been an active area of cancer research. Within this thesis, a series of five new 

benzimidazole compounds differing from each other in alkyl chain length and 

branching in the benzimidazole ring (ethyl, propyl, isopropyl, butyl, and isobutyl) 

were synthesized and characterized using Nuclear Magnetic Resonance (NMR) 

spectroscopy, High Resolution Mass spectroscopy and C/H/N elemental analysis. 

Their interactions with human telomeric DNA (tel24) along with the previously 

investigated methyl derivative were investigated using UV-VIS, Circular Dichroism, 

and Fluorescence spectroscopy. All the compounds were found to be binding to tel24 

and inducing a weak CD band between 320 nm and 360 nm in 1:1 complexes. 

Substantial red-shift and hypochromic effect were observed only in the UV-VIS 

spectrum of Azamethyl and Azabutyl upon binding to tel24. No red shift or 

hypochromic effect was observed in the UV-VIS spectrum of Azaisopropyl in the 

presence of tel24. Among the compounds investigated, the butyl derivative was found 

to be binding to tel24 tighter than the previously investigated methyl derivative.  

Association constants were found to be 6.61x105 ± (3.74x104), 7.84x105 ± (3.44x104), 

and 4.55x105 ± (1.23x104) M-1 for Azamethyl, Azabutyl, and Azaisobutyl 

respectively. Azaisopropyl showed the lowest binding affinity towards tel24. As a 

result, this study revealed that tel24 was a specific target for Azamethyl, Azabutyl, 
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and Azaisobutyl and azacyanines might be plausible drug candidate molecules in 

targeting G-quadruplexes. 

 

 

Keywords: G-quadruplex, Human Telomeric DNA, Azacyanine, Small Molecule 

Binding, Intercalation  
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ÖZ 

 

İNSAN TELOMERİK DNA’SININ AZASİYANİNLER İLE HEDEFLENMESİ 

 

Küçükakdağ Doğu, Ayça 

Yüksek Lisans, Kimya 

Tez Danışmanı: Doç. Dr. Özgül Persil Çetinkol 

 

Mayıs 2019, 149 sayfa 

 

Telomerik DNA’yı hedefleyen küçük moleküller ve onların telomeraz enzimi ile 

etkileşimleri yoğun olarak çalışılan kanser araştırmalarındandır. Bu tez çalışması 

kapsamında, birbirlerinden alkil grubu uzunlukları ve dallanmaları bakımından 

farklılık gösteren beş yeni benzimidazol türevi molekül (etil, propil, izopropil, bütil, 

ve izobütil) sentezlenmiş, ve Nükleer Manyetik Rezonans (NMR) spektroskopisi, 

Yüksek Çözünürlüklü Kütle spektroskopisi, ve C/H/N elemental analiz yöntemleri 

kullanılarak karakterize edilmiştir. Bu moleküllerin daha önce sentezlenmiş ve 

karakterize edilmiş Azametil ile birlikte insan telomeric DNA’sı (tel24) ile 

etkileşimleri UV-VIS, Circular Dichroism, ve Floresans spektroskopisi kullanırak 

incelenmiştir. Tel24 ile1:1 oranında kompleks oluşturan bütün moleküller 320 nm ve 

360 nm arasında zayıf bir CD bantı vermiştir. Tel24’e bağlanan Azametil ve 

Azabütil’in UV-VIS spektrumunda önemli bir oranda kırmızıya kayma (yüksek dalga 

boyuna kayma) ve hipokromik etki oluştuğu gözlenmiştir. Azaisopropil’in UV-VIS 

spektrumunda heredeyse hiç kırmızıya kayma ve hipokromik etki gözlenmemiştir. 

Bütün moleküller arasında bütil türevinin Tel24’e daha önce incelenmiş metil türevine 

göre daha kuvvetli bağlandığı gözlemlenmiştir. Tel24’e bağlanma sabitleri Azametil, 

Azabütil, ve Azaizobütil için sırasıyla 6.61x105 ± (3.74x104), 7.84x105 ± (3.44x104), 

ve 4.55x105 ± (1.23x104) M-1 olarak bulunmuştur. Ayrıca, Azaizopropil’in tel24’e en 

zayıf bağlanan molekül olduğu belirlenmiştir.  Sonuç olarak bu çalışma ile birlikte 
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tel24’ün Azametil, Azabütil ve Azaizobütil moleküllerine özgü bir hedef olabileceği 

ve azasiyaninlerin G-quadrupleksleri hedeflemek için kullanılabilecek makul ilaç 

adayı moleküller oldukları gösterilmiştir. 

 

Anahtar Kelimeler: G-dörtlüsü, İnsan Telomerik DNA’sı, Azasiyanin, Küçük 

Molekül Bağlanması, İnterkalasyon 
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. Purpose and Justifications 

Within the scope of this project, five new benzimidazole derivative compounds 

were synthesized, characterized and their interactions with human telomeric DNA 

sequence, tel24, were investigated. The main purpose of the project is to discover new 

drug candidate molecules towards cancer treatment that are binding tightly and 

selectively to human telomeric DNA sequences. The benzimidazole derivatives that 

were synthesized within this project differ from each other by the length and type of 

the alkyl groups (ethyl, propyl, isopropyl, butyl, and isobutyl) in the benzimidazole 

ring system. Additionally, understanding the effect of molecular structure in DNA 

binding affinity and selectivity allow us to perform rational drug design. Considering 

the effect of molecular structure in terms of the chain length and molecular surface 

area on binding strength between these derivatives and DNA, new drug candidate 

molecules can be designed with the desired features, such as tight binding and high 

selectivity. 

1.2. Current Chemotherapeutic Agents Targeting DNA 

Chemotherapy is a widely used treatment for cancer. It is a technique used 

either to eliminate cancer cells selectively without damaging the normal cells, or 

reduce tumor growth, or alleviate pain that cancer causes, using chemicals called 

chemotherapeutic agents. Some of the basic mechanisms of action of the current 

chemotherapeutic drugs targeting DNA are damaging DNA by generating DNA-

crosslinks that destabilize DNA during replication by alkylating agents, replacing the 

normal building blocks of DNA and RNA by anti-metabolites, interfering with the 

enzymes involved in DNA replication process by causing DNA intercalation and over-
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generation of reactive oxygen species by cytotoxic antibiotics, inhibiting the 

Topoisomerase I or II enzymes by impeding the correct unwinding of DNA strands 

by topoisomerase inhibitors, inhibiting mitosis and cell division by micro-tubular 

poisons, and finally treating cancer cells by corticosteroids [1, 2].  

Some of the current chemotherapeutic agents are cis-platin, doxorubicin, 5-

fluorouracil, etoposide, and gemcitabine. Cis-platin binds irreversibly to DNA or 

RNA via covalent bond formation between the two nucleic acid bases, mostly through 

N7 of two adjacent guanines and causes failure in replication and the cell-cycle arrest. 

Unfortunately, cancer cells develop resistance to cis-platin very quickly due to the 

changes in drug transport systems, drug detoxification, DNA repair system, DNA 

damage tolerance mechanisms, or the apoptotic cell death pathways [1]. On the other 

hand, Doxorubicin and etoposide, inhibit Topoisomerase II which is an enzyme 

responsible from controlling the topology of DNA by cleaving the both strands of the 

double helix, generating relaxation and rotation. Inhibition of Topoisomerase II by 

etoposide, or generation of DNA strand breaks due to the formation of Topo-DNA 

adducts by doxorubicin ultimately hinders the replication, translation and transcription 

[3,4].  

Most of the current chemotherapeutic agents are not selective towards cancer 

cells and they bind to duplex DNA sequences found in every cell. Therefore, they also 

bound to DNA, RNA or the enzymes in healthy living cells and cause their death along 

with the cancer cells. In other words, these drugs have serious adverse effects, so there 

is a continuing need for new selective molecules [5-7]. There are several other reasons 

that limits the effectiveness of the current agents, such as the development of 

resistance to them and even developing more resistant to further treatment, which 

results in the reoccurrence of the cancer. Another reason is the loss of a cell surface 

receptor or a mutation in the specific drug target that can result in therapeutic failure. 

The toxicity of the drug to the non-targeted cells/tissues, and the loss of penetration of 

drug molecule to blood brain barrier can also be counted as other reasons that limit 

the effectiveness of a drug molecule [3]. 
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1.3. The Importance of Targeting Nucleic Acids in the Cancer Treatment 

Nucleic acids (DNA and RNA) have been targeted in cancer treatment for 

years due to their vital roles in cellular function. The idea behind this strategy was to 

interfere with uncontrollable cellular replication, translation, or transcription by 

altering the nucleic acid structure using small molecules (drugs) [8-12]. In the last 

decade, especially targeting non-canonical nucleic acid structures such as telomeres 

became one of the extensively exploited research areas in the development of such 

small molecules [8]. 

Telomeres are repetitive guanine rich nucleic acid sequences found at the end 

of the chromosomes. For instance, human telomeres consist of a double helical region 

of about 10-15 Kb consisting of repeated TTAGGG sequences followed by another 

guanine rich single stranded chain of about 200 nucleotides (nt) [13, 14]. The main 

functions of telomeres are to protect the chromosome ends from fraying and, to 

prevent chromosome fusion and chromosome degradation. Thus, they are providing 

chromosomal stability and genomic integrity [15-17]. Telomeres get shorten with each 

cell division at a rate of 50-150 base pairs due to incomplete replication at the 5’end 

by DNA polymerase.  Such shortening creates a 3’ overhang at the end of the 

telomeres [18-20]. And the continual shortening of telomeres beyond a certain length 

induces apoptosis, the programmed cell death [19, 21-23]. On the other hand, in the 

cancer cells, it has been observed that the shortening of telomeric DNA is impeded 

due to an active telomerase. Telomerase is a ribonucleic protein and is responsible for 

the elongation of the repetitive TTAGGG sequences. Telomerase is able to replicate 

(TTAGGG)n sequences which cannot be replicated by DNA polymerases in normal 

cells [24]. Hence, in cancer cells the apoptosis is hindered and the cancer cells 

continue to grow and divide. Recent studies have shown that telomerase is repressed 

in most normal somatic cells, meanwhile is upregulated in 85-90% of the cancer cells, 

providing them a rapid proliferative activity [17, 22, 25, 26]. In fact, since most 

somatic cells in our bodies do not show any or show very low levels of telomerase 

activity, targeting and selectively inactivating telomerase became one of the 
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commonly accepted strategies in cancer research [16, 25]. A visual of the difference 

in the cell division processes between a normal somatic cell and a cancer cell is shown 

in Figure 1.  

 

 

Figure 1: Telomeric DNA. (Retrieved from Yaku et. al., 2012) 

 

1.4. G-quadruplex Structures 

One of the accepted approaches in inhibiting telomerase-telomeric DNA 

interactions is either to drive the formation of G-quadruplex structures and/or to 

increase their stability using small molecules in the guanine rich regions [12, 27-30]. 

G-quadruplex structures are formed when the guanine-rich DNA sequences 

spontaneously fold into four stranded DNA structures [21]. Folding results in the 

planar arrangement of four guanines called G-quartets and the stacking of two or more 

G-quartets results in the formation of G-quadruplex structures (Figure 2) [31]. A G-

quartet is the result of the association of four Guanine bases through Hoogsten 

hydrogen-bonding, while G-quadruplex is formed by the stacking of G-quartets on top 

of each other, creating a four-stranded helical chain, with an occurrence of four 

equivalent phosphate grooves with the three TTA loops on the sides [14, 23]. G-

quartet stacking is stabilized by both the coordination of positively charged 

monovalent cations with electronegative oxygen atoms in the center of the channel, 



 

 

 

5 

 

and the π-π interactions between G-quartets [18, 20, 23, 32-34]. The structures of a G-

quartet and G-quadruplex are shown in the Figure 2.  

 

 

Figure 2: Left: Schematic representation of the G-quadruplex forming tel24 structure based on NMR studies (pdb 

id code: 2GKU), and the binding of Azamethyl to tel24. Right: The structure of a G-quartet. (Retrieved from Persil 

Çetinkol et.al., 2008)  

 

Genome-wide analyses have revealed that guanine rich sequences are present 

in human genome, particularly at the end of the chromosomes, telomeres, and in the 

promoter regions of c-MYC, c-KIT, VEGF, HIF-1α, RET, PDGF-A, c-MYB, BCL-2, 

h-TERT, K-Ras, and YY1 genes [10, 33-35]. They appear to be emerging at non-

random, very strategic locations in the genome, and it is believed that they play an 

important role, correlating with their function, in regulating multiple biological 

processes such as, replication and transcription [14]. Usually, our DNA is packaged 

into chromatins in the double helical form. However, ds-DNA can be converted into 

single-stranded DNA during DNA replication, transcription, and repair processes. 

Compared to double-stranded DNA or RNA hairpin structures, G-quadruplex are 

more thermodynamically stable, therefore they less likely to unfold with their slow 

kinetics. Due to their stability, the presence of G-quadruplex structures, might have 
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serious negative effects on DNA and RNA metabolism, so that their formation must 

be regulated [14].  

Existence of a G-quadruplex structure in the proximity of a promotor region 

of an oncogene can lead to downregulation of the gene expression [36]. For example, 

Kota et. al. measured the recQ transcription by stabilizing the G-quadruplex formation 

region with TmPyP4, and they observed ~5-fold downregulation of recQ transcription 

than the control group [36]. There is another example that the Nucleolin 

phosphoprotein has high binding affinity to DNA G-quadruplexes, and when 

Nucleolin binds to the G-quadruplex structures in aborted RNA transcripts, the RNA 

processing is perturbed and encountering with the nucleolar stress, resulted in a 

neurodegenerative disorder [14]. In another study, it is stated that the stabilization of 

G-quadruplex structure of the preS2/S promoter by BRACO19 leads to the 

enhancement of the promoter activity, meaning that the presence of G-quadruplex 

motif in this promoter region has a positive regulatory effect on transcription of 

preS2/S [37]. 

 

1.5. Small Molecules Targeting G-quadruplex Structures 

The binding of a small molecule to a G-quadruplex structure occurs mostly in 

three distinct modes; by ligand intercalation, external stacking, or groove-binding. 

Intercalation is observed as the result of the insertion of the ligand into the interspace 

of two consecutive G-tetrads. Due to the G-quartets being coordinated by positively 

charged cations, it is suggested that ligand intercalation can occur only in-between the 

two consecutive G-quartets, and only occur by displacing the cation [18]. External 

stacking is observed due to the stacking of the ligand having π-delocalization systems 

onto the ends of the G-quadruplex through the π-π stacking interactions. Groove or 

loop binding is observed as a result of the binding of the ligand to the grooves or loops 

of the G-quadruplex mostly through the electrostatic interactions and H-bonding [18, 

23, 38].   
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Many small molecules targeting G-quadruplex structures have been discovered 

in the last two decades. Some of these molecules are quarfloxin, TMPyP4, 

telomestatin, Quindoline, Braco-19, BIBR1532 and CX-5461 (Figure 3) [11, 26, 39-

42]. 

Quarfloxin is one of the first molecules that have been examined in clinical 

trials due to its binding ability to G-quadruplex structure, and disruption of G-

quadruplex-nucleolin complexes. Unfortunately, it was not able to pass phase 2 of the 

clinical trials due to the lack of bioavailability [23, 33, 43]. TMPyP4 is one of the most 

investigated molecules that is binding to G-quadruplexes, mainly due to its high 

binding affinity. In addition, its molecular size, planar structure, positive charge, and 

hydrophobicity makes it an ideal drug candidate. The symmetric cyclic fused ring 

structure of TMPyP4 similar to telomestatin is thought to provide very favorable 

stacking interactions with the G-quartets. However, it was revealed that the selectivity 

of TMPyP4 towards G-quadruplex structures is low mainly due to the high positive 

charge on it. The selectivity of telomestatin to G-quadruplexes compared to duplex 

DNA is also found to be low [20, 23, 33, 43]. Quindoline is another molecule that is 

known to be stabilizing the G-quadruplex structure in c-MYC promoter region, and it 

acts as an inhibitor in the carcinoma cell line linked to the c-MYC gene. C-MYC gene 

encodes the transcription factors which regulate the cell proliferation, differentiation 

and apoptosis. In cancer cells, the over-expression of this gene is generally 

encountered. And so, targeting the G-quadruplex structures formed in the c-MYC 

sequence can be an effective strategy in cancer treatment [33, 38]. Interestingly, it had 

been shown that Quindoline binds to the two ends of the G-quadruplex forming c-

MYC sequence with different affinities due to different hydrophobic/hydrophilic 

interactions at the physiological salt conditions. It had been also shown that, the 

binding of Quindoline increases the stability of G-quadruplex structure [33, 38]. 

Braco-19 is another promising small molecule, which had been shown to be binding 

to the G-quadruplex structures with high affinity. The nitrogen atom in Braco-19’s 

structure can be protonated at physiological conditions, making it an electron deficient 
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structure that is more likely to interact with G-quadruplex structures. Braco-19 also 

binds to G-quadruplex mainly through π-π interactions and it acts as a telomerase 

inhibitor. Although, Braco-19 has higher affinity towards G-quadruplex DNA than 

duplex DNA in addition to its high solubility in aqueous solutions, it is not 

pharmacologically applicable due to its low permeability across biological barriers 

[20, 23, 33, 43, 44].  Another telomerase targeting drug molecule, BIBR1532, 

specifically binds to the hydrophobic pocket of catalytic subunit on the outer surface 

of telomerase, disrupts the DNA binding pocket, and hinders telomerase binding to 

telomeric DNA. BIBR1532 is proved to have antiproliferative effect on leukemia cells 

with no effect on normal cells. The treatment of leukemia cells with BIBR1532 

resulted in a telomere shortening, loss of telomerase activity, and cell-cycle arrest 

within several weeks. It is known that it also functions as an adjunctive agent, which 

refers to a substance used in addition to the primary therapy. There are several studies 

that BIBR1532 was used in combination with chemotherapeutic drugs, such as 

paclitaxel, carboplatin and doxorubicin, in order to decrease drug resistance, enhance 

clinical activity and provide a synergistic effect for the elimination of cancer cells. It 

was also reported that the combination may lead to reduced toxicity [22, 45-47].  As 

a selective G- quadruplex stabilizer, CX-5461 blocks the replication forks, damages 

DNA by induction of ssDNA gaps and breaks, creates genomic instability, and leads 

to lethality. The binding of CX-5461 interferes with the interactions of rDNA G-

quadruplex structures and nucleolin protein. As a result, the transcription process is 

inhibited, followed by the induction of the apoptosis in the cancer cells, including the 

drug-resistant myeloma cells. Currently, it is in phase I trials for hematologic 

malignancies [48-50]. 

In brief, there is a worldwide interest to design and develop more selective and 

effective small molecules with minimum side-effects and cytotoxicity. It is believed 

that, using small molecule inhibitors is still a convenient and an effective option for 

cancer treatment [14, 16, 51]. Some of the criteria in design of a small molecule as an 

ideal drug candidate molecule are based on its structural features, such as its molecular 
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size, shape, charge, hydrophobicity, planarity, and surface area. Small molecules 

targeting nucleic acids are mostly planar molecules bearing at least one positive charge 

with a large surface area. Having a large surface area with an aromatic core increases 

the π-π interactions between the small molecule and nucleic acid bases. The molecules 

having a V-shaped structure are also more likely to show better binding ability. The 

positive charge on the molecule increases the solubility in water, enhances the 

electrostatic interactions between the molecule and the negatively charged phosphate 

groups of the backbone of the nucleic acid structure. The binding affinity of these 

molecules to the G-quadruplexes is also usually high, while their selectivity towards 

different nucleic acid structures is deprived. The positive charge on these molecules 

promotes the binding to not only to G-quadruplex structure but also to all other DNA 

sequences. The narrow grooves of DNA sequences have strong affinity towards the 

positive charges of the cations. Thus, the high positive charge increases the non-

specific binding of the small molecule to all negatively charged nucleic acid structures 

in the cells [10, 16, 20, 23, 27-30, 42, 44]. Due to these non-specific interactions 

between the small molecules and the duplex DNA, which is found in every cell 

whether it is cancer cell or not, the cytotoxicity emerges for these molecules [23]. The 

purpose of the telomerase targeting with therapeutic drugs is to achieve an induction 

of apoptosis and cell death only in tumor cells, where the telomerase is active [22]. 

And today, there is still a need for the design of new molecules that are selective G-

quadruplex binders which are less toxic.  
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Figure 3: The structures of drugs and drug candidate molecules that bind to G-quadruplex. 

 

1.6. Benzimidazoles and Azamethyl (Aza3) 

Benzimidazole is an important scaffold in medicinal chemistry. It is one of the 

mostly used aromatic ring structures in the design and synthesis of active 

pharmaceutical ingredients [52-58]. Active pharmaceutical ingredients containing the 
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benzimidazole ring are used to treat various diseases as anthelmintic, antifungal, 

antiallergic, antimicrobial and antiviral [59-62]. In addition, benzimidazoles are also 

commonly used as biological chemical sensors due to their fluorescent light emitting 

capability [63-65]. It is evident that the ligands with the appropriate modifications in 

the benzimidazole ring are sufficient and effective binders of G-quadruplex DNA [23]. 

Targeting G-quadruplexes with benzimidazoles provides also an opportunity for the 

treatment of cancer, due to the possible stabilization of a G-quadruplex structure and 

inhibition of the telomerase activity in cancer cells [12, 29, 59-62].  

Azamethyl (also known as Aza3) is a benzimidazole derivative, is known to 

bind to G-quadruplex structures selectively and with high affinity [66]. It was first 

synthesized by Kurth and his group to regulate the ion channels [67-68]. It had been 

discovered that Azamethyl molecule binds to tel24 [d(TTGGG(TTAGGG)3A)] and 

tel26 [d(AAAGGG(TTAGGG)3AA) which are human telomeric sequences forming 

G-quadruplex structures with high selectivity compared to dsDNA [66]. The 

benzimidazole rings in its structure are thought to provide π-π interactions with the 

guanine bases, and therefore help to increase the stability of the quadruplex structure. 

NMR analysis confirmed that Azamethyl molecule binds between the top of the G-

quadruplex and A:T base pair which is found in the loop of the G-quadruplex via 

intercalation as shown in Figure 4. In intercalation, the planar aromatic small molecule 

stacks in between the base pairs. The π-π stacking interactions between the aromatic 

ring of the small molecule and the adjacent bases are the major driving force in 

intercalation of small molecules [69]. In Persil Çetinkol et. al., Azamethyl molecule, 

named 7H-1,13-Dimethyldibenzimidazolo [1,2-a:2’,1’-d] [1,3,5]-triazin-6-ium, had 

been found to be binding to tel24 [d(TTGGG(TTAGGG)3A)] with Ka = 1.28x106 M-

1, and to duplex DNA, dd1, [d(GCGCATATATGCGC)] with Ka = 6.13x103 M-1.This 

result indicates that the selectivity of Azamethyl against G-quadruplex structure was 

~200 times higher than its selectivity against the duplex DNA structure. Such 

selectivity is great for being considered as a potential drug candidate for selective 

targeting of quadruplexes [66].  However, its binding affinity needs to be improved. 
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Figure 4: Tel24 structure (A) The structure of tel24 nucleic acid sequence analyzed by NMR in the solution (PDB 

code: 2GKU) (B) Schematic representation obtained by NOE experiments of Azamethyl molecule which is bound 

to tel24 (Persil Çetinkol et. al., 2008). 

 

Azamethyl can also be considered as a potential drug candidate molecule due 

to solely to its structure. According to Lipinski’s rule, an ideal drug molecule should 

have a molecular weight less than 500 Daltons, heteroatoms capable of acting as H-

donors/acceptors, in specific there should be no more than 5 H-bond donors and no 

more than 10 H-bond acceptors, and high solubility in water, in particular the 

lipophilicity parameter, logP, should be not greater than 5 [23, 70]. Drug candidate 

molecules are more likely to fail if they have high molecular weights (>500 daltons) 

and excessive lipophilicity [71]. The small size of a molecule provides freedom of 

movement to the molecule through the extracellular plasma membrane, and ability to 

interact with cell-surface ligand-binding receptors, and intracellular signaling 

proteins, including anti-apoptotic proteins [44, 72]. Azamethyl is moderately soluble 

in water with a molecular weight of around 300 Daltons [66]. 

 

1.7. Scope of the Thesis 

Within the scope of this thesis, five new benzimidazole derivative compounds 

were synthesized, characterized and their interactions with human telomeric DNA 
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sequence - tel24 were investigated. The main purpose of this thesis is to discover new 

anti-cancer candidate molecules that are binding tightly and selectively to a G-

quadruplex forming human telomeric DNA sequence, tel24. We hypothesized 

derivatives of Azamethyl, bearing a longer or a bulkier chain in the benzimidazole 

ring might have a higher affinity towards tel24. We anticipated that as the chain length 

or branching increases, the noncovalent interactions between the small molecule and 

the quadruplex would increase and result in higher association constants.  Therefore, 

in order to understand the effect of the chain length and branching on the 

benzimidazole ring on the binding affinity of azacyanines to tel24, here, we 

synthesized Azaethyl, Azapropyl, Azaisopropyl, Azabutyl and Azaisobutyl in 

addition to the Azamethyl and investigate their interactions with tel24 using UV-VIS, 

CD and Fluorescence Spectroscopy [53, 55-58, 73-78]. 
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CHAPTER 2  

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

The starting materials; 1-methyl-1H-benzimidazole-2-ylamine (C8H9N3), 1-

ethyl-1H-benzimidazole-2-ylamine (C9H11N3), 1-isopropyl-1H-benzimidazole-2-

ylamine (C10H13N3), 1-butyl-1H-benzimidazole-2-ylamine (C11H15N3), 1-isobutyl-

1H-benzimidazole-2-ylamine (C11H15N3) were purchased from Sigma Aldrich 

(Europe) and ABCR (Germany), and 1-propyl-1H-benzimidazole-2-ylamine 

(C10H13N3), was purchased from Ark Pharm (USA). Tel24 

([d(TTGGG(TTAGGG)3A)]) oligonucleotide was purchased from Integrated DNA 

technologies, IDT (Europe). The other reagents used during the synthesis; Acetonitrile 

(CH3CN), diiodomethane (CH2I2), dichloromethane (CH2Cl2), acetone (C3H6O), 

dimethyl sulfoxide (C2H6OS), deuterated dimethyl sulfoxide (C2D6OS), methanol 

(CH3OH), ethyl acetate (C4H8O2), and liquid vaseline were purchased from Sigma 

Aldrich (Europe). 

 

2.2. Methods 

2.2.1. Synthesis and Characterization of Azacyanines 

The synthesis of the azacyanine compound bearing the methyl chain in the 

benzimidazole ring, named as Aza3 or Azamethyl, had been reported previously by 

Huang et. al. and Persil Cetinkol et. al. [66, 68]. Here, the previously reported 

synthesis method was adopted.  Briefly, diiodomethane was added to 1-R-1H-

benzimidazole-2-ylamine dissolved in acetonitrile in 5/5.6 molar ratio under reflux 

conditions, in an oil bath, at a temperature of 80 – 85˚C under N2 gas. The mixture 
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was refluxed for 5 to 24 hours, depending on the starting material. After reflux, the 

solution was cooled down and filtered. The precipitate was washed with 

dichloromethane (CH2Cl2) and acetone (C3H6O).  The characterization of all the 

compounds investigated here, were recently published in Tutuncu et. al. [79]. The 1-

R-1H-benzimidazole-2-ylamine starting materials used in this study are given in 

Figure 6. 

 

Figure 5: Synthesis of azacyanines. 

 

 

Figure 6: Structures of the starting materials used in azacyanine synthesis. 
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2.2.1.1. Azamethyl (Aza3) 

         

Figure 7: Synthesis of Azamethyl. 

 

0.8 g of 1-methyl-1H-benzimidazole-2-ylamine was dissolved in 20 ml of 

acetonitrile and 3.0 g (902.0 μl) diiodomethane was added into it. The reaction mixture 

was refluxed at about ~82˚C for 5 hours. Once the solution was cooled down, the 

precipitate was filtered and washed with 15 ml of dichloromethane followed by 15 ml 

of acetone. The white product obtained as the precipitate was dried in oven at 50˚C. 

The yield of the reaction was 34%.  

The 1H NMR spectra given in Figure 16 are clean for both the starting material 

and the product. The peaks are as follows; for Azamethyl starting material (1-methyl-

1H-benzimidazole-2-ylamine); 1H NMR (400 MHz, DMSO-d6) δ 3.51 (3H), 6.58 

(2H), 6.90 (1H), 6.96 (1H), 7.11 (1H), 7.16 (1H) ppm; 13C-NMR δ 28.3, 107.0, 114.7, 

117.9, 120.2, 134.8, 142.7, 155.5  ppm; and for Azamethyl product (7H-1,13-

dimethyldibenzimidazolo [1,2-a:2’,1’-d][1,3,5]-triazin-6ium); 1H NMR (400 MHz, 

DMSO-d6) δ 3.82 (6H), 6.54 (2H), 7.50 (4H), 7.61 (2H), 7.74 (2H) ppm; 13C-NMR δ 

34.0, 44.8, 62.0, 115.2, 116.2, 129.4, 129.7, 129.7, 132.6, 136.1, 154.0 ppm. 
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2.2.1.2. Azaethyl 

              

Figure 8: Synthesis of Azaethyl. 

 

       1.8 g of 1-ethyl-1H-benzimidazole-2-ylamine was dissolved in 25 ml of 

acetonitrile. 1010 μl of diiodomethane was added to the reaction mixture. The mixture 

was refluxed at ~82˚C for 7 hours. A brownish waxy liquid was obtained at the end of 

the reaction.  The waxy product was confirmed as the desired product by quick 1H 

NMR analysis.  The waxy product was precipitated by dropwise addition of it into the 

ice-cold ethyl acetate. The product obtained as the precipitate was filtered and dried 

in oven.  The amount of the product obtained was 687 mg, indicating 28% yield for 

the reaction. The ethyl acetate of the filtrate was evaporated using a Rotary Evaporator 

(Heidolph Laborota 4002), and the 1H NMR analysis of the remnant solid revealed the 

presence of the product in the filtrate solution. The remnant solid was redissolved in 

ethyl acetate and the solution was let sit at -20˚C overnight. The precipitate was 

filtered, washed with acetone to get rid of the impurities, and dried in oven at 50˚C.  

The amount of the pure product obtained after precipitation was 340 mg. 

 The 1H NMR spectra given in Appendix A Figure 29 are clean for both the 

starting material and the product. The peaks are as follows; for Azaethyl starting 

material (1-ethyl-1H-benzimidazole-2-ylamine); 1H NMR (400 MHz, DMSO-d6) δ 

1.19 (3H), 4.00 (2H), 6.48 (2H), 6.88 (1H), 6.93 (1H), 7.13 (2H) ppm; 13C-NMR δ 

14.0, 36.2, 107.4, 114.5, 118.1, 120.2, 133.6, 142.5, 154.4 ppm; for Azaethyl product 
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(7H-1,13-diethyldibenzimidazolo [1,2-a:2’,1’-d][1,3,5]-triazin-6ium); 1H NMR (400 

MHz, DMSO-d6) δ 1.42 (6H), 4.37 (4H), 6.55 (1H), 7.50 (H), 7.65 (2H), 7.82 (2H) 

ppm; 13C-NMR δ 13.6, 37.4, 56.9, 110.0, 110.2, 111.0, 124.0, 124.4, 127.5, 129.4, 

148.2 ppm. UV-Vis (DMSO): λmax (ε) = 343 nm (44700 M-1); HRMS (ESI+): m/z 

(%):  calculated for [C19H20N5
+] 318.3956, found 319.1789; elemental analysis 

calculated (%) for C19H20N5I: C 51.25, H 4.53, N 15.73; experimental: C 50.57, H 

4.43, N 16.16. Yield 28%. 

 

2.2.1.3. Azapropyl 

   

Figure 9: Synthesis of Azapropyl. 

 

0.981 g of 1-propyl-1H-benzimidazole-2-ylamine was dissolved in 20 ml of 

acetonitrile. 505 μl of diiodomethane was added to the solution. Solution was refluxed 

at ~82˚C for 5 hours. The reaction mixture was analyzed by UV-Vis and both the 

starting material and the product were detected in the spectra. The product in the 

reaction mixture was precipitated by mixing the reaction mixture with ice-cold ethyl 

acetate and letting it to sit at -20˚C overnight. The precipitate was filtered and dried in 

oven at 50˚C overnight. 0.614 g Azapropyl was obtained at the end of the process, 

indicating 46 % yield for the reaction. 
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The 1H NMR spectra given in Appendix A Figure 32 are clean for both the 

starting material and the product. The peaks are as follows; for Azapropyl starting 

material (1-propyl-1H-benzimidazole-2-ylamine); 1H NMR (400 MHz, DMSO-d6) δ 

1.47 (6H), 4.58 (1H), 6.29 (2H), 6.83 (1H), 6.91 (1H), 7.12 (1H), 7.30 (1H) ppm; 13C-

NMR δ 20.5, 45.4, 109.5, 115.0, 117.7, 119.8, 132.5, 143.2, 154.0 ppm; for Azapropyl 

product (7H-1,13-dipropyldibenzimidazolo [1,2-a:2’,1’-d][1,3,5]-triazin-6ium); 1H 

NMR (400 MHz, DMSO-d6) δ 0.95 (6H), 1.88 (4H),  4.29 (1H), 6.53 (2H), 7.49 (4H), 

7.62 (2H), 7.80 (2H) ppm; 13C-NMR δ 20.0, 21.4, 43.8, 57.1, 110.2, 111.0, 124.0, 

124.3, 127.2, 130.2, 148.6 ppm. UV-Vis (DMSO): λmax (ε) = 343 nm (43300 M-1); 

HRMS (ESI+): m/z (%): calculated for [C21H24N5+] 346.4488, found 346.2040; 

elemental analysis calculated (%) for C21H24N5I: C 53.28, H 5.11, N 14.80; 

experimental: C 52.25, H 5.07, N 14.53. Yield 46%. 

 

2.2.1.4. Azaisopropyl 

     

Figure 10: Synthesis of Azaisopropyl. 

 

       1.80 g of 1-isopropyl-1H-benzimidazole-2-ylamine was dissolved in 20 ml of 

acetonitrile. 930 μl of diiodomethane was added to the reaction mixture. The mixture 

was refluxed at ~82˚C for 5 hours. The liquid product was precipitated in 60 mL ethyl 

acetate, and let sit at -20˚C overnight. Ethyl acetate was taken out by using a pipette 

and the product obtained was dried in oven at 50˚C. The product was further washed 
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with acetone to get rid of impurities and redried. 1286 mg Azaisopropyl product was 

collected, meaning 53 % yield.  

The 1H NMR spectra given in Appendix A Figure 35 are clean for both the 

starting material and the product. The peaks are as follows; for Azaisopropyl starting 

material (1-isopropyl-1H-benzimidazole-2-ylamine); 1H NMR (400 MHz, DMSO-d6) 

δ 1.47 (6H), 4.58 (1H), 6.29 (2H), 6.83 (1H), 6.91 (1H), 7.12 (1H), 7.30 (1H) ppm; 

13C-NMR δ 20.5, 45.4, 109.5, 115.0, 117.7, 119.8, 132.5, 143.2, 154.2 ppm; for 

Azaisopropyl product (7H-1,13-diisopropyldibenzimidazolo [1,2-a:2’,1’-d][1,3,5]-

triazin-6ium); 1H NMR (400 MHz, DMSO-d6) δ 1,66 (6H), 5.13 (1H), 6.51 (1H), 7.49 

(2H), 7.62 (1H), 7.90 (2H) ppm; 13C-NMR δ 19.9, 47.3, 56.5, 110.0, 112.0, 123.9, 

124.2, 127.5, 129.0, 147.6 ppm. UV-Vis (DMSO): λmax (ε) = 343 nm (45100 M-1);  

HRMS (ESI+): m/z (%): calculated for [C21H24N5
+] 346.4488, found 347.2105; 

elemental analysis calculated (%) for C21H24N5I: C 53.28, H 5.11, N 14.80; 

experimental: C 52.34, H 4.90, N 15.11. Yield 53%. 

 

2.2.1.5. Azabutyl  

 

Figure 11: Synthesis of Azabutyl. 
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947 mg of 1-butyl-1H-benzimidazole-2-ylamine was dissolved in 20 ml of 

acetonitrile and 500 μl diiodomethane was added into the reaction mixture. The reflux 

was performed at ~82˚C for 25 hours. No product formation was observed during the 

reflux.  However, the formation of crystals was observed when the mixture was let to 

cool down. However, when the solution was filtered, and the crystals were washed 

away with chloroform and passed into the filtrate.  UV-VIS absorbance measurements 

on the filtrate revealed the presence of the desired product in the filtrate. Acetonitrile 

and chloroform in the filtrate were evaporated using Rotary Evaporator under vacuum. 

A waxy liquid was obtained as the end product at the end of the evaporation. 1H-NMR 

analysis of the waxy liquid confirmed the presence of the desired product. The waxy 

liquid was redissolved in acetonitrile and added by dropwise into chilled ethyl acetate 

in order to precipitate the product. The solution was let sit at -20˚C overnight. The 

mixture was filtered the next morning and the precipitate was dried in oven at 50˚C. 

At the end, 0.79 g of the product was obtained, meaning 63% yield.  

The 1H NMR spectra given in Appendix A Figure 38 are clean for both the 

starting material and the product. The peaks are as follows; for Azabutyl starting 

material (1-butyl-1H-benzimidazole-2-ylamine); 1H NMR (400 MHz, DMSO-d6) δ 

0.88 (3H), 1.29 (2H), 1.60 (2H), 3.95 (2H), 6.37 (2H), 6.88 (2H), 6.97 (2H) ppm; 13C-

NMR δ 13.8, 19.3, 30.6, 41.2, 107.4, 114.7, 117.9, 120.0, 134.2, 142.7, 154.7 ppm; 

for Azabutyl product (7H-1,13-dibutyldibenzimidazolo [1,2-a:2’,1’-d][1,3,5]-triazin-

6ium); 1H NMR (400 MHz, DMSO-d6) δ 0.95 (6H), 1.39 (4H), 1.84 (4H), 4.33 (4H), 

6.57 (2H), 4.49 (4H), 7.67 (2H), 7.70 (2H) ppm; 13C-NMR δ 13.4, 19.1, 29.9, 42.0, 

57.3, 110.2, 111.0, 124.0, 124.4, 127.3, 130.0, 148.6 ppm. UV-Vis (DMSO): λmax (ε) 

= 343 nm (44000 M-1);  HRMS (ESI+): m/z (%):  calculated for [C23H28N5+] 

374.5019, found 374.2300; elemental analysis calculated (%) for C23H28N5I: C 55.09, 

H 5.63, N 13.97; experimental: C 53.84, H 5.88, N 14.77. Yield 63%. 
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2.2.1.6. Azaisobutyl 

 

Figure 12: Synthesis of Azaisobutyl. 

 

1.61 g of 1-isobutyl-1H-benzimidazole-2-ylamine was dissolved in 25 ml of 

acetonitrile and 900 μl of diiodomethane was added to the reaction medium. The 

solution was refluxed at ~82˚C for 24 hours.  At the end of reflux, the solution was 

cooled down and filtered. The precipitate was dried in oven at 50˚C overnight. The 

product obtained through filtration was not pure based on 1H NMR, and therefore, it 

was recrystallized in 20.0% methanol solution. 0.75 g of product was collected with 

35% yield.  

The 1H NMR spectra given in Appendix A Figure 41 are clean for both the 

starting material and the product. The peaks are as follows; for Azaisobutyl starting 

material (1-isobutyl-1H-benzimidazole-2-ylamine); 1H NMR (400 MHz, DMSO-d6) 

δ 0.86 (6H), 2.10 (1H), 3.35 (1H), 3.77 (2H), 6.36 (2H), 6.85 (1H), 6.90 (1H), 7.11 

(2H) ppm; 13C-NMR δ 19.7, 27.8, 48.3, 107.7, 114.7, 117.7, 120.0, 134.6, 142.7, 155.1 

ppm; for Azaisobutyl product (7H-1,13-diisobutyldibenzimidazolo [1,2-a:2’,1’-

d][1,3,5]-triazin-6ium); 1H (400 MHz, DMSO-d6)  δ 1.00 (12H), 2.29 (2H), 4.13 (4H), 

6.57 (2H), 7.49 (4H), 7.67 (2H), 7.80 (2H) ppm; 13C-NMR δ 19.9, 27.8, 49.1, 57.1, 

110.0, 111.2, 124.0, 124.4, 127.3, 130.4, 148.8 ppm. UV-Vis (DMSO): λmax (ε) = 

343 nm (44700 M-1);  HRMS (ESI+): m/z (%):  calculated for [C23H28N5
+] 374.5019, 
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found 375.2410; elemental analysis calculated (%) for C23H28N5I: C 55.09, H 5.63, N 

13.97; experimental: C 54.18, H 5.80, N 14.04. Yield 35%. 

 

2.2.2. Further characterization of Azacyanines 

The five newly synthesized compounds were characterized by using elemental 

analysis and High-Resolution Mass Spectrometry (Waters SYNAPT G1 MS) 

methods. The molar absorptivity constants of all of the products in addition to the 

previously synthesized Azamethyl were determined by using UV-VIS spectroscopy 

at 343 nm.  

Molar extinction coefficient of all the products were determined by using UV-

VIS spectrophotometry. Briefly, five different amounts of the product were weighed 

in using an analytical balance and dissolved in DMSO to obtain sample solutions with 

five different concentrations.  Each of the 5 samples was diluted into 6 different 

samples in ratios of 1/1.00, 1/1.25, 1/1.50, 1/1.75, 1/2.00, 1/2.25 and the UV-VIS 

spectra of each set (6 samples) between 190 nm and 1100 nm was collected using. For 

each solution, Absorption vs. Concentration plot was obtained. Linear regression was 

applied to this plot and the molar extinction coefficient was obtained using the Beer-

Lambert Law at 343 nm.  At the end, the molar extinction coefficient for a given 

compound was determined by averaging out the extinction coefficients obtained for 

all the five samples [66]. Extinction coefficients reported were used in determining 

the concentrations of solutions through all of our studies. 

 

2.2.3. Sample Preparation for UV-VIS and CD Experiments 

Two sets of tel24-azacyanine samples were prepared. The ratio of tel24 to 

azacyanines (tel24:azacyanine) was kept constant either as 1:1 or 1:6. The first sample 

set contained 2.5 μM azacyanine and 2.5 μM DNA in strand, and the second set 

contained 15.0 μM azacyanine and 2.5 μM DNA in strand for UV-VIS experiments. 
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Tel24:azacyanine samples in CD experiments were prepared at a tenfold higher 

concentration than the UV-VIS samples in order to have a higher signal to noise ratio. 

The concentration of azacyanine stock solutions were calculated using the 

experimentally determined extinction coefficients.  The concentration of tel24 stocks 

were calculated using the extinction coefficients provided by the supplier. All the 

samples were prepared in 25 mM potassium phosphate buffer (pH 7.0) and 70 mM 

KCl, unless otherwise stated. Samples were annealed by heating to 95˚C for 5 minutes 

in a water bath and then cooling overnight to room temperature prior to each 

experiment.  

 

2.2.4. Determination Binding Using Circular Dichroism Spectroscopy 

CD spectra were acquired on a JASCO J-815 CD spectropolarimeter equipped 

with a Peltier temperature control unit. The CD spectra were collected from 240 nm 

to 400 nm at 5.0˚C at 200 nm/min scanning speed with 1.0 nm band width. 25 mM 

potassium phosphate pH 7.00 buffer and 70 mM potassium chloride were used as 

blank and all the CD spectra were baseline corrected. 

 

2.2.5. Determination of Binding and Thermal Denaturation Temperatures Using 

UV-VIS Spectroscopy 

Agilent HP 8454 UV-VIS diode array spectrophotometer equipped with an 

Agilent 89090A peltier was used in UV-VIS and thermal denaturation studies of tel24-

azacyanine complexes. Both heating and cooling profiles were acquired as full spectra 

between 190 nm and 1100 nm from 15.0 to 95.0˚C in 1.0˚C steps with 1-minute hold 

time. The samples were heated from 15˚C to 95˚C with 1.0˚C/minute heating rate and 

a UV-VIS spectrum was collected at each 1˚C step between 190 nm and 1100 nm. All 

UV-VIS spectra were baseline corrected using 25 mM potassium phosphate pH 7.00 
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buffer solution with 70 mM potassium chloride. The melting curves were obtained 

from the Normalized Absorbance vs. Temperature plots at 290 nm.  

 

2.2.6. Determination of Association Constants Using Fluorescence Spectroscopy 

         Binding constants of all azacyanines with tel24 were determined using Cary 

Eclipse Fluorescence spectrophotometer as previously described [66]. Fluorescence 

titrations were performed by making incremental additions of 50.0 μM tel24 stock 

solution containing 1.0 μM azacyanine into the sample containing only 1.0 μM 

azacyanine. After each titration, the Fluorescence spectrum was collected. Excitation 

wavelength of 324 nm was used, and the emission spectra were collected from 325 to 

675 nm. Excitation slit was set to 2.5 nm and emission slit was set to 5.0 nm. Binding 

constants were obtained by fitting the integrated fluorescence intensity data between 

335 nm and 600 nm as a function of DNA concentration using the least squares 

equations: 

KCb
2 – Cb(KS0 + KD0 + 1) + KS0D0 = 0  

F = F0(Ct – Cb) + FbCb  

where K is the association constant in (M-1), Cb is the concentration of bound ligand, 

S0 is the total binding site concentration, Ct is the total concentration of small 

molecule, D0 is the total ligand concentration, F is observed fluorescence at each 

titration point, F0 is fluorescence intensity of the free small molecule, and Fb is the 

fluorescence of the bound species. Igor Pro software (Wavemetrics Inc, USA) was 

used in all of our data analysis.  Data was obtained as an average of three replicates 

for each tel24:azacyanine titration. 
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CHAPTER 3  

 

3. RESULTS AND DISCUSSION 

 

3.1. Reaction Mechanism of the Synthesis of Azacyanines 

The proposed plausible reaction mechanism of the synthesis is presented in 

Figure 13. There is a 2:1 stoichiometry between the starting materials and the products. 

First, the lone pairs of amine group induce the lone pair of the upper nitrogen to attack 

to diiodomethane. This is an SN2 reaction, and a covalent bond forms between the 

nitrogen and the carbon, while one of the iodine atom leaves. Second, through the 

same induction another 1-alkyl-benzimidazole-2-ylamine attacks to the same carbon, 

and so the other iodine atom leaves. As a result, a bridge bonding two of the starting 

material compounds, 1-alkyl-benzimidazole-2-ylamine, to each other forms. Third, 

the free iodine atom in the medium takes a hydrogen from the positively charged 

nitrogen, and the formal charge on the nitrogen becomes zero. The lone pairs of the 

nitrogen attack the carbon atom in the imidazole ring resulting in the movement of  

the double bond electrons to the nitrogen. This step creates a six membered ring 

between the two starting materials. The amine group takes a proton from the medium 

and the lone pairs of the upper hydrogen join the ring resulting in the loss of ammonia. 

The positively charged product coordinates with the negatively charged iodine and 

forms a salt. 
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Figure 13: The proposed reaction mechanism of the synthesis. 
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3.2. The Comparison of 1H-NMR Spectra of Azamethyl and its Starting Material 

            

Figure 14: The structure of Azamethyl and its starting material, labeled for 13C and  1H NMR spectra. 

 

Figure 15: 13C NMR spectrum of Azamethyl product dissolved in DMSO-D6. 

 

 

Figure 16: The comparison of  1H NMR spectra of Azamethyl and its starting material dissolved in DMSO-D6. 
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In Figure 16, 1H-NMR spectrum of Azamethyl and its starting material were 

presented. The red line belongs to the starting material of Azamethyl; 1-methyl-1H-

benzimidazole-2-ylamine, and the black line belongs to the product, Azamethyl. The 

hydrogens of the methyl group on the benzimidazole ring of starting material resonate 

at 3.51 ppm. It is obvious that in the 1H-NMR spectrum of the product, that peak shifts 

to the downfield from 3.51 to 3.82 ppm, as well as the hydrogens on the aromatic ring 

shift from 6.9 – 7.1 to 7.5 – 7.7 ppm. These two characteristic shifts indicate the 

formation of the product. In addition, no peaks belonging to the starting material were 

observed in the 1H-NMR spectrum of the product, meaning that the product formed 

was pure and could be isolated from the reaction medium. The 13C and 1H-NMR 

spectra of all the other products were given in the Appendix A. 
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3.3. Characterization of Azacyanines 

Table 1: Elemental analysis, HRMS, molar absorptivity coefficients and yields of synthesis for Azacyanines. 

Compound 

Chemica

l 

Formula 

Elemental 

Analysis 

(Theoretic

al) 

Elemental 

Analysis 

(Experiment

al) 

M.Wt. 

(g/mo

l) 

HRMS 

(50-

1000 

Da / 

ES+): 

m/z (%) 

Molar 

Absorptivi

ty 

Constant 

(M-1 at 

343 nm) 

Yiel

d 

(%) 

Azamethyl 

(Aza3) 

C17H16N

5I 

 - 417.2

5 

- 42200 34 

Azaethyl C19H20N

5I 

C 51.24, H 

4.53, N 

15.73 

C 50.57,  

H 4.43,  

N 16.16 

445.3

0 

319.178

9 

44700 28 

Azapropyl C21H24N

5I 

C 53.28, H 

5.11, N 

14.80 

C 52.25,  

H 5.07,  

N 14.53 

473.3

5 

346.204

0 

43300 46 

Azaisoprop

yl 

C21H24N

5I 

C 53.28, H 

5.11, N 

14.80 

C 52.34,  

H 4.90,  

N 15.11 

473.3

5 

347.210

5 

45100 53 

Azabutyl C23H28N

5I 

C 55.09, H 

5.63, N 

13.97 

C 53.84,  

H 5.88,  

N 14.77 

501.4

1 

374.230

0 

44000 63 

Azaisobuty

l 

C23H28N

5I 

C 55.09, H 

5.63, N 

13.97 

C 54.18,  

H 5.80,  

N 14.04 

501.4

1 

375.241

0 

44700 35 
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The elemental analysis and HRMS are consistent enough to decide the 

synthesized compounds are the desired compounds. The experimental and theoretical 

results of elemental analysis are within the ±5.0 % error range. For example, the 

experimental findings of the elemental analysis of Azaethyl are 50.57 % C, 4.43 % H, 

and 16.16 % N, while the theoretical results are 51.24 % C, 4.53 % H, and 15.73 % 

N, with -1.3%, -2.2%, and 2.7% error accordingly. Similarly, Azapropyl has -1.9% C, 

-0.8% H, and -1.8% N errors. Azaisopropyl has -1.8% C, -4.1% H, and 2.1% N errors. 

Azabutyl has -2.3% C, 4.5% H, and 5.7% N errors. Azaisobutyl has -1.7% C, 3.0% H, 

and 0.5% N errors. The errors of HRMS results are insignificant, <0.001. 

 

3.4. Determination of Binding Using Circular Dichroism Spectroscopy 

Circular Dichroism Spectroscopy is a method based on the difference in light 

absorption of the left and right handed circularly polarized incident light. A compound 

should be chiral to be CD active. DNA is chiral due to having chiral sugar units and 

CD Spectroscopy is one of the mostly used technique for investigating the DNA-drug 

binding interactions, because of the sensitivity of the CD signal to any variations on 

the conformation of DNA [80, 81]. 

Therefore, the interaction of azacyanines with tel24 is first investigated using 

CD spectroscopy in order to reveal the presence of the interactions between tel24 and 

azacyanines, in addition to reveal the changes in the secondary structure of tel24 (G-

quadruplex structure) upon binding to tel24 [82]. The previous structural studies using 

NMR have shown that one Azamethyl was binding to one tel24 G-quadruplex 

structure between the top quartet and the A-T base pairing in the loop region. A second 

binding side was observed at the bottom of the quartet.  However, binding to that site 

was very weak as it has not been observed in Fluorescence or SPR spectroscopy. Only 

one binding site was determined via fluorescence titrations and SPR measurements 

[59]. Therefore, in the current studies, first, 1:1 tel24:azacyanine complexes were 

investigated.  
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In Figure 17, the dotted black line represents the ellipticity of tel24 structure 

in the absence of azacyanines, the dotted red line represents the ellipticity of 

Azamethyl in the absence of tel24, and the straight black, yellow, purple, orange, red 

and green lines represent the ellipticity of tel24 in the presence of Azamethyl, 

Azaethyl, Azapropyl, Azaisopropyl, Azabutyl, and Azaisobutyl respectively. For 

simplicity only the CD spectrum of Azamethyl is given, since all of the other 

azacyanine compounds are achiral molecules, they do not exhibit any CD bands on 

the spectrum.  

Azamethyl (red dotted line) is not a chiral molecule and as expected do not 

give rise to any signal in the CD spectrum. On the other hand, tel24 (dotted black line) 

by itself give rise to a peak between 270 nm and 310 nm in tel24 spectrum. On the 

other hand, a very weak peak, called the induced CD band , was observed between 

320 nm and 360 nm in the CD spectra of all tel24:azacyanine 1:1 complexes. The 

induced CD band, which is formed due to the induction of chirality in small molecule 

upon tel24 binding, confirms that all the azacyanines were interacting with tel24 

(Figure 17). The shapes of the induced CD bands were similar in all azacyanines with 

two absorbance maximums at around 330 nm and 342 nm.  The intensity of the 

induced CD band showed slight variation between azacyanines [82]. 

 

 

Figure 17: CD spectrum of tel24 (25 μM in strand) in the absence and presence of 25 μM azacyanines (1:1) at 

5°C. Insert shows the induced CD band region; all azacyanines gave no CD signal in the absence of DNA. Only 

Azamethyl was shown in here for the simplicity. 
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The 1:6 tel24:azacyanine complexes were also investigated via CD spectroscopy 

(Figure 18).  Here again, the dotted black line represents the ellipticity of tel24 in the 

absence of azacyanines, the dotted red line represents the ellipticity of Azamethyl in 

the absence of tel24, and the straight black, yellow, purple, orange, red, and green 

lines represent the ellipticity of tel24 in the presence of Azamethyl, Azaethyl, 

Azapropyl, Azabutyl, and Azaisobutyl respectively. As also observed for 1:1 samples, 

a weak induced CD band was also observed for 1:6 samples, confirming the presence 

of interactions between tel24 and azacyanines.  However, the induced CD bands had 

only one maximum absorbance that is red shifted compared to CD bands observed in 

1:1 samples. The change in the shape of the CD bands possibly indicates the change 

in the main binding mode of azacyanines and/or additional binding sites when 

azacyanines were present at relatively high concentrations compared to tel24 [82]. 

 

 

Figure 18: CD spectrum of tel24 (25 μM in strand) in the absence and presence of 150 μM azacyanines (1:6) at 

5°C. Insert shows the induced CD band region; all azacyanines gave no CD signal in the absence of DNA. Only 

Azamethyl was shown in here for the simplicity. 

 

3.5. Determination of Binding Using UV-VIS Spectroscopy 

UV-Vis spectroscopy is a widely used method to reveal the formation of a complex 

between DNA and small molecules. When a small molecule and DNA form a 

complex, the small molecule causes slight changes on the structure of DNA. These 
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slight structural differences create hyperchromic/hypochromic changes in the 

absorption spectrum of DNA. The detection of these changes in the spectrum is an 

indication of a conformational change in DNA, and the presence of interaction 

between the small molecules and DNA [80]. Consequently, UV-Vis spectroscopy is 

one of the commonly used methods in determining of the binding of small molecules 

to different DNA structures as G-quadruplexes [83, 84]. 

The interactions of Azamethyl with tel24 were investigated by Persil Çetinkol et. 

al. using UV-VIS spectroscopy [66]. A hypochromic effect and a red shift in 

Azametyhl’s UV-VIS bands between 305 nm and 360 nm were observed upon binding 

of Azamethyl to tel24. These changes in UV-VIS spectra are generally associated with 

the intercalation as the mode of binding and they actually verified that the mode of 

binding was intercalation via 2D NMR studies [59].  

Here, the interactions of 1:1 tel24:azacyanine complexes were also investigated 

using UV-VIS spectroscopy by comparing the UV-VIS spectra of the samples at 20˚C 

and 95˚C (Figure 19). At 20˚C, tel24 is in G-quadruplex form and at that low 

temperature the azacyanines were interacting (bound) to that structure as confirmed 

by CD. When the temperature was increased to 95˚C, the G-quadruplex unfolds and 

the small molecules dissociates (unbound) from the folded structure. In other words, 

the spectrum at 20˚C and 95˚C represents the bound and the unbound state of the 

corresponding azacyanine to tel24 respectively. First, the spectra of all the azacyanines 

at 95˚C were very similar and had the same characteristic features. On the other hand, 

the UV-VIS spectrum of at 20˚C were distinctly different from each other [82]. The 

comparison of UV-VIS spectra for 1:1 tel24:azacyanine complexes revealed a 

hypochromic effect similar to Azamethyl’s only in Azabutyl’s and Azaisobutyl’s UV-

VIS spectrum (Figure 19) [82]. The hypochromic effect observed upon binding to 

tel24 was higher in Azabutyl’s than any other Azacyanine, which might actually 

correlate with the tighter binding.  Also, the red shift observed upon binding to tel24 

was the most obvious in Azabutyl’s spectrum. Neither hypochromic effect nor red 

shift was observed in Azaisopropyl’s spectrum in the presence of tel24 [82]. This 
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indicates that Azaisopropyl has the least stabilization effect on the binding to tel24. 

There might be a trend on the degree of binding affinity; Azabutyl, Azamethyl, 

Azaisobutyl, Azaethyl, Azapropyl, Azaisopropyl. The UV-VIS spectra of Azaethyl, 

Azapropyl, and Azaisopropyl complexes did not show a significant change in between 

20˚C and 95˚C, which again might be an indication of weaker binding of these 

compounds to tel24.  

 

 

Figure 19: UV-VIS absorbance of 1:1 tel24-azacyanine (2.5 μM tel24 in strand: 2.5 μM azacyanine) 

complexes at 20oC and 95oC. 
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According to the neighbor-exclusion principle, there must be an unoccupied 

intercalation site in every second binding site for the planar drugs binding to DNA 

[85, 86]. From this point of view, we wonder how does increasing the 

concentration of azacyanines affect the mode of binding to tel24. So, the UV-VIS 

spectra of 1:6 tel24:azacyanine complexes (prepared based on the nearest 

neighbor-exclusion principle) were also collected. When the UV-VIS spectra of 

1:6 tel24:azacyanine complexes were compared,  all of the spectra seemed to be 

very similar, suggesting that the mode of binding of all the azacyanines at 

relatively higher concentration have the same effect upon tel24 binding. We 

believe the stacking of small molecules on the sides of the G-quadruplex might be 

dominating the intercalative mode of binding in the presence of increased 

azacyanine concentrations. A very slight hypochromic effect and a red shift were 

observed only in the UV-VIS spectrum of  tel24:Azamethyl sample (Figure 20) 

[82].  
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Figure 20: UV-VIS absorbance of 1:6 tel24-azacyanine (2.5 μM tel24 in strand: 15.0 μM azacyanine) 

complexes at 20oC and 95oC. 

 

3.6. Determination of Thermal Denaturation Temperatures Using UV-VIS 

Spectroscopy 

Thermal denaturation studies were performed in order to reveal the effect of 

azacyanine on tel24’s stability. If the compound has a stabilizing effect upon binding 

to tel24, the tel24-azacyanine complex is expected to denature at a relatively higher 

temperature. At low temperatures (20˚C), tel24 is folded and azacyanines are bounded 

to the G-quadruplex structure. When the temperature is raised to 95˚C, G-quadruplex 
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is denatured and azacyanines are released from the structure. If the compounds are 

stabilizing the G-quadruplex structure, it will be harder to denature the G-quadruplex 

structure and so the thermal denaturation temperature increases.   

For thermal denaturation studies, the full UV-VIS spectrum between 190 nm and 

1100 nm during heating and cooling were collected from 15˚C to 95˚C at each 1˚C 

intervals for each azacyanine. The UV-VIS spectra collected during denaturation 

studies for tel24 in the absence and presence of Azamethyl were given in Figure 21 

and Figure 22, respectively. The human telomeric DNA, tel24 has a characteristic 

broad UV-VIS absorbance peak between 230-300 nm in the absence of azacyanines 

(Figure 21). Azacyanines have also a characteristic broad UV-VIS absorbance peak 

between 300-360 nm (Figure 22). 

 

 

Figure 21: UV-VIS absorbance spectra of tel24 (2.5 µM) in the absence of azacyanines obtained during thermal 

denaturation experiments. 
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Figure 22: UV-VIS absorbance spectra of 1:1 tel24-Azamethyl (2.5 μM tel24 in strand: 2.5 μM Azamethyl) 

complexes between 20oC and 95oC. 

 

In literature, the G-quartet formation and dissociation was mentioned to be  

monitored more precisely by monitoring the change in absorbance at around 290 nm 

[87]. So that the melting curves were obtained by monitoring the UV-VIS absorbance 

of tel24 in the absence and presence of azacyanines at 290 nm as a function of 

Temperature (˚C) (Figure 23). The center of this curve represents the thermal 

denaturation point, because at this point the complex is 50% denatured. The first 

derivative of this curve gives the thermal denaturation point of the complex (Appendix 

B). The UV-VIS spectra of all of the tel24:azacyanine complexes were given in 

Appendix B. 

In Figure 23, the thermal denaturation curves obtained for tel24 by monitoring 

the change in absorbance at 290 nm with increasing temperature in the presence of 

Azamethyl were plotted as representative curves. Thermal denaturation temperatures 

(Tm) were obtained through the first derivative of these thermal denaturation curves 

(Figure 24). 
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Figure 23: The comparison of the Normalized Absorbance (A) vs. Temperature (˚C) graphs of tel24 in the absence 

and presence of increasing concentrations of Azamethyl. 

 

 

Figure 24: The comparison of the Differentiated Absorbance (dA) vs. Temperature (˚C) graphs of tel24 in the 

absence and presence of increasing concentrations of Azamethyl. 

 

Table 2 displays the thermal denaturation temperatures of tel24 in the absence 

and the presence of azacyanines. Thermal denaturation studies of tel24 in the presence 

of azacyanines revealed that all the azacyanines except the Azaisopropyl were 

stabilizing the structure slightly in 1:1 tel24:azacyanine complexes (Table 2). Tm of 
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tel24 by itself was 65˚C. Tel24 was stabilized by Azamethyl and Azabutyl the most, 

where the thermal denaturation temperature was increased to 68˚C. The Tm of tel24 

was 66˚C in the presence of Azaethyl, Azapropyl and Azaisobutyl. The Tm was 65˚C 

in the presence of Azaisopropyl.  It can be deduced from the thermal denaturation 

temperatures of 1:1 complexes that the degree of stabilization ability of azacyanines 

from the highest to lowest; Azabutyl = Azamethyl, Azaisobutyl = Azaethyl = 

Azapropyl, Azaisopropyl. Though, one should be cautious when deliberating about 

the Tm values obtained for 1:1 complexes since the values are really close to each 

other. 

 

Table 2: UV-VIS thermal denaturation temperatures obtained from the second heating scans of tel24 in the absence 

and presence of azacyanines. 

Compounds Tm (˚C), tel24:azacyanine (1:1) Tm (˚C), tel24:azacyanine (1:6) 

Tel 24 65 65 

Azamethyl 68 75 

Azaethyl 66 72 

Azapropyl 66 73 

Azaisopropyl 64 68 

Azabutyl 68 78 

Azaisobutyl 66 77 

 

We wondered whether increasing the azacyanine concentration will stabilize 

the tel24 structure further and will lead to a discrimination between the azacyanine 

compounds in terms of their tel24 stabilization ability according to the nearest 

neighbor-exclusion principle. UV-VIS thermal denaturation studies for 1:6 

tel24:azacyanine complexes revealed that the stability of tel24 was increased in the 

presence of higher azacyanine concentrations. It can be seen from the Figure 23, that 

increasing the concentration of Azamethyl result in further stabilization of the G-

quadruplex structure where the Tm was increased.  
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When the thermal denaturation temperatures of 1:6 tel24-azacyanine 

complexes are compared (Table 2), the Azaisopropyl had the least effect again on 

stability of G-quadruplex, increasing the Tm of tel24 only 3˚C. On the other hand, 

Azabutyl had the most dramatic effect followed by Azaisobutyl. Azabutyl increased 

Tm of tel24 to 78˚C and Azaisobutyl increased Tm of tel24 to 77˚C compared to 75˚C 

of Azamethyl (Table 2). In accordance with the previous results, the trend on 

stabilization ability of azacyanines is; Azabutyl, Azaisobutyl, Azamethyl, Azapropyl 

= Azaethyl, Azaisopropyl and the discrimination ability of different azacyanines were 

more obvious at higher azacyanine.  

 

3.7. Determination of Binding Constants Using Fluorescence Spectroscopy 

In order to investigate the effect of molecular structure on the binding affinity 

of azacyanines to G-quadruplex forming tel24, fluorescence titrations were performed 

by making incremental additions of 50.0 µM tel24 stock solution containing 1.0 µM 

azacyanine into the sample containing only 1.0 µM azacyanine, in 25.0 mM KH2(PO4) 

and 70.0 mM KCl at pH 7.0. The spectra obtained for Azamethyl titration was given 

in Figure 25 and for all the other azacyanines were given in Appendix C. 

As displayed in Figure 25, Azamethyl’s fluorescence was decreasing with 

increasing tel24 concentration. Azamethyl has an emission spectrum between 325 nm 

and 600 nm with the emission maximum around 375 nm. Upon the gradual addition 

of tel24 into the medium, the intensity of the emission spectra was significantly 

decreased and eventually remained constant. When Azamethyl molecules are bound 
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to tel24, the fluorescent ability of azacyanine is quenched by the molecular 

interactions between azacyanine and tel24.  

 

 

Figure 25: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azamethyl solution titrated with increasing 

volumes of 50 µM tel24 solution from 0 to 7.0 µM of concentrations in titrated solution (1st replicate). 

 

The binding constants were calculated were obtained by fitting the integrated 

fluorescence intensity data (Figure 25) as a function of DNA concentration by Igor 

Pro software (Wavemetrics Inc, USA) (Figure 26). One binding site was observed in 

the fluorescence titrations. 
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Figure 26: Integrated fluorescence intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 24. 

 

The association constants of azacyanine-tel24 complexes were determined and 

presented on Table 3. The fluorescence titrations confirmed the results of our thermal 

denaturation experiments. Tel24:Azabutyl had the highest association constant, 

7.84x105 ± (3.44x104) M-1 and tel24:Azaisopropyl had the lowest association constant 

2.04x105 ± (5.38x104) M-1. As an agreement with thermal denaturation studies, 

tel24:Azamethyl had the second highest association constant  6.61x105 ± (3.74x104). 

The trend of the binding strength of azacyanines deduced from the fluorescence 

titrations is; Azabutyl, Azamethyl, Azaisobutyl, Azapropyl, Azaethyl, and 

Azaisopropyl. 

 

Table 3: Association constants determined by fluorescence spectroscopy for Azacyanine-tel24 complexes. 

Compounds Association Constant (M-1) 

Azamethyl 6.61x105 ± (3.74x104) 

Azaethyl 2.57x105 ± (5.40x104) 

Azapropyl 3.63x105 ± (4.06x104) 

Azaisopropyl 2.04x105 ± (5.38x104) 

Azabutyl 7.84x105 ± (3.44x104) 

Azaisobutyl 4.55x105 ± (1.23x104) 
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CHAPTER 4  

 

4. CONCLUSION 

 

Here, five new azacyanine molecules (Azaethyl, Azapropyl, Azaisopropyl, 

Azabutyl, and Azaisobutyl) were synthesized and characterized in addition to the 

previously synthesized Azamethyl and their interactions with G-quadruplex forming 

human telomeric DNA, tel24 were investigated. The interactions of Azamethyl with 

tel24 under the same conditions were also investigated. The newly synthesized 

azacyanines were characterized by using elemental analysis and High-Resolution 

Mass Spectroscopy. The molar absorptivity constants of all of the azacyanines were 

calculated by using UV-VIS Spectroscopy using the Beer-Lambert’s Law.  

The interactions between azacyanines and tel24 were first investigated by CD 

Spectroscopy. Our CD results confirmed that all the azacyanines were interacting with 

G-quadruplex structure. An induced CD band was observed above 300 nm due to the 

binding of azacyanines to tel24 both in 1:1 and 1:6 tel24:azacyanine complexes. This 

band had two maximum absorbances at around 330 nm and 345 nm. Although the 

intensity of the induced CD bands was slightly different in different azacyanine 

complexes, the shapes of the bands were the same, indicating that all the azacyanines 

were probably binding to tel24 in the same way. When the concentrations of 

azacyanines were increased by six times keeping the tel24 concentration same, a 

different weak induced band was also observed on CD spectrum of all 

tel24:azacyanine complexes. The induced CD band was red shifted compared to the 

induced CD band obtained for 1:1 tel24:azacyanine complexes with only one 

maximum absorbance at 350 nm. This difference in the shape of the CD bands at 

different concentrations of azacyanines might be indicating that the modes of binding 

were different in each case, or there might be additional binding sites when higher 

concentrations of azacyanines were present. 
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The binding interactions were also investigated by UV-VIS Spectroscopy. The 

spectrum of tel24:azacyanine complexes at 20˚C represents the bound state and 95˚C 

the unbound state of azacyanines to tel24 structure respectively. When two spectra are 

compared, a hypochromic affect and a red shift was noticeable upon binding of 

azacyanines to tel24. According to literature, these changes on the spectrum of G-

quadruplex at 20˚C (bound state) indicate that the drug molecules are binding to the 

structure via intercalation (ref). In addition, for 1:1 tel24:azacyanine complex, the 

mode of binding was proved to be as intercalation via 2D NMR studies previously 

[57]. Here, since the mode of binding in 1:1 complexes looks similar based on our CD 

results, we believe the intercalation is also the dominant mode of binding for all other 

1:1 tel24:azacyanine complexes. When the azacyanine concentration were increased 

by six times, the UV-VIS spectra at 20˚C  and 95˚C spectra were almost the same. We 

think that the stacking of azacyanine molecules on the sides of the G-quadruplex 

structure dominates the intercalative mode of binding in the presence of increased 

azacyanine concentrations.  

The thermal denaturation temperatures of tel24 structure were determined in the 

absence and presence of azacyanine molecules. UV-VIS thermal denaturation studies 

revealed that all of azacyanine molecules were stabilizing the tel24 structure and the 

stability of tel24 was increasing in the presence of increased azacyanine 

concentrations.  

The binding constants of all tel24:azacyanine complexes were determined by 

using Fluorescence spectroscopy. In accordance with the results of CD, and UV-VIS 

spectroscopy, the results of Fluorescence spectroscopy also indicated that all of the 

azacyanines were binding to tel24 structure. Also, one tight binding site was observed 

in the fluorescence titrations. As an agreement with thermal denaturation studies, 

Azabutyl has the most dramatic effect upon stabilizing the G-quadruplex structure, on 

the contrary, Azaisobutyl is the least stabilizing molecule. 

In conclusion, it was found that all the azacyanines were interacting with tel24 and 

stabilizing the G-quadruplex structure as evident by CD, UV-VIS and Florescence 
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spectroscopy. The stabilization degree was not directly related to the alkyl chain length 

or the branching on the benzimidazole ring. Azabutyl was stabilizing the tel24 

structure the most, followed by Azamethyl, Azaisobutyl, Azapropyl, and Azaethyl. 

Azaisopropyl was the least stabilizing molecule as evident both from the UV-VIS 

thermal denaturation experiments and Florescence titrations. Previously, Azamethyl 

was found to be intercalating between the top G-quartet and A-T base pairing in the 

loop region. It was suspect that the short bulky isopropyl group might be preventing 

the slide of the azacyanine as an intercalator between the base pairs. On the other hand, 

having a longer alkyl chain on the benzimidazole ring might also be interfering with 

such interactions since Azaethyl and Azapropyl were stabilizing the G-quadruplex 

structure less compared to Azamethyl.  But once the length of the alkyl chain is long 

and flexible enough as in the case of Azabutyl, the long chain still be interfering with 

the intercalation but the increased hydrophobic interactions between the butyl chain 

and the quadruplex structure might be compensating for that. The studies also 

demonstrated that while the degree of red shift and the hypochromic effect might be 

an indication of tighter binding in the same class of small molecules binding to nucleic 

acids, the intensity of induced CD band was not. We believe the stacking of small 

molecules on the sides of the G-quadruplex dominates the intercalative mode of 

binding in the presence of increased azacyanine concentration in 1:6 tel24:azacyanine  

complexes. 

Benzimidazole scaffold, the one step synthesis and the ease of purification of 

azacyanines makes them plausible candidates in the development of new G-

guadruplex binding small molecules. Here it was found that Azabutyl was binding to 

tel24 more tightly compared to Azamethyl. The significance of these derivatives arises 

from its selectivity and high binding affinity to telomeric DNA. Their selectivity to G-

quadruplex DNA is 200 times more than that to dsDNA. The benzimidazole ring 

structure in the system sets the π-π stacking interactions with the Guanine bases, and 

help to the small molecule to be intercalated between the base pairs. Such an 

interaction increases the stability of the G-quadruplex structure. When these 
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molecules are compared in the existing drug molecules used in the cancer treatment, 

their large surface area provides themselves to be selective towards G-quadruplex 

DNA than to dsDNA, which leads them to specifically target the cancer cells other 

than the normal cells. Also, these derivatives can be considered as potential drug 

molecules due to having small size, low molecular weight, significant number of H-

bond donors and acceptors, and moderate lipophilicity. The future experiments will 

continue with decorating Azabutyl benzimidazole ring with additional H-bonding 

donor and acceptor functional groups to increase binding affinity towards G-

quadruplex structures. 
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APPENDICES 

 

A. NMR SPECTRA 

            

Figure 27: The structure of Azaethyl and its starting material, labeled for 13C and 1H NMR spectra dissolved in 

DMSO-D6. 

 

Figure 28: 13C NMR spectrum of Azaethyl product dissolved in DMSO-D6. 
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Figure 29: The comparison of 1H NMR spectra of Azaethyl and its starting material dissolved in DMSO-D6. 

                   

Figure 30: The structure of Azapropyl and its starting material, labeled for 13C and 1H NMR spectra. 

 

Figure 31: 13C NMR spectrum of Azapropyl product dissolved in DMSO-D6. 
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Figure 32: The comparison of  1H NMR spectra of Azapropyl and its starting material dissolved in DMSO-D6. 

 

                     

Figure 33: The structure of Azaisopropyl and its starting material, labeled for 13C and  1H NMR spectra. 

 

Figure 34: 13C NMR spectrum of Azaisopropyl product dissolved in DMSO-D6. 
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Figure 35: The comparison of 1H NMR spectra of Azaisopropyl and its starting material dissolved in DMSO-D6. 

 

                 

Figure 36: The structure of Azabutyl and its starting material, labeled for 13C and  1H NMR spectra. 
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Figure 37: 13C NMR spectrum of Azabutyl product dissolved in DMSO-D6. 

 

 

Figure 38: The comparison of  1H NMR spectra of Azabutyl and its starting material dissolved in DMSO-D6. 
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Figure 39: The structure of Azaisobutyl and its starting material, labeled for 13C and  1H NMR spectra. 

 

Figure 40: 13C NMR spectrum of Azaisobutyl product dissolved in DMSO-D6. 

 

 

Figure 41: The comparison of  1H NMR spectra of Azaisobutyl and its starting material dissolved in DMSO-D6. 
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B. UV-VIS ABSORBANCE SPECTRA 

 

 

Figure 42: Thermal denaturation curve for tel24 (2.5 µM) in the absence of azacyanines obtained by monitoring 

the UV-VIS absorbance at 290 nm. 

 

 

Figure 43: First derivative spectrum of the thermal denaturation curve in Figure 36. 
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Figure 44: Thermal denaturation curve for tel24 (2.5 µM) in the absence of azacyanines obtained by monitoring 

the UV-VIS absorbance at 290 nm. 

 

 

Figure 45: First derivative spectrum of the thermal denaturation curve in Figure 38. 
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Figure 46: Thermal denaturation curve for tel24 (2.5 µM) in the absence of azacyanines obtained by monitoring 

the UV-VIS absorbance at 290 nm. 

 

 

Figure 47: First derivative spectrum of the thermal denaturation curve in Figure 40. 
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Figure 48: Thermal denaturation curve for tel24 (2.5 µM) in the absence of azacyanines obtained by monitoring 

the UV-VIS absorbance at 290 nm. 

 

 

Figure 49: First derivative spectrum of the thermal denaturation curve in Figure 42. 
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Figure 50: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 51: First derivative spectrum of the thermal denaturation curve in Figure 45. 
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Figure 52: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 53: First derivative spectrum of the thermal denaturation curve in Figure 47. 
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Figure 54: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 55: First derivative spectrum of the thermal denaturation curve in Figure 49. 
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Figure 56: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 57: First derivative spectrum of the thermal denaturation curve in Figure 51. 
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Figure 58: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azamethyl (15.0 µM) obtained during 

thermal denaturation experiments. 

 

 

Figure 59: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 



 

 

 

84 

 

 

Figure 60: First derivative spectrum of the thermal denaturation curve in Figure 54. 

 

 

Figure 61: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 62: First derivative spectrum of the thermal denaturation curve in Figure 56. 

 

 

Figure 63: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 64: First derivative spectrum of the thermal denaturation curve in Figure 58. 

 

 

Figure 65: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azamethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 66: First derivative spectrum of the thermal denaturation curve in Figure 60. 

 

 

Figure 67: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azaethyl (2.5 µM) Azacyanines 

obtained during thermal denaturation experiments. 
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Figure 68: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 69: First derivative spectrum of the thermal denaturation curve in Figure 63. 
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Figure 70: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 71: First derivative spectrum of the thermal denaturation curve in Figure 65. 
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Figure 72: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 73: First derivative spectrum of the thermal denaturation curve in Figure 67. 
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Figure 74: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 75: First derivative spectrum of the thermal denaturation curve in Figure 69. 
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Figure 76: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azaethyl (15.0 µM) obtained during 

thermal denaturation experiments. 

 

 

Figure 77: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 78: First derivative spectrum of the thermal denaturation curve in Figure 72. 

 

 

Figure 79: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 80: First derivative spectrum of the thermal denaturation curve in Figure 74. 

 

 

Figure 81: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 82: First derivative spectrum of the thermal denaturation curve in Figure 76. 

 

 

Figure 83: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaethyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 84: First derivative spectrum of the thermal denaturation curve in Figure 78. 

 

 

Figure 85: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azapropyl (2.5 µM) obtained during 

thermal denaturation experiments. 
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Figure 86: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 87: First derivative spectrum of the thermal denaturation curve in Figure 81. 
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Figure 88: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 89: First derivative spectrum of the thermal denaturation curve in Figure 83. 
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Figure 90: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 91: First derivative spectrum of the thermal denaturation curve in Figure 85. 
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Figure 92: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 93: First derivative spectrum of the thermal denaturation curve in Figure 87. 
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Figure 94: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azapropyl (15.0 µM) obtained during 

thermal denaturation experiments. 

 

 

Figure 95: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 96: First derivative spectrum of the thermal denaturation curve in Figure 90. 

 

 

Figure 97: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 98: First derivative spectrum of the thermal denaturation curve in Figure 92. 

 

 

Figure 99: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 100: First derivative spectrum of the thermal denaturation curve in Figure 94. 

 

 

Figure 101: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azapropyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 102: First derivative spectrum of the thermal denaturation curve in Figure 96. 

 

 

Figure 103: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azaisopropyl (2.5 µM) obtained 

during thermal denaturation experiments. 
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Figure 104: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 105: First derivative spectrum of the thermal denaturation curve in Figure 99. 
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Figure 106: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 107: First derivative spectrum of the thermal denaturation curve in Figure 101. 
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Figure 108: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 109: First derivative spectrum of the thermal denaturation curve in Figure 103. 
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Figure 110: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 111: First derivative spectrum of the thermal denaturation curve in Figure 105. 
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Figure 112: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azaisopropyl (15.0 µM) obtained 

during thermal denaturation experiments. 

 

 

Figure 113: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (15.0 µM) obtained 

by monitoring the UV-VIS absorbance at 290 nm. 
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Figure 114: First derivative spectrum of the thermal denaturation curve in Figure 108. 

 

 

Figure 115: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (15.0 µM) obtained 

by monitoring the UV-VIS absorbance at 290 nm. 
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Figure 116: First derivative spectrum of the thermal denaturation curve in Figure 110. 

 

 

Figure 117: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (15.0 µM) obtained 

by monitoring the UV-VIS absorbance at 290 nm. 
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Figure 118: First derivative spectrum of the thermal denaturation curve in Figure 112. 

 

 

Figure 119: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisopropyl (15.0 µM) obtained 

by monitoring the UV-VIS absorbance at 290 nm. 
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Figure 120: First derivative spectrum of the thermal denaturation curve in Figure 114. 

 

 

Figure 121: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azabutyl (2.5 µM) obtained during 

thermal denaturation experiments. 
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Figure 122: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 123: First derivative spectrum of the thermal denaturation curve in Figure 117. 
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Figure 124: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 125: First derivative spectrum of the thermal denaturation curve in Figure 119. 
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Figure 126: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 127: First derivative spectrum of the thermal denaturation curve in Figure 121. 
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Figure 128: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 129: First derivative spectrum of the thermal denaturation curve in Figure 123. 
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Figure 130: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azabutyl (15.0 µM) obtained during 

thermal denaturation experiments. 

 

 

Figure 131: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 132: First derivative spectrum of the thermal denaturation curve in Figure 126. 

 

 

Figure 133: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 134: First derivative spectrum of the thermal denaturation curve in Figure 128. 

 

 

Figure 135: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 136: First derivative spectrum of the thermal denaturation curve in Figure 130. 

 

 

Figure 137: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azabutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 138: First derivative spectrum of the thermal denaturation curve in Figure 132. 

 

 

Figure 139: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azaisobutyl (2.5 µM) obtained during 

thermal denaturation experiments. 
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Figure 140: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 141: First derivative spectrum of the thermal denaturation curve in Figure 135. 
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Figure 142: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 143: First derivative spectrum of the thermal denaturation curve in Figure 137. 
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Figure 144: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 145: First derivative spectrum of the thermal denaturation curve in Figure 139. 
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Figure 146: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (2.5 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 

 

 

Figure 147: First derivative spectrum of the thermal denaturation curve in Figure 141. 
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Figure 148: UV-VIS absorbance spectra of tel24 (2.5 µM) in the presence of Azaisobutyl (15.0 µM) obtained 

during thermal denaturation experiments. 

 

 

Figure 149: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 150: First derivative spectrum of the thermal denaturation curve in Figure 144. 

 

 

Figure 151: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 152: First derivative spectrum of the thermal denaturation curve in Figure 146. 

 

 

Figure 153: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 154: First derivative spectrum of the thermal denaturation curve in Figure 148. 

 

 

Figure 155: Thermal denaturation curve for tel24 (2.5 µM) in the presence of Azaisobutyl (15.0 µM) obtained by 

monitoring the UV-VIS absorbance at 290 nm. 
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Figure 156: First derivative spectrum of the thermal denaturation curve in Figure 150. 
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C. FLUORESCENCE INTENSITY SPECTRA 

 

 

Figure 157: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azamethyl solution titrated with increasing 

concentrations of tel24 solution (2nd replicate). 

 

 

Figure 158: Integrated fluorescence intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 154. 
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Figure 159: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azamethyl solution titrated with increasing 

concentrations of tel24 solution (3rd replicate). 

 

 

Figure 160: Integrated fluorescence intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 156. 
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Figure 161: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaethyl solution titrated with increasing 

concentrations of tel24 solution (1st replicate). 

 

 

Figure 162: Integrated fluorescence intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 158. 
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Figure 163: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaethyl solution titrated with increasing 

concentrations of tel24 solution (2nd replicate). 

 

 

Figure 164: Integrated fluorescence intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 160. 
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Figure 165: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaethyl solution titrated with increasing 

concentrations of tel24 solution (3rd replicate). 

 

 

Figure 166: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 162. 
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Figure 167: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azapropyl solution titrated with increasing 

concentrations of tel24 solution (1st replicate). 

 

 

Figure 168: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 164. 
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Figure 169: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azapropyl solution titrated with increasing 

concentrations of tel24 solution (2nd replicate). 

 

 

Figure 170: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 166. 
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Figure 171: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azapropyl solution titrated with increasing 

concentrations of tel24 solution (3rd replicate). 

 

 

Figure 172: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 168. 
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Figure 173: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaisopropyl solution titrated with 

increasing concentrations of tel24 solution (1st replicate). 

 

 

Figure 174: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 170. 

 



 

 

 

142 

 

 

Figure 175: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaisopropyl solution titrated with 

increasing concentrations of tel24 solution (2nd replicate). 

 

 

Figure 176: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 172. 
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Figure 177: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaisopropyl solution titrated with 

increasing concentrations of tel24 solution (3rd replicate). 

 

 

Figure 178: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 174. 
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Figure 179: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azabutyl solution titrated with increasing 

concentrations of tel24 solution (1st replicate). 

 

 

Figure 180: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 176. 
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Figure 181: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azabutyl solution titrated with increasing 

concentrations of tel24 solution (2nd replicate). 

 

 

Figure 182: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 178. 

 



 

 

 

146 

 

 

Figure 183: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azabutyl solution titrated with increasing 

concentrations of tel24 solution (3rd replicate). 

 

 

Figure 184: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 180. 
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Figure 185: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaisobutyl solution titrated with 

increasing concentrations of tel24 solution (1st replicate). 

 

 

Figure 186: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 182. 
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Figure 187: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaisobutyl solution titrated with 

increasing concentrations of tel24 solution (2nd replicate). 

 

 

Figure 188: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 185. 
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Figure 189: Fluorescence Intensity vs. Wavelength (nm) graph for 1µM Azaisobutyl solution titrated with 

increasing concentrations of tel24 solution (3rd replicate). 

 

 

Figure 190: Integrated Fluorescence Intensity vs. DNA Concentration (µM, in strand) obtained from the 

Fluorescence Intensity vs. Wavelength (nm) graph 186. 


