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Abstract 

G-quadruplexes (G4) are four-stranded DNA secondary structures, which are 

involved in a diverse range of biological processes. Although the anti-cancer potential 

of G4s in promoters of oncogenes has been thoroughly investigated, the functions of 

promoter G4s in non-cancer-related genes are not well understood. The aims of this 

thesis are (i) to investigate the biological importance of promoter G4s in cardiac 

function-related genes, and (ii) to explore the feasibility and potential of multi-

targeting strategy at the single gene level. These aims have been achieved by 

revealing the prevalence of G4s in TRRs (transcription regulatory regions) of cardiac 

function-related genes via bioinformatics approaches, and then investigating potential 

biological significance of G4s in promoters of human MEF2D and TnIc genes via a 

combination of biophysical, molecular, and cell biology approaches. 

By using bioinformatics approaches, TRRs of cardiac function-related genes were 

found to be enriched by potential G4-forming sequences. According to these results, 

G4s from the promoters of human MEF2D and TnIc were chosen and subjected to 

biophysical characterisations in solution. By using EMSA, DMS footprinting, CD and 

smFRET spectroscopy, the formation, thermodynamic stability, and unfolding 

kinetics of MEF2D and TnIc G4s were investigated. Briefly, in 100 mM K+, the 

MEF2DG4 can adopt a hybrid of very stable parallel/anti-parallel G4(s), while the 

TnIc MNSG4 and -80G4 are able to adopt anti-parallel and parallel structures, 

respectively, with comparable stability as compared to other oncogene G4s. 

Subsequently, cooperative regulatory roles of TnIc G4s as enhancers once stabilised 

by a G4-binding ligand (di-copper complex) were observed in vitro mainly by dual 

luciferase reporter assays in HEK293 cells. Three possible G4-mediated mechanisms 

have been proposed. This work provides the first indication about the biological 

significance of promoter G4s in cardiac function-related genes, and the feasibility to 

target multiple G4s at the single gene level. 
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Chapter 1      Introduction 

 

Although it is clear that the majority of human genomic DNA adopts the iconic 

double helical structure (also known as B-form or duplex DNA) proposed by Watson 

and Crick [1], other non-B-form DNA secondary structures formed within certain 

sequences in the human genome have also been revealed in many in vivo and in vitro 

studies. These include left-handed DNA (Z-DNA) formed in d(CpGp)3 DNA 

fragments [2, 3], A-DNA formed in dehydrated DNA samples, DNA-RNA hybrids, 

and double-stranded (ds) RNA [4, 5], DNA triplexes (H-DNA and sticky DNA) 

formed between one polypurine and two polypyrimidine strands [7, 8], cruciforms 

formed in inverted repeat DNA [9, 10], slipped (hairpin) DNA formed in direct repeat 

DNA [11, 12], G-quadruplex DNA (G4 DNA) and i-motifs (i-tetraplexes) formed in 

oligonucleotides with guanine and cytosine tracts respectively [13], and so on. These 

diverse non-B-form DNA structures are involved in many biological processes, and 

their formation and stability are dependent on DNA sequences, topology, interaction 

with DNA-binding proteins and DNA modifications (reviewed in [12, 14-16]). As 98 

% of the human genome is non-coding, more and more interest has been focused on 

investigating possible biological functions of these transient and dynamic non-B-form 

DNA structures. 

Unlike other non-B-form DNA, G-quadruplexes, or simply G4s are relatively stable 

under near-physiological conditions. The accumulated distribution of G4s in gene 

promoter regions throughout the human genome also makes them particularly 

important as compared to other non-B-form DNA structures [17]. Thus, since the 

discovery that G4s can form in the G-rich regions from human telomeric 

oligonucleotides in the late 1980s [18], there have been a growing number of studies 

focusing on the structures, dynamics, and biological functions of these fascinating 

DNA structures. 

Long before the proposal of DNA double helix, the phenomenon that guanosine and 

its analogues can readily form a gel in concentrated solution was observed by Bang 

[19] at the beginning of the twentieth century. However, this unusual physical 

phenomenon remained unclear until the first G-tetrad (guanine-tetrad) structure 
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* Part of this Section was adopted from my previous publication [6]. 

formed by guanylic acids was solved by Gellert and Davies using X-ray diffraction 

techniques 50 years later [20]. Inspired by the proposal of the double helix DNA 

model [1], interest in nucleic acids intensified during the 1960s and 1970s and self-

assembling G-tetrad structures from both ribose and deoxyribose guanine 

homopolymers were identified and resolved in solution [21, 22] Subsequent X-ray 

diffraction studies and modelling on polyG (poly-guanine) further clarified the four-

stranded hydrogen-bonding scheme of the G-tetrad and showed that it spontaneously 

adopts a four-stranded structure in solution under near-physiological conditions [23, 

24]. However, little attention was paid to the potential biological significance of this 

non-canonical DNA structure until 1987, when Henderson and his colleagues first 

observed that under native conditions the G-rich telomeric sequence can 

spontaneously adopt a compact structure with faster mobility upon electrophoresis in 

native polyacrylamide gels in contrast to linear DNA with the same length [18]. This 

compact structure is now known as the G-quadruplex DNA or, more simply, G4. 

 

1.1 Structural diversity of G4 DNA* 

Generally, as proposed by Gellert and Davies in 1962 [20], the core structure of G4 

DNA is relatively simple, which is composed of stacked G-tetrads with a cation 

located in the centre. In each G-tetrad plane, four guanines occupy each corner and 

form a G-tetrad plane, which is maintained by Hoogsteen hydrogen bonds between 

N1, N7, O6, and N2 of each guanine base (Figure 1.1 a). The formation of G4 simply 

requires four repeats of G-tracts (guanine-tracts), and each guanine in a G-tract can 

interact with guanines on other G-tracts via Hoogsteen bonds to form a G-tetrad. Two 

or more layers of G-tetrad can be stacked together to form a G4 structure. For 

example, the sequences of most studied stable intramolecular G4s can be generalized 

as G≥3(N1~7G≥3)≥3. Despite the simplicity of the core structure and forming sequences, 

the actual structures of G4s are related to a range of variables, such as strand 

stoichiometry, strand polarity, base geometry, sugar conformations, combination of 

side loops, and the nature of cations involved. Thus, actual structures of G4s are very 

varied, with even several distinct conformations able to form from the same G4-

forming sequence.   
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Figure 1.1: Schematic representations showing the structural features of G4s. 
(a) A G-tetrad motif highlighting the Hoogsteen hydrogen bonds between N1, N7, 
O6, and N2 of each guanine base and a cation in the centre stabilising the G-tetrad 
(left), and a schematic G-tetrad plane (right). (b) Schematic diagram of G4 structures 
composed of four DNA strands (tetramolecular G4, left), two DNA strands 
(bimolecular G4, middle), and one DNA strand (intramolecular G4, right). (c) 
Schematic diagram showing G4 structures classified based on strand polarity, which 
represents (left to right direction) a parallel G4, an alternating anti-parallel G4, a G4 
with two groups of adjacent parallel strands (overall anti-parallel), and a anti-parallel 
G4 with three parallel strands and one anti-parallel strand respectively. Arrows 
indicate 5’ to 3’ direction of DNA molecules. This Figure was taken from Zhou et al., 
2011 [6]. 
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G4s can be formed by the coming together of four DNA strands (tetramolecular G4), 

two DNA strands (bimolecular G4) or within a single DNA strand (intramolecular 

G4) (Figure 1.1 b). Although intermolecular G4s were found to be likely involved in 

telomere-telomere association, chromosome pairing and recombination, in most cases, 

the intramolecular G4 is the most biologically relevant form. In terms of considering 

the function of G4s upon gene transcription, a G4 structure located upstream or 

downstream of a gene promoter could therefore act in cis upon the linked promoter 

region and modulate promoter output by interacting with certain trans-acting factors 

such as G4-binding TFs (transcription factors) or other proteins. Particular examples 

of intermolecular and intramolecular G4s will be given later. 

 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 1.2: Different grooves formed in an example of a G4. 
The different width of a groove is determined by combination of sugar geometry (syn 
or anti represents different glycosidic bond angles), and strand polarity (plus symbol 
or filled circles indicates different direction of each strand). This Figure was taken 
from Zhou et al., 2011 [6]. 
 
 
Strand polarity is another origin of structural heterogeneity of G4 DNA. In the case of 

strand polarity, G4s can also be classified into parallel, anti-parallel, and parallel/anti-

parallel hybrid structures, which are characterised by unique CD spectra (circular 

dichroism, will be discussed later) (Figure 1.1 c). At the same time, the conformation 

of deoxyribose (C2’-endo or C3’-endo conformation) on the backbone and glycosidic 

bond torsion angle (syn or anti) also related to the overall structure and stacking 
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energy of G4s. In anti-parallel B-form DNA with anti glycosidic bond torsion angle 

geometry, one minor and one major groove are found. However, in G4s, especially 

those with anti-parallel structures, due to different combinations of syn and anti 

glycosidic bond torsion angles, four grooves between individual strands can be wide, 

medium or narrow (Figure 1.2). This may provide diverse binding sites for different 

G4-binding proteins.  

 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 1.3: Schematic diagram showing three different side loops connecting 
individual strands in a G4. 
This Figure was taken from Zhou et al., 2011 [6]. 
 
Bimolecular and intramolecular G4s can have three types of side loops connecting 

individual strands: lateral (L), external (E) (also known as propeller-type loop), and 

diagonal (D) loop (Figure 1.3). Recent studies have shown that the length, sequences, 

and type of side loops can provide extra constrains to the overall structure and 

stability to the G4. Linkers with lengths shorter than two nucleotides cannot adopt 

diagonal loops, while one nucleotide is enough for an external loop, such as the G4s 

found in promoters of human BCL-2 (B-cell lymphoma 2) [25, 26], VEGF (Vascular 

endothelial growth factor) [27], MYC (V-myc myelocytomatosis viral oncogene 

homolog) [28, 29], KIT (V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene 

homolog) [30], and other genes. Short loops can impose topological constraints to the 

formation of G4, leading to parallel structures. For example, a systematic study 

showed that parallel intramolecular G4 is the only possible fold when three single 

nucleotide loops are present, while mixtures of parallel and anti-parallel G4s may 

exist when longer loops are present [31]. So far, the actual relationship between loop 

length and G4 stability is still not fully understood. For example, for G4s with total 

loop length less than five, an increase in loop length corresponds with a significant 
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decrease in G4 stability, while for G4s with a total loop length of more than five, such 

a relationship is not apparent [32]. Another study showed that in G4-forming 

sequences containing a single non-­‐nucleosidic linker in each loop, G4 with medium 

loop length (GGG-­‐p(CH2)8O) is more stable than those with shorter (GGG-­‐p(CH2)3O) 

or longer loops (GGG-­‐p(CH2CH2)8O) [33]. Although generally the increase in G-tract 

length can increase the stability of intramolecular G4s [34], while the increase in loop 

length might decrease the stability of intramolecular G4s by facilitating the 

competition with C-rich complimentary strands [35], G4s with long side loops can 

still be relatively thermally stable. For example, in the presence of 100 mM K+, the 

melting temperatures of two intramolecular G4s, both with a 12 nucleotides loop, 

from the promoter of the human KRAS (V-Ki-ras2 Kirsten rat sarcoma viral oncogene 

homolog) gene are 55 and 72 ºC, respectively [36]. 

Monovalent cations, especially K+, can effectively interact with O6 carboxyl oxygen 

within the G4 core to form cation-dipole interactions with eight guanines. This 

interaction can reduce the electronic repulsion between central oxygen atoms and 

further enhance the stability of most G4 DNA structures [37]. The general trend of 

stabilising effects due to G4-associated cations is K+ >> Na+ > Rb+ > Cs+ > Li+, 

suggesting that physiological conditions are more favourable for the formation of 

G4s. Besides the stabilising effects, the nature of cations can also influence the 

adopted structure of G4s, with more parallel G4s found in K+ solution than in Na+ or 

NH4
+ solution [38]. For example, in Na+ solution, human telomeric G4 can adopt an 

anti-parallel “basket” form with two lateral loops and one diagonal loop, while in K+ 

solution, a parallel crystal structure has been observed [39]. 

Thus, even from the same forming sequence, structures of G4 are often heterogeneous 

with different biological relevance. Different conformational arrangements may be in 

dynamic equilibrium with each other [40]. In the examples of human telomeric G4 

forming sequence (d[A(GGGTTA)3GGG]), several distinct intramolecular G4s have 

been revealed. In 2002, a unique parallel “propeller” form of human telomeric G4 

with three trinucleotide external loops was originally resolved by X-ray 

crystallography [39], while subsequent biophysical studies proposed that the 

“propeller” form may not be the major form in solution, where at least seven different 

G4 structures may exist from the same sequence in potassium solution [41]. Later, 

high resolution NMR (nuclear magnetic resonance) studies revealed two other anti-
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parallel G4s (Form 1 with one TTA external loop and two TTA lateral loops, and 

Form 2 with three TTA lateral loops) in equilibrium [42]. More recently, a novel 

basket-type two G-tetrad layers G4 (Form 3 with one diagonal and two lateral loops) 

from the telomeric G4-forming sequence with the highest thermal stability has been 

revealed by NMR [43]. Similarly, the MYC promoter G4-forming sequence is known 

to adopt two different anti-parallel structures, the so-called “basket” and “chair” 

types. Of these two, the chair form is more kinetically favoured and biologically 

relevant compared with the other type [28]. Thus, due to this heterogeneous property, 

it is still impossible to predict actual G4 structure just based on the DNA sequence. 

 

1.2 Biological relevance of G4 DNA 

Since the discovery that human telomere sequence can adopt G4 structures in 

solution, G4-forming sequences have been identified in various positions within the 

human genome. Moreover, distinct biological roles of these novel structures have also 

been revealed.  

 

1.2.1 ILPR 

G4 found in the insulin linked polymorphism region (ILPR) is one of the G4s with 

potential biological functions that have attracted particular interest since the early 

days of G4 study. The ILPR, located at -363 bp relative to the transcription start site 

in the human insulin coding sequence, is composed of G-rich variable number of 

tandem repeats (VNTR), or minisatellites with consensus sequence 

ACAGGGGT(G/C)(T/C)GGGG [44, 45]. The number of ILPR repeats has also been 

found to be associated with insulin-dependent diabetes mellitus [46, 47]. A decade 

later, Hammondkosack et al. found that the ILPR is highly nuclease-hypersensitive in 

supercoiled plasmids and chromatin assembled in vitro, and subsequent fine mapping 

and electron microscopic analyses revealed a highly structured conformation within 

the G-rich strand which proved be a G4 structure [48-50]. Soon, the correlation 

between the ILPR, especially the variant a (predominant ILPR variant), and 

downstream insulin transcription activity was revealed. Kennedy et al. have shown 
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that the insulin promoter containing long ILPR (class III, ~175 repeats) has greater 

transcription activity as compared to the promoter with short ILPR (class I, ~40 

repeats), possibly via a mechanism involving interaction between ILPR G4s and the 

insulin promoter binding factor Pur-1/MAZ (MYC-associated zinc finger protein) 

[51, 52]. Catasti et al. also found that single or double mutations that destabilise the 

ILPR G4 can lower the transcription activity [53]. Subsequently, the intramolecular 

G4 from ILPR ((ACAGGGGTGTGGGG)2, a2) was found to be able to bind with 

insulin (Kd = 0.17 ± 0.03 µM [54]) and IGF-2 (insulin-like growth factor-2) with high 

affinity [55], which provided further circumstantial evidence for the biological 

significance of ILPR G4s [56, 57]. Although a variety of in solution experiments 

revealed a mixture of stable intramolecular parallel and anti-parallel G4s from the 

ILPR a2 fragment, in which the anti-parallel form is more biologically relevant due to 

the higher stability and preference in insulin-binding [54, 57], the folding behaviours 

of ILPR G4s might be more complicated. For example, Basu et al. demonstrated that 

when long ILPR fragment (a4) was included, two G4s can unfold cooperatively, 

possibly through G4-G4 interaction [58]. Although the molecular mechanism is still 

not fully understood, the G4-forming ILPR clearly indicated the structural diversity 

and corresponding potential biological relevance of G-rich minisatellites, which used 

to be regarded widely as meaningless fragments in the human genome. 

 

1.2.2 MyoD-G4 interaction 

Almost at the same time when the ILPR G4s were under investigation, specific 

interactions between the myogenic determination factor MyoD (myogenic 

differentiation 1) and G4-forming muscle gene elements were identified. Promoters 

and enhancers of many muscle-specific genes have been shown to contain a high 

incidence of G-rich elements, which can readily adopt inter- or intramolecular G4s in 

solution. In 1991, Santoro et al. observed that skeletal muscle DNA-binding proteins 

MF3 (muscle factor 3) and MyoD can bind to some single-stranded muscle gene 

elements [59]. Further studies found that the homodimeric form of MyoD is able to 

bind to various G4s from muscle-specific G-rich regulatory sequences, including a 

tetramolecular G4 from the human MCK (muscle-specific creatine kinase) gene 

enhancer fragment [60], bimolecular G4s from the human CKMT2 (sarcomeric 
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mitochondrial creatine kinase), mouse MCK, and alpha-7 integrin promoters [61]. The 

MyoD homodimer binds to these G4s more specifically as compared to its designated 

cognate binding site the E-box, which usually conforms to the consensus sequence 

CANNTG [60, 61]. In muscle differentiation, heterodimers of the bHLH (basic helix-

loop-helix) proteins MyoD and E12/47 bind to E-box sequences in the promoters of 

various muscle-specific genes and activate their transcription, while the homodimers 

of MyoD can bind to the E-box less avidly with much less activating effects. The 

interaction between G4s and homodimeric MyoD may well explain the function of 

the MyoD homodimer. Indeed, Fry et al. demonstrated recently that the presence of 

muscle-specific bimolecular G4s dramatically elevates the transcription activity 

driven by MyoD and E47 [62]. These authors proposed a model that the G4s formed 

within promoters of muscle-specific genes may provide localized docking sites for 

homodimeric MyoD to increase local concentration of MyoD protein upon the 

promoter. This enrichment of homodimeric MyoD could lead to a localized 

association with constitutive E-proteins in order to form functional heterodimers, 

which bind to adjacent E-boxes subsequently and activate downstream promoter 

activity. Although still very controversial and unratified experimentally, this model is 

intriguing, since it is not uncommon to find that G4 forming sequences and E-boxes 

are adjacent to each other in the promoters of many muscle and cardiac function-

related genes. Thus, these findings may indicate a potential role for homodimers of 

MyoD, as well as other bHLH TFs, in regulating transcription of muscle-specific or 

cardiac-specific gene expression via G4-mediated mechanisms. 

 

1.2.3 Telomeric G4 

Since being discovered by Henderson and his colleagues in 1987 [18], telomeric G4s 

have attracted much attention as potential anti-cancer targets. The telomere contains a 

region of repetitive DNA at the end of chromosomes of eukaryotic organisms, which 

maintains the genome stability and protects internal genetic materials from exposure 

to the DNA damage response or fusion with neighbouring chromosomes (reviewed in 

[63]). Telomeres are composed of highly conserved tandem repeats of G-rich 

sequences containing three or four guanines, and hence several telomeric repeats can 

adopt G4 structures readily in solution. Telomeres may have varied length in different 
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species, and all telomeres have a single-stranded G-overhang (guanine-rich overhang) 

protruded from the 3’ end of chromosomal DNA. For example, the 3’ single-stranded 

overhangs of ciliated protozoans telomeres composed of TTTTGGGG repeats 

(ciliates Oxytricha and Stylonychia) are very short (16 nt 3’ G-overhang [64]), while 

in human telomeres (TTAGGG) double-stranded G-rich repeats can extend for 9 - 15 

kb with a 50 ~ 300 bp single-stranded protrusion [65]. The protection effects of 

telomeres are achieved by assembling a nucleoprotein complex known as shelterin, 

and forming unique structures (T-loop, telomere loop) in the telomere regions. 

Shelterin complex consists of many DNA binding proteins, including double-stranded 

telomeric repeat binding factors TRF1 and TRF2 (telomeric repeat binding factor, 

also known as TERF), TRF2-interacting factor RAP1 (telomeric repeat binding factor 

2, interacting protein, also know as TERF2IP), single-stranded DNA binding protein 

POT1 (protection of telomeres 1 homolog). These factors, by interacting with other 

factors transiently, generate a lasso-like protective structure, the T-loop, by invasion 

of the 3’ single-stranded G-overhang into the double stranded TTAGGG repeats 

(reviewed in [63, 65]). However, the percentage of telomeres that adopt a T-loop 

structure is low [66].  

In normal cells, 50 ~ 200-bases loss of telomere will happen in each round of cell 

replication due to the so-called “end replication problem”, which induces apoptosis 

when critical shortening of the telomeric DNA is reached [67, 68]. In cancerous cells, 

the G-overhang is extended by the activation of a reverse transcriptase enzyme, 

telomerase, which recognizes the single-stranded G-overhang by its own RNA 

template [69]. Elevated expression of telomerase has been observed in approximately 

85 % of cancers [70], which can bypass normal telomere shortening and confer 

immortality upon a cancerous cell. Although the detailed mechanism is still unclear, 

targeting and stabilisation of telomeric G4s can result in impeded telomerase activity, 

and several possible G4-mediated mechanisms have been proposed (Figure 1.4). 

Thus, telomeric G4s are regarded as potential targets in anti-cancer therapies 

(reviewed in [71, 72]).  

 

 

 



	
   28 

a 

b 

c 

d e 

 

 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 1.4: Proposed roles of G4s at the end of telomeres in vivo.	
  
(a) Formation of one telomeric intramolecular G4 at the G-overhang of telomere. (b) 
Folding back of G-rich G-overhang to adopt intramolecular G4 and leave a T-loop 
structure. Left, a “3+1” assembly of intramolecular G4 with a single-stranded T-loop 
[73]; and right, a “2+2” assembly of intramolecular G4 with a duplex T-loop and a 
looped out C-rich strand [74]. (c) Consecutive formation of intramolecular G4s at the 
end of 3’-overhang [75]. Telomeric G4s as illustrated in (a) ~ (c) may provide 
protective capping for telomere ends in vivo (reviewed in [76, 77]). (d) A model of 
G4-mediated chromosome pairing in ciliated protozoans. TEBPα (telomere end-
binding protein) specifically binds to single-stranded G-overhang, and recruits TEBPβ 
[78]. Binding of TEBPβ promotes the formation of an anti-parallel bimolecular G4 by 
pairing two telomeric G-overhangs [79]. The phosphorylation of TEBPβ was found to 
lead the G4 unfolding later [80]. (e) Formation of a tetramolecular G4 by the G-
overhang of 4 homologous chromatids during meiosis [81]. 
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Necessary for rational drug design and functional investigation, the structures of 

human telomeric G4 under physiological conditions have been extensively studied. In 

1993, the structure of an intramolecular telomeric G4 in Na+ solution was resolved 

with three stacked G-tetrads, which are connected by two lateral and one central 

diagonal TTA loops [82]. Due to the higher intracellular concentration of K+, 

structures of telomeric G4 in K+ are considered to be more biologically relevant than 

those in Na+. In 2002, the iconic propeller-type (external loop) parallel-stranded 

structure of an intramolecular telomeric G4 was published in crystalline state [39], 

which indicates a straightforward path for telomeric G4 folding/unfolding. However, 

subsequent studies have revealed other diverse conformations of telomeric G4 in K+ 

solution [41, 83-86]. Between 2006 and 2007, several pieces of independent work 

have shown that two hybrid types of G4s (hybrid-1, and hybrid-2) are predominant in 

K+ solution even in presence of high concentration of Na+ ions, rather than the 

propeller type determined by crystallography [42, 87-90]. The two hybrid types of 

G4s are distinct from one another with TTA loops adopting an external-lateral-lateral 

arrangement in the hybrid-1 structure, and a lateral-lateral-external arrangement in the 

hybrid-2 structure. Although both structures are in equilibrium with each other, the 

hybrid-2 is the favoured formation in solution, possibly due to its novel T:A:T triple 

capping at one end [88]. In addition, the structural polymorphism and equilibrium of 

human telomeric G4s in solution may provide a means to interact with diverse G4-

binding proteins in the cell. 

Although Zahler et al. demonstrated that telomeric G4s prevent telomerase activity in 

solution [91], whether telomeric G4s exist in vivo and what biological processes they 

are involved in are key questions that need to be addressed. Studies on telomeric G4s 

in ciliated protozoa provide the best direct evidence for the biological functions of 

G4s in vivo. Although the telomeric G-overhang is much shorter in ciliates than that 

in human telomeres, each macronucleus in ciliates contains up to 108 telomeres [92], 

which makes it feasible to target and observe the telomeric G4s if specific antibodies 

or ligands are available. Indeed, by using a single-chain antibody fragment (scFv) 

probe specific to the anti-parallel G4 from the Stylonychia telomeric G-overhang, 

Lipps et al. found by immunostaining that the anti-parallel G4 is only absent in the 

replication bands [93]. The presence of telomeric G4s at the end of non-replicating 

chromosomes, but not in replicating ones implied that there might be a certain 
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mechanism to regulate folding and unfolding of these telomeric G4s. Another 

circumstantial evidence also indicated the function of telomeric G4 in ciliated 

protozoans. For example, nanochromosomes extracted from macronuclei were linked 

with each other via their ends [94] in solution studies, showing telomeric G-overhang 

can adopt anti-parallel bimolecular G4s [95]. Thus, it is very likely that these 

telomeric G4s are involved in association of macronuclear DNA in ciliates, leading to 

long DNA aggregation. Furthermore, a group of telomeric G4-binding proteins were 

identified, such as βTBP/TEBPβ (telomere end-binding protein β) [79], TGP1/3 

(tetrahymena G-DNA binding protein 1/3) [96, 97], and TERT (Telomerase reverse 

transcriptase) [98], which also suggested the biological functions of telomeric G4s in 

vivo. 

Due to limited number of telomeres, evidence showing the presence of telomeric G4s 

in other organisms, especially in human, is less direct than those in ciliates. Some 

indirect evidence comes from the response of cancerous cells by applying certain 

telomeric G4-binding ligands. The folding of telomeric G4 further stabilised by 

ligands ensures it is inaccessible to telomere binding proteins, such as POT1, and thus 

disrupts the formation of shelterin complex. For example, a group of telomeric G4-

stabilising ligands can cause telomere dysfunction and DNA-damage response when 

introduced into mouse or human cancerous cells [99-101]. These effects seem to be 

telomeric G4-mediated, since the ligands delocalized the single-stranded G-overhang 

binding protein POT1, but not the double-stranded binding protein TRF2. Another in 

solution experiment proposing the ability of POT1 to disrupt telomeric G4 [102] 

further supported the telomeric G4-mediated effects caused by those ligands. As 

vague as the actual biological functions of telomeric G4 in living cells are, the 

corresponding anti-cancer effects related to those ligands are also difficult to 

elucidate. Although a series of telomeric G4-binding ligands show promising tumour 

suppressing effect (reviewed in [71]), the actual mechanism is still far from clear. It is 

believed that the anti-cancer effects of G4-binding ligands are complicated, which 

may relate to a combination of G4-mediated and non-G4-mediated processes, such as 

telomere capping, disrupting shelterin complex, causing DNA-damage response, 

dislocating the telomerase, and inhibit telomere amplification [103].  
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1.2.4 G4s in promoters of other genes 

The anti-cancer potential of human telomeric G4s sparked the interests in G4s outside 

human telomeres, which led to the discovery of a group of other G4s with anti-cancer 

potential with regard to the regulation of expression of cancer-related genes. Gene 

transcription and translation can be regulated at many different points. Traditionally, 

these include: the dynamic of higher order chromatin structure in response to 

methylation, acetylation or other mechanisms that affect nucleosome-packing along 

the DNA duplex; the role of tissue- or stage-specific TFs in the specific regulation of 

a gene’s transcription; regulation by microRNAs; alternative mRNA splicing, and by 

mechanisms that modify DNA directly such as methylation at CpG islands. It is 

widely accepted now that the presence and stabilisation of G4s in gene promoters may 

also act as a novel mechanism in regulating gene transcription.  

MYC. As the most well-studied promoter G4 model, substantial evidence of the 

existence of G4s in the promoter of MYC has been gained, which strongly supports 

the therapeutic potential of targeting the promoter G4s in cancer therapy. MYC is an 

important oncoprotein that controls cell proliferation and the induction of apoptosis 

[104], and the deregulated over-expression of MYC is associated with the initiation 

and maintenance of around 80 % of human solid tumours (reviewed in [105]). The 

activation of MYC gene transcription is related to a group of nuclease-hypersensitivity 

elements (NHE) in the promoter region, in which a region called NHEIII1 accounts 

for up to 95 % of total MYC transcription [106]. The 33nt NHEIII1 region contains 6 

G-tracts with different length, which can spontaneously adopt diverse G4 structures in 

solution [107, 108]. In 2002, two models of intramolecular anti-parallel G4s, the 

“basket” and “chair” types, formed by the five G-tracts in the 5’ of NHEIII1 (Pu27) 

were proposed by Hurley’s group. Of these two, the chair type is more kinetically 

favoured and biologically relevant compared with the other form [28]. By including 

different regions in the NHEIII1, separate NMR studies have subsequently revealed 

propeller-type of parallel structures in solution, with loop arrangements 1:2:1 (Myc-

2345 [109]), 1:6:1 (Myc-1245 [109]), 1:2:1 (MYC22-G14T/G23T [29]), and 1:2:1 

(Myc-1234 [110]). In all these structural studies, some parallel/anti-parallel G4s are 

very stable in K+ solution (Tm > 75ºC), possibly due to the capping from 3’ flanking 

sequence [29] or different base conformations of the single nucleotide loops [110]. 

Besides its structures, the regulatory role of MYC G4 as a silencer has also been 
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clarified. In an in vitro study, the expression of MYC was down-regulated by the 

cationic porphyrin TMPyP4, which binds to and stabilises the MYC G4s in solution 

[111]. A molecular mechanism for transcription activation by the MYC G4 has been 

proposed which involves binding of NM23-H2 (nucleoside diphosphate kinase) to the 

G4-forming motif, unfolding of the MYC G4 within the protein-DNA complex, and 

recruiting other TFs [28]. Furthermore, in vitro studies also demonstrated that the 

transcription-induced negative supercoiling could further promote the formation of 

MYC G4s [112]. Recently, a multifunctional phosphorprotein, nucleolin, and CNBP 

(cellular nucleic acid binding protein) were found to bind to and stabilise the MYC 

G4s [113, 114], which further provided circumstantial evidence suggesting the 

function of MYC G4s in living cells. The MYC promoter G4 in the NHEIII1 region is 

believed to be a promising target in repressing the over-expression of MYC in cancer 

therapy (reviewed in [115]], and the proposed regulatory mechanism of the MYC 

promoter G4 is described in detail in Figure 1.5). 

KIT. At the same time, G4s found in another proto-oncogene, KIT, were also 

investigated as potential anti-cancer drug targets. The product of the KIT proto-

oncogene is a type III receptor tyrosine kinase whose activation regulates apoptosis, 

cell differentiation, proliferation, chemotaxis, and cell adhesion [116]. Over-

expression and pathologic activation of KIT through gain-of-function mutations are 

associated with testicular seminoma, mast cell disease, melanoma, acute myeloid 

leukemia, piebaldism, and GIST (gastrointestinal stromal tumors) (reviewed in [116, 

117]). Particularly, GIST is principally driven by constitutive activation of KIT, hence 

it is considered to be a major molecular target in GIST therapy [118, 119]. However, 

cell responses of kinase inhibitors targeting KIT in cancer therapies can vary due to 

different KIT mutations in different cancers. Thus, G4-forming motifs identified in 

the promoter of KIT have been considered to be an alternative target in KIT 

inhibition. Two G4-forming motifs were identified in the core promoter of KIT  
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Figure 1.5: Proposed regulatory mechanism of a G4 in the NHE III1 region of 
MYC promoter.	
  
The formation of G4 can impede the assembly of transcription machinery, and hence 
repress downstream MYC gene transcription [28]. The binding of nucleolin to the G4 
could further stabilise the folded structure [113]. The binding of NM23H2 (the non-
metastasis 23 protein family) to the G4 would lead to resolution of the folded G4 into 
duplex DNA, and induce transcription activation by recruiting ancillary transcription 
activators such as Sp1 [120]. Binding of heterogeneous nuclear ribonucleoprotein K 
(HNRNPK) and cellular nucleic acid binding protein (CNBP) to the single-stranded 
DNA could also activate downstream gene transcription [28, 114]. The figure was 
taken from Balasubramanian et al., 2011 [121]. 
 

and designated KIT1 and KIT2. These are located between position -87 and -109 and 

between -140 and -160, respectively, relative to the TSS (transcription start site) of 

KIT, with a critical Sp1 (specificity protein 1) binding site situated between them 

[122]. Both KIT1 and KIT2 can adopt stable G4s in solution, and their structures have 

been resolved. KIT1 G4 exhibits a unique folding topology in which an isolated 

guanine in the CGCT sequence folds back in G-tetrad core formation, although four 

G-tracts are present [30]. Furthermore, sequence variations intervening between G-

tracts (loop regions) dramatically disrupted the formation of G4 [123], and the 

sequence of KIT1 was found to be unique in the human genome [124]. Together with 

its unprecedented structure, the KIT1 G4 could be used as a unique and specific anti-

cancer target for KIT in the human genome. In KIT2, a mixture of more conventional 

propeller-type parallel structures were resolved [125]. The heterogeneous 
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conformations of the KIT2 G4 with varied sequence and length of loop 2 were 

identified in a study combining NMR, CD, and UV-Vis (ultraviolet-visible) 

spectroscopy methods [126]. In the same study, biophysical properties of the KIT2 

G4 were found to be conserved across human, chimpanzee, rat, and mouse [126]. In a 

more recent NMR study, beside a conventional parallel monomeric G4, a novel 

dimeric G4 was resolved with two parallel monomeric G4s stacked vertically and 

mediated by a sandwiched A•A non-canonical pair [127]. Although the actual 

regulatory mechanism of KIT promoter G4s is still not clear, accumulating indirect 

evidence has strongly supported the biological relevance of KIT G4s in vivo. For 

example, in vitro experiments shown that several G4 binding ligands that bind to and 

stabilise both KIT1 and KIT2 G4s can reduce KIT mRNA in different cell models 

[128, 129]. Another biophysical study by using single-molecule fluorescence 

resonance energy transfer (smFRET) spectroscopy has demonstrated that the KIT2 

G4 is able to fold non-duplex structures within an extended DNA duplex [130], which 

further supports the biological relevance of KIT G4s in vivo. 

Besides MYC and KIT, promoter G4s with potential biological functions have been 

identified in other genes regarded as six hallmarks of cancer.  

KRAS. A single amino acid substitution of the proto-oncogene KRAS is responsible 

for the gain-of-function mutation possessing oncogenic potential, which results in 

various malignancies including lung adenocarcinoma, mucinous adenoma, ductal 

carcinoma of the pancreas and colorectal carcinoma [131]. Similar to MYC, in the 

critical NHE region close to the TSS of KRAS, a G4-forming motif was identified, 

which can adopt stable parallel and anti-parallel G4s in solution [36, 132]. In the same 

study, three nuclear proteins that recognize the KRAS G4-forming sequence were 

identified, which are PARP-1 (poly (ADP-ribose) polymerase 1), Ku70/86 (ATP-

dependent DNA helicase 2, subunit 1/2) and hnRNP A1 (heterogeneous nuclear 

ribonucleoprotein A1). Subsequently, the hnRNP A1 and its derivative Up1 (a 

proteolitic portion of A1 retaining binding activity) were found to be able to unwind 

the parallel G4 to ssDNA [132-134], and PARP-1 has been shown to be catalytically 

activated upon binding to the KIT and telomeric G4s in vitro with high affinity (Kd = 

65 nM) [135]. Several pieces of indirect evidence also demonstrated that the KRAS 

G4 acts as a silencer. For example, the stabilisation of KRAS G4 by TMPyP4 can 

suppress the transcription of KRAS (decreased mRNA level) in both human and 
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mouse cell models [132, 136]. Furthermore, oligonucleotides that mimic the G4 

formed in another region of NHE in the KRAS promoter can compete with a DNA-

protein complex formed between the KRAS NHE region and a nuclear extract from 

pancreatic cancer cells, and covalent modification of KRAS G4 that stabilises the G4 

can strongly inhibit the proliferation of the Panc-1 cell line [137]. 

PDGF-A. Due to their critical roles in angiogenesis, aberrant expression of PDGFs 

(platelet-derived growth factors) is associated with various abnormalities, especially 

in cancer development and progression (reviewed in [138]). In the proximal promoter 

region of the human PDGF-A gene, a NHE region was found to control 80 % of basal 

promoter activity, in which a GC-rich region was identified [139]. The G-rich strand 

contains five contiguous G-tracts with at least four guanines in each run, and each G-

tract is separated by only one nucleotide, which are believed to be able to adopt very 

stable G4 structures in solution. Indeed, Hurley’s group observed the formation of 

several intramolecular propeller-type parallel G4s within both the single-stranded and 

the duplex DNA from the PDGF-A NHE region, even at very high temperature (up to 

100 °C) [140]. In the same study, the authors also demonstrated that the TMPyP4, 

which stabilises one major form of PDGF-A G4, reduced the transcription activity of 

PDGF-A by 40 % in human pancreatic cancer MIA PaCa-2 cells at 10 µM 

concentration [140]. 

RET. The RET proto-oncogene encodes a receptor tyrosine kinase. RET gain-of-

function mutations are involved in the development of various types of human cancer 

(reviewed in [141]). In the two adjacent GC boxes involved in determining the basal 

promoter activity of RET [142], five G-tracts has been identified. By analyzing an 

oligo containing four G-tracts from the 3’ of GC boxes, two stable (Tm ~ 80ºC) 

parallel intramolecular G4s composed of three G-tetrads were revealed, while the C-

rich complementary strand adopted a stable i-motif structure [143]. Although the 

actual structure is still unresolved, based on biophysical studies, a stable low energy 

model of this GC-rich region has been proposed, in which a parallel G4 (minimum 

loop 1:3:1), an i-motif (minimum loop 2:3:2), and adjacent duplex containing Sp1 

binding sites coexist stably [143]. 

VEGF. Over-expression of VEGF, which stimulates vasculogenesis and 

angiogenesis, contributes to diverse diseases, including various types of cancer and 
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vascular diseases (reviewed in [144]). Five contiguous G-tracts were identified in the 

pPu/pPy (polypurine/polypyrimidine) tract in the proximal promoter of the human 

VEGF-A gene. Formation of propeller-type parallel intramolecular G4s from part of 

this region d(G4CG3C2G5CG4) has been determined in solution in the presence of K+ 

ions and G4-binding ligands by a variety of methods [145, 146]. Interestingly, this 

G4-forming region seems to be involved in determining the hypersensitivity of the 

pPu/pPy tract toward DNase I (deoxyribonuclease I) or S1 nuclease in vitro [145]. 

DMS (dimethyl sulfate) footprinting experiments carried out in solution and in vitro 

both demonstrated that the guanines involved in G4 formation are significantly 

protected from DMS as compared to flanking guanines [147]. It is also worthwhile to 

note that this protection is only apparent in the supercoiled plasmid but not in the 

linearized plasmid, which indicates that negative supercoiling is required for the 

unwinding of the pPu/pPy tract [147, 148]. Furthermore, suppressed VEGF-A 

transcription has been observed in cancer cell lines when incubated with G4-binding 

ligands, especially the Se2SAP [146]. 

RB1. The retinoblastoma protein (RB) is a tumor suppressor protein encoded by RB1 

(retinoblastoma 1) that is normally dysfunctional in most types of cancer [149]. A 

potential G4-forming motif in the 5’ end of the RB1 gene was discovered in human 

and mouse in the early 1990s [150]. A decade later, an anti-parallel G4 derived from 

this region was revealed by using natural and chemically modified oligos [151-153].  

BCL-2. BCL-2, as one of the key regulators of apoptosis, functions as an inhibitor of 

apoptosis and is involved in a number of cancers, including melanoma, breast, 

prostate, and lung carcinomas (reviewed in [154]). In the BCL-2 promoter, a GC-rich 

region was identified in an NHE region located between -1,490 and -1,451 upstream 

of the P1 promoter of BCL-2 [155]. In a systematic research carried out by Hurley’s 

group, the G-rich strand of this region, d(G3CGAG3CG5AAG2AG3CGCG3CG4), was 

found to be able to adopt intramolecular G4s with varied structures, in which three 

major population of G4s are formed at the 5’ end, middle, and 3’ end of the strand 

(named as 5’G4, MidG4, and 3’G4, respectively) [156]. In the same study, as 

determined by DMS footprinting and polymerase stop assays, the MidG4 is the most 

stable G4 structure in solution, with different loop isomers containing different 

lengths in loop2 and loop3 [156]. A dual mutant that mimics the most stable MidG4 

(G15 to T, and G16 to T) was subject to subsequent NMR study, and a mixed 
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parallel/anti-parallel G4 was resolved with two lateral, and one external loops (2:7:1) 

[25, 26]. The interaction of BCL-2 G4s and TMPyP4 has been studied in solution as 

well [157]. Although the actual biological function of BCL-2 G4s in living cells is 

still unclear, there is some interesting evidence showing potential roles of G4 in BCL-

2 dependent pathways. For example, BCL-2 mRNA levels were reduced in the 

presence of a G4-binding ligand, triazine derivative 12459, and correspondingly, 

apoptosis was induced in A549 cells via mitochondrion-related pathways [158]. 

HIF-1α. HIF-1 (Hypoxia-inducible factor 1) is a dimer from HIF-1α and HIF-1β, 

which plays an essential role in cellular and systematic response to hypoxia [159]. It 

is also an important TF in regulating VEGF expression, and its over-expression is 

related to many types of cancer [160, 161]. The G-rich strand in the pPu/pPy region in 

HIF-1α promoter (-65 bp to -85 bp) can adopt parallel intramolecular G4 structures in 

solution with K+ ions [162]. Although the actual structures and biological roles of this 

G4-forming sequence in the promoter of HIF-1α is still unclear, an interesting 

example may indicate the general roles of G4s in regulating HIF-1α and HIF-1-

regulated proteins. A recent study revealed that two oligos, JG243 and JG244, which 

adopt parallel intramolecular G4s in solution, can decrease the level of HIF-1α and 

the related HIF-2α by selectively binding to them (IC50 < 2 µM), which then inhibit 

the expression of HIF-1-regulated proteins such as VEGF, BCL-2, and BCL-XL, and 

dramatically repress the growth rates of several cancerous cell lines [163]. Although 

not directly related to the G4 within the promoter of HIF-1α, the high abundance of 

G4-forming sequences in HIF-1-regulated genes and other proto-oncogenes make it 

plausible to assume that a group of TFs such as HIF-1 may target these promoter G4s 

in order to regulate downstream gene expression in cancer-related pathways. 

Indeed, more and more proteins and TFs have been found to be able to interact with 

G4s, which further strengthens the biological relevance of G4s in vivo. I discuss some 

examples in the next section.   

 

1.2.5 G4-interacting proteins 

A variety of G4-interacting proteins have been identified in diverse organisms. The 

existence of these natural proteins, which preferentially interact with G4 DNA rather 
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than other single-stranded forms or duplex DNA, also indicates the biological 

importance and prevalence of these fascinating secondary structures in living cells. 

These G4-interacting proteins are classified into several groups based on their distinct 

functions. The first group is the G4-binding/stabilising proteins, which can bind to G4 

structures specifically and stabilise them upon binding. Two examples are the HIV-1 

zinc finger nucleocapsid protein and the uqTBP25 (unimolecular quadruplex 

telomere-binding protein 25). HIV-1 zinc finger nucleocapsid protein is involved in 

the compact assembly of the viral nucleocapsid [164], while uqTBP25 was identified 

in rat hepatocytes, and potentially is involved in telomeric DNA interactions [165]. 

Proteins that promote formation of intra- or intermolecular G4 structures are classified 

as the second group, and these include the yeast proteins RAP1 (repressor activator 

protein 1) [166], Hop1 (homolog of presenilin 1) [167], and the human TOPOI 

(topoisomerase I) [168]. Another interesting example in this group is an 

intramolecular G4 aptamer of human thrombin, which can bind to the protein in the 

nanomolar range and inhibit activity of the protein in vitro [169]. Although it is 

unclear whether this interaction occurs naturally in living cells, it provides an 

attractive strategy for modifying certain biological functions by interfering with G4 

elements. G4-unwinding helicases and destabilising proteins are the other two types 

of G4-interacting proteins, which further suggests the dynamic properties of G4 

structures within living cells. Unlike G4-destabilising proteins, which unwind G4 

DNA in a non-catalytic way, all unwinding helicases are energy-dependent, requiring 

hydrolysis of nucleotide triphosphate. Most of these unwinding helicases and 

destabilising proteins are involved in maintaining the stability of genome. For 

example, the family of RecQ helicases which have been identified in many organisms 

from Eschericia coli to human can effectively unwind G4 structures in the Fragile X 

Syndrome repeat sequence, an X chromosome expansion of the trinucleotide repeat 

CGG, while malfunctions of WRN (Werner syndrome) and BLM (Bloom syndrome) 

proteins, two members of the human RecQ family, are related with Werner’s and 

Bloom’s syndromes, respectively, due to chromosome instability [170, 171]. In 

budding yeast, Pif1 DNA helicase is involved in maintaining stability of the human 

G-rich minisatellite CEB1 in both nuclear and mitochondrial genomes [172]. More 

recently, the human PIF1 DNA helicase also has been identified to preferentially bind 

and unwind synthetic G4s [173]. Also, many members of hnRNP family have been 

identified as G4-destabilising proteins, such as CBF-A (CarG-box binding protein A, 
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[174]) and UP1 [175, 176], both potentially involved in telomere maintenance. The 

last group is the G4-selective nucleases, which incise DNA within or close to G4 

structures. The yeast Saccharomyces cerevisiae KEM1 protein, for example, can 

cleave G4s [177], and is involved in cellular senescence and telomere shortening 

[178]. 

 

1.3 Bioinformatics studies on G4s 

Since G4s have been revealed in many specific regions in the genome, such as 

telomeres and the promoters of several proto-oncogenes, bioinformatics approaches 

are taken to investigate whether G4 DNA is an evolutionarily conserved and 

widespread mechanism for the regulation of diverse biological processes. Meanwhile, 

the progress of biophysical studies has also enriched our understanding towards the 

folding pattern of G4s, which underlies the basis of G4-predicting algorithms.  

Early bioinformatics studies mainly focused on the sequence composition of potential 

intramolecular G4s in the human genome. In 2005, two different groups 

independently examined the human genome by using different G4-predicting 

algorithms. Both algorithms revealed around 370,000 potential G4-forming motifs in 

the human genome, although not all of these are predicted to adopt stable G4 

conformations [179, 180]. Interestingly, they both claimed that the putative loops 

involved in G4 formation exhibit significant non-random length and sequence, which 

may indicate that certain loop length and sequence combination are more favoured for 

the formation of G4s in vivo [179, 180]. For example, the conserved sequence 

CCGTG was found to be the most commonly occurring sequence in the first loop of 

G4s [179]. It is also notable that the distribution of these G4s shows non-random 

properties in the human genome as revealed in several different studies. G4s are 

under-represented in the coding strand of exonic regions of genes, indicating that the 

formation of G4 structures within mRNA might be detrimental and therefore, from an 

evolutionary viewpoint, unlikely to be tolerated [180]. Also, more than 40 % of gene 

promoters contain one or more potential G4-forming motifs. These G4-forming 

motifs are particularly enriched in promoter regions, and correlate strongly with the 

location of nuclease hypersensitive sites [17]. Further study found the biased 
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distribution of G4s in promoters, which peaked at around -50 bp relative to TSS 

[181]. Furthermore, accumulation of G4s has been observed in the 5’-ends of 5’-

UTRs (untranslated region), within regions immediately downstream of the 3’-ends of 

genes [181], and within the first intron in the human genome [182]. Distribution of 

G4s in the promoters of protein-coding genes was analyzed in other species, including 

prokaryotes [183], yeast [184], chimpanzee [185], chicken [186], and genomes of 

other animals [185, 186]. The biased distribution of G4s, with a major peak centred 

around -50 bp and a minor peak between +150 bp and +300 bp, was identified in most 

warm-blooded but not in cold-blooded animals [186]. Interestingly, G4 abundance 

differences seem to correlate with different temporally grouped genes in the human 

genome, in which G4 abundance is higher in evolutionarily older genes as compared 

to younger genes [187]. All these findings have been regarded therefore as important 

evidence indicating the biological potential of G4s in the human genome.  

Besides the preferred positional distribution in the human genome, G4s also show 

different distribution based upon gene functions. Eddy et al. have analyzed all genes 

available in the human RefSeq database, and revealed the correlation between G4P 

(G4 formation potentials) and gene functions. Particularly, high G4P values were 

identified in proto-oncogenes, while low G4P values exist in tumor suppressor genes 

[188]. Perhaps the area that is most intriguing though concerns the potential for G4s 

to regulate downstream gene expression through interacting with TFs or other 

sequence-specific DNA-binding proteins. By combining the human genome G4 

search results and gene expression data from the Gene Atlas dataset, Du et al. have 

shown that the abundance of G4s in the proximal region downstream to the TSS (TSS 

~ +500 bp) are positively correlated with the gene expression level, and the 

asymmetric distribution of G4s in these regions is significant, where the coding 

strands contain much more G4s than the template strands [189]. The authors proposed 

a mechanism that abundant G4 on the coding strand may facilitate the separation of 

two strands during transcription, while the asymmetric distribution of G4 on the 

template strand reduces the probability to block the progression of RNA polymerase 

complex [189]. However, in another study combining in silico and experimental 

approaches, transcription levels of most genes with conserved G4s around TSS were 

down-regulated when treat with high concentration (100 µM) of TMPyP4 in HeLa S3 

and A549 cells [185]. Although not enough evidence could support that this is mainly 
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caused by direct interaction between G4s and the ligand, the authors postulated that 

the ligand induced formation of G4s that hinder the progression of the RNA 

polymerase II transcription bubble and abort transcription. A recent bioinformatics 

study indicated that G4 motifs are enriched within several types of gene regulatory 

regions, including binding sites for TFs, nuclease hypersensitivity sites, promoter-

linked CpG islands, insulator regions between chromosomal domains and so forth. 

The frequency of G4 DNA within these regions is significantly higher as compared to 

intergenic regions, introns or within pseudogenes [190]. In a more recent study, zinc-

finger TF binding sites were revealed to be associated with G4-forming sequences, 

which is of potential interest given the large number of zinc finger protein genes 

within the genome [191]. 

These observations further supported the rationale that G4 DNA elements may act as 

molecular switches in concert with DNA-binding proteins to control transcription and 

to respond to changes in chromatin structure or signalling mechanisms. Taken 

together, the occurrence and distribution of G4-forming sequences could be far more 

than random phenomena in the context of evolution. 

 

1.4 Methodologies for biophysical characterisation of G4 DNA* 

Biophysical properties of G4s in solution are critical to estimate and understand their 

corresponding biological significance in vitro and in vivo. Thus, a group of 

conventional and novel methods have been used to characterise the formation, 

thermodynamic properties, and kinetic behaviours of G4s in solution. 

 

1.4.1 EMSA  

EMSA (electrophoretic mobility shift assays) of G4-forming oligos in native 

polyacrylamide gels has been used to detect the formation of G4 structures for over 

20 years [18]. In native EMSA experiments, the mobility of DNA oligo is mainly 

determined by its size and charge. When two oligos have the same length, and 

therefore possessing similar charges, the relative mobility between them is dependent 

on their shapes (hydrodynamic diameter). However, in the presence of a DNA 



	
   42 

denaturing agent (urea or, less frequently, formamide), the mobility of denatured 

DNA is determined by its length, and almost completely independent on its base 

composition and sequence [192]. Thus, as compared to their linear counterparts with 

the same length, G4 structures migrate much faster in native gels due to their more 

compact structures. This technique remains the first step to prove the presence of G4 

under native conditions. This technique can also be used to separate and purify 

intermolecular G4 from intramolecular G4 structures for subsequent experiments, for 

example DMS footprinting. 

 

1.4.2 DMS footprinting 

Under alkali conditions, DMS reacts with guanine to methylate it at the N7 position, 

and subsequent piperidine treatment breaks the N9 glycosidic bond, resulting in a 

break to the DNA strand at the guanine position. This method was first introduced by 

Maxam and Gilbert as part of their chemical DNA sequencing method [193], and is 

now widely used in revealing DNA-protein interactions, as well as in probing RNA 

structures [194]. Because the N7 of guanines in G-tetrads are involved in Hoogsteen 

bonding with adjacent guanine bases, these methylation sites are therefore 

inaccessible to DMS. However, if guanines are involved in normal GC base pairing, 

or less commonly, GG base pairing, the N7 position is still reactive with DMS. 

Subsequent denaturing PAGE (polyacrylamide gel electrophoresis) alongside a DNA 

sequencing reaction can identify all guanines that are protected from or still reactive 

with DMS, and thus resolve guanines that are directly involved in G4 formation. 

Thus, DMS footprinting experiments can provide direct evidence to confirm the 

formation of G4, and reveal guanines involved in G4 formation, as has been shown in 

determining the folding pattern of HIF-1α promoter G4s, for example [162]. In some 

cases, DMS footprinting can also be used to probe different G4 structures based on 

their different loop arrangements. For example, DMS footprinting of a 28-mer G-rich 

strand from the NHE of mouse Kras promoter revealed several G4 structures with 

different loop arrangements (loop: 1:1:9, and 1:1:5) [132]. In Pu27 (a 27mer G-rich 

strand from human MYC NHEIII1 region), different guanine protection patterns from 

two intramolecular G4s with different mobility in native PAGE supported the 

proposed “basket” and “chair” models of G4 structures [28]. DMS footprinting can 
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also reveal G4 formation in plasmid in solution, or even in promoter regions in vitro. 

For example, DMS footprinting experiments on a G4-forming sequence from human 

VEGF promoter have been carried out at three different levels: a single-stranded 

oligo, a duplex contained in a supercoiled plasmid and in cells, where guanines 

involved in G4 formation but not those in flanking regions, or in the loops, are all 

strongly protected against DMS methylation [147, 148]. 

 

1.4.3 Circular dichroism  

Circular dichroism (CD) spectroscopy is also a routinely used method to investigate 

the formation and to distinguish parallel/anti-parallel and hybrid structures of G4 

DNA empirically. Although the relationship between G4 folding pattern and CD 

spectrum shape is yet to be clarified, CD spectroscopy is widely used as an empirical 

method, and CD spectra signatures have been well characterised for several G4 

structures in solution and compared with NMR or X-ray crystallography data. For 

example, CD spectra with a trough at 240nm, a major peak around 260nm, and a 

minor peak at about 212 nm represent intramolecular parallel G4 structures such as 

the G4 from the G-rich DNA oligomer (MYC Pu27-Mer) in MYC NHEIII1 region 

[195], whose structure has been resolved by NMR [109]. Similar CD spectra with an 

additional positive shoulder between 280 nm and 300 nm represent a hybrid 

parallel/anti-parallel G4 structure, such as the G4 of BCL-2 oligomer (Pu39WT) 

resolved by CD [156] and NMR [25]. The chair-type anti-parallel G4 structure has a 

CD spectrum characterised by a major positive band around 290 nm, a minor positive 

band at 246 nm, and a negative band at 265 nm, such as the G4 structure of TBA 

(thrombin binding aptamer) [196, 197], whose structure is resolved by X-ray 

crystallography and NMR [198]. Together with CD melting and UV absorbance at 

295nm, these techniques can be used to obtain many of the key stability parameters 

for G4 structures, such as Tm, ΔH, and ΔG0, especially in the human telomeric G4s 

[89, 199-201].  

 

1.4.4 Single molecule FRET 
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The smFRET (fluorescence resonance energy transfer) technique has proved to be a 

unique approach for resolving the structural heterogeneity of DNA secondary 

structures such as G4 based on the fluorescent signals from individual immobilized or 

freely diffusing molecules. FRET is the non-radiative dipole-dipole energy transfer 

from a donor fluorophore to an acceptor fluorophore when they come within 10 ~ 100 

Å of each other, and the FRET efficiency depends on the fluorophores’ spectral 

overlap, separation and orientation [202]. The relationship between efficiency of 

energy transfer and distance between donor and acceptor are described in Eq. 1.1 and 

1.2 [203].   

€ 

EFRET =
1

1+ ( R
R0
)6

    Eq. 1.1 

where R is the donor-acceptor distance, and R0 is separation at which 50 % of the 

excitation energy is transferred to the acceptor and is known as the Förster distance, 

which can be calculated as described in Eq. 1.2. 

€ 

R0 = 9.79 ×103 JϕDκ 2n−46    Eq. 1.2 

where J is the overlap integral, D is the quantum yield of the donor in the absence of 

the acceptor,  is the orientation factor, and n is the reflective index of surrounding 

media. 

smFRET by detecting freely diffusing molecules with a confocal microscope is the 

most commonly used single molecule technique in studying G4 structural 

heterogeneity, thermodynamics, and kinetics in solution. Generally, the donor and 

acceptor fluorescent intensities (Id, and Ia) will be collected from individual 

molecules, and their FRET efficiencies of individual molecules can be derived from 

Eq. 1.3 

€ 

EFRET =
Ia

Ia +γId
    Eq. 1.3 

where  is a correction factor that accounts differential detection efficiencies and 

quantum yields of the two fluorophores, which is normally assumed to be 1 in 

calculation of apparent FRET efficiency (Eapp) [204] or “proximity ratio” (P) [205]. 
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Subsequent statistical analyses applied to the FRET efficiencies of thousands of 

different molecules can reveal the structural complexity and heterogeneity, which are 

normally averaged in conventional ensemble measurements. For G4 analysis, short 

single-stranded oligonucleotides are used which are labelled with spatially separated 

donor and acceptor fluorophores. Upon folding into G4 structures, the donor and 

acceptor fluorophores are brought into close juxtaposition. The FRET efficiency 

histograms can reveal the conformational distribution of G4 structures under different 

conditions and allow the observer to follow their folding/unfolding process in real-

time (mechanism of smFRET is illustrated in Figure 1.6, single molecule techniques 

are reviewed generally in [206, 207], and specifically in G4 studies in [208, 209]). 

The most widely used smFRET instrument is composed of a laser emitter, a confocal 

microscope, serial optics, and high sensitivity APDs (avalanche photodiodes). In most 

commonly used one-photon excitation confocal microscopy setups, a collimated laser 

beam is reflected by a dichroic mirror and then passed through a confocal aperture 

(pinhole) in the microscope. The beam is then focused by the objective to a spot at the 

confocal plane in the highly diluted solution of interest (normally around 100 pM). 

The focused laser beam forms an excitation volume around the confocal plane, where 

fluorophores can be excited. Then, in the collection path, the confocal aperture rejects 

most of the fluorescent signals from the excitation volume, in order to further reduce 

the actual observation volume (blue area in Figure 1.6 [206], right, normally around 1 

fl) to make sure only one molecule is in the actual observation volume in each 

measurement. The incident laser beam will excite the donor/acceptor-labeled single 

molecule freely diffused into the actual observation volume, and the correlated 

donor/acceptor fluorescence is collected by the same objective. The relative 

intensities of the donor/acceptor fluorescence are dependent on the inter-dye 

separation. Then, collected fluorescence is further separated by bandpass filters into 

donor and acceptor fluorescence based on the wavelength, and recorded by APDs. In 

each measurement, due to the small size of the actual observation volume, low 

concentration of molecules in solution, and the short measuring time (normally 1 

millisecond), only one molecule would diffuse into the actual observation volume and 

be monitored. 
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Figure 1.6: Schematic representation of the single molecule FRET technique.  
(a) A typical experimental setup for single molecule FRET measurement, left; close-
up of the excitation and observation volume (also called confocal volume), right 
[206]; (b) A typical donor-acceptor (green and red, respectively) fluorescent signals 
trajectory observed in single molecule FRET measurement. Each spike corresponds to 
the donor and acceptor signals from an individual molecule. When donor and acceptor 
signals both exceed threshold (dashed line), it will be recorded as a valid FRET event 
and FRET efficiency from an individual molecule will then be calculated. (c) A 
typical single molecule FRET histogram revealing different subpopulations of G4 
structures based on different donor-acceptor distance. 
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G4-forming motifs from human telomere and KIT promoter have been thoroughly 

investigated by smFRET. For example, Ying et al. identified two stable folding G4 

structures with high FRET efficiencies in TMR/Cy5-labeled human telomeric G4-

forming sequences [205], and subsequent unfolding experiments determined the 

unfolding thermodynamics of telomeric G4 such as activation enthalpy and entropy of 

these G4s in the presence of complimentary C-rich oligos [205] or PNA (peptide 

nucleic acid) trap [210]. Subsequently, Green et al. measured the enthalpy and 

entropy changes of human telomeric G4 induced by a G4-binding ligand, HC 

(hemicyanine tetrapeptide conjugate), at single molecule level [211]. By using a 

modified labelling model, Lee et al. further revealed that in human telomeric G4-

forming sequence, there are two folded states and one unfolded state, all of which 

contain one short-lived and one long-lived species as being detected by single 

molecule FRET [86]. Besides human telomeric G4, KIT promoter G4s were also 

subjected to single molecule FRET investigation. For example, differences of 

unfolding dynamics and kinetics of KIT1 and KIT2 were measured and compared by 

Fegan et al., in which KIT1 was found to be less kinetically stable but more 

thermodynamically stable as compared to KIT2 [212].  

 

1.4.5 Dual luciferase reporter assays 

Since more and more interest is focused on the transcriptional and translational roles 

of G4s in the gene promoter and within the 5’ UTR of the mRNA, the dual luciferase 

reporter assay is now widely used in the study of biological consequences of G4 

DNA. By putting the firefly luciferase reporter gene under the control of the MYC 

promoter, Hurley’s group confirmed that a nuclease hypersensitive site within a 

negative regulatory element in the MYC promoter adopts a G4 structure. As discussed 

earlier, a nuclease hypersensitive site (NHE) is a short region of chromatin that can be 

cleaved by many nucleases due to having a loose nucleosomal structure compared to 

compact chromatin. A single nucleotide (G to A) substitution within this region of the 

MYC promoter could release the transcriptional repression by 3-fold by disrupting the 

G4 structure, leading to enhanced promoter-luciferase activity [28]. In contrast, the 

G4 could be stabilised in the presence of the cationic porphyrin TMPyP4, leading to 

further measurable repression of the linked luciferase reporter. Similar methods were 
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used by Balasubramanian’s group to demonstrate the translation-repressing effects of 

an RNA G4 in the 5’-UTR of the NRAS (neuroblastoma RAS viral oncogene 

homolog) proto-oncogene [213]. Such methods thus can be used to demonstrate 

transcription regulatory roles of G4s, by site-directed mutagenesis of key guanines 

residues, and to evaluate the effects of G4-binding ligands in living cells [128]. 

 

1.5 G4-binding ligands 

After a decade of investigation about its biological functions in vitro and in vivo since 

the discovery of telomeric G4, G4 DNA has attracted exceptional attention from 

nucleic acid chemists to design and synthesise novel G4-binding ligands that can 

interact efficiently and selectively with this peculiar DNA structure. So far, most G4-

binding ligands are intensively researched as potential anti-cancer agents by targeting 

cancer-related G4s, especially the human telomeric G4. Compared to the duplex-

binding ligands, G4-binding ligands can employ diverse mechanisms to interact with 

a G4 DNA, due to the polymorphic structural property of this DNA structure. The 

affinity and selectivity of G4-binding ligands to G4s rather than to other DNA forms 

are mainly achieved by the π-π stacking and electrostatic interaction, which are also 

the two main criteria in G4-binding ligand design. The large area of G-tetrad 

represents one of the most unique features of G4s as compared to other DNA forms. 

Thus, in most cases, the G4-stabilising effects are rendered by π-π stacking between 

the G-tetrad and the ligand (usually flat polyaromatic heterocycles), and the 

electrostatic interaction between positively charged ligand and negatively charged 

DNA. Although the intercalation binding mode of certain G4-binding ligands (ligand 

binds to a G4 by intercalating between G-tetrads, while the stabilising monovalent 

cations in the core of G4 are disrupted) were found in some cases [214, 215], the end-

stacking mode (ligand binds to a G4 by stacking on the external face of G4, and the 

cations in the core of G4 are not disrupted) is by far the major mechanism as proposed 

by most experimental and modelling studies. This is mainly because the energetic cost 

to disrupt the inner cations is too great to be compensated by G4-ligand π-π stacking. 

Another issue in G4-binding ligand design is its selectivity between different G4s. 

Although general guidelines are yet to be established, some examples from novel G4-

binding ligands suggest that the polymorphic features of G4 DNA can also be used as 
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recognition and binding sites for selective G4-ligand interaction. As mentioned 

previously, a G4 DNA can adopt four distinct grooves with unique geometry and 

electrostatic potential according to the combinations of syn or anti deoxyguanosine 

conformations. Furthermore, it is common that the sequences and arrangements of G4 

loops can vary among different G4s or even among G4s from the same forming motif. 

Thus, G4 loops, together with grooves, may provide specific recognition sites in 

designing G4-binding ligands that target individual G4 selectively. More recently, a 

novel strategy via targeting the central cation channel to induce and stabilise the 

folding of G4 structures by mimicking the hydrogen bonding and cation-dipole 

interactions of central monovalent cations has been proposed by Rodriguez et al. 

[216]. However, due to the structural polymorphism, dynamic features of G4s, and 

correspondingly, insufficient confirmed structural data, the design of G4-binding 

ligands with high selectivity by employing those unique structural properties of G4 

(i.e. loops, grooves, cation channel) is still mainly a trial-and-error process. So far, 

most G4-binding ligands can be grouped into several categories based on the catonic 

features and binding mechanisms, which are: (1) in situ protonated G4-binding 

ligands, (2) N-methylated aromatic G4-binding ligands, (3) metallo-organic G4-

binding ligands, (4) neutral G4-binding ligands, and (5) peptide-nucleic acids (PNA) 

as G4-binding ligands. Individual examples will be given in the following section. 

 

1.5.1 In situ protonated G4-binding ligands 

Dated from the late 1990s, this group of G4-binding ligands is based on the strategy 

that a flat aromatic plane is involved in π-π stacking with G-tetrads, and the 

protonated sidearms retains water solubility. The compound 2,6-

diamidoanthraquinone (Figure 1.7), designed together in Neidle’s and Hurley’s 

groups, is the first non-nucleoside, small molecule inhibitor that exhibits human 

telomerase inhibition effects by interacting with human telomeric G4 (telEC50 = 23 

µM, determined by a PCR-based amplification of the telomerase primer extension) 

[217]. Subsequently, a group of 1,4- and 2,6-disubstituted amidoanthracene-9, 10-

dione derivatives and 3,6-disubstituted acridine chromophore derivatives have been 

synthesised as potential telomerase inhibitors (minimum telEC50: 1.3 µM, determined 

by modified telomeric repeat amplification assays, TRAP) [218-220]. Although the 
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selectivity between G4 and duplex restricted further biological application of these 

ligands, the original strategy has been proved to be promising and various 

modifications have been followed subsequently. The compound 3,6-bis-[3-

pyrrolidino-propionamide] acridine (BSU6039, telEC50 = 5.2 µM [220], Figure 1.7) 

generated in previous studies was of particular interest once the crystal structure of 

this ligand with a bimolecular G4 was resolved [214]. The structure showed that the 

acridine moiety of the ligand formed a π-π stacking with the end G-tetrad, and 

specific hydrogen bonds with thymines in one loop [214]. More interestingly, both 

protonated sidearms of the ligand were shown to position close to the grooves of the 

G4, and this electrostatic interaction via hydrogen bonds provides further stabilising 

effects [214]. In accordance with the structural data, a series of 3,6,9-trisubstituted 

acridine inhibitors derived from BSU6039 have shown dramatically improved 

performance due to an extra protonated sidearm interacting with an extra groove 

[221-223]. Among these three-armed acridine derivatives, BRACO-19 (Figure 1.7) 

has attracted much attention, as it dramatically stabilises the humane telomeric G4 

(∆Tm ~ 20ºC, FRET), binds selectively to G4 DNA rather than duplex DNA (~ 30 

times more specific), and significantly inhibits telomerase activity (telEC50 ~ 100 nM, 

TRAP) [221, 222, 224]. Various in vivo investigations have also demonstrated the 

potential of BRACO-19 as an inhibitor of cancer cell proliferation [223, 225, 226]. Its 

main biopharmaceutical limitation is the poor cell permeability [227]. In an effort to 

overcome this, the aniline group at 9-amino substituent in BRACO-19 was replaced 

by a difluorobenzylamine group, known as compound AS1410 subsequently (Figure 

1.7). This modification leads to improved lipophilicity and more favourable ∆Tm (~ 

28ºC, FRET) and telEC50 (30 nM, TRAP) as compared to the parent ligand BRACO-

19 [228]. More recently, a group of tetrapeptide conjugates derived from BSU6039 

and BRACO-19 (3,6-bis peptide acridines) have been reported to bind to G4s more 

tightly and selectively as compared to duplex DNA, and even among different G4s 

[229, 230].  
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Figure 1.7: Cationic G4-binding ligands with in situ protonation.  
(Structures of ligands were taken from references [217, 228, 231-235]) 

 

Besides their end-stacking mode, G4-binding ligands can also interact with G4s via 

grooves. The polypyrrole ligand distamycin A (Figure 1.7) has been identified as a 

DNA binder targeting the minor groove of dA•dT base pairs in duplex DNA [236]. 1H 
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NMR spectroscopy and isothermal titration calorimetry (ICT) studies have revealed 

that the distamycin A is able to bind to two opposite grooves of parallel G4 

[d(TGGGGT)]4 in a dimeric anti-parallel fashion with a stoichiometry ration of 4:1 

[231, 232]. Inhibited telomerase activity and cell proliferation, and induced apoptosis 

were found in various cancerous cell lines when exposed to a distamycin derivative 

MEN 10716 [237]. Another dicationic derivative of distamycin A was reported as a 

groove binder with a ligand-G4 ration of 2:1 with improved affinity (Kb ~ 1.9 × 106 

M-1) and selectivity between G4 and duplex DNA [238]. More recently, a scissors-

shaped binaphthyl derivative (NPA, Figure 1.7) has been found to be a potential 

telomerase inhibitor by placing its ethoxy chains along with the G4 grooves, although 

its selectivity and stabilising effects need to be further optimised (∆Tm < 10 ºC, 

FRET) [233]. These groove binders suggest a new strategy in designing of G4-

binding ligands. Another trend now emerging in G4-binding ligand design is to target 

multiple structural characteristics (i.e. large G-tetrad, loops, grooves) of G4s to 

increase the ligand selectivity. For example, the neomycin capped quinacridine series 

(NCQ, Figure 1.7) binds to the G-tetrad with its flexible pentacyclic quinacridine 

moiety, and interact with loops with its neomycin motif [239]. Although the 

stabilising and telomerase inhibition effects of NCQ (∆Tm = 14ºC, FRET; telEC50 ~ 

200 nM, TRAP) are not as good as another pentacyclic quinacridine derivative 

(MMQ3, Figure 1.7, ∆Tm ~ 20ºC, FRET; telEC50 ~ 28 nM, TRAP [240]), NCQ 

exhibits a much better selectivity for the loop-containing G4 [239]. This strategy was 

further followed and has led to the neomycin-perylene conjugate linking two 

neomycin units to a perylene diimide unit. This compound stacks at the end of human 

telomeric G4 and interacts with thymine bases in the loops by its perylene moiety, and 

two neomycin groups insert into the grooves of the G4, although further modification 

is needed to increase its stabilising ability (∆Tm = 6 ºC, 1 µM, UV [241]). The 

oxazole-based peptide macrocycles (Figure 1.7), designed in Balasubramanian’s 

group, interact with G4s in a similar mechanism. The trioxazole macrocyles with 

three groove-interacting protonated methylamine arms (-(CH2)4NH2) was found to 

preferentially bind to and stabilise the KIT G4s as compared to the human telomeric 

G4 (∆Tm kit = 10.8ºC, ∆Tm tel = 5.2ºC, 1 µM, FRET) [234, 242]. Several G4-binding 

ligands derived from macrocyclic oligoamides scaffold have been proved to be highly 

selective to human telomeric G4s, especially the planar trimeric macrocyclic 
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oligoamide of 8-amino-2-quinoline carboxylic acid, which stabilises human telomeric 

G4 more strongly than telomestatin [242, 243].  

In addition, another G4 structural element, the central cation channel, has been proved 

to be a potential target in ligand design. Rodriguez et al. have designed an anthracene-

derived ligand, which induces folding of parallel human telomeric G4 in the absence 

of cations by hydrogen bonding and cation-dipole interactions by mimicking the 

central K+ ions [216].  

As seem in above examples, this group of ligands are normally composed of a planar 

heteroaromatic moiety and a range of different types of substituent sidearms, such as 

amines [128, 244, 245], and peptides [228, 229]. Although still at very early stage, 

these compounds proved the strategy to design selective ligands for a particular G4 by 

targeting multiple structural elements when structural data are available (i.e., loop 

composition and arrangement, groove dimensions).  

 

1.5.2 N-methylated aromatic G4-binding ligands 

This group of ligands are normally quaternized on nitrogen atoms in the aromatic 

ring, which can increase their water solubility without addition of sidearms, and 

enhance the π-π stacking due to reduced electron repulsion. The classical example is 

the tetracatonic porphyrin TMPyP4 and its derivatives. TMPyP4 (Figure 1.8) can 

interact with G4s through diverse modes. For example, it can stack on the top of 

MYC G4 [246], intercalate between G-tetrads in inter- and intramolecular G4s [215, 

247], or even stack onto the TTA loop of human telomeric G4 through hydrogen 

bonds without contact with G-tetrad [248]. The diverse binding modes of TMPyP4 

may explain its non-selective binding to almost all G4 structures. Due to this property, 

TMPyP4 has been widely used in biophysical and biological studies about G4s. 

Several G4-binding ligands are derived from the tetracatonic macrocycles, such as 

TMPyPz and Se2SAP. Due to more extended porphyrazine moiety, which may 

completely overlap the G-tetrad, TMPyPz (Figure 1.8) exhibits much improved 

affinity (Kd = 0.2 ± 0.02 µM, UV-Vis) and selectivity (> 30-fold G4 over duplex 

DNA, SPR) to human telomeric G4 as compared to TMPyP4 (Kd = 14 µM, UV-Vis 

[215]) [249]. Se2SAP (Figure 1.8) is a core-modified expanded porphyrin analogue 
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Se2SAP	
  

TMPyP4	
   3,4-TMPyPz	
  

RHPS4	
  

that binds to G4s more strongly and more selectively (~ 50-fold G4 over duplex 

DNA, SPR) as compared to TMPyP4 [250]. Furthermore, Se2SAP can convert 

parallel MYC G4 and anti-parallel human telomeric G4 into a hybrid of parallel/anti-

parallel G4 upon binding [250, 251], which indicated its potential to discriminate 

different G4s based on their different structures. Besides porphyrin derivatives, 

several quaternized small molecules have also been found to be promising G-binding 

ligands, such as RHPS4. Reported in 2000 by Stevens’ group, RHPS4 (Figure 1.8) 

was selected from a series of tetra- and pentacyclic acridine molecules, which 

exhibited inhibitory effects to various cancerous cell lines in vitro [252]. 

Subsequently, RHPS4 was determined to be a potent telomerase inhibitor (telEC50 ~ 

300 nM, TRAP) [253]. NMR study showed that this ligand can stack on the external 

G-tetrads of parallel human telomeric G4 d(TTAGGGT)4 [254]. A variety of in vitro 

studies determined its favourable pharmaceutical properties (i.e. fast cellular uptake, 

condensation in nucleus), which further confirmed it as a potent telomerase inhibitor 

[255, 256]. 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.8: Cationic G4-binding ligands with N-methylation.  
(Structures of ligands were taken from references [235]) 
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1.5.3 Metallo-organic G4-binding ligands 

An alternative approach to develop efficient G4-binding ligands is to insert metallo-

organic complexes either in the centre of π-π stacking planar cores, or as sidearms. In 

the first case, the π-π stacking between the organic planar core and G-tetrad could 

position the central metal atom of the ligand over the cation channel of the G4, which 

optimises stacking. On the other hand, the positive charge of the metal atoms in the 

sidearms of these ligands can form strong interactions with nearby G4 loops or 

grooves, which further enhance their performance as G4 stabilisers. The first group of 

metallo-organic G4-binding ligands were derived from the TMPyP4, in which a metal 

atom, such as Cu [257, 258], Mn, or Ni [259, 260], was inserted in the central cavity 

of this tetracatonic porphyrin. Although these ligands only showed modest telomerase 

inhibition ability (telEC50 ≥ 5 µM, TRAP [259]), subsequent modification dramatically 

improved their performance. For example, by attaching four sidearms to the aromatic 

core of Mn(III)-phorphyrin (Figure 1.9), the new ligands can bind to human telomeric 

G4 strongly and selectively (telEC50 = 580 nM, TRAP; 104-fold binding to G4 over 

duplex DNA), which is believed to be caused by π-π stacking between the organic 

planar core and the external G-tetrad, electrostatic interactions between the central 

Mn(III) ion and the carbonyl oxygens of guanine bases, and interaction between 

flexible cationic sidearms and G4 grooves and loops [261].  

Since most G4-binding ligands described previously stabilise the human telomeric G4 

via weak, reversible non-covalent interactions, another advantage of these metallo-

organic ligands, especially platinum-complexed ligands, is to form covalent linkage 

with telomeric G4 and thus irreversibly stabilise it. By attaching a metal complex 

moiety to the central aromatic core of metallo-organic ligand, a novel platinum-

quinacridine hybrid Pt-MPQ (Figure 1.9), comprising of a platinum moiety and a 

pentacyclic quinacridine G4-binding ligand MPQ, has been reported to dramatically 

stabilise the anti-parallel human telomeric G4, even under denaturing conditions. This 

interaction is proposed to be driven by stacking of MPQ and platinum moieties on 

opposite external G-treads, which preferentially platinate the G2/G22 residues [262]. 

Another cytotoxic platinum-acridine conjugate, PT-ACRAMTU (Figure 1.9), can 

bind to human telomeric G4 by its acridine moiety via π-π stacking, and platinate the 

N7 of adenine in the TTA loop by its platinum moiety [263], and thus cause 

irreversible trapping of the human telomeric G4.  
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Figure 1.9: Metallo-organic G4-binding ligands.  
(Structures of ligands were taken from references [261, 263-265]) 

 

A group of simple synthetic ligands containing metal ions in the centre of planar core 

have been reported recently, and soon attracted much attention due to their easy 

synthesis and more importantly, promising performance. For example, two 

alkylamine-substituted nickel(II)-salphen complexes (Figure 1.9) has been reported to 

dramatically stabilise human telomeric G4 in solution (∆Tm tel ~ 33ºC, 1 µM, FRET; 
telEC50 ~ 120 nM, TRAP ) with high selectivity (50-fold binding to G4 over duplex 

DNA) [265]. More recently, a family of terpyridine metallo-organic complexes 

containing Cu, Pt, Zn, and Ru have been designed and investigated, among which the 
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Cu-ttpy complex (Figure 1.9) exhibited best features. The Cu-ttpy, the product of a 

remarkably simple one-step synthesis process, has the strongest affinity and 

selectivity for G4s (∆Tm tel = 16ºC, 1 µM, FRET; 22-fold binding to G4 over duplex 

DNA, FID) [264]. X-ray and modelling studies shows that the Cu2+ ion is important 

in offering the good performance of Cu-ttpy by perfectly stacking on the external G-

tetrad, placing Cu2+ metal over the cation channel of G4, and impeding interaction 

with duplex DNA by a pyramid shape of Cu(NO3)2 [264]. Although its performance 

is not as good as Cu-ttpy, the Pt-ttpy has attracted further investigation due to its 

selective covalent linking properties [266]. Based on the Cu- and Pt-ttpy complexes, 

Vilar’s group has designed dimetallic complexes, in which the second metal is 

coordinated to a dipicolyl amine linked to terpyridine by a three-atom spacer [267]. 

These dimetallic complexes show significantly improved selectivity as compared to 

the monometallic complexes reported previously (over 100-fold G4/duplex DNA for 

dicopper complex). The authors proposed that as compared to the monometallic 

complexes, the dimetallic substituent can further interact with DNA’s backbone by 

electrostatic/metal-phosphate interactions [267]. 

 

1.5.4 Neutral macrocyclic G4-binding ligands 

The most important G4-binding ligand in this category is the telomestatin (Figure 

1.10), a polyheteroaromatic 24-membered ring molecule. Since its isolation from 

Streptomyces anulatus 3533-SV4 in 2001 by Shin-ya et al. [268], it has been studied 

extensively mainly due to its exceptional properties, such as great stabilisation effect 

(∆Tm tel = 24ºC), high selectivity to human telomeric G4 (> 70-fold, [269]), and strong 

telomerase inhibition (telEC50 ~ 5 nM, [268]). This high efficiency of telomestatin is 

believed to be related to its perfect overlap with G-tetrad when forming π-π stacking, 

and the absence of significant groove interaction could further enhance its selectivity 

[270]. Due to these in solution observations, telomestatin was subject to various in 

vitro studies. For example, short-term and long-term treatment of telomestatin in 

different cancerous cell lines can induce telomere shortening and a growth arrest 

[271], inhibit the telomere maintenance, and cause apoptosis [272]. Following studies 

showed that telomestatin exerts its anti-cancer ability not only by inhibiting telomere 

elongation, but also through the uncapping of proteins, such as TRF2 [273], POT1 



	
   58 

Telomestatin	
   R = CH(CH3)2 : HXDV	
  

TOxaPy	
  

[101, 274], in the shelterin complex. One main drawback of this ligand is the 

difficulties in its synthesis, which requires an arduous multistep synthetic pathway 

[275], although some optimised methods have been reported [276, 277]. Meanwhile, 

the impressive anti-cancer activity of telomestatin has prompted efforts to develop 

oxazole-containing macrocyclic analogues (Figure 1.10), such as HXDV [278, 279], 

TOxaPy [280], and so on. 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Neutral macrocyclic G4-binding ligands.  
(Structures of ligands were taken from references [263, 280]) 

 

1.5.5 Novel methods to synthesise G4-binding ligands 

Although most G4-binding ligands have been obtained by following traditional 

approaches of drug discovery, i.e. structure activity relationship (SAR), due to the 

insufficient structural data and their extreme dynamic properties of G4s, more 

efficient drug discovery rationale are needed. This can be potentially addressed by 

novel, high throughput approaches such as click chemistry, and dynamic 

combinatorial chemistry. Click chemistry (CC), first introduced by Sharpless et al. in 

2001, describes a chemistry approach that generates large oligomers by joining small, 
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simple units together through carbon-heteroatom links [281, 282]. By following this 

powerful strategy, diverse drug-like compounds have been synthesised (reviewed in 

[281, 283, 284]), including G4-binding compounds with anti-cancer potential. For 

example, by using click chemistry employing the Cu(I)-catalyzed Huisgen reaction, a 

new class of ligands with non-polycyclic pharmacophore containing 1,4-triazole units 

have been prepared, which show promising G4-stabilising effects, affinity and 

selectivity [285, 286]. Compared to the CC approaches, which generate different G-

tetrad-interacting core structures, the dynamic combinatorial chemistry (DCC) 

approaches are mainly focused on introducing different sidearms to a core structure in 

order to screen and optimise the binding properties of ligands to G4s. For example, by 

using partial combinatorial selection of tetrapeptides conjugated to a hemicyanine 

core (HC), Schouten et al. successfully synthesised a new class of G4-binding ligands 

with high affinity and selectivity [287]. Subsequently, they synthesised a group of 

ligands based on an oxazole-based peptide macrocycle core platform, together with 

libraries of side chains, which further proved DCC as a powerful approach in G4-

binding ligands design in the absence of detailed G4 structural data [245].  

In summary, discriminating and targeting specific G4s via small synthetic G4-binding 

ligands is still very challenging at present, which is due to: (1) structural 

polymorphism and dynamic properties of G4s, (2) similar major recognition sites (G-

tetrad) in G4s, (3) limited precise structural data of G4s available, (4) weak 

abundance and instability of G4s in the human genome as compared to duplex DNA, 

(5) inaccessibility (unable to form) when bound up in chromatin, (6) obstacles in 

synthesis of natural G4-binding ligands, and (7) poor pharmaceutical properties of 

some synthetic compounds. Furthermore, as has been illustrated recently, anti-cancer 

mechanisms of G4-binding ligands targeting human telomeric G4s are found to be 

much more complicated than simply binding to telomeres and inhibiting telomerase 

activity (reviewed in [71, 288], and critically discussed in [103]). However, as more 

and more design rationales and synthesis approaches are being explored, 

combinations of recognition sites of G4s (G-tetrads, grooves, loops, cation channels, 

etc.) are being tested and investigated, and diverse in vitro and in vivo experimental 

models are being established, cellular and molecular principles that may guide 

synthesis of G4-binding ligands with high affinity, selectivity (between G4 and 
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duplex DNA, and even among different G4s), and good biological behaviours in vivo 

are possible in the close collaboration between chemists and biologists. 

 

1.6 Off-target effects vs. multi-targeting effects 

The correlations between G4s and gene functions, the roles of promoter G4s in 

regulating expression of oncoproteins, and the importance of telomeric G4 in 

maintaining telomere stability have been thoroughly investigated in recent decades, 

which leads to the application of several G4-binding ligands as potential anti-cancer 

drugs (as discussed in Section 1.5, and reviewed in [71, 235, 289]). As mentioned 

earlier, there are indeed some encouraging successes in designing specific G4-binding 

ligands, such as Mn(III) porphyrin (104-fold, G4 vs. duplex DNA) [261], and 

dimetallic terpyridine-based ligand (over 100-fold) [267]. Furthermore, the potential 

of these ligands is further strengthened by the accumulating evidence indicating the 

existence of G4 in vivo, such as G4-induced guanine-protection revealed by in vitro 

DMS footprinting [147, 148], and the telomeric G4 in the macronucleus of ciliated 

protozoa [93] (reviewed in [72]). However, although it becomes clear that G4 is 

functioning in living cells, discriminating and targeting specific G4s via small 

synthetic ligands (i.e. selectivity of G4-binding ligands) is still very challenging. At 

present, the selectivity (G4 vs. duplex) of most ligands is within the range between 

10- and 100-fold (reviewed in [235]), while even fewer ligands have been reported to 

exert satisfactory selectivity between different G4s. 

Thus, when taking into account the instability of G4s that occur transiently in the 

human genome, their much lower abundance as compared to adjacent duplex DNA, 

and the structural similarity between different G4s, G4-binding ligands with ideal 

selectivity and affinity to a particular G4 structure would be extremely difficult to 

achieve, and off-target effects are inevitable. Off-target effects have limited the 

therapeutic potential of these ligands in vivo. On the other hand, off-target effects may 

lead to multi-targeting effects in some cases, which in turn become advantageous for 

G4-binding ligands, and may enhance their therapeutic potential in some cases. For 

instance, a small G4-binding ligand, the naphthalene diimide derivative 1, has been 

shown to inhibit GIST cell growth by targeting two G4s: (1) it stabilises the KIT 

promoter G4s and down-regulates KIT expression level; and (2) it stabilises telomeric 
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G4s, disrupts shelterin complex, and efficiently arrests tumor cell proliferation (GIST) 

[290]. In another example, a ligand from the 2,4,6-­‐triamino-­‐1,3,5-­‐triazine derivatives 

series, ligand 12459, was found to stabilise telomeric G4 (inhibit telomerase activity 

in TRAP assays), and hence induce cell senescence [291, 292]. However, subsequent 

in cell studies revealed that this ligands can alter the hTERT splicing pattern, and 

induce over-expression of -β hTERT (inactive hTERT form) by targeting G4-forming 

sequences in the intron six of -β hTERT transcript, which results in inhibition of 

telomerase activity [293]. Furthermore, the G4-binding fluoroquinolone derivative 

Quarfloxin (CX-3543), which was optimised and selected to specifically bind to MYC 

promoter G4, can repress up to 85 % of MYC gene transcription in tumor tissues 

(reviewed [294]). Later, the anti-cancer activity of this ligand was found to involve 

inhibiting rRNA (ribosomal RNA) biogenesis by targeting G4s in the rDNA 

(ribosomal DNA), and selectively disrupting nucleolin/rDNA G4 complexes [295]. 

Besides these limited examples, several pieces of evidence also imply that targeting 

multiple similar G4s in a particular pathway are feasible. Firstly, evidence from 

bioinformatics studies suggests that G4-forming sequences correlate with gene 

functions. For example, G4 abundance is higher in proto-oncogenes than that in tumor 

suppressor genes [188]. Secondly, composition of G4-forming sequences also shows 

certain level of conservation in a gene function-related pattern. For example, in 

cancer-related genes, promoter G4s have similar composition (G3N1-3G3N2-9G3N1G3) 

[296]. Furthermore, most of promoter G4s identified in cancer-related genes all act as 

repressors, and their stabilisation by synthetic ligands can inhibit downstream gene 

expression, such as those identified in MYC [28, 111], KIT [290], KRAS [132, 136], 

PDGF-A [140] and VEGF [146]. Last but not least, structural dynamics property of 

G4s can also be used in designing ligands that efficiently interact with multiple G4s. 

Most G4-forming sequences are able to adopt several different structures that are in 

equilibrium. Due to this dynamic property of G4s, it is very likely that different G4-

forming sequences may adopt similar structures (i.e. parallel, anti-parallel, etc.). Thus, 

certain G4-binding ligands can recognize similar sites (G-tetrads, or long loops) of 

these G4s even though they are formed by different G4-forming sequences, and 

preferentially stabilise them. For example, Se2SAP can convert parallel MYC G4 

(less biologically relevant [28]) and anti-parallel human telomeric G4 into a hybrid of 

parallel/anti-parallel G4 upon binding [250, 251]. This structurally selective binding 

property of G4-binding ligands is worth further investigation, since stabilisation of 
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both biologically-related and unrelated G4s can both impede downstream gene 

transcription in proto-oncogenes. Thus, it is feasible to group G4s in promoters of 

genes with similar functions, or more precisely, those involved in the same or related 

pathways, and characterise their structural similarities, which can be used to guide the 

design of multi-targeting G4-binding ligands. 

 

1.7 G4 in the heart* 

Early bioinformatics studies clearly indicated that G4s are widely distributed in the 

human genome [17, 179-182]. However, up to date, almost all G4 researches have 

been focussed on their potential anti-cancer activities, such as telomeric G4 and 

promoter G4s in proto-oncogenes. Moreover, extensive studies towards these cancer-

related G4s also have contributed great knowledge in this field, which have 

established the fundamentals to investigate the role of G4s in other genes, such as 

those involved in regulating cardiac functions. Since possible biological functions of 

G4s have been identified in some heart-related genes, such as PDGF-A, VEGF-A and 

HIF-1α, G4 research also has relevance to cardiovascular science. There are several 

points of interest about G4s and cardiovascular gene regulation. 

 

1.7.1 G4s in the pPu/pPy regions 

The first point is the transcription regulation function of G4s identified in the pPu/pPy 

regions or GC-rich regions of several gene promoters, such as PDGF-A, VEGF-A and 

HIF-1α.   

The PDGF family is a group of multifunctional proteins composed of four different 

isoforms, PDGF-A, -B, -C, and -D. PDGF family members are key players in the 

regulation of embryonic development, angiogenesis, and in promoting cell 

differentiation and proliferation, while excessive expression of PDGFs has been 

associated with diverse human disorders, including atherosclerosis, balloon injury-

induced restenosis, pulmonary hypertension, organ fibrosis and tumorigenesis 

(reviewed in [297]). From a cardiovascular perspective, PDGF-A and its receptor 

PDGFRα (platelet-derived growth factor receptor α) are particularly important in 
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hypertension, atrial fibrillation and chronic rejection of cardiac allografts. For 

example, in angiotensin II-treated rat models, increased mRNA and protein levels of 

PGDF-A correlated with blood pressure and arterial wall hypertrophy, suggesting the 

direct roles of elevated blood pressure and production of PDGF-A in progression of 

vascular hypertrophy [298, 299]. More recently, arterial smooth muscle cells were 

found to be responsive to pro-proliferative effects of PDGF-AA, a homodimer of 

PGDF-A [300]. Liao et al. found that administration of PDGF-AA can increase the 

susceptibility to atrial fibrosis and artrial fibrillation in normal mouse hearts, whereas 

neutralizing PDGFR-α by specific antibody could attenuate the susceptibility in a 

pressure-overloaded model of heart failure [301]. Furthermore, PDGF-A, together 

with PDGF-C and -D, are involved in mediating profibrotic and proarteriosclerotic 

effects in rejection of rat cardiac allografts [302]. 

The VEGF family is a group of pluripotent cytokines that includes VEGF-A, -B, -C, -

D, -E, and placenta growth factor. These factors bind to tyrosine kinase receptors 

VEGFR-1, -2, and -3 [303, 304]. VEGF-A is conventionally known as a critical 

mediator of angiogenesis during development and in collateral vessel formation in the 

adult, while more recently, alternative-splicing isoforms of VEGF-A were found to be 

anti-angiogenic (reviewed in [305]). Expression of VEGF-A protein is correlated with 

neovascularization in animal models [306], and can be up-regulated by hypoxia [307]. 

A particular interest has been their potential manipulation in order to regulate the 

formation of de novo blood vessels in the infarcted myocardium and for the 

vascularization of stem cell or other tissue-engineered patches for clinical repair 

[308].  

HIF-1 is a heterodimeric TF that can sense hypoxia stress in myocardium. HIF-1 is 

composed of two subunits encoded by separate genes: HIF-1α, and HIF-1β. HIF-1β is 

constitutively expressed in myocardium under normoxic and hypoxia conditions, 

while HIF-1α level is usually very low under normoxic conditions but is rapidly up-

regulated in response to hypoxia [309]. Under normoxia conditions, HIF-1α protein is 

rapidly degraded by the p53-dependent ubiquitin-proteasomal pathway [310]. 

However, in the presence of hypoxic stress, HIF-1α protein is rapidly accumulated 

due to the arrest of proteasomal-mediated degradation. The elevated level of HIF-1α 

allows the formation of functional HIF-1 dimers [310]. The functional HIF-1 dimers 

bind to their gene targets and subsequently recruit multiple transcriptional co-
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activators via the HIF-1α subunit. The role of HIF-1α in neovascularisation associated 

with tumor development and cardiac hypertrophy has been studied in detail. 

Neovascularisation is essential in the process of the tumor development to support 

excessive tissue growth. In tumor angiogenesis, the expression of p53 has been found 

to inversely correlate with levels of HIF-1α and VEGF isoforms, both of which are 

critical components in angiogenesis [310]. It is well known that myocardial 

hypertrophic growth is initially compensatory (“physiological hypertrophy”) but can 

decline into a pathological hypertrophy rapidly, which leads to impaired cardiac 

functions. It has been proposed recently that the extent of coronary angiogenesis 

determines the process of the hypertrophic heart declining into a pathological 

phenotype and heart failure [311]. In the process of angiogenesis, HIF-1 has been 

shown to regulate diverse angiogenic factors such as VEGFs and their receptors 

(reviewed in [312]).  

These studies indicate that the PDGF, VEGF and HIF-1α genes could be potential 

targets in regulating vascular and cardiac functions, while G4s identified in the 

pPu/pPy regions in the promoters of these genes could also be attractive. 

As mentioned previously, G4-forming sequences that are able to adopt G4 structures 

have been identified in the GC-rich NHE region in the promoter of PDGF-A [139], 

pPu/pPy regions in promoters of VEGF-A [145, 147, 148] and HIF-1α [162], while all 

these regions are critical in regulating downstream gene expression. Furthermore, 

repressor-like functions of G4s have been proved in cell models by stabilising them 

via G4-binding ligands [140, 146]. Several studies have shown that the pPu/pPy 

region of VEGF can adopt compact G4 structures in supercoiled plasmids and 

chromatins as determined by nuclease hypersensitivity assays, in solution and in vitro 

DMS footprinting, and chromatin immunoprecipitation (ChIP) experiments [145, 

147]. In particular, ChIP experiments revealed that both G4-containing pPu/pPy 

regions from the VEGF and HIF1-α promoters were able to interact with RNA 

polymerase II, the Sp1 TF and nucleolin [147]. Nucleolin, which can bind G4s with a 

nanomolar-range dissociation constant [313, 314], is an abundant nucleolar protein 

involved in chromatin remodelling [315], while chromatin remodeling is the first step 

in regulating cardiac development (reviewed in [316]). On the other hand, pPu/pPy 

tracts, which may potentially adopt G4 structures, tend to be over-represented in the 

proximal promoter regions of many mammalian genes that lack a TATA-box, 
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including VEGF, HIF-1α, EGFR (epidermal growth factor receptor), TGF-β 

(transforming growth factor beta), MYC, KRAS, and PDGF-A [317, 318]. Putting all 

the evidence together, it is possible that G4-mediated mechanisms are involved in 

regulating the expression of genes involved in cardiac function, and thus may provide 

specific targets in order to manipulate transcription to an activating or repressing 

scenario, as appropriate. 

 

1.7.2 Regulatory roles of G4s at RNA level 

Another point of interest is the regulatory roles of G4s at the RNA level. The searches 

for the mechanisms that are responsible for the physiological and pathological 

processes of heart have been exhaustive. Now, rather than governed by few key 

proteins, it is known that these mechanisms are much more complicated than 

previously expected, and that cardiac functions are regulated at several different 

levels, including at the mRNA level. VEGF-A has long been regarded as a family of 

pro-angiogenic and pro-permeability vasodilator peptides, while the discovery of anti-

angiogenic splice isoforms of VEGF-Axxxb family in recent years has lead to a total 

re-evaluation of VEGF-A biology. For example, VEGF-A165 was found to chronically 

increase vascular permeability in vivo [319], stimulate angiogenesis in vivo [320], and 

mediate pathological retinal neovascularization in vivo [321]. However, an isoform 

with an alternative splice-site selection in exon 8, the VEGF-A165b variant, was found 

to inhibit these pro-angiogenic effects mediated by VEGF-A165 [322-324]. So far, 14 

subtypes of VEGF-A with diverse biological functions derived from alternative 

splicing have been revealed (reviewed in [305, 325]), which reflects the complexity 

and importance of regulation at the mRNA level in this cardiac function-related gene. 

Besides alternative splicing, recent studies have also revealed a potentially important 

role for a family of tiny regulatory RNAs, known as microRNA (miR) in controlling 

various aspects of cardiac functions in physiological and pathological conditions. For 

example, Rooij and colleagues found that miR-23a, miR-23b, miR-24, miR-195, and 

miR-214 were over-expressed in the progression of cardiac hypertrophy, and in vitro 

studies showed that they are able to provoke cardiac hypertrophy in neonatal 

cardiomyocytes models [326]. In the same study, the authors also found that some 

other microRNAs, such as miR-150 and-181b, were down-regulated in the same 
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hypertrophic model, which can reduce cardiac myocyte size when transfected into 

cells [326]. Although their mechanisms are still unclear, there is emerging evidence 

showing important roles of these microRNAs in regulating expression of diverse 

genes that govern heart functions (reviewed in [327, 328]). All these results indicate 

the importance of regulation at the mRNA level in cardiac function-related genes. 

As compared to DNA G4s, although considerably fewer studies have been reported 

towards RNA G4s, it does not mean that RNA G4s are irrelevant in biological 

processes. In fact, G4s are believed to be more preferred at RNA level for some 

reasons. Firstly, RNA G4 is generally more stable than DNA G4. For example, Sacca 

et al. found that the substitution of thymine with uracil results in a moderate or strong 

stabilisation of G4 structures, although the effects of substitution of 2’-H of the sugar 

moiety with a hydroxy group are complicated [329]. Another systematic study 

showed that RNA G4s are more thermodynamically stable than corresponding DNA 

G4s [330]. Secondly, as a single-stranded structure, formation of RNA G4 does not 

need to compete with adjacent duplex, or to overcome the chromatin unfolding. 

Together with the evidence showing that almost all single-stranded G4-forming 

sequences can readily adopt G4 structures under near-physiological conditions, it is 

reasonable to assume that much less stringent conditions are needed for the formation 

of RNA G4s. There is accumulating evidence supporting the notion of biological 

importance of RNA G4s. 

As mentioned previously, bioinformatics studies have revealed the accumulation of 

G4-forming sequences in the 5’-UTR, 3’-UTR, and the first introns in pre-mRNAs 

[181, 182], which are important in regulating RNA transcription, processing, and 

protein translation. Furthermore, G4-forming sequences are also widely identified 

around RNA processing sites and in mature mRNA. Kostadinov et al. established a 

G-Rich Sequence Database (GRSDB) from 1,310 human and mouse genes, in which 

14.3 % RNA G4-forming sequences were identified around alternative splicing sites 

[331]. While in a model plant species Arabidopsis thaliana, ~ 43,000 G2 (G4 with two 

G-tetrads) RNA G4-forming sequences were identified, in which 80 % of them were 

located in genetic regions suggesting the prevalence of G4 formation in mature 

mRNA [332]. Besides bioinformatics studies, emerging in vitro observations also 

indicated that RNA G4s are involved in regulating gene expression. In 2007, 

Balasubramanian’s group showed that a conserved G4 formed in the 5’-UTR of the 
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NRAS proto-oncogene mRNA can down-regulate translation with and without G4-

binding ligand in a cell-free translation system [213, 333]. The authors proposed a 

mechanism in which the formation of G4 in the 5’-UTR of mRNA can block the 

progression of the ribosomal complex, and thus down-regulate translation. Indeed, 

subsequent studies showed that mRNA 5’-UTR G4s identified in a variety of genes 

all down-regulate translation, such as those identified in BCL-2, ZIC-1 (Zic family 

member 1), and TRF-2, for example (reviewed in [334]). Besides the 5’-UTR, G4s 

are also found around alternative splicing sites, and are involved in processes of 

alternative splicing. For example, as mentioned previously, the stabilisation of RNA 

G4s by ligand in the intron 6 of hTERT lead to the production of inactive -β hTERT 

transcript via impeding the splicing machinery [293]. More recently, Marcel et al. 

showed that the destabilisation and stabilisation of an RNA G4 in the intron 3 of a 

pre-mRNA of tumor suppressor gene TP53 can lead to distinct alternative splicing 

isoforms [335]. Interestingly, several RNA G4s located downstream to the P53 

cleavage site were found to be critical in maintaining P53 pre-mRNA 3’ processing 

under stress conditions [336]. Meanwhile, VEGF-A is extremely rich in G4-forming 

sequences in both introns and exons, and it would be intriguing to investigate if RNA 

G4 is also involved in the alternative splicing of this gene under different stresses that 

may induce cardiac hypertrophy. Although the detailed mechanism is yet to be fully 

investigated, all these studies indicate that RNA G4s are no less likely to occur, or no 

less important than DNA G4s. 

 

1.7.3 Interaction of G4s with TFs 

Another aspect of G4 functions is the interaction of G4s with TFs, especially tissue-

specific ones. For some TFs that recognize GC-rich region, their binding sites might 

well be contained within the G4-forming sequences. For example, it has been 

observed widely that G4-forming sequences often overlap with binding sites of C2H2 

zinc finger TFs such as Sp1. In 2008, two independent studies demonstrated a clear 

link between the Sp1 binding site (GGGCGG) and G4-forming motifs in regions 

proximal and upstream to the TSS [182, 337]. Subsequently, genome-wide analysis 

have revealed that in gene promoters in human, chimpanzee, mouse and rat, the co-

localization of G4-forming motifs and zinc finger TFs binding sites are highly 
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conserved, which may indicate a co-regulatory role between G4s and these TFs [191]. 

More recently, Balasubramanian’s group found that besides its canonical duplex 

binding site, Sp1 can bind to the anti-parallel two-tetrad KIT G4 in solution with a 

comparable affinity [338]. Although correlations between G4s and binding sites of 

zinc finger TFs other than Sp1 are weak at genome level [182], correlation in cardiac 

function-related genes might be different. A subset of closely-related zinc finger 

proteins, the KLFs (kruppel-like zinc finger factors), bind a consensus C-rich 

sequence of CACC or CACCC. KLF proteins are involved in normal and pathological 

cardiac processes, such as cardiovascular remodeling and hypertrophy, and many 

show particular tissue-specific expression [339-341]. Given that the overall amino-

acid similarity within the zinc finger motifs that comprise the DNA-binding domain 

of Sp1 and other members of the Sp1-like/KLF family (a minimum of 66.7 %, 

reviewed in [342]), it is also worthwhile to investigate possible interactions between 

G4s and KLFs. On the other hand, the close juxtaposition of G4 with a TF binding 

site also raises the possibility that G4s act as micro-environments for the recruitment 

of tissue-restricted factors, such as the mechanism proposed in the MyoD example 

described in Section 1.2.2 [60-62]. Although in cardiac muscle, key TFs such as the 

myogenic bHLH factors typified by MyoD are not present, two unique and largely 

cardiac-restricted bHLH proteins, HAND1 and HAND2 (HAND, heart, autonomic 

nervous system, neural crest-derived protein), have been found to be important in the 

process of heart development. HAND1 and HAND2 are involved in left-right 

patterning of the early cardiac tube, with mutation experiments in chick or other 

organisms indicating that their correct expression is absolutely essential for normal 

looping of the cardiac tube and development of a four-chambered heart [343]. Also, 

HAND1 appears to maintain the balance between cardiac myocyte differentiation and 

proliferation as over-expression of the mouse Hand1 gene is associated with abnormal 

elongation of the developing heart tube and exaggerated looping [344]. It is 

perplexing though that very few gene targets of HAND proteins have been identified, 

which may suggest that HAND proteins function more as co-factors in conjunction 

with other TFs. It would be interesting to investigate the affinity of HAND proteins 

for G4 DNA in myocardial genes. HAND1 homodimers have been identified through 

immunoprecipitation and mammalian two-hybrid studies, and their affinity for DNA 

is at least an order of magnitude lower than that of HAND1/E-factor heterodimers 

[345], which echoes the observations made for MyoD homodimers described earlier. 



	
   69 

1.8 MEF2D and TnIc 

1.8.1 Human MEF2D 

In acute or chronic injury to the adult hearts, pathological responses such as 

cardiomyocytes hypertrophy, and ventricular wall thinning have been observed to 

associate with development of pathological hypertrophy, which may result in heart 

failure and death [346, 347]. These pathological responses are actually caused by the 

activation of complex signaling pathways that activate various TFs, including 

myocyte enhancer factor-2 (MEF2), nuclear factor of activated T cells (NFAT), and 

GATA-4 [348], leading to additional sarcomere assembly and expression of genes 

typical of the fetal cardiac gene programme. There are four members (MEF2A ~ D) 

of the MEF2 family of MADS (MCM1, agamous, deficiency, serum response factor) 

box transcription factor family, which function as stress-dependent regulators of gene 

expression involved in pathological cardiac remodeling and multiple aspects of 

striated muscle development and diseases. Recent studies about MEF2D in knock-out 

mice lacking the Mef2d gene found that the mice with a Mef2d loss-of-function 

mutation are viable, but display impaired response to stress signals that are normally 

associated with the development of cardiac hypertrophy, fibrosis, and fetal gene 

activation. However, the forced over-expression of Mef2d in mice can cause severe 

cardiomyopathy. These results suggest that Mef2d is possibly a key factor in 

regulating stress-dependent gene in adult heart, raising expectation that human 

MEF2D might provide new target in developing “transcriptional” therapies for 

enhancing heart functions [349]. In the TRR (transcription regulatory region) of 

human MEF2D gene, several G4-forming motifs exist within 500bp upstream to the 

transcription start site (TSS; +1). In particular, the motif starting at -169 contains four 

consecutive runs of CCCC and its complementary strand would possibly form a stable 

4-tetrad G4. In light of the previous studies about G4-forming motifs in the upstream 

TRR of MYC, KIT, HIF-1α, KRAS, BCL-2, PDGF-A and VEGF [296], this 4-tetrad 

G4 might play certain roles in regulating the expression of MEF2D in respect to 

stress-dependent signaling, and therefore could be a target for the development of 

drugs to counter heart failure. 
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1.8.2 Human TnIc 

Troponin is a complex of three regulatory proteins (troponin I/C/T) in the thin 

filament that regulates muscle contraction in response to changes of intracellular 

calcium concentration in muscle. Troponin I is the inhibitory (I) subunit and binds 

with actin in the myofilaments, preventing the actomyosin ATPase activity before the 

calcium level reaches a threshold [350]. In mammals, three troponin I isoforms are 

encoded by three different genes, the fast skeletal muscle isoform (TNNI2, or TnIf), 

the slow skeletal muscle isoform (TNNI1, or TnIs), and cardiac isoform (TNNI3, or 

TnIc). TnIs is mainly expressed in the fast twitch skeletal muscle fibers [351]. TnIs is 

expressed in both cardiac and slow twitch skeletal muscle fibers during development, 

but then restricted to slow twitch skeletal muscle fibers in adult [352]. During the 

embryonic and fetal life of human, TnIs is the main troponin I isoform expressed in 

cardiac myocytes; while after 9 months postnatal development, only TnIc can be 

identified in human cardiac myocytes. TnIc has long been an ideal biomarker for 

myocardial infarction (MI) [353-355], and in 2000, TnIc was established as the 

preferred biomarker in MI diagnosis [356, 357]. It also has been proved that early 

detection of abnormal changes of TnIc in patients can effectively reduce the risk of 

death from heart attacks [355, 358, 359]. Furthermore, due to the direct correlation 

between mutations in TnIc in some populations and onset of hypertrophic 

cardiomyopathy (HCM), TnIc has been proved as one of several genes in which 

mutations can give rise to HCM [360]. Although TnIc is known as the only 

sarcomeric protein found to be exclusively expressed in cardiac myocytes, the 

molecular mechanisms that control this cardiac-specific expression are still poorly 

understood. Evidence shows that the expression of TnIc protein may be regulated at 

the transcription level [361]. By analyzing the proximal 1.1 kb of 5’-flanking region 

of human TnIc, Bhavsar et al. identified a group of cardiac-related TF binding sites. 

These include an MCAT element at -1100/-1094, a potential MEF-3 binding sites at -

988/-978, four putative E-boxes (CANNTG) at -822/-817 (hE4), -766/-761 (hE3), -

310/-305 (hE2), and -108/-103 (hE1), a CACC-box at -94/-87 (CCCACCCC), two 

GATA binding sties in reverse orientation at -68/-63, and -7/-2 (AGATAA), a 

potential TATA-box at -33/-24 (GTATATTTAG), and several Sp1 binding sites 

(Figure 5.1) [362]. Subsequently, the region between -531/+67 was determined to be 

essential for optimal transcription activity of TnIc in neonatal rat cardiomyocytes, in 
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which GATA, MEF-2, Sp1 and CACC box-binding factors are involved [363]. By 

investigating this promoter region, two types of intriguing G4-forming motifs were 

identified. The first type is a G4-forming minisatellite (MNSG4s). 11 repeats of a 

chromosome 19-specific potential MNSG4 were found between -729/-319. These are 

relatively conserved between -528/-319, and some of them contain an Sp1 binding 

site. These conserved MNSG4s were found to be involved in up-regulating the 

expression level of TnIc in a previous promoter deletion analysis [363]. Interestingly, 

on both sides of these MNSG4s, there are two E-boxes (hE3 and hE2). In the fifth 

intron of human TnIc, more than 30 repeats of the same conserved MNSG4 exist on 

the template strand. By comparing the sequences of the TnIc gene among different 

primates, the same MNSG4s were identified at similar positions, i.e. within the 

promoter and the fifth intron. Moreover, about 2.6 kb downstream to the human TnIc 

gene, there is a gene encoding another troponin isoform, the slow skeletal muscle 

troponin T (TNNT1, or TnT), whose expression is highly restricted to the skeletal 

muscle [364]. In the first intron of TnT, more than 20 repeats of the same G4-forming 

minisatellite sequence were found on the coding strand. The second type of G4-

forming motifs in the promoter of human TnIc is the one identified at the position 

around -80 to the TSS of human TnIc. Between -97 and -73, this potential G4-forming 

sequence centred at around -80 (“-80G4) is found on the template strand, which 

overlaps with a CACC-box and an Sp1 binding site. It is also adjacent to an E-box 

and a GATA binding site (Figure 5.1). 

 

1.9 Hypotheses and aims 

My general hypotheses are that promoter G4s are also important in regulating cardiac 

function-related genes in both physiological and pathological processes, and these 

G4s might be used as potential targets via the multi-targeting strategy in the treatment 

of certain cardiomyopathies. My aims are: (1) to evaluate, by bioinformatics 

approaches, the importance of G4s in TRRs of key cardiac genes as compared to other 

genes, especially those involved in cancer, (2) to choose two model genes containing 

multiple G4s in their promoters according to bioinformatics results, and to 

characterise their biophysical properties in solution, and (3) to select one of them as a 

model system to investigate the regulatory roles of promoter G4s in selected cardiac 
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genes, and investigate the potential for multi-targeting strategy at the single gene 

level. 
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Chapter 2      Materials and Methods 

 

2.1 Materials 

2.1.1 General reagents 

All stock chemicals and solutions were purchased from VWR International (UK), 

Invitrogen (UK), or Sigma-Aldrich (UK) unless indicated otherwise. Glassware and 

plastic ware purchased from VWR International, Anachem (UK), or Lab-Tek 

(Denmark). For biophysical studies, water was purified by MilliQ Reagent Grade 

Water Ultrapurification System (Millipore, USA), while for in vitro studies, water 

was further autoclaved for 20 minutes at 15 psi, 121 °C. Glassware, plastic ware, 

solutions and media used in in vitro studies were also autoclaved as described above 

prior to use. Pipette tips, chambered coverglass, and other disposable plastic ware 

used in biophysical studies were purchased ready-sterilized. 

 

2.1.2 Oligos used in biophysical studies 

All labeled and unlabeled DNA oligos used in biophysical studies were purchased 

from IBA Biotechnology (Germany) and HPLC purified (high-performance liquid 

chromatography,	
  double HPLC purification for labeled oligos). The sequences and 

labeling sites of these oligos are listed in Table 2.1. Fluorophores (Cy3 or Cy5) were 

coupled to nucleotides via NHS (N-hydroxysuccinimide) esters. 
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Table 2.1: Details of oligos used in biophysical studies in solution. 
Name Sequence (5’-3’) 

MEF-I CAG GCG TGG GGG CCA ATG GGA GGC ACC TGT GGG GGT GGC 
GGG GCG GCy3AG CCG GGG CTG GGG 

MEF-II CAG GCG TGG GGG CCA ATG GGA GGC ACC TGT GGG GGT GGC 
GGG GCG GAG CCG GGG CTG GGCy3G 

MEF-III CCC CAG CCC CGG CTC CGC CCC GCC ACC CCC ACA GGCy5T GCC 
TCC CAT TGG CCC CCA CGC CTG 

MEF-IV ACA GGCy5T GCC TCC CAT TGG CCC CCA CGC CTG 

MEF-V GGG GGT GGC GGG GCG GAG CCG GGG CTG GGG 
MEF-VI CCC CAG CCC CGG CTC CGC CCC GCC ACC CCC 

TrMNS-I TGG GTC TGA GGG AGG AGG GGC TGG GGG C 

TrMNS-II GCC CCC AGC CCC TCC TCC CTC AGA CCC A 

TrMNS-III 
Cy3TGG GTC TGA GGG AGG AGG GGC TGG GGG CGA GGT AAA AGG 
ATA ATG GCT ACG GTG CGG ACG GC 

TrMNS-IV Cy3TGG GTC TGA GGG AGG AGG GGC TGG GGG Cy5C 

Tr2×MNS-I TGG GTC TGA GGG AGG AGG GGC TGG GGG CCT GGA CTC CTG 
GGT CTG AGG GAG GAG GGG CTG GGG C 

Tr2×MNS-II GCC CCA GCC CCT CCT CCC TCA GAC CCA GGA GTC CAG GCC  
CCC AGC CCC TCC TCC CTC AGA CCC A 

Tr2×MNS-III 
Cy5TGG GTC TGA GGG AGG AGG GGC TGG GGG CCT GGA CTC CTG 
GGT CTG AGG GAG GAG GGG CTG GGG Cy3C 

Tr-80-I CGG GGG CGC GTG AGG GGC GGG GTG GGC 

Tr-80-II GCC CAC CCC GCC CCT CAC GCG CCC CCG 

Tr-80-III 
Cy3CGG GGG CGC GTG AGG GGC GGG GTG GGC GAG GTA AAA GGA 
TAA TGG CTA CGG TGC GGA CGG C 

Tr-80-IV Cy3CGG GGG CGC GTG AGG GGC GGG GTG GG Cy5C 

Comp-Cy5 GCC GTC CGC ACC GTA GCC ATT ATC CTT Cy5TTA CCT C 

Note: Cy3/5N indicates a Cy3 or Cy5-labeled nucleotide, which is coupled via NHS ester. 

 

2.1.3 Primers and synthetic oligos used in in vitro studies 

All primers and synthetic oligos that are used in in vitro studies were synthesised to 

order by Eurofins MWG Operon (Germany) except where otherwise indicated. All 

primers and synthetic oligos were subjected to HPLC purification, and their 

sequences are listed in Table 2.2.  
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Table 2.2: Details of primers and synthetic oligos used in in vitro studies. 
Name Sequences (5’ - 3’) 

Primers 
M13 Forward GTA AAA CGA CGG CCA GT 
M13 Reverse CAG GAA ACA GCT ATG ACC 
RV3 CTA GCA AAA TAG GCT GTC CCC AG 
GL2 CTT TAT GTT TTT GGC GTC TTC CAT GG 
5’-PCR-PstI GGC TGC AGG AAA AGG GGG CTG GG 
3’-PCR-XhoI GGC TCG AGC CCA GGG ACC GTC AGT C 
-80G4-G4M-F CCC GCC CCT CAC GCG CTT TCG TTA TCT GGC ATA GT 
-80G4-G4M-R ACT ATG CCA GAT AAC GAA AGC GCG TGA GGG GCG GG 
-80G4-sp1M1-F GAG CAG GGC CCA CCC CAC CCC TCA CGC GCC CCC 
-80G4-sp1M1-R GGG GGC GCG TGA GGG GTG GGG TGG GCC CTG CTC 
-80G4-sp1M2-F GAG CAG GGC CCA CCC CTC CCC TCA CGC GCC CCC 
-80G4-sp1M2-R GGG GGC GCG TGA GGG GAG GGG TGG GCC CTG CTC 
-80G4-M-F GCA GGG CCC ACC CCG CTT CTC ACG CGC CCC CGT T 
-80G4-M-R AAC GGG GGC GCG TGA GAA GCG GGG TGG GCC CTG C 
Synthetic Oligos 
MNS_G CCT GGA CTC TTG GGT CTG AGG GAG GAG GGG CTG GGG G 
MNS_C TCC AGG CCC CCA GCC CCT CCT CCC TCA GAC CCA AGA G 
MNSM_G CCT GGA CTC TTG AAT CTG AGA GAG GAG AGA CTG AGA G 
MNSM_C TCC AGG CTC TCA GTC TCT CCT CTC TCA GAT TCA AGA G 
5’Linker_G GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG AAT TC 
5’Linker_C TCC AGG GAA TTC AGC CTG CTT TTT TGT ACA AAC TTG TCC CC 

3’Linker_G CCT GGA CAC TTG AGT CTG CAG ACC CAG CTT TCT TGT ACA  
AAG TGG TCC CC 

3’Linker_C GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC TGC AGA CTC  
AAG TG 

 

2.1.4 Plasmids used in in vitro studies 

The original plasmids pGL3-Basic_-533 and pGL3-Basic-Gateway were kindly 

provided by Dr. Nigel Brand (Heart Science Centre, Harefield, Imperial College 

London). All other Gateway vectors and Gateway reaction kits used in this study 

were purchased from Invitrogen. All plasmids that were used in this study are listed in 

Table 2.3. Modifications of these plasmids will be described in detail in Section 2.3. 

 

 

 

 



	
   96 

Table 2.3: Details of plasmids used in in vitro studies. 

Plasmid Brief Description Size 
(kb) 

Antibiotic Used 
for Selections Reference 

pRL-TK 
Renilla luciferase reporter vector 
driven by herpes simplex virus 
thymidine kinase promoter PHSV-TK. 

4 Ampicillin Promega, UK 

pGL3-Basic-GW 
Promoterless pGL3-Basic vector 
with the Gateway®attR Reading 
Frame Cassette B (RfB). 

6.5 Ampicillin [1]  

pDONRTM221 Gateway® donor vector to give 
entry vectors via BP reaction. 4.7 Kanamycin Invitrogen 

hTnIc-6MNS-WT 
Firefly luciferase reporter vector 
(pGL3-Basic-GW) driven by wild 
type hTnIc -531/+67. 

5.4 Ampicillin [1] 

hTnIc-6MNS(E)-WT 

Firefly luciferase reporter vector 
(pGL3-Basic-GW) driven by 6 
repeats of consensus MNSG4 and 
wild type hTnIc -299/+51. 

5.4 Ampicillin This study 

hTnIc-3MNS(E)-WT 

Firefly luciferase reporter vector 
(pGL3-Basic-GW) driven by 3 
repeats of consensus MNSG4 and 
wild type hTnIc -299/+51. 

5.3 Ampicillin This study 

hTnIc-1MNS(E)-WT 

Firefly luciferase reporter vector 
(pGL3-Basic-GW) driven by 1 
repeats of consensus MNSG4 and 
wild type hTnIc -299/+51. 

5.2 Ampicillin This study 

hTnIc-299-WT 
Firefly luciferase reporter vector 
(pGL3-Basic-GW) driven by wild 
type hTnIc -299/+51. 

5.1 Ampicillin This study 

hTnIc-80G4M 

Similar as hTnIc-6MNS(E)-WT, 
but the -80G4-forming sequence 
was mutated and the Sp1 binding 
site is intact. 

5.4 Ampicillin This study 

hTnIc-80sp1M-1 

Similar as hTnIc-6MNS(E)-WT, 
but the Sp1 binding site was 
mutated (G to A), and -80G4-
forming sequence is intact. 

5.4 Ampicillin This study 

hTnIc-80sp1M-2 

Similar as hTnIc-6MNS(E)-WT, 
but the Sp1 binding site was 
mutated (G to T), and -80G4-
forming sequence is intact. 

5.4 Ampicillin This study 

hTnIc-80G4/sp1M 

Similar as hTnIc-6MNS(E)-WT, 
but both of the -80G4-forming 
sequence and Sp1 binding site was 
mutated (CCCCGCCCC to 
CCCCGCTTC). 

5.4 Ampicillin This study 

hTnIc-6MNS-M 

Firefly luciferase reporter vector 
(pGL3-Basic-GW) driven by 6 
repeats of mutated MNSG4 (G4-
forming sequence disrupted) and 
wild type hTnIc -299/+51. 

5.4 Ampicillin This study 

hTnIc-6MNS/80G4-M 

Similar as hTnIc-6MNS-M, but 
both of the -80G4-forming 
sequence and Sp1 binding site was 
mutated (CCCCGCCCC to 
CCCCGCTTC). 

5.4 Ampicillin This study 
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2.1.5 Strains and media 

Bacteria (E. coli.) were grown at 37 °C in Luria-Bertani (LB) broth or on LB agar (2 

%) plates containing ampicillin (100 µg/ml) or kanamycin (50 µg/ml) as required. 

Bacteria strains are listed in Table 2.4, and the recipes used to prepare bacteria media 

are listed in Table 2.5.  

Table 2.4: Bacterial strains used in in vitro studies. 
Bacterial Strain Genotype / Construction Reference 

E. coli DH5α (sub-
cloning efficiency 
competent cells) 

F-ϕ80lacZΔM15, Δ(lacZY A-argF), U169, deoR, 
recA1, endA1, hsdR17(rk

-, mk
+), phoA, supE44, thi-1, 

gyrA96, relA1, λ- 

Invitrogen 

E. coli XL-Blue 
competent cells 

Δ(mcrA)183, Δ(mcrCB-hsdSMR-mrr)173, endA1, 
supE44, thi-1, recA1, gyrA96, relA1, lac[F’ proAB 
lac1qZ ΔM15 Tn10(Tetr)]  

Stratagene, USA 

	
  
 

Table 2.5: Recipes to prepare bacterial media. 
Media Recipe to Prepare 1 Litre of Media 

LB Broth 10 g/l Bacto-tryptone, 5 g/l yeast extract, and 10 g/l NaCl 
LB Agar 10 g/l Bacto-tryptone, 5 g/l yeast extract, 10 g/l NaCl, and 2 % agar (w/v) 
Note: for LB broth, antibiotics were added just prior to use; while for LB agar plates, antibiotics were 
added when the media had cooled to 45 °C. 

 

2.1.6 Cell line and media 

Human Embryonic Kidney 293 (HEK293) cell line was a kind gift from Dr. Nigel 

Brand. HEK293 cells were inoculated in 75 cm2 flasks and grown to 70-80 % 

confluence at 37 °C and under 5 % CO2 atmosphere in complete medium DMEM 

(Dulbecco Modified Eagle’s Medium) supplemented with 4500 mg/L D-glucose, 5.0 

mM L-glutamine, 10 % fetal calf serum, and 83.3 U/ml of penicillin and 

streptomycin. All media and supplements were purchased from Sigma Aldrich. 

 

2.1.7 G4-binding ligands 

G4-binding ligands used in this study were designed and synthesised in Prof Ramon 

Vilar’s group (Department of Chemistry, Imperial College London). The di-copper 

and di-platinum complexes (compound 2 and 3), as well as the precursor of [Pt(terpy-
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O-morph)Cl]Cl for the preparation of compound 1, were synthesised following the 

protocol that has been recently reported [2]. Structures of ligands are shown in Figure 

5.6.  

 

2.2 Biophysical characterisations 

2.2.1 Oligo characterisations 

The lyophilized oligos (labeled and unlabeled) purchased from IBA Biotechnology 

were dissolved in MilliQ water to 20 µM concentration as stock solutions according 

to the reported synthesis scale measured by the manufacturer. The actual 

concentration of each oligo stock solution was determined by UV-Vis spectroscopy 

technique at room temperature. It has been reported that the base stacking in G4s can 

result in hyperchromicity, and hence changes the extinction coefficient of the G4-

forming oligo [3]. Due to the lack of UV-Vis thermal denaturation equipment, an 

alternative approach was used. The stock solution was firstly incubated at 95 °C for 

15 minutes to disrupt all secondary structures, then loaded into a pre-heated cuvette 

with optical path length of 10 mm (Perkin Elmer, USA). The absorbance at 260 nm 

for DNA (A 260), 550 nm for Cy3 (A 550) and 650 nm for Cy5 (A 650) were measured 

immediately. DNA or fluorophore concentration was determined by following 

equation 2.1 according to Beer’s law. 

   Eq. 2.1 

where A is the measured absorbance, ε is the molar extinction coefficient for DNA 

oligo or fluorophores, while b is the optical path length. The ε of each oligo was 

calculated using the nearest-neighbour method [4, 5], and ε for Cy3 and Cy5 were 

measured to be 150,000 and 250,000 M-1 cm-1 [6]. For Cy3/Cy5 dual-labeled oligos, 

crosstalk between fluorophores was determined to be 13 %. Then, all oligo stock 

solutions were adjusted to 5 µM concentration.  
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2.2.2 G4 preparation 

The G4-forming and non-G4-forming DNA oligos were first dissolved in 10 mM 

Tris-HCl buffer (pH 7.4) with or without the presence of cation ions (100 mM KCl, 

NaCl, or LiCl) as required to a strand concentration of 5 µM. Prior to subsequent 

experiments, the samples containing G4-forming DNA oligos were heated to 95 °C 

for 15 minutes and then slowly cooled down to room temperature over 4 hours to 

allow the formation of G4s. For samples with non-G4-forming DNA oligos, samples 

were left on ice after incubating at 95 °C for 15 minutes to reduce the formation of 

other DNA secondary structures. Before each measurement, the stock solutions were 

further diluted to lower concentration as required. 

 

2.2.3 Electrophoresis mobility shift assay (EMSA) 

EMSA experiments were carried out by using the Mini-PROTEAN Tetra 

Electrophoresis System (BioRad, UK). 12 % Native and denaturing PAGE were 

prepared as described in Table 2.6. Upon the addition of TEMED 

(Tetramethylethylenediamine) and APS (ammonium persulfate), the gel was poured 

immediately to the pre-assembled plates carefully in order to prevent bubble 

formation. Then, the 1 mm thick comb was inserted and the gel was allowed to set for 

at least 30 minutes, using the polymerisation control to verify that the gel polymerised 

between the plates. The electrophoresis apparatus was assembled and the plates and 

gel were moved into the tank compartment of the electrophoresis chamber. The inner 

(top) chamber was filled with fresh 1 × TBE (tris-borate-EDTA buffer), and the comb 

was washed with 1 × TBE to get rid of debris. The apparatus was left for 30 minutes 

to check if there was any leakage. Once the gel had fully set, the comb was gently 

removed, and the wells were thoroughly flushed to avoid gel particles and bubbles by 

using a 200 µl pipette filled with 1× TBE. Then the outer (bottom) chamber was filled 

with 300 ml fresh 1 × TBE. All DNA oligo samples in denaturing EMSA and the 

control samples in native EMSA were heated to 95 °C for 15 minutes, and then left on 

ice before being loaded into the gel. DNA oligo samples were diluted with 1 × TBE 

buffer containing 5 % glycerol. 5 µl of diluted DNA oligo samples were loaded into 

individual well. For denaturing gel, each well was flushed by using a needle-like 
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pipette filled with 1 × TBE buffer to push out the high concentrated urea before 

loading the samples. 5 µl 1 × TBE buffer containing 5 % glycerol and 

0.015 % Bromophenol Blue was loaded to an empty well to indicate the position of 

DNA oligos during electrophoresis. The whole electrophoresis apparatus was 

assembled and transferred it to an ice box to avoid unfolding of G4s induced by the 

heat generated during the processes of electrophoresis. For the native EMSA, both 

PAGE and TBE buffer contained 100 mM KCl. Control experiments were carried out 

by loading the same samples into 7 M urea denaturing PAGE in 1 × TBE buffer 

without KCl. All EMSA experiments were conducted at 90 V. Once the Bromophenol 

Blue band reached ¼ to bottom of the gel, the electrophoresis was terminated, and the 

buffer chambers of the apparatus were emptied. The apparatus was disassembled and 

the plates were unclamped, leaving only the gel attached between the two plates. The 

two glass plates were carefully separated, and the gel was transferred to a staining 

box. After rinsing the gel twice by MilliQ water, the gel was stained with 50 ml 1 × 

TBE buffer containing 1 × SYBR® Gold for 30 minutes. Stained gel was scanned by 

using an Ettan DIGE imager (GE Healthcare, UK) on the Cy2 ( for SYBR® Gold), 

Cy3 or Cy5 channel.  

Table 2.6: Recipes to prepare 12 % native and denaturing gels for EMSA 
experiments. 

Component 12 % Native PAGE 12 % Denaturing 
PAGE 

30 % Acrylamide/Bis 
Solution (29:1) 4.8 ml 4.8 ml 

5 × TBE 2.4 ml 2.4 ml 
2M KCl 600 µl -- 
Urea -- 5.05 g 
ddH2O 4 ml Up to 12 ml 
APS 50 µl 50 µl 
TEMED 5 µl 5 µl 

Note: This recipe is for 12 ml gel, which is sufficient for 2 mini gels. 

 

2.2.4 CD spectroscopy and CD melting 

The test G4-binding compounds were dissolved in DMSO (dimethyl sulfoxide) to 

yield a 1 mM stock solution. This was then diluted using 10 mM Tris-HCl buffer (10 

mM, pH 7.4) supplemented with 100 mM cation ions to the appropriate 

concentrations. DNA oligo samples in the absence of G4-binding compounds were 
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diluted to 5 µM in Tris-HCl buffer (10 mM, pH 7.4) with 100 mM KCl, NaCl or LiCl. 

For the MEF2D G4-forming sequence, 12.5 µM concentration was used. Prior to CD 

measurements, the DNA oligo samples were annealed by heating to 95 °C for 15 

minutes and then by cooling to room temperature over 4 hours. To test the stabilising 

ability of G4-binding compounds, DNA oligo samples at 5 µM concentration were 

mixed with 10 µM compounds, and annealed by following the same protocol. CD 

spectra were recorded on an Applied Photophysics Ltd. Chirascan spectrometer 

(Applied Photophysics, UK) at 25 °C with following parameters: bandwidth- 1 nm, 

spectral range- 230 ~ 330 nm, step size- 0.5 nm, and time per point- 1 second. 1 mm 

optical path length quartz cell was used. The baselines of all CD spectra were 

corrected by using blank buffer. The CD spectra were collected and processed using 

the Chirascan and Chirascan Viewer softwares (Applied Photophysics) respectively. 

CD melting spectra were recorded at 2 °C intervals while the temperature was 

increased at a rate of 2 °C/min with 2 minutes dwelling time for each temperature. All 

melting curves were analysed in Origin 7.0 (OriginLab Corporation, USA). 

In CD melting experiments, the thermal denaturation (melting) processes of G4s were 

assumed to be a simple two-state transition from folded (F) state to unfolded state (U) 

with a equilibrium constant K: 

   Eq. 2.2 

The population of the folded state (pf) will be related to the equilibrium constant as: 

   Eq. 2.3 

Thus, the observed ellipticity of G4s in the process of thermal denaturation is: 

  Eq. 2.4 

in which u is the mean residue ellipticity of 100 % folded G4s, l is the mean residue 

ellipticity of 100 % unfolded G4s. 

The basic thermodynamic relationships that are relevant to G4 stability can be 

summarized as: 

   Eq. 2.5 



	
   102 

where, ΔG is the Gibbs free energy change, ΔH and ΔS are the enthalpy and entropy 

changes, respectively, R is the gas constant, and T is the absolute temperature. Since 

at T = Tm (melting temperature), K = 1, and thus ΔG = 0, the relationship between ΔH 

and ΔS is: 

     Eq. 2.6 

Thus, the Eq. 2.5 can be rewritten as: 

    Eq. 2.7 

and 

   Eq. 2.8 

Thus, by fitting the melting curves obtained at 263 or 295 nm with Eq. 2.4 and 2.8, 

the G4 unfolding van’t Hoff enthalpy (ΔH) and melting temperature (Tm) can be 

derived. Then, by following Eq. 2.6 and 2.5, G4 unfolding van’t Hoff entropy (ΔS) 

and free energy change at 37 °C (ΔG (310K)) can be calculated. 

Because the calculated ΔH and Tm are intensively dependent on the choice of pre- and 

post-transition baselines, the truncated melting curves observed in certain cases 

(mostly due to the high melting temperature of certain G4s) would then jeopardize the 

accurate estimation of the stability of G4s. Thus, van’t Hoff analysis was also carried 

out by using a model proposed by John et al. [7] as: 

  Eq. 2.9 

where d(E measured ellipticity) / dT is the algebraic derivative of thermal denaturation curve 

of G4s with arbitrary units, A is a scaling factor, pf is population of folded state as 

described in Eq. 2.3, and T is absolute temperature. By fitting the first derivative 

curve of G4 melting curve with Eq. 2.3, 2.8, and 2.9, van’t Hoff enthalpy (ΔH) and 

melting temperature (Tm) can be derived without baselines. 
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In analysing CD melting curves, both direct (Eq. 2.4 and 2.8) and indirect (Eq. 2.3, 

2.8, and 2.9) methods were used and corresponding van’t Hoff enthalpy (ΔH) and 

melting temperature (Tm) values were compared to assess the accuracy of fitted 

results. 

 

2.2.5 Single molecule FRET studies 

Experiment setup for smFRET measurement 

The fluorescence detection system is a home-built dual-channel confocal fluorescence 

microscope composed of a laser adjustment module, a confocal far-field microscope, 

and a dual-channel fluorescence detection module [8, 9]. Individual components in 

each module could be modified and substituted with other optics to satisfy particular 

experimental applications. Compared to commercial fluorescence microscopy setups, 

the advantages of this home-built setup are (a) it is much less expensive and (b) it is 

more flexible. Only minor modifications are needed for different types of 

experiments. Optical components can be changed and adjusted readily. The simplified 

layout of this home-built setup is shown in Figure 2.1 and Table 2.7. To ensure the 

proper geometry of the observation volume and a good collection of fluorescence 

signals, the optical path needs to be aligned prior to single molecule measurements. 

For this alignment, a diluted solution of single-labeled molecules, for example single-

labeled DNA, is measured at high laser power simultaneously with two APD (SPCM-

ARQ-14, Perkin Elmer) (using 50/50 dichroic mirror).  

To adjust the proper excitation and observation volumes, protected aluminum mirrors 

(B components in Figure 2.1) need to be tuned to achieve a sharp and bright laser dot 

right in the center of the ocular field of view. To ensure the good collection of 

fluorescence, the position of the 50/50 splitter (component J in Figure 2.1) and the 

two APDs need to be finely tuned in order to be sure that the fluorescence signals 

reached their maximum values. By tuning these components, it is ensured that the 

fluorescence signals were focused at the centre of the APDs and the two channels 

received similar amount of signals (50/50 splitter is in correct position and other 

filters have similar detection efficiencies) when the signals from both APDs were 
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recorded by two PC-implemented multichannel scalar card (MCS-PCI, EG & G, 

ORTEC, USA). 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
 
 
Figure 2.1: Simplified outline of the home-built dual-channel confocal single-
molecule fluorescence microscope setup. 
Descriptions of components A ~ M are listed in Table 2.7. 
 
	
  
	
  
Table 2.7: Description of components of the home-built dual-channel confocal 
single-molecule fluorescence microscope setup.	
  

	
  

 

 

 

 

Component Description 

A Laser emitter (488 nm, argon ion, model 35LAP321230. Melles Griot, Carlsbad, 
CA) 

B Protected aluminum mirrors 
C Neutral density filters—adjust laser power  
D Prism—filter plasma lines from laser head 
E Spatial Filter 
F Collimate Lens 
G Collimator, adjust laser beam radius 
H Long pass dichroic mirror 
I Excitation volume in dilute solution 
J 50/50 splitter, or long pass dichroic mirror 
K Long pass and band pass filters 
L Long pass and band pass filters 
M Avalanche photodiode detectors (APDs) 
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smFRET data acquisition and analysis 

In each smFRET experiment, background noises of donor and acceptor channels were 

first determined by measuring the blank buffer under the same conditions. 

Background noises were normally less than 10 counts per millisecond if the buffer 

was suitable for smFRET measurements. Fluorophore-labeled DNA oligo samples 

were diluted from pre-annealed stock solutions to 100 pM in 10 mM Tris-HCl (pH 

7.4) buffer containing 200 µM Vitamin C, and 0.05 % (v/v) Tween 20 to reduce 

photobleaching and surface absorption of DNA molecules. The donor, Cy3, was 

exited by a 100 µW collimated laser beam at 514 nm (argon ion, model 35LAP321-

230, Melles Griot, USA). Fluorescent signals were detected by two APDs and 

recorded by two multichannel scalar cards. smFRET signals were recorded by MCS-

32 software (EG & G, ORTEC) with following paramters: Pass length-8,000, Pass 

count preset-1, Dwell-internal, Bin width-1 ms, Triggle-channel 1 (donor channel) 

internal, channel 2 (acceptor channel) external, Acquire mode-replace, and Input 

control-50 Ohm. Generally, each smFRET measurement for labeled DNA oligos 

lasted 800 sec, and bin times were set to 1 ms (for smFRET G4 unfolding kinetics 

measurement, longer measuring time was used). The fluorescence signals from the 

donor and acceptor were counted as nD and nA (number of photons in each burst) 

respectively. The burst from individual fluorophore-labeled molecule was 

differentiated as a FRET event when the sum of photons in the donor and acceptor 

channels exceeded a threshold of 35 photons per millisecond. Cross-talk between Cy3 

and Cy5 was determined to be 13 %. FRET efficiencies of each FRET burst was 

calculated with Eq. 2.10: 

    Eq. 2.10 

In this equation, nD and nA are the number of photons in the burst of donor and 

acceptor, respectively, while γ is a constant used to compensate the differences that 

are due to quantum yields and optical detection efficiencies. γ proved to be close to 1 

between Cy3/Cy5 fluorophore pair in previous experiments using the same setup [8]. 

Histograms of FRET efficiencies of all molecules in each measurement were plotted 

using Origin 7.0 (EFRET between -0.2 and 1.2, and interval 0.04). Histograms were 
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analysed by a multiple-peak Gaussian distribution model to reveal individual 

subpopulations as described in Eq. 2.11: 

€ 

y = y0 +
Ai

wi π /2
e
−2
(x−xci )

2

wi
2

i=1

n

∑    Eq. 2.11 

where y is the number of event in the histogram, y0 is the baseline, which is close to 0 

when background signals were properly subtracted, x is the FRET efficiency, Ai, wi, 

and xci are the fraction, width, and the central FRET efficiency of the ith 

subpopulation. Histograms obtained from six independent measurements were 

subjected to global fitting to obtain the optimal sets of parameters for the each 

subpopulation observed. 

Conformational analysis by smFRET 

The home-built dual-channel confocal fluorescence microscope was used to detect the 

conformational heterogeneity of G4s in buffer solutions. For double-stranded (ds) 

dual-labeled G4 systems (Figure 4.3 a and b, and 4.5 a), G4 samples were prepared by 

mixing 100 nM Cy3-labeled G4-forming DNA oligos with 150 nM Cy5-labeled 5’ 

(MEF2DG4 system, oligo MEF-IV) or 3’ (TnIc G4 systems, oligo Comp-Cy5) linker 

in 10 mM Tris-HCl buffer (pH 7.4) with or without 100 mM salts (LiCl, NaCl, or 

KCl) as required. Excess of Cy5-labeled oligo will improve the efficiency of 

annealing between Cy3-labeled G4-forming oligos and Cy5-labeled linkers, without 

changing the FRET results. The samples were annealed to allow the formation of G4s 

by following protocols as previously described (Section 2.2.2). For single-stranded 

(ss) dual-labeled G4 systems, 100 nM dual-labeled G4-forming oligos were prepared 

by following similar protocol. Prior to smFRET experiments, annealed samples were 

further diluted to 100 pM in 10 mM This-HCl buffer (pH 7.4) in the presence of 200 

µM Vitamin C, 0.05 % (v/v) Tween 20, and 100 mM salts. Tris-HCl buffer with 

Vitamin C and Tween 20 was freshly prepared and subjected to background signal 

check. 1 ml of diluted samples were loaded to the 4-well chambered coverglass. To 

minimize the variation caused by temperature jumping, coverglass with diluted 

samples were left on the microscope stage for 30 minutes before each measurement, 

whose temperature was maintained at 25 °C by a water recirculation system (PE100, 

Linkam Scientific Instruments, UK). Then, the Cy3 was exited by a 100 µW 
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collimated laser beam at 514 nm. Fluorescence signals were detected by two APDs 

and recorded by two multichannel scalar cards and MSC-32 software. Each 

measurement lasted 800 seconds with 1 ms bin width. Other parameters were set as 

previously described. For each conformational analysis, 6 independent measurements 

were carried out and globally fitted in Origin 7.0 with multiple-peak Gaussian 

models. 

G4/duplex competition assay by smFRET 

Stability of G4s in the presence of C-rich complimentary strand was assessed by the 

G4/duplex competition assays. For the MEF2D ds dual-labeled G4 systems, 100 nM 

of the Cy3-labeled G-rich strand (oligo MEF-I or II) was mixed with either 150 nM 

Cy5-labeled 5’ linker (oligo MEF-IV) and 150 nM C-rich strand complimentary 

(oligo MEF-VI, Figure 4.3 d) to the G4-forming region or 150 nM Cy5-labeled C-

rich complementary strand with full length (oligo MEF-III, Figure 4.3 c). For the ds 

dual-labeled TnIc G4 systems (Figure 4.5 a), 100 nM Cy3-labeled G4-forming oligos 

(oligo TrMNS-III for MNSG4, and oligo Tr-80-III for -80G4) were mixed with 150 

nM of both Cy5-labeled 3’ linker (oligo Comp-Cy5) and C-rich complimentary 

strand (oligo TrMNS-II for MNSG4, and oligo Tr-80-II for -80G4). For the ss dual-

labeled TnIc G4 systems (Figure 4.5 b and c), 100 nM Cy3/Cy5-labeled G4-forming 

oligos (oligo TrMNS-IV, Tr-80-IV, or Tr2×MNS-III) were mixed with 150 nM C-rich 

complimentary strands (oligo TrMNS-II, Tr-80-II, or Tr2×MNS-II, respectively). Then, 

the samples were annealed to allow the formation of G4s by following protocols as 

previously described (Section 2.2.2). smFRET data were acquired and processed by 

following the same protocol as described in the conformational analysis. 

Unfolding kinetics of two-repeat MNSG4 by smFRET 

G4 unfolding kinetics of the dual-labeled two-repeat MNSG4 system (Figure 4.5 c) 

were measured at single-molecule level using the same instrument as stated above. 

Basically, the dual-labeled two-repeat MNSG4 oligo (oligo Tr2×MNS-III) at 100 nM 

concentration was annealed in 100 mM K+ solution (10 mM Tris-HCl, pH 7.4) as 

stated above. Then, the annealed sample was further diluted to 100 pM by Tris-HCl 

buffer (10 mM, pH 7.4) containing 200 µM Vitamin C, 0.05 % (v/v) Tween 20, and 

100 mM K+. A 4-well chambered coverglass with 1 ml diluted MNSG4 sample was 

left on the confocal microscope stage for 30 minutes, and temperature was maintained 
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at 25 °C. The C-rich complimentary strand (oligo Tr2×MNS-II) at 2 µM concentration 

in Tris-HCl buffer (10 mM, pH 7.4) was denatured at 95 °C for 15 minutes to disrupt 

other DNA secondary structures, and then immediately annealed on ice. smFRET 

histogram of the G4 sample was first generated in the absence of C-rich 

complimentary strand as a reference. Then, 1 µl of annealed C-rich strand was quickly 

mixed with 1 ml G4 samples in the chambered coverglass to a final concentration of 2 

nM (20 folds more than the G-rich strand to mimic the pseudo-first order reaction). 

The time point when the mixing finished was set to be t = 0 for the unfolding reaction, 

and the decay of smFRET signals were measured for 7,900 seconds with 1 ms bin 

width. The excitation laser power was 100 µW. Solution background, cross talk 

between Cy3/Cy5 detection channels, and direct excitation of Cy5 were determined 

by blank buffer solution, and Cy3/Cy5-labeled samples. 

In analyzing smFRET data, the background signals, cross talk between Cy3/Cy5, and 

direct excitation of Cy5 were subtracted, and a threshold of 35 photon per millisecond 

bin for the sum of the donor and acceptor fluorescence signals was used to 

differentiate single molecule bursts from the background. smFRET histograms of 

fluorescence signals obtained in every 160 seconds were generated as mentioned 

previously. Each histogram was normalized to the total number of its FRET events 

observed. All normalized histograms were globally fitted by a 4-peak Gaussian model 

with shared peak width, and centre (wi, and xci in Eq. 2.11). The fraction of individual 

subpopulation (Ai in Eq. 2.11) was plotted against reaction time as unfolding kinetics 

traces, and fitted by either single (Eq. 2.12) or double exponential decay Eq. 2.13 

according to the best fit. 

     Eq. 2.12 

   Eq. 2.13 

where F is the peak fraction of individual subpopulation in the smFRET histogram, t 

is the time after initiation of unfolding reaction, A, A1, and A2 represent the respective 

amplitude of decaying components, τ, τ1, and τ2 represent the unfolding time constant 

of individual decaying components, and C is the fluorescence at t = ∞. 

 

2.2.6 Unfolding kinetics of G4s measured by FRET experiments at bulk level 
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MEF2D G4 

G4 unfolding kinetics of the end dual-labeled MEF2DG4 system were measured at 

bulk level using the same instrument for smFRET as stated above. 100 nM G4 

samples (oligos MEF-II 100 nM) in 100 mM K+ solution (10 mM Tris-HCl, pH 7.4) 

were prepared as stated previously. Since a much lower laser power and much higher 

DNA concentration were used in bulk measurements, photobleaching and surface 

absorption effects are not as prominent as those observed at single molecule level. 

Thus, Vitamin C and Tween 20 were no longer used in kinetics experiments at bulk 

level. After annealing, the G4 sample was further diluted to 30 nM concentration in 

Tris-HCl buffer containing 100 mM K+ before unfolding kinetics measurements. The 

C-rich complimentary strand (oligo MEF-III, 5 µM) was denatured at 95 °C for 15 

minutes and then annealed on ice. Kinetics measurement was carried out by mixing 

Cy3-labeled G4-forming sequence (oligo MEF-II) with its Cy5-labeled 

complementary strand (oligo MEF-III) to a final concentration of 30 nM for both at 

time 0 of unfolding reaction. The mixing was carried out in a 4-well chambered 

coverglass. The excitation laser power was reduced to 35 µW to avoid fluorescence 

signal saturation. All kinetics measurements were carried out at 25 °C, and lasted 

12,000 seconds with time bin width 1 second. Fluorescent signals from the acceptor 

channel (Cy5) was taken as unfolding kinetic trace, and fitted by a second order 

model as described in Chapter 4. 

TnIc Two-repeat MNSG4 

Unfolding kinetics of dual-labeled two-repeat MNSG4 was also investigated at bulk 

level by using the same setup. As compared to the second order unfolding reaction 

investigated in MEF2DG4 system, a pseudo-first order approach was used in studying 

the dual-labeled two-repeat MNSG4 (100 nM G4-forming oligo and 2 µM C-rich 

complimentary oligo). 100 nM dual-labeled two-repeat MNSG4 (oligo Tr2×MNS-III) 

was annealed as previously stated to allow the formation of G4. When the 

temperature was stabilised (25 °C), 20 µl DNA solution containing 100 µM C-rich 

complimentary strand (oligo Tr2×MNS-II) was mixed with 1 ml G4 samples (100 nM 

oligo, 10 mM Tris-HCl, and 100 mM K+) at the time 0 of unfolding reaction. The 

excitation laser power was further reduced to 10 µW to avoid fluorescence signal 

saturation. Unfolding reaction was measured for 4,000 seconds with time bin width 1 
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second. The decrease of fluorescence signal in acceptor channel (Cy5) was taken as 

unfolding kinetic trace, and fitted by a double exponential decay model (Eq. 2.13). 

TnIc MNS and -80 G4s 

For both ds dual-labeled MNSG4 and -80G4 systems, their unfolding kinetics were 

investigated via a pseudo-first order approach. Generally, 100 nM Cy3-labeled 

MNSG4 (oligo TrMNS-III) and -80G4 (oligo Tr-80-III) were mixed with 150 nM Cy5-

labeled 3’ linker (oligo Comp-Cy5) in 10 mM Tris-HCl buffer containing 100 mM 

K+. Both G4 samples were annealed to allow the formation G4 as stated previously. 

Fluorescence signals of 200 µl annealed G4 samples at 100 nM concentration were 

measured by Fluorometer (Fluor Max-3, JOBIN YVON, HORIBA, USA). Samples 

were excited at 550 nm, and Cy5 fluorescence signals were collected at 664 nm with 

5 nm slit (peak of Cy5 emission). Cy5 signals were measured at 1 second time 

interval with 0.5 second time bin. Intensity of Cy5 fluorescence signals in the absence 

of C-rich oligos was monitored for 30 minutes prior to each kinetics experiment. If 

the signal was found to be systematically changing, it was allowed to further stabilise. 

4 µl DNA solution containing 100 µM C-rich complimentary strand (oligo TrMNS-II 

for MNSG4, and oligo Tr-80-II for -80G4) was mixed with 200 µl G4 samples (100 

nM oligo, 10 mM Tris-HCl, and 100 mM K+) to give a final concentration of 2 µM at 

the time 0 of the unfolding reaction. The progress of G4 unfolding was monitored by 

following the decrease in Cy5 fluorescence as the duplex formed. Unfolding kinetics 

runs were repeated at different temperatures (MNSG4: 25, 35, 45, and 55 °C, and -

80G4: 35, 45, 55 and 65 °C). In each measurement, the mixing time (adding C-rich 

complimentary oligo to the G4 samples) was controlled within 10 seconds, and hence 

has only little influence to determine unfolding kinetic parameter accurately. The 

cuvette was sealed by a cap in the measurement to prevent evaporation at higher 

temperature. The resulting traces of Cy5 fluorescence were fitted by a double 

exponential decay model (Eq. 2.13) in Origin 7.0. 

 

2.2.7 Dimethyl sulfate (DMS) footprinting of TnIc MNSG4 and -80G4 

As shown in Figure 2.2, the N7 of guanine is protected from methylation by DMS if it 

is involved in Hoogsteen hydrogen bonding of a classic G-tetrad, while guanines 
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involved in GC, and less commonly, GG base paring can still be fully or partially 

methylated by DMS. Under alkali conditions, the imidazole ring will be opened, and 

subsequent piperidine treatment can substitute the guanine base group and induce a 

breakage of the DNA backbone. DMS footprinting is a commonly used technique to 

resolve guanines involved in G-tetrad of G4s, which are fully or partially protected 

from oligo breakage induced by DMS and piperidine. 

 

 

 

 

 

 

Figure 2.2: Molecular mechanism of DMS footprinting to reveal guanines 
involved in formation of G4 structures. 

 

Labeling 5’-termini of oligos with [32P] 

The first step is to label test oligos with [32P] at their 5’. The following components 

were added in order stated into a sterile 1.5 ml Eppendorf tube. 

 Test oligos (10 µM)      50 µl 

gamma-32P ATP (6,000 Ci/mmole, 10 mCi/ml)  15 µl 

T4 polynucleotide kinase (10 U/µl)    5 µl 

10 × kinase buffer      10 µl 

Sterile MilliQ H2O      20 µl 

Excess of oligos were used in order to maximize labeling efficiency and decrease the 

radioactive waste. The reaction mixture was incubated at 37 °C for 1.5 hours in a 

heating block to label the 5’-termini of oligos. Then, the labeled oligos were separated 

from free gamma-32P ATP by a Sephadex G-25 spin column (5 ml column 

centrifuged for 5 minutes at 600 × g), and collected in a 15 ml Falcon tube. The 

column was further eluted with 100 µl 1 × TE buffer (pH 7.4), and then disposed of 

properly. Gamma-32P ATP was purchased from GE Healthcare. 
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First round electrophoresis (denaturing) to purify full-length oligos 

Since the commercially synthesised oligos may be contaminated with incomplete 

oligos (i.e. shorter) or other impurities, a first round denaturing gel purification was 

used to separate labeled full-length oligos from other contaminants. A 30 cm × 16 cm 

× 1 mm gel was made by following a similar protocol as stated previously. Plates 

were sealed by adhesive tapes, and a comb with large wells (2 cm width) was used. 45 

ml of 16 % polyacrylamide gel solution was prepared by mixing components in the 

order stated in Table 2.8. Once polymerised, the gel was pre-run at 300 V (constant 

voltage, DC power supply) to warm the gel for 30 minutes. In the process of pre-run, 

the labeled oligos were mixed with 20 µl alkaline gel loading buffer (10 ×), denatured 

at 95 °C for 15 minutes, and then held on ice before loading. Then, the sample was 

loaded and the gel was run at 200 V until desired resolution was obtained. After the 

first round electrophoresis was finished, the gel was transferred carefully to a 

Whatman 3MM paper (GE Healthcare), and then wrapped with plastic Saran wrap. 

Oligos of the desired length (usually the major product) were visualized by exposing 

the gel to a BioMax MR film (Kodak, USA) for 30 minutes. DNA bands were cut out 

with a razor blade, and crushed into small pieces with a metal spatula in a 1.5 ml 

Eppendorf tube. Gel fragments were soaked in 400 µl 1 × TE buffer (pH 7.4), and 

incubated on a rotation incubator at room temperature for 2 hours in order to elute the 

labeled oligos. The supernatant (~ 300 µl) was pipetted off into another 1.5 ml 

Eppendorf tube and subjected to ethanol precipitation. Generally, the supernatant was 

mixed with 1/10 volume of 3M NaOAC solution, 3 volumes ice-cold absolute 

ethanol, and incubated at -80 °C for 3 hours. The DNA sample was then pelleted by 

centrifuging at 13,000 rpm for 30 minutes at 4 °C. The supernatant was discarded and 

the DNA pellet was washed twice with 1 ml room-temperature 95 % ethanol. After 

discarding the ethanol, DNA pellet was air-dried on benchtop, and finally 

resuspended in 50 µl 1 × TE buffer (pH 7.4). The radioactivity of the labeled oligos 

were determined by Cerenkov counting, and further adjusted to 5,000 cpm/µl. 

Second round electrophoresis (native) to obtain intramolecular G4s 

The purified 32P-labeled oligos were annealed to allow the formation of G4 in the 

presence of 100 mM K+ as previously stated. A 16 % native polyacrylamide gel was 

also prepared as described in Table 2.8. The native gel was then pre-run at 150 V for 
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30 minutes in 1 × TBE buffer containing 100 mM K+. 10 µl of annealed oligos (~ 

50,000 cpm per reaction) were diluted with 0.1x TE buffer to 90 µl per reaction. After 

adding 1 µl of calf thymus DNA (0.1 µg/µl), DMS methylation reaction was carried 

out for 5 minutes by adding 1 µl of 25 % DMS solution (1:4 DMS/ethanol v/v). Each 

reaction was stopped by adding 18 µl of stop buffer (1:6:7 β-

mercaptoethanol/water/NaOAc, v/l (3M NaOAc)), 10 µl of gel loading buffer 

containing 1 µg calf thymus DNA, and immediately loaded on the 16 % native gel for 

electrophoresis (Bromophenol Blue indicator should remain blue in colour once the 

methylation reaction is terminated: yellow or purple colour indicates dramatic pH 

changes in the reaction, which may disrupt formation of G4s). The gel was run at 150 

V in 1 × TBE buffer containing 100 mM K+ until desired resolution was achieved. 

Then, the gel was recovered and visualized by autoradiography as stated previously. 

In the process of electrophoresis, a negative control was also prepared (denatured 

oligos without annealing were DMS methylated directly). After electrophoresis, DNA 

bands correspond to methylated intramolecular G4s were cut off from the gel, and 

methylated oligos (including the negative control) were recovered by ethanol 

precipitation in the presence of 1 µg carrier DNA (calf thymus DNA) to improve the 

recovery efficiency. Air-dried DNA pellets were resuspended in 30 µl 1M piperidine 

solution, and heated at 95 °C for 30 minutes. Piperidine-treated DNA samples were 

air-dried in a speed vac under vacuum, re-washed by 30 µl sterile MilliQ water, and 

air-dried again in the speed vac. DNA pellets were resuspended in 10 µl alkaline 

sequencing dye, and stored at -20 °C prior to the third round sequencing 

electrophoresis.  

Chemical sequencing reactions of the labeled oligos 

Two aliquots of 10 µl purified DNA samples were diluted to 20 µl in the presence of 

0.5 µg calf thymus DNA to prevent excessive chemical modifications. The aliquots 

were mixed with 20 µl formic acid and hydrazine for purin- and pyrimidine-specific 

sequencing reactions, respectively. Reactions were performed at room temperature for 

30 minutes, and stopped by adding 60 µl sequencing stop solution. DNA samples 

were recovered by ethanol precipitation, and piperidine-treated as stated above. The 

air-dried DNA pellets were dissolved in 10 µl alkaline sequencing dye, and stored at -

20 °C prior to the third round sequencing electrophoresis. 
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Third round electrophoresis (sequencing) to resolve guanines involved in G4 

formation 

A denaturing gel of 38.5 cm × 31 cm × 0.4 mm was prepared from 90 ml gel solution 

(Table 2.8). The gel was pre-run and warmed for 30 minutes at 1,500 V. During the 

pre-run, reactive DNA samples (chemical sequencing products, DMS treated G4s, and 

negative controls) were heated at 95 °C for 5 minutes and chilled on ice. Denatured 

DNA samples were then loaded on the sequencing gel, and the electrophoresis were 

performed at 1500 V until desired resolution has been obtained. After the 

electrophoresis, one plate was removed carefully and the gel was covered with a piece 

of a Whatman 3MM paper. The 3MM paper was slowly pulled back to transfer the 

gel to the paper. Then, another piece of paper was placed underneath, and the 

gel/paper was wrapped with a plastic wrap. The gel sandwich was then dried at 70 °C 

for 1 hour with a vacuum. The dried gel was exposed to a phosphor screen overnight 

(GE Healthcare). Then the exposed phosphor screen was scanned with a TyphoonTM 

9410 storage phosphor-imager (GE Healthcare) to digitize the results. 

 

Table 2.8: Recipes for preparing 16 % denaturing, 16 % native, and 20 % 
denaturing polyacrylamide gels for the three rounds of electrophoresis in DMS 
footprinting experiments. 

 
 

2.2.8 Ligand-G4 binding affinity assay in solution 

Due to the strong fluorescence quenching ability of the di-copper complex (compound 

3), the ligand-G4 binding affinity was determined by measuring the decrease of Cy5 

fluorescence signals of G4s when titrated by the increase of ligand. Generally, 100 

Component 16 % Denaturing 
PAGE (45 ml) 

16 % Native PAGE 
(45 ml) 

20 % Sequencing 
PAGE (90 ml) 

30 % Acrylamide/Bis 
Solution (29:1) 24 ml 24 ml 60 ml 

10 × TBE 4.5 ml 4.5 ml 18 ml 
2M KCl -- 2.25 ml -- 
Urea 22.5 g -- 45 g 
ddH2O Up to 45 ml 14.25 ml Up to 90 ml 
APS (10 %) 150 µl 150 µl 200 µl 
TEMED 30 µl 30 µl 50 µl 
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nM ss dual-labeled MNSG4 (oligo TrMNS-IV) and -80G4 (oligo Tr-80-IV) were 

prepared as described in Section 2.2.2. Then, 1 ml of G4 samples (100 nM) were 

loaded to the 4-well chambered coverglass, and the Cy5 fluorescent signals without 

ligand were measured at room temperature (25 °C) for 30 seconds as initial 

fluorescence signals. After adding 1 µl of the ligand stock solution (1,000-fold stock 

solution), the sample was mixed thoroughly by pipetting and left for 10 minutes. 

Then, the quenched Cy5 fluorescence signals were measured for 30 seconds. The 

ligand quenching curves were fitted by following equations. 

The formation of ligand-G4 complex (G4L) can be described by a simple two-state 

process: 

    Eq. 2.14 

The corresponding dissociation constant (Kd) is defined as: 

     Eq. 2.15 

in which [G4], [L], and [G4L] represent the concentration of free G4s, free ligands, 

and ligand-G4 complexes, respectively. 

Because the total concentration of G4 ([G4]T) and ligand ([L]T) can be described as: 

   Eq. 2.16 

    Eq. 2.17 

Eq. 2.15 can be rewritten as: 

     Eq. 2.18 

By solving Eq. 2.18, the positive resolution of [G4] is: 

  Eq. 2.19 

Due to the strong fluorescence quenching ability of the ligand, it is reasonable to 

assume the ligand-G4 complex (G4L) has no fluorescent signal. Thus, the 

fluorescent signal is solely determined by the concentration of free G4s ([G4]): 
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  Eq. 2.20 

in which F[L] is the fluorescent signal of the G4 sample titrated by a certain 

concentration of the ligand, Finitial is the fluorescent signal of the G4 sample without 

ligand, and Ffinal represents the fluorescent signal of the G4 sample fully quenched by 

the ligand. By taking Eq. 2.19 into Eq. 2.20, 

 Eq. 2.21 

By fitting the ligand quenching curves with Eq. 2.21, the dissociation constant Kd will 

be revealed, and correspondingly, its inverse is taken as the affinity constant (Ka). 

 

2.3 Molecular and cell biology studies 

2.3.1 Agarose gel electrophoresis, purification, and quantification of DNA 

In order to check PCR or digested DNA products, or for the removal of enzymes and 

buffer salts, DNA samples were run routinely on a 1.5 % agarose gel in 1 × TAE 

buffer (40 mM Tris-acetate, 1 mM EDTA, pH 7.0). Generally, the agarose gel was 

prepared by melting 0.75 g agarose in 50 ml of 1 × TAE buffer in the microwave, 

adding/mixing 1 µl ethidium bromide solution (10 mg/ml) when the solution cooled 

to 60 °C, gently pouring the solution into a mini gel apparatus without introducing 

bubbles, and inserting a comb with proper size according to the sample volume. The 

gel was then left at room temperature to set for 30 minutes. After immersing the gel in 

an adequate volume of 1 × TAE buffer, the comb was carefully removed. One sixth 

volume of 6 × gel loading buffer (0.25 % Bromophenol Blue (w/v), 0.25 % xylene 

cyanol (w/v), and 30 % glycerol (v/v)) was mixed with DNA samples, and then 

loaded into the gel and run at 90 V (constant voltage) until desired resolution was 

obtained. DNA bands were visualized by the ChemiGenius documentation system 

under UV light (Syngene, UK). Bands of interest were carefully excised with a sterile 

scalpel on a UV transilluminator, and stored in sterile 1.5 ml Eppendorf tubes.  

DNA fragments were then extracted from the gel slice using QIAquick extraction kit 

(QIAGEN, Japan) by following the manufacturer’s protocol. This involved melting 
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the gel slice in 3 volumes of buffer QG at 50 °C for 10 minutes, mixing with 1 

volume of isopropanol, binding DNA fragments by QIAquick column, and washing 

the column by 0.5 ml buffer QG and 0.75 ml buffer PE, respectively. Purified DNA 

fragments were eluted by adding 50 µl EB buffer (10 mM Tris-HCl, pH 8.5) to the 

columns placed on Eppendorf tubes, and centrifuging at 13,000 rpm for 1 minute at 

room temperature. 

The DNA concentration in solution was quantified by its optical density (O.D.) at 260 

nm using a Shimadzu UV-1601 spectrophotometer (Shimadzu corporation, Japan). 

The purity of purified DNA samples was determined by the ratio between absorbance 

at 260 nm and 280 nm (O.D.260/ O.D.280), which should be around 1.8. Ratios 

significantly deviated from this value indicate contamination of protein or phenol. An 

O.D. of 1 at 260 nm corresponds to a concentration of 50 µg/ml for DNA [10]. Thus, 

the DNA concentration was determined by following Eq. 2.22: 

  Eq. 2.22 

 

2.3.2 Polymerase chain reaction (PCR) 

GC-rich PCR 

PCR has been used in this thesis to amplify specific DNA regions of interest. Because 

of the high GC content in the proximal promoter of human TnIc, GC-rich PCR 

(Invitrogen) strategy was used. Generally, a 50 µl reaction system was set up in a 0.2 

ml thin-walled PCR tube as described below: 

 10 × PCRx Amplification buffer    5 µl 

50 mM MgSO4      2 µl 

dNTP (10 mM each)      2.5 µl 

Primers (100 µM, sense and anti sense)   1.25 µl each 

Template DNA (10 µg/µl)     5 µl 

Platinum Taq Polymerase (5 U/µl)    0.2 µl 

Sterile MilliQ H2O      up to 50 µl 
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The optimum concentrations of PCRx Amplification buffer (3 ×) and MgSO4 (2 mM) 

were determined by prior experiments. 0.5 × PCRx Enhancer solution was also used 

in certain cases. The PCR system was mixed thoroughly by vortexing, and then 

amplified by a PCR thermocycler (Stratagene). The PCR amplification was carried 

out by following the protocol as stated below. 

Denaturation at 95 °C for 3 minutes 

35 cycles of: 
Denaturation at 95 °C for 1 minute 
Annealing at 55 to 65 °C for 2 minutes (annealing temperature was 
optimised according to the melting temperatures of different primer 
pairs and results of temperature gradient PCR) 
Elongation at 68 °C for 1 to 1.5 minutes (1 minute for 1 kb DNA) 

Final elongation at 68 °C for 10 minutes 

Hold at 4 °C 

PCR products were then examined by 1.5 % agarose gel and purified according to the 

protocol stated above. 

Colony PCR 

Colony PCR was used to directly amplify the DNA fragments of interest from 

bacterial colonies, and to identify the sizes of inserted DNA fragments. Generally, 20 

µl reaction system was set up proportionally as described above. A 200 µl sterile 

pipette tip was used to pick a bacterial colony, twirled in the PCR mix solution for 2 

or 3 times to introduce the template DNA (bacterial plasmids), and then placed into a 

50 ml Falcon tube containing 5 ml LB broth with corresponding antibiotics in order to 

regenerate the colony. PCR reactions were carried out as described previously, and 

PCR products were analyzed by agarose gel electrophoresis. Falcon tubes containing 

colonies with positive inserts were then incubated overnight at 37 °C with shaking at 

225 rpm. DNA plasmids were then extracted and sent for sequencing to further 

examine the sequences of inserted DNA fragments. 

 

2.3.3 Restriction enzyme (RE) digestion 
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In this thesis, double digests were used in the plasmid sub-cloning step. In the design 

of a suitable double digest system, enzyme pairs with 100 % activity in the same 

buffer were chosen. Thus, for all enzyme pairs in the double digest system mentioned 

in this thesis, the optimum reaction activity could be achieved in the same buffer. 

Standard double RE digests were performed in a final volume of 20 µl in the presence 

of 2 µg substrate DNA. The reaction mix was prepared by adding following 

components in order as stated into a 1.5 ml sterile Eppendorf tube. 

  Sterile MilliQ H2O      13.8 µl 

Restriction enzyme buffer X (10 ×)    2 µl 

BSA (bovine serum albumin, 100 ×)    0.2 µl 

Restriction enzyme 1 (20 U/µl)    1 µl 

Restriction enzyme 2 (20 U/µl)    1 µl 

Substrate DNA (1 µg/µl)     2 µl 

The components were mixed gently by finger flicking and then incubated at 37 °C for 

2 hours. Digested DNA products were checked and separated by agarose gel 

electrophoresis, and then extracted from the gel slice using QIAquick extraction kit by 

following the protocol as described previously. Larger or smaller restriction enzyme 

digestion systems were prepared by scaling up/down this basic reaction system 

proportionally.  

 

2.3.4 Plasmid construction via Gateway® recombination cloning 

Most of the plasmid constructs used in this thesis were generated via Gateway® 

recombination cloning technology (Invitrogen), by following the manufacturer’s 

instruction. This technology derives from the bacteriophage lambda site-specific 

recombination system, which integrates bacteriophage lambda into the chromosome 

of E. coli, and switches between the lytic and lysogenic pathways. The recombination 

reaction of this bacteriophage lambda-derived system is mainly determined by two 

components: (i) the site-specific att (attachment) recombination sites that provide 

recognition sites for orientation-specific recombination and (ii) a group of the phage 

lambda and E. coli proteins involved in regulating the recombination reaction.  
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By following this site/orientation-specific recombination reaction in bacteriophage 

lambda, Gateway® Technology facilitates the transfer of heterologous DNA 

sequences of interest flanked by specific att sites between different vectors via 

recombination reactions. Gateway® Technology is composed of two recombination 

reactions, the BP reaction and LR reaction (Figure 2.3). Firstly, the DNA fragment 

(e.g. PCR products or attB expression clone) flanked with attB sites is recombined 

into a donor vector containing attP sites to give an “entry” clone containing attL sites 

flanked around the DNA fragment. This BP reaction is catalysed by BP ClonaseTM 

enzyme mix that is involved in inducing lambda lysogenic pathway and generates an 

entry clone. The principle behind Gateway cloning is that the entry clone then allows 

the researcher to introduce the DNA into multiple specific “destination” vectors (for 

example, allowing expression in mammalian, yeast or insect cells) via a single further 

reaction, the “LR” step. Next, the DNA fragment between attL sites in the entry clone 

is further recombined into the destination vector, which contains attR sites, giving rise 

to an expression clone containing the DNA fragment of interest flanked with 

regenerated attB sites. This LR reaction is catalysed by LR ClonaseTM enzyme mix 

that facilitates lambda lytic pathway. 

 

 

 

 

 

 
 
Figure 2.3:  Schematic illustration of Gateway® technology.  
The Gateway® technology is composed of two reactions, the BP reaction (upper) and 
LR reaction (lower). In the BP reaction, the DNA fragment of interest flanked with 
attB sites is recombined into a donor vector containing attP sites, and gives an entry 
clone containing the DNA fragment flanked with attL sites. LR reaction recombines 
the DNA fragment into a destination vector containing attR sites, and gives rise to an 
expression clone containing the DNA fragment flanked with attB sites. The BP and 
LR reactions are catalysed by BP ClonaseTM enzyme mix and LR ClonaseTM enzyme 
mixes, respectively. This figure was taken from the Invitrogen user manual. 
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Because only very small amount of initial attB flanked DNA fragment is available 

(will be described later), the high delivery efficiency of Gateway® Technology at 

room temperature (> 99 % within 1 hour) makes it a very attractive tool. Another 

advantage of Gateway® Technology is that the shuttle of insert DNA fragment from 

one expression vector to another is relatively simple. Furthermore, as compared to 

cloning with more conventional plasmids, the Gateway® vector is very efficient in 

selecting positive entry and expression clones. Between the two att sites in the 

Gateway® donor and destination vectors, there is a ccdB gene (“death gene”), whose 

product interferes with E. coli gyrase, and which is excised upon successful 

recombination with the DNA product of interest. Thus, only recombinant E. coli 

carrying an entry or expression vector from a successful BP or LR reaction can 

survive on plates containing the appropriate antibiotic, in which the ccdB gene is 

replaced by the DNA fragment of interest.  

Generation of attB-flanked MNS concatemers via three rounds of ligation 

Wild type (WT) and mutated (M) minisatellite concatemers were constructed by using 

a three-round ligation process (Figure 2.4). To improve ligation efficiency, single-

stranded oligos MNS_G/C and MNSM_G/C (Table 2.2) were firstly 5’ 

phosphorylated in 10 µl phosphorylation reaction systems as described below. 

Sterile MilliQ H2O      6 µl 

DNA oligo (100 µM)      2.5 µl 

T4 DNA Ligase buffer (10 ×)     1 µl 

PNK (T4 Polynucleotide Kinase 10 U/µl)   0.5 µl 

Since the PNK reaction was followed by a ligation reaction, to simplify this process, 

PNK is optimised for use in T4 Ligase reaction buffer (which contains the appropriate 

amount of ATP, 1 mM as working concentration). PNK phosphorylation was 

performed at 37 °C for 1 hour. Then, 5’ phosphorylated oligos MNS_G/C and 

MNSM_G/C (10 µl G-rich oligo was mixed with 10 µl C-rich oligo giving a 20 µl 

system) were annealed to each other by heating at 95 °C for 5 minutes, then gradually 

cooling to 25 °C. 20 µl of annealed MNS_G/C and MNSM_G/C were mixed with 2 

µl T4 DNA Ligase (10 U/µl), and incubated at 16 °C for 2 hours to allow the 

generation of self-ligated concatemers with random number of MNS repeat. The 
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different sticky ends at 5’- (5’CCTGGA) and 3’-end (5’TCCAGG) of individual 

MNS repeat ensures that the self-ligated products are in the same direction. These 

first round ligation products (MNS concatemers) were purified by QIAGEN Gel 

extraction kit. DNA concentration was quantified by the absorbance at 260 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4:  Schematic illustration of the protocol to generate attB-flanked 
human TnIc MNS concatemers via three rounds of ligation. 
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1 2 3 M 

In the process of the first round ligation, oligos 5’Linker_G and 5’Linker_C (Table 

2.2) were phosphorylated and annealed by following the same protocol as described 

above. Then, annealed 5’linker (0.75 pmol) was ligated to the purified MNS 

concatemers (0.25 pmol) in the second round ligation by following a similar protocol 

as mentioned previously. The 5’linker contains an attB1 recombination recognition 

site and an EcoRI RE site. The second round ligation products, attB1-EcoR1-nMNS 

fragments, were also purified by QIAGEN Gel extraction kit. In the third round 

ligation, oligos 3’Linker_G and 3’Linker_C (Table 2.2) were phosphorylated, 

annealed, and ligated to the 3’-end of products purified from the second round 

ligation by following the same protocol.  

Three rounds of ligation give a group of DNA fragments that are composed of an 

attB1 site and an EcoRI RE site in their 5’-ends, a MNS concatemer with random 

repeats in the middle, and an E-box (hE2), a PstI RE site, and an attB2 site in their 3’-

end. These attB-flanked MNS concatemers were examined by a 12 % native 

polyacrylamide gel prior to be recombined into a donor vector via BP reaction (Figure 

2.5). 

 

 

 

 

 

 

 

 
Figure 2.5:  Ligation products of wild type MNS in a 12 % native polyacrylamide 
gel.  
1 The first round ligation products of wild type MNS concatemers with random 
number of repeat. 2 The second round ligation products of wild type MNS 
concatemers with a linker containing attB1 and an EcoRI site in the 5’-end. 3 The 
third round ligation products of wild-type MNS concatemers with a linker containing 
an E-box (hE2), a PstI site, and attB2 in the 3’-end. M, 100 bp ds DNA marker 
(Invitrogen). 
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BP recombination reaction 

The purified MNS concatemers (both wild type and mutated) flanked with attB sites 

were recombined into the donor vector pDONRTM 221 containing attP sites to give an 

entry clone with MNS concatemers. The BP reaction was set up by adding the 

following components into a 1.5 ml sterile Eppendorf tube in order as stated. 

TE buffer (pH 8.0)      3.5 µl 

BP clonase buffer (5 ×)     2 µl 

Purified MNS concatemers (100 ng/µl)   1.5 µl 

pDONRTM 221 (100 nM)     1 µl 

After mixing thoroughly, 2 µl of BPTM Clonase enzyme mix were added, and mixed 

by vortexing twice for 2 seconds. The reaction was performed by incubating at 25 °C 

for 3 hours. BP reaction was terminated by adding 1 µl of proteinase K solution, and 

incubated at 37 °C. A positive and a negative control were also set up by replacing 

attB-flanked MNS concatemers with pEXP7-tet DNA and MilliQ H2O respectively.  

Next, 1 µl of BP reaction product was used to transform 50 µl E. coli competent cells 

(library efficiency® DH5αTM cells, Invitrogen) as described in Section 2.3.6. 

Transformed cells were selected on an agar plate containing 50 µg/ml kanamycin. 

After incubating at 37 °C overnight, 10 isolated colonies were screened for the 

presence of MNS concatemers by colony PCR as described in Section 2.3.2. The M13 

forward/reverse primer pair was used in colony PCR (Table 2.2). Colonies containing 

inserts with required length were then regenerated in LB broth overnight. Plasmid 

DNA was prepared from these colonies and sent for sequencing as described in 

Section 2.3.5 and 2.3.7. Based on the sequencing results, entry clones with specific 

number of MNS repeat proceeded to further LR recombination reaction in the 

following steps. The BP reaction is illustrated in Figure 2.6. 
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Figure 2.6:  Schematic illustration of BP recombination reaction to recombine 
the MNS concatemers into pDONR221 donor vector in order to create entry 
vectors. 

 

LR recombination reaction 

MNS concatemers were then recombined from the attL-containing entry clone into an 

attR-containing destination vector (pGL3-Basic-GW) to create an attB containing 

expression clone (pGL3-Basic-GW-MNS). Destination vector pGL3-Basic-GW, was 

constructed by Dr. Malathi Raman [1], and kindly provided by Dr. Nigel Brand. 

Generally, the attR Reading Frame Cassette B (RfB) containing ccdB and 

chloramphenicol resistance genes was inserted to the multiple cloning site (MCS) of a 

promoterless firefly luciferase reporter vector pGL3-Basic (Promega) via SmaI blunt 

end ligation. The LR recombination reaction was set up by adding the following 

components into a 1.5 ml sterile Eppendorf tube in order as described. 

TE buffer (pH 8.0)      3.5 µl 

LR clonase buffer (5 ×)     2 µl 

pGL3-Basic-GW (200 ng/µl)     1.5 µl 
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Entry clone with specific MNS concatemer (200 ng/µl) 1 µl 

After mixing thoroughly, 2 µl of LRTM Clonase enzyme mix were added, and mixed 

by vortexing twice for 2 seconds. The reaction was performed by incubating at 25 °C 

for 3 hours. LR reaction was terminated by adding 1 µl of proteinase K solution, and 

incubated at 37 °C. A positive and a negative control were also set up by replacing 

entry clones with pENTRTM-gus DNA and MilliQ H2O respectively. Transformants 

were screened by colony PCR and the sequence of MNS inserted concatemers were 

determined by DNA sequencing as described above. For both colony PCR and 

sequencing, the RV3 and GL2 primer pair was used (Table 2.2). The LR reaction is 

illustrated in Figure 2.7. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.7:  Schematic illustration of LR recombination reaction to recombine 
the MNS concatemers into pGL3-Basic-GW destination vector to give expression 
vector pGL3-Basic-GW-MNS.  
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Insert of the -299 ~ +51 bp of TnIc into the pGL3-Basic-GW-MNS vector 

To construct a luciferase expression vector containing the complete human TnIc 

promoter, the fragment between -299 and +51 bp of the human TnIc gene was 

amplified by PCR and inserted into the pGL3-Basic-GW-MNS (Figure 2.8 a). By 

using the 5’-PCR-PstI and 3’-PCR-XhoI primer pair (Table 2.2), the DNA fragment -

299/+51 bp of human TnIc was amplified from the template plasmid hTnIc-531WT-

luc (constructed by Dr. Malathi Raman [1]) containing -531/+67 bp of wild type 

human TnIc promoter sequence. The PCR protocol has been described in Section 

2.3.2. The PCR products and pGL3-Basic-GW-MNS vector were separately double-

digested by XhoI and PstI by following the protocol as described in Section 2.3.3 (1 × 

NEBuffer 3 was used). DNA fragments were separated by agarose gel electrophoresis 

and purified by QIAquick extraction kit. Then the digested PCR product and pGL3-

Basic-GW-MNS were ligated to each other by adding the following components into 

a 1.5 ml sterile Eppendorf tube in order as described. 

Vector DNA (double digested pGL3-Basic-GW-MNS) 0.03 pmol 

Insert DNA (double digested PCR product)   0.3 pmol 

T4 DNA Ligase buffer (10 ×)     2 µl 

T4 DNA Ligase (10 U/µl)     1 µl 

Sterile MilliQ H2O      up to 20 µl 

The mass of DNA added to the ligation reaction system was calculated by following 

equation. 

 Eq. 2.23 

where X is the amount of DNA in pmol unit, and Y is the length of DNA fragment in 

bp. The ligation was carried out at room temperature for 1.5 hours. 3 µl of the ligation 

product was used to transform 50 µl E. coli competent cells (library efficiency® 

DH5αTM cells) as described in Section 2.3.6. Transformed cells were selected on an 

agar plate containing 50 µg/ml ampicillin. Positive clones were examined by colony 

PCR and sent for sequencing. By following this protocol, luciferase expression 

vectors driven by the human TnIc promoter containing -299/+51 bp and variable 

repeats of MNS (engineered wild type and mutated) were generated (Figure 2.8 b). 
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a 

b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.8:  Construction of luciferase expression vectors driven by human TnIc 
MNSG4 and -80G4. 
(a) The DNA fragment of -299/+51 of the human TnIc promoter region was inserted 
into the pGL3-Basic-GW-MNS vector via PstI and XhoI RE sites. (b) Structure of 
different luciferase expression vectors containing variable repeats of MNSG4 and 
mutated MNSG4. 
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Mutagenesis of the -80G4 in luciferase expression vectors 

In this thesis, DpnI-mediated site-directed mutagenesis was used to introduce site-

specific mutations into the -80G4-forming motif in the luciferase expression vectors. 

As illustrated in Figure 2.9, the mutagenic primers containing the desired mutations 

were firstly annealed to the initial plasmid, and extended around the entire plasmid 

via PCR cycles. Since the product of the PCR reaction is never used as a template in 

subsequent reactions, the mutagenesis PCR reaction follows a linear amplification 

rather than an exponential one. Following the reaction, the PCR product is digested 

with DpnI. This endonuclease only cleaves at methylated sites, which exist only on 

the template plasmids generated by E. coli, but not on the PCR product. Thus, all 

parental plasmids without mutations are degraded. The PCR reaction of site-directed 

mutagenesis was set up by adding following components in order as stated. 

10 × PCRx Amplification buffer    5 µl 

50 mM MgSO4      1.2 µl 

dNTP (10 mM each)      4 µl 

Primers (100 µM, sense and anti sense)   2.5 µl each 

Template DNA (10 ng/µl)     5 µl 

Platinum Pfx® DNA Polymerase (2.5 U/µl)   1 µl 

Sterile MilliQ H2O      up to 50 µl 

The concentration of primer versus template determines whether primer-primer or 

template-primer interaction dominates. When a reaction fails, modifications such as 

reducing the primer concentration or increasing the template concentration were 

necessary. In this thesis, primer pairs, -80G4-sp1M-F/R, -80G4-G4M-F/R, and -

80G4-M-F/R (Table 2.2) were used to introduce mutations in Sp1 binding site, G4-

forming sequences and both of them, respectively. The PCR amplification was carried 

out by following the protocol as stated below. 

Denaturation at 95 °C for 3 minutes 

15 cycles of: 
Denaturation at 95 °C for 1 minute 
Annealing at 55 to 65 °C for 2 minutes (annealing temperature was 
optimised according to the melting temperatures of different primer 
pairs and results of temperature gradient PCR) 
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Elongation at 72 °C for 6 minutes (1 minute for 1 kb DNA) 

Final elongation at 72 °C for 15 minutes 

Hold at 4 °C 

Parental template plasmid PCR products were then digested by adding 1 µl DpnI (10 

U/µl) and incubated at 37 °C for 1.5 hours. Then, 2 µl of the 1:10 diluted digested 

products were used to transform 50 µl XL-1 Blue competent cells (Stratagene). 

Desired mutations were subsequently confirmed by sequencing. 

 

 

 

 

 

 

 

Figure 2.9:  Schematic illustration of the DpnI-mediated site-directed 
mutagenesis.  
Primer pair containing desired mutations was first annealed to the parental plasmid, 
and extended through the whole vector via PCR reaction. Parental plasmids were 
subsequently degraded by DpnI digestion. 
 

2.3.5 DNA sequencing 

Generally, 1.5 µg of mini-prep plasmid DNA (QIAGEN purified) was mixed with 15 

pmol of each primer in a volume of 15 µl sterile MilliQ. Plasmid samples and primers 

were sent to MWG-Eurofin for sequencing in a 1.5 ml sterile Eppendorf tube. The 

length of sequence read (up to 1100 bases) was with an accuracy > 99 %. The 

sequencing data of plasmid samples were analysed using Geneious 4.8.5 software 

(Biomatters Ltd., New Zealand) to confirm the sequences of desired DNA fragments. 
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2.3.6 Bacterial transformation 

In this thesis, DNA plasmids of interest were transformed into sub-cloning 

efficiency® DH5α (Invitrogen) or XL-1 blue competent (Stratagene) cells according 

to the manufacturer’s instruction. Briefly, 50 µl competent cells were quickly thawed 

from -80 °C, and maintained on ice. 1 ~ 5 µl of plasmid solution was gently mixed 

with the thawed competent cells in a chilled 15 ml Falcon 2059 tube, and incubated 

on ice for 30 minutes. A positive control transformation reaction was carried out by 

mixing 50 µl DH5α competent cell with 50 pg uncut pUC19 DNA or by mixing XL-1 

blue competent with 50 pg uncut pUC18 DNA. Cells were subsequently heat-shocked 

at 42 °C for 30 seconds in a water bath, and immediately incubated on ice for 2 

minutes. Then, 950 µl pre-warmed (37 °C) LB broth without antibiotics was added to 

the transformation reaction, and the tube was incubated at 37 °C with shaking (~ 200 

rpm) for 1 hour. The reaction was transferred to a 1.5 ml sterile Eppendorf tube and 

cells were harvested by centrifuging at 13,000 rpm for 1 minute. The cell pellet was 

resuspended in 100 µl LB and immediately spread on a pre-warmed LB agar plate 

containing appropriate antibiotics. The plate was incubated at 37 °C upside down 

overnight in order to allow colonies to grow. Colonies were subjected to colony PCR 

to examine the presence of inserts on the following day. 

 

2.3.7 Small-scale plasmid purification 

Small-scale plasmid DNA used in sub-cloning, and transformation was purified using 

QIAGEN QIAprep Spin Miniprep Kit according to the manufacturer’s instruction. 

The QIAprep miniprep is based on alkaline lysis of bacterial cells followed by 

absorption of DNA onto silica in the presence of high salt.  

Briefly, a single bacterial clone was inoculated into 10 ml of LB broth containing 

appropriate antibiotics and cultured at 37 °C overnight with shaking at 300 rpm. Cells 

were then harvested by centrifuging the 50 ml Falcon tube at 13,000 rpm for 5 

minutes, and cell pellets were resuspended thoroughly in 250 µl Buffer P1 containing 

RNase A to degrade RNA. The suspension was then transferred to a 1.5 ml sterile 

Eppendorf tube, and mixed with 250 µl Buffer P2 (alkaline SDS lysis buffer) by 

inverting the tube 4 ~ 6 times. Buffer P2 is a NaOH/SDS mixture, in which the SDS is 
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used to solubilise phospholipids and protein components of the cell membrane leading 

to cell lysis, and NaOH is used to denature the released DNA and protein 

components. Then, 350 µl of Buffer N3 was mixed with the lysate immediately by 

inverting the tube 4 ~ 6 times. The addition of Buffer N3 is to neutralise and adjust 

salt concentration of the lysate, which precipitates the denatured chromosomal DNA, 

proteins and other cell components, while plasmid DNA stays in solution. Then, the 

lysate was centrifuged for 10 minutes at 13,000 rpm to separate plasmid DNA and 

other cell components. The resulting supernatant containing plasmid DNA was 

applied to a QIAprep spin column by decanting. By centrifuging the column for 1 

minute at 13,000 rpm and discarding the flow-through, plasmid DNA was absorbed 

onto the silica-gel membrane in the column. 0.75 ml Buffer PE (wash buffer) was 

added to the column and centrifuged again for 1 minute at 13,000 rpm to remove the 

salts. The column was centrifuged again to remove residual wash buffer. Then, the 

column was transferred into a sterile 1.5 ml Eppendorf tube and 50 µl Buffer EB 

(elution buffer: 10 mM Tris-HCl, pH 8.5) was added to the column. After letting 

stand for 1 minute, plasmid DNA was eluted by centrifuging the column for 1 minute 

at 13,000 rpm. Concentration of the plasmid DNA was measured as described in 

Section 2.3.1. Samples were stored at -20 °C until use. 

 

2.3.8 Large-scale plasmid purification 

Due to the requirement of high quality plasmid DNA in mammalian cell transfection 

experiments, plasmid DNA of interest was purified by using QIAGEN Plasmid Maxi 

kit according to the manufacturer’s instruction. The basic mechanism is similar as that 

used in small-scale plasmid purification described above. Briefly, a single colony 

containing the plasmid DNA of interest was inoculated into a starter culture (5 ml LB 

broth medium) containing appropriate antibiotics, and incubated at 37 °C with 

vigorous shaking (~ 300 rpm) until the O.D. reaches 0.6 ~ 0.8 at 600 nm (~ 8 hours). 

Then 0.5 ml of starter culture was added into 250 ml of selective LB broth medium, 

and cultured overnight at 37 °C with vigorous shaking (~ 300 rpm). Cells were 

harvested by centrifuging at 6,000 × g for 15 minutes at 4 °C, and cell pellets were 

resuspended in 10 ml of Buffer P1 with RNase A and transferred into a sterile 50 ml 

Falcon tube. Cells were lysed by mixing thoroughly with 10 ml of Buffer P2 by 
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gently inverting the tube 4 ~ 6 times, and incubated at room temperature for 5 

minutes. Then, cell components other than plasmid DNA were precipitated by adding 

10 ml of chilled Buffer P3, and incubating on ice for 20 minutes. After centrifuging 

twice at 13,000 rpm at 4 °C, the clarified supernatant containing plasmid DNA was 

applied to a QIAGEN-tip 500 pre-equilibrated with 10 ml Buffer QBT. When the 

supernatant flow through the anion-exchange resin of the column, the negatively 

charged DNA was bounded by the positively charged DEAE (diethylaminoethanol) 

group in the resin. After allowing the supernatant to enter the column by gravity flow, 

the column was further washed twice by 30 ml of Buffer QC to remove residual 

contaminants. Then, the plasmid DNA was eluted by 15 ml of Buffer QF, and 

precipitated by adding 10.5 ml of isopropanol. The sample was mixed by vortexing 

and centrifuged at ≥ 15,000 ×g for 30 minutes at 4 °C. Supernatant was carefully 

removed without disturbing the precipitated DNA pellet. Next, the DNA pellet was 

washed with 5 ml of room-temperature 70 % ethanol to remove residual salts, and 

centrifuged at ≥ 15,000 × g for 10 minutes at 4 °C. The supernatant was carefully 

decanted and the DNA pellet was air-dried for 15 minutes. The DNA pellet was 

dissolved in 500 µl Buffer EB (10 mM Tris-HCl, pH 8.5), and DNA concentration 

was measured as described in Section 2.3.1. Samples were stored at -20 °C until use. 

 

2.3.9 Initiation of the HEK293 cell line from frozen stock 

HEK293 cells (Human Embryonic Kidney 293 cells) were kind gifts from Dr. Nigel 

Brand, and stored in liquid nitrogen as described in Section 2.3.11. Prior to use, a 

frozen aliquot of cells were thawed quickly at 37 °C. When fully thawed, cells were 

immediately transferred into a 75 cm2 flask (Greiner Bio-one, UK) containing 15 ml 

of pre-warmed complete growth medium (Table 2.9). The cells were then incubated at 

37 °C to grow as a monolayer and were maintained as described below (Section 

2.3.10). 
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Table 2.9: Recipe to prepare complete growth medium for HEK293 cells. 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.10 Maintenance and passage of the HEK293 cell line 

HEK293 cells were maintained in 75 cm2 flasks containing complete growth medium 

and grown to 70-80 % confluence at 37 °C and under 5 % CO2 atmosphere in a humid 

LEEC incubator (LEEC, UK). To passage the cell line, the flask was gently shaken to 

detach loosely attached cells, and the medium was removed by aspiration. Cells were 

fully detached from the plastic by the addition of 3 ml pre-warmed trypsin-EDTA 

(0.05 mg/ml, Sigma, UK), and incubated at 37 °C with 5 % CO2 for 3 minutes. Then, 

7 ml of pre-warmed complete growth medium was added to terminate trypsin 

digestion. In addition, media was pipette along growth surface to lift cells, and to 

break up cell clumps. Because HEK293 cells are only semi-adherent, and can easily 

lift from the growth surface during assays that require multiple washes, no PBS wash 

was needed prior to trypsinizing. Then, cells were transferred to a sterile 50 ml Falcon 

tube and maintained in a 37 °C water bath. 1 ml of this cell suspension was then 

diluted (“1:20 split”) in 20 ml pre-warmed complete growth medium. 

 

2.3.11 Storing the HEK293 cell line in liquid nitrogen 

The cell suspension was centrifuged for 5 minutes at 800 × g at room temperature to 

harvest cells. The supernatant was removed by aspiration, and the cell pellet was 

resuspended in an appropriate volume of ice-cold freezing medium (complete growth 

medium supplemented with 10 % DMSO, v/v) to give a cell concentration of 1 × 106 

cell/ml. Then, 1 ml aliquots were dispensed into cryovial tubes (Nalge Nunc 

International, USA) and these were wrapped in Kleenex tissues and placed at -80 °C 

for 24 hours. Next day, vials were transferred into liquid nitrogen for long-term 

Component Volume 

Dulbecco's Modified Eagle Medium  
(Low Glucose 1.0 g/L) 500 ml 

Fetal Calf Serum (FCS) 41.5 ml 
L-Glutamine (200 mM) 5.5 ml 
10,000 Unit/ml Penicillin/streptomycin 5.5 ml 
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storage. This two-step freezing method together with quick thawing method would 

efficiently reduce ice nucleation in the freeze-thaw cycle that damages the cells. 

 

2.3.12 Calcium phosphate-mediated transient transfection of HEK293 cell line 

Calcium phosphate-mediated transfection has been in use since the mid 1970s [11]. 

Since then, this simple technique has changed little, and continued to be one of the 

most frequently used techniques to transfer plasmid DNA into mammalian cells in 

vitro. Although the exact mechanism of calcium phosphate-mediated transfection is 

still not fully understood, it is believed that the calcium, which is poorly soluble in the 

presence of phosphate ions, forms fine microprecipitates with recombinant plasmid 

DNA (co-precipitation). These microprecipitates are believed to have a positive effect 

on transfection efficiency [12]. When exposed on the surface of host cell membranes, 

the microprecipitates are taken up by the cells by phagocytosis, allowing transient or 

stable transfection. As compared to other commonly used transfection methods, such 

as LipofectamineTM 2000-mediated (Invitrogen) transfection and FuGENE® 6-

mediated (Promega) transfection, the calcium phosphate method is simple, 

inexpensive, and efficient in HEK293 cell line transfection with minimal cytotoxicity 

[13]. Thus, calcium phosphate-mediated transfection was used in this study. 

Generally, on the day before transfection, cells were first split, counted, and diluted in 

complete growth medium to a concentration of 2 × 104 cells/ml. Next, cells were 

reseeded in 24 well plates with a volume of 300 µl/well complete growth medium, 

and cultured overnight. Cell density was ~ 50 % confluent on the following day and 

ready for transfection. On the day of transfection, the plate was swirled gently to 

detach dead cells, old medium was aspirated off, and cells were re-fed with 300 µl 

pre-warmed complete growth medium at least 2 hours prior to transfection. 

Trasnfection was carried out as follows. Briefly, for each 24-well plate, 3.6 µg testing 

pGL3 luciferase plasmid and 480 ng pRL-TK control plasmid (Renilla luciferase 

reporter vector driven by herpes simplex virus thymidine kinase promoter PHSV-TK) 

were diluted by TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) in a 15 ml round-

bottomed tube to make up a volume of 315 µl. With slow vortexing, 45 µl of 2M 

CaCl2 was slowly and dropwisely added to give a final volume of 360 µl. Then, 360 

µl of 2 × HBS (pH 7.12, recipe described in Table 2.10) was slowly added with 
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vortexing. Then, solution was left to stand for 5 minutes to allow the formation of 

microprecipitates (longer time are unnecessary). Then, 30 µl of precipitate was added 

to each of triplicate wells, and mixed with original medium by moving the plate up 

and down, then left and right for 3 times, respectively. Swirling would result in 

accumulation of precipitates in the middle of the well, and give low transfection 

efficiency, hence was avoided. Plates were incubated in the presence of precipitates 

for 24 hours. One day (24 hours) after adding precipitates, plates were swirled briefly, 

and the medium was aspirated and replaced by pre-warmed fresh complete growth 

medium. Then, cells were re-incubated for 24 hours before harvest. 48 hours after the 

addition of precipitates, cells were harvested. Briefly, cells in each well were washed 

twice with 1 ml ice cold PBS, gently swirled, and aspirated. Plates were left on ice 

and moved to general lab for subsequent experiments. 

Table 2.10: Recipe to prepare 2 × HBS buffer. 
 
 
 
 
 
 
 
 
 
 
 
Note: pH value was adjusted to 7.12 by addition of 1 M HCl. Solution was filtered using a 0.22 µm 
filter. 

 

2.3.13 G4-binding ligand treatment of HEK293 cell line 

To investigate the regulatory roles of G4-forming motifs in vitro, dose response 

curves of G4-binding ligands were measured by dual luciferase reporter assays. 

Briefly, G4-binding ligands were stepwisely diluted in DMSO to different 

concentrations as 1,000 × stock solutions. In the process of calcium phosphate-

mediated transfection, 0.3 µl G4-binding ligand stock solution was added to 300 µl 

pre-warmed fresh medium to replace the transfection medium containing precipitates 

in each well. Negative controls in the absence of DMSO and in presence of 0.1 % 

DMSO (v/v) were also measured. Cells were then incubated with G4-binding ligands 

for 24 hours before cell lysis for luciferase assays. 

Component Amount Added Final Concentration 

HEPES 11.92 g 50 mM 
KCl 745.60 mg 10 mM 
Dextrose 2.16 g 12 mM 

NaCl 16.36 g 280 mM 

Na2PO4 211.4 mg 1.5 mM 
ddH2O Up to 1 L 
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2.3.14 Dual luciferase reporter assays 

HEK293 cell lysates were analysed for luciferase reporter gene expression with and 

without G4-binding ligands using the Dual Luciferase® Reporter Assay system 

(Promega) according to the manufacturer’s instruction. In these assays, the 

luminescence of both firefly (Photinus pyralis) and Renilla (Renilla reniformi or sea 

pansy) luciferase activities were determined sequentially from a single sample. 

Bioluminescence of luciferase is proportional to the amount of enzymes in the cell 

lysates, and thus indirectly represents the transcriptional rate of the reporter gene. Due 

to their different evolutionary origins, the firefly and Renilla luciferases have different 

structures and substrate requirements, which makes it possible to selectively 

discriminate between their respective bioluminescent reactions (Figure 2.10). In this 

study, the transcription of firefly luciferase was driven by the engineered human TnIc 

promoter containing different G4-forming motifs, while the Renilla luciferase was 

driven by herpes simplex virus thymidine kinase promoter PHSV-TK, which does not 

contain G4-forming motif. Thus, bioluminescence of Renilla firefly was used as an 

internal control to investigate the transcription activity differences related to the G4-

forming motifs with or without G4-binding ligands. 

Transfected cells were first washed twice by ice-cold PBS to reduce background 

signals from the medium, and cells were lysed by adding 100 µl of passive lysis 

buffer (Promega) per well. Cells were left on a tilting platform at room temperature to 

lyse, then scraped in buffer and the cell suspension was added to an Eppendorf tube. 

Tubes were spun at 13,000 × g to pellet debris and the clarified suspension was 

transferred to a fresh tube. 10 µl of cell lysate was then added to 50 µl Luciferase 

Assay Reagent II (LAR-II) to initiate the firefly luciferase enzymatic reaction. After 3 

seconds delay, luciferase luminescent signals were collected for 10 seconds in a 

Glomax 20/20 luminometer (Promega). After quantifying the firefly luciferase 

luminescence, the reaction was quenched and the Renilla luciferase reaction was 

simultaneously initiated by adding 50 µl of Stop and Glo® reagent to the same 

sample. This allowed the Renilla luciferase luminescence signals to be collected over 

10 seconds as an internal control. Firefly luciferase (driven by different engineered 

TnIc promoter) luminescence was normalized by dividing by the Renilla luciferase 
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(driven by PHSV-TK as an internal control) luminescence to minimize experimental 

variability caused by differences in cell viability and transfection efficiency. Results 

were presented as mean ± standard deviation (SD) from three independent triplicate 

experiments (from different batches of HEK293 cells). Statistical significance was 

determined by a two-tailed unpaired Student’s t-test, in which P ≤ 0.05 represent a 

significant difference.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10:  Schematic illustration of the mechanism of bioluminescent 
reactions catalyzed by firefly and Renilla luciferases.  
Photon emission of firefly luciferase is achieved through oxidation of beetle luciferin 
in a reaction that requires ATP, Mg2+, and O2. The bioluminescence reaction 
catalyzed by Renilla luciferase utilizes O2 and coelenterate-luciferin (coelenterazine), 
and also gives photon emission. Within the 1st second after the addition of Stop and 
Glo® reagent, the luminescence signal from firefly luciferase was quenched by a 
factor of 105, and the enzymatic reaction driven by Renilla luciferase is 
simultaneously activated. This figure was taken from the Dual Luciferase® Reporter 
Assay System manual (Promega). 
 

 

2.4 Bioinformatics studies 

2.4.1 Obtaining gene/transcript sequences and features 

The human genome sequences 

Gzip compressed sequences of the human genome (version 37.64) were downloaded 

from ENSEMBL FTP (ftp://ftp.ensembl.org/pub/release-65/fasta/homo_sapiens/dna/) 
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with file names as Homo_sapiens.GRCh37.64.dna.chromosome.*.fa.gz (* indicates 

chromosome number). Gzip compressed sequence files of the human genome were 

then decompressed to fasta format.  

Overall gene/transcript features 

Gene/transcript features including ENSEMBL gene ID, ENSEMBL transcript ID, 

chromosome number, strand polarity, gene start/end position, transcript start/end 

position, gene description, EntrezGene ID, transcript biotype and gene biotype were 

exported to a csv format file (comma-separated values) from BioMart 

(http://www.biomart.org/biomart/martview/). When exporting gene features, “Gene 

type” and “Status” of genes and transcripts were selected as “protein_coding” and 

“known”, respectively.  

Tissue-specific gene/transcript features 

For tissue-specific G4 enrichment analysis, tissue-specific gene/transcript lists were 

exported in csv format by setting “GNF/Atlas organism part” to different tissues in 

the BioMart. Gene/transcript lists active in 60 different tissues (tissue-specific genes) 

and one list including all gene/transcript (at whole genome level) were exported, 

while 11 of them with transcripts number ≤ 800 (i.e. low abundance transcripts) were 

excluded in subsequent analysis due to limited gene/transcript available (salivary 

gland, pancreas, tonsil, beta cell islets, lymph, fetal lung, pituitary, thymus, uterus, 

ovary, and adrenal cortex).  

Pathway-specific gene/transcript features 

A csv format file containing component genes for all human pathways (234 

pathways) was downloaded from KEGG (Kyoto Encyclopedia of Genes and 

Genomes) PATHWAY database (http://www.genome.jp/kegg/kegg2.html). In each 

pathway, KEGG ID of each gene was mapped to its ENSEMBL gene ID, and gene 

features were obtained according to the previously exported csv file from BioMart. 

All pathways including more than 50 genes were subjected to subsequent pathway 

analysis. 

Transcriptional regulatory regions (TRRs) of individual transcripts were defined as -

2,000 bp to +1,000 bp from TSS of the transcript. Coding strand sequences of TRRs 
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were extracted from the human genome sequence files, according to the transcript 

features (i.e. chromosome number, strand polarity, and transcript start site). G4-

forming motifs on both strands were defined as G≥3(N1~7G≥3)≥3.  

 

2.4.2 Redundancy issue 

In the csv file showing gene/transcript features, most genes are composed of multiple 

transcripts, which would induce bias in subsequent analysis. Thus, in this study, to 

take into account this redundancy issue, only one transcript was randomly chosen to 

represent one gene, and the whole analysis was repeated for 10 times. Briefly, in 

tissue-specific and pathway-specific analysis, transcripts representing the same gene 

(with the same ENSEMBL gene ID) were grouped together, and one transcript was 

chosen according to a uniformly distributed pseudorandom number generated by 

MATLAB 2009 (MathWorks, Inc., USA) using a built-in function: 

    Eq. 2.24 

in which i is the number of transcript picked, and n is the total number of transcripts 

representing one gene. In each iteration, a single transcript representing a single gene 

without redundancy was randomly chosen by following Eq. 2.24, and the result was 

presented as mean ± standard deviation (SD) from 10 iterations. Differences between 

iterations were evaluated by one-way ANOVA test, in which P > 0.5 represents no 

significant difference was found. 

 

2.4.3 Enrichment of G4-forming motifs in different tissues 

Tissue-specific enrichment of G4-forming motifs was defined as the percentage of 

genes active in certain tissue (GNF/Atlas organism part) containing at least one G4-

forming motif in a certain region of the TRR (Eq. 2.25). 

          Eq. 2.25 
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Besides the full TRRs, enrichment of G4s was also analysed and compared in the 

distal promoter region (-2,000 ~ -501 bp), proximal promoter region (-500 ~ -1 bp), 

and downstream region (TSS ~ +1,000 bp). The analysis was carried out in 10 

iterations to consider transcript redundancy. Hence the tissue-specific enrichment of 

G4-forming motifs was presented as mean ± standard deviation (SD). In analysing 

specific tissue, differences among iterations were evaluated by one-way ANOVA test, 

in which P > 0.5 represents no significant difference was found.  

 

2.4.4 Importance of G4s in different pathways 

To evaluate the importance of G4s in individual transcript, two scores, F and Q, were 

calculated respectively to reflect the abundance and location significance of G4s 

identified in each transcript. In the TRR of each transcript, the percentage of 

nucleotides involved in G4 formation is defined as P values according to Eq. 2.26.  

    Eq. 2.26 

where n is the number of G4s identified in the TRR (F = 0 when n = 0), gsi and gei are 

the start and end positions of ith G4 identified in the TRR relative to the TSS in 5’ to 

3’ direction, and T, the length of TRR being searched, is fixed at 3,000 in this study. 

Abundance of G4s on the coding strand, and template strand were separately 

calculated and labelled as Fcd, and Fncd, (subscripts cd: coding strand; ncd: noncoding 

strand). Overall abundance of G4s, the Po (o: overall), were calculated as the sum of 

Fcd, and Fncd. To genome-widely compare the abundance of G4s in TRRs of different 

transcripts, P scores of all transcripts without redundancy were calculated (one 

transcript was randomly picked when multiple transcripts were reported from the 

same gene), and the cumulative frequencies of F scores of all transcript were 

calculated and denoted as CFcd, CFncd, and CFo. To reach a more stringent criterion, 

transcripts with P scores equal to 0 were excluded when calculating CF. Genes with 

transcript CF values higher than 50 % were regarded as G4-rich in their TRR, while 

those with transcript CF values lower than 50 % were regarded as G4-scarce. 
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Except for the G4 abundance, the location of individual G4 in a particular TRR may 

correlate with its biological significance. As reported in previous genome-wide 

analyses, G4 was found to be enriched in the promoter region between -200 bp and 

TSS, and peaked at around -50 bp to TSS in the human genome [14]. This positional 

bias of G4 distribution in human gene promoters is believed to be a result of 

evolutionary pressure [15]. Most promoter G4s with confirmed biological functions 

localize in this region, such as KIT and MYC promoter G4s. Thus, another indicator, 

the Q score, is introduced to evaluate the potential location significance of G4s in 

particular TRR. 

Following on the previously reported method [14], the probability distribution of each 

TRR position relative to TSS involved in G4 formation along coding and template 

(noncoding) strands of all TRRs was calculated according to Eq. 2.27. 

     Eq. 2.27 

where Wk is the normalized probability of nucleotide in position k of all TRRs 

involved in G4 formation, m is the total number of transcripts analyzed. αj,k is the 

logical value of nucleotide in position k of jth TRR; aj,k = 1 when the nucleotide is 

involved in G4 formation, otherwise aj,k = 0. G4 location significance score Q (Qcd, 

Qncd and Qo for coding and template strand, and overall, respectively; Qo = Qcd + Qncd) 

for the TRR of a particular transcript was calculated according to Eq. 2.28,  

€ 

Q =

Wk
k=gs

ge

∑

gei − gsi +1i=1

n

∑      Eq. 2.28 

The cumulative frequencies of Q scores, CQ, were also calculated. Similarly, 

transcripts with the zero Q scores were excluded. Genes with both CF and CQ values 

higher than 50 % were regarded as G4-important genes, while those with both values 

lower than 50 % were regarded as G4-less-important. 

Correlation between the CF and CQ scores on the coding, template strand and both 

strands were also investigated. The correlation coefficient was calculated according to 

Eq. 2.29. 
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  Eq. 2.29 

in which xi and yi are the CF and CQ scores of the coding, template strand or both 

strands at genome level,  and  are the corresponding mean values CF and CQ 

scores at genome level. 

CF and CQ were calculated for all transcripts without redundancy. To evaluate bias 

introduced in random-picking when multiple transcripts exist in one gene, calculation 

was carried out for 10 iterations. Gene list for all pathways downloaded from KEGG 

database. All pathways including more than 50 genes were subject to pathway 

analysis. When more than 50 % component genes in a pathway were calculated as 

G4-important (excluding those with both CF and CQ equal to zero), the pathway was 

regarded as G4-important. To evaluate the G4-importance of individual pathway, 

distribution of CF and CQ values of pathways were compared to the distribution of all 

transcripts in humane genome by Wilcoxon rank sum test. Differences between 

iterations of individual pathway were evaluated by one-way ANOVA test. 
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Chapter 3      Bioinformatics Studies 

 

3.1 Introduction 

As described in the Introduction, a growing body of evidence indicates that G4s are 

involved in diverse biological processes, especially acting as cis-regulatory elements 

in the promoter regions [1, 2]. Early studies about the regulatory roles of promoter 

G4s have focused on a few specific gene loci. For example, the formation of G4 

structures (mostly stabilised by certain G4-binding ligands) in promoters of the 

human insulin [3, 4], MYC [5, 6], KRAS [7, 8], and PDGF-A [9] genes were shown to 

have significant influences on downstream gene transcription activity. Subsequently, 

promoter G4s have been identified in important functional regions (promoters, NHE 

regions, enhancers, and so on) of many other cancer-related genes, and their 

biophysical properties in solution have been thoroughly characterised. Examples 

include the G4s found in promoters of KIT [10-14], RET [15], VEGF [16-19], RB1 

[20-22], BCL-2 [23-25], and HIF-1α [26] genes. The biological relevance of these 

G4s has been reviewed in detail in Section 1.2. These isolated examples have led to 

the hypothesis that G4s may act as a group of common cis-regulatory elements via 

various mechanisms in vitro and in vivo. Indeed, in the past decade, accumulating 

bioinformatics studies have supported this hypothesis in several aspects. 

Firstly, the prevalence and biased distribution of G4s are conserved in genomes of 

different organisms, which indicated that these non-canonical DNA structures are 

favoured by natural selection in the process of evolution. For example, by using 

different algorithms Todd et al. and Huppert et al. independently revealed the 

prevalence of G4s in human genomic DNA, and identified that the length and 

sequence composition of putative loops involved in G4s are not random [27, 28]. 

Subsequent studies in the human genome have established that G4s are particularly 

enriched in promoter regions [29, 30], in the 5’-ends of 5’-UTRs, within the first 

intron and within regions immediately downstream of the 3’-ends of genes [30, 31]. 

Such a biased distribution of G4s within promoter regions (with a major peak centred 

around -50 bp and a minor peak between +150 bp and +300 bp) has been also found 

in the genomes of chimpanzee, chicken, and other warm-blooded animals, but not in 
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cold-blooded animals [32-34]. Furthermore, G4s appear to be more enriched in 

evolutionarily-older genes as compared to younger genes in warm-blooded animals, 

which indicates that G4s are preferred by the evolutionary selection [34].  

Secondly, potential G4-forming motifs closely correlate with functional regions in 

gene promoters, which further supports the hypothesis that G4s are involved in gene 

transcription regulation. Du et al. have found that clusters of potential G4-forming 

motifs tend to be co-localized with several types of gene regulatory elements in the 

human genome [35]. Two independently conducted analyses also revealed that G4s 

are highly co-localized with several G-rich TF binding sites, such as those of TFs Sp-

1, AP-2 (Activator protein-2), MAZ (Myc-associated zinc finger protein), and VDR 

(vitamin D receptor), and KLFs [36, 37]. Interestingly, recent in vitro studies 

demonstrated that certain zinc-finger and bHLH TFs, which were originally thought 

to interact exclusively with canonical duplex DNA, are able to interact with G4s as 

well. For example, the zinc-finger TF Sp1 is able to bind both canonical duplex DNA 

and G4s in solution with comparable affinity [38] and the homodimeric bHLH TF 

MyoD interacts preferentially with several muscle-specific bimolecular G4s [39-41]. 

These data further supported the original hypothesis. 

Furthermore, the existence of potential G4-forming motifs is also related with 

downstream gene expression levels, which indirectly proved the regulatory roles of 

G4s in gene transcription regulatory regions (TRRs). For example, genes with high 

expression levels according to the Gene Atlas data set tend to have high G4 

abundance on coding strands downstream to the TSS [42]. In another study that 

combined in silico and experimental approaches, stabilisation of conserved G4s in the 

TRRs by high concentration of the G4-binding ligand TMPyP4 down-regulated 

corresponding gene expression levels in HeLa S3 and A549 cells [33]. 

Finally, correlation between prevalence of G4s and gene functions also indicates the 

potential roles of G4s in the human genome. For example, in an analysis of 16,654 

genes in the human RefSeq database, Eddy et al. found that potential G4-forming 

motifs are over-represented in proto-oncogenes, but under-represented in tumor 

suppressor genes [43].  

In summary, these findings suggest that G4-mediated gene transcription regulation 

might be utilized as a common mechanism in living cells. Thus, it would be 
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interesting to also analyse if promoter G4s are also involved in regulating gene 

expression in a tissue- and pathways-specific manner. This could provide useful 

insight to evaluate the pharmaceutical potential of G4-binding ligands in different 

tissues, as well as perhaps revealing particular G4-forming motifs as potential targets 

via the multi-targeting strategy in the treatment of certain diseases. 

In this chapter, enrichment of G4s in the TRRs of genes active in different tissues 

(GNF/Atlas organism) was first analysed. In the analysis, G4 enrichment in different 

regions of the TRRs was also examined. Then, by taking into account the abundance 

and location significance of G4 in each TRR, importance of G4 was evaluated and 

compared in different pathways. Finally, two candidate genes with high G4-

importance were chosen as models for subsequent biophysical characterisations, 

which will be described in the following chapter. 
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3.2 Enrichment of G4-forming sequences in different tissues 

As mentioned previously, enrichment of G4-forming sequences has been thoroughly 

investigated at the genome level in different species [32-34, 44, 45], and compared 

between proto-oncogenes and tumor suppressor genes in human [43]. Although it has 

been reported that the enrichment of G4s is correlated with gene functions, to date 

there has been no report to investigate potential tissue-specific correlations. Thus, by 

using the gene atlas of human protein-encoding transcriptomes data [46], tissue-

specific enrichment of G4-forming sequences was analysed. 

The enrichment of G4s in the transcriptional regulatory regions (TRRs: -2,000 bp to 

+1,000 bp around Ensembl Transcript Start) of all known protein-coding genes was 

first analysed as a reference point. For genes with multiple transcripts, only one was 

chosen randomly. G4s were searched for based on the algorithm G≥3(N1~7G≥3)≥3. The 

percentage of genes containing at least one G4-forming sequence in the TRR was 

calculated to indicate the enrichment of G4. The calculation was repeated for five 

times (multiple transcripts of one gene were randomly chosen for five times by using 

Eq. 2.24) to take into account the redundancy effects of multiple transcripts. In total, 

of 19,633 genes that were analysed, 67.79 ± 0.01 % of them were found to contain at 

least one G4 (on both coding strand, G4, and template strand, C4), with 52.42 ± 0.02 

% containing at least one G4 on the coding strand (G4), and 46.91 ± 0.02 % 

containing at least one G4 on the template strand (C4). Compared with the widely 

accepted results that around 40 % human gene promoters contain G4s [29], the much 

higher percentage (67.79 ± 0.01 %) identified here can be attributed to the much 

longer region around the TSS that was analysed in this study. Similar results have 

been previously reported in the chicken genome when regions of similar length were 

analysed [32]. Following similar methods, genes active in different tissues (different 

GNF/Atlas organism) were also analysed. GNF/Atlas organism data sets (tissue-

specific transcription) with less then 800 transcripts were excluded due to the large 

errors among different iterations. Tissues excluded in calculation include salivary 

gland, pancreas, tonsil, beta cell islets, lymph, fetal lung, pituitary, thymus, uterus, 

ovary, and adrenal cortex. As shown in Figure 3.1 and Table 3.1, G4s are highly 

enriched in the whole TRR of genes active in the lung, whole brain, caudate nucleus, 

heart, and cerebellum peduncles. Since the regulatory roles of G4s are found to be 
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location dependent as mentioned in Chapter 1, enrichment of G4s in different regions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Enrichment of G4s in TRRs of genes active in different tissues. 
The percentage of genes active in different tissues containing at least one G4-forming 
sequence in the whole TRR (black), -2,000 ~ -501 bp of TRR (red), -500 ~ -1 bp of 
TRR (green), and TSS ~ +1,000 bp of TRR. Enrichment of G4s in all protein-coding 
genes is indicated by the red arrow. The calculation was repeated randomly for five 
times (multiple transcripts of one gene were randomly chosen for five times) to take 
into account the redundancy effects of multiple transcripts. 
 

of TRR was also analysed. For all genes found in the human genome (at whole 

genome level), the G4 enrichments in the full-length TRR, distant promoter (-2,000 ~ 

-501 bp), proximal promoter (-500 ~ -1 bp), and downstream region (TSS ~ +1,000 

bp) were calculated to be 67.79 ± 0.01 %, 29.38 ± 0.03 %, 35.031 ± 0.004 %, and 

48.23 ± 0.01 %, respectively.  
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Table 3.1: The rankings and scores of G4 enrichment in TRRs of genes active in 
different tissues.  
Calculation was carried out by searching G4s in the full-length TRR (Whole TRR), 
distal promoter region (-2,000 ~ -501 bp), proximal promoter region (-500 ~ -1 bp), 
and downstream region (TSS ~ +1,000 bp). The calculation was repeated randomly 
for five times.  

	
  
(Table 3.1 to be continued on the next page) 

	
  

The Ranking* (descending) and Score (%) of G4 Enrichment in Different Tissues 
Tissues 

Whole TRR -2,000 ~ -501 bp -500 ~ -1 bp TSS ~ +1,000 bp 

Lung 1       82.8 ± 0.4 2       40.0 ± 3.0 1       49.7 ± 0.3 3       63.2 ± 1.8 

Whole Brain 2       81.9 ± 0.1 6       34.1 ± 0.6 9       45.7 ± 0.4 1       64.1 ± 0.2 

Caudate Nucleus 3       80.8 ± 0.2 14     32.9 ± 0.5 6       46.3 ± 0.4 4       62.7 ± 0.4 

Heart 4       80.0 ± 0.2 1       40.4 ± 0.2 11     45.2 ± 1.0 9       60.2 ± 1.0 
Cerebellum 
Peduncles 5       79.9 ± 0.6 4       36.4 ± 0.2 8       46.1 ± 0.6 2       63.8 ± 0.6 

Amygdala 6       79.8 ± 0.3 23     31.1 ± 0.1 14     44.2 ± 0.4 5       62.31 ± 0.04 

Thalamus 7       79.5 ± 0.4 22     31.3 ± 0.2 18     43.1 ± 2.5 6       62.2 ± 0.7 

Prostate 8       79.4 ± 0.9 9       33.9 ± 1.2 17     43.1 ± 1.1 17     58.2 ± 1.8 

Cerebellum 9       79.2 ± 0.3 7       34.1 ± 0.3 19     42.8 ± 0.8 7       61.42 ± 0.02 

Adrenal Gland 10     78.8 ± 1.6 18     32.4 ± 0.6 7       46.1 ± 0.8 22     56.8 ± 2.2 

Adipose Tissue 11     78.7 ± 0.1 8       34.0 ± 2.3 5       46.8 ± 1.2 19     57.7 ± 0.2 

Olfactory Bulb 12     78.5 ± 0.5 3       36.7 ± 0.7 3       49.2 ± 1.8 14     59.5 ± 1.5 

Cingulate Cortex 13     78.2 ± 0.2 16     32.52 ± 0.03 20     42.6 ± 0.1 13     59.6 ± 0.1 

Temporal Lobe 14     77.8 ± 0.2 17     32.5 ± 0.3 10     45.31 ± 0.04 10     60.0 ± 0.2 

Prefrontal Cortex 15     77.7 ± 0.1 20     31.5 ± 0.2 15     43.4 ± 0.2 8       61.0 ± 0.1 

Placenta 16     77.6 ± 0.4 10     33.3 ± 0.9 12     45.0 ± 0.6 16     58.8 ± 0.3 

Hypothalamus 17     77.1 ± 0.2 31     29.6 ± 0.2 25     41.2 ± 0.3 12     59.6 ± 0.3 

Spinal Cord 18     76.7 ± 1.3 26     30.8 ± 1.0 13     44.5 ± 1.5 11     59.9 ± 0.7 

Occipital Lobe 19     76.3 ± 1.0 28     30.1 ± 0.4 23     41.6 ± 0.7 15     59.0 ± 0.5 

Fetal Thyroid 20     76.0 ± 0.9 27     30.3 ± 0.7 2       49.2 ± 2.8 34     51.5 ± 1.2 

Parietal Lobe 21     75.72 ± 0.03 24     31.03 ± 0.03 24     41.4 ± 0.4 21     56.9 ± 0.1 

Thyroid 22     75.6 ± 0.8 11     33.3 ± 0.5 16     43.3 ± 0.5 23     56.3 ± 0.2 

Medulla Oblongata 23     75.6 ± 0.1 30     29.7 ± 0.5 22     41.9 ± 0.8 18     57.9 ± 0.2 

Kidney 24     75.4 ± 0.1 25     30.9 ± 0.4 26     41.1 ± 0.3 27     54.5 ± 0.2 
Subthalamic 
Nucleus 25     75.0 ± 0.1 21     31.3 ± 0.4 28     39.8 ± 0.3 20     57.6 ± 0.1 

Liver 26     74.9 ± 0.2 19     31.9 ± 0.9 27     40.4 ± 0.1 29     54.3 ± 0.2 

Tumor 27     74.5 ± 0.4 39     28.0 ± 1.5 37     35.8 ± 1.4 32     54.2 ± 0.9 
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(continued Table 3.1)	
  

	
  
* Ranking of G4 enrichment in TRRs of genes active in a specific tissue was performed by comparing 
the mean value of G4 enrichment in that tissue with other tissues. 

The Ranking* (descending) and Score (%) of G4 Enrichment in Different Tissues 
Tissues 

Whole TRR -2,000 ~ -501 bp -500 ~ -1 bp TSS ~ +1,000 bp 

White Blood Cells 28     73.3 ± 0.3 35     29.1 ± 0.4 31     38.9 ± 0.8 25     55.0 ± 0.1 

Smooth Muscle 29     73.1 ± 1.5 13     33.1 ± 3.0 4       48.6 ± 2.3 28     54.4 ± 0.6 

Pons 30     72.9 ± 0.2 29     29.9 ± 0.1 30     39.0 ± 0.1 31     54.3 ± 0.2 

Globus Pallidus 31     72.5 ± 0.2 32     29.5 ± 0.1 33     38.48 ± 0.04 30     54.3 ± 0.1 

Bone Marrow 32     72.1 ± 0.7 15     32.6 ± 0.8 48     33.5 ± 1.0 24     55.9 ± 1.3 

Whole Blood 33     72.1 ± 0.4 36     28.4 ± 0.2 34     38.1 ± 0.9 26     54.7 ± 1.7 

Testis 34     71.0 ± 0.1 42     27.4 ± 0.2 39     35.8 ± 1.2 33     52.0 ± 0.2 

Uterus Corpus 35     70.8 ± 2.0 5       34.2 ± 0.2 21     42.3 ± 1.1 41     48.9 ± 3.3 

Tongue 36     70.1 ± 0.2 12     33.2 ± 0.7 29     39.4 ± 1.1 40     49.0 ± 0.4 
Testis Seminiferous 
Tubule 37     69.5 ± 0.1 47     26.1 ± 0.1 46     33.8 ± 0.2 35     50.8 ± 0.1 

Skeletal Muscle 38     69.1 ± 0.1 34     29.3 ± 0.1 36     36.6 ± 0.1 36     49.9 ± 0.1 

Testis Interstitial 39     68.7 ± 0.3 49     25.3 ± 0.2 47     33.6 ± 0.2 38     49.2 ± 0.3 

Ciliary Ganglion 40     68.42 ± 0.04 37     28.4 ± 0.1 42     35.44 ± 0.04 37     49.3 ± 0.1 

Trachea 41     68.3 ± 0.8 43     27.3 ± 1.7 35     37.9 ± 1.3 49     46.5 ± 1.5 
Superior Cervical 
Ganglion 42     68.3 ± 0.1 38     28.21 ± 0.01 38     35.8 ± 0.1 39     49.17 ± 0.03 

Dorsal Root 
Ganglion 43     67.8 ± 0.1 45     27.0 ± 0.1 40     35.6 ± 0.1 43     48.5 ± 0.1 

Whole Genome 44     67.79 ± 0.01 33     29.38 ± 0.03 43    35.031 ± 0.004 44     48.23 ± 0.01 

Trigeminal Ganglion 45     67.53 ± 0.03 41     27.9 ± 0.1 41     35.5 ± 0.1 42     48.82 ± 0.01 

Skin 46     67.5 ± 0.2 44     27.1 ± 0.5 45     34.4 ± 0.7 47     47.1 ± 0.4 
Atrioventricular 
Node 47    67.401 ± 0.005 40     27.93 ± 0.01 44     35.0 ± 0.1 45     48.21 ± 0.01 

Lymph Node 48     65.3 ± 1.1 46     27.0 ± 2.0 32     38.5 ± 3.4 48     47.0 ± 2.0 

Fetal Liver 49     64.0 ± 0.3 48     25.9 ± 0.9 50     28.8 ± 1.3 46     47.4 ± 0.7 

Appendix 50    63.17 ± 0.05 50     24.1 ± 0.1 49     30.5 ± 0.4 50     43.8 ± 0.8 
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Compared with other tissues, several tissues with high G4 enrichment in the full-

length TRR (at whole TRR level) are also highly G4-enriched when partial regions of 

TRR were analysed, such as the lung, whole brain, caudate nucleus, heart, and 

cerebellum peduncles. The high G4 enrichment in these tissues may indicate that 

these tissues have evolved certain mechanisms to utilize G4s to regulate gene 

transcription (i.e. providing binding sites for tissue-restricted TFs, maintain the 

separation of coding and template strands, and so on), or at least to avoid possible 

negative effects caused by the formation of G4s in TRR (i.e. to resolve folding of G4 

by helicases). For tissues with the lowest G4 enrichment at the whole TRR level, 

corresponding G4 enrichment in different regions of TRR is also among the lowest, 

such as trigeminal ganglion, skin, atrioventricular node, lymph node, fetal liver, and 

appendix (Table 3.1). Interestingly, for some tissues, although moderate or relatively 

low G4 enrichment was found at whole TRR level, G4s were found to be enriched in 

either distal or proximal promoters in the TRRs. For example, in smooth muscle, 

although the overall G4 enrichment (73.1 ± 1.5 %) is only moderately higher than that 

found at the whole genome level, its G4 enrichment in the proximal promoter region 

is among the highest (48.6 ± 2.3 %, the forth highest). Similar phenomena were found 

in tissues of adipose, olfactory bulb, and fetal thyroid. This may imply that, in these 

tissues, G4s are involved in regulating tissue-specific gene transcription by interacting 

with TF binding in the proximal promoter regions.  

Although the candidate genes are rather limited, the high G4 content in TRRs of 

cardiac function-related genes (genes active in the heart) may indicate potential roles 

of G4s in cardiac functions and diseases.  

According to the above findings, several points became apparent. Firstly, enrichment 

of G4 in TRR of genes has a strong tissue-specificity. For example, G4s are 

particularly enriched in the whole TRRs of genes active in the lung, whole brain, 

caudate nucleus, heart, and cerebellum peduncles. Secondly, in some tissues (smooth 

muscle, adipose tissue, olfactory bulb, and fetal thyroid), G4s are enriched 

specifically in certain regions of TRRs (location-specificity) reflecting possible tissue-

related regulatory roles of G4s. These tissues, with either tissue- or location-specific 

enrichment of G4s in TRRs, are worthy of further investigation in the future.  
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From the studies described here, G4s appear to be highly abundant in TRRs of genes 

active in the cardiac function-related tissues, such as the heart and smooth muscle. To 

further investigate the biological significance of G4s in the heart, I analysed the 

abundance and location significance of G4s in TRRs of genes involved in different 

pathways described within the KEGG (Kyoto Encyclopedia of Genes and Genomes) 

PATHWAY database, especially those related to cardiac functions. The KEGG 

PATHWAY is an online databases records networks of molecular interactions in the 

cells [47]. The importance of G4s in each TRR was evaluated by two scores: G4 

abundance score (F score, and its cumulative frequency: CF) and G4 location 

significance score (Q score, and its cumulative frequency CQ), which will be 

described separately in following sections. 

 

3.3 G4 abundance in TRRs of transcripts (the F score) 

As compared to duplex DNA, G4s are normally less stable (reviewed in [48-50]). 

Particularly in genomic DNA, the formation of would be even more difficult in the 

presence of adjacent duplex DNA or compact chromatins. Thus, high G4 content 

(abundance) in a particular TRR can enhance the competition of G4 DNA with 

adjacent duplex DNA, resulting in the increased probability of the involvement of 

G4s in regulating downstream gene expression. Based on this assumption, the F score 

representing the abundance of G4s in a particular TRR was used as the first indicator 

to evaluate the importance of G4 in the TRR of each gene. For each transcript, the F 

score was calculated based on the percentage of nucleotides involved in G4 formation 

in the TRR of that transcript (Eq. 2.26). By including all transcripts with redundancy, 

the coding strand, template strand (non-coding strand), and both strands were 

analysed separately to give the Fcd, Fncd, and Fo scores, respectively. Fcd scores ranged 

from 0 % to 33.2 % with a median of 1.6 % and an average of 2.1 %, while Fncd 

scores ranged from 0 % to 29.6 % with a median of 1.4 % and an average of 1.9 % 

(Table 3.2). Higher maximum, median and average Fcd values indicate that G4s are 

more enriched on the coding strand than on the template strand. The overall G4 

abundance scores Fo ranged from 0 % to 33.2 % with a median of 2.2 % and an 

average of 2.9 % (Table 3.2).  
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Figure 3.2: Distribution of G4 abundance scores (the F scores) and 
corresponding cumulative frequencies (the CF scores).  
(a) Distribution of G4 abundance scores (Fcd, lower graph) and corresponding 
cumulative frequency (CFcd, upper graph) by analysing the coding strand of all 
transcripts available in ENSEMBL database. The position and corresponding values 
of the first and second peak in the histogram are 0.8 % (peak position) and 20.9 % 
(peak value), and 1.9 % (peak position) and 6.8 % (peak values) respectively. (b) 
Distribution of G4 abundance scores (Fncd, lower graph) and corresponding 
cumulative frequency (CFncd, upper graph) by analysing the template strand 
(noncoding strand) of all transcripts available in ENSEMBL database. The position 
and corresponding values of the first and second peak in the histogram are 0.8 % 
(peak position) and 22.4 % (peak value), and 1.7 % (peak position) and 6.8 % (peak 
values) respectively. (c) Distribution of G4 abundance scores (Fo, lower graph) and 
corresponding cumulative frequency (CFo, upper graph) by analysing both of the 
coding and template strands of all transcripts available in ENSEMBL database. The 
position and corresponding values of the first and second peak in the histogram are 
0.8 % (peak position) and 14.3 % (peak value), and 1.7 % (peak position) and 6.0 % 
(peak values) respectively. In the analysis, TRRs from 46,205 transcripts exported 
from ENSEMBL with redundancy were included. TRRs of transcripts without G4-
forming motifs were excluded in calculating the distribution and corresponding 
cumulative frequency. 

 

Figure 3.2 shows the distribution of the Fcd, Fncd, and Fo scores obtained by including 

all transcripts with redundancy. A similar skewed distribution of G4 abundance was 

reported previously in an analysis showing G4 formation potential (G4P) in RefSeq of 

genes [43]. However, due to the higher resolution in this study (using the percentage 

of nucleotides involved rather than the percentage of a shifting searching window 

containing G4-forming motifs), two peaks were found in the distribution of G4 
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abundance scores. The first peak, centred at 0.8 %, is dominant in all histograms 

(Figure 3.2, lower graphs), which corresponds to a single G4-forming motif with a 

length of ~ 23 nucleotides. The second peak, centred at 1.9 % on the coding strand 

and 1.7 % on the template strand and both strands, respectively, may correspond to a 

region containing two G4-forming motifs with a length of 50 ~ 56 nucleotides. By 

comparing the peak position and corresponding values in the distribution histograms 

of G4 abundance on coding and template strand (Figure 3.2 a and b, lower graphs), a 

smaller first peak and a larger second peak were found in the histogram of the coding 

strand (Figure 3.2 a, lower graph). This also implies that G4-forming motifs are more 

enriched in the coding strand as compared to the template strand.  

All values were re-calculated with 10 iterations with randomly chosen transcripts, and 

compared with values from transcripts with redundancy, and similar results were 

obtained (Table 3.2). The CFcd, CFncd, and CFo values for each transcript were 

calculated as the cumulative frequency according to the Fcd, Fncd, and Fo histograms 

(Figure 3.2, upper graphs). 

Table 3.2: Comparison of G4 abundance in TRRs of transcripts (the F score) 
 
 
 
 
 
 
 
 
 
 

* The Fcd, Fncd, and Fo values from 1st iteration were used as templates and compared with those from 
following iterations by one-way ANOVA test. No differences among iterations were observed (P > 
0.5).  

 

3.4 G4 location significance in TRRs of transcripts (the Q score) 

Besides the abundance, the locations of G4s in a particular TRR are also important in 

estimating the potential biological significance of G4. For example, Du et al. 

suggested that the colonization of G4-forming motifs with TF binding sites in the 

proximal promoters indicates potential regulatory roles of G4s [35]. Thus, the biased 

probability distribution of G4-forming motifs in TRRs at whole genome level may 

 Median Value  Mean Value Max Value 
Transcripts with Redundancy (46,205 Transcripts) 
Fcd 1.6 2.1 33.2 
Fncd 1.4 1.9 29.6 
Fo 2.2 2.9 33.2 
Transcripts without Redundancy (19,633 Transcripts), 10 iterations * 
Fcd 1.55 ± 0.02 2.03 ± 0.01 33.2 
Fncd 1.42 ± 0.02 1.93 ± 0.01 25.88 ± 3.96 
Fo 2.13 ± 0.01 2.90 ± 0.01 33.2 
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reflect the preference of G4 location in TRRs through evolution. As shown in Figure 

3.3 a, the probability distributions (Eq. 2.27) of G4 on coding and template strand are 

in general very similar, except that the coding strand has a higher probability at the 

peak regions (-50 bp ~ TSS) and regions downstream to the TSS. Maximum 

probability of G4s, 3.4 % and 3.0 %, were found at -55 bp and -57 bp relative to the 

TSS on the coding and template strand, respectively, which also indicates the higher 

enrichment of G4s in the proximal promoter region on the coding strand as compared 

to the template strand [30]. However, G4s are apparently more enriched on the coding 

strand downstream to the TSS (TSS ~ +1,000 bp). This may imply the functional 

differences of G4s on coding and template strand in regions upstream and 

downstream to the TSS. Similar probability distribution of G4s on the coding and 

template strand in regions upstream to the TSS indicates that promoter G4s on both 

strands possibly may have similar functions as molecular switches or TF binding sites 

to modulate downstream gene transcription. On the other hand, in regions 

downstream of the TSS, temporarily blocked rehybridization induced by G4s on 

coding strand have been shown to be favoured by the transcription process, while G4s 

on the template strand are detrimental [42]. Similar probability distribution of G4 

around TSS has been reported in the genomes of other warm-blooded animals [34]. 

This location and strand polarity-dependent distribution of G4s therefore appears to 

reflect an evolutionary pressure, and thus it is necessary to take into account the 

location of G4 motifs when considering their importance in the TRR of a particular 

gene. Therefore, a location significance score Q was introduced in order to 

characterise the location significance of G4s. For each TRR, its G4 location 

significance scores on the coding (Qcd) and template (Qncd) strand were calculated 

according to Eq. 2.27 and 2.28. The overall G4 location significance score (Qo) was 

determined as the sum of Qcd and Qncd. Histograms Qcd, Qncd, and Qo for TRRs of all 

transcripts with redundancy are shown in Figure 3.3 b ~ d (lower graphs).  Qcd, Qncd, 

and Qo ranged from 0 to 26.9, 19.8, and 29.3, respectively. The median values of the 

three scores were 2.5 (Qcd), 1.7 (Qncd), and 3.2 (Qo), while average values were 3.3 

(Qcd), 2.3 (Qncd), and 4.2 (Qo), respectively. The larger maximum, median, and 

average Q scores on the coding strand also reflect the higher location significance of 

G4s on the coding strand as compared to the template strand.  
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Figure 3.3: Probability distribution and location significance scores (the Q 
scores) distribution of G4s in TRRs of transcripts. 
(a) Probability distribution of each nucleotide involved in G4 formation on coding 
strand (black), template strand (red), and both strands (green) in TRRs of all 
transcripts. TRRs from 46,205 transcripts exported from ENSEMBL with redundancy 
were included. (b) Distribution of G4 location significance (Qcd, lower graph) and 
corresponding cumulative frequency (CQcd, upper graph) by analysing the coding 
strands of all transcripts available in ENSEMBL database. (c) Distribution of G4 
location significance (Qncd, lower graph) and corresponding cumulative frequency 
(CQncd, upper graph) by analysing the template strands of all transcripts available in 
ENSEMBL database. (d) Distribution of G4 location significance (Qo, lower graph) 
and corresponding cumulative frequency (CQo, upper graph) by analysing both 
strands of all transcripts available in ENSEMBL database. TRRs of transcripts 
without G4-forming motifs were excluded in calculating the distribution and 
corresponding cumulative frequency. 
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Transcripts without redundancy were also analysed with 10 iterations of randomly 

chosen transcripts, and similar results were obtained as compared to the results from 

transcripts with redundancy (Table 3.3). The CQ values for each transcript were 

calculated as its cumulative frequency in Q histogram and are shown in Figure 3.3 b ~ 

d (upper graphs). 

Table 3.3: Comparison of G4 location significance in TRRs of transcripts (the Q 
score) 

 
 
 
 
 
 
 
 
 
 

* The Qcd, Qncd, and Qo values from 1st iteration were used as templates and compared with those from 
following iterations by one-way ANOVA test. No differences among iterations were observed (P > 
0.23).  

 

3.5 Correlation between G4 abundance and G4 location significance 

scores 

The correlation coefficient between CF and CQ were calculated to evaluate the 

correlation between abundance and location significance of G4s in TRRs. As shown 

in Figure 3.4, CF and CQ are plotted as correlation maps. In each map, TRRs with 

both values higher than 50 % are regarded as G4-important TRRs, while those with 

both values lower than 50 % are G4-less-important TRRs. According to the maps, CF 

values are positively correlated to CQ values. Correlation coefficients between CF 

and CQ on coding strand (CFcd vs. CQcd), template strand (CFncd vs. CQncd), and both 

strands (CFo vs. CQo) are 0.74, 0.72, and 0.84, respectively. However, corresponding 

correlation coefficients for G4-important TRRs are 0.61 (coding strand), 0.58 

(template strand), and 0.66 (both strands), respectively, while those for G4-less 

important TRRs are 0.10, 0.09, and 0.34 respectively. Apparently, in G4-important 

TRRs, their G4 abundance is more positively correlated to their G4 location 

significance. To investigate whether this positive correlation of G4-important TRRs is 

 Median Value  Mean Value Max Value 
Transcripts with Redundancy (46,205 Transcripts) 
Qcd 2.5 3.3 26.9 
Qncd 1.7 2.3 19.8 
Qo 3.2 4.2 29.3 
Transcripts without Redundancy (19,633 Transcripts), 10 iterations * 
Qcd 2.48 ± 0.02 3.13 ± 0.02 23.4 ± 1.6 
Qncd 1.85 ± 0.02 2.40 ± 0.02 19.7 ± 0.2 
Qo 3.20 ± 0.02 4.07± 0.01 28.3 ± 0.2 
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only caused by the increase of G4 content or not, G4s found in different regions of 

TRRs were subjected to further investigation.  

 

 

 

 

 

Figure 3.4: Correlation between the location significance (the CQ score) and 
abundance (the CF socre) of G4s identified in TRRs of all transcripts with 
redundancy.  
(a) Correlation between G4 location significance and G4 abundance on the coding 
strand (CQcd vs. CFcd). (b) Correlation between G4 location significance and G4 
abundance on the template strand (CQncd vs. CFncd). (c) Correlation between G4 
location significance and G4 abundance on both strands (CQo vs. CFo). In each map, 
transcripts with the TRRs CQ and CF scores larger than 50 % are identified as G4-
important transcripts, and those with both values smaller than 50 % are G4-less-
important (or less G4-important) transcripts. G4 abundance and its location 
significance in G4-important ranscripts are well correlated (correlation coefficients 
are 0.61, 0.58, and 0.66 in a, b c respectively). Correlation between those two values 
in G4-less-important transcripts are not significant (correlation coefficients are 0.10, 
0.09, and 0.34 in a, b c respectively). 

 

The TRR was divided into three regions according to their different Wk values and 

different biological functions. Region I, from -2,000 bp to -501 bp, represents the 

distal promoter region, which has the lowest Wk values and is possibly of the least 

importance with regard to downstream gene transcription. Region II, the proximal or 

key promoter region, is from -500 bp to -1, with the highest Wk values and the highest 

importance in regulating downstream gene expression. The region between TSS (+1) 

and +1,000 bp is denoted as Region III, with medium Wk values, and G4s found in 

this region function mainly to maintain the separation of coding and template strands. 

The total number of G4s identified in these regions in G4-important (CF and CQ 

values are higher than 50 %) and less G4-important (CF and CQ values are lower than 

50 %) transcripts were counted and normalized to the length of different regions. If 

the increase of CQ, the location significance score, was solely dependent on the 
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increase of CF, the G4 abundance score, then the proportion of the normalized total 

number of G4 found in different regions should be in constant between G4-important 

and less G4-important TRRs. However, it was found that the proportion of G4s found 

in Region II, the proximal promoter region, was increased by 20 % from less G4-

important TRRs to G4-important TRRs (Figure 3.5). This indicates that the larger CQ 

value in G4-important TRR reflects the combined effects of increased total number of 

G4s and particularly the increased number of G4 in key promoter regions (with the 

high Wk values). Most well-studied genes containing promoter G4s with potential 

regulatory functions are in the group of G4-important transcripts in the correlation 

map, including MYC, VEGF-A, BCL-2, HIF1-α, MYB, PDGF-A, PDGFR-β, KRAS, 

and TERT (Table 3.4). One interesting exception is KIT, with CFo and CQo of 43.5 % 

and 73.4 %.  This may suggest that G4 location might be more relevant than the 

abundance of G4 in evaluating potential biological significance of G4s in a TRR. 

 

 

 

 

 

 

Figure 3.5: The normalized percentage of G4s identified in different regions of 
TRRs of G4-less-important and G4-importance transcripts.  
(a) By normalizing to the total length of different regions, 17.7 %, 40.6 %, and 41.7 
% G4s were found in the Region I (distal promoter, -2,000 ~ 500 bp, black), II 
(proximal promoter, -500 ~ -1 bp, red) and III (downstream region, TSS ~ 1,000 bp, 
green) in TRRs of G4-less-important transcripts. (b) By normalizing to the total 
length of different regions, 13.0 %, 48.5 %, and 38.5 % G4s were found in the Region 
I (distal promoter, black), II (proximal promoter, red) and III (downstream region, 
green) in TRRs of G4-important transcripts. The proportion of G4s found in Region 
II, the proximal promoter region, is increased by 20 % from G4-less-important to G4-
important TRRs, indicating that larger CQ value in G4-important TRR is from 
combined effects of increased total number of G4s, and increased number of G4s in 
the proximal promoter region (with the high Wk values). This calculation includes 
TRRs of all 46,205 transcripts with redundancy.  
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Table 3.4: CFo and CQo values of TRRs of genes containing well-studied 
promoter G4s 

 
 
 
 
 
 
 
 
 
 
 

 

3.6 G4-important pathways 

All pathways composed of more than 50 genes available in KEGG PATHWAY 

database were extracted, and CFo and CQo values of each gene in a particular pathway 

were calculated. For genes with multiple transcripts, one transcript was picked 

randomly, and genes with both values (CFo and CQo) equaling to zero were excluded. 

Then, in each pathway, percentages of genes with TRRs having both CFo and CQo 

values higher than 50 % were counted. Pathways with more than 50 % genes’ 

transcripts identified as G4-important were regarded as G4-important pathways as 

listed in Table 3.5. Ten iterations were carried out to evaluate effects from transcripts 

redundancy. For all pathways, no significant difference was found in CFo and CQo 

values among iterations of each individual pathway (one-way ANOVA test, P > 0.5). 

Based on this criterion, G4-important pathways could be grouped into six categories 

with distinct functions. As shown in Table 3.5, the first category is cancer-related 

pathways where G4s are enriched in proto-oncogenes, in accordance with previously 

reported results [43]. Given the fact that G4s are enriched in cancer-related pathways, 

it is not difficult to understand why the off-target effects of certain G4-binding ligands 

with anti-cancer potential could well bring some benefits in anti-cancer therapy, such 

as the G4-binding fluoroquinolone derivative Quarfloxin [51], and the naphthalene 

diimide derivative 1 [52]. The second category is signaling pathways such as those 

involving VEGF, Wnt, Hedgehog, and MAPK (mitogen-activated protein kinase), 

which have key component containing promoter G4s with possible regulatory 

functions. Pathways related to cell junction, neuron function, and bacterial infection 

Gene Name Ensembl ID CFo (%)  CQo (%) 
BCL-2 ENSG00000171791 50.1 56.1 

KIT ENSG00000157404 43.5 73.4 
MYC ENSG00000136997 80.6 64.1 

HIF1-α ENSG00000100644 55.1 56.6 
MYB ENSG00000118513 82.9 77.5 

PDGF-A ENSG00000197461 96.2 78.0 
PDGFR-β ENSG00000113721 72.2 63.9 

TERT ENSG00000164362 68.7 52.9 
VEGF-A ENSG00000112715 75.3 68.9 
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are also found to be G-important. The last category, heart function-related pathways, 

is found to be highly G4-important. There are seven pathways in the KEGG 

PATHWAY database involved in cardiac functions or heart diseases, while six of 

them are identified as highly G4-important. These pathways are not only involved in 

normal heart function such as calcium signaling and muscle contraction, but also in 

various cardiomyopathies, making targeting promoter G4s at pathway level rather 

than in single gene an attractive strategy (the multi-targeting strategy) in the treatment 

of certain cardiovascular diseases.  
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Table 3.5: KEGG pathways with high G4-importance 

* Pmax values are calculated by comparing the CQo and CFo scores of genes from individual pathways 
with those from all transcripts without redundancy in each iteration by Wilcoxon rank sum test. P ≤ 
0.05 means the G4 abundance (CFo) or location significance (CQo) of gene involved in the pathway is 
significantly different from those at genome level. For all pathways, no significant difference was 
found in CFo and CQo values among iterations of each individual pathway (one-way ANOVA test, P > 
0.5).  

KEGG 
Pathway ID Pathway Description  % of High 

CFo and CQo  
No. of Gene % of Gene with 

G4 in TRR 
Pmax of    
CQo * 

Pmax of    
CFo * 

Cancer-related pathways 
hsa05210 Colorectal cancer 57.9 ± 4.5 62 86.3 ± 2.2 6E-4 0.001 
hsa05211 Renal cell carcinoma 57.6 ± 3.3 71 83.9 ± 2.8 7E-4 0.003 
hsa05213 Endometrial cancer 56.9 ± 3.7 52 84.8 ± 3.1 0.019 0.037 
hsa05217 Basal cell carcinoma 53.7 ± 2.9 55 93.8 ± 1.3 4E-5 6E-6 
hsa05200 Pathways in cancer 53.5 ± 1.3 327 82.5 ± 1.4 3E-11 3E-11 
hsa05223 Non-small cell lung cancer 53.5 ± 2.6 54 86.9 ± 3.1 0.003 0.02 

Signaling pathways with promoter G4s in key components 
hsa04340 Hedgehog signaling 

pathway 60.9 ± 3.4 56 87.3 ± 1.8 2E-4 1E-4 

hsa04370 VEGF signaling pathway 60.7 ± 3.0 80 87.9 ± 2.1 8E-6 1E-4 
hsa04010 MAPK signaling pathway 59.5 ± 1.5 271 83.5 ± 1.3 7E-16 1E-16 
hsa04310 Wnt signaling pathway 58.9 ± 2.5 150 89.9 ± 0.9 2E-12 4E-12 

Cell junction-related pathways 
hsa04520 Adherens junction 67.0 ± 4.2 72 81.3 ± 1.6 2E-5 6E-5 
hsa04510 Focal adhesion 56.9 ± 1.3 199 80.4 ± 1.3 4E-8 8E-8 

hsa04810 Regulation of actin 
cytoskeleton 55.7 ± 2.4 213 79.1 ± 2.3 3E-6 2E-5 

hsa04530 Tight junction 53.9 ± 2.1 129 77.0 ± 1.8 8E-4 5E-4 
hsa04540 Gap junction 53.8 ± 2.0 88 86.1 ± 1.9 8E-5 6E-5 

Neural cell regulation-related pathways 
hsa04724 Glutamatergic synapse 61.8 ± 1.6 129 87.1 ± 1.6 5E-9 7E-9 
hsa04360 Axon guidance 61.0 ± 2.7 128 86.7 ± 2.2 4E-9 4E-9 
hsa04720 Long-term potentiation 60.2 ± 2.0 70 90.6 ± 1.2 1E-6 8E-6 
hsa04722 Neurotrophin signaling 

pathway 55.6 ± 2.1 125 88.9 ± 1.9 4E-8 1E-7 

hsa04912 GnRH signaling pathway 55.5 ± 1.3 104 85.9 ± 1.7 1E-6 1E-6 

Bacterial infection-related pathways 
hsa05130 Pathogenic E.coli infection 58.6 ± 4.9 55 82.7 ± 3.8 0.004 0.008 
hsa05131 Shigellosis 55.8 ± 3.4 62 86.3 ± 2.3 8E-5 2E-4 
hsa05100 Bacterial invasion of 

epithelial cells 54.5 ± 2.8 71 82.4 ± 3.7 0.006 0.01 

Heart function-related pathways 
hsa05412 Arrhythmogenic right 

ventricular 
cardiomyopathy 

60.0 ± 3.5 73 80.1 ± 3.5 0.004 0.01 

hsa05410 Hypertrophic 
cardiomyopathy 57.5 ± 3.1 83 77.1 ± 2.7 0.01 0.04 

hsa05414 Dilated cardiomyopathy 57.2 ± 3.1 90 78.2 ± 2.8 0.009 0.02 
hsa04020 Calcium signaling pathway 54.4 ± 2.1 178 83.1 ± 1.5 5E-6 5E-6 
hsa04260 Cardiac muscle contraction 54.2 ± 3.0 72 73.2 ± 2.9 0.1 0.4 
hsa04270 Vascular smooth muscle 

contraction 53.8 ± 1.0 121 85.2 ± 1.8 1E-7 9E-7 
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3.7 Discussion 

The correlations between G4s and gene function, particularly of those involved in 

cancer development, has been investigated previously [43]. Furthermore, there is now 

compelling evidence to support the existence of G4 in living cells, such as G4-

induced guanine-protection revealed by in vitro DMS footprinting [18] (reviewed in 

[53]). Thus, together with the identification of the potential regulatory roles of G4s in 

promoters of several proto-oncogenes [5, 6, 9, 17, 54-56], this has inspired the interest 

to utilize G4-binding ligands as potential anti-cancer drugs (as reviewed in [57, 58]). 

However, although it become clear that G4-forming motifs have a functional role in 

living cells and there are some good successes in designing specific G4-binding 

ligands, discriminating and targeting specific G4s via these small synthetic molecules 

is still very challenging at present due to several hurdles as mentioned in Section 1.5. 

Among all these hurdles, the selectivity of G4-binding ligands is the most notable one 

that warrants further improvement. For example, although there are some ligands 

reported to interact with G4s much more selectively with respect to duplex DNA, 

such as MnIII porphyrin (104-fold) [59] and dimetallic terpyridine-based ligand (over 

100-fold) [60], the selectivity of most ligands are in the range between 10- and 100-

fold (reviewed in [58]). Furthermore, very few ligands have been reported to exert 

satisfactory selectivity between different G4s. Taking into account the facts that G4s 

may occur transiently in the human genome and are very much outnumbered by 

adjacent duplex DNA, G4-binding ligands with ideal selectivity and affinity to a 

particular promoter G4 structure would be difficult to achieve at the moment, and off-

target effects would be inevitable. Thus, all these factors have limited the therapeutic 

potential of G4-binding ligands in vivo. On the other hand, accumulating evidence has 

shown that off-target effects or multi-targeting effects may be advantageous for G4-

binding ligands and may enhance their therapeutic potential in particular instances. 

For example, the Quadruplex-binding fluoroquinolone derivative Quarfloxin (CX-

3543), which is in clinical trials as an anti-cancer drug, has been shown to bind to 

MYC promoter G4 and to selectively disrupt nucleolin/rDNA quadruplex complexes 

[51]. Another small G4-binding molecule, naphthalene diimide derivative 1, can bind 

to KIT promoter G4 and telomeric G4, and can efficiently arrest proliferation of 

human gastrointestinal stromal tumor (GIST) cells [52]. According to these examples, 

it is reasonable to hypothesize that targeting multiple similar G4s with a similar 
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biological function is feasible and, of more importance, this multi-targeting strategy 

might provide an alternative to compromise the selectivity issue of G4-binding 

ligands, and enhance their therapeutic potential in vivo. To test this hypothesis, a 

systematic overview about the abundance of G4s in TRRs of genes involved in 

different biological processes would be necessary. Thus, in this chapter, G4-tissue and 

G4-pathway correlations in TRRs of genes were investigated. 

 

3.7.1 Tissue-specific enrichment of G4s in TRRs of genes 

In Section 3.2, the tissue-specific enrichment of G4s in TRRs of genes has been 

clearly shown (Figure 3.1, Table 3.1). For example, for genes active in the lung, as 

high as 82.8 ± 0.4 % of them contain at least one G4-forming motif in the TRRs, 

while in the appendix, only 63.17 ± 0.05 % genes contain at least one G4-forming 

motif in their TRRs. For most tissues, the G4 enrichment in different regions of TRRs 

is relatively consistent. For example, for genes active in the lung, whole brain, 

caudate nucleus, heart, and cerebellum peduncles, high G4 enrichment was found in 

the distal, proximal promoter, or the downstream regions. However, there are also 

some exceptions. For example, for genes active in the olfactory bulb, fetal thyroid, 

smooth muscle, and uterus corpus, G4s are highly enriched in either distal or proximal 

promoter regions, but not in the downstream regions. Furthermore, G4s are 

asymmetrically distributed on the coding and template strands in different regions of 

TRRs. Enrichment of G4s in different regions around TSS is known to associate with 

diverse biological processes. For example, G4s in the distal or proximal promoters of 

proto-oncogenes normally act as repressors in regulating downstream gene 

transcription (MYC promoter G4 [5, 6]). G4s in the downstream regions relative to 

TSS can modulate mRNA translation efficiency differently depending on the strand 

polarity [33, 42]. Thus, this tissue-specific, location-specific, and asymmetric G4 

enrichment may also imply that tissues with high G4 abundance in TRRs or certain 

regions of TRRs have evolved certain tissue-specific mechanisms to tolerate or even 

to utilize G4s in the processes of transcription regulation.  

Another uncertain point is that high G4 enrichment was found in most tissues as 

compared to the whole genome (G4 enrichment at whole genome level ranked 44, 33, 

43, 44 in the full-length TRR, distal promoter, proximal promoter, and downstream 
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regions, Table 3.1). Although this may imply that there are a group of ubiquitous 

genes with high G4 abundance in their TRRs involved in different tissues, the actual 

reason is still unclear at this stage. Thus, this point will be further investigated in 

future work. For example, the overlap of genes containing G4s in their TRRs will be 

analysed and compared among different tissues. 

 

3.7.2 G4-important pathways 

To further evaluate G4-importance in TRRs of genes involved in different biological 

processes, the importance of G4s in the TRRs of genes in different pathways was also 

investigated. Previous genome-wide studies have found that promoter G4s have a 

strong positional bias towards TSS in different species (mentioned in Section 3.1), 

and this positional bias of promoter G4s is believed to be a result from evolution 

selection [29]. Furthermore, in the previous study, location-specific enrichment of 

G4s has been found in TRRs of genes active in several tissues. Thus, in addition to 

the G4 abundance (F and CF scores), the location significance of G4 (Q and CQ 

scores) is also considered to evaluate the biological importance of G4s in each TRR. 

By employing these two indicators, higher resolution of G4-importance in different 

genes could be achieved. Although a strong overall correlation between F and Q 

scores was found in TRRs, differences were also revealed in TRRs with different G4-

importance and different biological functions. Generally, correlation between F and Q 

scores in G4-less-important TRRs (correlation coefficient: 0.34) is not as strong as 

that in G4-important TRRs (correlation coefficient: 0.66) (Figure 3.4). Furthermore, 

when G4-importance increases, the probability to find G4s in the proximal promoter 

regions (-500 bp ~ -1 bp) of TRR increases as well (Figure 3.5). Because the majority 

of promoter G4s with proven regulatory functions locate in the proximal promoter 

regions, it is highly likely that the accumulation of proximal promoter G4s found in 

pathways with high G4-importance is biologically relevant (i.e. G4-mediated 

mechanisms may exist in these pathways). In regions downstream to the TSS, 

however, the probability to find G4s in both G4-important and G4-less important 

genes is relatively constant, suggesting that the transcription induced G4 formation 

might be ubiquitous in different genes.  
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G4-important pathways show a significant correlation with their functions. For 

example, G4-important genes are concentrated in neuron function, cell junction and 

bacterial infection-related pathways. In accordance with previous findings, most 

cancer-related pathways are determined as G4-important, which may suggest that off-

target effects of certain anti-cancer G4-binding ligands can provide extra benefits for 

cancer treatment. Signaling pathways with key components containing biologically 

relevant G4s in proximal promoters are identified as highly G4-important as well, 

such as Hedgehog, VEGF, Wnt, and MAPK signaling pathways. This may imply that 

in these pathways, G4-mediated regulation might be well tailored to be a common 

regulatory mechanism, further enhancing the potential of applying multi-targeting 

strategy in these pathways. Heart function-related pathways, especially those involved 

in various cardiomyopathies, are also found to be highly G4-important, indicating the 

therapeutic potential of G4s in cardiovascular diseases. Interestingly, less G4-

important pathways also relate to their functions. For example, since porphyrin and its 

derivatives can interact with a variety of G4s via π- π stacking with the end G-tetrads, 

porphyrin and chlorophyll metabolism pathway (hsa00860; percentage of CF & CQ > 

50 %: 17.4 ± 2.5; Pmax < 4E-20) is particularly less G4-important. 

Based on the their enrichment in TRRs of genes active in the heart, and their high 

importance in cardiac function-related pathways, G4s are very likely to function as a 

group of general regulatory elements in cardiac function-related genes. To validate 

this finding, G4s found in promoters of human myocyte enhancer factor-2D (MEF2D) 

and cardiac troponin I (TnIc) were chosen as model systems to investigate possible 

biological functions of cardiac function-related promoter G4s.  

MEF2D belongs to the MEF2 family, which is involved in the development of cardiac 

hypertrophy, fibrosis, and fetal gene activation as mentioned in Section 1.8.1. The 

TRRs of all four members of the human MEF2 gene family are found to be highly 

G4-important (CFmax and CQmax values are: MEF2A, 79.8 % and 85.1 %, MEF2B, 

62.8 % and 74.0 %, MEF2C, 51.7 % and 61.5 %, and MEF2D, 69.0 % and 93.8 %). 

In the proximal promoter region of human MEF2D, four G4-forming motifs were 

identified, which are at 232, 169, 85, and 18 bases upstream to the TSS of human 

MEF2D. Particularly, the G4-forming motif starting at -169 bp on the template strand 

contains four runs of a consecutive GGGG repeat, and have similar pattern (the first 

and third loops are short, and the second loop is relatively long) as compared to G4-
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forming motifs in the upstream TRR of MYC, KIT, HIF-1α, KRAS, BCL-2, PDGF-A 

and VEGF [61]. 

As one of the central components in cardiac muscle contraction pathway, TnIc is also 

involved in most cardiac function-related pathways. Furthermore, the TRR of TnIc is 

highly G4-important according to the bioinformatics analysis (CFo 92.6 %, and CQo 

95.2 %). In the promoter of human TnIc, two types of G4-forming motifs were 

identified, which are designated as “MNSG4” (between -528 and -319 bp upstream to 

the TSS), and “-80G4” (centred at -80bp to the TSS). Since human TnIc is 

exclusively expressed in human cardiomyocytes, these G4 elements could be used as 

ideal models to investigate cardiac-specific function of G4s. 

Thus, as the first step to evaluate their biological potentials, the biophysical properties 

of these promoter G4s found in the human MEF2D and TnIc were first investigated, 

which will be described in next chapter. 
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Chapter 4      Biophysical Characterisations 

 

4.1 Introduction 

Knowing the biophysical properties of a G4 not only pave the way for subsequent in 

vitro studies, but also shed light on the design of novel G4-binding ligands. Thus, in 

solution biophysical characterisations have been regarded as an initial task to study 

potential biological functions of a G4. For example, in the field of studying cancer-

related G4s, their biophysical profiles have been investigated in detail, such as G4s 

found in human telomere ([1-6], reviewed in [7] and in the first chapter of this thesis), 

and in promoters of MYC [8, 9], and KIT [10-13] proto-oncogenes. However, as 

compared to those thought to be related to and/or involved in cancers, G4s found in 

other genes have been insufficiently studied to date. Given the fact that G4s are 

identified in more than 40 % of promoter regions within the human genome [14], and 

promoter G4s are particularly enriched in cardiac function-related genes as have been 

discussed in the Introduction and Chapter 3, promoter G4s found in cardiac function-

related genes are worth studying. Thus, G4-forming sequences found in the promoters 

of two genes, the human MEF2D and TnIc genes, were chosen and subjected to 

biophysical studies as described in this chapter. 

MEF2 factors belong to the MADS box family of TFs. This TF family is 

evolutionarily conserved in eukaryotic organisms ranging from yeast to human [15]. 

Four members coded by separate genes have been identified in the vertebrate MEF2 

family, which are MEF2A, MEF2B, MEF2C, and MEF2D (reviewed in [16]). 

Although the four vertebrate Mef2 genes are largely expressed in striated muscles and 

brain, expression of MEF2 proteins are also found in the differential processes of 

many other cells. In particular, they are the only myogenic TF that are known to be 

associated with the differentiation of all three muscle cell types (cardiac, skeletal, and 

smooth) [15, 16]. Interestingly, the TRR regions of all four human MEF2 genes are 

found to be highly enriched in G4s as determined in Chapter 3 (CFmax and CQmax 

values are: MEF2A, 79.8 % and 85.1 %, MEF2B, 62.8 % and 74.0 %, MEF2C, 51.7 

% and 61.5 %, and MEF2D, 69.0 % and 93.8 %). In the TRR of MEF2D, several G4-

forming sequences are found around the TSS. Among all these G4-forming 
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sequences, the one named as “MEF2DG4”, locating between -169 and -140 bp 

relative to the TSS on the template strand is of particular interest. First, it is comprised 

of four consecutive GGGG repeats, and therefore this region of the MEF2D upstream 

promoter may adopt a very stable four-tetrad G4 and compete strongly with adjacent 

duplexes. Secondly, the MEF2DG4 locates very close to the TSS, and potentially 

could have a strong influence on downstream gene transcription once formed. 

Furthermore, 2 bp downstream to this G4-forming sequence there is the sole E-box in 

the proximal promoter of human MEF2D. 

As compared to the wide expression patterns of MEF2 family, human TnIc is the only 

sarcomeric protein found to be exclusively expressed in the cardiac myocyte, which 

makes it an ideal model to investigate cardiac-specific gene expression and in turn to 

provide new approaches to the construction of cardiac-specific vectors in gene 

therapy. Although TnIc has been regarded as a preferred biomarker in MI diagnosis 

for more than a decade [17, 18], the molecular mechanisms of human TnIc 

transcription regulation are still poorly understood, and only a few TFs have been 

found to be involved in regulating the transcription of TnIc [19-21]. This is partially 

due to the difficulties in obtaining suitable cell models, and possibly due to the 

extremely enriched G4-forming sequences in its promoter. TRR of TnIc is highly G4-

important according to the bioinformatics analysis (CF 92.6 %, and CQ 95.2 %). 

Multiple G4-forming sequences have been identified in the proximal promoter of 

human TnIc, and two types of G4-forming motifs were selected for detailed studies, 

which are designated as “MNSG4” (between -528 and -319 bp upstream to the TSS), 

and “-80G4” (centred at -80bp to the TSS). The MNSG4 motif is composed of 6 

repeats of chromosome 19 specific G-rich MNS, which are highly conserved in 

primates. Although conserved chromosome 19 specific MNS repeats are also found in 

neuronally expressed Shc adaptor homolog SCK1/SLI [22], coding region of an EFG-

like module-containing mucin-like receptor, EMR3 [23], the third intro of human 

apolipoprotein C-II gene [24], and the first intron of human TnT [25], the actual 

functions of this widely distributed G4-forming sequence are still unclear. Thus, 

biophysical characterisations of the MNSG4 motif in the human TnIc promoter may 

provide us enlightenment in understanding the molecular mechanisms and the 

potential biological functions of these MNS repeats in other genes. On the other hand, 

similar as the KIT1 G4-forming sequence, the -80G4 is found to be unique in the 
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human genome [26]. More importantly, multiple putative or proven TF binding sites 

are clustered around the -80G4-forming sequences, such as a CACC-box, an Sp1 

binding site, an E-box, and a GATA biding site [20]. Thus, the biophysical studies of 

this -80G4 are necessary to understand its potential biological roles in regulating 

downstream gene expression.  

Biophysical characterisations investigate the formation, structural diversity, and 

thermodynamic/kinetic properties of G4s. Due to the more compact structure of a G4 

as compared to a randomly coiled oligo, the formation of a particular G4 can be 

characterised by its faster mobility in EMSA experiments as compared to a control 

oligo with the same length. This simple technique opened up G4 studies as Henderson 

et al. first observed a fast migrating band that corresponds to human telomeric G4 in 

1987 [27]. CD spectroscopy, an empirical approach, is also a useful method to probe 

the formation of G4s, and preliminarily investigate the structural diversity of G4s (i.e. 

parallel, and anti-parallel conformations). As described in Chapter 1, by comparing 

CD spectra to corresponding X-ray or NMR-resolved G4 structures, few types of 

distinct spectra have been well correlated with certain G4 structures [28-32]. 

Generally, positive signals at 265 nm and 295 nm indicate the existence of parallel 

and anti-parallel G4s respectively. By resolving guanines involved in Hoogsteen 

hydrogen bond formation in G4s, DMS footprinting is routinely used to demonstrate 

formation (VEGF G4 [33], HIF-1α G4 [34]) and loop arrangements (KRAS G4 [35]) 

of G4s, and sometimes even to derive their folding patterns (MYC G4 [36]). 

Thermodynamic parameters of G4 folding/unfolding are usually measured by 

traditional bulk methods, such as UV melting (reviewed in [37]), CD melting, 

(Variable Temperature-CD, VT-CD) [38], and so on. Single molecule techniques are 

recently emerging as a group of sophisticated methods to study the formation and 

structural properties of G4s. Due to their much higher spatial-temporal sensitivity and 

signal-to-noise ratio, single molecule techniques can record signals from individual 

molecules, and thus reclaim information about conformational heterogeneity, and 

thermodynamic/kinetic properties of certain G4 subpopulations, which are likely to be 

averaged when measured by bulk experiments. For example, Ying et al. revealed a 

parallel and an anti-parallel telomeric G4 structures, and investigated their 

interchanges by using a combination of smFRET technique and molecular modelling 

approach [4]. By using single molecule force spectroscopy, Yu et al. demonstrated the 
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coexistence of two stable G4s (parallel and anti-parallel) formed by the predominant 

ILPR sequence [39]. On the other hand, the kinetic parameters of G4 unfolding are 

normally determined by FRET signal changes at bulk or single molecule level, in 

which unfolded G4s are trapped by excess complimentary C-rich DNA strand [4, 5], 

or PNA strand [6]. Although very sensitive, results obtained by FRET experiments 

are sometimes dependent on the labelling sites of fluorophores, which may alter the 

folding pattern and stability of G4s. 

In this chapter, biophysical characterisations of the MEF2DG4, and TnIc single/two-

repeat of MNSG4 and -80G4 are described. First, the formation of G4s was examined 

by EMSA and CD spectroscopy experiments. Next, the conformational heterogeneity 

of individual G4 was investigated by combination of CD and smFRET spectroscopy. 

The thermodynamic and kinetic parameters of the unfolding of G4s were also 

determined by CD melting and FRET experiments. Finally, the interactions between 

TnIc G4s and a G4-binding ligand, a di-copper complex, were described. 
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4.2 Formation of G4s observed by EMSA 

EMSA was first used to probe the formation of MEF2D and TnIc G4s. For each G4-

forming sequence, its C-rich complimentary strand with the same length was used as 

a control. Although C-rich strands are able to adopt i-motifs, the quick annealing step 

and slightly basic pH (pH 8.0) in TBE buffer in my experiments eliminated the 

possibility of formation of i-motifs. All DNA oligos were incubated at 5 µM 

concentration in 10 mM Tris-HCl (pH 7.4) buffer containing 100 mM KCl, and 

diluted to 100 nM before loading to the gels. 

For MEF2DG4, Cy3 was internally labeled in the middle of the second loop 

(CGGCy3AGCC, oligo MEF-I) to assess the formation of G4 in the presence of a 

fluorophore, and a Cy5 internally-labeled C-rich complimentary strand was used as a 

control (oligo MEF-III). As shown in Figure 4.1 a, on 12 % native PAGE, the band 

corresponding to oligo MEF-I (lane 2) migrates much faster than the band 

representing oligo MEF-III (lane 1). In contrast, on a 12 % denaturing PAGE 

containing 7 M urea these two bands have similar mobility (lane 3 and 4 correspond 

to MEF-III and MEF-I respectively). These results indicate that oligo MEF-I can 

adopt a much more compact structure(s) than MEF-III under native conditions (10 

mM Tris-HCl buffer containing 100 mM KCl). Therefore, the fast migrating band of 

oligo MEF-I was regarded as evidence of the formation of G4(s). Meanwhile, for the 

fluorophore-labeled oligo MEF-I, no slow migrating band was observed on native 

gels when the oligo was incubated at 5 µM concentration, which indicates that the 

MEF2DG4-forming sequence would not adopt intermolecular G4.  

EMSA experiments were also carried out to probe the formation of G4s in the 

unlabeled MNS and -80 G4-forming sequences from the promoter of human TnIc. As 

shown in Figure 4.1 b, on a native gel the band corresponding to a single repeat of 

MNSG4 (TrMNS-I, lane 2) migrates much faster than its C-rich complimentary strand 

(TrMNS-II, lane 1), suggesting the formation of intramolecular G4(s). In lane 2, no 

bands with slow mobility were observed, which indicates that at 5 µM oligo 

concentration, intramolecular G4 is the major form of MNSG4. Both oligos exhibit 

similar mobility on a control denaturing gel (lane 3 and 4 correspond to oligo TrMNS-

II and TrMNS-I respectively). Results for the -80G4 were slightly different (Figure 4.1 

c), as both fast and slow migrating bands were found in the -80G4 G-rich strand 
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  1           2            3           4    1          2          3             4 

   1          2             3            4   1          2            3           4 

a b 

c d 

(oligo Tr-80-I, lane 2) on a native gel, while on a denaturing gel, no mobility 

difference was observed between the G-rich and C-rich strand (oligos Tr-80-II and Tr-

80-I correspond to lane 3 and 4, respectively). This indicates that the G-rich strand of -

80G4 can adopt a mixture of intramolecular (the major form, ~ 60 % according to 

band intensity) and intermolecular G4s at 5 µM concentration. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Native and denaturing gel electrophoresis indicating the formation of 
G4s. 
(a) MEF2DG4: Lane1 and 2 are MEF-III and MEF-I (MEF2D promoter G4 C-rich 
and G-rich oligos, respectively) run in a 12 % native PAGE containing 100 mM KCl. 
Lane 3 and 4 are MEF-III and MEF-I run in a 12 % denaturing PAGE containing 7 
M urea as controls. (b) TnIc MNSG4, 1 repeat: Lane1 and 2 are TrMNS-II (TnIc 
MNSG4 C-rich oligo) and TrMNS-I (TnIc MNSG4 G-rich oligo) run in a native gel. 
Lane 3 and 4 are oligos (TrMNS-II and TrMNS-I, respectively) run in a denaturing gel 
as controls. (c) TnIc -80G4: Lane1 and 2 are Tr-80-II (-80G4 C-rich oligo) and Tr-80-I 
(-80G4 G-rich oligo) run in a native gel. Lane 3 and 4 are oligos run in a denaturing 
gel as controls. (b) TnIc two-repeat MNSG4: Lane1 and 2 are Tr2×MNS-II (two-repeat 
MNSG4 C-rich oligo) and Tr2×MNS-I (two-repeat MNSG4 G-rich oligo) run in a 
native gel. Lane 3 and 4 are oligos run in a denaturing gel as controls. Formation of 
intramolecular G4s is proved by species with fast mobility under native conditions 
(indicated by black arrows) but not under denaturing conditions. Intermolecular G4s 
formed by the -80G4 forming sequence are indicated by gray arrows in (c). 
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Since multiple repeats of G4-forming MNS were found in the promoter of human 

TnIc, formation of G4(s) on the oligo containing two-repeat MNSG4 was also 

investigated by using EMSA experiments. In Figure 4.1 d, G-rich oligo containing 

two-repeat MNSG4 (oligo Tr2×MNS-I, lane 2) migrates faster than its C-rich 

complimentary strand (oligo Tr2×MNS-II, lane 1) in a native gel, while in a denaturing 

gel, both of them exhibited similar mobility (lane 3 and 4, oligos Tr2×MNS-II and 

Tr2×MNS-I, respectively). However, it is still unclear whether two G4s coexist on the 

same oligo or not. 

To further investigate the formation, conformational heterogeneity, and thermal 

stability of these G4s, CD spectroscopy and CD melting experiments were 

subsequently carried out. 

 

4.3 Formation and thermal stability of G4s determined by CD 

spectroscopy 

Comparative CD spectra analysis was used to provide primary evidence showing the 

formation and general conformational heterogeneity of both MEF2D and TnIc G4s in 

solutions containing 100 mM different salts. CD melting experiments were used to 

investigate the thermal stability of these G4s. 

Figure 4.2 a shows that the MEF2DG4-forming sequences (oligo MEF-V) incubated 

in 10 mM Tris-HCl (pH 7.4) buffer containing either 100 mM KCl (black) or LiCl 

(blue) both exhibited a CD spectrum characterised by a positive peak at 263 nm, a 

negative peak at 240 nm, and a pronounced positive shoulder between 280 nm and 

310 nm. This spectral pattern is similar to that of the hybrid parallel/anti-parallel G4 

structure of BCL-2 Pu39WT, whose structure has been solved previously by NMR 

[31], and that of a mixture of parallel and anti-parallel G4s of 31-mer ILPR [39]. 

Thus, these data suggest that the oligo MEF-V may form hybrid parallel and anti-

parallel G4(s), or a mixture of pure parallel and anti-parallel G4s. In comparison to 

Pu48-mer, the 4-tetrad G4 forming sequence critical to PDGF-A expression in the 

promoter of PDGF-A, the G4 here seems to be easier to form under less favourable 

conditions. This suggests that MEFF2DG4 might be thermally more stable than the 

PDGF-A G4. As shown in Figure 4.2 a, the positive ellipticity at 266 nm in oligo 
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MEF-V in 100 mM LiCl decreases only ~ 1.5 fold compared to that in 100 mM KCl, 

while the same peak in Pu48-mer decreases more than 2.5 fold when changing from 

100 mM KCl to 100 mM NaCl (Fig. 2C in reference [40]). Indeed, as compared to the 

PDGF-A G4 (Tm PDGF-A = 85 ± 2 °C, 50 mM K+ [41]), this MEF2DG4 has a higher 

melting temperature as determined by subsequent CD melting experiments (Table 

4.1). CD melting experiments proved the formation of a hybrid of thermally stable 

parallel/anti-parallel G4(s). As shown in Figure 4.2 b, the melting curves obtained at 

263 nm and 295 nm decreased homogeneously with increasing temperature, and the 

two curves possessed similar melting temperatures (Tm263 = 92.9 ± 1.7 °C and Tm295 = 

93.1 ± 3.7 °C as determined by Eq. 2.4 and 2.8, Table 4.1; Tm263 and ΔH was also 

determined by fitting the first derivative of melting curve obtained at 263 nm, and no 

significant difference was observed. Figure 4.2 c). This melting profile is similar to 

that of a hybrid parallel/anti-parallel human telomeric G4 as observed elsewhere 

(Figure 8C, in reference [42]). The unfolding enthalpy and entropy of MEF2DG4 

were determined as 22.5 ± 0.4 kcal mol-1 and 60.7 ± 3.2 cal mol-1 K-1, respectively 

(Table 4.1).  

Figure 4.2 d shows the CD spectra of a single repeat of MNSG4 (oligo TrMNS-I) 

incubated in 10 mM Tris-HCl (pH 7.4) containing 100 mM K+, Na+, or Li+. In the 

presence of LiCl, the CD spectrum of MNSG4 exhibits a positive peak at 262 nm and 

a negative trough at 240 nm. This spectrum is consistent with the CD signatures from 

parallel MYC Pu27mer G4, an HIV aptamer T30695, and a heptad-tetrad parallel 

structure determined by NMR [28, 43]. In 100 mM NaCl and KCl, the CD spectra 

give a minor positive absorption at around 250 nm, a maximum absorption peak at 

295 nm, and two valleys at 230 and 260 nm. These spectra are in accordance with that 

from a thrombin biding aptamer (TBA) [28, 44], whose anti-parallel chair-type G4 

structure has been determined by X-ray [45] and NMR studies [46]. Thus, it is very 

likely that in KCl solution, the majority of single repeat of MNSG4 adopts a similar 

folding pattern as the TBA and forms an anti-parallel G4 (or G4s). However, as 

compared to the CD spectra of TBA [28, 44] and MNSG4 measured in Na+ which are 

characterised by a very negative valley at around 263 nm, this valley of MNSG4 CD 

spectrum in K+ is positive, indicating that a small amount of parallel G4 may form in 

the presence of K+. The melting curve at 263 nm, corresponding to possible parallel 

structures, only showed a slight increase at around 60 °C (Figure 4.2 e, red dots). 
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Although a similar phenomenon has been reported previously, and was explained as 

an accumulation of unstructured ssDNA by Yu et al. (Figure 4a, [39]), the possibility 

of parallel G4 formation still cannot be fully ruled out. The decrease of CD signals at 

263 nm induced by the unfolding of parallel G4 might be compensated by the 

increase of CD signals at this wavelength because of the unfolding of chair-type anti-

parallel G4. By fitting the melting curve obtained at 295 nm, the melting temperature 

and unfolding enthalpy and entropy of the chair-type anti-parallel MNSG4 were 

derived from Eq. 2.4 and 2.8 to be 71.4 ± 0.5 °C, 40.7 ± 2.6 kcal mol-1 and 118.1 cal 

mol-1 K-1 respectively (Figure 4.2 e, Table 4.1). Similar thermodynamic parameters 

were recalculated by fitting the first derivatives of the melting curve at 295 nm 

(Figure 4.2 f), and no differences were identified.  

Figure 4.2 g shows the CD spectra for the -80G4 (oligo Tr-80-I). In 100 mM LiCl 

solution, the spectrum is characterised by a negative trough at 240 nm, a positive peak 

at 262 nm, and a pronounced positive shoulder between 280 and 300 nm. This is very 

similar to the spectrum of BCL-2 Pu39WT with a hybrid parallel/anti-parallel G4 

structure solved by NMR [31]. In both 100mM NaCl and KCl solution, the spectra 

only showed a positive peak at 262 nm and a negative trough at 240 nm, a signature 

of parallel G4 structures as mentioned above. In addition, the higher CD signal at 260 

nm obtained in KCl solution indicates that K+ facilitates the formation of G4 as 

expected. Based on the CD melting experiments, there might be two or more parallel 

G4s in 100 mM K+ solution. As shown in Figure 4.2 h and i, the parallel G4 with 

lower thermal stability, which accounts for 57.3 % of CD signals at 263 nm, was 

almost fully denatured at 90 °C, while no denaturing was observed for the other 

parallel species with high thermal stability. Since it has been shown by EMSA 

experiments that about 40 % of the -80G4 is able to adopt an intermolecular G4 

conformation at 5 µM concentration, it is likely that the undenatured parallel species 

corresponds to intermolecular parallel G4s.  

Melting profiles of the oligo containing two-repeat MNSG4 (oligo Tr2×MNS-I) were 

also preliminarily investigated, and a complicated melting behaviour was observed. 

Generally, strong signals at both 263 nm and 290 nm indicated that the existence of 

parallel and anti-parallel structures is very likely in both K+ and Na+ solution, while 

the K+ cation promotes formation of the parallel one as shown in Figure 4.2 j. Melting 

experiments further revealed the cooperative unfolding processes of the parallel and 
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anti-parallel G4s (Figure 4.2 k and l). Basically, a parallel G4 with Tm = 46.7 ± 0.1 °C 

started to unfold first, while afterwards, an anti-parallel G4 with Tm = 68.3 ± 0.1 °C 

began to unfold, and finally, unfolding of another parallel G4 with Tm = 89.2 ± 0.4 °C 

was observed. As shown by the first derivative curves of melting profile (Figure 4.2 

l), the negatively related melting processes of parallel and anti-parallel species are 

clearly demonstrated. Thus, according to these cooperative melting processes, it is 

very likely that both parallel and anti-parallel G4s coexist on the same strand. 

Thermodynamic parameters of individual G4 species are listed in Table 4.1, which 

were determined according to Eq. 2.4 ~ 2.8.  

 

(Figure 4.2 to be continued on the next page) 
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j k l 
(continued Figure 4.2)	
  
 

 

 

 

 

 
Figure 4.2: CD spectra and CD melting results of MEF2DG4 and TnIc G4s. 
(a) CD spectra of oligo MEF-V in the presence of 100 mM K+ (black curve) or Li+ 
(blue curve) at room temperature. (b) CD signal changes at 295 nm (black dots) and 
263 (red dots) nm wavelengths in response to temperature changes, both of which 
were fitted by Eq. 2.4 and 2.8 (indicated by red line and black line respectively). (c) 
First derivative of CD melting curve at 263 nm (black dots), which were fitted by a 
model as described previously (Eq. 2.9) [47]. (d) CD spectra of oligo TrMNS-I in the 
presence of 100 mM K+ (black curve), Na+ (red curve) or Li+ (blue curve) at room 
temperature. (e) CD signal changes at 295 nm (black dots) and 263 (red dots) nm 
wavelengths in response to temperature changes, signal changes at 295 nm 
wavelength were fitted by Eq. 2.4 and 2.8 (red line). (f) First derivative of CD melting 
curve at 295 nm (black dots), which were fitted by a model as described previously. 
(g) CD spectra of oligo Tr-80-I in the presence of 100 mM K+ (black curve), Na+ (red 
curve) or Li+ (blue curve) at room temperature. (h) CD signal changes at 295 nm 
(black dots) and 263 (red dots) nm wavelengths in response to temperature changes, 
signal changes at 263 nm wavelength were fitted by Eq. 2.4 and 2.8 (black line). (i) 
First derivative of CD melting curve at 263 nm (black dots), which were fitted by a 
model as described previously. (j) CD spectra of oligo Tr2×MNS-I in the presence of 
100 mM K+ (black curve) or Na+ (red curve) at room temperature. (k) CD signal 
changes at 295 nm (black dots) and 263 (red dots) nm wavelengths in response to 
temperature changes, both of which were fitted by Eq. 2.4 and 2.8 (indicated by red 
line and black line respectively). (l) First derivative of CD melting curve at 295 nm 
(black dots), and 263 nm (red dots).  
All experiments were carried out in 10 mM Tris-HCl buffer (pH 7.4). 
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* Part of this Section was adopted from my previous publication [48]. 

Table 4.1: Energetics of MEF2DG4 and TnIc MNSG4 and -80G4 unfolding in 
solutions determined by CD melting. 

Experiments were carried out in solutions containing 10 mM Tris-HCl (pH 7.4) and 100 mM K+. 

 

4.4 Conformational analysis G4 by smFRET 

4.4.1 MEF2DG4* 

The internal and end dual-labeled G4 systems composed of oligos MEF-I/IV and 

MEF-II/IV are shown in Figure 4.3 a and b respectively. The G4-forming sequence is 

connected to a 30 bp duplex on its 5’ end. In both internal and end dual-labeled 

constructs, the acceptor, Cy5, is labeled to an adenine via an NHS ester 6 bp from the 

G4. In the internal dual-labeled system, the donor, Cy3, is labeled on a thymine in the 

third side loop of G4 (Figure 4.3 a), and in the end-labeled system, Cy3 is labeled on 

the last guanine involved in G4 (Figure 4.3 b). In the folded states of both internal and 

end dual-labeled systems, the donor-acceptor distances are within estimated Förster 

radius of Cy3/Cy5 pair, 5.3 nm [49]. In the presence of either MEF-III or VI, if G4 

hybridises into duplex state it would lead to a large decrease of FRET efficiency from 

~ 70 % to less than 15 % for the internal dual-labeled system, and negligible (< 1 %) 

for the end dual-labeled system as a result of the increased separation between donor 

and accepter fluorophores in the duplex state (Figure 4.3 c and d). 

 

 

Oligo Names Wavelength / nm Tm / °C ΔH  
/ kcal mol-1 

ΔS  
/ cal mol-1 K-1 

ΔG (310 K) 
/ kcal mol-1 

263 92.9 ± 1.7 33.0 ± 1.8 90.2 ± 4.9 5.1 ± 0.4 

295 93.1 ± 3.7 13.1 ± 0.7 35.8 ± 1.9 2.0 ± 0.1 
MEF-V 

(MEF2DG4) 
Overall  97.6 ± 0.2 22.5 ± 0.4 60.7 ± 3.2 3.7 ± 0.2 

263 N/A N/A	
   N/A	
   N/A	
  TrMNS-I 
(TnIc MNSG4) 295 71.4 ± 0.5 40.7 ± 2.6 118.1 ± 7.5 4.1 ± 0.3 

263 75.2 ± 1.0 44.8 ± 5.2 128.6 ± 14.9 4.9 ± 0.4 Tr-80-I 
(TnIc -80G4) 295 N/A N/A	
   N/A	
   N/A	
  

46.7 ± 0.1 27.7 ± 0.4 86.6 ± 1.3 0.9 ± 0.1 
263 

89.2 ± 0.4 60.0 ± 3.4 165.6 ± 9.4 8.7 ± 0.4 
Tr2✕MNS-I 

(TnIc two-repeat 
MNSG4) 295 68.3 ± 0.1 35.7 ± 0.2 104.6 ± 0.6 3.3 ± 0.2 
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Figure 4.3: Schematic illustration of the dual-labeled MEF2DG4 systems for 
single molecule and bulk FRET studies. 
(a) Internal dual-labeled G4 system formed between oligos MEF-I and IV. (b) end 
dual-labeled G4 system formed between oligos MEF-II and IV. (c) duplex formed in 
the presence of oligo MEF-III. (d) duplex formed in the presence of oligos MEF-IV 
and VI. These systems were designed to show high FRET in folded states (a and b), 
and low or no FRET in duplex states (c and d). 
 

As the formation of G4 is dependent on metal ion coordination, initial smFRET 

studies were performed by using the Cy3/Cy5 dual-labeled G4 systems to probe the 

formation of G4 in different salt solutions. Figure 4.4 a ~ d show the smFRET 

histograms of the internal dual-labeled system (oligos MEF-I and IV) obtained at 25 

°C in solutions without salt and containing 100 mM Li+, Na+, and K+ respectively. In 

these histograms, four subpopulations were identified by global fittings. S1 around 

zero is due to inactive acceptor [4] or unfolded DNA. S2, the broadest peak centered 

about 0.37, is likely the ensemble of partially folded intermediates. S3 and S4, with 

their FRET efficiencies centered on 0.66 and 0.87, respectively, are assigned to two 

distinct G4 conformations, both of which are likely to adopt hybrid parallel/anti-

parallel conformations. Low FRET S1 and S2 dominate in the histogram obtained in 
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the solution without salt (Figure 4.4 a). In the absence of cations, the repulsion of 

central oxygen atoms would overwhelm the strength of Hoogsteen bond at N7 

position of guanines involved in maintaining the overall stability of G4 [50], while the 

coordination of cations between G-tetrads can reduce this repulsion and hence 

stabilise overall G4 structures. A general trend among alkali ions from the most stable 

to least is as follows: K+ > Na+ > Li+ > no salt. Thus, without central metal cations 

bound to the tetrads, unfolded and partially folded states would be dominant. In 100 

mM Li+ solution, most of the unfolded states previously observed in the absence of 

salt (Figure 4.4 a, S1) were folded into high FRET G4s, which result in a smaller S1 

and larger S3, S4 (Figure 4.4 b). Although the stabilising effect of lithium cation is 

very weak, it can still promote G4 structures, as evidenced by an increase of high 

FRET species in Figure 4.4 b. Histograms obtained in 100 mM Na+ and K+ solutions 

(Figure 4.4 c and d) were identical, with fewer S2 and more S4. The larger increase of 

S4 over S3 is probably due to the different selectivity of the cation to the specific 

folded states.  

To learn the effect of labeling position on the folding and stability of G4, similar 

smFRET experiments were also carried out on the end dual-labeled G4 system. The 

results are shown in Figure 4.4 e ~ h. Global fitting did not work in this case as 

different G4s formed under different salt conditions. Again, S1 is assigned to the 

inactive Cy5 or unfolded state, while S2 is an ensemble of partially folded 

intermediates as described above. Without salt, only one high FRET subpopulation 

can be identified and S1 predominates (Figure 4.4 e). In comparison to that of internal 

dual-labeled system in the absence of salt (Figure 4.4 a), S2 population in the end 

dual-labeled system (Figure 4.4 e) is very small while a much larger and slightly 

shifted S1 (“zero” peak) is observed, which is possibly caused by further separation 

between donor and acceptor in this system. The partially folded subpopulation may be 

merged into the “zero” peak and is difficult to resolve by fitting alone. Histograms 

obtained from Li+ and Na+ solutions are almost identical (Figure 4.4 f and g), 

indicating Li+ and Na+ may have similar effects on the structure and stability of these 

G4s. FRET histogram obtained in K+ solution differs substantially from those 

obtained in either Na+ or Li+, suggesting that K+ favours the formation of a particular 

G4 conformation in S3. 
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Figure 4.4: Single molecule FRET histograms in MEF2DG4 conformational 
analysis. 
(a) ~ (d) Histograms in smFRET conformational analysis using the internal dual-
labeled system (oligos MEF-I and IV) obtained in the absence of salt, 100 mM Li+, 
Na+, and K+ solutions respectively. (e) ~ (h) Histograms in smFRET conformational 
analysis using end dual-labeled system (oligos MEF-II and IV) obtained in the 
absence of salt, 100 mM Li+, Na+, and K+ solutions respectively. Experiments were 
carried out at 25 °C. The donor, Cy3, was exited by a 150 µW collimated laser beam 
at 514 nm. All solutions contain 10 mM Tris-HCl (pH 7.4), 200 µM Vitamin C, and 
0.05 % (φ) Tween 20. Blue lines represent individual subpopulations fitted by a 
multi-peak Gaussian distribution model, and red lines are the sum of subpopulations. 
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4.4.2 TnIc MNSG4 and -80G4  

As illustrated in Figure 4.5 a, double-stranded (ds) dual-labeled G4 systems were 

designed to probe the formation and conformational heterogeneity of MNSG4 and -

80G4 by smFRET experiments. For both MNSG4 and -80G4, one protecting 

nucleotide is added onto the 5’ of the G4-forming sequence (thymine for MNSG4, 

and cytosine for -80G4; oligo TrMNS-III and Tr-80-III, Table 2.1), on which the 

donor, Cy3, is labeled, and a 35-mer artificial linker is attached to the 3’ end of the 

G4-forming sequence. After annealing to the Cy5-labeled strand complimentary to the 

linker region (oligo Comp-Cy5), the acceptor is 8 nucleotides from the 3’ of the G4-

forming sequence. One nucleotide gap is left between the G4-forming sequence and 

the annealed duplex linker to enable free gyration of the system, and recognition of 

the C-rich complimentary strand. Similar to the end dual-labeled MEF2DG4 system, 

once fully hybridised by the C-rich strand (oligo TrMNS-II or Tr-80-II), the FRET 

efficiency of this ds dual-labeled system decreased from approximately 70 % (G4 

folded states) to less than 1 % due to the separation of the donor and acceptor on the 

fully hybridised duplex.  

By using this ds dual-labeled system (oligos TrMNS-III and Comp-Cy5), the cation-

dependent conformational heterogeneity of one repeat of MNSG4 was first 

investigated by smFRET experiments. As shown in Figure 4.6 a, no high FRET 

species were observed in the absence of cations. In the smFRET histogram, the S1 

and S2, centred at 0 and 0.11, respectively, correspond to the zero peak and unfolded 

states of MNSG4, while the minor population of S3 is likely from FRET signals of 

randomly coiled oligos, or simply fluorescent background. In the presence of 100 mM 

Na+, a dramatic decrease of unfolded state (S2) and the emergence of a high FRET 

subpopulation centred around 0.66 (S3) were observed (Figure 4.6 b). Furthermore, a 

small population with very high FRET efficiency (S4, centred at 0.94) was also 

revealed by global fittings to three independent experiments. When incubated in 100 

mM K+ (Figure 4.6 c), the smFRET histogram is characterised by a further reduced 

zero peak (S1), decreased unfolded state (S2), and enlarged high FRET 

subpopulations (S3, and S4, centred at 0.80 and 0.94 respectively), which reflects that 

the majority of the oligo is able to adopt compact G4 structures in the presence of K+. 

Due to its high FRET efficiency, the subpopulation S4 observed in both Na+ and K+ 

solutions were designated to a chair-type anti-parallel G4 (will be discussed later), 
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while the S3 is likely a parallel structure as proposed in CD experiments (Figure 4.2 d 

and e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5: Schematic illustration of the dual-labeled TnIc G4s systems for single 
molecule and bulk FRET studies. 
(a) Double-stranded (ds) dual-labeled G4 system formed between oligos TrMNS-III or 
Tr-80-III and Comp-Cy5, which can be fully hybridised by TrMNS-II or Tr-80-II, 
respectively. (b) Single-stranded (ss) dual-labeled G4 system formed within oligos 
TrMNS-IV or Tr-80-IV. The presence of TrMNS-II or Tr-80-II can fully unfold the G4 
structures through hybridisation. In cases as illustrated in a and b, folding of G4 
would lead to high FRET signals, while hybridisation would eliminate FRET signals. 
(c) Ss dual-labeled G4 system containing double repeats of MNSG4 (oligo Tr2×MNS-
III). In this system, formation of two or one G4 (double/single G4-folded states) 
within the oligo would show considerable FRET signals (due to free gyration of 
single-stranded region), while hybridisation of duplex leads to low or no FRET 
signals. 
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Cation-dependent conformational heterogeneity of the TnIc -80G4 was also examined 

by using a similar ds dual-labeled system (oligos Tr-80-III and Comp-Cy5). 

Similarly, without the stabilising effects from cation ions, G4 structure cannot fold 

(Figure 4.7 a). In the presence of 100 mM Na+ and K+, however, significant amount 

of high FRET subpopulation was observed (S3 in Figure 4.7 b, and S4 in Figure 4.7 

c), suggesting the formation of G4 structures. It is worth noting that as in the CD 

experiments, only parallel G4 was found in Na+ and K+ solutions for the -80G4-

forming sequence, and the propeller-type structure is the only folding pattern for an 

intramolecular parallel G4. Thus, in smFRET histograms, only one high FRET 

subpopulation was resolved in both Na+ and K+ solutions. As compared to in the 

presence of Na+, the larger zero peak (S1) and the smaller high FRET subpopulation 

(S4) observed in 100 mM K+ implies that the actual conformations of -80G4 are 

different in Na+ and K+ solutions, possibly due to different relative orientations 

between the G4 and duplex linker, or different loop arrangements. Furthermore, a 

larger and broader peak (S2) corresponding to partially unfolded structures was 

observed in Na+ solution, reflecting less favourable G4-stabilising ability of Na+ as 

compared to K+.  

To further explore the conformational state(s) of TnIc MNSG4 and -80G4, a 

simplified model, single-stranded (ss) dual-labeled G4 system was designed. As 

shown in Figure 4.5 b, in the ss dual-labeled G4 system, one protecting nucleotide 

was added to both 5’ and 3’ ends of G4-forming sequences of MNSG4 and -80G4, 

which were labeled by Cy3 and Cy5, respectively. Folding of G4 structures would 

bring donor and acceptor into close proximity and hence give high FRET signals, 

while full hybridisation would result in a decrease in FRET efficiency to less than 5 

%. However, as shown in Figure 4.6 d ~ f and Figure 4.7 d ~ f, only one skewed high 

FRET peak was observed in each histogram, which is caused by over-juxtaposition of 

the donor and acceptor in the folded states. Although most of the conformational 

information was lost in condensed high FRET signals, this experiment still yielded an 

important conclusion, namely that although in the absence of cation ions, both 

MNSG4 and -80G4 cannot form in the ds dual-labeled systems (Figure 4.6 a, and 

Figure 4.7 a), high FRET subpopulation corresponding to folded G4 structures were 

observed in the ss dual-labeled systems under similar conditions (Figure 4.6 d, and 
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Figure 4.7 d), suggesting that adjacent duplex DNA in ds dual-labeled systems may 

interfere with the formation of both MNSG4 and -80G4 in solution.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Single molecule FRET histograms in TnIc MNSG4 conformational 
analysis. 
(a)~(c) Histograms in smFRET conformational analysis using ds dual-labeled system 
(oligos TrMNS-III and Comp-Cy5) obtained in the absence of salt, 100 mM Na+, and 
K+ solutions respectively. (d)~(f) Histograms in smFRET conformational analysis 
using ss dual-labeled system (oligo TrMNS-IV alone) obtained in the absence of salt, 
100 mM Na+, and K+ solutions respectively. Experiments were carried out at 25 °C. 
The donor, Cy3, was exited by a 150 µW collimated laser beam at 514 nm. All 
solutions contain 10 mM Tris-HCl (pH 7.4), 200 µM Vitamin C, and 0.05 % (φ) 
Tween 20. Blue lines represent individual subpopulations fitted by a multi-peak 
Gaussian distribution model, and red lines are the sum of subpopulations. 
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Figure 4.7: Single molecule FRET histograms in TnIc -80G4 conformational 
analysis. 
(a)~(c) Histograms in smFRET conformational analysis using ds dual-labeled system 
(oligos Tr-80-III and Comp-Cy5) obtained in the absence of salt, 100 mM Na+, and 
K+ solutions respectively. (d)~(f) Histograms in smFRET conformational analysis 
using ss dual-labeled system (oligo Tr-80-IV alone) obtained in the absence of salt, 
100 mM Na+, and K+ solutions respectively. Experiments were carried out at 25 °C. 
The donor, Cy3, was exited by a 150 µW collimated laser beam at 514 nm. All 
solutions contain 10 mM Tris-HCl (pH 7.4), 200 µM Vitamin C, and 0.05 % (φ) 
Tween 20. Blue lines represent individual subpopulations fitted by a multi-peak 
Gaussian distribution model, and red lines are the sum of subpopulations. 
 
 

4.4.3 TnIc two-repeat MNSG4 

The ss dual-labeled two-repeat MNSG4 system was designed as shown in Figure 4.5 

c. Cy5 and Cy3 are labeled to the first protecting thymine and the last protecting 

cytosine via NHS esters, respectively (oligo Tr2×MNS-III). Two 26mer consensus 

MNSG4-forming sequences are linked by an 11mer linker in the middle. In double 

G4-folded states, the donor-acceptor distances are within estimated Förster radius of 

the Cy3/Cy5 pair, 5.3 nm [49]. In the single G4-folded states, a certain amount of 
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FRET signals might be possible due to the free gyration of the single-stranded part. 

However, once annealed to its complimentary strand (oligo Tr2×MNS-II), the FRET 

efficiency of both partial duplex and full duplex would decrease to less than 1 % due 

to the increased separation between donor and acceptor fluorophores. 

Figure 4.8: Single molecule FRET histograms in TnIc two-repeat MNSG4 
conformational analysis. 
(a) Histograms in smFRET conformational analysis using ss dual-labeled system 
(oligo Tr2×MNS-III) obtained in 1 mM, 10 mM, and 100 mM Na+ solutions. (b) 
Analogous histograms obtained in 1 mM, 10 mM, and 100 mM K+ solutions 
respectively. Experiments were carried out at 25 °C. The donor, Cy3, was exited by a 
150 µW collimated laser beam at 514 nm. All solutions contain 10 mM Tris-HCl (pH 
7.4), 200 µM Vitamin C, and 0.05 % (φ) Tween 20. Blue lines represent individual 
subpopulations fitted by a multi-peak Gaussian distribution model, and red lines are 
the sum of subpopulations. 
 

Conformational analysis was performed in Na+ and K+ solutions with different 

concentrations (Figure 4.8). Although the two-repeat MNSG4 system cannot adopt 

folded structure(s) in the absence of cations, high FRET subpopulation (S3, centred at 

0.91, Figure 4.8 a, top) was found in solution with low concentration of Na+ (1 mM). 

When the Na+ concentration was increased from 1 mM to 10 mM, this high FRET 
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subpopulation became more apparent, while the subpopulation corresponding to 

randomly coiled oligos or partially folded structures, S2, gradually compressed. In 

100 mM Na+, two high FRET subpopulations emerged (S3 and S4, Figure 4.8 a, 

bottom). According to the donor-acceptor distances of subpopulations S3 and S4 

(43.7 ± 1.5 Å and 35.2 ± 1.1 Å), they both represent the formation of two G4 

structures on the same strand. Similarly, high FRET subpopulations accumulate as the 

K+ concentration increases (Figure 4.8 b). Obscurely, as compared to subpopulations 

identified in solution containing 100 mM Na+, a larger faction of zero peak and a 

smaller fraction of subpopulation with high FRET signals were identified. This may 

relate to the local environment differences such as G4-G4 stacking, or unfavourable 

fluorophores’ dipole-dipole orientation. 

 

4.5 G4/duplex competition assay using smFRET 

4.5.1 MEF2DG4 

To probe the kinetic stability of these G4 structures in the presence of their C-rich 

complementary strands, G4/duplex competition assays were carried out using 

smFRET in 100 mM K+ solution. The Cy3 internal and end dual-labeled G-rich 

strands (oligos MEF-I and II) were incubated with 1.5-fold of either MEF-III (2-

component, Figure 4.3 c), or MEF-IV/VI (3-component, Figure 4.3 d) Cy5-labeled 

C-rich complementary strands to allow the formation of full duplex. Comparing with 

the 3-component system, the 2-component system is better at unfolding G4, because 

the formation of duplex in the 5’ flanking region of the G-rich strand would also bring 

the C-rich strand close to the G4, which would increase the local concentration of the 

C-rich strand. 
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Figure 4.9: Single molecule FRET histograms in MEF2D G4/duplex competition 
assays and the proposed free energy landscapes. 
Histograms obtained in smFRET MEF2D G4/duplex competition assay of the internal 
dual-labeled system composed of (a) 3-component (oligos MEF-I, IV, and VI) and 
(b) 2-component (oligos MEF-I, and III). (c) Proposed free energy landscapes 
illustrating unfolding of internal dual-labeled MEF2DG4. Histograms obtained in 
smFRET MEF2D G4/duplex competition assay of the end dual-labeled system 
composed of (d) 3-component (oligos MEF-II, IV, and VI) and (e) 2-component 
(oligos MEF-II, and III). (f) Proposed free energy landscapes illustrating unfolding 
of end dual-labeled MEF2DG4.. All experiments were carried out at 25 °C in 
solutions containing 100 mM K+, 10 mM Tris-HCl (pH 7.4), 200 µM Vitamin C, and 
0.05 % (v/v) Tween 20; S3, S4 are two G4 structures, S2 are mainly intermediates 
between G4 and duplex and S1 is the full duplex. Blue lines represent individual 
subpopulations fitted by a multi-peak Gaussian distribution model, and red lines are 
the sum of subpopulations. 
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In the internal dual-labeled model, the presence of C-rich strands leads to an increase 

of S2, which are intermediates with partially unfolded structures (comparing Figure 

4.9 a and b to Figure 4.4 d). This is likely due to the partial unfolding of G4 structures 

by the incomplete hybridisation. In the 3-component system, both high FRET folded 

states S3 and S4 decreased, while the fraction of S1 is very small (Figure 4.9 a). This 

demonstrates that the presence of the short C-rich complimentary strand (oligo MEF-

VI) can only partially unfold the G4 structures. In the 2-component system, S3 and S4 

further decreased, and S1 dramatically increased (Figure 4.9 b), which indicates that 

some of the folded states S3 and S4 are unfolded by the long C-rich strand (oligo 

MEF-III) and subsequently form duplex. The simultaneous decrease of S3 and S4 in 

3-component and 2-component system shows that these two folded states may have 

similar kinetic stability. The proposed energy landscape is shown in Figure 4.9 c. 

In the end dual-labeled model, observations are different. In the 3-component system, 

a high FRET folded state S4 comes back and the other subpopulations remain 

relatively constant (comparing Figure 4.9 d to Figure 4.4 h). In the 2-component 

system, the folded state S4 partially unfolds into intermediate S2, while the other 

folded state S3 still remains constant (Figure 4.9 e). Thus, a G4/duplex competition 

energy landscape of the end-labeled system can be proposed. As shown in Figure 4.9 

f, on encounter of an adjacent C-rich complementary strand, the more stable G4 

structure S3 first rearranges to a less stable G4 structure S4, which further unfolds 

into an intermediate before ending up as a full duplex. In this model, the rate-limiting 

step is the unfolding of G4 into duplex. 

 

4.5.2 TnIc MNSG4 and -80G4s 

To examine the stability of TnIc G4s, similar G4/duplex competition assays were 

carried out by incubating the ds or ss dual-labeled G4 systems in the presence of 1.5-

fold of corresponding C-rich complimentary strands (as illustrated in Figure 4.5). 

Histograms obtained in smFRET experiments showed that all high FRET 

subpopulations of TnIc MNSG4, -80G4 and two-repeat MNSG4 were depleted by C-

rich complimentary strands. This agrees to the findings that the melting temperatures 

of both MNSG4 (Tm = 71.2 °C) and -80G4 (Tm = 75.0 °C) are lower as compared to 

that of the MEF2DG4 (Tm > 85 °C). In the cooling process to allow G4 formation, it 
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is possible that duplexes already well-formed before the temperature reaches low 

enough for oligos to adopt stable G4 structures. On the other hand, although the 

melting temperature of the parallel G4 adopted by the two-repeat MNSG4 is 

relatively high (Tm = 87 °C), the 11mer linker between two MNSG4s can provide an 

attaching site for the C-rich complimentary strand even when two G4s are formed on 

the G-rich oligo. This partially annealed system could then bring the C-rich strand 

close to the G4 structures (increased local concentration of C-rich oligo), and 

accelerate the unfolding process of MNSG4. 

To further study the unfolding kinetics of both the MEF2DG4 and TnIc G4s, the G4 

hybridisation experiments were subsequently carried out by using bulk and single 

molecule FRET approaches. 

 

4.6 G4 hybridisation and unfolding kinetics 

4.6.1 MEF2DG4* 

In light of the energy landscape for the unfolding of the end dual-labeled G4 system 

in K+ solution, a kinetic scheme for the competition between G4 and duplex in the 

presence of C-rich complementary strands was proposed, as shown in Figure 4.10. In 

this model, GQ is the oligo MEF-II in G4 form, and C-Rich refers to the random-

coiled complementary strand oligo MEF-III. When oligos MEF-II and III are 

incubated together, a partial duplex will quickly form in the 30-base long linker 

region. These G4/duplex hybrids would initially maintain the most stable (lowest free 

energy) G4 structure GQC1, corresponding to the S3 species in Figure 4.4 h and 

Figure 4.9 d and e. Following the progress of the reaction, some GQC1 would 

interconvert, via conformational rearrangement, into GQC2, a less stable G4 structure 

corresponding to the S4 species in Figure 4.4 h and Figure 4.9 d and e. Afterwards, 

GQC2 unfolds, leaving a partially-formed duplex (tagged as P-Duplex) that 

eventually anneals into a full duplex (tagged as Duplex). 
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Figure 4.10: A model for the competition between MEF2DG4 and duplex in the 
presence of full length C-rich complimentary strand. 
GQ is a G4 structure formed in the single stranded oligo MEF-II; C-Rich is the 
denatured single stranded oligo MEF-III; GQC1 and GQC2 are schematic 
representations of two G4 structure corresponding to S3, S4 respectively; P-Duplex is 
a partially-formed duplex; and Duplex is the fully-formed duplex. 
 

 

Based on the facts that, i) GQC1 is more stable than GQC2; ii) the GQC2 population 

is much smaller than GQC1 in the presence of K+ (Figure 4.4 h and Figure 4.9 e); and 

iii) the formation of the P-Duplex is very fast due to the existence of the adjacent 

complementary strand, the model proposed above can be simplified to, 

€ 

GQ +C k1⎯ → ⎯ GQC k2⎯ → ⎯ Duplex  Eq. 4.1  

where k1 and k2 are the partial annealing rate (duplex hybridisation rate) and the G4 

unfolding rate respectively. From this reaction scheme, it is not difficult to obtain the 

rate equation against species GQC as follows, 

         Eq. 4.2 

where c0 is the initial concentration of both GQ and C. The analytical solution of Eq. 

4.2 can be used to obtain the duplex hybridisation rate and the subsequent G4 

unfolding rate from fitting to the experimental data, as shown in Figure 4.11. The 

fitting was carried out in MatLab 2009 by a built-in curve-fitting tool. The 
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hybridisation rate constant and unfolding rate constant were obtained to be 3.8 ± 0.2 × 

104 M-1s-1 and 8.3 ± 0.4 × 10-6 s-1 respectively. In comparison to the hybridisation rate 

constant of 1.37 × 105 M-1s-1 between a 31-base G4-forming strand and its 

complementary from the human MYC promoter [51], the hybridisation rate constant 

measured here is slower but well within the typical range of DNA hybridisation. 

Remarkably, the unfolding rate constant of the G4 studied here is two to three 

magnitude slower than that of 3-tetrad G4s, with literature values 7.9 × 10-3 s-1 for 

human MYC G4 (150 mM K+, 25 °C) [51] and 2.34 × 10-2 s-1 (100 mM Na+, 25 °C) 

for human telomeric G4 [5], respectively. In addition to the results from single 

molecule duplex/G4 competition assay, the unfolding kinetics confirmed the 

exceptional stability of the four-tetrad G4, which might form easily in the promoter 

during gene transcription. 

 

 

 

 

 

 

Figure 4.11: MEF2DG4 unfolding curve and corresponding fitted curve. 
Hybridisation time trace recorded by acceptor Cy5 fluorescence (black) and the fit 
(red) based on the solution of Eq. 4.2. The hybridisation rate constant and unfolding 
rate constant were obtained to be 3.8 ± 0.2 × 104 M-1s-1 and 8.3 ± 0.4 × 10-6 s-1 
respectively. The reaction was carried out at 25 °C in 100 mM KCl solution 
containing 10 mM Tris-HCl (pH 7.4).  
 

4.6.2 TnIc MNSG4 and -80G4 

For both TnIc MNSG4 and -80G4, solutions containing 100 nM G4-forming oligos 

(MNSG4: oligos TrMNS-III and Comp-Cy5; and -80G4: oligos Tr-80-III and Comp-

Cy5) were mixed with 2 µM C-rich complimentary strands (MNSG4: oligo TrMNS-II; 

and -80G4: Tr-80-II) at time t = 0, and the decay of Cy5 fluorescence were measured. 

The resulting traces were fitted to double exponential curves, and the inverse of fitted 
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time constants were taken as the hybridisation or unfolding rate-constants. 

Temperature-dependent unfolding kinetics was examined by performing the 

hybridisation at different temperatures. 

 

 

 

 

 

 

 

Figure 4.12: TnIc G4s unfolding curves and corresponding fitted curves. 
(a) Decrease of Cy5 fluorescence recorded at 664 nm (5 nm split) in the process of 
MNSG4 (formed between oligos TrMNS-III and Comp-Cy5) opened by its C-rich 
complimentary strand (oligo TrMNS-II) at different temperature. Black, green, blue 
and cyan curves are from experimental data obtained at 25, 35, 45, and 55 °C, 
respectively, and red curves are fitted results by a double exponential decay model. 
(b) Decrease of Cy5 fluorescence recorded at 664 nm (5 nm split) in the process of -
80G4 (formed between oligos Tr-80-III and Comp-Cy5) opened by its C-rich 
complimentary strand (oligo Tr-80-II) at different temperature. Black, green, blue and 
cyan curves are from experimental data obtained at 35, 45, 55, and 65 °C, 
respectively, and red curves are fitted results by a double exponential decay model. 
Hybridisation was performed between 100 nM G4 forming oligos and 2 µM 
complimentary C-rich oligo. The reaction was carried out in 100 mM KCl solution 
containing 10 mM Tris-HCl (pH 7.4). 
 

The time constants of the fast decaying component for MNSG4 were determined as 

126.7 ± 6.2, 128.5 ± 3.4, 127.4 ± 2.2, and 140.2 ± 1.6 s at 25, 35, 45, and 55 °C 

respectively (Figure 4.12 a and Table 4.2). The time constant of this fast decaying 

subpopulation maintained unchanged until 55 °C when prolonged time constant was 

observed. Thus, this fast hybridised subpopulation is believed to be partially folded or 

randomly coiled oligos with hybridisation rate constants around 0.4 × 104 M-1s-1. As 

compared to a typical hybridisation rate constant, which is around 105 M-1s-1, the 

much slower hybridisation rate constants observed here clearly indicated that the C-

rich oligos still need to unfold certain unstable structures before fully hybridising the 
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partially unfolding G-rich strand. The slow decaying component represents the 

unfolding process of MNSG4, whose time constant decreases with increased 

temperature (Table 4.2). As compared to the KIT1 G4 studies that used a similar 

system [13], the MNSG4 is more kinetically stable at high temperature (time 

constants of KIT1 G4 at 45 and 50 °C are 2,300 and 1,000 s respectively), which 

echoes the higher thermal stability of MNSG4 in single-stranded form. The activation 

energy of the unfolding of MNSG4 was determined as 22.1 ± 0.4 kJ mol-1 by 

Arrhenius equation (Figure 4.13 a and Table 4.2), and the activation enthalpy and 

entropy were derived by Eyring equation as 19.6 ± 0.4 kJ mol-1, and -249.2 ± 1.2 J 

mol-1 respectively. Similar as the unfolding of human telomeric G4 studied via an 

analogous strategy [4] and the unfolding of TBA studied in sodium solution [52], this 

small activation enthalpy and very negative entropy indicate that the unfolding of 

MNSG4 is entropically driven, and can occur very easily in the presence of C-rich 

complimentary strand. This relatively low activation energy/enthalpy and very 

negative entropy may suggest that the MNSG4 unfolds through a “pre-organized” 

transition state, which possibly relates to the long loops in the folded MNSG4 (two 5-

nucleotide adjacent loops). In the process of MNSG4 opening, these fluctuating long 

loops may partially anneal to the C-rich strand, resulting in a series of relatively 

“ordered” intermediates with negative entropy, and the invasion of C-rich strand may 

further destabilise the folded G4 structures without transiting G4 into other partially 

unfolded structures (more disordered structures with positive entropies). Thus, in the 

absence of C-rich complimentary strand the MNSG4 can be thermally stable 

(relatively high melting temperature), while the presence of excess C-rich 

complimentary strand can open the folded MNSG4 relatively easily. 

Similar experiments were carried out on the TnIc -80G4, and two G4s (fast and slow 

unfolding components) were revealed with different kinetic behaviours (Figure 4.13 b 

and Table 4.2). The fast-unfolding -80G4 (-80G4-F) exhibits comparable kinetic 

stability to the MNSG4, while the slow-unfolding -80G4 (-80G4-S) is at least 30-fold 

more stable than the -80G4-F, and of similar stability as the KIT2 G4 studied 

previously by using an identical method [13]. Both -80G4-F and -80G4-S were 

characterised by a large activation enthalpy and small unfavoured activation entropy, 

suggesting the existence of more significant enthalpic barriers (ΔH‡ and ΔS‡ for -

80G4-F and -80G4-S are 83.4 ± 23.6 kJ mol-1 and -44.1 ± 7.4 J mol-1, and 98.0 ± 6.5 
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kJ mol-1 and -27.1 ± 20.0 J mol-1, respectively). As compared to the MNSG4, only 

one long loop was found in the -80G4 (the first loop, length between 10 ~ 7 

nucleotides), and correspondingly less negative activation entropies were identified in 

unfolding processes of the -80G4. As the -80G4-F has a more negative ΔS‡ than the -

80G4-S, the destabilising contribution from the loop (partially annealed more ordered 

states) of -80G4-F is more prominent than that from -80G4-S, and thus less energy is 

required for the -80G4-F to reach the transition state for the full hybridisation to 

happen. Indeed, a smaller ΔH‡ of -80G4-F was also found. 

 

 

 

 

 

 

 

Figure 4.13: Arrhenius plotting for unfolding of TnIc G4s. 
(a) Arrhenius plotting for the slow decaying component identified in the unfolding 
process of TnIc MNSG4. Empty circles () represent opening rates measured at 
different temperatures, and red line is the result fitted by Arrhenius equation. The 
activation energy is determined to be 22.1 ± 0.4 kJ mol-1. (b) Arrhenius plotting for 
the slow and fast decaying components identified in the unfolding process of TnIc -
80G4. Empty triangles (Δ) and squares (☐) represent opening rates of the fast and 
slow decaying components, respectively, and red lines are results fitted by Arrhenius 
equation. The activation energies for the fast and slow decaying components are 86.1 
± 23.7 and 100.6 ± 6.57 kJ mol-1, respectively, as determined by the fits. 
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Table 4.2: Parameters obtained from curve fittings of TnIc MNSG4 and -80G4 
unfolding in solution. 

G4 unfolding was measured by the decrease of Cy5 fluorescence when hybridised by C-rich 
complimentary strand. Experiments were carried out in solution containing 10 mM Tris-HCl (pH 7.4) 
and 100 mM K+ at different temperatures. 
 
 

4.6.3 TnIc two-repeat MNSG4 

Unfolding kinetics of ss dual-labeled two-repeat MNSG4 trapped by duplex (as 

shown in Figure 4.5 c) was first measured at bulk level. Hybridisation of excess oligo 

Tr2×MNS-II (20-fold, 2 µM) to Tr2×MNS-III (100 nM) was performed in 10 mM Tris-

HCl (pH 7.4) buffer containing 100 mM K+ at 25 °C, and concomitant decrease of 

Cy5 fluorescence were monitored as unfolding of G4s. Figure 4.14 illustrates the 

unfolding curve of two-repeat MNSG4 (black curve) fitted with double exponential 

decay as a best fit (red curve). Similar to those found in the single repeat of MNSG4 

unfolding kinetics studies, a fast decaying component with time constant of 69.2 ± 0.7 

s was identified as representing partially unfolded or randomly coiled structures. The 

time constant of a slow decaying component corresponding to the averaged unfolding 

of MNSG4s is 1,673.9 ± 9.0 s. As compared to the single repeat of MNSG4, both 

Temperature / °C <τ> / s k / 10-5s-1 Ea / kJ mol-1 ΔH‡ / kJ mol-1 ΔS‡ / J mol-1 

TnIc MNSG4 (fast decaying component) 
25 126.7 ± 6.2 789.3 ± 38.6 
35 128.5 ± 3.4 778.2 ± 20.6 
45 127.4 ± 2.2 784.9 ± 13.6 
55 140.2 ± 1.6 713.3 ± 8.1 

-- -- -- 

 
TnIc MNSG4 (slow decaying component) 

25 4,438.0 ± 32.1 22.5 ± 0.2 
35 3,388.9 ± 16.3 29.5 ± 0.1 
45 2,538.9 ± 16.2 39.4 ± 0.3 
55 1,969.5 ± 11.1 50.8 ± 0.3 

22.1 ± 0.4 19.6 ± 0.4 -249.2 ± 1.2 

 
TnIc -80G4-F (fast decaying component) 

35 3,366.6 ± 46.7 29.7 ± 0.4 
45 1,669.2 ± 18.9 59.9 ± 0.7 
55 1,094.0 ± 13.6 91.4 ± 1.1 
65 136.5 ± 3.4 732.1 ± 18.4 

86.1 ± 23.7 83.4 ± 23.6 -44.1 ± 7.4 

 
TnIc -80G4-S (slow decaying component) 

35 173,840.9 ± 5,542.6 0.6 ± 0.1 
45 44,424.4 ± 482.3 2.3 ± 0.1 
55 18,811.2 ± 136.0 5.3 ± 0.1 
65 4,789.9 ± 32.8 20.9 ± 0.2 

100.6 ± 6.6 98.0 ± 6.5 -27.1 ± 20.0 
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time constants for the two-repeat MNSG4 are smaller. This is due to the existence of 

an 11mer linker between individual MNSG4 in the system, which provides annealing 

sites for the C-rich complimentary strand, and further destabilises adjacent G4 

structures. 

 

 

 

 

 

 

 

Figure 4.14: TnIc two-repeat MNSG4 unfolding curve and corresponding fitted 
curve. 
Decrease of Cy5 fluorescence recorded at 664 nm (5 nm split) in the process of two-
repeat MNSG4 (formed by oligo Tr2×MNS-III) opened by its C-rich complimentary 
strand (oligo Tr2×MNS-II) at 25 °C. The black curve is from experimental data, and the 
red curve is the fitted result by a double exponential decay model. Hybridisation was 
performed between 100 nM G4 forming oligos and 2 µM complimentary C-rich oligo. 
The reaction was carried out in 100 mM KCl solution containing 10 mM Tris-HCl 
(pH 7.4). 
 

In previous G4 conformational analyses on the two-repeat MNSG4 system (Section 

4.4.3), 3 different high FRET subpopulations (S2~S4) were identified in 100 mM K+ 

(Figure 4.8 b). Thus, in order to investigate the kinetic stability of individual 

subpopulation, its unfolding kinetics was also measured as single molecule level. 2 

nM oligo Tr2×MNS-II (20-fold as compared to the two-repeat MNSG4-forming 

sequence, oligo Tr2×MNS-III) was mixed with 100 pM oligo Tr2×MNS-III at time = 0, 

and the unfolding reaction was monitor for 7,900 s. smFRET histograms were 

generated every 160 s after the initiation of hybridisation, and globally fitted 

subsequently. As shown in Figure 4.15 a, four subpopulations (S1 ~ S4) were 

revealed, and the fraction of high FRET ones (S2 ~ S4) gradually decreased during 

the unfolding processes. Fractional changes of each subpopulation were plotted 
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against reaction time, and fitted with either double exponential (S1 and S3) or single 

exponential decay (S2 and S4) according to the best fit (Figure 4.15 b ~ e). S1, the 

zero peak, was the only subpopulation whose FRET fraction increased during the 

reaction, which was due to the increase of fully hybridised duplex with FRET signal 

around 0. Although measured at single molecule level, since the increase of S1 is due 

to the decrease of other high FRET subpopulations, the kinetic parameters of the 

increase of S1 should be consistent with those measured in bulk studies if the pseudo 

first-order model is valid. As shown in Table 4.3, compared to the parameters 

determined in the bulk FRET experiment, similar fractions of the slow and fast 

decaying components of S1 were revealed by the smFRET experiment. Furthermore, 

the time constants of both components measured by smFRET are 3-fold larger than 

their counterparts in bulk FRET experiments (ratios of 2.9 ± 0.4 and 3.2 ± 0.2 for 

slow and fast component respectively). The prolonged time constant at single 

molecule level is consistent with previously reported results from a similar human 

telomeric G4 system (unfolding time constant: bulk, 116.3 s [5]; single molecule, 791 

s [4]). S3 might be largely composed of partially-unfolded G4 structures, which are 

hybridised into duplex very fast (time constant 139.5 ± 35.1 s), and contribute to the 

fast increase of S1. It is interesting that S3 also contains a small amount slow 

decaying components (time constant 2,226.9 ± 1093.1 s) indicating the presence of 

certain stable structures. S2 and S4 are best fitted by single exponential decay with 

unfolding time constants 5,047.9 ± 234.6 s-1, and 3,056.8 ± 1250.8 s-1 respectively. 

According to their donor-acceptor distances in the presence of C-rich complimentary 

strand, S2 and S4 imply the formation of two G4s on the same strand (otherwise 

FRET signals would disappear if only one G4 is formed). 
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Figure 4.15: TnIc two-repeat MNSG4 unfolding measured by smFRET and 
corresponding fitted curves. 
(a) smFRET histograms of two-repeat MNSG4 (formed by oligo Tr2×MNS-III) opened 
by hybridisation of its C-rich complimentary strand (oligo Tr2×MNS-II). 4 
subpopulations (S1 ~ S4) were identified by global fitting. (b) ~ (e) Fraction changes 
of subpopulation versus reaction time of each subpopulation (black curves, S1 ~ S4 
respectively). Each curve was fitted by either two or one component exponential 
decay model. Hybridisation was performed between 100 pM G4 forming oligo and 2 
nM complimentary C-rich oligo. The reaction was carried out at 25 °C in 100 mM 
KCl solution containing 10 mM Tris-HCl (pH 7.4), 200 µM Vitamin C, and 0.05 % 
Tween 20. 
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Table 4.3: Parameters obtained from curve fittings of two-repeat TnIc MNSG4 
unfolding measured by bulk and single molecule FRET experiments in solution. 

Experiments were carried out in solution containing 10 mM Tris-HCl (pH 7.4) and 100 mM K+ at 25 
°C. 
      a  when curves are fitted by a two-component exponential decay model, A1, τ1, and k1 are 
parameters for the fast decaying species, while A2, τ2, and k2 are parameters for the slow decaying 
species. 
        b when curves are fitted by a one-component exponential decay model, only τ1, and k1 are calculated 
and listed. 
 
 

4.7 DMS footprinting of TnIc MNSG4 and -80G4 

Because the N-7 positions of guanines are protected from DMS methylation when the 

Hoogsteen hydrogen bonds exist, DMS footprinting can reveal guanines involved in 

G4 formation. To determine those guanines that are involved in G4 formation, bands 

with fast mobility on native gels (bands indicated by black arrows in Figure 4.1 b and 

c for MNSG4 and -80G4, respectively) were cut out and DMS footprinting was 

carried out. The result is shown as Figure 4.16.  

In both MNSG4 (oligo TrMNS-I) and -80G4 (oligo Tr-80-I), four runs of three 

contiguous guanines were protected from DMS methylation, showing both of them 

are composed of three layers of stacked G-tetrads. In MNSG4 (Figure 4.16 a), strong 

DMS protection is observed at G1~G3, G5~G7, G11~G13, and G14~G15. Two 

guanines at the 3’ of MNSG4 (G17~18, oligo TrMNS-I) are not involved in G4 

formation. Compared to other guanines involved in loops (G4, G8, and G9), G10 is 

partially protected from DMS. Because G13 is fully protected from DMS, this partial 

protection of G10 may be due to the gyration hindrance from the adjacent G4 

structure, which blocks its access by DMS. The DMS footprinting pattern of -80G4 is 

Subpopulation Fraction (A) / % <τ> / s k / 10-5 s-1 

Bulk FRET measurement 

Averaged a A1   43.7 ± 1.1 
A2   56.3 ± 1.6 

τ1             69.2 ± 0.7 
τ2        1,673.9 ± 9.0 

k1  1,445.1 ± 13.7 
k2         59.7 ± 0.3 

 
Single molecule FRET measurements 

S1 A1 45.6 ± 0.8 
A2 54.4 ± 1.2 

τ1         197.3 ± 28.8 
τ2    5,303.8 ± 248.9 

k1     506.8 ± 74.0 
k2         18.9 ± 0.9 

S2b -- τ1    5,047.9 ± 234.6 k1         19.8 ± 0.9 

S3 A1 74.7 ± 2.5 
A2 25.3 ± 1.9 

τ1         139.5 ± 35.1 
τ2 2,226.9 ± 1,093.1 

k1   716.8 ± 180.4 
k2       44.9 ± 21.0 

S4 -- τ1 3,056.8 ± 1,250.8 k1       32.7 ± 13.4 
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more difficult to interpret (Figure 4.16 b). In the first 5’ run of guanines (G1 ~ G5), 

partial protection of guanines is apparent. Meanwhile, in the second and third runs of 

guanines (G9~G12 and G13~G16), partially protected flanking guanines in each G-

run are also found (G9/G12 and G12/G16) with two fully protected guanines in the 

middle (G10~G11 and G14~G15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: DMS footprinting results of TnIc MNSG4 and -80G4. 
(a) DMS footprinting of MNSG4 (oligo TrMNS-I). (b) DMS footprinting of -80G4 
(oligo TrMNS-I).  
 

This poorly defined footprinting pattern of -80G4 element is possibly due to the long 

first loop (at least 7 nucleotides) which induces flexibility of the G4 conformations. 

Together with CD and smFRET experiments, it’s highly likely that this sequence can 

fold into a mixture of exchanging parallel intramolecular G4s with different loop 
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arrangements in KCl solution. Furthermore, in the second and third G-runs, it’s clear 

that G12 and G13 are better protected from DMS than G9 and G16, which may reflect 

the preference of different intramolecular G4s. According to the different protection 

effects in DMS footprinting, a preferred folding pattern of MNSG4 is proposed as 

G3N5G3N5G3N2G3, while for the -80G4 multiple folding patterns may coexist with 

first loop ranging between 7 ~ 10 nucleotides, and second and third loops ranging 

between 1 ~ 2 nucleotides. Both of them are distinct from the general folding pattern 

of promoter G4s indentified in cancer-related genes. Although the exact G4 structures 

of MNSG4 and -80G4 cannot be proposed based on DMS footprinting results alone, 

those fully protected guanines in both sequences clearly indicate the formation of 

G4s. 

 

4.8 Stabilising TnIc MNSG4 and -80G4 by a G4-binding ligand 

Once it has been proved that these G4-forming sequences could adopt stable G4 

structures in solution, it was of interest to investigate whether small G4-binding 

molecules could further stabilise these G4 structures. As has been demonstrated by 

Vilar et al. over the past few years, a group of metallo-organic complexes, especially 

those with two linked metal moieties, can act as excellent G4-binding ligands with 

relatively high affinity and selectivity [53, 54]. X-ray studies also have shown that the 

di-metal compounds are strong G4 binders via a combination of π-π stacking on the 

end of G-tetrad, and electrostatic interactions with adjacent loops and grooves of G4s. 

Amongst these metallo-organic complexes, the di-copper complex (compound 3 as 

shown in Figure 5.6) was found to possess highest selectivity and affinity to G4s over 

duplex (over 100-fold as determined by FID assay) [53]. Indeed, by screening 20 

different metallo-organic complexes in cells, complex 3 exhibited the best cellular 

performance (discussed in next chapter). Thus, I further investigated the ability of this 

complex (compound 3) in binding to and stabilising the TnIc MNSG4 and -80G4 in 

solution. 

 

4.8.1 Stabilising ability of di-copper complex (compound 3) determined by CD 

melting 
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The CD melting experiment is a well-established method for assessing the stabilising 

ability of G4-binding ligands to certain G4 structures by measuring the changes of G4 

melting temperature (i.e. ΔTm) in the absence and presence of the ligands being 

studied. As described in the previous section, in the absence of G4-binding ligand, 

MNSG4 folds into anti-parallel structures (parallel structures may also be present) in 

100 mM K+ solution with Tm = 71.2 ± 0.4 °C. However, in 10 µM complex 3, the CD 

spectrum of MNSG4 dramatically changed. The spectrum, which is shown in Figure 

4.17 a, is characterised by a positive peak at 263 nm, and a pronounced shoulder 

between 280 and 300 nm, consistent with the formation of hybrid parallel/anti-parallel 

G4 structures. The melting temperatures measured at 263 nm and 295 nm are 90.4 ± 

0.7 °C and 86.2 ± 2.1 °C, respectively (Figure 4.17 b). It is likely that the di-copper 

complex preferentially binds to parallel MNSG4 structures, and thus promotes the 

transition of MNSG4 from anti-parallel to parallel structures. For the -80G4, which 

has been shown to adopt largely parallel structures in solution containing 100 mM K+ 

in the absence of di-copper complex, the presence of the complex did not change its 

CD spectrum (Figure 4.17 c). Due to the strong stabilising ability of the complex, 

only a small fraction of the parallel -80G4 was melted at 93 °C, and based on the 

fitted curve obtained at 263 nm, the melting temperature is estimated to be over 100 

°C (Figure 4.17 d). Based on the high selectivity (100-fold G4 over duplex) and 

proposed G4 stabilising mechanisms of this complex (i.e. π-π stacking and 

electrostatic interactions), only intramolecular G4s can be efficiently stabilised by the 

complex. Thus, although -80G4 may adopt intermolecular G4s, the elevated melting 

temperature observed here indicates the stabilised intramolecular parallel -80G4. The 

binding preference to parallel G4s observed here might be due to the long loops in 

both MNSG4 and -80G4. Long lateral or diagonal loops may partially or fully cover 

the end G-tetrad, and impede the π-π stacking, while the long external loops could 

leave enough space for the π-π stacking at the end G-tetrad for the first metal moiety, 

and even provide ideal electrostatic interactions sites for the second metal moiety. 
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Figure 4.17: CD melting of TnIc MNSG4 and -80G4 in the presence of the G4-
binding ligand complex 3. 
(a) CD melting spectra of TnIc MNSG4 (oligo TrMNS-I, 5 µM) in the presence of 10 
µM complex 3. (b) CD signal changes of TnIc MNSG4 (oligo TrMNS-I) at 295 nm 
(black dots) and 263 (red dots) nm wavelengths in response to temperature changes, 
both of which were fitted by a sigmoidal model (indicated by red line and black line 
respectively). The melting temperature measured at 265 nm and 295 nm are 90.4 ± 
0.7 °C and 86.2 ± 2.1 °C respectively (c) CD melting spectra of TnIc -80G4 (oligo 
Tr-80-I, 5 µM) in the presence of 10 µM complex 3. (d) CD signal changes of TnIc -
80G4 (oligo Tr-80-I) at 295 nm (black dots) and 263 (red dots) nm wavelengths in 
response to temperature changes, both of which were fitted by a sigmoidal model 
(indicated by red line and black line respectively). All experiments were carried out in 
10 mM Tris-HCl buffer (pH 7.4) containing 100mM K+. 
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4.8.2 Binding affinity of di-copper complex to TnIc MNSG4 and -80G4 

In the biophysical characterisation, the di-copper complex (compound 3) was found to 

be a strong fluorescent quencher to both Cy3 and Cy5. This property of the complex 

provides an efficient method to study the binding behaviours of the complex to 

fluorophore-labeled G4s. As mentioned previously, although the ss dual-labeled 

MNSG4 and -80G4 systems are not suitable to study structural heterogeneity of G4 

due to the short donor-acceptor distance in folded states, these systems are of 

particularly value in studies of ligand-G4 interactions. As shown in Figure 4.18 a and 

b, the decreases of Cy5 fluorescence of MNSG4 and -80G4 quenched by increases of 

the di-copper complex (compound 3) were measured, and the ligand-binding curves 

were fitted by Eq. 2.21 assuming the binding stoichiometry equaling to one (one 

complex binds to one G4 model). The affinity (association) constants of the complex 

to the MNSG4 and -80G4 were determined as 2.0 ± 0.3 × 106 M-1, and 5.7 ± 0.2 × 106 

M-1, respectively, in agreement with a similar affinity constant of the complex to 

human telomeric G4 has been reported previously (7.97 × 106 M-1) [53]. Based on 

these results, the complex shows reasonably good affinity to both G4s, and is a better 

binder to -80G4 as compared to the MNSG4. In FID assays by using the same but 

unlabeled MNSG4 and -80G4 sequences, Vilar et al. have shown that the di-copper 

complex indeed has higher affinity to -80G4 as compared to the MNSG4 (MNSG4DC50 

= 0.31, and -80G4DC50 = 0.19). 
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Figure 4.18: Ligand-binding curves for the ss dual-labeled MNSG4 and -80G4 
systems as a function of the ligand concentration. 
(a) Quenched Cy5 fluorescence of ss dual-labeled MNSG4 system (oligo TrMNS-IV, 
100 nM) at different concentration of complex 3. (b) Quenched Cy5 fluorescence of 
ss dual-labeled -80G4 system (oligo Tr-80-IV, 100 nM) at different concentration of 
complex 3. Experiments were carried out in 10 mM Tris-HCl buffer (pH 7.4) 
containing 100mM K+ at 25 °C. Data were fitted by Eq. 2.21 assuming the binding 
stoichiometry equaling to one. Affinity (association) constants of complex 3 with 
MNSG4 and -80G4 were determined as 2.0 ± 0.3 × 106 M-1, and 5.7 ± 0.2 × 106 M-1, 
respectively. 
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4.9 Discussion 

By following bioinformatics approaches, genes involved in cardiac function-related 

pathways, together with some other pathways, were found to be highly enriched in 

G4-forming motifs within their TRRs (Chapter 3). To further evaluate the validity of 

these findings, two genes, the human MEF2D and TnIc, with a high degree of G4s in 

their TRRs were chosen as models. The G4-forming sequences from the promoter of 

human MEF2D (MEF2DG4: between -169 and -140 bp), and TnIc (MNSG4: 

consensus sequence between -528 and -319 bp, and -80G4: centred at -80 bp) were 

selected for biophysical characterisations. In this chapter, formation of MEF2DG4 

and TnIc G4s was proved by EMSA. Their structural diversities were assessed by 

combination of CD spectroscopy, smFRET experiments, and DMS footprinting. 

Thermodynamic and kinetic parameters of individual G4s were also determined by a 

group of bulk and single molecule experiments. All results indicate that the MEF2D 

and TnIc G4-forming sequences can adopt relatively stable G4 structures in solution. 

 

4.9.1 Formation of MEF2D and TnIc G4s in solution 

Due to its compact structure as compared to randomly coiled oligos with similar 

length, formation of G4 can be determined by the fast mobility on a native 

polyacrylamide gel. Similar to those observed by Henderson et al. in 1987 [27], 

formation of the MEF2DG4 and TnIc G4s were determined by the existence of fast 

migrating bands in EMSA experiments (Figure 4.1, indicated by black arrows). For 

the TnIc -80G4, besides the fast migrating intramolecular G4, slow migrating bands 

were also observed as intermolecular G4s (Figure 4.1 c, lane 2, indicated by grey 

arrows), which is similar to EMSA results of the PDGF-A G4-forming sequence [40]. 

Based on the intensity of each bands, the intramolecular G4 is still the major 

conformation (~ 60 %) formed by the TnIc -80G4 in solution containing 100 mM K+. 

This result agrees well with the observation that around 40 % of CD signals at 263 nm 

come from thermally-stable intermolecular G4s in CD melting experiments (Figure 

4.2 h). Besides the fast migrating species observed by EMSA experiments, CD 

spectra signatures, and high FRET subpopulations in smFRET experiments all 
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provide compelling evidence for the formation of G4 structures from the MEF2D and 

TnIc G4-forming sequences, as will be discussed later. 

 

4.9.2 Conformational polymorphism of MEF2D and TnIc G4s 

Due to the highly dynamic properties, normally a single G4-forming sequence is able 

to adopt diverse conformations with different stability and biological importance. For 

example, the MYC G4-forming sequence can adopt “basket” and “chair” types of G4s 

[36], and a KIT G4-forming sequence can also adopt multiple conformations with 

varied length of loop 2 [55]. Furthermore, the formation of a particular G4 

conformation can be model- or condition-dependent, which further increases the 

complexity in determining the actual conformation of G4. For example, for the 

humane telomeric G4, propeller-type parallel G4s were determined by X-ray 

crystallography [56], while hybrid of parallel/anti-parallel types of G4s have been 

reported by NMR studies [57, 58].  

CD spectroscopy 

CD spectroscopy and CD melting are simple but invaluable experiments to probe the 

formation and general structures of G4s in solution. Several CD spectra 

corresponding to specific G4s have been well documented as mentioned previously 

(illustrated in [59]). Furthermore, by following CD melting curves at 263 and 295 nm, 

formation of a hybrid of parallel/anti-parallel G4s or mixture of parallel/anti-parallel 

G4s could be clarified [42], and less commonly, the transition between parallel and 

anti-parallel G4s could be observed [39]. Thus, CD spectroscopy and melting 

experiments were also used to investigate the structural polymorphism of MEF2D and 

TnIc G4s. The MEF2DG4-forming sequence was found to adopt a hybrid of 

parallel/anti-parallel G4(s). The similar spectra obtained in solutions containing K+ 

and Li+ indicate that the stabilising effect from cations is minor, while the stacking 

energy of G-tetrads dominates the formation of this G4 (Figure 4.2 a). For the TnIc 

G4s, although it is clear that in solutions containing 100 mM K+ the MNSG4 and -

80G4 adopt anti-parallel (possibly mixed with small amount of parallel G4) and 

parallel structures, respectively, their spectra are varied depending on the type of 

cation involved (MNSG4: Figure 4.2 d, and -80G4: Figure 4.2 e). Varied CD spectra 
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for the MNSG4 and -80G4 indicate that the stabilising effects from particular cations 

may have a strong influence upon the actual conformation of those G4s. For the two-

repeat MNSG4, due to the negatively correlated melting curves obtained at 263 and 

295 nm (Figure 4.2 k and l), it is very likely that one parallel and one anti-parallel G4 

coexist in the same oligo. 

Single-molecule FRET analysis 

Due to its high sensitivity and resolution, the smFRET technique has been proved as a 

valuable method in studying the conformational heterogeneity of G4 [3, 13, 60, 61]. 

Although different labeling strategies were applied to probe the G4-forming 

sequences in single molecule experiments, high FRET subpopulations were observed 

in the MEF2D and TnIc G4-forming sequences, indicating the formation of G4 

structures (Figure 4.4, and 4.6 ~ 4.9). Although it has been reported that the labeled 

fluorophores may introduce certain variables to the conformation and stability of G4s, 

the smFRET results still correlated well with the CD results. For example, in the case 

of MEF2DG4, the smFRET histograms of the internal dual-labeled MEF2DG4 

system (as illustrated in Figure 4.3 a) showed identical subpopulations compositions 

in solutions containing different salts (the same peak position and width as fitted by a 

four-peak Gaussian model, Figure 4.4 a ~ d), which represents a weak structural 

dependence on the type of cation involved. This is in accordance with the identical 

CD spectra of MEF2DG4 observed in solutions containing K+ and Li+ (Figure 4.2 a). 

However, for the end dual-labeled MEF2DG4 system (as illustrated in Figure 4.3 b), 

global fitting did not work as different G4s formed under different salt conditions 

(shifted S1 in the absence of salt, Figure 4.4 e, and S3 in 100 mM K+, Figure 4.4 h). 

These differences were caused by the different labeling sites. In the internal dual-

labeled system, the donor Cy3 was conjugated via NHS ester in the middle of a long 

loop (the third loop, 7 nucleotides), which protrudes outside the G4 core structure 

without interfering with its formation. For the end dual-labeled system on the other 

hand, Cy3 was labeled to the last guanine (3’) involved in G4 formation, which may 

impede its participation in the G-tetrad and therefore alter the stability of G4. Thus, 

the internal dual-labeled system has similar conformation and stability as the 

unlabeled system measured in CD experiments, while the end dual-labeled system 

requires the incorporation K+ cations to compensate the instability induced by the 

Cy3. Due to this reason, fluorophores were labeled either on a linker or on a 



	
   217 

protective nucleotide attached to the 5’ or 3’ end of the G4-forming sequences in 

subsequent dual-labeled G4 systems. By following this strategy, for the TnIc MNSG4 

and -80G4, whose conformations are strongly dependent on cation species as shown 

by CD spectra (Figure 4.2 d, g, and j), different subpopulation compositions were 

resolved in the smFRET histograms when measured in different solutions (Figure 4.6 

~ 4.8). Another piece of interesting evidence showing the consistence between CD 

results and smFRET histograms comes from the ds dual-labeled MNSG4 system. 

According to the CD spectra (Figure 4.2 d), the MNSG4-forming sequence adopts a 

chair-type anti-parallel structure in solutions containing Na+ and K+. If the ds dual-

labeled MNSG4 also adopts a chair-type anti-parallel structure, the donor and 

acceptor would be very close to each other, because the 5’ and 3’ ends of the G4-

forming sequence exit from the same G-tetrad in the same direction. Indeed, the 

subpopulation S4 reveal in the ds dual-labeled MNSG4 system presents the highest 

FRET efficiency (ES4 = 0.94 ± 0.1, Figure 4.6 b and c) as compared to subpopulations 

observed in other dual-labeled systems (i.e. ds dual-labeled MEF2DG4, -80G4, and 

2×MNSG4 systems). Furthermore, the experimentally determined donor-acceptor 

distance of the chair-type anti-parallel G4 is 33.8 ± 1.2 Å, which is very similar to the 

theoretical donor-acceptor distance, 36 Å, based on a simple model of chair-type anti-

parallel G4. Besides MEF2DG4 and MNSG4, smFRET histograms of the ds dual-

labeled -80G4 are also consistent to its CD results. As compared to the smFRET 

histograms of other dual-labeled G4 systems obtained in K+, only one high FRET 

subpopulation was revealed in the -80G4 system, which echoes the CD result 

indicating the parallel -80G4 in the presence of K+ (Figure 4.2 g and h). For the two-

repeat MNSG4, a highly cooperative melting behaviour was observed by the CD 

melting experiments (Figure 4.2 k and l), which indicated the presence of parallel and 

anti-parallel G4s on the same oligo. Accordingly, high FRET subpopulations 

representing formation of two G4s were also observed in smFRET experiments 

(Figure 4.8). 

A folding pattern of G3N5G3N5G3N2G3 was determined in the MNSG4 by DMS 

footprinting, while the folding pattern of the -80G4 is not straightforward to estimate, 

where multiple partially protected guanines were identified in DMS footprinting. 

These partially-protected guanines in -80G4 indicate the formation of a mixture of 

different G4 structures with a long first loop (7 ~ 10 nucletoides) in KCl solution. It is 
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clear that the general folding pattern of both MNSG4 and -80G4 are distinct from that 

of proto-oncogenes: G3N1-3G3N2-9G3N1G3 [59]. Different folding patterns between 

these cardiac promoter G4s and proto-oncogene promoter G4s may relate to their 

distinct biological functions and therefore warrants further investigation by NMR. 

 

4.9.3 Unfolding thermodynamics and kinetics of MEF2D and TnIc G4s 

Stability is one of the key properties of G4 structures that need to be addressed in 

biophysical characterisations. The stability of a G4 is usually evaluated by its 

unfolding process either thermodynamically or kinetically. Although the 

thermodynamic and kinetic properties of G4 unfolding are closely related to each 

other, they are actually two different aspects reflecting the stability of the G4. In its 

simplest form, thermodynamic parameters reflect the energy differences (free energy, 

enthalpy, and entropy) between the folded and unfolded states, and thus reveal 

whether the unfolding process will happen under certain conditions, and to what 

extent it will happen. On the other hand, kinetics parameters reflect the rate of 

unfolding process under certain conditions. It is possible that a G4 with marginal 

stability in the view thermodynamics (i.e. a small free energy at 37 °C) can be 

kinetically stable at that temperature if a huge energy barrier existed in its unfolding 

pathway. Thus, thermodynamic and kinetic measurements were both carried out on 

the MEF2D and TnIc G4s. 

MEF2DG4 

Unfolding thermodynamics of MEF2DG4 was firstly investigated by CD thermal 

denaturation (melting) experiments. The thermodynamic parameters were listed in 

Table 4.1. The MEF2DG4 was found to adopt a hybrid of parallel/anti-parallel 

structure(s) according to its CD spectra, and similar melting temperatures were 

determined by analysing the denaturation transition curves (melting curves) obtained 

at 263 and 295 nm. However, van’t Hoff analysis also revealed significantly different 

thermodynamic parameters (ΔH, ΔS, and ΔG (310K)) corresponding to the melting 

curves obtained at these two wavelengths. Furthermore, according to the melting 

temperature of the MEF2DG4 (Tm ~ 93 °C), it should be more thermodynamically 

stable than most of other G4 reported so far. Contrarily, according to the van’t Hoff 
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analysis, it only has a moderate thermal stability (ΔG (310K) ~ 5.1 kcal mol-1) as 

compared to other G4s with similar melting temperature measured under similar 

condition (100 mM K+), such as the human telomeric G4 (Tm ~ 82 °C, ΔG (310K) ~ 8.4 

kcal mol-1) [62] and MYB G4 (Tm ~ 87 °C, ΔG (310K) ~ 10.0 kcal mol-1) [63]. 

According to Eq. 2.5 and 2.8, ΔG (310K) is positively related to the melting temperature 

(Tm) and ΔH, both of which are directly obtained by van’t Hoff analysis. Thus, the 

small ΔG (310K) value of MEF2DG4 is mainly caused by the small ΔH. Indeed, as 

shown in Table 4.1, the ΔH values of MEF2DG4 are found to be smaller than the 

TnIc G4s, even though TnIc G4s have relatively low melting temperatures. It has 

been noticed that ΔH obtained from van’t Hoff analysis may not be equal to the true 

(calorimetric) ΔH, when multiple unfolding intermediates are present or slow 

unfolding kinetics are involved [64, 65]. It is common to assume that the thermal 

denaturation of G4 is a simple two-state process without any intermediates. In real 

cases though, the folded G4 may transit into multiple intermediates prior to be fully 

denatured. Such transitions may have small enthalpy values, resulting in a broad 

melting curve (width of melting curve is negatively related to the ΔH value obtained 

from van’t Hoff analysis). A dual-wavelength parametric test for the simple two-state 

model was carried out [66]. In this test, strict linear behaviour should be observed 

when CD signals obtained at two wavelengths were plotted against each other, while 

any deviations from the linearity indicates violation of the two-state model. When 

MEF2DG4 CD signals obtained at 260 and 295 nm were plotted against each other, 

apparent deviations from linearity were observed when temperatures reached ~ 70 °C, 

indicating presence of populated intermediates. Thus, in the case of the MEF2DG4, 

unfolding intermediates might be the dominant reason for the underestimated ΔH and 

ΔG (310K) values. As compared to ΔH or ΔG (310K), Tm is a better indicator for 

estimating the thermal stability of MEF2DG4, since it is the most precisely 

determined parameter even in the presence of multiple intermediates with different Tm 

values [65]. Due to its high Tm value, MEF2DG4 is among the most thermally stable 

G4s that have been reported so far.  

Unfolding kinetics of MEF2DG4 was also investigated by using the 2-component ds 

dual-labeled systems (Figure 4.3 c). For the internal dual-labeled MEF2DG4 system 

(oligos MEF-I and III), its unfolding processes in 100 mM K+ at 25 °C was too slow 

to be precisely measured and fitted, while for the end dual-labeled MEF2DG4 system 
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(oligos MEF-II and III), a detectable decrease of Cy5 fluorescence was observed 

after 6 hours. This relatively fast unfolding kinetics of end dual-labeled MEF2DG4 

system is related to the labeling of Cy3 as discussed previously. Although the end 

dual-labeled MEF2DG4 might be less kinetically stable than the unlabeled 

MEF2DG4-forming sequence, its unfolding rate constant is still much smaller than 

other intramolecular G4s measured under similar conditions, such as the MYC 

promoter G4 [51]. Although an even smaller unfolding rate constant has been 

reported in a human telomeric G4 unfolding model (~ 6.9 × 10-6 s-1, 100 mM K+, 25 

°C) [6], this might be related to the different models used. In the case of the 

MEF2DG4, the 30mer linker attached to the 5’ of MEF2DG4-forming sequence 

(oligo MEF-II) provides an annealing site for the C-rich complimentary strand, 

which promotes the unfolding of adjacent G4 by increasing the local concentration of 

C-rich strand. In the human telomeric G4 case, no flanking sequence was attached, in 

which the complimentary strands (a PNA trap in [6]) are unable to promote the G4 

unfolding. These complimentary strand-dependent G4 unfolding kinetics will be 

discussed later. 

TnIc MNSG4 and -80G4 

By carrying out CD melting experiments, thermodynamic parameters of TnIc 

MNSG4 and -80G4 unfolding were also determined. The TnIc MNSG4 and -80G4 

were composed of anti-parallel and parallel G4 structures, respectively, in the 

presence of 100 mM K+ (Figure 4.2 d, e, g, and h), although the possibility of parallel 

structures still cannot be fully ruled out in the MNSG4 case. The anti-parallel 

MNSG4 and parallel -80G4 exhibited similar thermal stability as indicated by their 

comparable Tm, ΔH, ΔS, and ΔG (310K) values measured by CD melting experiments 

(Table 4.1). TnIc MNSG4 and -80G4 both have similar or higher thermal stability as 

compared to the human telomeric G4 depending on the sequence and methods used 

((TTAGGG)4, Tm, = 63 °C, ΔG (310K) = 3.8 kcal mol-1 [67]; AGGG(TTAGGG)3, Tm, = 

63 °C, ΔG (310K) = 4.6 kcal mol-1 [68]; GGG(TTAGGG)3, Tm, = 65 °C, ΔG (310K) = 5.0 

kcal mol-1 [68]). As compared to other G4s with similar loop length, such as MYC, 

KIT, WNT1 and VEGF G4s (total loop length 10, 11, 12, and 13 respectively), both 

of the TnIc MNSG4 (total loop length 12 ~ 14 depending on folding pattern) and -

80G4 (total loop length 11 ~ 13 depending on folding pattern) also show similar 

thermal stability [63]. This coherence indicates that intermediates in the processes of 
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thermal denaturation of MNSG4 and -80G4 are not as significant as those observed in 

the case of MEF2DG4. Furthermore, according to the already approved biological 

roles of human telomeric, MYC, VEGF, and KIT G4s, it is reasonable to assume that 

both TnIc MNSG4 and -80G4 are thermally stable enough to hold certain biological 

roles in the promoter of human TnIc in the context of adjacent duplex.  

Kinetic stability of both TnIc MNSG4 and -80G4 were also investigated by studying 

their opening rates by hybridisation to the excess complimentary DNA strands 

(pseudo first-order reaction) at different temperatures (MNSG4: oligos TrMNS-III and 

Comp-Cy5, hybridised by TrMNS-II; -80G4: oligos Tr-80-III and Comp-Cy5, 

hybridised by Tr-80-II). As shown in Figure 4.12, the decaying curves of MNSG4 and 

-80G4 were best fitted by double exponential decays. Although weighted mean rates 

were analysed previously in similar unfolding studies [6], due to their distinct kinetic 

properties, the fast and slow unfolding components of both MNSG4 and -80G4 were 

regarded as different conformations and are discussed therefore separately. Generally, 

for the MNSG4, the temperature-independent fast unfolding component reflected 

hybridisation of partially folded or randomly coiled oligos, while the slow unfolding 

component represented unfolding of G4. For the -80G4, both slow and fast unfolding 

components were regarded as indicative of unfolding of different G4s. According to 

its lower activation energy and longer unfolding time constants especially at high 

temperature, the MNSG4 is less stable kinetically than the -80G4 (Table 4.2). Indeed, 

a small activation enthalpy and very negative entropy indicate that the unfolding of 

MNSG4 is entropically driven and that it can unfold relatively easily [3, 52]. On the 

other hand, the unfolding of the -80G4s is enthalpy-driven. These differences are 

believed to be related to the different loop arrangements in the MNSG4 and -80G4. 

According to limited kinetic stability data of other G4s, the MNSG4 (t1/2 (35 °C) ~ 2.4 × 

103 s) and the fast unfolding -80G4 (t1/2 (35 °C) ~ 2.3 × 103 s) are slightly less kinetically 

stable than the others, while the slow unfolding -80G4 (t1/2 (35 °C) ~ 1.2 × 105 s) is 

much more stable than the others (Oxytricha telomeric G4: t1/2 (37 °C) ~ 6.5 × 104 s 

[69]; KIT1 G4: t1/2 (37 °C) ~ 5.7 × 103 s [13]; KIT2 G4: t1/2 (37 °C) ~ 2.8 × 104 s [13]; and 

human telomeric G4: t1/2 (37 °C) ~ 1.0 × 104 s [6]). 

TnIc two-repeat MNSG4 
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As determined by CD melting experiments, two-repeat MNSG4 can adopt a mixture 

of parallel and anti-parallel G4s, which show a complicated unfolding pattern in their 

thermal denaturation processes (Figure 4.2 k). The reversely-correlated first 

derivatives of melting curves obtained at 263 and 290 nm clearly indicate the 

cooperative unfolding patterns of the parallel and anti-parallel G4s, which further 

supported the assumption that two G4s coexist on the same oligo (Figure 4.2 l). In the 

two parallel G4s that were adopted by the two-repeat MNSG4-forming sequence, one 

shows relatively high thermal stability (Tm, = 89.2 °C, ΔG (310K) = 8.7 kcal mol-1), 

while the anti-parallel G4 is less stable (Tm, = 68.3 °C, ΔG (310K) = 3.3 kcal mol-1) 

(Table 4.1).  

Kinetic stability of TnIc two-repeat MNSG4 was also investigated at bulk and single 

molecule level by studying the hybridisation to its complimentary strand (pseudo 

first-order reaction) at 25 °C. In bulk measurement, fast and slow unfolding 

subpopulations were revealed, which correspond to hybridisation of partially folded 

structures and averaged unfolding behaviours of MNSG4, respectively. Interestingly, 

equal factions of the fast and slow unfolding subpopulations were revealed by both 

bulk and single molecule (S1, averaged unfolding kinetics) FRET experiments, 

indicating that the formation of these intramolecular G4s is concentration-independent 

(formation of intramolecular G4s). In single molecule kinetics measurements, two 

stable G4s were revealed with similar kinetic stability as KIT1 G4 [13], but with 

lower stability than the MEF2D, single repeat MNS and -80 G4s.  

To comprehensively consider the thermal and kinetic stability of these G4s, 

G4/duplex competition assays were carried out. In G4/duplex competition assays, the 

dual-labeled G4-forming sequences were incubated at 95 °C for 15 min in the 

presence of 1.5-fold excess of C-rich complimentary strands, and then gradually 

cooled to room temperature to allow the formation of G4s. By following this protocol, 

G4s can survive only when they are thermally and kinetically stable. G4s with high 

Tm (thermally stable) can avoid trapping by duplex in prior to the their formation, 

while G4s with slow unfolding rate (kinetically stable) can result in substantial 

residual folded states in the presence of C-rich strands at lower temperature. Due to its 

highest thermal and kinetic stability, high FRET signals were only observed in the 

MEF2DG4 (Figure 4.9), indicating its remarkable overall stability. 
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4.9.4 Concerns in thermodynamic and kinetic characterisations of G4 unfolding 

There are several concerns in obtaining and analysing thermodynamic and kinetic 

parameters in studies of G4 unfolding. 

The first concern is the validity to compare the thermal stability among different G4s. 

It has been noticed that thermodynamic values for the unfolding of human telomeric 

G4s differ significantly in different literatures. For example, under similar conditions 

(100 mM K+), the free energy changes of human telomeric G4s unfolding at 310 K 

(ΔG (310K)) ranged from the very stable (14.8 kcal mol-1 [70]) to moderately stable (3.0 

kcal mol-1 [64]) (reviewed in [7, 65]). Although slightly different telomeric G4-

forming sequences were used in these studies, it is not likely a reasonable explanation 

for such large discrepancies. Besides, the corresponding melting temperatures 

measured in these studies are quite coherent (Tm ~ 66 and 69 °C respectively). 

According to Lane et al., this may attribute to the under- or overestimated ΔH with 

certain unknown reasons [65]. One possibility is the existence of populated 

intermediates in the process of thermal denaturation. It is commonly assumed that the 

thermal denaturation is a simple two-state process, with a folded state transiting into 

an unfolded state without any intermediates. However, the real scenario might be 

more complicated than this simplified two-state model. Although no such 

intermediates have been reported up to date in the G4 thermal denaturation, 

intermediates in the conformational switch of human telomeric G4 have been well 

studied already [71]. Multiple unfolding intermediates with low enthalpies would lead 

to a broadened melting curve without shifting the middle point, which then gives an 

underestimated ΔH value, and a still accurate Tm value in van’t Hoff analysis, such as 

the MEF2DG4 discussed above. Fortunately, by utilizing a simple, dual-wavelength 

parametric test [66] as described above, the two-state denaturation process can be 

easily tested. Although in some cases Tm might be more accurate in assessing the 

thermal stability of a G4, Tm may also be altered in cases when heating or cooling is 

much faster than the transiting between folded and unfolded states of G4s leading to 

shifted melting curves (hysteresis effects) [62] or even inducing the formation of 

different G4 structures [72]. However, these phenomena only reported in solutions 
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with low cation concentrations. Thus, in the melting curves of MEF2D and TnIc G4s , 

hysteresis effects are not likely to happen. Another possibility inducing a biased ΔH 

may relate to the neglect of heat capacity changes (ΔCp) when analysing the thermal 

denaturation curves. As pointed out by Lane et al. [65] and Chaires [7], ΔCp should 

not be assume to be zero in analysing thermal denaturation curves of G4, since it 

originates from a series of intrinsic changes in the denaturation process of G4, such as 

exposure of hydrophobic surface of oligos [73], and elevated structural fluctuations of 

the partially unfolded intermediates [74]. Furthermore, ΔH and ΔCp are closely 

correlated, and improper estimation of ΔCp should lead to biased ΔH in van’t Hoff 

analysis [75]. However, it is extremely difficult to fit the melting curve with accurate 

ΔCp values. Thus, although little can be done to clarify this ambiguity, this problem 

must be acknowledged. Due to the above reasons, together with intrinsic errors of 

different equipments, it is not surprising to find that dramatically different 

thermodynamic parameters are reported by different laboratories for similar G4s. 

Thus, returning to the concern mentioned above, comparison of thermodynamic 

parameters among different G4s may not be suitable in the majority of cases. 

Another concern is about taking the G4 unfolding as the rate-limiting step in studying 

G4 kinetic stability. The unfolding kinetics of G4 are usually measured by trapping 

the unfolded DNA with duplex in the presence of excess C-rich complimentary 

strand, and thus the whole reaction follows a pseudo first-order process. This is 

actually based on several preconditions. The first is that the rate-limiting step is the 

unfolding of G4, while the subsequent hybridisation to a C-rich strand is relatively 

fast as compared to the G4 unfolding. The unfolding rate constants of most G4s are 

between 10-6 s-1 and 10-3 s-1 [5, 6, 13, 51], while the hybridisation rate constants are 

normally around 105 M-1 s-1 [51]. Thus, in most bulk measurements, this precondition 

is tenable when the C-rich strands are present in micromolar range, which gives a 

pseudo first-order hybridisation rate constant of 0.1 s-1. However, when the 

hybridisation was taking at nanomolar level, especially in the single molecule 

experiments, this precondition would be in jeopardy. In single molecule experiments, 

the pseudo first-order hybridisation rate constant would be in similar magnitude to the 

unfolding rate constant of G4s, and thus the overall unfolding reaction would be a 

second-order one. This would induce a smaller unfolding rate constant (prolonged 

unfolding time constant) at lower concentration, which explains the long unfolding 
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time constants of two-repeat MNSG4 and human telomeric G4 [4, 5] obtained in 

smFRET measurements. The other precondition is that the hybridisation happens after 

the complete unfolding of G4, or the “unfolding rate constant” of a G4 would be 

actually “transition rate constant” between the G4 and certain intermediates. Similar 

to protein unfolding, the unfolding of G4 is also composed of multiple partially 

unfolded intermediates. These intermediates, especially those from G4s with long 

loops, may provide the invasion sites for C-rich complimentary strands, which then 

further promote the unfolding process, such as a scheme proposed by Green et al. [6]. 

Then, the invasion of C-rich strand is usually followed by the further unfolding of the 

partially-folded structures, which gives a observed hybridisation rate constant smaller 

than that corresponding to a typical duplex hybridisation, such as the fast unfolding 

subpopulation identified in MNSG4 unfolding kinetics study (Table 4.2). In this case, 

the unfolding reaction is composed of a first-order transition process (G4 to 

intermediates) and a first-order invasion process (further resolution of intermediates 

by C-rich strand), and thus gives an overall second-order reaction. One method to rule 

out the possibility of C-rich strand invasion is to compare the observed unfolding rate 

constant in the presence of different concentration of C-rich strand [76][404].  

Thus, although the unfolding thermodynamic and kinetic parameters of MEF2D and 

TnIc G4s are demonstrated in this chapter, further experiments would be necessary to 

clarify these ambiguities, which will be discussed in Section 6.4. 
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Chapter 5      Molecular and Cell Biology Studies 

 

5.1 Introduction 

Since the discovery of the formation of human telomeric G4s in solution in the late 

1980s [1], many biochemical and biophysical studies have investigated the 

spontaneous formation, thermodynamic and kinetic stability, and heterogeneous 

structures of G4s formed by DNA sequences containing runs of adjacent guanines in 

solution (reviewed in [2-4]). However, only recently has evidence started to 

accumulate indicating the presence and possible biological functions of G4s in vitro 

and in vivo. As compared to the outnumbered adjacent duplex DNA, G4s are much 

less stable and can exist only transiently in the human genome. Thus, most of the in 

vitro and in vivo evidence about the presence and biological functions of G4s was 

obtained by indirect approaches, which can be categorized into two groups. 

The first approach is to directly probe the formation and location of G4s in living cells 

by using certain G4-specific antibodies via immunofluorescence staining. For 

example, by using an anti-parallel telomeric G4 specific antibody (scFv), Lipps et al. 

demonstrated that anti-parallel G4s are only absent in replication bands of ciliated 

protozoa by immunostaining, which suggested that these telomeric G4s are involved 

in macronuclear DNA association, and then are resolved during replication in ciliates 

[5]. Although this approach can provide the most direct evidence, unfortunately, its 

application is limited by the selectivity of the antibody and the particular properties of 

the G4 under study. In the case of ciliated protozoa, Stylonychia and Oxytricha 

contain up to 108 telomeres (G4(T4G4)4) at the end of gene-sized chromosomes (500 

bp ~ 20 Kb) in each macronucleus [6], which makes them perfect model organisms to 

target and observe the formation of telomeric G4s by using the G4-specific antibody 

(scFv, Kd = 125 pM, recognize anti-parallel telomeric G4 at least 1000-fold more 

specific than parallel telomeric G4 [5]). Thus, when studying human telomeric G4s or 

promoter G4s, this approach cannot be used. On one hand, it is very difficult to find 

an antibody (or a ligand) as specific as the svFv to one type of G4, and on the other 

hand, a particular type of G4 (either human telomeric G4 or promoter G4) is normally 
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much outnumbered by adjacent duplex DNA in the human genome, which may also 

interact non-specifically with the antibody or ligand and give false positive results. 

Thus, when studying the biological functions of human cancer-related promoter G4s 

in vitro, other approaches have been used to provide circumstantial evidence. For 

example, it is possible to stabilise artificially certain G4 structures by the use of 

specific G4-binding ligands, or one can destabilise them by mutating guanines 

involved in the formation of the G4, and then investigate subsequently the biological 

effects upon transcription activity by dual luciferase reporter assays. 

The regulatory roles of G4s within the MYC promoter represent the most studied 

example using such approaches. After determining the formation and structures of the 

G4 in MYC promoter by biochemical methods, including DMS footprinting, and 

polymerase stop assays [7], Hurley’s group found that the stabilisation of this 

promoter G4 by the small molecule TMPyP4 resulted in depressed downstream 

luciferase transcription, while a G to A mutation that disrupt the formation of this G4 

resulted in a 3-fold increase in the basal MYC promoter transcription activity [7, 8]. 

These findings led to the discovery of a G4-mediated regulatory mechanism in the 

promoter of MYC, which provides an alternative target in cancer therapy as well as 

providing useful basic information on the biological function of G4s (reviewed in 

Section 1.2.4, MYC). By using similar approaches, inhibitory roles of G4s have been 

preliminarily proposed in the promoters of other cancer-related genes, such as PDGF-

A [9], VEGF-A [10], BCL-2 [11], and KIT [12, 13] (reviewed in Section 1.2.4). By 

using in vitro and in vivo approaches, together with characterisation of various G4-

interacting proteins, accumulating evidence shows that the formation and stabilisation 

of these unique four-stranded structures are involved in diverse biological processes, 

and research into G4 biology is becoming more widespread. As mentioned in Section 

1.7, there are emerging pieces of evidence indicating several interesting points about 

the potential relevance between G4s and cardiovascular gene regulation. 

Interestingly, as shown in Chapter 3, bioinformatics studies revealed that the 

enrichment of G4s in the TRRs of genes active in the heart (80.0 ± 0.3 %, percentage 

of genes contain at least one G4-forming motifs in their TRRs) is much higher than 

those found in most of other tissues. Furthermore, G4s are also highly abundant in the 

core promoter regions of genes involved in almost all cardiac function-related 
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pathways reported in the KEGG PATHWAY database. Although all these data 

indicate that G4-mediated regulating mechanism may have also been adopted in 

cardiac function-related gene regulation, research about possible regulatory roles of 

cardiac G4s has not been reported yet. 

The interaction between promoter G4s with possible TFs, especially those tissue-

specific ones, is another important aspect for G4s to perform their biological functions 

(reviewed in detail in Section 1.7.3). Promoter G4s have been found to be overlap 

sometimes with binding sites of some ubiquitous TFs, such as Sp1 [14, 15]. 

Furthermore, the close juxtaposition of G4 with a TF binding site also raises the 

possibility that G4s act as micro-environments for the recruitment of tissue-restricted 

factors, such as the mechanism proposed in the MyoD example [16-18]. In the case of 

human TnIc promoter, Sp1 binding sites and potential E-boxes were identified within 

and around both of the consensus MNSG4 and -80G4-forming sequences. 

Particularly, the -80G4 was colonized with multiple cardiac-specific TF binding sites, 

such as the GATA4 [19]. As described in Chapter 4, as compared to G4s found in the 

promoter of proto-oncogenes, the TnIc MNSG4 and -80G4 were found to possess 

comparable stability, both of which can be further stabilised by the G4-binding ligand 

(the di-copper complex) in solution (ΔTm MNSG4 > 15 °C, and ΔTm -80G4 > 20 °C, 

Section 4.3 and 4.8.1). 

Thus, according to its importance in the heart, high abundance of G4-forming motifs 

in its promoter, and comparable stability of these G4s, the promoter of human TnIc 

gene was subject to further investigation in vitro using a cell culture model system in 

order to understand the regulatory functions and biological importance of promoter 

G4s in cardiac function-related genes. 

In this chapter, the regulatory functions of two TnIc G4-forming elements, the 

MNSG4 and -80G4, were first investigated separately by dual luciferase reporter 

assays in the absence of G4-binding ligands in HEK293 cells. Then, a group of 

synthetic G4-binding ligands were screened by measuring the transcription activity 

changes of the luciferase reporter vector driven by an engineered wild type TnIc 

promoter in HEK293 cells. Finally, the cooperative regulatory functions of human 

TnIc promoter G4s were examined, and possible regulatory mechanisms were 

proposed.
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5.2 Alignment of the human TnIc -600/+67 bp promoter region 

The human TnIc -600/+67 bp promoter region containing both MNSG4 and -80G4 

elements was aligned with comparable regions of several mammalian (orangutan, 

mouse and rat) TnIc gene promoters using the Geneious Pro 4.8.5 program (Figure 

5.1). This revealed that both MNSG4 and -80G4 elements were conserved in human 

and orangutan promoters (pairwise identity: MNSG4: 74.2%, and -80G4: 100%).  

Multiple putative Sp1 binding sites were also observed in both G4 elements. Besides 

the MNSG4 and -80G4, a conserved -270/-144 bp G/C-rich region was identified in 

human and orangutan, which may adopt multiple two/three-tetrad G4s. Potential E-

boxes in the human promoter, hE1 and hE2 [20], both locating very close to the G4-

forming sequences, were also found to be conserved between human and orangutan. 

Although E-boxes and Sp1 binding sites are only conserved in human and orangutan, 

multiple other TF binding sites were identified in all four species, such as the CACC-

box, GATA binding sites, and A/T-rich region [20]. Although proximal promoter 

regions (-110 bp ~ TSS) from all four species are relatively conserved, the G4-

forming motifs centred at -80 bp are only found in human and orangutan. 

Furthermore, the MNS G4-forming motifs are also missing in mouse and rat TnIc 

promoters. This may indicate that G4-mediated TnIc transcription regulation is 

specific in primate animals, or that G4 elements outside the promoter region may 

have regulatory function in rodents. 

 

 

 

 

 

 

 

 

(Figure 5.1 to be continued on the next page) 
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(continued Figure 5.1)	
  
	
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Alignment of proximal promoters of human, orangutan, mouse and 
rat TnIc genes. 
The transcription start site (TSS, bold A) lies within an Initiator element that is 
conserved across the four species. Conserved GATA and A/T-rich elements are found 
within 100 bp upstream of the TSS. The -80G4-forming sequences are only conserved 
in human and orangutan, in which conserved CACC box and Sp1 binding sites are 
also found. 8 bp upstream to the -80G4-forming sequence, a conserved E-box (hE1: 
“CAGCTG”) is found in human, orangutan, and mouse. Between -531 and -321, 6 
repeats of conserved G4-forming minisatellite (MNSG4) are found in human and 
orangutan. 6 bp downstream to the MNSG4-forming sequence, another conserved E-
box (hE2: “CACCTG”) is found in human and orangutan. A G/C-rich region is also 
found between -263 and -146 bp region in human TnIc proximal promoter. This 
conserved G/C-rich region in human and orangutan may adopt noncanonical G4 
structures in vivo. TFs binding sites were reported by Bhavsar et al. [20]. 
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5.3 Alignment of human TnIc wild type promoter and constructed 

promoter 

In the pGL3-Basic derived expression vector hTnIc-6MNS(E)-WT (E indicates 

“engineered” wild type), the recombinated human TnIc promote region (-531 ~ +51 

bp) driving luciferase expression was generated by three rounds of ligation of 

MNSG4 consensus sequences, and two rounds of recombination (described in Section 

2.3.4). As compared to the wild type human TnIc promoter sequence, nucleotide 

sequence differences may exist, and may result in different cellular activities in 

subsequent experiments. Thus, the proximal promoter and 5’ coding sequences of 

wild type human TnIc (-550 ~ +100 bp) were firstly aligned with the sequences in the 

promoter region of the luciferase expression vector hTnIc-6MNS(E)-WT. As shown 

in Figure 5.2, nucleotide differences between the wild type and engineered wild type 

TnIc promoters were mainly found in two regions. The first region containing several 

nucleotide differences is the MNSG4 element locating between -528 and -319 bp, in 

which seven nucleotide mismatches were found. This is mainly due to that in the 

process of constructing the engineered wild type human TnIc promoter, I generated a 

concatemer based on the MNSG4 consensus sequence. On the other hand, since the 

G-rich hypervariable minisatellite sequences can enhance recombination in the human 

genome [21] and are highly polymorphic and hypermutable [22], in the MNSG4 

region of wild type human TnIc promoter, nucleotide polymorphisms among 

individuals may exist. The second region with nucleotide differences is the region 

around the E-box, hE2 (between -312 and -307 bp), in which attB2 and PstI RE sites 

were introduced in the processes of plasmid construction. Except for potential Sp1 

binding sites in the MNSG4 elements, all the aforementioned nucleotide differences 

will not introduce or eliminate any known TF binding sites in the engineered human 

TnIc promoter as compared to the wild type sequence.  
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Figure 5.2: Alignment of the proximal promoter of wild type human TnIc genes 
and the engineered TnIc promoter. 
All possible transcription regulation related elements are highlighted in boxes, and 
oligonucleotide differences between the wild type (Wild type) and engineered wild 
type (Engineered) human TnIc promoters are shown in red. Generally, in the process 
of plasmid construction, nucleotides differences were introduced into the engineered 
wild type promoter in the MNSG4 elements (between -528 and -319 bp, 7 nucleotide 
mismatches) and around the potential E-box (hE2, between -312 and -307 bp, 4 
nucleotide mismatches). TFs binding sites were reported by Bhavsar et al. [20]. 
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5.4 Comparison of transcription activities of wild type (WT), 

engineered wild type (E) and MNSG4-mutated (M) human TnIc 

promoters 

The transcription activities of human TnIc promoters containing wild type, engineered 

wild type, or MNSG4-mutated MNS element are determined by dual luciferase 

reporter assays in the HEK293 cell line. Human TnIc promoters containing different 

MNS elements were inserted into the pGL3-Basic-GW vector as described in Section 

2.3.4, giving the plasmids hTnIc-6MNS(E)-WT (E denotes Engineered), and hTnIc-

6MNS-M (M denotes Mutated). Transcription activity of these constructed vectors 

were compared with the vector hTnIc-6MNS-WT, in which the luciferase was driven 

by -531 ~ +67 bp of wild type TnIc promoter region. Sequence differences of the 

MNSG4s in are shown in Figure 5.3 a. As shown in Figure 5.3 b, the human TnIc 

promoter containing engineered wild type MNS element (consensus MNS) exhibited 

the highest transcription activity. The transcription activities of both of the TnIc 

promoters containing wild type and mutated MNS elements were ~ 20 % lower than 

the engineered one. Since the sequences of MNS element in the hTnIc-6MNS-WT 

and hTnIc-6MNS-M constructs are dramatically different from each other, and the 

only similarity between them is that the formation of several MNSG4s were disrupted 

due to either nucleotide polymorphism (MNS4 and MNS6 in hTnIc-6MNS-WT, 

Figure 5.3 a) or G to A mutations (hTnIc-6MNS-M, Figure 5.3 a), it is very likely that 

the depressed transcription activities are related to the disruption of MNSG4 

formation. Indeed, the transcription activity of in the hTnIc-6MNS(E)-WT construct 

is the highest, in which all 6 consensus MNSG4s are able to adopt stable G4s (Figure 

5.3 a). Another possibility is that in both wild type (hTnIc-6MNS-WT) and mutated 

(hTnIc-6MNS-M) MNS constructs, multiple less-well conserved Sp1 binding sites 

(GGGGCTGGGG) were missing as compared to the engineered wild type MNS 

constructs (hTnIc-6MNS(E)-WT), which results in depressed transcription activity. 

To further investigate the regulatory roles of the MNSG4, constructs containing 

different numbers of consensus MNSG4 repeat were generated and corresponding 

transcription activities were examined by dual luciferase reporter assays in HEK293 

cells. 
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Figure 5.3: Comparison of the sequences of MNSG4 elements in different 
constructs and their different transcription activities. 
(a) Comparisons of the sequences of MNS elements in wild type, engineered wild 
type and MNSG4-mutated human TnIc promoters. Nucleotide differences from the 
MNSG4 consensus sequences are highlighted by red color. In the MNSG4-mutated 
promoter, guanines are replaced by adenines to disrupt formation of G4s. (b) 
Transcription activities of human TnIc promoters containing wild type MNS element 
(hTnIc-6MNS-WT), engineered wild type MNS element (hTnIc-6MNS(E)-WT), and 
mutated MNS element (hTnIc-6MNS-M). The promoter containing 6 repeat of 
engineered wild type MNSG4 (consensus) exhibited highest transcription activity (~ 
20% higher) as compared to the promoters containing 6 repeats of wild type and 
mutated MNSG4. Transcription activities were indirectly determined by dual 
luciferase reporter assays, and were presented as mean ± SD of triplicate samples 
from three individual experiments. Statistically significance difference was assessed 
using a two-tailed unpaired Student’s t-test (* P < 0.05 and ♯P ≥ 0.05, no significant 
differences). 
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5.5 Transcription activities of human TnIc promoters containing variable 

number of MNSG4 

Since it has been revealed by solution studies that multiple MNSG4s can fold/unfold 

cooperatively (Figure 4.2 k, l, and Figure 4.8, discussed in Section 4.8.3, TnIc two-

repeat MNSG4 part), it would be interesting to study if multiple MNSG4s can also act 

cooperatively in regulating downstream gene expression. Possible regulatory roles of 

MNSG4 in the promoter of human TnIc were investigated by using dual luciferase 

reporter assays in the HEK293 cell line. As described in Section 2.3.4, using self-

ligation and recombination processes, pGL3-derived luciferase vectors driven by 

human TnIc promoters containing variable repeat of MNSG4 were constructed 

(Figure 2.4 ~ 2.8). Vectors driven by 6 repeats of MNSG4 (hTnIc-6MNS(E)-WT), 3 

repeats of MNSG4 (hTnIc-3MNS(E)-WT), 1 repeat of MNSG4 (hTnIc-1MNS(E)-

WT), and no MNSG4 (hTnIc-299-WT) were transfected into HEK293 cells without 

G4-binding ligands as described in Section 2.3.12. Transcription activities of these 

human TnIc promoters were indirectly measured by the ratios between firefly 

luciferase luminescence and Renilla luciferase luminescence. As shown in Figure 5.4, 

as compared to the engineered wild type containing six repeats of consensus MNSG4, 

human TnIc promoters containing three repeats, one repeat, or no repeat exhibited 

similar activities in driving downstream luciferase transcription (P ≥ 0.05). This 

indicates that in the absence of G4-binding ligands, both of the MNSG4 and Sp1 

binding sites in the MNSG4 element do not appear to be involved in regulating 

downstream gene transcription, at least in HEK293 cells. However, this is in 

contradiction to the previous findings that the disruption of MNSG4 formation may 

depress the transcription activity of human TnIc promoter (Figure 5.3, Section 5.4). 

This is likely due to that the polymorphic nucleotides in the MNSG4 of the wild type 

vector (hTnIc-6MNS-WT) and the multiple mutation sites in the MNSG4-mutated 

vector (hTnIc-6MNS-M) introduced or disrupted binding sites of certain unknown 

TF(s) that functions in HEK293 cells. 
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Figure 5.4: Comparison of the transcription activities of human TnIc promoters 
containing variable number of MNSG4. 
Transcription activities of human TnIc promoters containing 6 repeats of consensus 
MNSG4 (hTnIc-6MNS(E)-WT), 3 repeats of consensus MNSG4 (hTnIc-3MNS(E)-
WT), 1 repeat of consensus MNSG4 (hTnIc-1MNS(E)-WT), and no repeat of 
MNSG4 (hTnIc-299-WT). No transcription activity difference was found among 
these human TnIc promoters. Transcription activities were indirectly determined by 
dual luciferase reporter assays (ratio between firefly luciferase and Renilla luciferase), 
and were presented as mean ± SD of triplicate samples from three individual 
experiments. Statistically significance difference was assessed using a two-tailed 
unpaired Student’s t-test (♯ P ≥ 0.05, no significant differences). 
 

5.6 Transcription activities of human TnIc promoters with wild type and 

mutated -80G4 

Regulatory roles of the -80G4 together with a conserved Sp1 binding site in the 

promoter of human TnIc were also investigated by using dual luciferase reporter 

assays in the HEK293 cell line. As described in Section 2.3.4, site-directed mutations 

were introduced into the luciferase expression vector driven by the engineered wild 

type human TnIc promoter (hTnIc-6MNS(E)-WT) via DpnI mediated site-directed 

mutagenesis. This gave vectors containing mutated -80G4-forming sequence but with 

an intact Sp1 binding site (hTnIc-80G4M), intact -80G4-forming sequence but 

mutated Sp1 binding site (hTnIc-80sp1M-1/2), or mutated -80G4-forming sequence 

and Sp1 binding site (hTnIc-80G4/sp1M) (Figure 5.5 a). Vectors were transfected into 

HEK293 cells in the absence of G4-binding ligands as described in Section 2.3.12, 
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and transcription activities of these human TnIc promoters were indirectly measured 

by the ratios between firefly luciferase luminescence and Renilla luciferase 

luminescence. As shown in Figure 5.5 b, human TnIc promoter containing -80G4 with 

disrupted G4-forming sequence but intact Sp1 binding site (hTnIc-80G4M) had 

similar transcription activity as the engineered wild type promoter (hTnIc-6MNS(E)-

WT). However, when the Sp1 binding site was mutated (hTnIc-80sp1M-1/2), 

transcription activity of the human TnIc promoter was decreased by ~ 25 %. 

Furthermore, when both -80G4-forming sequence and Sp1 binding site were mutated 

(hTnIc-80G4/sp1M), transcription activity was further decreased to 50% as compared 

to the engineered wild type promoter. This may relate to the further mutated Sp1 

binding site in vector hTnIc-80G4/sp1M as compared to that in vectors hTnIc-

80sp1M-1/2. These results indicate that similar to what was observed in the MNSG4 

experiments, the -80G4 is not directly involved in regulating downstream luciferase 

transcription in HEK293 cells. However, the Sp1 binding site seems to be critical in 

determining downstream gene expression. This is similar to the situation where an 

Sp1 binding site found in the G4-forming sequence (KIT1) in the promoter of human 

KIT gene appears to be critical in determining the maximal activity of the human KIT 

promoter [23].  

The above results implied that both MNSG4 and -80G4 are not directly involved in 

regulating downstream gene transcription in HEK293 cells. One possible reason 

might be that functions of these G4-forming motifs in human cardiomyocytes are 

dependent on the stabilising effects by certain cardiac-specific TFs or proteins, which 

are absent in the HEK293 cells. To further investigate this possibility, a group of G4-

binding ligands were screened, and their cellular effects were determined by dual 

luciferase reporter assays. 
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Figure 5.5: Comparison of the sequences and transcription activities of human 
TnIc promoters with wild type and mutated -80G4. 
(a) Sequences of wild type and mutated -80G4 (between -99 and -71 bp to the TSS of 
human TnIc) in different luciferase expression vectors. Sp1 biding sites are shown in 
black boxes. Cytosines involved in formation of -80G4 on the template strand are 
highlighted by underlines. Mutilation sites are shown in red, in which those disrupt 
the formation of -80G4 are highlighted by dashed underlines. (b) Transcription 
activities of human TnIc promoters containing different -80G4s. Mutation of -80G4 
alone (hTnIc-80G4M) did not change the transcription activity, while the mutation of 
Sp1 binding site (hTnIc-80sp1M-1/2) led to ~ 25% depression in the transcription 
activity. When both G4 formation and Sp1 binding sites were mutated (hTnIc-
80G4/sp1M), 50% decrease of the transcription activity was found. Transcription 
activities were indirectly determined by dual luciferase reporter assays (ratio between 
firefly luciferase and Renilla luciferase), and were presented as mean ± SD of 
triplicate samples from three individual experiments. Statistically significance 
differences between the artificial wild type vector and others were assessed using a 
two-tailed unpaired Student’s t-test (* P < 0.05 and ♯ P ≥ 0.05 no significant 
differences). 
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5.7 G4-binding ligands screened in the HEK293 cell line 

In order to investigate if stabilisation of G4-forming motifs in the human TnIc 

promoter could change the transcription activities of the promoter, a group of 

synthesised G4-binding ligands were screened in vitro. The ligands were designed 

and synthesised by Prof Ramon Vilar’s group, among which the metal-containing 

compounds were most promising (compound 1 - 3 as illustrated in Figure 5.6 a). 

Dose-response curves of compound 1 - 3 were generated by measuring the firefly 

(vector hTnIc-6MNS(E)-WT) and Renilla luciferase ratios of lysates of transfected 

HEK293 cells incubated in the presence of ligands at different concentrations. Vector 

hTnIc-6MNS(E)-WT was used because it contains the greater number of G4 repeats, 

which was predicted to give the most significant response if the ligand-stabilisation of 

G4s is involved in determine the promoter activity. As shown in Figure 5.6 b, 

compound 1, which has a single platinum-conjugated moiety, shown a weak 

activating effect towards downstream gene transcription that the promoter activity 

was increased by 2 times at 100 µM concentration (EC50 = 812.1 µM). Compound 2 

contains two linked platinum-conjugated moieties, which are able to interact with the 

G4 via a combination of π-π end-stacking interactions (with the terminal guanine 

tetrad) and electrostatic interactions (with the loops and grooves of quadruplexes) 

[24]. This compound exhibited modest activating effects towards downstream 

luciferase transcription that it increased the promoter activity by more than 3 times at 

100 µM concentration (EC50 = 8.6 µM). By replacing platinum with copper, the third 

compound (compound 3) demonstrated most significant activation effect, which 

elevated the promoter activity by approximately 5-fold at 100 µM concentration 

(EC50 = 0.6 µM). These results agreed well with what have been observed in 

biophysical characterisations in solution. For example, FID (Fluorescent Intercalator 

Displacement) assays performed by Prof Ramon Vilar’s group have revealed that 

compound 1 has the lowest affinity and conferred the weakest G4-stabilising ability to 

both MNSG4 and -80G4 (compound 1: MNSDC50 = 0.76, -80G4DC50 = 0.55, ΔTm MNSG4 

= 6.9 °C), while compounds 2 and 3 have modest (compound 2: MNSDC50 = 0.39, -

80G4DC50 = 2.22, ΔTm MNSG4 = 11.0 °C) and highest (compound 3: MNSDC50 = 0.31, -

80G4DC50 = 0.19, ΔTm MNSG4 = 21.7 °C) affinity and G4-stabilising ability. Together, 

these observations suggest that the compound 3 (the di-copper complex) gave the best 

performance in living cells. 
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Figure 5.6: Structures of G4-binding ligands, and corresponding dose-response 
curves. 
(a) Structures of compound 1 (Pt complex), 2 (Pt-Pt complex), and 3 (Cu-Cu 
complex) that were used in subsequent dose-response investigations. (b) Dose-
response curves of compound 1, 2, and 3. The compound 1 only slightly activated 
downstream luciferase expression (EC50 = 812.1 µM), the compounds 2 moderately 
activated downstream luciferase expression (EC50 = 1.6 µM), and the compound 3 
significantly activated downstream gene expression (EC50 = 0.6 µM). Experiments 
were carried out by measuring the firefly (hTnIc-6MNS(E)-WT) and Renilla 
luciferase ratio changes in the presence of ligand with different concentrations. 
Detailed protocol was described in Section 2.3.13. The firefly and Renilla luciferase 
ratios measured in the presence of ligand were presented as mean ± SD of triplicate 
samples from three individual experiments, and were normalized to the blank control 
(the firefly and Renilla luciferase ratio measured without ligand, shown as “Basis” 
point). Significant difference was observed between individual dose-response curves 
(P < 0.05, as assessed using a two-tailed unpaired Student’s t-test). 
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5.8 Other possible mechanisms that “activate” the transcription activity of 

human TnIc promoter via G4-binding ligands 

Although cellular observations were in agreement with the biophysical 

characterisations suggesting that the compound 3 (the di-copper complex) has the best 

performance in interacting with human TnIc G4s, the actual activation mechanism in 

vitro may not result from direct interactions between the compound and promoter G4s. 

When measuring the dose-response curves of compounds 2 and 3, the increased 

firefly and Renilla luciferase ratios were actually caused by a combination of 

increased firefly luciferase luminescence, and slightly decreased Renilla luciferase 

luminescence. To understand the actual reason for this phenomenon, several 

possibilities were postulated and investigated.  

All three compounds contain three linked hexatomic rings, which also exist in the 

substrate of Renilla luciferase, the coelenterate-luciferin (coelenterazine) (compare 

Figure 5.6 a with Figure 2.9). Thus, one possibility is that these compounds may 

interact with Renilla luciferase as antagonistic blockers, and hence exaggerate the 

activation effects of these compounds. To investigate this possibility, cell lysates 

containing firefly and Renilla luciferases were incubated at 37 °C with high 

concentration (10 µM) of compounds 1 - 3 respectively, and luciferase activity ratios 

were measured. As shown in Figure 5.7 a, when the cell lysates were incubated with 

compounds at 37 °C for 1 hour, no changes were observed as compared to that 

measured in the absence of compounds. Furthermore, when incubated overnight, 

decreased firefly and Renilla luciferases ratios were observed due to the fast 

degradation of the firefly luciferases. Thus, the antagonistic effects of compounds 

towards Renilla luciferase were eliminated.  

The other possibility is the cytotoxicity of these compounds. It is possible that the 

overall protein production decreased when compounds concentration increased, or 

that at high concentration, the compounds could induce cell breakage, and lead to 

release of protein products into the medium. In both cases, the Renilla luciferase in 

the cells would decrease as the cytotoxicity increase. Cytotoxicity of these 

compounds were measured by CytoTox96® non-radioactive cytotoxicity LDH (lactate 

dehydragenase) assays, which indicates the integrity of cell membranes. As shown in 

Figure 5.7 b, compound 1 was not cytotoxic even at 10 µM, while for compounds 2 
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and 3, significant cell leakage was observed (increased LDH in the medium as 

compared to the overall LDH). Thus, it is very likely that the decreased Renilla 

luciferase luminescence at high concentration of ligands was related to the releasing 

of Renilla luciferase into the medium. In the future work, mRNA levels of firefly and 

Renilla luciferase need to be measured to give direct evidence of the activation effects 

induced by these compounds. 

 

 

 

 

 

 

 

 

Figure 5.7: Antagonistic effects and cytotoxicity of compounds 1 - 3. 
(a) Cell lysates containing firefly and Renilla luciferases were incubated with 10 µM 
of compounds 1 - 3 for 1 hour and overnight at 37 °C. No antagonistic effect was 
found in all three compounds. All firefly and Renilla luciferase ratios were presented 
as mean ± SD of triplicate samples from three individual experiments, and were 
normalized to the ratios measured in the absence of ligand. (b) Cytotoxicity of 
compounds 1 - 3 measured by CytoTox96® non-radioactive cytotoxicity LDH assays 
according to the manufacturer’s manual. In each measurement, HEK293 cells were 
incubated with compounds with different concentration for 24 hours before carrying 
out the LDH assays. All data points were presented as mean ± SD of triplicate 
samples from three individual experiments. 
 

5.9 Positive regulatory functions of human TnIc promoter G4s 

To investigate the regulatory functions of TnIc promoter G4s, the firefly and Renilla 

luciferase ratios of different vectors were measured by incubating with and without 

the G4-binding ligand compound 3 (the di-copper complex). An overall G4 mutant, 

hTnIc-6MNS/-80G4-M, was constructed from the hTnIc-6MNS-M by site-directed 

mutagenesis (the primer pair -80G4-M-F/R was used, Table 2.2) to mutate the -80G4-



	
   248 

forming sequence as well as the Sp1 binding site within. These luciferase vectors 

were first transfected to HEK293 cells in the absence of Cu-Cu complex for 24 hours 

prior to cell lysis. As shown in Figure 5.8 a, all vectors with MNSG4 mutations 

shown similar transcription activities as compared to the engineered wild type one 

(hTnIc-6MNS(E)-WT). The -80G4 mutation (with an intact Sp1 binding site) 

disrupting the G4 formation slightly elevated the transcription activity of TnIc 

promoter. The overall G4 mutant, hTnIc-6MNS/-80G4-M, exhibited lowest 

transcription activity. The decreased luciferase expression from this vector may result 

from a combination of multiple mutation sites in MNSG4, -80G4, and the Sp1, which 

might have introduced certain inhibitory factor binding sites.  

As mentioned previously that since TnIc is exclusively expressed in cardiomyocytes, 

the formation and stabilisation of these promoter G4s may be associated with certain 

cardiac-specific proteins or TFs, which are absent in HEK293 cells. Since it has been 

reported that short proximal promoter of human TnIc is enough to confer cardiac-

specific expression in human cells [25], it is possible that the luciferase expression 

level of these vectors without ligands is just the basal expression level in HEK293 

cells. To test this speculation, luciferase assays were repeated in the presence of 100 

µM compound 3. As shown in Figure 5.8 b, when incubated with compound 3 for 24 

hours before cell lysis, the expression activity of luciferase from all vectors increased 

differently. Generally, the transcription activity of human TnIc promoter gradually 

decreased when the number of MNSG4 repeat decreased, while the lowest 

transcription activities were observed in vectors with mutated -80G4. When Pt-

complex was used as a control, no significant change of luciferase expression was 

observed. 

To further discriminate activation effects of MNSG4 and -80G4, dose-response 

curves of different luciferase vectors treated with compound 3 were generated. As 

shown in Figure 5.8 c, the strongest activation effect was observed in the vector with 

wild type MNSG4 and -80G4 (hTnIc-6MNS(E)-WT), in which downstream 

luciferase expression was increased for 6.5 times in the presence of 3.2 µM Cu-Cu 

complex. When the -80G4 is intact, the activation effects of downstream luciferase 

decreased proportionally with the decrease of repeat number of MNSG4 (hTnIc-

6MNS(E)-WT > hTnIc-3MNS(E)-WT > hTnIc-1MNS(E)-WT > hTnIc-299-WT). 

However, when the -80G4 is mutated (hTnIc-80G4M, hTnIc-6MNS/-80G4-M), 
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lowest activation effects were observed again. These results suggest that the -80G4, 

locating in a region with high location significance as mentioned in Chapter 3, may 

operate as a gatekeeper in regulating downstream luciferase expression in HEK293 

cells; the MNSG4, on the other hand, acts as a fine-tuner in the regulation process 

when the -80G4 is intact. It is likely that both types of G4s orchestrate the gene 

expression of cardiac troponin I in the heart. 
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Figure 5.8: Transcription activity changes of human TnIc promoters in the 
presence of compound 3 (the di-copper complex).  
(a) Transcription activity of constructed human TnIc promoters in the absence of 
compound 3. (b) Transcription activity of constructed human TnIc promoters in the 
presence of 100 µM compound 3. (c) Dose-response curves of compound 3 with 
different luciferase vectors. Experiments were carried out by measuring the firefly 
and Renilla luciferase ratio changes in the presence of ligand with different 
concentrations. Detailed protocol was described in Section 2.3.13. The firefly and 
Renilla luciferase ratios measured in the presence of ligand were presented as mean ± 
SD of triplicate samples from three individual experiments, and were normalized to 
the blank control (the firefly and Renilla luciferase ratio measured without ligand, 
shown as “Basis” point). Statistically significance differences were assessed using a 
two-tailed unpaired Student’s t-test (** P < 0.01, * P < 0.05 and ♯ P ≥ 0.05, no 
significant differences). 
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5.10 Discussion  

 

5.10.1 MNSG4 and -80G4 elements are only conserved in the promoters of TnIc 

in the genomes of primate animals 

As shown in Section 5.2, both TnIc MNSG4 and -80G4 were only found to be 

conserved in primate animals. Particularly, the conserved MNSG4 element with 

varied number of repeat is identified in the promoter region, and the fifth intron of 

TnIc in genomes of human, chimpanzee, and rhesus (in orangutan, sequences of the 

fifth intron of TnIc are not available). However, both of the G4 elements are not 

conserved in the rodent genomes. The weak evolutionary conservation of both 

MNSG4 and -80G4 may impede the original hypothesis that they are involved in 

regulating downstream gene transcription. Indeed, most of promoter G4s with 

potential regulatory roles are expected to be conserved in different species [14, 26, 

27], such G4s indentified in the promoter of KIT [28], and in the 5’ UTR of NRAS 

[29], where the G4-forming motifs are highly conserved in the human and rodent 

genomes. However, in some cases, conservation among species is not a necessary 

precondition to evaluate the regulatory roles of a G4-forming motif. For example, the 

MYC promoter G4, which has been widely accepted as a promising target in cancer 

therapy, is not conserved in rodent. Besides the MYC example, circumstantial 

evidence also supports the original hypothesis. 

The first evidence comes from the stability of the MNSG4 in the human genome. 

Minisatellites, particularly for GC-rich ones, have been associated with genome 

fragile sites and are close to many recurrent translocation breakpoints (reviewed in 

[30, 31]). For example, G4-forming minisatellite CEB1 are able to induce genomic 

instability in the absence of a DNA helicase Pif1 in the budding yeast [32]. 

Furthermore, hypervariable and hypermutatable minisatellites correlate with various 

diseases. For example, allelic variation of minisatellite in IDDM2 locus may play an 

important role in determining the susceptibility to type I diabetes [33]. A linkage 

between variability of a minisatellite found at the 3’ of the apolipoprotein B gene and 

coronary heart disease has also been demonstrated [34]. However, although multiple 

mutation sites within exons and introns of human TnIc have been revealed to 

associate with hypertrophic cardiomyopathy (HCM), and thus human TnIc has been 
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regarded as a HCM gene [35, 36], surprisingly, no mutation has been reported in the 

minisatellite regions yet. This genomic stability of TnIc MNSG4 possibly indicates 

that the heart has evolved certain mechanisms to maintain its stability or utilize even 

it as regulatory elements by certain human cardiac-restricted proteins. 

The other evidence is the previous finding showing that the full length of -80G4 

forming sequence is required for maximal transcription activity of human TnIc 

minimal promoter [19]. As shown in Figure 5.1, the -80G4 is surrounded by multiple 

TF binding sites, such as E-box, GATA-box, and A/T-rich element. All these TF 

binding sites are conserved in both human and rodents. Indeed, previous studies 

revealed that TFs such as GATA-4, MEF-2, and Oct-1 are able to bind to the TnIc 

promoter and hence regulate its transcription activity in human [19], rat [37], and 

mouse [38]. However, the -80G4, which is only found in human TnIc promoter, was 

found to be able to interact with Sp1, Sp3 (similar as the NHEIII region in promoter 

of MYC), as well as other unidentified factors, possibly cardiac-restricted ones [19]. In 

the three runs of guanines in 3’ of -80G4 (C-rich sequences on the coding sequence: -

97 bp CCCACCCCGCCC -86 bp), the CACC/Sp1 binding site is critical in 

determining the maximal transcription activity of human TnIc promoter. Bhavasa et al. 

found that the mutation of CACC/Sp1 binding site located in this region results in 85 

% reduction of transcription activity of human TnIc promoter [19]. For the first run of 

three guanines at 5’ of the -80G4, it is conserved across all four species (-76 ~ -74 bp). 

These data suggest that all four runs of guanines of this unique GC-rich region are 

important with regard to its regulatory roles and evolutionary conservation. 

Thus, the genomic stability of MNSG4 element and the critical regulatory functions 

of -80G4 element in the promoter of human TnIc suggest that the transcription of TnIc 

might be regulated in a species-restricted way by these G4-forming elements in 

human. 

 

5.10.2 HEK293 cell line vs. rat/mouse cardiomyocytes 

If the transcription of TnIc was regulated differently in human and rodent heart, one 

inevitable question is that what is the appropriate cell model to study the regulatory 

roles of these G4 elements. Unlike cancerous cells, adult cardiomyocytes are highly 
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differentiated and are unable to proliferate. Thus, although the neonatal 

cardiomyocytes prepared from small animals such as rat [20, 39] and mouse [40] are 

commonly used in researches about cardiovascular diseases, in this project, besides 

the practical and ethical restrictions, the HEK293 cell line was chosen due to several 

reasons. The first reason is based on the assumption that G4-mediated transcriptional 

regulation of human TnIc is tissue- and species-restricted (exclusively in human 

cardiomyocytes). Thus, in studying the regulatory roles of these G4 elements, the 

HEK293 cell line is not worse than the neonatal rat/mouse cardiomyocytes, since both 

of them do not possess the mechanism to utilize these G4 elements. The second 

reason is the simplicity of the HEK293 cell line. As shown in previous studies, 

although it is very likely that the maximal transcription activity of TnIc promoter is 

regulated in a species-restricted manner [19], the basal transcription involves several 

common cardiac-specific TFs, such as GATA-4, MEF-2, and Oct-1 in human and 

rodents [5, 37, 38]. If the formation of G4 elements is truly involved in determining 

the tissue- and species-restricted transcription of human TnIc, in neonatal rat/mouse 

cardiomyocytes, the transcription activity changes of human TnIc promoter induced 

by the ligand-stabilised G4s wouldn’t be as apparent as those in HEK293 cells, in 

which only the lowest TnIc promoter activity can be found without G4-binding 

ligands. Thus, to answer the question that whether or not the formation of G4 

elements can change the transcription activity of human TnIc promoter, HEK293 cell 

line was firstly used in this study, while the cardiomyocytes would be used in future 

experiments.  

 

5.10.3 Interaction between compound 3 and TnIc G4 elements in living cells 

In this study, the regulatory roles of G4 elements in human TnIc promoter were 

mainly measured by comparing the transcription activities of engineered human TnIc 

promoter in HEK293 cells with and without the G4-binding ligand by dual luciferase 

reporter assays. This is based on the assumption that the G4-binding ligand, 

compound 3, is able to directly interact with these TnIc G4 elements in living cells, 

and subsequently induce transcription activity changes. However, similar to most 

studies published so far, direct evidence indicating the interaction between G4-

binding ligands and G4s in living cells are extremely difficult to obtain. In this study, 



	
   254 

such direct evidence has not yet been obtained, and thus causing certain ambiguities 

in interpreting the ligand-induced cellular responses. However, several pieces of 

indirect evidence support the conclusion that the positive regulatory roles of these 

TnIc promoter G4s relate to the stabilisation of these elements by the ligand. The first 

evidence is the selectivity of the ligand to the TnIc G4 elements as compared to the ds 

DNA. Previous study showed that the compound 3 exhibits a relatively strong 

selectivity to G4s as compared to ds DNA (~ 100-fold [24]), although its selectivity 

among different G4s is relatively low (FID results (µM): hteloDC50 = 0.28, cmycDC50 = 

0.17 MNSDC50 = 0.31, -80G4DC50 = 0.19). These features of compound 3 removed the 

doubts that this ligand may interact with dsDNA, and change the transcription activity 

of TnIc promoter in HEK293 cells indirectly (such as the inhibitory effects of 

Quarfloxin towards MYC [41, 42]). The second evidence is the preference of the 

ligand between the TnIc MNSG4 and -80G4. In Chapter 4, biophysical studies of G4-

ligand interactions indicated that the Cu-Cu complex has better performance when 

interacting with the -80G4 (Section 4.7, and FID results mentioned in Section 5.7). 

Similarly, in cell studies, activation effects from the ligand-stabilised -80G4 are more 

prominent. Finally, the prevalent activating effect from -80G4 in regulating 

downstream gene expression is in good agreement with our hypothesis in the 

bioinformatics studies about location significance of promoter G4s (G4s found in the 

region with high distribution probability are more important). Thus, although 

additional experiments are necessary in the future to fully clarify the interaction 

between compound 3 and TnIc G4 elements in living cells, it is very likely that the 

activation effects of these G4 elements are directly induced by interacting with the 

G4-binding ligand. 

 

5.10.4 Possible mechanisms of G4-mediated human TnIc promoter activation 

G4/Sp1-mediated mechanism 

Belonging to Sp family, Sp1 and Sp3 are ubiquitously expressed C2H2 zinc finger 

factors and are involved in regulating large number of both housekeeping and tissue-

specific genes [43, 44]. Sp1 and Sp3 are also involved in regulating many cardiac 

genes such as α-cardiac actin [45], and cardiac troponin T [46]. Although Sp1 and 

Sp3 both contain 3 conserved Cys2His2 zinc fingers in their DNA-binding domain, 
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and are highly homological to each other (> 90 % sequence homology), their actual 

functions vary depending on the particular promoter involved [46, 47]. In most cases, 

Sp1 acts as a transactivator, while Sp3 functions as a repressor or weak activator. For 

example, in the case of MYC, whose promoter contains five Sp1 binding sites, binding 

of Sp1 to the promoter is involved in serum-induced transcription activation of MYC 

[48], and cotransfection of Sp1 transactivates the MYC promoter in both mammalian 

and insect cells [49]. On the contrary, overexpression of Sp3 in these cells inhibits the 

Sp1-mediated transactivation by competing with Sp1 binding [49]. More 

interestingly, in promoters containing multiple Sp1 binding sites, such as the MYC 

promoter, Sp1 firstly forms tetramers at the binding sites, assembles higher-order 

complexes, and exerts transcriptional synergism through direct protein-protein 

interactions, while the Sp3 mainly act as monomers [50, 51]. In the field of G4 

studies, the Sp1 binding site closely relates to G4-forming motifs. Several 

independent bioinformatics studies have revealed that the colonization of G4-forming 

motifs and this zinc finger TF bindings sites are highly conserved [14, 15, 52]. 

Furthermore, Sp1 is able to bind both canonical duplex DNA and G4s in solution with 

comparable affinity [53]. All these data suggest that a co-regulatory role between G4 

and Sp1. 

Similar to MYC promoter, the human TnIc promoter also contains multiple Sp1 

binding sites overlapped with both MNSG4 and -80G4 elements. Both Sp1 and Sp3 

can bind to the CACC/Sp1 binding site (overlapped with the -80G4) in human TnIc 

promoter, and the binding of Sp1 to this region can strongly transactivate the 

promoter in NIH3T3 cells [54]. Furthermore, the CACC/Sp1 binding site is critical in 

determining the maximal transcription activity of minimal human TnIc promoter in 

neonatal rat cardiomyocytes [19]. In this study, it is also found that in the absence of 

G4-binding ligand, the basal transcription activity of human TnIc promoter is mainly 

determined by this Sp1 binding site in the -80G4 element. As shown in Figure 5.4, 5.5 

b and 5.8 a, the disruptions of both MNSG4 and -80G4 formation do not change the 

basal transcription activity of human TnIc promoter, as long as CACC/Sp1 binding 

site within -80G4 element is intact, while the mutation of this CACC/Sp1 binding 

sites results in more 20 % repression (Figure 5.5 b). However, in the presence of G4-

binding ligand, the transcription activation is dependent on both intact -80G4 and Sp1 
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binding site in it (Figure 5.8 b). Thus, by putting all these findings together, a G4/Sp1-

mediated transcription activation mechanism of human TnIc promoter was proposed.  

 

 

Figure 5.9: Schematic illustration of the G4/Sp1-mediated mechanism of human 
TnIc promoter activation.  
(a) In the absence of G4-binding ligand or certain cardiac-restricted G4-binding 
protein, G4s cannot form in the promoter of human TnIc. Monomeric Sp1 interacts 
with the Sp1 binding sites in the promoter and recruits minimum transcription 
machinery, which then initiates the basal (minimum) transcription of human TnIc. (b) 
In the presence of G4-binding ligand (or certain cardiac-restricted G4-binding protein 
in human cardiomyocytes), formation of both MNSG4 and -80G4 recruits multiple 
Sp1. This will increase the local concentration of Sp1, and hence promote the 
formation of tetrameric Sp1. Sp1 tetramers also interact with Sp1 binding sites in the 
promoter and recruit maximum transcription machinery, or induce DNA looping to 
bring distal regulatory element [50, 51], such as enhancers, which induce maximum 
transcription activity. 
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In this scheme (Figure 5.9), the folding of both MNSG4s and -80G4 is firstly 

promoted by certain cardiac-restricted protein, similar to the G4-binding ligand, 

compound 3, in HEK293 cells. Then, the Sp1 tightly binds to the folded MNSG4s and 

-80G4 resulting in increased local concentration of Sp1, which subsequently induces 

the formation of Sp1 tetramers associated with the CACC/Sp1 box in the -80G4 

element. Next, the Sp1 tetramers form higher-order protein complex, or induce DNA 

looping [50, 51], and initiate the maximal transcription activity. However, in the 

absence of such G4-binding protein or ligand, G4s cannot form in the human TnIc 

promoter, and only low concentration of Sp1 can be found around the CACC/Sp1 

binding site, which results in only basal transcription activity. Thus, as shown in 

Figure 5.8 a, in the absence of G4-binding ligand, construct with mutated -80G4, but 

intact Sp1 binding site (hTnIc-80G4M) had similar transcription activity as the wild 

type one (hTnIc-6MNS(E)-WT), because only few Sp1 can bind to the canonical 

duplex DNA. Accordingly, mutation of this Sp1 binding site lead to decreased 

transcription activity of human TnIc promoter (hTnIc-6MNS/-80G4-M, Figure 5.8 a; 

hTnIc-80sp1M-1/2, and hTnIc-80G4/sp1M, Figure 5.5 b) as compared to the wide 

type one. In the presence of G4-binding ligand, the disruption of -80G4 formation 

(hTnIc-80G4M, Figure 5.8 b) cannot recruit tetramer Sp1 and thus give lowest 

transcription activity, similar as the overall mutant (hTnIc-6MNS/-80G4-M, Figure 

5.8 b). However, to further investigate the validity of this G4/Sp1-mediated 

mechanism, in vitro studies about the binding of Sp1 to the -80G4, and the formation 

of Sp1 tetramers would be necessary in the future. 

Superhelicity-induced mechanism 

It has been know that the formation of G4 structures within the DNase I or S1 

nuclease hypersensitive pPu/pPy tracts in gene promoters are often associated with 

negative supercoiling stress, which facilitates the local unwind or melting of duplex 

DNA [55-57]. For instance, formation of G4 structures have been revealed in 

negatively supercoiled plasmid containing the ILPR [58-60] and the promoter region 

of VEGF [61, 62], MYC [63], and so on. Meanwhile, transcription process by the 

RNA polymerase (RNApol) is another origin of the negative supercoiling. Hindering 

and rotation of the template DNA and RNApol generate negative supercoiling in the 

upstream region, and positive supercoiling in the downstream region [64]. This 

supercoiling stress may accumulate and inhibit further DNA transactions [65], unless 
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dissipated by certain mechanism. For example, topoisomerases catalyse and guide the 

unknotting or unkinking of these DNA supercoils by transiently breaking and then 

resealing DNA strands during transcription [66]. But in an in vivo study about the 

MYC promoter, this transcription-induced supercoiling force was found to enable 

DNA transitions to conformations other than B-DNA [67]. Thus, it is possible that in 

the case of human TnIc promoter, the stabilisation of multiple G4s by the ligand 

facilitates the local unwinding of the negatively supercoiled plasmid, and resolves the 

transcription-induced supercoiling forces, which hence intensify transcription rate 

(Figure 5.10). The -80G4-forming motif locates very close to the TSS, and hence the 

formation of this G4 should have a strong effect in respect to release the transcription-

induced supercoiling forces. Furthermore, the formation of the -80G4 may also result 

in the exposure of multiple TF binding sites around it. This hypothetic scheme may 

explain the “gatekeeper” property the -80G4 element in the human TnIc promoter. 

The MNSG4 element, which is relatively distant from the TSS, and with less TF 

binding sites around, has weaker effects to the transcription activity as compared to 

the -80G4 element, and thus behaves as a “fine-tuner”. However, to fully characterise 

this mechanism, in vitro and in vivo DMS footprinting to probe the formation of these 

G4 elements would be necessary. 
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Figure 5.10: Schematic illustration of the superhelicity-induced mechanism of 
human TnIc promoter activation.  
(a) In the absence of G4-binding ligand or certain cardiac-restricted G4-binding 
protein, G4s cannot form in the promoter of human TnIc. The transcription-induced 
negative supercoiling accumulates in the upstream region, which generates hindrance 
and inhibits further DNA transactions. This results in a low transcription rate. (b) 
Once stabilised by the G4-binding ligand or certain cardiac-restricted G4-binding 
protein, the formation of G4s in the human TnIc promoter partially dissipates the 
transcription-induced negative supercoiling, and thus results in a high transcription 
rate of the gene. 

 

G4/E-box-mediated mechanism 

Recently, a G4-mediated regulatory mechanism involving adjacent E-box has been 

proposed. In the MyoD example, Fry et al. proposed that the promoter G4s formed in 

muscle-specific genes may function as a binding sites for homodimeric MyoD to 

increase concentration of MyoD in the micro-environment around the promoters. The 

accumulated homodimeric MyoD then associate with constitutive E-proteins to form 

heterodimers, which bind to adjacent E-box (E47) and activate downstream gene 

expression [16-18]. This mechanism may also exist in the human cardiomyocyte, 
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since several cardiac-restricted bHLH proteins have been found to be important in 

heart development, such as HAND1 and HAND2 [68-70]. Interestingly, in the 

promoter of human TnIc, potential E-boxes are also identified around both MNSG4 

and -80G4 [19]. These co-localized G4-forming motifs and adjacent E-boxes may 

suggest that G4/E-box-mediated mechanism similar as those proposed in MyoD 

example might be utilized in regulating TnIc transcription in human cardiomyocytes. 

In summary, although still very preliminary, these results could provide insights into 

the biological roles and potentials of cardiac promoter G4s. In general, the position of 

promoter G4 is important in estimating its related biological functions. Meanwhile, 

actual mechanisms of promoter G4s in living cells might be much more complicated 

than a single molecular switch, and several G4s may act cooperatively. As shown in 

the TnIc example, although the mechanism is still yet to be further clarified, it is 

apparent that multiple G4s in the TnIc promoter act together in determining 

downstream gene expression. This study shows the feasibility of multi-targeting 

strategy via promoter G4s in manipulating certain gene expression or even 

modulating pathway performance. It is necessary that all the G4-forming motifs in a 

given promoter are carefully investigated to understand their integral regulatory 

functions. 
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Chapter 6      Summary and Future Work 

 

Since the discovery of G4 structures formed by human telomeric oligonucleotides in 

solution [1], this four-stranded DNA structure has been found to be associated with 

diverse biological processes, such as regulating downstream gene transcription [2, 3], 

mediating mRNA splicing [4, 5], maintaining genome stability [6], and interfering 

telomere maintenance (reviewed in [7], and Section 1.2.3). Furthermore, 

bioinformatics researches have shown that these G4-forming sequences are 

particularly enriched in the telomere region of eukaryotic chromosomes and within 

the promoter and 5’UTR regions of human genes [8, 9], particularly those involved in 

maintaining the immortality of cancerous cells [10]. Thus, the cancer-related 

enrichment and distinctive structures of G4s have inspired research interest of using 

G4 DNA as novel therapeutic targets in cancer treatment, for example, the selective 

inhibition of transcription of a given oncogene using designed small molecules to 

stabilise a particular G4 (reviewed in [11]). Although there are some successful 

examples in designing G4-binding ligands to target a particular G4 in vitro and in 

vivo, specifically discriminating and targeting G4s via small synthetic G4-binding 

ligands remains very challenging at present due to several intrinsic hurdles as 

mentioned in Section 3.7. It seems to be inevitable that when applied in vivo, G4-

binding ligands will interact with multiple G4s other than their original, specific 

targets. Interestingly, it has been demonstrated that in certain cases, the off-target or 

multi-targeting effects of G4-binding ligands could be used to achieve higher anti-

cancer efficiency, such as the examples of naphthalene diimide derivative 1 [12], 

ligand 12459 [4, 13], and Quarfloxin [14] as mentioned in Section 1.6. 

On the other hand, although anti-cancer activities of G4s (both of human telomeric 

G4 and oncogene promoter G4s) have been intensely investigated, the therapeutic 

potential of G4s in other diseases is still largely unexplored. According to previous 

bioinformatics studies, G4s are widely distributed in the human genome, particularly 

in the TRRs, which organise downstream gene transcription [8, 9, 15-17]. 

Furthermore, individual examples have also highlighted potential biological roles of 

G4s in promoters of several genes relevant to aspects of cardiovascular function, 

including PDGF-A, VEGF-A and HIF-1α (reviewed in Section 1.7.1). Thus, it is 
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plausible to assume that promoter G4s are also involved in regulating cardiac 

function-related genes in both physiological and pathological processes, and these 

G4s might be used as potential targets in the treatment of certain cardiomyopathies. 

The main aims of this thesis are: (i) to evaluate the importance of G4s in the TRRs of 

genes related to cardiac function by bioinformatics approaches and choose model 

genes according to the bioinformatics results (Chapter 3), (ii) to characterise the 

biophysical properties of G4s in TRRs of the model genes in solution (Chapter 4), and 

(iii) to investigate the regulatory roles of these G4s and to test multi-targeting strategy 

at the single gene level (Chapter 5). 

 

6.1 Importance of G4s in cardiac function-related genes 

The importance of G4s was firstly evaluated at the tissue level by counting the 

percentage of genes containing at least one potential G4-forming motif 

(G≥3(N1~7G≥3)≥3) in their TRRs (-2,000 ~ +1,000 bp). High enrichment of G4s in the 

TRRs of genes active in a particular tissue may reflect that G4s are favoured in this 

tissue in the process of evolution, and thus increase the possibility to reveal G4-

mediated regulatory mechanisms in that tissue. By analysing 50 tissue-specific 

protein-encoding transcriptomes datasets, tissues with high and low G4 enrichment in 

the TRRs have been revealed (tissue-specific G4 enrichment, Figure 3.1, Table 3.1). 

Interestingly, although for most tissues, G4 enrichment is consistent when different 

regions of TRR were included in analysis, there are some exceptions. For example, in 

smooth muscle, adipose tissue, olfactory bulb, and fetal thyroid, although the G4 

enrichment is relatively low when the whole length of TRR was included, the G4 

enrichment in the distal or/and proximal promoter region is among the highest (Figure 

3.1, Table 3.1). This tissue- and location-specific enrichment of G4s in TRRs suggests 

that the occurrence or reserve of G4s in TRRs is not a random process in different 

tissues, which may result from the natural selection in order to evolve tissue-specific 

gene regulation. In this section, it was found that the enrichment of G4s in TRRs of 

genes active in the heart is among the highest, no matter whether the whole or partial 

region of TRR was analysed. Although the actual reason of the high G4 enrichment in 

the heart needs to be further investigated in the future, this preliminary result gives the 
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first evidence indicating that G4-forming sequences are favoured or at least less 

disfavoured in the TRRs of cardiac function-related genes. 

The importance of G4s was also evaluated at a pathway level by considering the 

abundance and location significance of G4s found in TRRs. G4 abundance score (F 

score) of each transcript was calculated as the percentage of nucleotide involved in 

G4 formation in its TRR (Eq. 2.26). G4 location significance score (Q score) was 

calculated to take into account the biased distribution of G4-forming sequences in 

TRRs (Eq. 2.27 and 2.28), which reflects evolutionary pressure. The positional 

distribution of G4s (Figure 3.3 a) and the histograms of F (Figure 3.2 a ~ c) and Q 

(Figure 3.3 c ~ d) scores demonstrated that in the proximal promoter (-500 ~ -1 bp) 

and downstream region relative to TSS (TSS ~ +1,000 bp) G4s are more favoured on 

the coding strand as compared to the template strand. The abundance of G4s on the 

coding strand downstream to the TSS has been observed in genomes of human [9] 

and other warm-blooded animals [18, 19], which are involved in maintaining 

separation of coding and template strand during transcription [20]. However, the 

reason for the slightly asymmetric distribution of G4s in the proximal promoter region 

is still unclear, which may be worthy of further investigation. By calculating the 

cumulative frequencies of the G4 abundance (CFo) and location significance (CQo) 

scores of both strands, G4-important pathways were determined as described in 

Section 2.4.4. Pathways with high G4-importance showed a strong connection with 

their functions, and can be categorized into six distinct groups (Section 3.6, Table 

3.5). Interestingly, as compared to the pathways involved in cancers, six out of seven 

cardiac function-related pathways were found to be equally G4-important (Table 3.5). 

The high abundance and location significance of G4s in cancer-related pathways 

might partially contribute to the successes of targeting G4s in anti-cancer treatment 

even in the presence of off-target and multi-targeting effects. Although very basic, 

these findings clearly supported the original hypothesis that G4s are important in 

regulating cardiac function-related genes and, potentially, multi-targeting strategy 

may have similar therapeutic potential as those observed in anti-cancer research. 

To validate the bioinformatics results (i.e. that G4s are involved in regulating cardiac 

function-related genes) and to initially test the multi-targeting strategy within a single 

gene, two genes with high G4-importance in their TRRs, human MEF2D and TnIc, 

were chosen as models. The human MEF2D belongs to the MEF2 family, the 
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members of which are all G4-important in the TRR according to the bioinformatics 

results (CFmax and CQmax values are: MEF2A, 79.8 % and 85.1 %, MEF2B, 62.8 % 

and 74.0 %, MEF2C, 51.7 % and 61.5 %, and MEF2D, 69.0 % and 93.8 %). The 

human TnIc, known as the only sarcomeric protein found to be exclusively expressed 

in adult cardiac myocytes, is also highly G4-important in respect of its G4 abundance 

and location significance in the TRR (CFo 92.6%, and CQo 95.2%).  

 

6.2 Biophysical characterisations of human MEF2D and TnIc 

promoter G4s 

In Chapter 4, biophysical properties of G4-forming sequences from the promoter of 

human MEF2D (MEF2DG4: between -169 and -140 bp), and TnIc (MNSG4: 

consensus sequence between -528 and -319 bp, and -80G4: centred at -80 bp) were 

thoroughly investigated in solution.  

 

6.2.1 Formation and conformation 

Formation of G4 structures from these sequences was determined by EMSA and CD 

spectroscopy. In CD spectroscopy, MEF2DG4-forming sequence was found to adopt 

a hybrid of parallel/anti-parallel G4(s) in solutions containing K+ and Li+ (Figure 4.2 

a), while the MNSG4 and -80G4 from human TnIc promoter adopted anti-parallel 

(possibly mixed with a small amount of parallel G4) and parallel structures, 

respectively, in solution containing K+ (MNSG4: Figure 4.2 d, and -80G4: Figure 4.2 

g). Due to its high spatial-temporal resolution and sensitivity, the smFRET technique 

was also used to reveal the conformational heterogeneity of these G4s. In smFRET 

conformational analysis, formation of G4s from all these sequences was also 

confirmed by the existence of high FRET subpopulations (Figure 4.4, 4.6 ~ 4.9). In 

particular, the two-repeat MNSG4 was found to be able to adopt parallel and anti-

parallel G4s on the same strand due to the its high FRET subpopulations (Figure 4.8, 

S4s), although its CD spectrum is complicated (Figure 4.2 j). Furthermore, results 

from the CD spectroscopy correlated well with those from smFRET conformational 

analysis in respect to the conformation and stability of these G4s (discussed in detail 
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in Section 4.9.2). The folding pattern of MNSG4 in the presence of K+ was 

determined as G3N5G3N5G3N2G3 by DMS footprinting (Figure 4.16 a). Although the 

folding pattern of the -80G4 was difficult to resolve, the partially protected guanines 

also clearly indicated the formation of different G4s (Figure 4.16 b). The different 

folding pattern of these cardiac promoter G4s as compared to the proto-oncogene 

promoter G4s (G3N1-3G3N2-9G3N1G3 [21]) may relate to their distinct biological 

functions in vivo. 

 

6.2.2 Unfolding thermodynamics 

Unfolding thermodynamic parameters of these G4s were determined mainly by CD 

thermal denaturation experiments (CD melting). Although the thermal stability of 

MEF2DG4 (ΔG (310K) ~ 5.1 kcal mol-1) was found to be lower than that of human 

telomeric G4s [22, 23] due to the populated intermediates revealed by the dual-

wavelength parametric test [24], MEF2DG4 is among the most thermally stable G4s 

that have been reported so far according to its very high melting temperature (Tm ~ 93 

°C) in the presence of K+ (Figure 4.2 a ~ c, Table 4.1). For the TnIc G4s, the anti-

parallel MNSG4 and parallel -80G4 exhibited similar thermal stability in the presence 

of K+ (Figure 4.2 d ~ i, Table 4.1) as compared to the human telomeric G4 [22, 23], 

and G4s in the promoters of MYC, KIT, WNT1 and VEGF with similar loop length 

[23, 25]. Given the proved biological roles of these G4s, both of MNSG4 and -80G4 

should be thermally stable enough to possess similar biological functions. 

Furthermore, thermal denaturation of two-repeat MNSG4 clearly demonstrated 

cooperative unfolding patterns of the parallel and anti-parallel G4s (Figure 4.2 k, l), 

which suggests that multiple MNSG4s in the promoter of human TnIc may also act 

cooperatively to influence downstream gene transcription.  

 

6.2.3 Unfolding kinetics 

The unfolding rate constant of the end dual-labeled MEF2DG4 was measured to be 

8.3 ± 0.4 × 10-6 s-1 (Figure 4.11), which is much smaller than most of other 

intramolecular G4s measured under similar conditions, such as the MYC promoter G4 

[26]. The MNSG4 (t1/2 (35 °C) ~ 2.4 × 103 s) was found to be less kinetically stable than 
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the slow unfolding species of -80G4 (t1/2 (35 °C) ~ 1.2 × 105 s) (Table 4.2). Furthermore, 

the kinetic stability of the two-repeat MNSG4 was even lower (t1/2 (25 °C) ~ 1.1 × 103 s, 

Table 4.3), and this may be caused by the single-stranded linker between individual 

MNSG4. Due to the weak kinetic stability of MNSG4, it is possible that in the 

presence of C-rich strand, such as the situation in the cells, MNSG4s may be less 

biologically important as compared to the -80G4. 

According to the biophysical characterisations, although it is clear that the MEF2D 

and TnIc G4s were able to adopt relatively stable G4 structures in single-stranded 

forms in solution, it is unable to prove the existence of these G4s in vitro and in vivo 

due to several reasons. Firstly, as discussed in Section 4.9.4, due to several extrinsic 

and intrinsic limitations, it is inappropriate to conclude the relative stability between 

MEF2D/TnIc G4s and other G4s by simply comparing the thermodynamic and kinetic 

parameters. Secondly, similar as the human ILPR G4s [27], multiple MNS G4s may 

interact with each other and give dramatically different folding/unfolding behaviour. 

This G4-G4 interaction further illustrated the biological or even therapeutic values of 

multi-targeting strategy of G4-binding ligands. Thirdly, besides their intrinsic 

stability, the formation of G4s in vitro and in vivo is determined by a variety of other 

environmental factors, such as molecular crowding [28], transcription induced 

supercoiling [29], and the presence of different G4-interacting proteins (reviewed in 

Section 1.2.5). Thus, the formation and biological functions of G4s have to be 

investigated case by case. 

 

6.3 Regulatory roles of G4s in human TnIc promoter 

In Chapter 5, the regulatory roles of human TnIc promoter G4s were preliminarily 

investigated mainly by the dual luciferase reporter assays in the HEK293 cell line. 

Briefly, it was found that without the stabilising effects from the G4-binding ligands, 

disruption of the G4-forming sequences in both MNSG4 and -80G4 elements did not 

change the downstream luciferase transcription level (Figure 5.4 and 5.5). However, 

the mutation of Sp1 binding site within the -80G4 (-93 ~ -85 bp) inhibited 

downstream luciferase expression by round 50 % (Figure 5.5). By screening a group 

of conjugated metallo-organic G4-binding ligands, the di-copper complex (compound 
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3, Figure 5.6 a) was chosen as the best ligand according to its affinity and stabilising 

ability (Section 4.8, Figure 4.17 and 4.18) to both MNSG4 and -80G4 in solution, 

weak cytotoxicity (Figure 5.7 b), and the best cellular responses (Figure 5.6 b, Section 

5.7). By incubating this ligand with HEK293 cells transfected with a variety of 

luciferase vectors driven by constructed human TnIc promoters containing different 

G4 elements, the cooperative regulatory roles of MNSG4 and -80G4 have been 

revealed. Generally, the -80G4 mainly acts as a gatekeeper in regulating downstream 

gene transcription, while the MNSG4s are fine-tuners, whose repeats number 

positively relate to the activity of downstream gene transcription when the -80G4 is 

intact (Figure 5.8, Section 5.9). These in vitro results agreed well with what have been 

found by bioinformatics studies and biophysical characterisations in solution. For 

example, according to the hypothesis in Chapter 3, -80G4 should be more important 

than the MNSG4 in regulating downstream gene transcription due to its higher 

location significance. In Chapter 4, the -80G4 was found to be more thermally and 

kinetically stable than the MNSG4 in the absence and presence of the G4-binding 

ligand (compound 3, di-copper complex). Thus, although evidence showing the direct 

interactions between the ligand and G4s in cells is still missing at this stage, it is 

plausible to assume that the differential activating effects of the luciferase expression 

vectors in the presence of G4-binding ligand were induced by the stabilisation of 

different G4s in the promoter of human TnIc. Thus, by comparing these results with 

other proposed G4-mediated mechanisms, three possible G4-mediated TnIc promoter 

activation mechanisms have been proposed, which are G4/Sp1-mediated, 

superhelicity-induced, and G4/E-box-mediated mechanisms (discussed in Section 

5.10.4).  

However, as discussed in Section 5.10.2, the in vitro studies were carried out in 

HEK293 cells rather than cardiac myocytes at this stage, and thus it is reasonable to 

argue whether the proposed mechanisms exist in cardiac myocytes even if one of 

them do account for the activation of humane TnIc promoter observed in HEK293 cell 

model. There are several lines of evidence indirectly indicating the potential 

biological relevance of these findings. Firstly, the bioinformatics results showed that 

TRRs in genes active in the heart and involved in cardiac function-related pathways 

are highly enriched by potential G4-forming motifs (Chapter 2). From the viewpoint 

of evolution, it is very likely that cardiac myocytes have evolved certain mechanisms 
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to manipulate the genes with high G4 contents in their TRRs to tolerate or even to 

utilize G4s in the processes of transcription. Secondly, the cooperative regulatory 

behaviours of MNSG4 of -80G4 reflected that these G4 elements are not isolated to 

each other during the process of evolution. Given the high abundance of G4s in TRRs 

of cardiac function-related genes, this further enhances the feasibility to manipulate 

transcription of these genes via multi-targeting strategy at the single gene level, or 

even at pathway level. Finally, although Sp1 and E proteins are ubiquitous, and 

MyoD is restricted in skeletal muscle, TFs with similar G4-interacting ability may be 

involved in targeting G4s in cardiac function-related genes and regulating their 

transcription in a tissue-specific manner. For example, zinc finger protein GATA4, 

whose binding site was found only 1 nucleotide from the -80G4, can activate various 

cardiac genes, such as human TnIc [30], α- and β-MHC genes [31]. The C2H2 zinc 

finger factor KLF13, which like several KLFs that are expressed in heart, was shown 

to interact with GATA-4 and modulate its function the heart development [32]. 

Furthermore, similar to the example of MyoD, the homodimer of a cardiac-restricted 

bHLH protein, HAND1, binds to canonical duplex DNA at least an order of 

magnitude lower than that of HAND1/E-factor heterodimers [33]. Other TFs active in 

the heart with similar DNA-interacting motifs as compared to the Sp1 (zinc finger) 

and MyoD (bHLH), may therefore also possibly act as G4-interacting proteins. 

In summary, these results could provide the first evidence about the biological roles 

and potentials of cardiac promoter G4s. In general, actual mechanisms of promoter 

G4s in living cells might be much more complicated than isolated single molecular 

switch. In the example of the human TnIc promoter, several G4s may act 

cooperatively to determine downstream gene transcription. This study shows the 

feasibility of multi-targeting strategy via promoter G4s in manipulating certain gene 

expression or even modulating pathway performance. 

 

6.4 Future work 

In Chapter 3, the enrichment of G4s in cardiac function-related genes was simply 

determined by the high percentage of TRRs containing at least one G4-forming motif 

in genes active in the heart. As has been pointed out in Section 3.7.1, it is possible that 
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there are a group of ubiquitous genes with high G4 contents in their TRRs involved in 

different tissues. Thus, to further reveal the genes contributing to the high G4 

enrichment in the heart, the overlap of genes containing G4s in their TRRs will be 

analysed and compared among different tissues. In addition, it would be interesting to 

compare the tissue-specific G4 enrichment in genomes from different species in order 

to determine if tissue- and/or location-specific G4 enrichment is conserved among 

species. On the other hand, although cardiac function-related pathways were found to 

be highly G4-important, little is known about the actual genes with high G4-

importance. Thus, genes with high G4-importance found in those cardiac function-

related pathways in human could be compared with those found in rat and mouse to 

reveal conserved G4-forming motifs. By analysing sequences similarities among 

these conserved cardiac G4s, grouping genes containing conserved G4s with similar 

sequence composition in the TRRs, and locating their position in certain pathways, it 

is possible to reveal potential regulatory roles of G4s at pathway level, and propose 

therapies for certain cardiovascular diseases by targeting these conserved G4s with 

similar G4-binding ligands (multi-targeting strategy). 

Although unfolding thermodynamic and kinetic properties of MEF2D and TnIc G4s 

have been thoroughly investigated in Chapter 4, it is difficult to accurately compare 

the relative stability of them with other G4s involved in regulating oncogene 

transcription. To answer this question, by following the same labeling strategy and 

experimental approach, the MYC G4 could be used as a prototype. Furthermore, the 

folding patterns and possible conformations of both MNSG4 and -80G4 are still 

unclear due to multiple guanines (> 3) found in the G-runs. This could be addressed 

by specifically mutating those ambiguous guanines found in the DMS footprinting 

experiments, and determining their folding patterns and possible conformations via 

CD spectroscopy, smFRET analysis, and DMS footprinting. Meanwhile, to further 

evaluate their biological importance in vitro, probing the formation of these TnIc G4s 

in supercoiled plasmids via DMS footprinting would also be necessary in the future. 

In respect to the regulatory roles of TnIc G4s, several questions need to be answered 

to further confirm the actual mechanisms. The first question is whether the activating 

effect is caused by direct interaction between the TnIc G4 elements and the ligand in 

vitro. Given the strong quenching ability of the di-copper complex, this could be 

addressed by comparing the quenching of fluorophores labeled plasmid containing 
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TnIc G4s in the absence of presence of the ligands. The second question is which TFs 

are involved G4-mediated TnIc transcription regulation. By incubating TnIc G4s with 

nuclear extracts from HEK293 cells and neonatal rat cardiomyocytes, TF(s) or other 

protein(s) that are able to interact with these G4s could then be revealed by EMSA 

experiments. Supershift EMSA with specific antibodies that recognize candidate 

proteins could be used to confirm involvement of those TF(s) or protein(s) [30]. 

Meanwhile, all experiments performed in HEK293 cells will be repeated in neonatal 

rat/mouse cardiomyocytes to directly evaluate the cardiac-specific regulatory roles of 

these G4s in the future. 
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