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G-rich DNA sequences have a propensity to fold into four-stranded G-

quadruplex structures. As G-quadruplexes are highly polymorphic structures 

understanding and manipulation of structural features offer great possibilities in 

the field of structural biology, medicinal chemistry and nanotechnology. This 

thesis explores the G-quadruplex formation in different sequence contexts. Two 

novel intramolecular G-quadruplex structures formed by biologically relevant 

poly-G tracts of 15 and 22 continuous guanines are presented. Another 

structural study has been carried out to investigate the G-quadruplex structure 

in the G-rich promoter sequence of the DNA repair protein PARP-1, showing 

three-layered, (3+1) hybrid G-quadruplex scaffold which could serve as a 

potential target for anti-cancer therapy. Structural dynamics of parallel G-

quadruplexes and effect of loop length and inosine substitution on it have been 

studied using both ensemble and single molecule FRET techniques. Insights 

obtained from both ensemble as well as single molecule techniques contribute 

towards the understanding of G-quadruplex structures and dynamics.



 1 

Chapter 1 

Introduction to G-quadruplex DNA: 

Overview 
 

 

 

 

 

 

 

 

DNA is a flexible biological polymer which is known to carry genetic information. 

DNA structure is mostly represented as a double helix, but it can also adopt 

many other conformations. G-quadruplex is one of such non-canonical four-

stranded DNA structure formed by guanine-rich sequences. Guanines can self-

associate to form G-tetrads and stacking of G-tetrads leads to the formation of 

G-quadruplex structure. These structures are very diverse in terms of topology, 

molecularity and strand directionality. G-quadruplexes have been found in a 

number of biologically relevant sites in the human genome such as in gene 

promoters and telomeres; the ends of mammalian chromosomes. These sites 

are considered as attractive drug targets for gene regulation and anticancer 

activity. As G-quadruplexes are highly polymorphic, understanding and 

manipulation of conformational diversity offer great possibilities in structure 

biology, medicinal chemistry and promising candidate for biosensors and 

nanotechnology. 
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1.1. Structural basis of G-quadruplex DNA  

G-rich DNA sequences have a unique property to self-assemble and to form a 

square planar structural unit termed as G-tetrad or quartet. Each guanine is 

donor and acceptor of two hydrogen bonds in a G-tetrad connected by cyclic 

Hoogsteen hydrogen bonds (1,2). The G-quadruplex structure is built from the 

stacking of these G-tetrads (3,4). A unique feature of G-tetrad structural motif is 

a central cavity for cation, in which coordination of cations to electronegative 

carbonyl oxygen stabilize the formation of G-tetrads by reducing the repulsion 

among oxygen of guanines and stabilizing stacking between adjacent tetrads 

(Figure 1.1) 

 

 

Figure 1.1. Schematic representation of a G-tetrad. Hoogsteen hydrogen-bonded 
guanines and cation coordination with central oxygen. G-tetrads stack on one 
another to form four-stranded structures.  

 

G-rich DNA sequences display an extraordinary polymorphism controlled by 

various factors such as DNA sequence, crowding/hydration, cation type and 

concentration. Minor changes in these specified factors could result either in 

disruption of the structure or transition from one form to another (5). Structural 

versatility of G-quadruplexes can be classified in terms of number of strands 

involved in formation of the structure (i.e., intramolecular for one and inter-

molecular for two or more strands), loops; connecting nucleotide linkers in 

between the G stacks (either edgewise or diagonal or double chain reversal 

(propeller) and strand directionality (i.e., all strands pointing in one direction: 

parallel, three in one and one in the other direction: (3+1) hybrid, two stands 
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pointing in the one direction rest of the two in another direction: antiparallel) 

(Figure 1.2).  

 

 

Figure 1.2. Schematic of polymorphism in G-quadruplexes. A. G-quadruplex 
monomer, dimer and tetramer based on the number of strands involved in G-
quadruplex formation. B. Three main types of loops edgewise, diagonal and 
propeller. C. Strand orientations; all strands in one direction parallel, three 
strand in one direction hybrid and two strands pointing in same direction 
antiparallel. 

 

Guanine bases that contribute to G-tetrad formation adopt two different 

glycosidic conformations usually (i.e., anti or syn) with respect to sugar (Figure 

1.3) (6). 



 4 

 

Figure 1.3. Glycosidic conformations of guanine. anti and syn guanines. 

 

The orientations adopted by guanine bases have significant consequences for 

stacking of tetrads and the overall shape of grooves. Grooves are voids between 

the sugar-phosphate backbones with various dimensions. In G-quadruplex 

DNA, groove dimensions are classified as narrow (12Å), medium (16Å) and 

wide (19Å). Four G-quadruplex building strands can give rise to four different 

types grooves depending upon the strand directionality. In the case of a parallel 

G-quadruplex structure (4+0), the same glycosidic conformation of all guanines 

will generate four medium grooves. In the case of (3+1) hybrid topology and 

antiparallel (2+2) G-quadruplexes, medium, wide and narrow grooves will be 

generated according to the cyclic connectivities of syn/anti guanines in a tetrad 

going in the direction of G-tetrad polarity. The direction of tetrad polarity is 

defined by the N1-H→O6 or N2-H→N7 direction (5). These various grooves add 

an additional important factor to the polymorphism of G-quadruplexes and have 

been demonstrated as an important recognition and binding site by proteins and 

small molecule ligands (7,8). 

1.2. Stability of G-quadruplexes 

G-quadruplex structures are generally stable under physiologically relevant 

conditions. Stability of the G-quadruplex structures are due to contribution of 

various to factors, such as hydrogen bonding of guanines, hydration structure 

in the grooves, hydrophobic and van der Waals stacking of G-tetrads (9-11). 

Apart from these factors, a major contribution to G-quadruplex stability comes 
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from the coordination of metal cations with negatively charged carbonyl oxygen 

in central cavity neutralizing the electrostatic repulsion of oxygen atoms. Many 

monovalent and divalent cations are shown to stabilize G-quadruplex structures, 

where K+ and Na+ being the most studied owing to their physiological relevance. 

The difference in the size of metal cation affects the position of their coordination 

site, for example, K+ ions, are accommodated in the cavity between two tetrads 

while Na+ ions are located at the center of planar G-tetrads due to their smaller 

size (12-15).  

Among various G-quadruplexes in same solution, stability may vary widely 

depending on the DNA sequence, folding topology, number of tetrads, loops 

sequence and strand stoichiometry. Loop sequence and loop length play very 

critical role in guiding the folding topology of G-quadruplex structures, short loop 

length may offer a constraint in folding and long loops may connect in different 

fashions. Mostly short loops are connected edgewise or propeller type, long 

loops can make a diagonal loop in addition to edgewise and propeller. One 

nucleotide propeller type linkers are found to be the most stable for three 

stacked tetrads G-quadruplex (16). General trend of inverse correlation between 

G-quadruplex stability and loop size have been shown (17,18). 

1.3. Biological relevance of G-quadruplex structures  

Computational studies for investigating the putative quadruplex sequences in 

the human genome have found 376,000 sequences distributed throughout the 

human genome (19,20). Highest possibility of finding G-rich regions are in 

telomeres (21), Genes coding for ribosomal RNA (rDNA) (22), immunoglobin 

heavy chain switch regions (23,24), Gene promoters (25), simple sequence 

repeats (26-29) and some of the single copy Genes (30-32). G-rich RNA 

sequences were found at RNA telomeric repeats, non-coding RNA (31-34) and 

enriched at the regulatory regions like 5'UTR and 3'UTR of mRNA (35-37). 
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Figure 1.4. Possible G-quadruplex structure locations in cells. G-rich sequences 
are mostly found in telomeres and promoters. Transient formation of the G-
quadruplex structure during A. Transcription C. Replication B. Single strand G-
rich telomeric overhang. D. G-rich mRNA can form G-quadruplex structure 
outside the nucleus, to name an example during Translation. Figure adapted 
from ref (32). 

 

Most used sequence motif for putative quadruplex sequences prediction is 

G3+N1-7G3+N1-7G3+N1-7G3+, where three or more runs of continuous guanines 

involve in  forming G-quadruplex column and non-guanine residues comprise in 

the connecting loops (19,20). However, some unusual G-quadruplex sequence 

motifs are also reported including bulges (38), abasic site (39), long loops (40) 

and stem loops (41). Bioinformatic survey on long central loop in mRNA G-

quadruplexes had predicted 1453 G-quadruplex forming sequences and model 

based on stem loops had identified 80307 stem-loop DNA quadruplex forming 

sequences (42,43). Sequencing of human genome had motifs identified 716310 

G-quadruplex sequence motifs including long loops and bulges, increasing the 

number of predicted G-quadruplex sequence motifs in earlier studies.  

Genomic duplex DNA needs to be separated into single strands in order to fold 

into G-quadruplex structures in vivo, it could happen transiently during 

replication, transcription and recombination, while G-rich mRNA does not need 

to compete with duplex formation making G-quadruplexes more likely (Figure 

1.4) (32). Various studies have shown that G-quadruplex structures are 
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preferentially located in the functional region of genomes such as in telomeres, 

double-strand break sites and transcriptional start sites (promoters) (34). 

Available increasing evidence for the in vivo existence and more recently direct 

visualization in telomeres supports the function and biological relevance of G-

quadruplexes (44-47) 

1.3.1. Telomeric G-quadruplexes 

Most extensive research on G-quadruplex structures was triggered by their 

presence in telomeric repeats with potential applications as an attractive drug 

target for cancer and anti-aging, discussed and summarized in articles 

(31,32,48-50). Telomere is the nucleoprotein complex at ends of a linear 

chromosome to form a protective cap that prevents chromosome from 

degradation and end to end fusion. Telomeric DNA (for vertebrates) is highly G-

rich; double-stranded DNA consisting tandem repeats (TTAGGG) of short 

sequences ( 3-15 kb) and a 3’ G-rich ( 100-300 nt) overhang (21). Telomere 

length shorten during each cell division and telomere shortening below a critical 

length leads to cell death. An enzyme telomerase maintains the telomere length 

by adding new DNA (51). Telomerase is found to be over-expressed in more 

than >85% of cancer cells (52). Adoption of a G-quadruplex structure by 

telomere DNA sequence has been shown to suppress the activity of telomerase 

because it does not recognize G-quadruplex DNA as a substrate (53). The 

anticancer potential of quadruplexes arises from the resulting loss of telomerase 

activity by the formation of G-quadruplex structure in cancer cells leading to cell 

death. Small molecules stabilizing quadruplex structures are an attractive tool 

to inhibit telomerase activity. G-quadruplex structure in human telomeric DNA 

has shown to be highly polymorphic can adopt a variety of G-quadruplex 

structures in the presence of Na+ and K+ cations (5).  
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Figure 1.5. Biology of telomeric DNA and G-quadruplex structure.  The G-
quadruplex structure can form at the 3’ G-rich overhang and stabilization of G-
quadruplex structure can inhibit telomerase activity. Figure adapted from ref 
(54). 

 

1.3.2. Promoter G-quadruplexes 

Outside telomeres, G-quadruplexes are prevalent in gene promoters (upstream 

of transcription start sites). Where they are hypothesized to have a regulatory 

role during transcription and hence in controlling gene expression (55). First 

discovery of in vivo transcriptional control by forming G-quadruplex structure 

was on the c-myc proto-oncogene, that encodes for the transcription factor 

involved in cell proliferation and found to be overexpressed in various human 

tumors  (25). The G-rich sequence located in the nuclease hypersensitivity 

element (NHE) III1, upstream of the c-myc promoter (P1) controls up to 90% of 

its transcription. 27 nt long G-rich region  located from -142 to -115 upstream of 

P1 promoter has been shown to form intramolecular G-quadruplex structure 

(56). A single G to A mutation to disrupt the G-quadruplex structure has been 

found to increase the transcriptional level three times, further by using G-

quadruplex structure stabilizing ligand downregulated transcription significantly. 

This discovery provided the proof of concept for the G-quadruplex mediated 
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transcriptional control and attracted discovery of new G-quadruplex specific 

ligands for therapeutics (25). G-rich motifs were also identified in c-kit (57) (58), 

bcl-2 (59) (60), VEGF (61), and HIF-1a (62)  oncogene-promoter region (63). 

Since these quadruplexes in promoter region may affect gene transcription and 

therefore they could influence a broad range of processes. G-quadruplex motifs 

are also found near promoter sites of yeast (64), mouse, rat and chimpanzee 

genes (65).  

 

 

Figure 1.6. Model of G-quadruplex regulated gene transcription. G-quadruplex 
structure formation during transcription can down regulate the gene expression. 
Figure adapted from Wikipedia, modelled from ref (66). 

 

Recent reports highligted the interaction of PARP-1 (Poly ADP-ribose 

polymerase-1) protein with c-kit, c-myc, KRAS and telomeric promoter G-

quadruplexes and have been found to influence their transcriptional regulation 

(67-70). Sequencing results have identified the potential G-quadruplex forming 

G-rich regions in the promoter of the PARP-1 which could affect its transcription 

(personal communication S. Balasubramanian). Stabilization of G-quadruplex 

in PARP-1 promoter could act as PARP-1 inhibitor; an attractive target for 

cancer therapy. Understanding of G-quadruplex structure in the PARP-1 gene 

promoter could facilitate the rationale ligand design for its inhibition. The G-

quadruplex structure adopted by PARP-1 promoter is explored in the fourth 

chapter of this thesis. 
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1.4. G/C tracts and genomic instability  

Genomic instability seems to be related to the capability to DNA fragments to 

form unusual secondary structures such as hairpins, triplexes or quadruplexes 

(71). These structures can obstruct the progression of replication fork and 

induce DNA mutations.  In some cases, genomic instability is associated with 

diseases like Bloom syndrome (BLM), Werner syndrome (WRN), Fanconi 

anemia (FANCJ) and identified as cancer hallmark (72).  

Genomic instability was first studied in Caenorhabditis elegans. In dog-1 

deficient C.elegans, these G-tracts impose a structural barrier to DNA 

replication fork and G tract deletions were observed, suggesting G-quadruplex 

formation in G-tracts and its implications in FANCJ mutation-associated cancers 

(73,74). Particularly most studied G-tracts are in C. elegans, where 

approximately 400 poly-G regions of various lengths (~10-30 nucleotides, nt) 

are identified in different chromosomes (74,75). These G-tracts might have 

some biological function as suggested by the existence of G-quadruplex-

specific helicase and their role in the maintenance of G-tracts in C.elegans. 

However, structural details of G-quadruplex formation in such poly G-tracts had 

remained to be understood. Hence, G-quadruplex structure formation in poly-G 

tracts have been studied and presented in the third chapter of this thesis.  

1.5. G-quadruplex aptamers and nanodevices  

A unique structural feature of G-quadruplex DNA is useful for various 

applications. G-quadruplex structures can be used for molecular recognition e.g. 

aptamers. Aptamers are an interesting class of oligonucleotides having a unique 

structure to bind with the specific molecular targets (76). G-quadruplex-based 

aptamers have several advantages over other unstructured aptamers: they are 

relatively stable against thermal, chemical denaturing and have enhanced 

cellular uptake (77,78). These advantages make G-quadruplex extremely viable 

for using as therapeutic agents for cancer therapy and many other diseases. 

For example, Thrombin binding aptamer, TBA (anti-coagulant) (79), AGRO100 

(80), T30695 (81) (anti-cancer and anti-HIV) and 93del (82) (ant-HIV) are 

significant G-quadruplex aptamers. 
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G-rich sequences can self-associate and form extended wires on a micrometer 

scale. G-wires have been found as a potential candidate for use in nano-

electronics due to their high stiffness, versatile and controllable structures 

(83,84). G-wires have been shown to form in different G-rich sequences such 

as poly-G and G4T2G4 (85-87). The length and stability of these G-wires could 

be manipulated by different engineering schemes for G-quadruplex structure. 

G-quadruplexes also have great potential in the further development of 

nanodevices; e.g. Ion channels, switches and electrochemical biosensors (88-

91). 

1.6. Dynamics of G-quadruplex structures 

Despite a large amount of research focused on G-quadruplex structure and 

stability, dynamics in G-quadruplex structures are much less understood. 

Understanding of the dynamics in G-quadruplex structures could be helpful in 

two ways. First, it can directly provide the information about the intermediate 

states that can help in understanding reaction pathways. Second, it can give 

information about the timescale of structural changes in biologically relevant 

events such as ligand binding and protein interactions. 

G-quadruplex folding/unfolding has been investigated by various spectroscopic 

techniques that monitor different aspects of the dynamics, given that different 

techniques can observe different time scales (92,93). Single-molecule methods 

have also been used to study kinetics with their exceptional capability to 

examine individual subpopulations from a heterogeneous mixture and reveal 

their dynamics (94-97). Particularly, single molecule fluorescence resonance 

energy transfer (sm-FRET) has been used and already demonstrated the 

conformational diversity in G-quadruplexes.  

First sm-FRET study on human telomeric DNA has demonstrated the 

coexistence of parallel and antiparallel G-quadruplex conformations with 

unfolding time (~700 - 800 s) by hybridization with complementary strands (98). 

Another sm-FRET study on human telomeric G-quadruplex also supported the 

conformational diversity. These parallel and antiparallel structures have been 

shown to be divided into long-lived (minutes) and short-lived (seconds) states. 
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These short-lived stated have been proposed to be the transient intermediates 

of stable G-quadruplex formation (99). Subsequent sm-FRET studies on human 

telomeric G-quadruplexes observed the various intermediates such as hairpin, 

triplet state, hybrid and chair type G-quadruplex structure from a mixture of 

conformations (100,101). Most recent study on human telomeric G-

quadruplexes in Na+ solution has identified four distinct states showing fast 

(<	10 s) and slow dynamics (>10 s), basket type antiparallel being the most 

stable state via chair-type, hybrid or triplet G-quadruplex intermediate states 

(102). The presence of various intermediates has also been proposed by a 

number of other single molecule and ensemble studies on human telomeric 

DNA (92,93,103-106).  

Understanding of the dynamics of G-quadruplex structures are largely based on 

the human telomeric sequence. Besides, few studies have examined G-

quadruplex dynamics in c-myc promoter sequence and detected highly stable 

(longer unfolding time) parallel G-quadruplex structure (95,96,107). Structural 

dynamics of parallel G-quadruplex structures and effect of sequence 

modification on it has been explored in the fifth chapter of this thesis using the 

sm-FRET technique. 
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Research objectives
 

  
 

 

 

 

 

The motivation underlying this work is the better understanding of G-quadruplex 

structures and dynamics adopted by various G-rich sequences using both 

ensemble techniques (NMR, UV, CD spectroscopy and gel electrophoresis) and 

single molecule FRET. Insights gained could be used to understand the 

interaction mechanism of ligand and protein binding to the G-quadruplex 

structure. Single molecule methods could provide the unique information on the 

structural dynamics of G-quadruplexes extending the present understanding 

from ensemble studies leading towards the advancement in understanding the 

G-quadruplex structures and their biological functions, making them druggable 

for therapeutics as well as a building block for many nanostructure devices. 

These goals can be divided into two main categories.  

• Study of G-quadruplex structure and dynamics in poly-G tracts and 

understanding of the G-quadruplex folding topology in PARP-1 promoter 

sequence using ensemble techniques. 

 

• Optimization and validation of custom built single molecule FRET set up 

and investigation of the structural dynamics of parallel G-quadruplexes 

by using ensemble techniques and single molecule FRET. 
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Chapter 2 

Overview of characterization methods 

 

 

 

 

 

 

 

 

 

 

Ensemble methods used in this work for the structural studies on G-

quadruplexes are Nuclear Magnetic Resonance (NMR), Ultraviolet 

spectroscopy (UV), Circular dichroism (CD) and gel electrophoresis. Nuclear 

Magnetic Resonance (NMR) is a powerful technique and capable of giving a 

wealth of detailed structural information at atomic-resolution. NMR was used in 

conjunction with relatively simple yet direct methods of CD and gel 

electrophoresis for determining the folding topology of G-quadruplexes. Apart 

from these ensemble methods, single molecule FRET was used to study 

conformation dynamics of G-quadruplexes and their kinetics. This chapter 

focuses on the aspects of different methods used and discusses the basic 

principles. Detailed experimental protocols are provided in the appendix A1& 

A2. 
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2.1. Nuclear Magnetic Resonance (NMR) 

2.1.1. NMR basics 

Spin ½ nuclei such as 1H, 13C, 15N, 31P, 19F are mostly used for NMR detection, 

they possess nuclear spin magnetic momentum (M0). In the presence of an 

external magnetic field (B0), nuclear spin magnetic momentum aligns in the 

direction of the external magnetic field. When a radiofrequency pulse of is 

applied perpendicular to external magnetic field (along the x-axis) to generate 

an oscillating magnetic field which tilts the nuclear spin magnetic momentum. 

As a result, spin magnetic momentum (M0) starts to  precess around external 

magnetic field (B0),  depends upon the strength of external magnetic field and 

the property of nucleus called gyromagnetic ratio (g) as follows, 

!" = 		%	&" 

 

Figure 2.1. The precession of nuclear spin magnetic moment in the external 
magnetic field.  

 

wo is the precession frequency and known as Larmor frequency. Among all spin 

½ nuclei 1H (g = 42.576 MHz/T) is the most sensitive and useful for studying 

biomolecules.  

After irradiation, the magnetization vector the system will revert to equilibrium 

position (“relax”) over time. The precession of the magnetization vector will 

induce a current (free induction signal), recorded as a function of time in the xy-
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plane. Free induction decay gives the amplitude of NMR signal with time and 

Fourier transformation converts it into the frequency domain. 

Different protons in the molecule precess at different frequencies depends on 

their environment. The external magnetic field around the proton is modified by 

surrounding chemical-/physical-environment (electron cloud) can decrease 

(“shielding”) or increase (“de-shielding”) the effect of external magnetic field on 

a nuclear spin magnetic moment and influence its precession. Hence, nuclei in 

different chemical-/physical-environment have different resonance frequencies. 

The change of frequency in comparison to reference is expressed as chemical 

shift value (δ), which is a fundamental concept for structural study by NMR 

spectroscopy. The references used in this work is 4,4- dimethyl-4-silapentane-

1-sulfonic acid (DSS), commonly used for NMR. Chemical shifts of a proton (1H) 

involved in nucleic acids are shown in Figure 2.2.  

 

Figure 2.2. NMR chemical shift pattern. A. Chemical shift pattern for nucleic acid 
protons. B. schematic guanine nucleotide with phosphate. C. Adenine D. 
Thymine E. cytosine bases. The numbering of the protons in bases is shown in 
pink.  
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In G-quadruplex studies, Imino proton of guanines (N1-H—O) in G-quadruplex 

structure shows characteristic resonances at the chemical shift from 10-12 ppm 

which is well separated from other DNA conformations, making it an excellent 

marker for G-quadruplex structure. Number of imino peaks correspond with the 

number of guanines involves in tetrads.  

2.1.2. Two-Dimensional NMR  

Two-dimensional (2D) NMR is frequently used for elucidating the molecular 

structure of macromolecules, such as the G-quadruplex. The signal of 2D NMR 

is recorded as a function of two time variables, t1 and t2 and the resulting data 

are Fourier transformed twice to yield a two-dimensional spectrum with chemical 

shifts F1 and F2. Two dimensional spectrum usually consists of self-peaks and 

symmetrical cross peaks, shown in the black and white circle, respectively. 

Since it is symmetrical, the analysis is only interpreted on one side of the 

spectrum (Figure 2.3.).  

 

 

 

Figure 2.3. Schematic representation of a 2D NMR spectrum. The system 
consists of two hypothetical protons on the diagonal. Off diagonal peaks 
represent the inter-proton cross-peaks between the two protons. 

 

Two types of 2D correlation experiment are available, in which the correlation is 

either by through-bond or through space. Through-space correlations, such as 

NOESY, are dependent on the dipole-dipole interactions between two 



 18 

neighboring magnetic nuclei that give rise to the NOE (Nuclear Overhauser 

Effect). The magnitude (contour intensity) of the NOE is dependent on the inter-

nuclear distance (R), which is inversely proportional to R6. NOE is only 

detectable when the inter-nuclear distance is less than or equal to 5 Å.  

On the other hand, through-bond correlations are reliant on the J-coupling 

constant, in which the strength of the J-coupling is determined by the electronic 

interactions through the chemical bonds of a molecule. There are two main 

types, specifically homo-nuclear and heteronuclear correlation. In homonuclear 

experiments both frequency domains belong to protons, giving information on 

the H-H J-coupling, whereas in the heteronuclear provides information between 

heteroatoms for instance 1H-15N. Considering the low natural abundance of 15N 

(0.37%), heteronuclear bond correlation experiments require higher sensitivity 

for signal detection.  

In this work, nuclear Overhauser effect spectroscopy (NOESY) and total 

Correlation Spectroscopy (TOCSY) is used to determine the base and sugar 

proton assignments of the G-quadruplexes.  

2.1.3. G-quadruplex structure determination by NMR 

In this study, jump and return (JR) water suppression pulse sequence is mostly 

used to suppress the huge (55 M) water signal (108). In 1D 1H spectrum, the 

guanine imino protons being hydrogen-bonded to an oxygen in the G-tetrad, 

appear at characteristic chemical shift ~10.5–12.5 ppm (Figures 2.2). Four imino 

proton peaks should be observed in this region corresponding to a G-tetrad. In 

general, the number of peaks in 10.5-12.5 region provide the initial information 

about the number of guanines involved in the G-quadruplex formation. Upon 

forming a G- tetrad, each guanine imino proton is sufficiently close to the H8 

proton of one of the neighboring guanines (only on one side) to exhibit an NOE 

(H1-H8) cross-peak. This leads to a cyclic imino–H8 connectivity within a G-

tetrad and the directionality of the hydrogen bonds which all together help to 

establish the overall topology of the quadruplex (109).  

Identification of spin system of all the nucleotides in a sequence and sequential 

connectivity between them is required for the prediction of 3D structure. 
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Individual guanine H1 & H8 assignments were unambiguously assigned by 

using site-specific low-level 15N labeling (110). Spectra assignments were 

completed by TOCSY and NOESY experiments. Interproton distances were 

measured by the intensity of the NOE cross peak at different mixing times. The 

collection of all interatomic distances and topological information is used to for 

the structure computation. Structure computations in this study were carried out 

with the program XPLOR-NIH (111). Two general steps of structure calculation 

are: (i) distance geometry-simulated annealing, (ii) distance-restrained 

molecular dynamics refinement. During structure calculations hydrogen bond 

restraints, interproton distance restraints, dihedral restraints as well as planarity 

restrains were provided. Ten lowest-energy structures that best satisfy the set 

of NMR restraints are eventually selected and displayed using PYMOL (112). 

2.2. Ultraviolet Absorption  

DNA bases absorb ultraviolet (UV) radiations maximum at close to 260 nm. To 

measure DNA concentration, DNA sample is exposed to UV radiation and 

absorption is recorded, the higher the concentration more the absorption. UV 

absorption at a particular wavelength can be recorded with temperature to at 

different temperatures to measure the thermodynamic stability. The nature of 

the melting and cooling spectra can also provide insights into the 

folding/unfolding kinetics. Change in absorbance at 295 nm, allows to precisely 

monitoring guanine G-quadruplex formation and dissociation. Hypochromic shift 

at 295 nm is specific for G-quadruplex structure (113). 

2.3. Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is wavelength-dependent differential 

absorption of left- and right-handed light by a asymmetric (chiral) molecule. 

Hence a plot of the ellipticity (difference in the amount of left- and right- circularly 

polarized light) across different wavelengths can be used to characterize the 

folding topology of a DNA structure (114,115). Various G-quadruplexes 

topologies (parallel, antiparallel and hybrid) are correlated with different syn/anti 

guanines conformations in G-tetrads, which in turn affect the G-tetrad stacking 

pattern and hence a unique CD signature pattern for each topology. Simple and 
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direct approach of CD measurements have been used to empirically determine 

the folding topology of different G-quadruplexes and contributed significantly in 

understanding the structural diversity of G-quadruplexes together with high 

resolution techniques (115,116). Parallel G-quadruplexes give typical CD signal 

with a positive peak around 265 nm and negative peak close to 240 nm. 

Antiparallel G-quadruplexes give a positive peak at ~ 295 nm and negative peak 

at 265 nm, while the hybrid form gives two positive peaks at 265, 295 nm and a 

negative peak at 240 nm (117). CD can also be used to study the conformational 

transitions with the change in environment. Thermal stability of G-quadruplexes 

can be studied by monitoring changes in the CD signal with temperature. CD 

spectrum alone is not sufficient to determine the structure; and hence the CD 

data should be supported by other biophysical techniques. 

2.4. Gel electrophoresis 

Gel electrophoresis is a useful method for separating G-quadruplex based on 

their mobility in a gel matrix under the electric field. Electrophoretic separation 

of molecules relies on their difference in molecular size, net charge, and 

conformation. Under an electric field, negatively charged DNA would travel 

through the matrix towards the positive electrode. Gel Electrophoresis acts as a 

molecular sieve where small, folded molecules migrate faster farther than large, 

unfolded molecules. G-quadruplex forming sequences of similar sizes are 

compared with references of known structure to understand their folding 

topology. G-quadruplex monomers migrate faster than dimers and among 

monomers, parallel G-quadruplex with propeller loops migrates slower than the 

antiparallel or hybrid G-quadruplexes. After the electrophoresis is done, the gel 

with DNA can either be visualized under UV light or directly by using fluorescent 

dye/staining the sample. 

2.5. Single-molecule methods 

A new class of methods to probe single molecules is being developed in the 

past two decades, which allowed us to monitor and manipulate the individual 

molecules. Single molecule methods give the opportunity to unravel the 

molecular and temporal heterogeneity, which otherwise obscured by the 
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population averaging of exceedingly large number (~ 1014- 1023) molecules 

(118). Single molecule methods can be broadly divided into two classes: one to 

visualize individual molecule using fluorescence-based detection (119) and 

other using mechanical force to detect and manipulate each molecule e.g. 

optical tweezers, magnetic tweezers and atomic force microscope (120). 

Fluorescence microscopy is a powerful detection technique in which fluorophore 

is attached to host molecule and used as a reporter. Localization of emitted 

photons from fluorophore contains information about the location of the 

molecule, fluctuations in florescence intensity gives information about the 

dynamics of the molecule and by studying polarization response; it is possible 

to study the orientation of the molecule. Additionally, all the above-stated 

information of a molecule can be studied as the response to the changes in local 

environment i.e. pH, ion concentration, viscosity. Single molecule FRET (Förster 

Resonance Energy Transfer) can be used to detect distance dependent 

structural changes between two fluorophores; FRET often termed as molecular 

ruler in nanometer scale (1-10 nm) (121).  

In force based single molecule methods, the mechanical force has been applied 

to the molecular system to characterize the strength of different chemical bonds; 

intermolecular, intramolecular and macromolecular. Structural changes in 

molecules are often accompanied by the chemical bond rearrangements; hence 

different structures have different mechanical stabilities. Forces can be applied 

by different ways; physical (atomic force microscopy (AFM), microneedles), 

optical (optical tweezers) and magnetic (magnetic tweezers) and they have 

different ranges of manipulation and spatial sensitivity. Many important 

biological processes generate forces in picoNewtons such as the activity of 

DNA/RNA enzymes and motor proteins (120). To summarize, different optical 

and mechanical manipulation single molecule techniques or a combination of 

two can be used to study the structure, mechanical stability, equilibrium 

dynamics and kinetics and ligand binding interactions in detail without the 

population and temporal averaging.  

Among the various methods used to study single molecule, we have used 

fluorescence-based single-molecule FRET (Forster Resonance Energy 
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Transfer). FRET has widely used method due to its high sensitivity of distance 

measurement in a range of 1-10 nm, in this regime most of the dynamical 

changes in the structure of biomolecules such as DNA, protein and cellular 

processes takes place. Availability of suitable fluorophore, imaging instrument 

and analysis tools in the past two decades made it a popular choice. FRET is 

very powerful to probe the conformational heterogeneity and dynamics of DNA 

The remaining chapter is devoted to describing the study of DNA G-quadruplex 

dynamics by single-molecule FRET technique.  

2.5.1. Förster resonance energy transfer (FRET) 

Theodor Förster in 1946, first established the FRET principle with correct 

distance (122,123). Briefly, FRET is a non-radiative energy transfer via dipole-

dipole interaction from an excited fluorophore (donor dye) to another nearby 

fluorophore (acceptor dye). According to the classical theory of energy transfer, 

an excited donor will generate an oscillating dipole electromagnetic field, which 

induces an oscillating dipole of nearby acceptor; and hence the energy is 

transferred from excited donor to the acceptor and produces donor fluorescence 

(depicted in Figure 2.4).  

 

Figure 2.4.  The principle of Forster resonance energy transfer (FRET). The 
excited donor may relax to ground state by emission of a photon. If an acceptor 
is in close proximity, the donor energy can be transferred to the acceptor by a 
dipole-dipole interaction. For this to happen, there should be a spectral overlap 
between donor emission and acceptor excitation.  

Energy transfer efficiency (EF) is strongly distance dependent being inversely 

proportional to the sixth power of the distance (R) between the two dyes. Hence 
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any small changes in distance R result in sharp observable changes in energy 

transfer efficiency.  
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Figure 2.5. FRET efficiency as a function of the distance between donor and 
acceptor. The FRET efficiency, E, decreases as 6th power of distance R. At R = 
R0, FRET efficiency is equal to 50%. Figure adopted from ref (124). 

 

Forster radius (R0) is different for different dye pairs and depends upon the 

donor and acceptor dye quantum yield, extinction coefficient. For most popular  

classical FRET dye pair of Cy3 and Cy5, R0 is calculated as ~ 6 nm (125). 

Changes in R between two molecules about 3 nm (near R0, from 4 to 7 nm) will 

change FRET efficiency (EF) from 0.8 to 0.2. Forster radius (R0) for any donor-

acceptor dye pair can be calculated as 

+/ = 	
8.79 ∙ 10-67	 ∙ 	89 ∙ :6 ∙ ;6

<=  

Where κ2 factor depicts the relative dipolar orientation of the dyes, for freely 

rotating dyes approximated as 2/3. ΦD is the donor quantum yield, n is refractive 

index of medium, J is the normalized spectral overlap. Higher the value of 
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spectral overlap integral (J) more energy transfer will take place, which can be 

measured as 
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Where λ is wavelength, εA is absorption extinction coefficient of acceptor; ID is 

emission spectrum of the donor. 

Experimentally energy transfer efficiency (EF) can be measured in terms of 

emitted fluorescence intensity from a donor (ID) and acceptor (IA) as:  

'( 	= 	
A?
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At Forster radius (R0), spontaneous fluorescence decay and energy transfer to 

acceptor dye are equally probable and hence EF would be 0.5.  The relative 

fluorescence intensity of the two emissions (ID) and (IA) changes the FRET 

efficiency EF with a strong dependence on R. 

2.5.2. Single-molecule FRET 

Single molecule FRET can provide the wealth of information on the 

conformational dynamics of each molecule, even the rarely visited 

conformations can be observed.  smFRET can detect conformational 

heterogeneities of molecules in equilibrium and allows us to follow their 

pathways in real time during their functional, folding or binding events.  
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Figure 2.6. Single molecule FRET. A. mixture of different conformations of 
molecules. B. Single-molecule FRET reveals the dynamics of individual 
molecules in real time. Figure adopted from ref (126).  

 

The first experiment on single molecule FRET is demonstrated by Taekjip Ha et 

al. in 1996 (127,128). It was a proof of FRET concept, shown the different FRET 

energy states (EF = 0.65 and 0.32) using the DNA of different length 10 and 20 

nts. Afterwards many researchers have used this technique to study the 

enzymatic reactions, protein folding and DNA-protein interactions. Significant 

advancement to the method is introduced by using polarized excitation, three 

color dyes and multiple color LASER excitations (129). 
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Chapter 3 

Formation of G-quadruplexes in poly-G 

DNA sequences 

 

 

 

Poly-G sequences are found in different genomes including human and have 

the potential to form higher-order structures with various applications. Long 

poly-G sequences were thought to lead to multiple possible ways of G-

quadruplex folding, rendering their structural characterization challenging. Here 

we investigate the structure of G-quadruplexes formed by poly-G sequences 

d(TTGnT), where n = 12 to 27. Our data show the presence of multiple and 

higher-order G-quadruplex structures in most sequences. Strikingly, NMR 

spectra of the TTG15T and TTG22T sequence containing a stretch of 15 and 22 

continuous guanines are exceptionally well-resolved and indicate the formation 

of a well-defined G-quadruplex structure. NMR solution structure of G15 

sequence revealed a propeller-type parallel-stranded G-quadruplex containing 

three G-tetrad layers and three single-guanine propeller loops while structure 

model of G22 displayed four-layer antiparallel G-quadruplex structure showing 

unusual exchange dynamics among guanines connecting edgewise loops and 

in an adjacent tetrad. In principle, these two structures can form anywhere along 

a long Gn stretch, making them unique for molecular recognition by other cellular 

molecules.1 

                                            
Part of this chapter was adapted from the authors work: Anjali Sengar, Brahim Heddi, and Anh 
Tuân Phan. (2014) Formation of G-Quadruplexes in Poly-G Sequences: Structure of a Propeller-
Type Parallel-Stranded G-Quadruplex Formed by a G

15
 Stretch, Biochemistry, 53, 7718−7723.  

 
Part of this chapter is being written for publication: “Structure of a Four-Layer Chair Type 
Antiparallel G-Quadruplex in Poly-G Sequence: Unprecedented Dynamics among Guanine in 
Loops and G-tetrad Core”, Anjali Sengar, Brahim Heddi, Nerea Martin-Pintado and Anh Tuân 
Phan.  
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3.1. Introduction 

Poly-G tracts are runs of continuous guanines and increasingly identified in 

various genomes, for instance, Fungi, Propionibacterium, Helicobacter pylori, 

Caenorhabditis elegans including human (130-136). Particularly most studied 

G-tracts are in C. elegans, where approximately 400 poly-G regions of various 

lengths (~10-30 nts) are identified in different chromosomes (74,75). In dog-1 

helicase deficient C.elegans, these G-tracts impose a structural barrier to DNA 

replication fork and G tract deletions were observed, suggesting G-quadruplex 

formation by G-tracts in vivo and its implications in FANCJ mutation-associated 

cancers (73). G-repeats have been shown to play an important role in host 

adaptation of pathogenic bacteria particularly in H. pylori where tract length 

controls the gene expression via posttranscriptional regulation (136,137). Poly-

G regions are found in the human genome too. For instance, in chromosome 2 

there is a 427-nt region, where only 24 out of 427 nts are non-guanines (138). 

The frequency, distribution and length of G-tract vary extensively among 

different genomes and short length tracts are more frequent than the longer 

ones (75,134). Such sequences are inherently unstable and prone to mutations 

and length instability (130,139). Therefore, in the majority of genomes, G-tracts 

have been shown in the non-coding regions and suggested to have a regulatory 

role except some they were found in exons. (e.g. H. pylori, C. elegan, Pirelulla 

sp) (140,141). Due to these distinctive features of poly-G repeats serve as 

excellent genetic markers for lineage tracing, As such, they were used to 

construct fate maps and characterize intratumor heterogeneity (142,143). 

Interestingly, contiguous runs of twenty or more guanines in the human genome 

have shown to have natural anti G20-anibodies (144). 

Evidently the unique characteristics of poly-G repeats are associated with its 

tract length. So we set out to study the poly-G tract length dependent propensity 

to form the G-quadruplex structure. Most used sequence motif for G-quadruplex 

prediction is G3+N1-7G3+N1-7G3+N1-7G3+, where three or more runs of continuous 

guanines will form G-quadruplex column and non-guanine residues will 

comprise the connecting loops (19,20). However, some new unusual G-

quadruplex sequence motifs are also reported including bulges (38), abasic site 
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(39), long dynamic loops (40) and structured loops (41). G-quadruplex 

structures in poly-G sequences were thought to be fundamentally intriguing as 

such continuous guanine runs could simultaneously form multiple possible 

conformations, since non-guanine residues pose limitation on the number of 

tetrads, molecularity and loop length. Despite the general belief that long poly-

G sequences would form tetrameric G-quadruplexes, recent mass spectrometry 

experiments showed that these sequences folded into G- quadruplexes of lower 

stoichiometry (145), in accordance with an early model of a monomeric fold-

back G-quadruplex (146). However, high-resolution structures of G-

quadruplexes formed by long Gn tracts have not been studied.  

In this work, using Nuclear Magnetic Resonance (NMR) and Circular Dichroism 

(CD) spectroscopy, we investigate the structure of G-quadruplexes formed in 

DNA poly-G sequences d(TTGnT) referred as Gn (italicized) henceforth, where 

n ranges from 12 to 27. Two thymines at the 5’-end and one at the 3’-end were 

added to prevent the stacking of G-quadruplex monomeric units through planer 

surfaces which could possibly occur at higher DNA concentrations required for 

NMR structural study. Previous study on stacking interactions of parallel G-

quadruplex had revealed the effect of flanking sequences, temperature, DNA 

and salt concentrations on stacking equilibrium, keeping the structure of 

monomeric G-quadruplex intact (147). Terminal bases have been shown to 

stack on the outer G-tetrads and hence hinder the possible stacking interaction 

(38,40,148).  

Unexpectedly, we discovered that the G15 (TTG15T) and G22 (TTG22T) 

sequences displayed exceptionally well-resolved NMR spectra. The structure of 

G15 revealed a three-layer parallel-stranded G-quadruplex containing three 

single-guanine propeller loops while structure model of G22 displayed four-layer 

antiparallel G-quadruplex containing three two-guanine edgewise loops. The 

model of G22 structure showed unusual dynamics among guanines in edgewise 

loops and in an adjacent tetrad (flipping bases). Structural plasticity of guanines 

in loops could be related to the response of changes in vivo environments and 

might have unique recognition properties. Therefore, flexible G loops could be 

attractive targets as aptamers.   
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3.2. Results and Discussion 

3.2.1. G-quadruplexes formed by poly-G oligonucleotides of different 

lengths 

 

 
Figure 3.1. Imino proton spectra of Gn sequences. 
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Imino proton NMR spectra of DNA sequences d(TTGnT) (termed Gn, italicized) 

containing n continuous guanines (n = 12−27) in a solution of Tris-HCl, pH 7.0, 

supplemented with 2 mM KCl, are shown in Figure 3.1.  

For n < 15, imino proton spectra show a broad hump, suggesting the formation 

of high-order structures and/or a mixture of multiple conformations. Remarkably, 

for n = 15 the G15 sequence displays an extremely well-resolved spectrum with 

distinct imino proton peaks in the 10−12 ppm range, characteristic of the 

formation of a well-defined G-quadruplex conformation. For n > 15, more peaks 

appeared in addition to the set of peaks observed in G15, suggesting that a 

similar G-quadruplex as G15 coexist with additional G-quadruplex 

conformation(s). The number of peaks increases with guanine tract length and 

several peaks start to merge giving rise to broadened peaks, consistent with the 

formation of multiple conformations.  

Noticeably, the spectrum of G22 shows well-resolved imino peaks 

corresponding to one predominant form.  Increasing tract length from 22 (G23 

to G27) promotes increasingly minor conformations leading to a hump like 

spectrum. Although from 22 to 27 the patterns of major peaks remain conserved 

suggest that major form (G22) remains there and coexist with other minor forms 

in longer tracts. Thus, we decided to study the G22 for having unusual G-

quadruplex spectral features and its structural prevalence with other minor 

forms in longer tracts. 

We set out to determine the solution structure of the G-quadruplex formed by 

the G15 & G22 sequence containing 15 & 22 continuous guanines, which 

showed distinctive NMR spectra compared to other poly-G sequences. 
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3.2.2. NMR structure of a G15 sequence 

The imino proton spectrum of G15, which displays 12 sharp peaks, could be 

three layer quadruplex. The CD spectra of G15 shows a maximum around 260 

nm and a minimum around 240 nm (Figure3.2.1.A), characteristic of parallel-

stranded G-quadruplexes (117). The monomeric nature of G15 was indicated in 

a gel electrophoresis experiment (Figure 3.2.1 B). 

 

 

Figure 3.2.1. CD spectra and native PAGE analysis of G15. A. CD spectra of 
the G15. B. Native PAGE. lane 1, the 93del (GGGGTGGGAGGAGGGT), 
reference of an interlocked dimeric G-quadruplex (82); lane 2, the G15 
sequence; lane 3, the T95-2T (TTGGGTGGGTGGGTGGGT) sequence (147), 
reference of a monomeric propeller-type parallel-stranded three-layered G-
quadruplex.  

 

NMR spectra of G15 is almost identical to that of the reference sequence T95-

2T studied previously; the aromatic proton spectrum of G15 is also very similar 

to that of T95-2T except for the positions of peaks of residues 6, 10, and 14 

(guanine residue in loops in positions 6,10 and 14 i.e. G6, G10, and G14 in G15 

vs. T6, T10, and T14 in T95-2T, respectively) (Figure 3.2.2 A and B). The T95-

2T sequence was previously shown to adopt a propeller-type parallel-stranded 

three-layered G-quadruplex with three single-residue propeller  
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Figure 3.2.2. Proton NMR spectra of T95-2T and G15. (A and B) Imino and 
aromatic proton spectra of A. T95-2T and B. G15. NMR spectra of the two 
sequences are almost identical, except for the aromatic protons of the loop 
residues 6, 10, and 14 (labeled in red). C. NOESY spectra of G15 (mixing time, 
300 ms): (Left) Imino-H8 proton region is showing characteristic guanine imino-
H8 cross-peaks for G-tetrads, which are framed and labeled with the 
assignment of the imino proton in the first position and that of the H8 proton in 
the second position. (Right) H8/H6−H1′ proton region is showing NOE 
sequential connectivities. Intraresidue cross- peaks are labeled with the 
corresponding residue numbers. Moderate intensities of the cross-peaks 
between H8 and H1′ protons indicate anti glycosidic conformations of all 
guanines. D. Folding topology by following tetrad alignment in three tetrads. 



 33 

or (double-chain-reversal) loops T6, T10, and T14. The striking similarity 

between the 1D and 2D NMR spectra of G15 and those of T95-2T (Figure 3.2.2. 

and data not shown) indicates that G15 adopts the same fold as that of T95-2T, 

i.e. a propeller- type parallel-stranded G-quadruplex involving three G-tetrad 

layers, where three guanines G6, G10, and G14, form three single-residue 

propeller loops (Figure 3.2.2. D). All guanines adopt an anti glycosidic 

conformation. This fold was confirmed by the NOESY spectra of G15 (Figure 

3.2.2. C).  

High-resolution structure of G15 (Figure 3.2.3) was determined by NMR 

restraints (Table 3.1). This structure is a three-layer propeller-type parallel-

stranded G-quadruplex.  

 

 

Figure 3.2.3. Solution structure of G15 determined by NMR. (A) Side view and 
(B) top view of 10 superimposed lowest-energy structures and ribbon view of 
the representative structure on the right. The bases of thymines are colored 
orange; guanines, cyan; backbone and sugar, grey; O4′ atoms, yellow; 
phosphorus atoms, red.  
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with three single- residue propeller loops. The first two thymines T1 and T2 are 

positioned on top of the upper G-tetrad with T2 being well stacked on the G-

tetrad and T1 slightly tilted. The thymine at the 3′ end T18 is also stacked at the 

bottom G-tetrad.  

Table 3.1. Statistics of the computed structures of the G15 G-quadruplex a 

______________________________________________________________ 

A. NMR restraints 

distance restraints      D2O  H2O 

intraresidue       155    0 

sequential (i, i+1)                   91   11 

long-range (i, ≥i+2)          5   43 

other restraints 

hydrogen bond               48 

dihedral angle                 12 

repulsive                 16 

B. Structure statistics 

NOE violations 

number (>0.2 Å)                      0.1±0.0 

maximum violation (Å)                 0.158±0.025 

RMSD of violations (Å)                 0.018±0.002 

deviations from the ideal covalent geometry 

bond lengths (Å)        0.002±0.000 

bond angles (deg)        0.665±0.004 

impropers (deg)                   0.328±0.004 

pairwise all heavy atom rmsd values (Å) 

all heavy atoms except G6, G10, G14                  0.73±0.13 

all heavy atoms                     1.77±0.39 
aPDB ID 2MB2. 
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Indeed, the structure of G15 is very similar to that of T95-2T (pairwise r.m.s.d. 

< 1 Å for all heavy atoms, excluding residues in the propeller loops), except that 

single-residue thymine loops are replaced by single-residue guanine loops 

(Figure 3.2.4).  

 

Figure 3.2.4. Comparison between the structures of G15 (blue) and T95- 2T 
(red). (A) Side view and (B) top view of a representative structure.  

 

3.2.3. Single-residue propeller loops 

We hypothesized that any nucleotide (G, T, C, A, or even an abasic residue) 

could form a single-residue propeller loop bridging three G-tetrad layers of a 

parallel-stranded G-quadruplex. The loop residues G6, G10, G14 of G15 were 

substituted by T, C, A, or S (a dSpacer−deoxyribose with no base) (Table 3.2).  

The imino proton NMR spectra of these sequences were almost identical to that 

of G15 (Figure 3.2.5), confirming that these sequences adopt the same 

propeller-type G-quadruplex fold irrespective of the loop residue. 
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Table3.2. List of DNA sequences analyzed in this study a  

 

Name Sequence (5’-3’) 

G15 TTGGGGGGGGGGGGGGGT 

T95-2T TTGGGTGGGTGGGTGGGT 

C95-2T TTGGGCGGGCGGGCGGGT 

A95-2T TTGGGAGGGAGGGAGGGT 

S95-2Tb TTGGGSGGGSGGGSGGGT 
 

aLoop residues are underlined. bS represents d(spacer) – deoxyribose with no 
base 
 

 

Figure 3.2.5. 1H NMR spectra of the G15, T95-2T, C95-2T, A95-2T and S95-
2T sequences. (Left) Imino proton spectra of these sequences, each displaying 
12 sharp peaks, are almost identical. (Right) Aromatic proton spectra of these 
sequences are also very similar, except for the peaks from the loop residues 6, 
10, and 14 (labeled in red).  
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This conclusion was supported by the CD spectra of these sequences showing 

a positive peak at 260 nm, characteristic of a parallel G-quadruplex (Figure 

3.2.6) (117).  

 

Figure 3.2.6. Effect of loop residue on CD spectrum. CD spectra of G15, T95-
2T, C95-2T, A95-2T and S95-2T sequences. 

 

3.2.4. Effect of loop residue on the stability of parallel G-quadruplexes 

The effect of loop residue on the stability of this propeller- type G-quadruplex 

was investigated using UV melting experiments (Figure 3.2.7). The UV- melting 

data (Table 3.3) showed the highest melting temperature (Tm) for the sequence 

with loops containing no bases (dSpacer), very similar Tm values for sequences 

with thymine or cytosine loops, and a lower Tm value for the sequence with 

guanine loops, followed by that with adenine loops. This behavior can be 

attributed to the size differences between purines and pyrimidines and the ability 

of these bases to be hydrated or involved in secondary interactions. Our results 

agree well with the results previously reported for G- quadruplexes containing 

single-residue loops(149,150). 
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Figure 3.2.7. Effect of loop residue on the stability of G-quadruplex: UV melting 
curves of the G15, T95-2T, C95-2T, A95-2T and S95-2T. For clarity, data for 
S95-2T are not shown at temperatures below 50 °C, where an additional 
transition (~30% absorbance change) was observed.  

 

Table 3.3. Thermodynamic Parameters for Propeller-Type G- Quadruplexes 

Containing Different Single-Residue Loopsa 

Sequence 
name 

Tm  

 (oC)b 
DH 

(kcal/ mol) 
DS 

(kcal/ mol/ K)  
DG (37oC) 

(kcal/ mol ) 
A95-2T 60.3 52.0 0.156 3.6 

G15 66.0 58.4 0.172 4.9 
C95-2T 75.6 79.1 0.227 8.7 

T95-2T 75.6 86.8 0.249 9.5 

S95-2T >79.5 94.5 0.268 11.4 
 

aUV melting experiments were carried out in a buffer solution containing 10 mM 
Tris (pH 7) and 5 mM KCl. The oligonucleotide concentration was 4-6 µM. All 
parameters listed were obtained using the transition direction from the G-
quadruplex to single-strand (unfolding event). bTm values for the heating 
(unfolding) and cooling (folding) curves differ by less than 1 °C. 
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3.2.5. NMR structure of a G22 sequence 

Noticeably, the spectrum of G22 showed major imino peaks corresponding to 

one predominant form in contrast with other poly-G sequences (other than G15) 

forming a mixture of G-quadruplexes (Figure 3.1). Most of the imino peaks 

displayed broad overlapping resonances. Twelve imino peaks and seventeen 

aromatic peaks could only be observed in the G22 sequence (Figure 3.3.3), 

whereas there should be twenty-five aromatics peaks corresponding to twenty-

five residues in the sequence (22 G (H8) and 3 T (H6)). There are two possible 

explanations for undetectable aromatic peaks; (i) extreme peak broadening by 

internal motions among guanine residues, and (ii) overlapping of multiple peaks 

due to quasi-symmetry of the structure. 

The direct and decisive approach of unambiguous resonance assignments was 

first used to probe the unusual structural characteristics of G22 G-quadruplex. 

Site-specific 4% 15N- enrichment of all twenty-two guanines in the sequence 

(one guanine at a time), assisted in the identification of ten imino and aromatic 

guanine peaks labeled at their position in the sequence (Figure 3.3.1 A) (110). 

Two extra imino and aromatic peaks appear at higher temperature (35 ºC), 

corresponding to guanine at 5th and 17th positions (Figure 3.3.1 B). This 

behavior could be attributed to the effects of internal motions on linewidths.  

Assignments of 13 and 14th guanine was achieved by site-specific deuterium 

substitution, (151) (Figure 3.3.1 C) suggesting their involvement in the loops. 

Aromatic (H6) proton peak of three thymines at 1st, 2nd and 25th positions (Figure 

3.3.4) were assigned by TOCSY and NOESY assignments (data not shown). 

Surprisingly, no NMR signal (imino and/or aromatic peaks) could be observed 

in site-specific 15N-labeling for eight guanines belonging to two tracts of four 

consecutive guanines (G6,G7,G8,G9) and (G18,G19,G20,G21). 

D2O solvent exchange of G22 (Figure 3.3.2) showed slower exchange (~2 days) 

for six imino proton peaks indicating the presence of additional protecting layer 

structure. Usually, four guanines peaks are protected corresponding to central 

tetrad in a three-layer G-quadruplex.  
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Figure 3.3.1. Guanine imino and aromatic proton assignments of G22. A. Imino 
and aromatic protons were assigned by 15N-filtered spectra of samples. The 
reference spectrum is shown on the top with assignments indicated over the 
spectrum. Below are the individual spectra of 4% 15N-labeled samples with 
indicated positions. 
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Figure 3.3.1. B. Individual spectra of 4% 15N-labeled, G22 samples with 
indicated positions at 35 oC. C. Assignment of G13 and G14 aromatic (H8) 
proton of G22 sequence by dueterium substitution. 
 

3.2.6. Effect of mutations on the G22 sequence 

Several variant sequences (G-to-T mutation) have been synthesized to 

understand the role of missing guanines tracts (G6,G7,G8,G9) and 

(G18,G19,G20,G21) on NMR spectrum of G22. The rationale behind these 

mutations was to devise the discontinuity in the guanine tract such that apparent 

symmetry could be broken, and internal dynamics could be inhibited in the 
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Figure 3.3.2. Imino proton spectra of G22 sequences in solution (top) and D2O 
solvent exchange after ~ 2 days. 

structure to facilitate the NMR study. Thymine base substitution at 7th guanine 

(termed as T7) and 19th guanine (T19) exhibited the similar imino proton 

spectrum highlighting the symmetrical environment in the structure at these loop 

positions (Figure 3.3.5).  

Due to the great spectral correspondence of G22 and T7, we focused our study 

on T7. NMR spectrum of T7 is well resolved to display sixteen imino and twenty-

five aromatic peaks (Figure 3.3.3). The spectral similarity of G22 and T7 

suggests the adoption of similar G-quadruplex structure and most importantly in 

T7 mutation enabled the appearance of the undetectable (missing/broaden) 

NMR peaks in native G22 sequence. Unambiguous assignments of T7 guanine 

imino protons were achieved based on site-specific 4% 15N-enrichment of 

samples, one residue at a time (Figure 3.3.4).  The similarity in the NMR spectra  

 

Figure 3.3.3. Imino and aromatic proton spectra of G22 and T7 mutated 
sequence. Peak assignments are written on top. Assignments indicated in red 
color correspond to peaks appear in T7 only. 
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Figure 3.3.4. Guanine imino and aromatic proton assignments of T7 mutated 
sequence.  Imino and aromatic protons were assigned by 15N-filtered spectra of 
samples. The reference spectrum is shown on the top with assignments 
indicated over the spectrum. Below are the individual spectra of 4% 15N-labeled 
samples with indicated positions. 
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of T7 and G22 facilitated the assignments for both cases; resonances of T7 

could be deduced based on the spectral resemblance between the two. 

Structural similarity of G22 and T7 G-quadruplexes is also evident from the 

similar CD pattern as well as similar native PAGE mobility (data not shown). 

Mutations at T8 (or T20, structurally symmetric positions) showed the similar 

spectrum to G22 establishing the formation of same parent fold and suggesting 

their role in forming loops. Conversely, mutations at T6 and T9 (or T18 and T21) 

positions are unfavorable, suggesting their involvement in G-tetrad core 

formation in G22 G-quadruplex structure (Figure 3.3.5). 

 

 

Figure 3.3.5. NMR imino and aromatic proton spectra of single G-to-T mutations 
on the G22 sequence.  

  



 45 

Solvent exchange experiment with D2O (Figure 3.3.6, ~ 2days) shows the 

presence of eight protected peaks, corresponding to the formation of four-layer 

G-quadruplex structure. 

 

Figure 3.3.6. Imino proton spectrum of T7 mutated sequences and D2O solvent 
exchange after ~ 2 days. Eight imino peaks corresponding to two outer tetrads 
disappears and 8 peaks from two middle tetrads are protected from an 
exchange with D2O and stays there. 

 

3.2.7. G-quadruplex folding topology of G22 and T7 sequence  

With the help of spectral assignments of G22 and T7, G-tetrad alignments were 

determined by using imino (H1)-aromatic (H8) NOESY connectivity pattern 

(Figure3.3.7). G-tetrads alignment established for T7 are G3•G12•G15•G24 

(red), G4•G11•G16•G23 (blue), G5•G9•G17•G22 (green) and 

G6•G10•G18•G23 (black) by following specific NOE cross peaks (Figure 3.3.7. 

A). Similarly, G-tetrads alignment established for G22 are G3•G12•G15•G24 

(red), G4•G11•G16•G23 (blue) and G5•G9•G17•G22 (green) by following 

specific NOE cross peaks (Figure 3.3.7 B). T7 G-quadruplex topology built from 

alignments of four tetrads shows chair type antiparallel structure (Figure 3.3.7 

C) and G22 G-quadruplex topology built from alignments of three tetrads shows 

chair type antiparallel structure (Figure 3.3.7 D).   
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Figure 3.3.7. Determination of G-quadruplex folding topology of T7 and G22. A. 
and B. NOESY spectra of (mixing time, 250 ms) T7 (Left) and G22 (Right): 
Imino-H8 proton region is showing characteristic guanine imino-H8 cross-peaks 
for G-tetrads. G-tetrad alignments based on NOE pattern. C. T7 topology 
confirmed by NOE pattern. D. G22 topology, bottom region of G22 topology with 
three tetrads is confirmed by NMR assignments and proposed dynamic 
structure of top tetrad based on the similarity of T7 topology. 
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Solvent exchange experiments independently confirms the proposed folding 

topology for T7 and G22, supporting central positioning of G4•G11•G16•G23 

and G5•G9•G17•G22 protected tetrads (Figure 3.3.2 and 3.3.6) except for the 

fact that in G22 imino proton peaks corresponding to G9 and G17 were not 

observable at room temperature (Figure 3.3.2). 

 

Figure 3.3.8. NOESY spectra of T7 and G22 (mixing time, 300 ms): H8/H6-H1’ 
region is showing NOE sequential connectivities. Intra-residue cross-peaks are 
labeled with the corresponding residue numbers. Syn guanines are framed 
(magenta). Rectangular NOE connectivities show syn- to -anti connection.  
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Intraresidue peaks H1′-H8/H6 cross peaks are assigned for T7 and G22 (Figure 

3.3.8). High-intensity intra-residue H1′ -H8 cross peaks (framed in magenta) for 

syn guanines were observed for G3,G5,G9,G11,G15,G17,G21 and G23 in T7 

and G3,G5,G11,G15,G17 and G21 for G22. Classical NOE sequential 

connectivity between residues (H8(n)-H1’(n)-H8(n+1),5’-3’ direction) strongly 

depends on upon the glycosidic conformation. H8/H6−H1′ NOE sequential 

connectivity from the syn-to-anti connection is confirmed by rectangular NOE 

pattern (Figure 3.3.8) correspondingly eight syn-to-anti rectangular NOE 

patterns were observed for T7 and six for G22. Other guanines in the tetrad 

adopt anti glycosidic conformation, assignments indicated at intra-residue peak. 

T7 and G22 G-quadruplex adopts antiparallel strand orientations where guanine 

residues along the G-column were oriented in syn-anti and anti-syn 

conformations. Consequently, hydrogen-bond directionalities of four tetrads 

were anti-clockwise, clockwise, anti-clockwise and clockwise respectively. 

Hence two narrow and two wide grooves were created, two nts edgewise loop 

(three GG loops in G22 and two GG and one GT in T7) spans over the narrow 

and wide groove.  

In summary, it is demonstrated that T7 and G22 G-quadruplexes are 

conformers, and T7 mutation enabled us to characterize the chair-type, four-

layer, antiparallel G-quadruplex structure adopted by G22. 

Structural model of G22 G-quadruplex (Figure 3.3.9) was determined by 

available NMR restraints. The structure corroborates to the G22 topology as 

chair-type antiparallel G-quadruplex with three stable G-tetrads and one 

apparent dynamic tetrad on top formed by swapping of guanines in the loops 

and G-tetrad. Top tetrad and two edgewise loops spanning over the wide groove 

did not converge since no NMR restraints were available for equivalent pairs of 

(G6, G7, G8, G9 and G18, G19, G20, G21) residues. Molecular dynamic 

simulations could be run in future to gain structural insights on G-tetrad and 

loops formation by these guanines. Central edgewise loop (G13, G14) 

connecting across narrow groove is converged, and these residues are partially 

stacked on the G-tetrad. Thymines T1, T2 and T25 are positioned on top of the 

G-tetrad with T1 and T25 being partially stacked on the G-tetrad and T2 tilted 
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outward. These stacking interactions with outer tetrads compact the structure, 

which is evident from native PAGE experiments (Figure 3.3.9 A) where mobility 

of four layer G22 is similar to three-layer, hybrid G-quadruplex reference.  

 

Figure 3.3.9. Structural model of G22 determined by NMR. A. Side-view of 10 
lowest-energy superimposed solution structures. B. Side-view of a 
representative structure. The bases of thymines are colored green while 
guanines in tetrad core are colored cyan and guanines in loops are colored 
orange. Backbone and sugar are colored grey; O4′ atoms are in red. 

 

Four-layer, chair-type, antiparallel G-quadruplex structure adopted by G22 is 

unique and different from singular reported a member of four layer, chair-type 

antiparallel G-quadruplexes family adopted by (G4C2)4 repeats (152,153).  

(G4C2)4 G-quadruplex has three CC edgewise loops in contrast to GG loops in 

G22. An interesting observation is that in the structure of (G4C2)4, two edgewise 

loops connect narrow groove and a central loop connects wide groove while in 

the structure of G22, two edgewise loops connect wide groove and one central 

loop connects narrow groove.  
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3.2.8. Examination of polymorphism of G22 sequence; equilibrium of 

higher order structure and monomer 

G-quadruplex structures are known for their polymorphism, the presence of 

higher order structures along with predominant monomer form has been 

demonstrated in G22 sequence by native PAGE and CD spectroscopy. Native 

PAGE separation of G22 (Figure 3.3.10 A. lane (c)) revealed two species; one 

lower band (higher mobility) corresponding to a major G-quadruplex monomer 

( ³ 50 %) and another diffused band on top (lower mobility) corresponding to the 

formation of higher order G-wires.  

These two different bands of G22 were separated and reexamined; represented 

by lane (d) and lane (b) (Figure 3.3.10 A). G-quadruplex monomer fraction 

appeared as single predominant conformation (lane (d)), some re-equilibrium 

has been observed for higher order fraction (lane (b)). Comparing the migration 

rate with other G-quadruplex references; lane (a) (93 del: interlocked dimer (82)) 

and lane (e) (Lo2: (3+1) monomer (154)), It is evident that migration of major 

G22 monomer is similar to G-quadruplex monomer Lo2 while the higher order 

structures migrate slower than G-quadruplex stacked dimer reference 93del. 

These results suggest that in G22 sequence in solution forms G-quadruplex 

monomer and other higher order structures in equilibrium. 

G22 and its gel separated fragments (lane (b), (c) and (d)) were further 

investigated by CD spectroscopy (Figure 3.3.10 B). Higher order fragments (in 

blue) showed the characteristic feature of parallel structure (positive peak at 260 

nm and negative at 240 nm) while the major G-quadruplex fraction (in red) 

showed the feature of antiparallel (2+2) structure (positive peak at 295 nm and 

240 nm and negative at 260 nm). Native G22; a mixture of both G-quadruplex 

species (in black) showed two positive peaks at 260 and 295 nm and a negative 

peak ~240 nm, which would be similar to the arithmetic sum of CD spectrum of 

individual species. 
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19 

Figure 3.3.10.  Native PAGE, CD and imino proton spectra of G22 gel purified 
fractions. A. Native 20% PAGE of (lane a) 93 del d(GGGGTGGGAGGAGGGT), 
reference of an interlocked dimeric G-quadruplex (82) (lane b) gel-purified 
higher order fragment of G22, (lane c) G22, (lane d) gel-purified lower band 
fragment of G22 (lane e) Lo2 DNA (d(TTGGGTTAGGGTTAGGGTTAGGGA), 
three-layered, monomeric, (3+1) hybrid) (154). B. CD spectra of G22 (c) and its 
gel –purified fragments (b) and (d). C. Imino proton NMR spectra of G22 (c) and 
gel purified fragment of G22 (d). 
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Finally, imino proton NMR spectrum of native G22 and its monomer fragment 

showed similar imino peak distribution, suggesting that higher order G-

quadruplex does not show any signatures in imino proton peaks could be 

contributing to the background (large molecules to study by NMR). Hence, the 

solution structure of G22 represents the predominant monomeric, antiparallel 

(2+2) G-quadruplex. Slight peak shift pattern in (Figure 3.3.10 C.-(d)) is due to 

higher salt concentration (data not shown).  

The equilibrium between monomeric G-quadruplex and higher order structures 

can be altered by sample preparation conditions, particularly with annealing and 

with time. It has been observed that the monomeric antiparallel G-quadruplex 

form evolves with time (data not shown). Upon heating (20 oC to 90 oC) 

antiparallel G-quadruplex structure unfolds and converts into parallel higher 

order structures (Figure 3.3.11 A) as observed by the changes in CD spectra. 

Same sample upon cooling (90 oC to 20 oC) does not convert backs to the 

antiparallel G-quadruplex but a mixture of parallel higher order structures and 

antiparallel G-quadruplex (Figure 3.3.11 B).  

Thus, CD thermal denaturing experiment showed annealing process disturbs 

the conformational equilibrium. Due to the irreversibility of CD melting, the 

thermal stability of four-layer, antiparallel G22 and T7 G-quadruplex is 

calculated by following the decrease in CD signal at 295 nm on heating (Figure 

3.3.11 C). The G22 structure is quite stable with Tm ~ 68.5 oC and T7 mutation 

increased the stability by ~ 3oC  (Tm ~ 71.5 oC) in 5 mM K+ solution.  
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Figure 3.3.11. Thermal denaturation CD spectra of G22 gel purified fragment. 
A. Heating, original antiparallel form coverts to parallel. B. Cooling, original 
parallel form coverts to a mixture of parallel and antiparallel. C.  Thermal stability 
of antiparallel G22 and T7 G-quadruplex (Tm at ~ 68.5 and ~ 71.5 oC) calculated 
by following the CD signal at 295 nm for the unfolding (heating) event. 

 

Summarizing the above arguments, we report that the G22 sequence exists as 

a mixture of monomeric, antiparallel G-quadruplex and higher-order parallel G-

quadruplexes in solution, both forms thermally quite stable. The equilibrium 

between the two forms depends on sample conditions particularly on evolution 

time and annealing.  
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3.3. Conclusions 

In this study, poly-G DNA G-quadruplex forming sequence motifs have been 

explored and two novel intramolecular G-quadruplex structure from were 

presented. G-quadruplex structures formed by a continuous tract of 15 and 22 

guanines represent unique, well-defined robust scaffold, observed as a single 

major conformation. The structure of G15 is the propeller-type G-quadruplex 

involving three G-tetrad layers and three single-residue propeller loops, while 

the structure of G22 is four layer, chair-type antiparallel quadruplex with three 

edgewise GG loops displaying unique feature of dynamic swapping between 

guanines in the G- tetrad core and loops. 

Poly-G tract length dependent study of G-quadruplex formation also provide 

insights about the natural conformational selection for the three-layer G-

quadruplex with three single residue propeller loops for G15 and four-layer, 

antiparallel G-quadruplex with three double residues edgewise loops over 

myriad of accessible G-quadruplex conformations for different poly-G tract 

lengths. In principle, multiple combination of G-quadruplex conformations 

involving different structure features such as multiple or single DNA strand, 

number of stacked G-tetrads, varying loop length and geometry, flanking bases, 

abasic site and bulges could possibly coexist in solution. 

Such unique G-quadruplex motifs can be formed by a fragment of 15/22 

continuous guanines anywhere along a poly-G sequence. Our findings broaden 

the description of G-quadruplex forming sequences especially in context with 

poly-G sequences.  

Coincidently, among the poly-G tracts present in the genome of DOG- 1-

deficient C. elegans, DNA deletions were found exclusively for those with n ³ 

15 and n ³ 22 (73,74). Given the role of DOG-1 in protecting G15 and G22 tracts 

from deletion, it is possible that unique G-quadruplex structures in these G-

tracts can be biologically relevant, being specifically recognized by proteins or 

other cellular molecules.  
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Chapter 4 

G-quadruplex structure in PARP-1 promoter 

 

 

 

 

Poly(ADP-ribose) polymerase-1 (PARP-1) is a DNA repair protein. PARP-1 is 

found to be upregulated in cancer cells, suggesting that cancerous cells rely 

more on the PARP-1 for DNA repair likely due to defects in other pathways and 

hence PARP-1 inhibitors has emerged as an attractive target for cancer therapy. 

Recently, G-rich sequences have been identified in the PARP-1 promoter and 

hence targeting of G-quadruplex structure in PARP-1 promoter could serve as 

an alternative approach for PARP inhibitors. Thus, in this work using NMR, UV, 

CD spectroscopy and Gel electrophoresis, we investigate the structure of G-

quadruplexes formation in 23-nt G-rich DNA sequence in PARP-1 promoter. Our 

study has revealed the (3+1) hybrid, intramolecular, three-layered G-quadruplex 

topology. Unique structural features of PARP-1 G-quadruplex are adenine 

residue bulge and capping structure on top formed by the central edgewise loop 

and 5¢ flanking terminal which could be exploited as a recognition element by 

small molecule ligands, providing a platform for the development of alternative 

drugs for PARP-1 inhibition.2  

                                            
2 The work in this chapter is being written for publication: “G-quadruplex structure with a bulge 
in PARP-1 promoter’’, Anjali Sengar, J.Jeya Vandana, Vicki S Chambers, Shankar 
Balasubramanian and Anh Tuân Phan. 

Part of this work has been presented as a final year project report ‘’Structural Characterization 
of a DNA G-quadruplex in PARP-1’’ by J.Jeya Vandana. 



 56 

4.1. Introduction 
Poly (ADP-ribose) polymerase-1 (PARP-1) is an abundant, ubiquitously 

expressed multifunctional nuclear enzyme, encoded by the highly conserved 

PARP-1 gene. PARP-1 catalyzes post-transcription modification of several 

nuclear proteins by Poly(ADP-ribosyl)ation reaction. ADP-ribosylation is the 

addition of ADP-ribose moieties to the various acceptor proteins using cellular 

nicotinamide adenine dinucleotide (NAD+) substrate (155-157). Numerous 

studies have suggested the important role of PARP1 in diverse cellular 

processes, such as DNA repair, replication, transcriptional regulation of various 

proteins (158), maintenance of genomic integrity, regulation of telomerase 

activity (159), cell signaling (157) and in chromatin remodeling (160-162).  

The main contribution of PARP1 is in DNA repair pathways (163). The 

involvement of PARP-1 in single strand break repair (SSB) is well known. 

However, some recent studies have also underlined its contribution in double 

strand break repair (DSB) (164). PARP-1 activates the process of SSB repair 

by recognition and binding at the site of single strand DNA breaks (SSBs) via 

zinc finger motifs within PARP1(165,166), initiating ADP-ribosylation reaction 

which is followed by recruitment of multiprotein complex for the DNA repair and 

cell signaling (167). Furthermore, PARP1 also modifies the chromatin structure 

by poly ADP-ribosylation of the histones and enabling the access of repair 

proteins to damaged DNA (168). In cancer cells, PARP1 is found to be 

upregulated (169,170), suggesting that cancerous cells rely more on the PARP1 

for DNA repair likely due to defects in other pathways and hence making PARP1 

inhibition an attractive target for cancer therapy(171). Some PARP-1 inhibitors 

are already in clinical trials and are showing promise in the treatment of breast, 

ovarian and prostate cancers. Most notably PARP-1 inhibition is targeted in the 

Homologous-recombination-deficient tumors such as in tumors containing 

BRCA mutations(172,173). 

Few studies have investigated the PARP-1-G-quadruplex binding interaction 

with c-kit, c-myc and human telomere G-quadruplex (70). It has been found to 

influence the transcriptional regulation of the human c-myc gene via interaction 

with the G-quadruplex structure present in the c-myc promoter. PARP-1 
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converts the G-quadruplex structure into the more transcriptionally active B-

DNA form, thus potentially upregulating the expression of the c-myc gene 

(174,175).  

G-quadruplex DNA sequencing analysis of human genome results have 

identified the potential G-quadruplex forming sequence in the promoter region 

of the PARP-1 gene, where G-quadruplex structure were found to be present 

and stable in chromosomal DNA context. (personal communication with S. 

Balasubramanian). In this work, we investigated the G-quadruplex structure 

formation in 23-nucleotide G-rich sequence in PARP-1 promoter. Our study has 

revealed the (3+1) hybrid, intramolecular, three-layered G-quadruplex topology 

with unique structural features of adenine bulge and capping structure on top 

formed by the central edgewise loop and 5¢ flanking end residues. G-quadruplex 

structure formation in this sequence G-quadruplex structures in this gene may 

possess a regulatory role in the production of the PARP-1 protein. Stabilization 

of G-quadruplex could help in downregulation (or silencing) of the PARP-1 

expression which could help in inducing synthetic lethality in cancerous cells. 

Thus, G-quadruplexes in the PARP-1 gene may be promising as anti-cancer 

therapeutic targets. Also, such G-quadruplexes may also serve as therapeutic 

targets for the prevention of other diseases that occur due to overexpression of 

PARP-1 induced by cellular stress and subsequently influence the expression 

of other genes. 

4.2. Results and Discussion 

4.2.1. G-quadruplex of P3 sequence and effect of flanking bases  

G-quadruplex structure formation in PARP-1 promoter DNA sequence (termed 

as P3) located 126 nt upstream from the transcription start site (TSS) is 

examined by NMR with naturally linked flanking sequences. NMR spectra of the 

P3 with various flanking ends are studied in a solution containing 70 mM KCl, 

20 mM KPi, pH 7 at 25 oC (Figure 4.1, Table 4.1). The P3 sequence shows 

twelve sharp imino peaks from 10.6 – 12.0 ppm, indicative of the formation of 

the three-layer G-quadruplex fold as a major structure supplemented with the 
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fraction of other higher order structures characterized by the broad hump in the 

background. 

 

Figure 4.1. Imino proton NMR spectra of P3 with different flanking bases. 

 

Likewise, other P3 sequences with 5’ flanking bases (TP3, CTP3 and CCTP3) 

show similar chemical shift distribution pattern of imino proton peaks suggesting 

similar G-quadruplex structure formation in all sequences with 5’ flanking ends. 

Furthermore, the presence of flanking bases at 5’ end reduces the background 

hump in the spectrum significantly compared to P3, most likely disfavoring 

aggregation of structures to form higher order structures. Additional peak(s) at 

> 12.0 ppm, mark the presence of other base pairs can be seen in all the 

sequences and the effect of flanking bases on them. However, the effect 

flanking sequences at 3’ is different and shows a mixture of G-quadruplex 

conformations. In this chapter, we focus on the TP3 G-quadruplex; owing to its 

superior spectral quality as it represents the major G-quadruplex structure 

presented in other P3 sequences with different 5’ flanking ends. 
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Table 4.1. List of sequences found in PARP-1 promoter with flanking bases. 

Name Sequence 

P3            GGGGGCCGAGGCGGGGCTTGGG 

TP3         TGGGGGCCGAGGCGGGGCTTGGG 

CTP3      CTGGGGGCCGAGGCGGGGCTTGGG 

CCTP3        CCTGGGGGCCGAGGCGGGGCTTGGG 

P3C             GGGGGCCGAGGCGGGGCTTGGGC 

TP3C          TGGGGGCCGAGGCGGGGCTTGGGC 

 

4.2.2. (3+1) hybrid intramolecular G-quadruplex formation by TP3 

sequence 

CD and native PAGE experiments suggest the (3+1) hybrid G-quadruplex 

structure in TP3 (Figure 4.2). The CD spectrum of TP3 G-quadruplex displays 

two positive peaks at 265 and 290 nm along with a negative peak at 240 nm, 

characteristic of a (3+1) hybrid G-quadruplex (Figure 4.2 A.) (117). A noticeable 

difference here is the enhanced peak intensity at 265 nm, which could be due 

to the presence of other parallel stranded higher order structures in the sample. 

Native PAGE analysis compares the migration of TP3 G-quadruplex structure 

with respect to other references G-quadruplex structures (Figure 4.2 B.) 

Migration of TP3 sample is comparable to that of Lo2 (three-layered, monomeric 

and (3+1) hybrid) (154) and faster than other reference samples like T95-2T 

(three-layered, monomeric and propeller-type parallel) and T95 (stacked dimer) 

(147), which suggests that TP3 forms a three-layer monomeric G-quadruplex. 

The presence of faint smeared upper band in TP3 suggests that a fraction of 

other higher order structures co-exist in the sample. This idea is also supported 

by CD (enhanced peak at 260 nm) and NMR (background hump) results.  
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Figure 4.2. CD and native PAGE of TP3. (A) CD spectrum of TP3 in 70 mM KCl, 
20 mM KPi, pH 7 at 25 oC. (B) Native PAGE mobility shift analysis of TP3 with 
known G-quadruplex structure references; T95 (d(GGGTGGGTGGGTGGG), 
stacked dimer) (147) , Lo2 (d(TTGGGTTAGGGTTAGGGTTAGGGA), three-
layered, monomeric, (3+1) hybrid) (154) and T95-2T 
(d(TTGGGTGGGTGGGTGGGT), three-layered, monomeric, propeller-type 
parallel) (147). 

 

4.2.3. Spectral Assignments of TP3 sequence 

Unambiguous assignments of guanine imino (H1) (Figure 4.3) and aromatic 

(H8) (Data not shown) protons of TP3 were carried out via site-specific 4% 15N-

labeling (110), and site-specific 2H (151) substitution approaches. 

TGGGGGCCGAGGCGGGGCTTGGG 

Highlighted in blue are the guanines participating in G-quadruplex core 

formation observed by imino peak identification in site 4% 15N-labeling 

experiments. 
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Figure 4.3.  Imino proton resonance assignments of TP3 indicated on the 
reference spectrum (top). Below are the individual spectra of 4% 15N labeled 
guanines at indicated positions. 

 

Imino protons assignments revealed that from the first G-tract of five guanines; 

G2 and G6 are not involved in G-quadruplex core formation and from the third 

G-tract of four guanines; G14 is not involved. We can speculate that adenine 

interruption in the second G-tract could be incorporated as a bulge. Additional 

two-dimensional NMR experiments (NOESY) need to be done to understand 

the imino-H8 proton cyclic connectives around G-tetrads and elucidate the 

topology of the TP3 G-quadruplex. Due to the poor long-term stability of G-

quadruplex structure in TP3 with time at room temperature (Figure 4.4), we 

could not execute the long (> 15 h) two-dimensional NMR experiments. Imino 



 62 

proton NMR and native PAGE studies have indicated the conversion of the TP3 

G-quadruplex form into various other higher order structures at room 

temperature over time (Figure 4.4). Imino proton peaks disappeared gradually 

with the appearance of hump in imino proton NMR (Figure 4.4. A) and the 

corresponding band representing (3+1) fold in native PAGE also disappeared 

(Figure 4.4. B).  

 

Figure 4.4. Time evolution of TP3 monomers and higher order aggregates at 
room temperature A. Imino proton resonances of TP3 at varying time intervals 
B. Time-dependent native PAGE analysis of TP3. 

 

4.2.4. Effect of mutations on TP3 sequence  

Variant of TP3 sequence were examined where non-tetrad forming guanine 

residues (2,6 and 14) were replaced by thymine (G to T substitution) (Figure 

4.5). Imino proton spectra of mutants show that single thymine mutations at G2 

and G14 is not tolerated and results in the co-existence of a mixture of G-

quadruplexes. Markedly, guanine to thymine substitution at position 6 (TP3-T6) 

shows the extreme spectral similarity to that of TP3 indicating the formation of 

same G-quadruplex folding in both the sequences. Furthermore, TP3-T6 G-

quadruplex structure displays improved stability of the G-quadruplex structure 

with time upon exposure at room temperature (> 2 days, data not shown), 

enabling a detailed NMR structural study viable. Thus, the TP3-T6 sequence is 

studied to elucidate the G-quadruplex structure topology. 



 63 

 

Figure 4.5. Imino proton spectra region of TP3 and mutated TP3 sequences (G 
to T substitution at indicated positions). 

 

Increased temporal stability of TP3-T6 compared to TP3, could be due to the 

limitation posed by (G to T mutation) at G6 to the dynamic equilibrium of co-

existence of multiple possible G-quadruplexes formed by inclusion of other 

guanines from the tract and subsequently to the aggregation. However, 

mutations of G2 and G14 shows completely different effects suggesting that 

these guanines residues might involve in other interactions. Two-point and 

three-point thymine mutations at 2,6 and 14th guanines show that mutation of 

G6 with others (TP3-T2,6 and TP3-T2,6,14) results in the twelve imino peaks, 

forming single three-layered G-quadruplex structure while TP3-T6,14 shows 

mixture of two G-quadruplex conformations. 

4.2.5. Spectral assignments of TP3-T6 sequence 

Spectral assignment of TP3-T6 was carried out by site-specific 15N-enrichment  
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Figure 4.6. Imino (H1) and aromatic (H8) proton assignments for the TP3-T6 
sequence. A.  Imino (H1) and aromatic (H8) proton assignments indicated on 
the reference spectrum for TP3. B.  Imino (H1) and aromatic (H8) proton 
assignments indicated on the reference spectrum on top for TP3-T6. Below are 
the individual spectra of 4% 15N labeled guanine bases at indicated positions. 

 

(4%) approach. Guanine imino (H1) and aromatic (H8) protons were 
unambiguously assigned for TP3-T6 (Figure 4.6. B) and some of the 
assignments were also extrapolated from TP3 (Figure 4.6. A) as proton’s 
chemical shifts in both the sequences are extremely similar. 

  



 65 

 

4.2.6. (3+1) G-quadruplex fold in TP3-T6 sequence 

Folding topology was determined using cyclic NOE connectivities between the 

imino (H1) proton of a guanine and the aromatic (H8) proton of neighboring 

guanine in the same tetrad. G-tetrads alignment established for TP3-T6 are 

G3•G12•G15•G21 (red), G4•G11•G16•G22 (blue) and G5•G9•G17•G23 (green) 

by following specific NOE cross peaks (Figure 4.7 (A) & (B)). Adenine 

interruption in the 3rd guanine tract (A10) is incorporated as bulge between two 

tetrads. 

 

 

Figure 4.7. Folding topology of TP3-T6. A. NOESY spectrum (mixing time, 200 
ms) showing the H1/H8 connectivity of G-tetrads. Guanine H1-H8 cross-peaks 
for G-tetrads are framed and labeled. The residues in different G-tetrads are 
indicated by different colors. B. Specific H1-H8 connectivity pattern. Schematic 
of the folding topology of TP3-T6.  
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Solvent exchange experiment with D2O independently confirms the proposed 

folding topology, where centrally positioned G4, G11, G16 and G22 are among 

the protected residues (Figure 4.8) most protected from the solvent exchange.  

 

Figure 4.8. Imino proton spectrum of TP3-T6 recorded after 20 min exposure in 
D2O, showing protected peaks corresponding to middle tetrad (in blue). Peaks 
marked with an asterisk are discussed later.  

 

High-intensity intra-residue NOEs (H8(n) -H1′(n)) were observed for G3, G9, 

G11, G15 and G21 (Figure 4.9, framed in black), indicating the syn glycosidic 

conformation adopted by them. NOE sequential connectivity between residues 

(H8(n)-H1’(n)-H8(n+1),5’-3’ direction) strongly depends on the glycosidic 

conformation. Syn-to-anti inter-residue connection shows both H1’(n) –H8(n+1) 

and H1’(n+1)-H8(n) cross peaks marked by rectangular NOE pattern (Figure 

4.9, color coded). Other guanines in the tetrad adopt anti glycosidic 

conformation, assignments indicated at intra-residue peak. 
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Figure 4.9. NOESY spectrum of TP3-T6 (mixing time, 300 ms). Intra-residue 
NOE correlations are labeled according to its respective nucleotide number. 
Cross-peaks of strong intensity are framed in black and implicates residue 3, 
9,11,15, and 21 adopt the syn glycosidic orientation. Sequential syn-to-anti (3-
4, 11-12,15-16 and 21-22) walk traced by blue, magenta, red and green 
rectangles respectively.  

 

Imino-imino (H1-H1) NOE peaks of nearby guanines corresponding to the 

stacked tetrads can also be seen observed. Distances of (H1) -(H1) depend on 

the tetrad polarity (directions of imino (H1) to O6 bond), tetrads of the same 

polarity have same glycosidic conformation of adjacent guanines. (H1) -(H1) 

NOEs are of different intensities in different tetrad stacking modes has been 

discussed in the review paper (109).  Medium intensity cross peaks for the 

guanine pairs (G4/G5, G9/G11, G16/G17 and G22/G23) in adjacent tetrads is 

observed (Figure 4.10), confirming the same polarity for central and bottom 

tetrad (clockwise) and opposite polarity of the top tetrad (anticlockwise). 
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Figure 4.10. NOESY spectrum of TP3-T6 showing H1-H1 through space 
correlations labeled as indicated on the spectrum.  

 

Linkers in TP3-T6 joins the G-columns by edgewise, edgewise and propeller 

loops respectively forming (3+1) hybrid scaffold. The groove widths are wide, 

narrow, medium and medium correspondingly. First edgewise loop (TCC) 

connects across the wide groove at the bottom, second edgewise loop (CG) 

connects across the narrow groove at the top, while third propeller loop (CTT) 

traverses across the medium groove connecting two parallel stands.  

Observation of additional broad imino proton peaks at ~12.2–12.4 ppm could be 

due to the hydrogen bonding interaction between terminal G2 with G14 of the 

edgewise loop and capping the top tetrad. Protection of imino protons peaks of 

G12 and G15 in the D2O solvent exchange experiment (Figure 4.8) supports 

this argument where G2 and G14 pair could stack on the top tetrad such that 

imino protons of G12 and G15 remains protected while imino proton of G3 and 

G21 are exposed for deuterium exchange. Structural details of such interactions 
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between edgewise loop residues and 5’ terminal residues in TP3-T6 quadruplex 

structure remain to be fully characterized. This unique base pairing can form a 

capping structure on top and provide the additional stability.  

4.3. Conclusions 

We have revealed the (3+1) hybrid G-quadruplex folding topology adopted by 

promoter sequence of the PARP-1 gene. Unique structural features of the TP3-

T6 G-quadruplex are adenine residue bulge and unique capping structure 

formed by the central edgewise loop and 5¢ flanking terminal, could be exploited 

as a recognition element for small molecule ligands.  

In particular, it may be possible to target specifically the G-quadruplex in the 

PARP-1 gene with rationally designed ligand to serve as a specific PARP-1 

inhibitor. Hence, the investigation of the structural properties of the TP3 G-

quadruplex provides a platform for the development of alternative drugs for 

PARP-1 inhibition with enhanced potencies for anti-cancer therapeutics and 

other related diseases.  
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Chapter 5 

Single molecule FRET study of structural 

dynamics in G-quadruplex DNA 

 

 
 
 

 

 

G-quadruplex formation inside the cell is a dynamic process, hence better 

understanding of the G-quadruplex structural dynamics is important for 

understanding their biological functions. Single molecule FRET can provide the 

wealth of information on the conformational dynamics of G-quadruplex. This 

chapter describes the single molecule FRET instrumentation and demonstrates 

the functionality of our in-house built sm-FRET set up by observing two-state 

dynamics of a model hairpin system.  Using sm-FRET technique, we have 

studied the structural dynamics in parallel stranded G-quadruplexes. We have 

demonstrated that the folding-unfolding dynamics of a stable parallel G-

quadruplex structure could be manipulated by sequence modifications such as 

guanine to inosine substitution and loop length increment, preserving the 

parallel G-quadruplex topology. We have observed single molecule FRET 

transitions between folded and unfolded structures involving two other states, 

which could correspond to intermediate structures. These intermediate 

structures could potentially affect the dynamic interactions of G-quadruplexes 

with other small molecule ligands and proteins in vivo.  
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5.1.  Introduction  

 
As discussed in the introduction, G-quadruplex structures have been found to 

exist in multiple conformations. Numerous studies have proposed the regulatory 

roles of G-quadruplex structure in cellular processes and as potential drug 

targets. Understanding of the conformational heterogeneity and dynamics of G-

quadruplex structures is important since G-quadruplex formation inside the cell 

is a dynamic process interacting with other molecules.  

Different G-quadruplex topologies (parallel, antiparallel and hybrid) can be 

adopted depending on the sequence composition and experimental conditions. 

These G-quadruplex topologies give rise to very different shape features such 

as groove width and projection of linker residues. Interestingly, out of all G-

quadruplex topologies; intermolecular, parallel stranded G-quadruplex with 

three propeller loops is most distinctive due to its compact globular shape. In 

intramolecular, parallel G-quadruplexes propeller loops are projected outside in 

such a way that outer tetrads are exposed for molecular recognition and binding 

(176). Proteins and small molecules have been shown to use of these planar 

tetrads for recognition and stacking interactions (63,177,178). These structures 

have been identified in many biologically relevant G-rich regions such as human 

telomere (preferred in crowded solution) (179), the dominant structure in most 

of promoters available so far (60,62,180-183), CEB1 and CEB 25 minisatellites 

(40,184) making them an interesting class of G-quadruplex structures to study.  

Most of the sm-FRET studies on structure and dynamics of G-quadruplexes 

have been focused on the human telomeric sequence which forms a mixture of 

conformations (98,99,101,102,185,186). Except couple of studies, focused on 

the G-quadruplex dynamics in c-myc promoter sequence and detected highly 

stable (longer unfolding time) parallel G-quadruplex structure (95,96,107). Thus, 

we have focused our study on parallel, propeller G-quadruplex using a simple 

model of a highly stable, robust, parallel G-quadruplex formed by the T95-2T 

sequence, in which four tracts of three consecutive guanines are connected by 

three single loops (147). In this study, we have investigated the influence of 

sequence modifications specifically guanine to inosine substitution and loop 

length modification on folding-unfolding dynamics on parallel G-quadruplexes 
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using the sm-FRET technique. Previous ensemble studies have shown that the 

thermal stability in G-quadruplexes drops with the increase in loop size (18,187). 

Similar negative effects on the thermal stability of G-quadruplexes have been 

observed by the inosine substitution (188).  

Our approach is unique in a manner of using NMR spectroscopy and sm- FRET 

jointly to validate the G-quadruplex conformations. The result of our 

investigation showed parallel G-quadruplex structure formed in T95-1T 

[T(G3T)3] sequence is highly stable; no transitions could be seen within 

observation time, even at low salt concentration. Sequence modifications in 

T95-2T sequence such as guanine to inosine base substitution and the inclusion 

of long central loop (9T), make the structure more dynamic by destabilizing the 

folded conformation. Particularly, we observed structural transitions involving 

two intermediate states in the folding-unfolding dynamic of parallel G-

quadruplexes. 
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5.2. Instrumentation 

Single molecule FRET setup requires three main parts (i) excitation of 

fluorophores (ii) collection of emitted fluorescence (iii) signal detection.  

5.2.1. Excitation: Total internal reflection (TIR) microscopy:  

Prism type-TIRF (total internal reflection) excitation is used to gain high imaging 

sensitivity by reducing the excitation volume and background auto fluorescence 

from the solvent. The incident light is reflected at the glass-water interface by 

total internal reflection creating local evanescent field illumination. Evanescent 

field decays exponentially from the interface, the distance of field inside the 

sample is given by term penetration depth, calculated as    

BD = 		
@

4F√(IJ6 − 1)
 

In our case λ wavelength of excitation laser (Nd:YAG DPSS laser, 50 mW) is 

532 nm and numerical aperture (NA) of the objective lens (Olympus, 60x) is 1.2, 

which leads to penetration depth (dp) ~ 64 nm. 

Short penetration depth in TIRF excites only the dye molecules attached to the 

surface. TIRF excitation schematic is shown in figure 5.1 (boxed). The incident 

light is focused onto the prism (PBP, the refractive index of 1.46) surface at the 

critical angle (66º from the vertical plane) using mirror and lens. Index matching 

oil with the refractive index of 1.51 was used to match the interface of prism and 

quartz slide (same refractive index, i.e. 1.46) on which sample was surface 

immobilized. TIR occurs at the quartz - solvent (at the discontinuity of refractive 

index from 1.46 to 1.3) interface. The sample is excited in a wide field offering a 

possibility to measure hundreds of molecules (~50 μm x 100 μm) 

simultaneously.  
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Figure 5.1. Schematics of sm-FRET set up showing beam path. Modified figure 
adapted from ref (124). 

 

5.2.2. Collection and detection part  

The emitted fluorescence signal from the molecules is collected using objective. 

Through the objective, the part of excitation light (unabsorbed, scattered) 

passes with the emission signal, which will pass through a customized band 

filter (Chroma 532/632m-PH special, filter profile is shown in Figure 5.2). Filter 

profile is such that it will block the direct excitation and allows only the emitted 

fluorescence signal from dyes (Cy3 and Cy5). A dichroic mirror (Chroma, 

630DCXR) was used to separate the donor (Cy3) and acceptor (Cy5) emission 

and focused onto the sensor of Andor Ixon 897 EMCCD (Electron Multiplying 

Charge-Coupled Device) camera for detection. To minimize the noise low noise 

optics is chosen and camera with high photon sensitivity with low dark current.   
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Figure 5.2. Excitation and emission spectra of Cy3 and Cy5. 532 nm LASER is 
used to excite Cy3 dye. Donor and Acceptor band of detection filter is also 
shown.  

 

5.2.3. Data processing  

Donor and acceptor fluorescence intensity (ID and IA) is used to extract the FRET 

efficiency from single-molecule fluorescence measurements. Donor and 

acceptor spots in both channels are mapped by IDL software using an image 

with fluorescent microbeads (~ 200 nm, F8806, Invitrogen). Intense 

fluorescence signal from beads can be seen in both channels; manually three 

bead molecules are mapped in both channels by generating a mapping table 

between the two channels for correction for the offset displacement. An 

automated algorithm (IDL software) is used for mapping. 

Time variation in the intensity of each peak is determined by tracing it through 

the video recorded and time-dependent FRET efficiencies are calculated for 

each molecule. Output data from a single molecule experiment is shown in 

figure 5.3. From time traces of donor and acceptor intensities, FRET efficiency 

trace is generated to extract information. The amount of time a molecule spends 

in one state before transiting into other state is called dwell time and dwell time 

of various states can be calculated from the time trace analysis to understand 

kinetics of molecule. 
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Figure 5.3. Sm-FRET data analysis. A. EMCCD image showing dual channel 
for different emission wavelengths. Green region showing signal from Cy3 and 
red for Cy5 from the same molecule. B. Donor (green) and acceptor (red) time 
trace showing anti-correlation. C. Calculated FRET Efficiency (EF) as a function 
of time.  

 

FRET efficiency histogram can be generated from FRET efficiency exhibited by 

~ 1000 of molecules showing the distribution of different conformational states. 

Data acquisition and analysis software package is obtained from Taekjip Ha’s 

Lab (https://cplc.illinois.edu/software/). 
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5.2.4. Fluorescent dyes selection and labelling 

Many fluorescent dye pairs have been developed and used for sm- FRET study. 

For sm- FRET experiments a dye pair should have following qualities; high 

extinction coefficient, high quantum yield and sufficient spectral overlap in donor 

emission and acceptor absorption (121,189). Cy3-Cy5 is one of most popular 

dye pair for single molecule FRET experiments due to its higher quantum yield 

and considerable overlap between donor emission and acceptor absorption 

spectra for FRET.  

Dye molecules can permanently or temporarily stay in the non-fluorescent 

states, these effects are called photobleaching and photoblinking. Interaction 

between molecular oxygen and dye in triplet state is one of the major cause of 

photobleaching and hence it can be controlled by the adding the oxygen 

scavenging system which removes reactive oxygen from solution, allowing the 

dye to live longer before photobleaching. Enzymatic oxygen scavenger system 

consists of glucose oxidase and catalase with glucose (190). Photoblinking is 

primarily due to triplet state induced processes, it has been observed that 

reducing agents such as Trolox can quench the triplet state to restore the dye 

ground state (191). 

5.2.5. DNA construct for sm-FRET 

 Dye labelled DNA was purchased from IDT DNA. Two separate DNA strands 

were purchased, one strand with Cy 5 on 5’ terminal of the molecule of interest 

with a 29 nt stem and 3’ biotin. Another strand is complementary to the 29 nt 

stem with Cy3 attached to the thymine residue. Two DNA strands were 

hybridized by mixing in the 1:1.2 ratio in the presence of 100 mM salt ( NaCl for 

hairpin, LiCl for G-quadruplex) and heating the mixture to ~ 85 °C for 5 minutes 

in order to anneal out any self-paring within the individual strands. Afterwards 

the DNA is allowed to cool down to room temperature using 2 °C per minute 

cooling rate. Annealed DNA is then aliquoted and transferred to a −30 °C freezer 

for long-term storage. Typical DNA sequence construct for sm-FRET are shown 

in schematic (Figure 5.4) is same as used in previous studies (99). For all the 
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measurements we used 10 mM Tris-HCL pH-8 buffer with specified salt 

concentration. 

 

Figure 5.4. Sm-FRET DNA construct. G-quadruplex DNA with 29 nt duplex 
stem. Cy5 is attached at the 5’ end of G-quadruplex forming sequence and Cy3 
is linked to thymine in the complementary stem sequence. 3’ Biotin-neutravidin 
binding is used for surface tethering. Distance between the Cy3-Cy5 dye pair 
changes with the structural changes. 

 

5.3. Results and discussions 

Using the constructed sm-FRET system, we first performed an analysis on the 

Hairpin DNA sequence and compared our data with the previously published 

data from Nir E. group using sm-FRET (192) The consistency of obtained results 

(see below) validates our sm-FRET system.  

5.3.1. Control experiments on hairpin 

The dynamics of the hairpin with A31 loop and 6 base pairs (bp) stem was 
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studied and opening, and closing events were distinctly observed (Figure 5.5). 

The closed state characterized by high FRET (EF ~ 0.8) and the open state by 

low FRET (EF ~ 0.2). Multiple transition events between open and closed states 

are observed in more than ~ 40% of the hairpin time traces studied. Opening 

and closing rates are calculated by fitting the dwell time histogram with 

exponential distributions. For hairpins with a loop size of A31 and a stem of 6 

bp, open and closed-state lifetimes are observed as 156 ± 1.5 ms and 33 ± 6.3 

ms in 70 mM NaCl. Our results are in good agreement with the pioneering study 

by sm-FRET on hairpin with A40 loop and 7 bp stem in 100 mM NaCl with open 

and closed state lifetimes as 45 ± 2.4 and 133 ± 5.5 (193). However, observed 

closing rates are approximately 10 times and opening rates are 3 times smaller 

than the reported on same hairpin sequence (192). This discrepancy in rates 

could arise due to time resolution limit (100 ms) of our system. 

 

Figure 5.5. Hairpin dynamics. A. Schematic of the open and close state 
transition of a DNA hairpin. B. The sequence of hairpin and duplex stem with 
the position of the Cy3 and Cy5 fluorophores. C. Folding-unfolding dynamics of 
hairpin is shown in FRET efficiency time trace, where a closed state is 
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characterized by high FRET and an open state by low FRET. Time traces are 
fitted by HAMMY for kinetic measurements (194). 

  

5.3.2. Effect of salt concentration on hairpin dynamics 

Hairpin dynamics under varying NaCl concentration has been studied (Figure 

5.6). Higher salt concentration favors the compact folded state by stabilizing 

base pair interaction and reducing columbic repulsions. As observed by the 

decrease in closing rates and increase in opening rate with increasing salt. This 

behavior of salt concentration on hairpin dynamics is in accordance with the 

previously reported study (192). 

 

Figure 5.6. Calculated closing and opening rates of the A31-stem6 hairpin with 
varying concentration of NaCl. 

 

5.3.3. Effect of stem size on hairpin dynamics 

We also monitored the hairpin dynamics as a function of the number of base 

pairs in hairpin stem sequence. Two hairpin sequences studied are 6 bp stem 

with A31 loop (A31-stem 6) and 8 bp stem with A31 loop (A31-stem8) (Figure 

5.7. A). FRET Histograms obtained for both sequences in no salt condition is 

shown in Figure 5.7. D and E. Two peaks are observed low-FRET and high-

FRET centered at 0.25 and 0.68 respectively. Peak centered at 0.12 is an 
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artifact represent the donor only molecules, which could be due to partial 

labeling of DNA or inactive acceptors and hereafter is ignored.  A31-stem8 

displayed significant stabilizing effect on the folded state as observed by 

presence prominent folded Peak while folded peak cannot be observed for A31-

stem6 in the similar conditions. Time trajectory of the representative molecule 

of A31-stem8 and A31-stem6 are shown in Figure 5.7. B & C. Closing and 

opening rates were calculated from dwell time distributions are 0.12 ± 0.04 and 

0.23 ± 0.06 for A31-stem8 , whereas 0.15 ± 0.07 and 1.15 ± 0.6 for A31-stem6. 

This observation is consistent with the predicted, opening rate (or closing time) 

dependence on the stem length.  

 

Figure 5.7. Effect of stem size on hairpin dynamics. A. Schematic of A31-stem8 
and A31-stem6 hairpin in the closed state. D. and E. Histogram of FRET 
efficiency. B. and C. Time traces showing folding-unfolding dynamics. Peak with 
star in the histograms is an artifact representing donor only population in the 
sample.  

  

5.3.4. Structural stability of parallel G-quadruplexes 

After successful validation of our single molecule FRET system on hairpins, we 
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went a step further to test structural dynamics of G-quadruplex structures. We 

focused our study on T95-1T  (T(G3T)4]) sequence reported forming a stable, 

robust, three-layer parallel G-quadruplex structure with three single residues 

(147). Parallel G-quadruplex structure in T95-1T is established by 1D proton 

NMR spectrum showing 12 imino peaks from 10.0 to 12.0 ppm (Figure 5.8 A). 

In single molecule FRET DNA construct a 35 bp duplex stem has to be added 

for anchoring the molecule of interest on the surface. Here we tested 1D NMR 

spectra to verify that duplex stem formation does not interfere with the G-

quadruplex structure. We used a 7 bp long foldback hairpin as a model 

sequence for the duplex stem, which shows 7 imino proton peaks from 12.0 to 

14.0 ppm region (Figure 5.8 B). In a sequence containing both hairpin and G-

quadruplex forming motifs (Figure 5.8 C), peaks corresponding to hairpin and 

G-quadruplex remains the same demonstrating both structures are compatible.  

 

Figure 5.8. Imino-proton NMR spectra and proposed schematic of sm-FRET 
DNA construct. A. duplex hairpin B.  G-quadruplex in T95-1T sequence. C. G-
quadruplex and hairpin structure in the presence of 2 mM KCl. Stars and circles 
denote the duplex and G-quadruplex peaks, respectively.  
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Single molecule FRET efficiency histogram for T95-1T parallel G-quadruplex 

composed of three peak distributions in the presence of  2 mM KCl. The 

distribution at ~0.15 is an artifact representing the donor only population, which 

could be due to partial labeling of DNA or inactive acceptors and therefore 

ignored. A broad peak centered at ~0.25 represents the unfolded population in 

the sample, denoted as U. Another FRET peak at ~0.64 termed as F, assuming 

that it represents the folded parallel G-quadruplex conformation as shown by 

NMR studies (Figure 5.9. A and B)(147).  

 

 

Figure 5.9. Sm-FRET analysis of T95-1T G-quadruplex. A.  Schematic of T95-
1T parallel G-quadruplex. B. Histogram of FRET efficiency. C. Time trace 
analysis of FRET efficiency. Peak with star in the histograms is an artifact 
representing donor only population in the sample.  
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Single molecule–FRET time trace analysis showed that most of the molecules 

remain constantly in the folded state within the observation time (~3 min) (Figure 

5.9. C). In some traces, a single transition between folded (~0.64) and unfolded 

state (~ 0.25) states have been observed. Forming a stable G-quadruplex 

structure, dynamic behavior of parallel G-quadruplex in T95-1T sequence could 

not be studied. 

In order to observe structural dynamics in parallel stranded G-quadruplex 

structures, the T95-1T sequence has been modified. Two different sequence 

modification approaches have been followed to increase the structural dynamic 

yet maintaining the parallel topology of G-quadruplexes (Figure 5.10).  

 

 

Figure 5.10. Imino proton NMR spectra with schematic of parallel G-
quadruplexes formed by modified sequences. A. Parallel propeller G- 
quadruplex with single G to I substitution, indicated by the blue rectangle in the 
middle tetrad (NMR spectrum adopted from ref (147)) B. G-quadruplex with long 
central loop (9 thymines) (long loop highlighted in red). C. Long loop G-
quadruplex with hairpin structure. Stars and circles denote the duplex and G-
quadruplex peaks, respectively. 
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In the first approach the guanine in the G-column has been substituted with 

inosine (T95-1T-I2); structural analogue of guanine which forms one less 

hydrogen bond in the G-tetrad. In the second approach, we increased the 

central loop length to nine thymines (T95-1T-9L). Imino proton peak pattern of 

both modified sequences is similar to that of T95-1T (Figure 5.8.B and 5.10), 

establishing the parallel folding topology. In a sequence containing both hairpin 

and G-quadruplex with long central loop (Figure 5.10 C), peaks corresponding 

to hairpin and G-quadruplex remains the same demonstrating both structures 

does not interfere with each other formation in single molecule construct. Both 

the above sequence modification approaches have been shown to decrease the 

thermal stability of G-quadruplexes (147,187,188). 

5.3.5. G-quadruplex conformation and dynamics of T95-1T-I2 

Some of the representative time traces for T95-1T-I2 sequence in 2 mM KCl are 

shown in Figure 5.11. Four different states have been observed in the time 

traces of T95-1T-I2. Folded (F, EF ~ 0.64) and unfolded (U, EF ~ 0.2) states, 

peak positions for folded (F) and unfolded (U) state are in accordance with those 

observed for the T95-1T sequence (Figure 5.9), which establishes the same 

parallel topology adopted by T95-1T-I2 sequence. Interestingly, structural 

transitions between two new states (F1, EF ~ 0.4) and (F2, EF > 0.8) have been 

observed (Figure 5.11). These states were undetectable in T95-1T sequence 

(with 100 ms time resolution), suggesting that inosine substitution stabilizes the 

intermediate states. 
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Figure 5.11. FRET efficiency time traces for T95-1T-I2 G-quadruplex. 
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5.3.6. G-quadruplex conformation and dynamics of T95-1T-9L 

Some of the representative time traces observed for T95-1T-9L sequence in 2 

mM KCl are shown in Figure 5.12. Structural transitions were observed between 

four different states attributed to unfolded state (U, EF ~ 0.25), intermediate 

states (F1, EF ~ 0.48), (F2, EF ~ 0.77) and folded state (F, EF ~ 0.65) (Figure 

5.12). FRET peak positions for folded (F) state is in accordance with that 

observed for the T95-1T and T95-1T-I2 sequence, which establishes the same 

parallel G-quadruplex topology adopted by T95-1T-9L sequence. Transitions 

involving intermediate states (F1) and (F2) were detected for both modified 

sequences T95-1T-I2 and T95-1T-9L. (F2) state is significantly stabilized with 

increased lifetime by a long central loop as visible in time traces (Figure 5.12. B 

and F). 

Observed intermediate states could possibly correspond to G-G hairpin and 

triplex structures as proposed for the other G-quadruplex structures (93,106). 

There is no sequential pathway is observed in these transitions suggesting it 

could arise from local rearrangements. Identification of corresponding 

intermediate structures could be done in future by introducing strategic 

mutations in the sequence to favor one of the intermediate structure. More 

single molecule traces would be acquired in future for quantitative analysis 

showing histograms of FRET state distribution.  
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Figure 5.12. FRET efficiency time traces for T95-1T-9L G-quadruplex. 
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5.4. Conclusions  
We have successfully validated our custom built prism-type TIRF system by 

demonstrating two-state folding-unfolding dynamics of the hairpin system, in 

agreement with previously reported results.  

Our studies on parallel G-quadruplex structure have revealed that the folding-

unfolding dynamics of stable parallel G-quadruplex structure could be 

manipulated by either inosine substitution or by increasing loop length 

preserving the same parallel folding topology. Structural transitions with two 

intermediate states have been observed. The sequence with nine thymine loop 

stabilizes one of the intermediate states significantly. Such sequence 

modifications have been reported previously to decrease the thermal stability. 

However, their influence on folding dynamics was unexplored. Influence on the 

temporal stability of intermediate states could potentially affect the dynamic 

interactions of G-quadruplexes with other small molecule ligands and proteins 

in vivo.
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Chapter 6 
Summary and future work
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G-rich sequences have the tendency to fold into non-canonical, four-stranded 

G-quadruplex nucleic acid structure via multiple stacking of Hoogsteen 

hydrogen bonded planar G-tetrads. Various G-quadruplex structures have been 

demonstrated with varying structural features such as strand orientations, 

glycosidic conformations, groove widths, connecting loops, the number of 

tetrads and molecularity. Structural diversity in G-quadruplex structures arise 

mainly due to the sequence composition and length. Herein, this thesis was set 

out to examine the formation of G-quadruplex structure in different sequences.  

For the first time, we have systematically studied the G-quadruplex formation in 

poly-G sequences and presented two novel intramolecular G-quadruplex 

structures using NMR, UV and CD spectroscopy. The structure in a G15 tract, 

which is the propeller-type G-quadruplex involving three G-tetrad layers and 

three single-residue propeller loops and the structure in a G22 tract, which is 

four layer, chair-type antiparallel G-quadruplex with three edgewise loops 

displaying unique dynamic swapping of guanines between the G- tetrad core 

and loops.  

Such poly-G tract length dependent study of G-quadruplex formation also 

provide insights about the natural conformational selection for the G15 and G22 

G-quadruplex structure over myriad of accessible G-quadruplex conformations 

as they appear as single major conformation in solution. In principle, multiple 

combination of G-quadruplex conformations involving different structure 

features such as multiple or single DNA strand, number of stacked G-tetrads, 

varying loop length and geometry, flanking bases, abasic site and bulges could 

possibly coexist in solution. Our results suggest that for the structure of G15, 

guanine residue in the propeller can be substituted with other residues, while 

maintaining the same G-quadruplex fold. For the structure of G22, the 

substitution of two guanines in the edgewise loops can alter the loop geometry 

connecting narrow or wide grooves as evident from particular G-quadruplex 

structure of (G4C2)2 sequence (152). 
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FANCJ is G-quadruplex structure specific human helicase, recognized to 

resolve G-quadruplex structures during replication and hence maintains 

genomic integrity, failure to which can leads to many diseases including Fanconi 

Anemia. In the absence of Dog-1 (functional analogue of FANCJ in C.elegans ) 

deletions were observed particularly, at the G-tract of 15 and 22 in C.elegans. 

Understanding of the G-quadruplex structure of G15 and G22 tracts could be used 

in future for uncovering the mechanism of G-quadruplex recognition and 

unfolding by helicases (Dog-1 or FANCJ) at both ensemble and single molecule 

level. Although a recent sm-FRET study had shed light on the FANCJ interaction 

with telomeric and parallel G-quadruplexes but the unfolding mechanism 

remains ambiguous due to structural polymorphism of telomeric G-quadruplex 

(195).   

Inhibition of DNA repair protein PARP-1 has been actively pursued as an 

attractive target for anticancer therapy. Identification of G-quadruplex forming 

region in the PARP-1 promoter by sequencing of G-quadruplex structure in 

human genome led us to study the G-quadruplex formation in this sequence 

revealing three layered, intramolecular, (3+1) hybrid G-quadruplex structure. 

This structure exhibits an adenine bulge and a unique capping structure formed 

by the central edgewise loop and 5¢ flanking terminal residues. Such unique 

structural feature of PARP-1 G-quadruplex could be targeted by small molecule 

ligands to regulate the PARP-1 expression. Thus, Understanding of TP3 G-

quadruplex in PARP-1 promoter could be helpful for its regulatory role as an 

alternative approach for PARP-1 silencing or downregulation of PARP-1 

expression. 

Aside from the structural ensemble study on G-quadruplexes, we have also 

studied structural dynamics of G-quadruplexes using single molecule FRET 

observations. We have successfully validated the in-house prism-type TIRF sm-

FRET system by demonstrating two-state folding-unfolding dynamics of the 

hairpin system, in agreement with the previously reported results. After that, we 

went a step further to study structural dynamics of parallel, intramolecular G-

quadruplexes. Our single molecule studies revealed that the folding-unfolding 

dynamics of stable parallel G-quadruplex structure could be manipulated by 
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sequence modifications. Structural transitions have been observed for parallel 

G-quadruplexes involving two intermediate states, which might have 

implications on the dynamic interactions of G-quadruplexes with other small 

molecule ligands and proteins in vivo. Further investigations will be needed for 

the identification of intermediate states by introducing strategic sequence 

mutations such that to stabilize individual intermediate state by using ensemble 

methods as well as sm-FRET.  

Sm-FRET technique provided the opportunity to unravel the rarely visited states 

in the G-quadruplex structure, which otherwise obscured by the population 

averaging of exceedingly large number molecules used for ensemble studies.  

Our current understanding on G-quadruplexes from both ensemble and single-

molecule level could be exploited in combination to understand the structural 

and dynamic aspect of G-quadruplex interactions with proteins and small 

molecule ligands.  
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Appendix A1 

Sample preparation 

Sample Preparation. Unlabeled and site-specific labelled DNA oligonucleotides 

were chemically synthesized on an ABI 394 DNA synthesizer using products 

from Glen Research and Cambridge Isotope Laboratories and then purified 

following the protocol from Glen Research. The samples (concentration, 

0.02−0.20 mM) were dialyzed successively against water, 2 mM KCl, and water 

again. DNA oligonucleotides were frozen, lyophilized, and dissolved in buffer 

containing 2 mM KCl and 10 mM Tris-HCl buffer (pH 7). The DNA concentration 

was expressed in strand molarity using the nearest neighbor approximation for 

the 260-nm molar extinction coefficient of the unfolded species.   

UV Spectroscopy 

The stability of G-quadruplexes was measured in UV melting experiments 

conducted on a JASCO V-650 spectrophotometer. Experiments were 

performed with 1- cm path length quartz cuvettes. The absorbance at 295 nm 

was recorded as a function of temperature ranging from 20 to 90 °C. Heating 

and cooling were done at a rate of 0.2 °C/min. The DNA concentration ranged 

from 4 to 6 μM in different buffer conditions. To calculate the DNA folded 

fraction, all UV melting curves are manually fitted for two-state folding where 

two baselines are drawn at low and high temperatures corresponding to 

completely folded and unfolded states. For each sequence, the melting 

temperature (Tm) for unfolding is presented. The difference in the Tm values from 

folding and unfolding was less than 1 °C. 

Circular Dichroism 

Circular dichroism (CD) spectra were recorded on a JASCO- 815 

spectropolarimeter using a 1-cm path length quartz cuvette in a reaction volume 

of 500 μl at 25 °C. Scans from 220 to 320 nm were performed with a rate of 200 

nm/min, 1-nm pitch, and 1-nm bandwidth. The DNA concentration ranged from 

4 to 6 μM dissolved in different buffer conditions mentioned in the chapters. For 

each measurement, an average of three scans was taken, the spectral 
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contribution of the buffer was subtracted and data were zero-corrected at 320 

nm.  

Gel Electrophoresis 

The molecular size of oligonucleotides was visualized by non-denaturing gel 

electrophoresis. Oligonucleotides were prepared in the mentioned buffer 

conditions. The samples were loaded on a 20% polyacrylamide gel, 

supplemented with 10 mM KCl,40 % sucrose was added just before loading. 

The gel was viewed by UV shadowing.  

Additionally, Gel purification was used to separate different bands of G22 

sample. Native PAGE analysis of the G22 sequence was carried out showing 

to bands corresponding to higher order and single G-quadruplex conformation. 

Two major bands of G22 sequence were excised, crushed and dissolved in 10 

mM Tris-HCl, pH 7 buffer with 2 mM KCl and subsequently dialyzed against 

water and lyophilized. The lyophilized samples were dissolved in a buffer 

containing 10 mM Tris-HCl, pH 7 buffer with 2 mM KCl and CD and NMR 

spectroscopy was performed on the purified samples corresponding to different 

bands.  

NMR Spectroscopy 

NMR experiments were performed on Bruker Advance spectrometers operating 

at 600 or 700 MHz at 25 °C unless specified. The DNA concentration for NMR 

experiments was typically 0.2−2.0 mM in respective buffer conditions. Spectra 

analyses were performed using SpinWorks (http://home.cc.umanitoba.ca 

/~wolowiec/spinworks/), FELIX (Felix NMR, Inc.) and SPARKY 

(https://www.cgl.ucsf.edu/home/sparky/) programs.  
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Appendix A2 

Slide preparation protocol 

Slides cleaning  

Figure 1-A shows a picture of a template slide for 5 channels. A template slide 

was used to mark the holes on the new slides that needed to be drill. Holes were 

drilled on the quartz slide with a drilling speed between 6000-9000rpm using 

0.75 mm drill bits. Drilled slides were rinsed with Deionized water and placed 

into the slide cleaning containers. Coverslips were placed into another 

container. Both slide and coverslip containing jars have been sonicated with 

Deionized water for 10 min, with Alconox for 20 mins, with Deionized water for 

5 min, with acetone for 15 mins, followed by 3 times rinse with Deionized water, 

sonicated with KOH 1N solution for 40 – 60 mins, rinsed again with Deionized 

water 3 times and sonicate with Deionized water for 5 mins. After cleaning, 

slides were blow dried with nitrogen gas flow and burn for ~30 seconds with the 

propane torch (~5 seconds a glass coverslip) to remove any organic molecules 

on their surface. Cooled slides were placed in a methanol-filled jar.  

Used quartz slides were also reused. Tape and coverslips was removed from 

used quartz slide chamber by boiling in water for 5 mins. While it is hot, the 

coverslip and glue can be easily removed. These relatively cleaned slides were 

rinsed and wiped with acetone and methanol. Rest of the procedure is same as 

new slides. 
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PEG coating protocol  

1. Jars for amino silanization were rinsed with methanol and filled with methanol. 

2. Amino silanization mixture was prepared as 100 ml methanol, 5 ml Acetic 

acid, 1 ml aminosilane, mixed and replaced methanol with this mixture, 

incubated for 20 mins. 

3. After incubation amino silanization mixture in the jars was replaced with 

methanol, each slide and coverslip were rinsed with (i) deionized water; (ii) 

methanol; then (iii) dried by blowing with nitrogen gas flow. 

PEG coating 

 
1. PEG coating boxes were prepared by filling with de-ionized water to provide 

a humid environment. Excess water on the surface was wiped. 

2. PEG buffer was prepared as 84 mg NaHCO3 in 10 ml de-ionized water. 

3. Biotin-PEG and m-PEG were weighed out in a 1.5 ml tube, mix thoroughly by 

tapping. Added the PEG buffer and mixed gently by flipping the tube. The 

amount of biotin-PEG and mPEG used per slide was 0.33 mg bPEG, 17 mg 

mPEG with 70 µl PEG buffer. 

4. PEG mixture was centrifuged at 10,000 rpm for 1 minute. 75 μl of PEG mixture 

was spread on the slide for coating. 

Disassembly and storage of PEG slides 

1. Non-PEG coated side of the slide was labelled as number “2” to distinguish 

PEG-coated surface. 

2. Disassemble and rinse each slides thoroughly with de-ionized water. 

3. Dried with nitrogen gas flow and stored in separate 50 mL tubes at -30 °C  
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Chamber fabrication protocol  

1. Double sided tape was used to stick the coverslip and quartz slide in order to 

make a chamber. Double sided tape of desired thickness was used to make 5 

channels. A coverslip was placed on the tape. 5-minutes-epoxy was used to 

seal the ends of the chamber. 

 

Figure 1.A. Picture of double side tapes sticks on the quartz slide to make 5 

channels. 

Chemical preparations 

 T0:    10 mM  Tris-HCl, pH 8 and 0.1 mM EDTA. 
 T50:   10 mM  Tris-HCl, pH 8 and 0.1 mM EDTA and 50 mM NaCl/LiCl/KCl. 

T100:  10 mM  Tris-HCl, pH 8 and 0.1 mM EDTA and 100 mM NaCl/LiCl/KCl.  

 

Trolox: (Sigma-Aldrich, # 38813) 

30 mg Trolox is mixed with 10 mL of deionized water vortexed for ~ 15 h. Filter 

twice by 0.22 µm, pH 8 adjusted by 1M LiOH solution. Stored at 4 °C and used 

within a month. 
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Gloxy: Glucose Oxidase (Sigma-Aldrich, # G2133) and catalase (Roche, # 

10106810001) 

10mg of the glucose oxidase powder is weighed in an empty 600uL Eppendorf. 

Added 100uL T50 solution and 20uL of catalase. Gently mixed by pipetting. Spin 

down for 2min at 10,000g stored at 4 °C and used within a month. 

Neutravidin (N): (Thermo Fisher, # A2666) 

Mixed 2ml of T50 to the stock bottle of 10 mg (the original bottle from the 

company). Gently mixing by tapping. Stored at 4 °C. 

Dilution factor: N -> N/25 -> N/2500 in T50 buffer. 

Imaging buffer:  

823µl Trolox solution 

80 µl glucose solution 

67 µl T0 solution 

10 µl gloxy solution 

Mixed with the desired amount of salt concentration. Gloxy solution was added 
just before use. 

The following steps are usually followed in order to achieve optimal condition of 

single-molecule immobilization on the quartz surface for sm-FRET study: 

1. Flushed 100 μl of the T50 buffer to each channel to clean the channel. 

2. Flushed in 50 μl of (1/2500) of Neutravidin stock solution and incubated for 5 

minutes. 

3. Flushed in 100 μl T50 to clean the residual Neutravidin molecules, leaving 

only the ones attached to Biotin on the surface. 

4. Flushed in 50 μl of 20 – 50 pM DNA sample (diluted in the T0 buffer) and 

incubated for 5 minutes 
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5. Flushed in 100 μl T50 in order to clean the rest of the DNA molecules that 

didn’t attach to the surface. 

6. Checked sm-FRET to see whether there are enough spots (~ 300 – 400 

spots) on the surface. If there are not enough spots, step 4 and 5 were repeated. 

7. Flushed in 100 μl T0-Tris to clear the residual ions on the channels. 

8. Flushed 50 μl imaging buffer consisting of the oxygen scavenger system and 

Trolox in appropriate buffer and salt conditions into the channel. 

9. Acquired at least ~ 15 sets of movie data with 0.1 seconds integration time 

and ~100 – 200 seconds duration for histogram and time trace analysis. 

10. Imaging buffer becomes acidic over the time, so it is recommended to clean 

the imaging buffer in the channel by T0 after data acquisition. 

 


