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ABSTRACT 

G-quadruplex secondary structures are four-stranded globular nucleic acid structures that 

form in specific DNA and RNA G-rich sequences with biological significance, such as those 

found in human telomeres, oncogene promoter regions, replication initiation sites, and 5’- and 

3’-untranslated (UTR) regions, which have been identified as novel drug targets. The non-

canonical G-quadruplex secondary structures readily form under physiologically relevant ionic 

conditions, and exhibit great diversity in their topologies and loop conformations depending on 

the DNA or RNA sequences at hand. The structural diversity of these unique secondary 

structures is essential to their specific recognition by different regulatory proteins or small 

molecule compounds. A significant amount of research has been done in this field that provides 

compelling evidence for the existence, biological significance, and potential druggability of G-

quadruplexes. In this dissertation, I explore G-quadruplex formation in the promoters of BCL2, 

PDGFR-β and c-Myc oncogenes and their interactions with small molecule compounds or 

proteins. 
 

Firstly, I investigated a newly-identified G-quadruplex (P1G4) forming immediately 

upstream of the human BCL2 gene, which has been found to be overexpressed in several human 

tumors. In this research, I have found that P1G4 acts as a transcription repressor, and that its 

inhibitory effect can be enriched by the G-quadruplex-interactive compound, TMPyP4. Both 

P1G4 and the previously reported Pu39 G-quadruplexes form independently in adjacent regions 

within the BCL2 P1 promoter, but P1G4 appears to play a more dominant role in repressing 

transcriptional activity. NMR and CD studies have shown that the P1G4 G-quadruplex appears 

to comprise a novel dynamic equilibrium of two parallel structures, one regular, with two 1-nt 

loops and a 12-nt middle loop, and another broken-stranded, with three 1-nt loops and an 11-nt 

middle loop; both structures adopt a novel hairpin (stem-loop duplex) conformation in the long 

central loop. This dynamic equilibrium of two closely-related G-quadruplex structures with a 

unique hairpin loop conformation may provide a specific target for small molecules to modulate 

BCL2 gene transcription.  
 

I also explored the 3’end G-quadruplex that forms within the core promoter of PDGFR-β, 

which has also been observed to be present at abnormal levels in a variety of clinical pathologies, 

including malignancies. The 3′-end G-quadruplex formed in the PDGFR-β promoter NHE 

appears to be selectively stabilized by an ellipticine analog, GSA1129, which can shift the 

dynamic equilibrium in the full-length sequence to favor the 3′-end G-quadruplex, and can 

repress PDGFR-β activity in cancer cell lines. NMR studies in combination with biophysical 

experiments have shown that in the wild-type extended 3ʼ-end NHE sequences, two novel 

intramolecular G-quadruplexes can be formed in a potassium solution, one with a 3’-flanking 

distant guanine inserted into the 3’-external tetrad (3’-insertion G-quadruplex), and another with 

a 5’-flanking distant guanine inserted into the 5’-external tetrad (5’-insertion G-quadruplex). 

Further investigation of the elongated PDGFR-β 3′-end sequence containing both the 5’- and 3’- 

flanking guanine sequences showed the formation of a combination of the two G-quadruplexes 

existing in equilibrium. Importantly, it was observed that GSA1129 can bind to and increase the 

stability of each of the end-insertion G-quadruplexes, raising their Tm by 25 degrees. This study 

highlights the dynamic nature of the 3′-end NHE sequence and the importance of identifying the 

proper sequence for the formation of biologically relevant G-quadruplex structures. 
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Significantly, the dynamic nature of the 3′-end G-quadruplex suggests that it may be an attractive 

target for drug regulation. 
  

 I then analyzed two proteins, Nucleolin and NM23-H2, which interact with the c-Myc G-

quadruplex structure that forms in the proximal promoter region of the c-Myc gene; this is one of 

the most commonly deregulated genes in the human neoplasm. Nucleolin is known to be a 

transcriptional repressor for c-Myc, binding to and stabilizing the c-Myc G-quadruplex, whereas 

NM23-H2 is known to be a transcriptional activator that unwinds and destabilizes the c-Myc G-

quadruplex. An investigation of the molecular mechanisms of the interaction between the c-Myc 

G-quadruplex and nucleolin showed that the minimal binding domains required for a tight 

binding of the protein to the c-Myc G-quadruplex are the four RNA binding domains (RBDs) of 

nucleolin, referred to as Nuc1234, and that the RGG domain is unnecessary for c-Myc G-

quadruplex binding. The stable G-quadruplex formed within Pu27 using G-tract runs I, II, IV and 

V was determined to be the best substrate (1245T) for nucleolin binding, showing the highest 

affinity. 3D NMR experiments performed on the free protein Nuc1234 and its complex with the 

c-Myc 1245T G-quadruplex have shown that upon complex formation, only the disordered linker 

regions of the protein display significant chemical shift changes, whereas most other residues 

show chemical shift values similar to those of the free protein. The c-Myc G-quadruplex has 

three loops that flip outward in a solvent containing K
+
, according to its structure. The 

hypothesis for this association is that nucleolin wraps around the G-quadruplex and interacts 

specifically with the flipped-outward loop regions of the c-Myc G-quadruplex via its own inter-

RBD linker regions, with little structural change in the RBDs themselves. A definitive 

determination of the 3D molecular structure of nucleolin and its complex with c-Myc 1245T is 

currently in development.  
 

Biophysical and structural studies were then conducted to investigate the interactions of 

the protein NM23-H2/NDP kinase B with the c-Myc G-quadruplex. NM23-H2 binds to single-

stranded guanine- and cytosine-rich sequences, but not to double-stranded DNA in the NHE III1 

region; the binding therefore appears structure-specific, rather than sequence-specific. Moreover, 

increasing concentrations of the strong G-quadruplex-interactive compound TMPyP4, a 

porphyrin-based drug, inhibits the binding of NM23-H2 to the NHE III1 region; this suggests that 

the stabilization of the G-quadruplex hinders the recognition and remodeling function of the 

NM23-H2. By conducting Forster Resonance Energy Transfer (FRET) assays in combination 

with Circular Dichroism (CD) studies, I demonstrated that NM23-H2 can actively resolve the c-

Myc G-quadruplex. Taken together, these results show that the use of small molecules to prevent 

NM23-H2 from binding to and resolving the NHE III1 region G-quadruplex may have the 

potential to inhibit c-Myc transcription for cancer therapeutic purposes. This underlines the 

importance of understanding the mechanism of function operating between NM23-H2 and the c-

Myc G-quadruplex. Understanding molecular mechanism between NM23-H2 and c-Myc is 

under investigation.  
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CHAPTER ONE 

INTRODUCTION 

1.1 G-quadruplexes  

DNA is widely recognized as a double-helical structure with a crucial role in genetic 

information storage. However, the most recent results from the ENCODE project indicate that 

only ~3% of the human genome is expressed in protein and that RNA and DNA may form non-

canonical secondary structures that are functionally important 
1
. One such example is the four-

stranded G-quadruplex DNA secondary structures, which have been gaining considerable 

attention for their emerging role in biological systems. Although they were first observed in 1910 

2
, the G-tetrad structures were not identified until 1962 

3
. DNA G-quadruplexes were first found 

to form in the single-stranded 3’ overhang of human telomeres 
4-6

. More recently, DNA G-

quadruplexes were found to form in the proximal promoter regions of human oncogenes to 

regulate gene transcription 
7-10

. Most recently, DNA G-quadruplexes have been associated with 

replication initiation 
11-13

. In addition, RNA G-quadruplexes have been found to form in mRNA 

and, recently, in 5'- and 3'-UTRs 
14-16

.  

Many proteins have been identified to interact with G-quadruplex structures; these 

proteins may bind to and stabilize G-quadruplexes or unwind and destabilize G-quadruplexes 
17-

19
. Very recently, by using a G-quadruplex-specific antibody, G-quadruplex structures have been 

visualized in human cells at different sites on chromosomes other than telomeres and have been 

shown to increase in frequency in the presence of a G-quadruplex-interactive compound 
20, 21

. 

Quarfloxin, the first G-quadruplex-interactive drug, has reached Phase II clinical trials for the 

treatment of cancer 
22

. Thus, there is compelling evidence for the existence, biological 

significance, and potential druggability of G-quadruplexes 
8, 17.  

This review will be focused on 
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the progress in our lab relating to the structures and functions of biologically relevant G-

quadruplexes and to the opportunities presented for the development of G-quadruplex-targeted 

small-molecule drugs. 
 

 

1.1.1 Structural Features of G-quadruplexes 

G-quadruplex structures are formed by stacked guanine tetrads (G-tetrads) (Figure 1.1). 

Within a G-tetrad, four guanine bases are arranged in a square plane with Hoogsteen hydrogen 

bonding, rather than with the Watson-Crick hydrogen bonding in B-DNA (Figure 1.1A-B). G-

quadruplex structures form readily in solution in the presence of either Na
+
 or K

+
 

23
. These 

physiologically relevant monovalent cations are required to stabilize G-quadruplex structures by 

their positioning between the G-tetrad planes in coordination with the O6 atoms of the tetrad 

guanines (Figure 1.1). G-quadruplexes can be monomeric or multimeric (e.g., dimeric or 

tetrameric) (Figure 1.1C- D). Within the G-tetrad, guanine residues may adopt either a syn or 

anti-glycosidic conformation 
8
 (Figure 1.1B). Adjacent DNA strands in a G-quadruplex can have 

the same (parallel) or opposite (anti-parallel) orientation (Figure 1.1D); guanines of parallel 

DNA strands will adopt the same, generally anti, conformation, whereas guanines of anti-parallel 

strands will adopt opposing conformations 
8
 (Figure 1.1B). 
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Figure 1.1 (A) Schematic illustration of a G-tetrad, four guanine bases arranged in a square 

plane with Hoogsteen hydrogen bonding. The H1–H1 and H1–H8 connectivity that are notable 

in NOESY experiments are shown in red and blue respectively. (B) A G-tetrad structure. 

Guanines in a G-tetrad may adopt either syn or anti glycosidic conformation; the guanines from 

parallel G-strands adopt the same glycosidic conformation and the guanines from antiparallel G-

strands adopt opposing glycosidic conformations. (C) Schematic tetrameric and dimeric G-

quadruplexes with three G-tetrads. (D) Examples of monomeric (intramolecular) G-quadruplexes 

with different folding structures and loop conformations. Monovalent cations (K
+
 or Na

+
, shown 

as blue spheres), are required to stabilize G-quadruplexes by coordinating with the O6 atoms of 

the adjacent G-tetrad planes.  
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1.1.2 Monomeric G-quadruplexes 

Most biologically relevant G-quadruplexes are monomeric, or intramolecular, G-

quadruplexes 
8, 17

.
 
Generally, a monomeric G-quadruplex-forming DNA sequence contains at 

least four tracts of three or more consecutive guanines, with flanking segments at the two ends 

and loop residues intervening between the G-tracts. Intramolecular G-quadruplexes are globular 

structures that form naturally under physiological conditions and exhibit great diversity in their 

topologies and loop/flanking conformations, which depend on the DNA sequences. Different 

loop conformations have been observed, such as the strand-reversal/or propeller loop connecting 

adjacent parallel strands, the lateral/ or edgewise loop connecting adjacent anti-parallel strands, 

and the diagonal loop connecting anti-parallel strands on opposite sides of a tetrad (Figure 

1.1D). A single DNA sequence may adopt different G-quadruplex folding topologies, as in the 

case of the human telomeric DNA, or it may form multiple structures or loop isomers, as in the 

case of most G-quadruplex-forming gene promoter sequences. While extensive structural study 

has elucidated some rules governing intramolecular G-quadruplex folding, it is not always 

possible to accurately predict the quadruplex folding in a specific sequence. Thus, structural 

characterization is a necessity in the determination of G-quadruplex folding. Most intramolecular 

G-quadruplex structures in the public domain have been determined by NMR spectroscopy in 

solution. 

 

1.1.3 Human Telomeric G-quadruplexes 

Telomeres are unique DNA-protein complexes that protect the chromosome ends from 

degradation; the structure and stability of human telomeres are important for cancer, aging, and 

overall genetic stability 
24-26

. Telomerase activity is activated in over 80% of cancer cells to 

maintain the telomere lengths 
27-29

.
 
Human telomeric DNA consists of 5- 30 kb tandem repeats of 
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d(TTAGGG)n that end in a single-stranded 3’ overhang that is 35- 600 bases long 
30-32

. This 

overhang has been shown to form G-quadruplexes that can be targeted by small molecular 

compounds to inhibit telomerase activity and disrupt telomere capping in cancer cells 
33-35

. 

Human telomeric DNA G-quadruplexes have been found to be highly polymorphic in 

their structures 
36

.
 
A 22-mer telomeric DNA sequence was found to form a basket-type structure 

in Na
+
 solution 

37
 (Figure 1.2A top), and a parallel structure in the crystalline form in the 

presence of K
+
 

34
 (Figure 1.2A bottom).

 
More recently, human telomeric DNA was shown to 

form two equilibrating hybrid-form G-quadruplexes in K
+
 solution 

38-42 
(Figure 1.2B). While 

both K
+
 structures adopt hybrid folding (i.e., with three parallel strands and one antiparallel 

strand connected by two lateral loops and one strand-reversal loop; Figure 1.2B, top) in the 

latter study, the orders of the loops are different and therefore the molecular structures are 

distinct, with unique capping and loop conformations (Figure 1.2B, bottom). Despite the low 

energy difference between the two equilibrating hybrid structures, interconversion between the 

two appears to be kinetically slow, suggesting the presence of a high-energy intermediate 
40

.  
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Figure 1.2 (A) Folding topologies of the basket-type Na
+
-solution (top) and parallel-stranded 

K
+
-crystal (bottom) intramolecular G-quadruplexes formed by human telomeric sequence 

wtTel22. Red box=anti guanine. Magenta box = syn guanine. (B) The folding topologies (top) 

and molecular structures (bottom) of the two equilibrating hybrid-form human telomeric 

intramolecular G-quadruplexes, hybrid-1 (left) and hybrid 2 (right), in K
+
 solution. (C) A strand-

reorientation model of the interconversion between different forms of human telomeric G-

quadruplexes, likely through the two-tetrad and G-triplex form intermediates. (D) The hybrid 

structures can effectively form packed multimers in human telomeres.  
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Based on our NMR structural studies, we proposed a strand-reorientation model with a 

partially unfolded triplex-type and two-tetrad intermediates 
39, 43 

(Figure 1.2C). More recently, 

several studies have provided insights and experimental evidence into the intermediate steps of 

G-quadruplex folding, including the G-hairpin 
44

 and the G-triplex 
45

. With the 5’ and 3’ ends 

positioned on opposite sides of the G-quadruplex, the hybrid structures can effectively form 

packed multimers at the telomere end 
39, 40

, a conformation that has been confirmed by computer 

modeling 
46

 (Figure 1.2D).
 
All human telomeric G-quadruplexes appear to have small energy 

differences relative to each other 
40, 46

. The structure polymorphism appears to be an intrinsic 

property of the human telomeric DNA sequence, particularly involving the TTA loop sequence 

36
. As the human telomeric DNA sequence contains the same tandem repeats, the highly 

conserved telomeric sequence in higher eukaryotes may be naturally selected for its potential to 

form multiple G-quadruplexes so that different structures may be specifically recognized by 

different proteins to control biology. This recognition may present a potential opportunity for 

small molecule targeting. 

 

1.1.4 Promoter G-quadruplexes 

The potential for G-quadruplex formation in promoter regions is largely concentrated in 

genes associated with cell growth and proliferation 
7
. Computational analyses 

47-51
 showed the 

clustering of G-quadruplex-forming sequences in close proximity (within 1 kb) to the 

transcriptional start site. These oncogene promoters are typically TATA-less with G-rich regions 

in their proximal promoters, such as c-MYC 
10, 52

, VEGF 
53

, BCL-2 
54, 55

, and PDGF-R- 
56

, as 

well as HIF-1 
57

, KRAS 
58

, c-KIT 
59, 60

, and RET 
61

.
 
While telomeric G-quadruplexes form in 

the single-stranded 3’ -overhang of telomeres, promoter G-quadruplexes are formed in regions of 
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double-stranded DNA. Using the c-MYC gene promoter, studies have demonstrated in vivo that 

active transcription induces negative superhelicity behind the transcriptional machinery 
62-64

. 

This negative superhelicity leads to the intermediate single-stranded DNA, which can 

spontaneously fold into the more stable G-quadruplex structures 
65

. 

Unlike telomeric DNA, the promoter G-quadruplex-forming sequences are significantly 

more diverse and often contain more than four tracts of guanine 
7, 8, 17

. Consequently, a given 

sequence can form multiple G-quadruplexes through utilizing varying combinations of G-tracts 

or different loop isomers through utilizing varying guanines on one G-tract. Three-tetrad G-

quadruplexes are most common. A notable feature in these promoter sequences is the presence of 

the G3NG3 motif, which readily contributes to formation of a robust parallel-stranded structure 

motif with a single-nucleotide strand-reversal loop (Figure 1.3). This G3NG3 motif is so widely 

prevalent in promoter G-quadruplexes that it may have been naturally selected as a basis for 

promoter G-quadruplex formation 
8, 17
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Figure 1.3 Comparison of G-quadruplex-forming sequences in selected gene promoters. The 

human telomeric sequence is also shown. The types of the G-quadruplexes are indicated. The 

tetrad-guanines are shaded, and the G3NG3 motifs are boxed. 
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The first example of the G3NG3 structural motif is the major G-quadruplex structure 

formed in the c-MYC promoter, (1:2:1, indicating the lengths of the three loops) 
66

 (Figure 

1.4A). We showed that the single-nucleotide loop is highly favored for the robust parallel-

stranded structural motif G3NG3 because of the right-handed twist of the adjacent G-strands 

(Figure 1.4A, bottom). The G-quadruplex-forming region of the c-MYC promoter is a 27-

nucleotide nuclease hypersensitive element NHE III1 that has been shown to control about 85% 

of the c-MYC transcriptional activity 
67, 68

. One strand of this region contains five consecutive 

runs of guanine. Mutational analysis in conjunction with DMS footprinting and luciferase 

reporter assays have indicated that the major G-quadruplex formed in K
+
 solution involves four 

consecutive three-guanine runs that adopt parallel folding (Myc2345), with the major loop 

isomer being 1:2:1 
10, 69, 70

 (Figure 1.3, 1.4A). While the c-MYC NHE III1 is the first and most 

extensively studied gene promoter for the G-quadruplex formation, we were very lucky in that it 

appears to be the simplest, containing only five G-runs with all the G-quadruplexes adopting 

parallel folding in K
+
 solution 

66, 69-72
. Indeed, the G3NG3 parallel-stranded structural motif was 

found in all of the c-MYC G-quadruplexes and loop isomers. Structural, thermodynamic and 

kinetic analysis showed different stabilities associated with loop sizes, loop arrangements, and 

loop compositions of parallel structures 
71, 72

. 
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Figure 1.4 The folding topologies (top) and molecular structures (bottom) of the major G-

quadruplexes formed in the human c-MYC gene promoter (A) and human VEGF gene promoter 

(B) in K
+
 solution. The capping structures are shown in purple. Guanine = red, adenine = green, 

thymine = blue, cytosine=yellow. 

 

  



27 

 

Since the identification of the c-MYC G-quadruplex, parallel-stranded G-quadruplex 

structures have been found to be common in the human promoter sequences. Notably, most of 

these parallel structures contain three G-tetrads with 1-nt first and third loops, and a variable-

length middle loop (Figure 1.3). For example, the major G-quadruplex (1:4:1) formed in the 

VEGF promoter also contains 1-nt first and third loops, but a 4-nt middle loop (Figure 1.4B 

top). Interestingly, the 4-nt middle loop of the VEGF G-quadruplex stretches over the 5' tetrad to 

form a unique capping structure with the flanking segment 
73

 (Figure 1.4B, bottom). In contrast, 

the 2-nt middle loop of the major c-MYC-quadruplex (1:2:1) stays in the groove with the 

capping structures formed solely by the two flanking segments 
66

 (Figure 1.4A, bottom). More 

recently, we found the major G-quadruplex (bcl2-1245G4) formed in the BCL-2 proximal 

promoter adopts a parallel structure (1:13:1) with a 13-nt middle loop 
74

 (Figure 1.5A and 1.5B 

left). This is unexpected because 7 nt has been considered the maximum stable loop length and is 

used in all currently available quadruplex-predicting software. It thus appears that, by including 

1-nt first and third loops, a stable parallel G-quadruplex can contain a rather extended middle 

loop. Therefore, while parallel structures are common among the promoter G-quadruplexes, our 

studies indicate that each G-quadruplex is likely to adopt unique capping and loop structures by 

its specific variable middle loop and flanking segments. 
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Figure 1.5 Two interchangeable G-quadruplexes formed in the overlapping region of the BCL-2 

gene promoter. (A) The G-quadruplex-forming BCL-2 gene promoter sequence bcl2-Pu39. The 

regions (black line) and G-runs (red line) for the formation of the two distinct G-quadruplexes, 

bcl2-MidG4 and bcl2 -1245G4, respectively, are shown. (B) The folding topologies of the two 

interchangeable BCL-2 promoter G-quadruplexes. 
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Further variation of the 1-nt parallel-strand motif is exemplified by the major G-

quadruplex formed in the PDGFR- promoter. Instead of using four runs of three or more 

consecutive guanines, this 3 G-tetrad quadruplex features a “broken” G-strand of guanines from 

two different G-runs to form a primarily parallel-stranded structure with three 1-nt strand-

reversal loops and one additional lateral loop
75

 (Figure 1.6). The formation of this novel 

“broken-strand” PDGFR- G-quadruplex appears to maximize the number of 1-nt loops. This 

formation again demonstrates the preference for 1-nt loops in the parallel-stranded structural 

motif, which may more accurately be described as GiNGj. These variations in parallel G-

quadruplexes give rise to different overall structural properties, which may be specifically 

recognized by proteins or small-molecule ligands.  
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Figure 1.6 The folding topology and the sequence of the major G-quadruplex formed in the 

PDGFR- gene promoter, which forms a novel “broken-strand” structure. For the structure, 

guanines are shown in red. The guanines involved in the tetrad formation are underlined in the 

sequence, whereas the four runs of three or more consecutive guanines are colored red. 
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In addition, certain promoter sequences may form multiple stable G-quadruplexes in 

equilibrium. For example, the BCL2 proximal promoter contains a 39-nucleotide G-rich region 

with six G-runs separated by one or more bases (bcl2-Pu39; Figure 1.5A). This sequence has 

been shown to form two stable G-quadruplexes, a hybrid-type structure with a G3NG3 motif and 

two lateral loops 
55, 76

 (bcl2-MidG4; Figure 1.5B, right) in addition to the 1:13:1 parallel 

structure which spans five G-runs (bcl2-1245G4; Figure 1.5B, left) 
74

. The two structures have 

similar stability. Thermodynamically the parallel 1245G4 structure is slightly more stable than 

the MidG4; however, the hybrid-type MidG4 structure could be kinetically more favored 

because it forms on the four consecutive G-runs and thus has shorter loop-lengths. The presence 

of two distinct interchangeable G-quadruplexes in the overlapping region of the BCL-2 promoter 

is intriguing, and suggests a novel mechanism for gene transcriptional regulation by different 

proteins recognizing different G-quadruplex structures. In addition, two interchangeable 

structures may be recognized by different small molecules for gene modulation.  

 

1.2 G-quadruplex Interacting Proteins 

G-quadruplexes are non-randomly localized in biologically functional genomic regions 

and play essential role in regulating telomere length
27-29

, gene expression and regulation
10, 42, 56, 

58, 60, 77
, cellular senescence

78
, and apoptosis

79
. A growing list of proteins which recognize G-

quadruplexes to promote a wide range of different functions has been reported, providing further 

evidence for the existence of these unique DNA secondary structures
77

. A variety of proteins 

including nucleases and helicases were identified to bind G-quadruplexes with high affinity and 

selectivity to promote stabilization or destabilization of these structures
77

.  

The carboxy-terminal highly basic domain of the beta subunit of the Oxytricha nova 

telomere binding protein, as well as the repressor-activator protein (RAP1), both of which play 
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essential roles in telomere maintenance, were  reported to promote formation of the G-

quadruplex in telomeric DNA
80, 81

.  Similarly, Human topoisomerase I (Topo I) binds to both 

intermolecular and intramolecular G-quadruplexes and acts as a catalyst to induce the formation 

of the intermolecular G-quadruplexes
82, 83

. MutSα heterodimer (MSH2/MSH6), a human nuclear 

DNA repair protein, has also been reported to bind the G-loop of the transcribed S regions and 

induces synapsis of transcriptionally activated immunoglobulin switch regions
85

. Recent studies 

also revealed the existence of the promoter G-quadruplex-interactive proteins with related 

biological functions
78

. The mammalian nucleolar protein nucleolin was identified as a c-Myc 

transcriptional repressor through binding and stabilization the c-Myc G-quadruplex
84

; this 

recognition and stabilization is c-Myc G-quadruplex-specific, as nucleolin shows low affinity 

towards other promoter G-quadruplexes such as those formed in BCL2 and c-Myb promoters
78

.  

On the other hand, there are also some proteins that disrupt the G-quadruplexes, such as 

a family of RecQ helicases. The helicases Sgs1 and Cdc13p in S. cerevisiae, Werner’s syndrome 

protein (WRN) and Bloom’s syndrome protein (BLM) in human cells, bind and unwind DNA G-

quadruplex structures and facilitate replication or recombination at telomeric ends
86-89

. Another 

telomeric binding protein is Human Pot1, reported to disrupt the telomeric G-quadruplex 

structure and restore the telomerase activity
90

. Human Pot I is also reported to trigger the activity 

of WRN/BLM helicases to unwind the telomeric G-quadruplex
91

. Furthermore, three proteins 

have been identified to bind specifically to the KRAS G-quadruplex DNA secondary structure 

using initial affinity column studies with pancreatic nuclear extract, poly[ADP-ribose] 

polymerase I (PARP-1), ATP-dependent DNA helicase2 subunit 1 (Ku70), and hnRNP A1
79

. 

hnRNP A1 and its derivative UP1 not only recognize the KRAS G-quadruplex but also shift the 

equilibrium towards double-stranded DNA by destabilizing the G-quadruplex
80

. Likewise, 
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NM23-H2 promotes the unfolding of the c-Myc G-quadruplex and has been shown to be 

inversely correlated with c-Myc expression in several cancer cells
95

.  

The reported data for all these G-quadruplex-specific proteins and numerous other G-

quadruplex-interactive proteins provide significant evidence for the involvement of these 

proteins in the remodeling of the DNA topology that allows a molecular switch mechanism 

among G-quadruplex/i-motif and double stranded DNA secondary structures. Taken together, 

these observations for protein effects on the dynamic equilibrium of these DNA secondary 

structures may lead to development of potential therapeutics for genetic disease.    

 

1.3 Small Molecule Targeting G-quadruplex 

DNA G-quadruplexes, in particular those formed in human telomere and oncogene 

promoters, have become attractive cancer-specific molecular targets for anticancer therapeutics 

17
. Targeting G-quadruplexes in promoters provides a potential means to modulate oncogene 

transcription 
8, 9

. The stabilization of telomeric G-quadruplexes in cancer cells often leads to 

apoptosis 
34, 35

. Elevated interest has therefore been seen in the development of G-quadruplex-

interactive small molecules 
81

. NMR spectroscopy is a powerful tool for studying small molecule 

interactions with G-quadruplexes 
82

. X-ray crystallography and biophysical methods such as CD, 

UV, and fluorescence spectroscopies are also commonly utilized in studying quadruplex-ligand 

interactions 
83, 84

 providing complementary data. Early dogma on the optimal G-quadruplex-

interactive compounds has focused on compounds with large, planar, and symmetric cyclic rings, 

such as TMPyP4 and telomestatin 
85, 86

 (Figure 1.7A), because they maximize stacking 

interactions with the external G-tetrad. However, these drugs are found to have low specificity 

for intramolecular G-quadruplexes 
82

. 
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Figure 1.7 (A) Structures of G-quadruplex-interactive small molecules. (B) A representative 

model of the NMR solution structure of the 2:1 complex of quindoline with c-MYC G-

quadruplex. The quindoline molecules are shown in space-filling model in magenta. Guanine = 

red, adenine = green, thymine = blue. (C) Axial view of the two drug-induced binding pockets at 

the 5’-end (left) and the 3’-end (right) 
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The NMR solution structure of the 2:1 complex of quindoline with c-MYC G-quadruplex 

provides some important insights into drug:DNA interactions: an asymmetric compound with a 

smaller stacking moiety and appropriate functional groups is preferred for specific binding to the 

intramolecular G-quadruplex
87

. Quindoline is a derivative of the natural product cryptolepine, 

with a crescent-shaped ring system and a diethylamino side chain (Figure 1.7A, left), that has 

been shown to stabilize the c-MYC promoter G-quadruplex and lower c-MYC protein levels 
88

. 

We have determined the NMR solution structure of a 2:1 complex of quindoline with the c-MYC 

G-quadruplex with one quindoline bound at each end of the quadruplex, the first drug complex 

structure of a biologically relevant intramolecular promoter quadruplex 
87

 (Figure 1.7B). This 

NMR structure shows an unexpected drug-induced repositioning of the flanking sequences at 

both ends of DNA, namely, the “induced intercalated triad pocket” recognition (Figure 1.7B), in 

a manner somewhat analogous to a reorganized ligand-induced fit observed in riboswitches 
89

. 

While both 3’ and 5’ complexes show similar overall features, there are identifiable differences, 

observable only in solution, to emphasize the importance of both stacking and electronic 

interactions. The 5’ complex involves more hydrophobic and stacking interactions (Figure 1.7C, 

left), whereas the 3’ complex at the more hydrophilic 3’-surface involves a H-bonding 

interaction that is dependent on salt concentration (Figure 1.7C, right) 
87

. The complex 

structures demonstrate the importance of the shape of the ligand as well as of the two flanking 

bases in determining binding specificity. Unlike the previously recognized paradigm, our results 

indicate that asymmetric compounds containing a smaller stacking moiety, in particular the 

crescent-shaped moiety, with appropriate functional groups, are more likely to bind in a specific 

manner to an intramolecular G-quadruplex. Therefore, the molecular mechanism for G-

quadruplex recognition by small molecules may be divided into two steps. The first step involves 
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the induced intercalated triad pocket recognition (by the core of ligand) and the second involves 

the groove/loop interactions (by different functional groups), which could each be exploited in 

selective recognition of G-quadruplexes by small-molecule drugs.  

 

1.4 i-Motif Structures 

As might seem likely from the G-quadruplex distribution in the genome, i-motif 

structures can also form in the complementary strand of the G-quadruplex forming sequences.
65, 

77, 90
 i-Motif DNA secondary structures are formed from stacking hemi-protonated cytosine+-

cytosine base pairs in two parallel-stranded duplexes held together with antiparallel orientation
77, 

90
. The hemi-protonated cytosine+-cytosine base pairs are reported to be attenuated by a pH 

increase in the direction of neutrality leading to a dynamic shift towards to single-stranded 

DNA
90-93

. However, transcription-induced superhelicity can drive the formation of i-motif 

structures at near neutral pH. Additionally, mimicking the cellular and nuclear environment 

using crowding species at physiological pH conditions results in the formation of stable i-motif 

structures; in such conditions i-motif formation is in fact favored over duplex DNA
94

.
 
Like the 

G-quadruplexes, i-motif secondary conformations serve as a molecular switch to modulate 

transcription and several proteins were identified to interact with i-motif structures
95, 96

. It has 

been recently shown that the BCL2 promoter is in dynamic equilibrium between i-motif and 

hairpin structures
95, 96

. While stabilization of i-motif structure leads to upregulation of BCL2 

expression, stabilization of the hairpin that inhibits i-motif formation results in down-regulation 

of BCL2 expression
95, 96

. hnRNP LL has been examined in a great detail as an i-motif binding 

protein that recognizes the lateral loops of the BCL2 i-motif, which contain CCCGC and 

CGCCC recognition motifs, to activate the BCL2 transcription
95

. Furthermore, one of the best-
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studied i-motif interactions involves the use of single-walled carbon nanotubes (SWNTs) that are 

reported to prevent duplex formation and promote formation of the human telomeric i-motif 

structure even at pH=8
97

. It has been suggested that nanotubes bind to the 5’-end in the major 

groove of i-motif selectively and stabilize the structure toward electrostatic interactions between 

hemiprotonated cytosine core and carboxyl groups
97

. Significantly, SWNTs inhibit telomerase 

activity and interfere with telomere functions in cancer cells
97

.  

Current research has shown compelling evidence for the formation and biological role of 

the i-motif structures. Interestingly, the formation of i-motif and G-quadruplex structures in gene 

promoters has been reported as mutually exclusive and these structures may perform different 

biological functions, which presents an additional control for cellular coordination
98

. Therefore, 

G-quadruplex structures cannot be considered in isolation from corresponding i-motif structures, 

which are also involved in determining their biological function within the genome. 

 

1.5 Summary and Discussions 

Our understanding of G-quadruplexes has expanded from that of a laboratory curiosities 

to biologically relevant and validated targets for cancer therapeutics. Intramolecular G-

quadruplexes form naturally under physiological conditions and are stabilized by monovalent 

cations present in cells. Depending on their DNA sequence, these structures exhibit great 

diversity in their structures. Quarfloxin, the first-in-class G-quadruplex-interactive drug, 

illustrates the potential for quadruplex-targeting drugs to be well tolerated and highly efficacious 

22, 99
. We are currently working on structural studies and rational design of different small 

molecules that bind specifically to intramolecular G-quadruplexes. In addition, proteins have been 

found to interact with the c-MYC promoter G-quadruplex and be involved in c-MYC gene 
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transcription. Nucleolin specifically binds and stabilizes the c-MYC G-quadruplex and functions 

as a transcription repressor 
78

, whereas NM23-H2 binds and unfolds the c-MYC G-quadruplex 

and functions as a transcription activator
100, 101

. We are studying the interactions of these proteins 

with the c-MYC G-quadruplex to exploit their cellular functions and the potential for small 

molecules targeting.  
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CHAPTER 2 

IDENTIFICATION OF A NEW G-QUADRUPLEX WITH HAIRPIN LOOP 

IMMEDIATELY UPSTREAM OF THE HUMAN BCL-2 P1 PROMOTER MODULATES 

TRANSCRIPTION 

 

2.1 Abstract 

The abnormal over-expression of the BCL2 gene is associated with many human tumors. 

We found a new 28-mer G-quadruplex-forming sequence, P1G4, immediately upstream of the 

human BCL2 gene P1 promoter. The P1G4 is shown to be a transcription repressor using a 

promoter-driven luciferase assay; its inhibitory effect can be markedly enhanced by the G-

quadruplex-interactive compound TMPyP4. A G-quadruplex can readily form in the P1G4 

sequence under physiological salt conditions as shown by DMS footprinting. The P1G4 and 

previously identified Pu39 G-quadruplexes appear to form independently in adjacent regions in 

the BCL2 P1 promoter. In the extended BCL2 P1 promoter region containing both Pu39 and 

P1G4, P1G4 appears to play a more dominant role in repressing the transcriptional activity. 

Using NMR spectroscopy, the P1G4 G-quadruplex appears to be a novel dynamic equilibrium of 

two parallel structures, one regular with two 1-nt loops and a 12-nt middle loop, and another 

broken-stranded with three 1-nt loops and a 11-nt middle loop; both structures adopt a novel 

hairpin (stem-loop duplex) conformation in the long loop. The dynamic equilibrium of two 

closely related structures and the unique hairpin loop conformation are specific to the P1G4 

sequence and distinguish the P1G4 quadruplex from other parallel structures. The presence of 

P1G4 and Pu39 in adjacent regions of the BCL2 P1 promoter suggests a mechanism for precise 

regulation of BCL2 gene transcription. The unique P1G4 G-quadruplex may provide a specific 

target for small molecules to modulate BCL2 gene transcription. 
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2.2 Introduction 

2.2.1 The Anti-apoptosis Function of BCL-2 

The B-cell lymphoma-2 (BCL2) is an anti-apoptotic protein belongs to BCL2 family of 

proteins and plays essential role in the regulation of programmed cell death, or apoptosis 
102, 103

. 

The BCL2 protein shares the α-helical BCL2 homology (BH) domain along with a similar 

sequence and structure with pro-apoptotic proteins (Bax, Bak, etc.) and BH3-only proteins (Bid, 

Bad, Bim etc.)
104

. Interactions and the delicate balance among BCL2 family members coordinate 

apoptosis events 
102-104

. Even though the role of the BCL2 gene in apoptosis has been 

controversially reported
103

, the well-known function of the gene product is to act as a guardian at 

the mitochondrial gate by sequestering pro-apoptotic proteins, such as cytochrome c, to prevent 

their release from the mitochondrial membrane to activate a family of proteases in the caspase 

cascade 
103

. 

 

2.2.2  Involvement of BCL-2 in Disease and Therapeutic Targeting of BCL-2 in Disease 

The BCL2 gene was first identified in follicular lymphoma. The BCL2 t(14;18) 

translocation brings this gene under control of the immunoglobulin heavy chain gene (IGH) 

enhancer which then results in its deregulation
105

. The abnormal overexpression of  BCL2 gene 

is also linked to a large number of other cancers such as chronic lymphocytic leukemia
106

, non-

small cell lung cancer
107

, prostate cancer
108

, and breast cancer
109

. Moreover, elevated levels of 

BCL2 are found to promote resistance to chemotherapy and gamma radiation
104, 110

. Therefore, 

BCL2 is considered to be an attractive target for cancer therapeutics.
 

There have been several studies that target the BCL2 protein at the transcriptional level as 

well as at the protein level. The first drug tested was BCL2 oblimersan sodium, an 18-mer 
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antisense oligonucleotide that targets the first 6 codons of BCL2 mRNA and inhibits BCL2 

protein expression in some cancers
111

. However, the drug did not show a survival difference in a 

pivotal melanoma and was not approved by the Food and Drug Administration
112

.
 
The most 

intensively pursued strategy is inhibiting BCL2 interactions with BH3-only proteins by small 

molecules
108

; a BCL2–selective inhibitor, ABT-199, was recently developed to avoid 

thrombocytopenia caused by bcl-XL inhibition and in Phase III clinical trials
113

. However, the 

dynamic nature of protein-protein interactions and acquired resistance present challenges for 

BCL2 inhibitors 
114

. Recent studies have shown that small molecules targeting the BCL2 gene 

expression at the transcriptional level through formation of G-quadruplex structures present a 

compelling strategy for cancer therapeutics
10, 115

. 

2.2.3 The Human BCL2 Promoter and Identification of G-quadruplexes in the BCL2 

Promoter Region 

The human BCL2 gene contains three promoters that control its transcriptional initiation, 

designated P1, P2, and, M promoters (Figure 2.1A). The major P1 promoter of the human BCL2 

gene is located in the untranslated first exon, 1386 to 1432 base pairs upstream of the translation 

start site
105, 116

. It is a TATA-less, GC-rich promoter with multiple transcription start sites (-1394, 

-1399, -1406, -1410, and -1432) and is positioned in proximity to a nuclease hypersensitive 

site
116, 117

 (Figure 2.1A) The P2 promoter contains a canonical TATA element and CCAAT box 

located 1.3-kbp downstream of the P1 promoter and is known to be a minor contributor to gene 

expression in many cell types 
105

. The M promoter, located between P1 and P2 promoter regions, 

was recently found to control BCL2 transcription in a p53-dependent manner
110

.   

We have previously identified a 39-base-pair GC-rich region located 1489 to 1451 base 

pairs upstream of the translation start site (Figure 2.1A), whose G-rich strand (Pu39) can form 
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two inter-changeable G-quadruplex (G4) structures, a hybrid-type G-quadruplex
54, 55

 and a 

parallel G-quadruplex with a 13-nt middle loop
74

. Stabilization of the BCL2 G-quadruplex by 

quindoline derivatives was reported to decrease mRNA and protein levels of BCL2 and lead to 

apoptosis in HL-60 cells
115

. A G-rich sequence located 176 bp upstream of the P1 promoter 

which can form a stable G-quadruplex structure in the presence of peptide nucleic acid (PNA) 

molecules has also been reported
118

. 

However, in our functional study of the BCL2 P1 promoter activity using a luciferase 

reporter system, containing ~360 bp of the P1 promoter region centered on the P1 promoter, in 

tumor cells, we found that the construct with a complete G-quadruplex-knock-out Pu39 mutant 

was still affected by G-quadruplex-interactive compounds. Careful examination of the BCL2 P1 

promoter sequence revealed a 28-bp GC-rich region immediately upstream of the BCL2 P1 

promoter (-1,439 to -1,412 bp) (P1G4, Figure 2.1A). Previous studies have shown that deletion 

of this promoter region increased the promoter activity more than 2-fold
119

. Several transcription 

factors have been reported or suggested to bind to this region, such as SP1 and AP2
116

. 

Herein, we report that a stable G-quadruplex can readily form in the P1G4 sequence 

under physiological salt conditions and that the new P1G4 functions as a transcription repressor. 

The P1G4 G-quadruplex appears to be a dynamic equilibrium of two parallel structures, a regular 

one with two 1-nt loops and a 12-nt middle loop, and a broken-stranded one with three 1-nt loops 

and a 11-nt middle loop; both structures adopt a novel hairpin (stem-loop duplex) structure in the 

long loop. The unique P1G4 G-quadruplex with a hairpin loop may provide a specific 

recognition site for small molecules. The P1G4 and previously identified Pu39 G-quadruplexes 

appear to form independently in adjacent regions. In the extended BCL2 P1 promoter region 

containing both Pu39 and P1G4, P1G4 appears to play a more dominant role in repressing the 
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transcriptional activity. The novel P1G4 quadruplex in the 28-bp GC-rich element immediately 

upstream of the BCL2 P1 promoter, acting as a transcriptional repressor, adds to our 

understanding of BCL2 transcriptional control, and to the diversity of parallel G-quadruplexes. 

 

2.3 Materials and Methods 

2.3.1 Synthesis and Purification of G-quadruplex Forming Deoxyribonucleic Acids   

Site-specific 
15

N-labeled and unlabeled DNA oligonucleotides were synthesized using -

cyanoethylphosphoramidite solid phase chemistry (Applied Biosystem ExpediteTM 8909) in the 

3’ to 5’ direction
55, 120

. All the DNAs were synthesized in DMT [(4,4’-dimethoxytrityl) 

protecting group] -on mode. One nucleotide was added per synthesis cycle. Each DNA cycle 

consisted of several steps. Synthesis began by placing a synthesis column, with a designated A, 

G, C or T nucleoside pre-attached to the solid-support resin, on the synthesizer to provide the 3’-

end base of the desired oligonucleotide. The 5’-DMT protecting group on the support-bound 

nucleoside was removed by acid-catalyzed (Cl3CCOOH) detritylation. The next nucleoside, as a 

phosphoramidite monomer, in the desired oligonucleotide sequence was mixed with an activator 

(tetrazole) that protonates the diisopropylamino group of the phosphoramidite so that it became a 

good leaving group. The protonated diisopropylamino group was then removed by attack of the 

5’-hydroxyl group on the support-bound phosphite triester. Unreacted 5’-hydroxyl groups on the 

reactive resin-bound nucleotide were blocked by introducing a “capping” step after the coupling 

reaction, using acetic anhydride and N-methylimidazole (NMI) with the addition of small 

amount of pyridine, to prevent deletions or mutations in the final oligonucleotide sequence. The 

electrophilic mixture acetylates alcohols and pyridine keeps the pH basic to prevent detritylation 

of the nucleoside phosphoramidite. The unstable phosphite-triester (P(III)) acid was converted to 



44 

 

a stable (P(V)) species by iodine oxidation in the presence of water and pyridine, resulting in a 

phosphotriester backbone still protected by a 2-cyanoethyl group. Following coupling, capping 

and oxidation steps, the DMT group at the 5’end of the resin bound DNA chain was removed 

using trichloroacetic acid in dichloromethane solution so that the primary hydroxyl group could 

react with the next nucleotide phosphoramidite in the start of the next synthesis cycle. Efficiency 

of each coupling step was approximately 99.5%, quantifiable by observing cleaved DMT 

carbocation formation by the resulting orange color that absorbs at 495 nm in the visible region. 

The synthesized oligonucleotides were eluted from the support column by passing 1 ml 

of a 50%:50% mixture of 40% methylamine:ammonia through the column 8 times at 5 minute 

intervals for a total of 10 min. The resulting samples were transferred to 1.5 ml microfuge tubes 

which were cap-locked and heated for 10 min at 65
o
C. After the samples were cooled at -20 ºC 

for 5 minutes, they were concentrated for 20 minutes on a SpeedVac to a final volume of ~0.7 

ml. The samples were purified on reverse-phase Micropure II columns (BioSearch Technologies) 

following the manufacturer’s recommended protocol, They were then subjected to sequential 

dialysis, in dialysis tubing with a molecular weight cutoff of 3 kDa (Spectrum Labs), through 10 

mM NaOH (to denature the DNA), water, 150 mM NaCl (helping to remove any TEAA 

(triethylammonium acetate) contaminant remaining from column purification), and water, using 

a 1000x volume differential between sample and solvent for each solvent exchange. The 

resulting samples were lyophilized, and the powdered DNA samples were stored at -20 ºC.  

15
N-labeled guanine phosphoramidite was purchased from Cambridge Isotope 

Laboratories, Inc. (Andover, MA). 8% (volume %) of 
15

N-labeled guanine phosphoramidite was 

mixed with 92% of unlabeled guanine phosphoramidite for use in site-specifically 
15

N-labeled 

DNA synthesis. 
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2.3.2 Preparation of Promoter Reporter Constructs 

The P1G4 firefly luciferase construct was generated by inserting the human bcl-2 P1 

promoter DNA sequence (-1,390 to -1,444 bp, relative to the translational start site), containing 

the P1G4 sequence upstream of the firefly luciferase reporter gene in a promoter-less pGL4.13 

vector in the same orientation as in the human bcl-2 gene (Figure 2.1B), using an 

oligonucleotide cassette cloning approach. The SV40 promoter normally present in pGL4.13 was 

deleted, as we found that the SV40 promoter contains a GC-rich region that can be affected by 

G-quadruplex-interactive small molecules. The control constructs (KO) were generated with a 

mutated sequence that was not able to form G-quadruplex. To analyze the respective function of 

Pu39G4 and P1G4, we generated several other pGL4.13 –SV40 luciferase constructs containing 

Pu39G4-P1G4 (Dual-WT), Pu39KO-P1G4 (Dual-Pu39KO), Pu39G4-P1G4KO (Dual-P1G4KO), 

and Pu39KO-P1G4KO (Dual-KOKO) sequences (Figure 2.1B). Most dual constructs contain 

mutations to generate a BssHII site between Pu39 and P1G4 sequences to allow a cassette 

approach to construction. No significant difference in promoter activities was observed between 

wild-type and BssHII constructs (Data is not shown). 

For all promoter constructs, complementary custom DNA oligonucleotide pairs (Sigma, 

see Table 2.1) at equimolar ratios were 5’-phosphorylated using T4 polynucleotide kinase (New 

England Biolabs, NEB) with T4 DNA ligase buffer (NEB) providing ATP, for 2 hr at 37 
o
C, then 

heated at 95 
o
C for 5 min and allowed to cool slowly, inactivating enzymes and annealing the 

strands to provide appropriate sticky ends. For double inserts, resulting equimolar dsDNA 

oligonucleotide pairs were ligated with T4 DNA ligase for 16 hr at room temperature (RT). The 

pGL4.13 –SV40 plasmid was digested with SacI and XhoI, and the resulting ends were 

dephosphorylated with Antarctic phosphatase (NEB) for 2 hr at 37 
o
C. The cut plasmid was then 
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isolated via a QiaQuick PCR purification kit. T4 DNA ligase (NEB) was used to ligate the 

dsDNA oligonucleotide insert with the cut plasmid at RT for 16 hr. Successful clones were 

verified by sequencing. 
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Table 2.1 Oligonucleotide sequences used for Luciferase assay. 

 

 

  

OLIGONUCLEOTIDES 5’-3’ 

P1G4WT Forward CGCCTGCCCGCCCGCCCGCCGCGCTCCCGCCCGCCGCTCTC

CGTGGCCCCGCCGC 

P1G4WT Reverse TCGAGCGGCGGGGCCACGGAGAGCGGCGGGCGGGAGCGC

GGCGGGCGGGCGGGCAGGCGAGCT 

P1G4KO Forward CGCCTGCACGCACGCACGCCGCGCTCACGCACGCCGCTCTC

CGTGGCCCCGCCGC 

P1G4KO Reverse TCGAGCGGCGGGGCCACGGAGAGCGGCGTGCGTGAGCGCG

GCGTGCGTGCGTGCAGGCGAGCT 

Dual-Pu39 Forward CACAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCT

CCGCGCCG 

Dual-Pu39 Reverse CGCGCGGCGCGGAGGGGCGGGCGCGGGAGGAAGGGGGCG

GGAGCGGGGCTGTGAGCT 

Dual-Pu39KO Forward CACAGCCACGCTCACGCCACCTTCCTCCCGCGCCAGCACCT

CCGCGCCG 

Dual-Pu39KO Reverse CGCGCGGCGCGGAGGTGCTGGCGCGGGAGGAAGGTGGCGT

GAGCGTGGCTGTGAGCT 

Dual-P1G4 Forward CGCGCCCGCCCGCCCGCCGCGCTCCCGCCCGCCGCTCTCCG

TGGCCCGC 

Dual-P1G4 Reverse TCGAGGCGGGCCACGGAGAGCGGCGGGCGGGAGCGCGGC

GGGCGGGCGGG 

Dual-P1G4KO Forward CGCGCACGCACGCACGCCGCGCTCACGCACGCCGCTCTCCG

TGGCCCGC 

Dual-P1G4KO Reverse TCGAGGCGGGCCACGGAGAGCGGCGTGCGTGAGCGCGGCG

TGCGTGCGTG 
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2.3.3 Transfection and Luciferase Assay 

MCF-7 cells (8X10
4 

cells) were cultured in 500l RPMI per well in a 24-well plate, with 

10% FBS and 1% penicillin/streptomycin antibiotics, and incubated overnight at 37 
o
C, 5% CO2. 

Cell viability was assessed (>90%) by trypan blue prior to experiments. 2 M of each plasmid 

construct was transfected into MCF-7 cells using Fugene HD (Promega). A Renilla luciferase 

plasmid, pRL-TK, was co-transfected with each construct for normalization. Transfection was 

performed in OptiMem serum-free medium, which was replaced by 10% FBS, 1% 

penicillin/streptomycin-supplemented RPMI after a five-hour incubation at 37 
o
C, 5% CO2. After 

a further 24-hour incubation, cells were lysed with Passive Lysis Buffer, and Firefly and Renilla 

luciferase activities were measured using the Dual-Luciferase Reporter assay kit (Promega).  

For drug studies, MCF-7 cells were transfected with the constructs and treated with 

TMPyP4 and TMPyP2 at 5 hours post-transfection at a final dose of 5 M, lower than their IC50 

values
121

. At 24 hours after small molecule compound treatment, cells were lysed and tested for 

Firefly and Renilla luciferase activity using the Dual-Luciferase Reporter assay kit (Promega). 

Luciferase activities expressed as relative luciferase units (RLUs) were normalized to total 

protein concentrations. Each transfection was run in triplicate or duplicate in each of three 

independent experiments. 

 

2.3.4 Dimethyl Sulfate Footprinting Experiments 

Gel-purified Bcl-2 oligonucleotides (with 7T flanking ends to provide for good band 

visibility on sequencing gels), 5’-end labeled using [ɤ-
32

P] ATP in the presence of T4 

polynucleotide kinase, were denatured at 90 
o
C for 5 min, then slowly cooled to room 

temperature in 10 mM Tris-HCl buffer (pH=7.6) in the presence or absence of 140 mM KCl. The 
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samples were then methylated by treatment with 0.5% (final concentration) DMS, 1 g calf 

thymus DNA for 7 minutes at room temperature. The reaction was stopped by the addition of β-

mercaptoethanol and glycerol to final concentrations of 7.7% and 2.6%, respectively. In order to 

separate the single-stranded DNA, intramolecular G-quadruplex, and intermolecular G-

quadruplexes, an 8% native PAGE gel was used. The DNA for the intramolecular G-quadruplex 

was recovered from the gel, ethanol-precipitated and subjected to cleavage with 10% piperidine 

for 16 minutes at 90
 
°C. A Speedvac was used to remove the piperidine and two successive water 

washes. The cleaved products (5500 cpm/5 ul) were analyzed on a 16% sequencing (denaturing) 

PAGE gel. Due to the length of the 94-base sequence, the same  DMS footprinting sample series 

was loaded on the same gel at two different times to allow the best separation of 5’ (Figure 2.3 

left) and 3’ (Figure 2.3 right) bands. 

 

2.3.5  Circular Dichroism Spectroscopy Experiments 

A Jasco-810 spectropolarimeter (Jasco Inc, Easton, MD) equipped with a 

thermodynamically controlled cell holder was used to obtain circular dichroism spectra. 10 M 

samples were prepared in 50 mM K
+
-containing K-phosphate buffer. Measurements were taken 

in a 1 mm optical path length quartz cell. The CD spectra were three averaged scans between 

230-330 nm at 25 
o
C after application of a baseline correction to remove signal contributions 

from the buffer. CD melting experiments to obtain Tm values were performed at 264 nm with a 

heating rate of 2 
o
C/min and 1 s response time between 25-93 

o
C. 
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2.3.6 Nuclear Magnetic Resonance Spectroscopy Experiments 

NMR experiments were performed on a Bruker DRX-600 spectrometer. DNA 

oligonucleotides were prepared in either 50 mM or 25 mM K
+
-containing K-phosphate buffer 

(pH 7) solution, with a total final concentration of 0.1-2.5 mM DNA. The samples were prepared 

in 10/90% D2O/H2O solution.
 
Each sample was annealed by heating at 95

o
C for 5 min and 

cooling slowly to room temperature. 1D 
1
H spectra were recorded at 25 

o
C with 512 scans. One-

dimensional 
15

N-edited gradient HMQC experiments with site-specific 
15

N-labeling were 

performed to identify guanine imino H1 and aromatic H8 protons. The water signal was 

suppressed using a Watergate pulse sequence.  

 

2.3.7 Native Gel Electrophoresis 

Electrophoresis experiments were performed with a 1.5 mm thick 10×7 cm native gel 

containing 16% acrylamide (Acrylamide:Bis-acrylamide = 29:1) in TBE buffer, pH = 8 

supplemented with 12.5 mM KCl. Each sample contains 0.4 nmol DNA. DNA bands were 

visualized using ethidium bromide staining. 
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2.4  Results 

2.4.1 Functional Classification of the New G-quadruplex with Hairpin Loop Immediately 

Upstream of the Human BCL2 P1 Promoter 

2.4.1.1 BCL2 P1G4 functions as a transcriptional repressor 

To determine the biological function of P1G4, a P1G4WT construct was created by 

inserting the (-1,390 to -1,444 bp) human BCL2 P1 promoter sequence in a promoter-less 

pGL4.13 vector upstream of the firefly luciferase reporter gene (Figure 2.1B). The SV40 

promoter in pGL4.13 was deleted, as it was found to contain a GC-rich region that can be 

affected by G-quadruplex-interactive compounds. The Pu39 region was intentionally excluded to 

isolate the biological effect of P1G4 on gene transcription. We also generated a control construct 

with a mutated P1G4KO sequence that was not able to form G-quadruplex (Figure 2.1B). MCF-

7 cells were used as a host cell line for transfection because they express high levels of BCL2
122

. 

Our results showed that the luciferase activity of the construct containing the P1G4KO sequence 

is more than 2.5-fold greater than that with the wild-type BCL2 P1G4 promoter sequence 

(Figure 2.1C left), indicating that the P1G4 functions as a transcriptional repressor.   

We then carried out luciferase assays using P1G4WT and P1G4KO constructs in the 

presence of 5 M TMPyP4, a G-quadruplex-interactive compound, and its positional isomer, 

TMPyP2, a poor G-quadruplex-interactive compound (Figure 2.1E). In the P1G4WT construct, 

TMPyP4 showed a pronounced inhibitory effect on the promoter activity whereas TMPyP2 

showed a much weaker inhibition (Figure 2.1C middle, Table 2.2).  In contrast, in the P1G4KO 

construct, TMPyP4 showed a much-reduced inhibitory effect on the promoter activity (Figure 

2.1C right, Table 2.2). These results indicated that the inhibitory effect of P1G4, but not of 

P1G4KO, can be markedly enhanced by the G-quadruplex-interactive compound TMPyP4. 
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Table 2.2. The level of inhibition on luciferase activity of various constructs by 5M TMPyP4 

and TMPyP2 in MCF-7 cells. 

 

 

 
  



53 

 

To examine the functions of both P1G4 and Pu39 in the BCL2 P1 promoter, we further 

generated a construct with an extended human BCL2 P1 promoter sequence that contains both 

Pu39 and P1G4 regions in the pGL4.13 vector (Dual-WT, Figure 2.1B). We then generated 

knock-out constructs containing this region with either the Pu39KO sequence that is unable to 

form the Pu39 G-quadruplex, or the P1G4KO sequence that is unable to form the P1G4 G-

quadruplex, or a double-knock-out sequence that is not able to form either the P1G4 or Pu39 G-

quadruplex, respectively (Dual-Pu39KO, Dual-P1G4KO, Dual-KOKO, Figure 2.1B). The 

luciferase assays in MCF-7 cells showed that the luciferase activity of the construct containing 

the P1G4KO sequence (Dual-P1G4KO) is again more than 2-fold greater than that with the wild-

type BCL2 promoter sequence Dual-WT (Figure 2.1D left), in agreement with the previous data 

that the P1G4 functions as a transcriptional repressor. Interestingly, the luciferase activity of the 

construct containing the Pu39KO sequence is about 50% of that with the wild-type BCL2 

promoter sequence suggesting that Pu39 may function as a transcriptional activator (Figure 2.1D 

left). When both Pu39 and P1G4 quadruplexes were knocked out (Dual-KOKO, Figure 2.1B), 

the luciferase activity was more than 1.5-fold greater than that with the wild-type BCL2 

promoter sequence Dual-WT (Figure 2.1D left), indicating that P1G4 plays a more dominant 

role in repressing the transcriptional activity.  
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Figure 2.1 (A) Promoter structure of the human BCL2 gene. Shown in the inset is the P1G4 

sequence with guanine runs of the purine-rich strand underlined. Transcriptional start sites of the 

P1 promoter are indicated using arrows. (B) P1G4-WT and P1G4KO constructs, as well as Dual-

WT (containing both Pu39 and P1G4), Dual-Pu39KO (Pu39 G-quadruplex knock-out), Dual-

P1G4KO (P1G4 G-quadruplex knock-out), and Dual-KOKO (double knock-out) used for 

promoter-driven luciferase assay. P1G4 and Pu39 sequences are enclosed by blue and red boxes, 

respectively. G-runs are underlined; the mutations in the G-quadruplex knock-out constructs are 

shown in red. (C) Luciferase activities of P1G4-WT and P1G4KO constructs in the absence and 

presence of TMPyP4 and TMPyP2 at 5M in MCF-7 cells. Each data point is the average of 

three independent experiments. (D) Luciferase activity of Dual-WT, Dual-Pu39KO, Dual-

P1G4KO, and Dual-KOKO constructs in the absence and presence of 5M TMPyP4 and 

TMPyP2 in MCF-7 cells. Each data point is the average of three independent experiments. (E) 

Structures of TMPyP4 and TMPyP2. (F) Structure of G-tetrad.  
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The luciferase assays in the presence of TMPyP4 and TMPyP2 showed that TMPyP4 

induced a clear  inhibitory effect on the promoter activity whereas TMPyP2 did not appear to 

affect the promoter activity (Figure 2.1D right, Table 2.1), indicating that the G-quadruplex-

interactive compound TMPyP4 can markedly enhance the inhibitory effect of P1G4 on gene 

transcription. As TMPyP4 is known to be a non-selective G-quadruplex-interactive compound, it 

can stabilize both the Pu39 and P1G4 quadruplexes. The inhibitory effect of TMPyP4 was shown 

to be more pronounced in the Pu39KO construct where P1G4 is intact (Figure 2.1D right, Table 

2.2), again suggesting that P1G4 quadruplex plays a more dominant role in repressing the 

transcriptional activity in the BCL2 P1 promoter. 

 

2.4.2 A new G-quadruplex Immediately Upstream of the Human BCL-2 P1 Promoter 

Region Adopts a Primarily Parallel Conformation with a Hairpin Loop 

2.4.2.1 P1G4 forms a stable G-quadruplex under physiologically relevant ionic 

conditions. 

To confirm that the P1G4 forms a stable G-quadruplex under physiologically relevant 

ionic conditions, we carried out dimethyl sulfate (DMS) footprinting experiments. The guanine 

N7 in a G-tetrad is involved in Hoogsten hydrogen bonding (Figure 2.1F) and is protected from 

DMS methylation and piperidine cleavage, in contrast to the guanines in single- or double-

stranded DNA
54

. Hence, DMS footprinting provides a useful tool to determine the tetrad 

guanines of a G-quadruplex. The P1G4 sequence consists of five runs of three consecutive 

guanines (Figure 2.2A). The results of DMS footprinting analysis on the wild-type P1G4 in the 

absence and presence of 140 mM K
+
 at pH 7 are shown in Figure 2.2B left. G-runs I, II, IV and 

V, each consisting of three consecutive guanines, appeared to be protected from DMS 
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methylation. G8 appeared to be less protected from cleavage compared to other guanines in G-

run II. G10, G12, G14, and G15 showed complete cleavage, indicating that these guanines are 

not involved in G-tetrad formation. G-run III appeared to be cleaved; the mutant P1G4 RunIII-

G/T sequence (Figure 2.2A), in which all guanines in G-run III were mutated to thymine, 

showed a similar DMS footprinting cleavage pattern to that of the wild-type BCL2 P1G4 in the 

presence of 140 mM K
+
, but with G8 more protected in the mutant sequence (Figure 2.2B). As a 

control, we performed DMS footprinting on a complete knock-out mutant sequence P1G4-KO 

(Figure 2.2A), in which the middle guanine of each G-run was mutated to a thymine residue. 

The result showed complete cleavage at each guanine position, both in the absence and presence 

of K
+
 (Figure 2.2B), indicating G-quadruplex was not able to form in the P1G4-KO sequence. 

The disruption of the P1G4 quadruplex in P1G4-KO was also supported by CD data (Figure 

2.2C). 
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Figure 2.2. (A) The promoter sequence of the BCL2 P1G4 and its modifications. The top 

sequence is the 29-mer wild-type G-rich sequence (P1G4). The five G-runs are underlined and 

numbered. P1G4 RunIII-G/T and P1G4 KO are modified P1G4 sequences with G to T mutations 

shown in red. P1G4T is P1G4 sequence with a flanking T at both ends. (B) DMS footprinting of 

P1G4, P1G4 RunIII-G/T, P1G4 KO, and P1G4T. (C) CD spectra of P1G4 and P1G4KO in 50 

mM K
+
, pH 7.0. 
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We also performed DMS footprinting on a 94-nt extended BCL2 promoter sequence that 

contains both Pu39 and P1G4, in the absence and presence of 140 mM K
+
 at pH 7 (Figure 2.3). 

Even in the presence of Pu39, G-quadruplexes were clearly formed in the P1G4 segment (Figure 

2.3 left). The DMS protection pattern is similar to that observed for the P1G4 itself, but with 

more protection on G-run III in the extended 94-nt sequence. On the other hand, the DMS 

cleavage pattern of the Pu39 segment (Figure 2.3 right) is also similar to what was previously 

observed for Pu39 itself
74

. Therefore, Pu39 and P1G4 G-quadruplexes appeared to form 

independently in the extended BCL2 promoter sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 

 

 

Figure 2.3 DMS footprinting of the 94-nt extended BCL2 promoter sequence that contains both 

P1G4(left) and Pu39(right). Because of the length of the 94-nt sequence, the same DMS 

footprinting sample was loaded on the same gel at two different times to allow the best 

separation of 5’(P1G4, left) and 3’ (Pu39, right) bands. Shown on the left is the 94-nt BCL2 

promoter sequence with P1G4 and Pu39 labeled.  
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2.4.2.2 The P1G4 G-quadruplex is a dynamic equilibrium of two parallel structures, 

both containing a stem-loop hairpin in the middle loop. 

To determine the folding structure of the major G-quadruplex formed in the BCL2 P1G4 

sequence, we performed NMR studies in combination with CD and EMSA. The P1G4 with five 

runs of three consecutive guanines (Figure 2.4A) can form multiple G-quadruplexes. 1D
 1

H 

NMR spectrum of P1G4 in 50 mM K
+
 solution showed sharp peaks at 10.5-12 ppm, 

characteristic of imino protons of tetrad guanines (Figure 2.4B top). However, higher order 

structures appeared to form in P1G4 as indicated by elevated baselines. 
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Figure 2.4 (A) Sequences of P1G4 and P1G4T. The four G-runs are underlined and numbered. 

The numbering used in this study is shown for P1G4T. (B) Imino regions of 1D 
1
H NMR spectra 

of BCL2 P1G4 sequences at 25 °C in 25 mM K
+
, pH 7.0. (C) CD spectra of BCL2 P1G4 and 

P1G4T sequences in 50 mM K
+
, pH 7.0. (D) NMR variable temperature study of P1G4T in 50 

mM K
+
, pH 7.0 
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The tendency for the formation of higher-order G-quadruplexes has been observed in 

other G-rich quadruplex-forming sequences.
74, 75

 The P1G4T sequence (Figure 2.4A), with 

thymine at both ends, gave rise to improved NMR spectral quality with decreased higher-order 

structures (Figure 2.4B middle). This was confirmed by EMSA experiments: P1G4 showed 

clear formation of higher-order structures, which is increased at higher K
+
 concentration, while 

P1G4T showed more predominant formation of the monomeric structure (Figure 2.5).  
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Figure 2.5 Non-denaturing EMSA experiments of P1G4 and P1G4T at various K
+
 

concentrations. 
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The CD spectra of P1G4 and P1G4T are almost identical, showing a positive peak at 264 

nm and a negative peak at 240 nm in 50 mM K
+
 solution at pH 7 (Figure 2.4C), suggesting a 

parallel G- quadruplex
71

. DMS footprinting of the monomeric structure of P1G4T showed a very 

similar cleavage pattern as compared to that of P1G4 (Figure 2.2B), suggestive of the same 

major monomeric G-quadruplex formation. The Tm of P1G4T in 50 mM K
+
 solution at pH 7 was 

determined by CD melting experiment to be ~ 68.5 
o
C (Table 2.3), consistent with the variable 

temperature experiment by 1D 
1
H NMR (Figure 2.4D). The Tm of P1G4T appears to be 

concentration-independent (Table 2.3), in agreement with a monomeric structure. To achieve 

better NMR spectral quality at a higher DNA concentration, 25 mM K
+ 

was used for further 

NMR analyses (Figure 2.6). 
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Table 2.3 The melting temperatures (Tm) of P1G4T at different DNA concentrations in 50 mM 

K
+
 solution at pH 7 as determined by CD. 

 

 

 

[P1G4T] Tm ( o C ) 

1 M 68.2 

2 M 68.8 

5M 68.5 

10 M 68.2 

20 M 68.5 
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Figure 2.6 Imino regions of 1D 
1
H NMR spectra of 0.3 mM P1G4T in 25 and 50 mM K

+
 at pH 

7.0, 25°C.  

 

Figure S2.

10.511.011.512.012.513.0 ppm
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25 mM +K
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We prepared site-specifically labeled P1G4T oligonucleotides with 8% 
15

N-guanine for 

the detection of imino protons (H1) of each guanine (Figure 2.7). The H1 protons of guanines 

involved in the G-tetrad connected with Hoogsteen hydrogen bonding have a characteristic 

chemical shift in the region of 10.5-12 ppm, as compared to 13-14 ppm for guanines involved in 

Watson-Crick hydrogen bonding
43

. The imino protons of guanines that are not involved in 

hydrogen bonding interactions cannot be seen in 
1
H NMR due to fast exchange with bulk H2O. 

The H1 proton of guanine is one-bond connected to N1 (Figure 2.1F) and can be readily 

detected for the labeled guanine by 1D 
15

N-edited NMR experiments
123

. Of the 19 guanines on 

P1G4T, imino protons of G2-G4, G6-G8, G21-G23, and G25-G27 were observed in the 10.5-12 

ppm region (Figure 2.7), indicating the involvement of these guanines in the tetrad formation, 

consistent with the DMS footprinting data (Figure 2.2B). Combined with the CD data, the 

P1G4T G-quadruplex appears to be a three-tetrad parallel-stranded structure involving G-runs I, 

II, IV, and V, with 1-nt first and third loops and a 12-nt middle loop (P1G4A, Figure 2.10 left). 

Interestingly, the imino protons of G10 and G15 were shown to be around 13 ppm (Figure 2.7), 

characteristic of Watson-Crick base pairing, indicating a stem-loop duplex conformation adopted 

by the 12-nt middle loop (Figure 2.10). Although the 
1
H NMR spectrum of P1G4 is not as well 

resolved as P1G4T, we were able to detect several guanine imino protons in 
15

N-G-labeled P1G4 

(Figure 2.8), which were shown to be at the same positions as those in P1G4T, suggesting the 

same major G-quadruplex conformation.  

  



68 

 

 

Figure 2.7 Imino H1 proton assignments of P1G4T by 1D 
15

N-filtered experiments using site-

specifically labeled oligonucleotides at 25 °C, in 25 mM K
+
, pH 7.0. 
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Figure 2.8 Selective imino H1 proton assignments of P1G4 by 1D 
15

N-filtered experiments 

using site-specifically labeled oligonucleotides at 25°C, in 25 mM K
+
, pH 7.0. 
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Surprisingly, G19 of G-run III showed a clear imino proton peak at ~ 11 ppm (Figure 

2.7), indicating the potential involvement of G19 in a tetrad formation. On the other hand, of the 

three guanines on G-run II, the imino proton peak of G8 appeared to be weaker than those of G6 

and G7 (Figure 2.7), suggestive of a more dynamic conformation of G8. The dynamic nature of 

G8 was also shown in the DMS footprinting data, in that G8 is less protected from DMS 

cleavage than the other two guanines on G-run II (Figure 2.2B). Upon the G-to-T mutation of 

run-III including G19, the partial cleavage of G8 disappeared, indicating complete involvement 

of G8 in tetrad formation (Figure 2.2B). It thus appeared that a second G-quadruplex structure 

forms in P1G4T, where G8 of the bottom tetrad is substituted for by G19, resulting in a parallel 

structure containing a broken strand, with three 1-nt loops and one 11-nt loop (P1G4B, Figure 

2.10 right). Indeed, P1G4T with a G8-to-T mutation (P1G4T_G8T) shows a 
1
H NMR spectrum 

similar to that of P1G4T (Figure 2.4B bottom), and a very similar CD spectrum (Figure 2.9), 

indicative of a similar major G-quadruplex formation. 
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Figure 2.9 CD spectra of P1G4T_G8T and P1G4T in 50 mM K
+
, pH 7.0. 
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The two parallel G-quadruplexes differed only in the bottom G-tetrad and appeared to be 

in dynamic equilibrium (Figure 2.10), which may provide stability to the major P1G4T G-

quadruplex. The same Watson-Crick imino peaks around 13 ppm were observed in P1G4T_G8T, 

indicating the stem loop conformation also formed in the P1G4B structure with a broken strand 

(Figure 2.10 right). While G18 did not show an imino proton detectable in the 10.5-12 ppm 

region, G17 of G-run III showed a weak peak around 10.5 ppm, suggesting that G17 may be 

involved in a hydrogen-bonded capping structure below the 3’ G-tetrad. Depending on the 

hydrogen-bonding conformation, the imino proton of a guanine residue involved in a capping 

structure can have a chemical shift around 10.5 ppm, as shown in the major G-quadruplex 

formed in the VEGF promoter
73

. The NMR variable temperature study showed that while the 

P1G4 core quadruplex melting temperature was about 65 
o
C, the melting temperature for the 

stem-loop structure of P1G4 was around 45 
o
C, and for G17 and thus the 3’ capping structure, it 

was below 35 
o
C (Figure 2.4D). With only two detectable Watson-Crick base pairs in the stem-

loop hairpin structure of P1G4, a melting temperature of 45 
o
C is quite remarkable. 

It has been recently reported that a pregnanol derivative, NSC 59276 (IMC-76), can bind 

to the flexible hairpin to shift the dynamic equilibrium between the alternative hairpin and the i-

motif formed in the BCL2 P1 promoter
96

. We were interested in finding out whether NSC 59276 

has an effect on the P1G4 quadruplex-induced transcriptional repression. We first tested the 

binding of NSC 59276 with the P1G4 quadruplex by NMR. NSC 59276 did not appear to 

specifically stabilize the hairpin loop within the P1G4 structure (Figure 2.11A). It did not appear 

to stabilize the P1G4 quadruplex either, as shown by CD melting of P1G4T in the presence of 4 

equivalence of NSC 59276, which showed a Tm similar to that of free P1G4T DNA. We then 

examined the effect of NSC 59276 on the luciferase activities of P1G4-WT and P1G4KO 
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constructs. Consistently, NSC 59276 did not show a clear inhibitory effect on the promoter 

activity in either construct (Figure 2.11B). 
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Figure 2.10 Schematic drawing of two parallel-stranded P1G4 G-quadruplexes in dynamic 

equilibrium (G=red, A=green, C=yellow, T=blue). 
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Figure 2.11 (A) NMR titration of NSC 59276 into P1G4T in 25 mM K
+
, pH 7.0. (B) Luciferase 

activity of P1G4-WT and P1G4KO constructs in the absence and presence of NSC 59276 in 

MCF-7 cells. Each data point is the average of three independent experiments. 
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2.5 Summary and Discussion 

It is significant that a stable G-quadruplex is found to form in the P1G4 sequence 

immediately upstream of the BCL2 P1 promoter and acts as a transcriptional repressor. P1G4 is 

only 13 nt away from the previously identified Pu39 region, with both regions capable of 

forming independent G-quadruplexes in the BCL2 P1 promoter sequence. The presence of stable 

G-quadruplexes in adjacent regions could be important for the precise regulation of BCL2 gene 

transcription. The major P1 promoter contains multiple transcription start sites (-1394, -1399, -

1406, -1410, and -1432); depending on which transcription start site is used, different G-

quadruplexes may be formed. For example, transcription from all start sites except for -1432 

allows formation of P1G4 quadruplex, but transcription from the start site -1432 can only permit 

Pu39 G-quadruplex formation (Figure 2.1A). In addition, as the transcription-associated 

negative superhelicity is the driving force for the G-quadruplex formation in proximal promoter 

regions, the formation of P1G4 and Pu39 G-quadruplexes likely depends on the level of 

transcriptional activity.  

Surprisingly, using luciferase assays in MCF-7 cells, we found that in the extended BCL2 

P1 promoter region containing both P1G4 and Pu39, P1G4 quadruplex appears to play a major 

role in repressing transcriptional activity. The G-quadruplex-interactive compound, TMPyP4, 

also induced a more pronounced inhibitory effect on the BCL2 P1 promoter activity through the 

P1G4 quadruplex. It has recently been shown that the complementary C-rich strand of Pu39 

forms an i-motif, which is highly dynamic and exists in equilibrium with a flexible hairpin 

species species
96

. Stabilization of the i-motif structure results in upregulation, whereas 

stabilization of the flexible hairpin results in downregulation of the BCL2 gene. Therefore, the 
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effect of Pu39/Py39 region on the BCL2 gene transcription may be more complicated and related 

to both quadruplex and i-motif on the complementary strands.  

Parallel-stranded structures with three tetrads are found to be common in the promoter G-

quadruplexes, while most parallel-stranded promoter G-quadruplexes contain three chain-

reversal loops with 1-nt first and last loops and a variable-length middle loop
124

. It is intriguing 

that the P1G4 G-quadruplex appears to be a dynamic equilibrium of two parallel structures, one 

broken-strand, both with a novel hairpin conformation adopted by the middle loop. DNA 

quadruplexes with duplex motifs have been shown to be quite tolerable
125

. Unlike two inter-

changeable G-quadruplexes with distinct structures formed from Pu39, the two P1G4 

conformations are very similar, and are in a dynamic equilibrium that may provide entropy and 

stability to the formation of the P1G4 G-quadruplex. This dynamic equilibrium of two closely 

related conformations and the unique hairpin loop conformation are specific to the P1G4 

sequence, distinguishing the P1G4 quadruplex from other parallel structures, and may be 

recognized by proteins or small molecules. The unique hairpin loop within the P1G4 quadruplex 

may provide a specific target for small molecule recognition.  
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CHAPTER 3 

THE 3’-END OF THE PDGFR-β CORE PROMOTER NUCLEASE HYPERSENSITIVE 

ELEMENT FORMS A MIXTURE OF TWO UNIQUE END-INSERTION G-

QUADUPLEXES THAT CAN BE TARGETED BY AN ELLIPTICINE ANALOG 

 

3.1    Abstract 

Abnormal expression of PDGFR-β contributes to a number of malignancies and diseases, 

and targeting its transcriptional control provides an attractive means for inhibiting PDGFR-β 

signaling pathway. A nuclease hypersensitive element (NHE) in the human PDGFR-β core 

promoter, which regulates approximately 60% of the PDGFR-β basal promoter activity, has been 

found to form multiple overlapping G-quadruplexes. We previously determined the most stable 

G-quadruplex formed in the PDGFR-β NHE, the 5’-mid G-quadruplex. Interestingly, an 

ellipticine analog, GSA1129, appears to selectively stabilize the G-quadruplex formed in the 3’-

end NHE and repress PDGFR-β activity in cancer cell lines and in a preclinical animal model. 

The PDGFR-β NHE 3′-end minimal sequence contains a 3’ GGA-run. Instead of the previously 

suggested parallel structure containing an imperfect G:G:G:A 3’ external-tetrad, our study shows 

that two novel end-insertion intramolecular G-quadruplexes form in equilibrium in the extended 

wild-type 3ʼ-end NHE sequences in K
+
 solution: the 3’-insertion-G-quadruplex with a 3’ non-

adjacent flanking guanine inserted into the 3’-external tetrad and the 5’-insertion-G-quadruplex 

with a 5’ non-adjacent flanking guanine inserted into the 5’-external tetrad. Both end-insertion 

G-quadruplexes appear to have low thermal stability, as compared to the 5’-mid G-quadruplex, 

and can be significantly stabilized by GSA1129 binding. This selective stabilization may shift 

the equilibrium towards the 3’-end G-quadruplexes for the transcriptional downregulation of 

PDGFR-β. The novel end-insertion structures and the dynamic nature of the PDGFR-β NHE 3′-
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end G-quadruplex may present a specific target for small molecule targeting. This study 

highlights the dynamic nature of the 3′-end PDGFR-β NHE sequence and the importance of 

identifying the proper sequence for the biologically relevant G-quadruplex structure formation. 
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3.2 Introduction 

3.2.1 The Platelet Derived Growth Factor Receptor  PDGFR-) is a Receptor Tyrosine 

Kinase 

Platelet-derived growth factor (PDGF) homo- or heterodimers of A- and B-polypeptide 

chains become biologically active by interacting with two structurally related tyrosine kinase 

receptors, the PDGFR- and PDGFR-β receptors
126-130

. This interaction leads to the dimerization 

of the two receptors  and β isoforms to the homo- and heterodimers ββ and β. The 

extracellular region of the receptor contains five immunoglobulin (Ig) like domains and the 

intracellular region contains a tyrosine kinase (TK) domain
127-130

. The first three Ig- like domains 

of the receptor are responsible for ligand binding and the subsequent dimerization, which is a 

prerequisite for kinase activation
127-130

. Upon ligand binding, receptor molecules undergo a 

conformational change that leads to the autophosphorylation of their distinct tyrosine residues, 

creating binding sites for downstream signal transduction molecules and inducing a signal 

transduction cascade
131, 132

.  

 

3.2.2 Involvement of PDGFR- in Disease and Therapeutic Targeting of PDGFR-    

PDGFR- β is involved in a variety of crucial events including the growth regulation, 

survival motility, cell differentiation and tissue repair in adults
127, 131

. The abnormal expression 

of PDGFR- contributes to several malignant as well as non-malignant pathologies and has been 

analyzed in different animal disease models as well as in clinical trials
133-136

. Loss of function in 

the regulatory factors has been reported as playing a causative role in PDGFR- overexpression, 

both in non-malignant and malignant diseases 
131

. Furthermore, genetic alterations such as gene 

amplification, translocation and activating mutations are known to result in the aberrant 
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expression or altered function of PDGFR-in tumors 
131

. The tumor cells become dependent to 

the signaling pathways that are affected by activating mutations and any inhibitory effect on the 

signaling pathway can lead to apoptosis of the tumor cells
132

.  

An increased in levels of PDGFR- β were also found to be associated with atherosclerosis 

and cardiovascular diseases
131

. Even though the exact mechanism is not known, high blood 

pressure and adrenergic stimulation of the vessel wall
131, 137, 138

, reduced endothelial shear 

stress
139

 and hypercholesterolemia
139

 are some of the factors, which are thought to contribute to 

high levels of PDGFR- β gene expression that are associated with cardiovascular disease
131

. One 

of the most notable studied factors that shows the association of PDGFR- β with atherogenesis is 

that the activity of LRP1, a multifunctional transmembrane receptor, is reported to be inversely 

proportional with PDGFR- β levels leading to induction of Cbl-mediated degradation of 

activated PDGFR-β complex
140-142

.  

 Because over-activity of PDGFR-β has been linked to development of both malignant 

and non-malignant diseases, the PDGFR-β signaling pathway became a validated attractive 

target for the treatment of these pathologies. There are several developed antagonists of PDGFR-

β expression including antibodies and DNA aptamers under preclinical and clinical evaluation
132

. 

These antagonists either bind to PDGF isomers leading to inhibition of isomer binding to PDGF 

signaling receptors, or they bind to target receptors to inhibit their activation or induce their 

degradation
132

. Alternatively, several potent inhibitors such as imatinib, which showed 

significant protective effect against atherosclerosis development , were discovered for targeting 

receptor kinases
132

. 

Overall, downregulation of the PDGFR-β signaling pathway provides a feasible 

therapeutic mechanism for the development of potential treatment for multiple clinical maladies.  
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It is therefore important to recognize underlying mechanisms of immoderate activation of 

PDGFR-β signaling to provide a basis for such development. 

 

3.2.3 Human PDGFR- Promoter and Identification of G-quadruplexes in the PDGFR-

NHE Region 

The core proximal promoter region of human PDGFR- β contains a GC-rich nuclease 

hypersensitive element (NHE) whose G-rich strand (base pairs -165 to -132 with respect to the 

translational start site) adopts four different G-quadruplex structures in a K
+
-containing solution 

designated as the 5’-end, 5’-mid, 3’-mid and 3’-end G-quadruplexes. Importantly, G-tracts 

positioned within the NHE region of the human PDGFR-have been reported to be critical for 

basal PDGFR- transcription levels 
56

. The ligand-mediated stabilization of G-quadruplexes in 

the human PDGFR- promoter by telomestatin was shown to downregulate promoter activity as 

well as  PDGFR-transcript levels
56

. The study conducted by Brown et al. then showed the 3’-

end G-quadruplex to be the major transcription repressor of PDGFR-, and demonstrated that 

GSA1129, an ellipticine analog, selected through traditional chemistry hit-to-lead optimization 

of the ellipticine scaffold, selectively favors the formation of 3’-end G-quadruplex and 

downregulates PDGFR- promoter activity
143

. Additionally, treating SK-N-SH neuroblastoma 

cell lines with GSA1129 leads to a decrease in both nascent RNA and mature PDGFR-β 

transcripts, along with reduced cell proliferation and migration
143

. In the same study, an 

endotoxin-mediated in vivo model for acute lung inflammation has showed that, inflammatory 

parameters were significantly diminished by GSA1129
143

. GSA1129 appeared to reduce 

infiltration of inflammatory leukocytes into the alveoli, which strongly suggests that GSA1129, 

associated with inhibition of the PDGFR-β pathway, may be an effective drug candidate for 



83 

 

acute lung inflammation
143

. Accordingly, the PDGFR- β 3'-end G-quadruplex targeting by 

GSA1129 association and the resultant transcriptional downregulation may provide information 

for the development of potential therapeutics for multiple clinical maladies. These findings 

prompted us to identify and characterize the 3’-end G-quadruplex and its interactions with 

GSA1129.  

Because the 3’end G-quadruplex was first suggested to adopt a parallel stranded G-

quadruplex structure with an imperfect GGGA bottom tetrad at the 3′-end, and that structure was 

proposed to be selectively stabilized by GSA1129 to mimic the regular parallel G-quadruplex 

structure, we first studied the G-quadruplex formation in the wild-type minimal 3′-end 

sequences. While the wild-type minimal 3′-end sequence, Pu18, showed the formation of dimeric 

structures, none of the extended 3′-end sequences with non-guanine-containing flanking 

sequences at either the 5’- or 3’- end displayed the formation of a well-defined G-quadruplex 

structure. Pu19-A18G, where the 3’-terminal adenine-18 of 3’ GGA is replaced with a guanine 

residue, is considered to be a model system that mimics the stabilization effect of GSA1129 on 

the imperfect 3’ GGGA tetrad. Pu19-A18G forms a standard intramolecular parallel-stranded G-

quadruplex in potassium solution. The increased thermal stability of nearly +20 
o
C indicates the 

significance of this structure in the equilibrium mixture of the 3’end of PDGFR-β NHE region as 

compared to Pu19. Further analysis of the extended 3ʼ-end NHE sequences with the wild-type 

guanine-containing flanking sequences showed that the 3’-end G-quadruplex sequence can form 

two novel intramolecular G-quadruplexes in K
+
 containing solution, one with a 3’-flanking 

distant guanine inserted into the 3’-external tetrad (3’-insertion G-quadruplex) and another with a 

5’-flanking distant guanine inserted into the 5’-external tetrad (5’-insertion G-quadruplex), 

respectively. Investigation of the elongated PDGFR-β 3′-end sequence containing both wild-type 
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5’- and 3’- flanking guanines revealed the formation of a mixture of the two G-quadruplexes, 

indicating existence of an equilibrium between them. Both of the end-insertion G-quadruplexes 

appeared to have low thermostabilities, similar to that of the elongated wild-type 3’-end 

sequence. GSA1129 can bind to and increase the stability of each of the end-insertion 

quadruplex reflected by a ΔTm of 25 
o
C, similar to that of the elongated 3′-end sequence. This 

study demonstrates the dynamic nature of the two unique end-insertion G-quadruplexes in the 

PDGFR-β core promoter NHE region that can be selectively targeted by ellipticine analogs. This 

study also adds to our evolving understanding of the mechanism of PDGFR-β downregulation 

which makes it an attractive target for drug regulation. 
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3.3 Materials and Methods 

3.3.1 Synthesis and Purification of G-quadruplex Forming Deoxyribonucleic Acids  

Oligonucleotides were synthesized and purified as described in Section 2.3.1. DNA 

molecules were dissolved in either 50 mM or 25 mM K
+
-containing K-phosphate buffer (pH 7) 

solution to a final concentration of 0.1 mM. The samples were then heated to ~95 
o
C for 10 min 

and slowly cooled to room temperature. Quantification of the DNA were performed on UV/Vis 

spectroscopy at 260 nM using the calculated extinction coefficient of the DNAs. High 

concentration stocks of the DNAs were initially prepared and annealed in a diluted G-quadruplex 

folding buffer to a final concentration of 0.05 mM. This solution was then using a Vivaspin 20 

centrifugal filter unit (Vivaproducts, Inc.). 

  

3.3.2 Nuclear Magnetic Resonance Spectroscopy Experiments 

A Bruker DRX-600 spectrometer was used to acquire the NMR experimental data. DNA 

oligonucleotides were prepared in either 50 mM or 25 mM K
+
-containing K-phosphate buffer 

(pH 7) solution, to a final concentration of 0.1-2.5 mM DNA in a solution that contains 

10%/90% D2O/H2O.
 
The DNA oligonucleotides were heated to 95 

o
C for 5 min, and then cooled 

slowly to room temperature to allow G-quadruplex formation. 1D 
1
H NMR spectra were 

recorded with Watergate incorporated into the pulse sequence to achieve water suppression, and 

512 scans were collected at 25 
o
C. Both H1 and H8 protons of the site-specific 

15
N-labeled 

guanine were readily detected by 
15

N-edited gradient HMQC experiments.  
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3.3.3 Dimethyl Sulfate Footprinting Experiments 

Gel-purified 3-end PDGFR-β G-quadruplex oligonucleotides with additional T7 flanking 

ends were 5’-end labeled using [ɤ-
32

P] ATP in the presence of T4 polynucleotide kinase. The G-

quadruplex formation was achieved by denaturing the DNA at ~95 
o
C for 5 min, then slowly 

cooling to room temperature in 10 mM Tris-HCl buffer (pH=7.6) in the presence or absence of 

140 mM KCl. Methylation of the DNA oligonucleotides was performed using 0.5% (final 

concentration) DMS, 1 g calf thymus DNA for 7 minutes at room temperature.  The DMS 

reactions were stopped by addition of β-mercaptoethanol and glycerol to final concentrations of 

7.7% and 2.6%, respectively. Electrophoresis on an 8% native PAGE gel was used to separate 

single-stranded DNA, intramolecular G-quadruplex, and intermolecular G-quadruplexes. DNAs 

were isolated from the gel by soaking into water, and then recovered by ethanol precipitation. 

The samples were treated with 10% piperidine for 16 minutes at 90
 
°C. Piperidine was removed 

from the samples by complete drying on a Speedvac, followed by two water washes also 

removed by the same method. The cleaved products (10000cpm/3l) were separated on a 16% 

sequencing denaturing PAGE gel, which was exposed to a PhosphorImager screen overnight. 

The signal was detected on a Storm PhosphorImager. 

 

3.3.4 Circular Dichroism Spectroscopy Experiments 

For understanding the intrinsic thermodynamic stability and structural characteristics of 

the G-quadruplexes, circular dichroism spectra were recorded using a Jasco-810 

spectropolarimeter (Jasco Inc, Easton, MD) equipped with a thermodynamically controlled cell 

holder. Samples were prepared in either 25 or 50 mM K
+
-containing K-phosphate buffer. CD 

measurements were taken through a quartz cell with an optical path length of 1 mm. The CD 
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spectra were attained using three averaged scans between 230-330 nm at 25 
o
C. The baseline was 

corrected by subtracting signal contributions from buffers. Tm values were determined using CD 

melting experiments at 264 nm with a heating rate of 4 
o
C/min and 1 s response time between 

20-95 
o
C. 

 

3.3.5 Native Gel Electrophoresis 

Electrophoresis experiments were conducted using a 1.5 mm thick 10×7 cm native gel 

containing 16% acrylamide (Acrylamide:Bis-acrylamide = 29:1) in TBE buffer, pH = 8 

supplemented with 12.5 mM KCl. 0.4 nmol DNA is loaded into each well. DNA bands were 

visualized using ethidium bromide staining. 

 

3.4 Results 

3.4.1 The 3’-end G-quadruplexes of the PDGFR-β Core Promoter Nuclease 

Hypersensitivity Element  

3.4.1.1 The GC-rich NHE located in the PDGFR-β Core Promoter consists of a mixture 

of multiple G-quadruplexes; the 3′-end G-quadruplex in the PDGFR-β 

Promoter can be selectively targeted by a small molecule ellipticine GSA1129 to 

downregulate PDGFR-β transcription and inhibit cell proliferation. 

 

The PDGFR-β NHE (Figure 3.1A) within the −165 to −132 bp region of the core 

promoter has been shown to be an important regulatory element for PDGFR-β transcription 

activity
56, 75

. This GC-rich NHE consists of seven poly-guanine/poly-cytosine tracts that can 

form a mixture of at least four G-quadruplexes from overlapping sequences, namely, the 3′-end  

(R1–R4), 3′-mid (R2–R6), 5′-mid (R3–R6), and 5′-end (R4–R7) G4s (Figure 3.1A)
56, 143

. We 

have previously reported the formation and NMR-derived folding pattern of the G-quadruplex 

for the 5′-mid sequence, the most stable G-quadruplex (Tm ~66.1°C in 50 mM K
+
) formed in the 
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PDGFR-β NHE
75

. The hierarchy of thermal stabilities for these G-quadruplexes, ordered from 

most to least stable, is 5′-mid (Tm ~66.1°C), 3′-mid (57.3 °C), 3′-end (55.6 °C) and 5′-end (52.6 

°C) in 50 mM K
+ 

containing solution (Supplemental Figure 3.1)
143

. The 3′-end minimal 

sequence (R1-R4) contains only two guanines and an adenine in the 3′-most purines (R1=GGA) 

(Figure 3.1A) and thus is less stable. The DMS footprinting for the 3′-end minimal sequence 

showed clear protection of guanines in R2, R3, and R4, whereas R1 is only partially protected, 

suggesting that this end is frayed, presumably because of instability produced by the 3′-terminal 

adenine (Supplemental Figure 3.2)
143

. Interestingly, the DMS footprinting pattern of the full-

length (FL) sequence is most indicative of the presence of 5′-mid and 3′-end DMS folding 

patterns (Supplemental Figure 3.2)
143

. Furthermore, it was shown that the 3′-end G-quadruplex 

in the PDGFR-β promoter can be selectively targeted by a small molecule, the ellipticine 

GSA1129, to downregulate PDGFR-β transcription and inhibit cell proliferation and motility
143

. 

CD spectroscopic study shows that the 3′-end G-quadruplex has a parallel-stranded folding. 

Thus, it was suggested that the 3′-end PDGFR-β G-quadruplex adopted a three-tetrad parallel G-

quadruplex structure, with its 3’-external tetrad being an imperfect one involving the 3’-terminal 

adenine of R1
143

. The 3’-end G-quadruplex had a low stability due to this imperfect 3’-external 

GGGA tetrad, and was proposed to be the target of GSA1129, whose binding could stabilize the 

imperfect 3’-end GGGA to mimic the stability of a normal G-quadruplex. Therefore, we are 

interested in understanding the formation and folding structure of the 3′-end G-quadruplex. 
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Figure 3.1. (A) The PDGFR-β core promoter NHE, shown with its four predominantly parallel 

G-quadruplexes from overlapping sequences. (B) Wild-type 3’-end minimal sequence and its 

modifications. The G-runs are underlined and numbered. Adenine (18) in the Pu19 sequence and 

the Adenine (18)-to-Guanine mutation in the Pu19-A18G sequence are shown in red. (C) Imino 

regions of 1D NMR spectra of Pu18 (top), Pu19 (middle) and Pu19-A18G (bottom) sequences at 

25 °C in 50 mM K
+
, pH=7.0. The imino H1 proton assignment of Pu19-A18G by 1D 

15
N-filtered 

experiments at 25 °C in 50 mM K
+
, pH=7 is shown. (D) Schematic drawing of the parallel-

stranded Pu19 (left) and Pu19-A18G (right) G-quadruplexes. (G=red, A=green, C=yellow, 

T=blue). (E) Native EMSA experiments of Pu18, Pu19 and Pu19-A18G in 50 mM K
+
-containing 

buffer (left), and of Pu19-A18G and its complexes with GSA1129 at 0.5, 1, and 2 equivalences 

(right). (F) CD spectra of Pu19-A18G (blue spectrum) and Pu19 (red spectrum) in 50 mM K
+
 

pH=7. 
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3.4.1.2 The minimal 3′-end sequence containing only R1 to R4, with a 3’-terminal 

adenine, doesn’t form a stable G-quadruplex and has a tendency to form a 

dimer. 

 

It was suggested that G-quadruplex formation of the 3′-end sequence utilizes the 3′-

terminal adenine to form a 3’-GGGA tetrad, and that inclusion of the 3′-terminal adenine 

contributes to the thermodynamic stability of the 3′-end G-quadruplex. Therefore, we first 

prepared a wild-type 3′-end minimal sequence Pu18 that contains R1- R4 (Figure 3.1A) for 

NMR analysis. Pu18 showed a nice 1D NMR spectrum (Figure 3.1C), indicating the formation 

of a stable G-quadruplex. However, the Pu-18 G-quadruplex appeared to be of dimeric, rather 

than monomeric nature, as shown by the EMSA experiments (Figure 3.1E).  

 As the Pu18 sequence starts with a guanine at its 5’-end, which would contribute to its 

strong tendency for dimer formation, we tested the wild-type Pu19 sequence with a 5’-end 

flanking cytosine (Figure 3.1B). The additional 5’-end flanking cytosine clearly reduced the 

population of dimeric species as shown by EMSA (Figure 3.1E), and Pu19 gave rise to a 
1
H 

NMR spectrum quite different from that of Pu18, indicating that a different G-quadruplex is 

formed (Figure 3.1C). However, the 
1
H NMR spectrum of Pu19 was not well-resolved. As the 

3′-terminal adenine was suggested to partially substitute for the traditional guanine to form an 

imperfect 3’-GGGA tetrad, which is expected to produce some instability, an A-to-G mutation 

was introduced, replacing the 3’-teminal adenine A18 to prepare Pu19-A18G, to establish the 

molecular model for what would be the stable 3’-end G-quadruplex, possibly mimicking the 

effect of the GSA1129 binding and stabilization. Pu19-A18G showed a markedly increased G-

quadruplex stability by nearly + 20 °C as compared to WT Pu19
143

. The 1D
 1

H NMR spectrum 

of Pu19-A18G in 50 mM K
+
 solution showed twelve well-resolved imino proton peaks between 

10.5-12 ppm, indicating the formation of a well-defined G-quadruplex structure (Figure 3.1C). 
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The EMSA of Pu19-A18G in 50 mM K
+
 showed that it formed a major monomeric species 

(Figure 3.1E). CD spectroscopy can be used to determine G-quadruplex formation and stability, 

while also providing some structural insights, such as strand directionality
84, 144

. The CD spectra 

of Pu19 and Pu19-A18G are quite similar, both showing a positive peak at 265 nm with a 

negative peak at 245 nm (Figure 3.1F), characteristic of the parallel-stranded G-quadruplex 

structure. We prepared oligonucleotides with individual site-specific 6% incorporation of 
15

N-

labeled guanine for each guanine position in Pu19-A18G
55, 120

. The guanine imino H1 proton has 

one-bond coupling to N1 and can be readily detected by 1D 
15

N-edited experiments (Figure 

3.2A)
123

. The imino proton assignment of Pu19-A18G is shown in Figure 3.2A. Of thirteen 

guanines in Pu19-A18G, only the G2 imino peak was not observed in the 10.5-12 ppm region 

(Figure 3.2A), indicating that G2 was not involved in the G-tetrad formation. Therefore, Pu19-

A18G forms an intramolecular parallel G-quadruplex with three G-tetrads and a 2:1:1 loop 

arrangement (Figure 3.1D, right). The NMR variable temperature (VT) study showed that the 

melting temperature of Pu19-A18G was around 70 °C (Figure 3.2B), similar to that shown by 

CD melting (Table 3.1). We then tested the binding of the ellipticine GSA1129 to the Pu19-

A18G G-quadruplex. However, we found that, upon addition of higher equivalences (>1) of the 

compound GSA1129, Pu19-A18G appeared to form a dimeric species. (Figure 3.1E).  
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Table 3.1 Melting temperatures of Pu20, Pu19-A18G and TT-Pu20-G2A in 50mM K
+
 solution, 

at pH=7, as determined by CD. 

 

 

 Tm (°C) 

50 mM K
+
 

Pu20 50 

Pu19-A18G 71 

TT-Pu20-G2A 50 
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Figure 3.2 (A) Imino H1 proton assignment of Pu19-A18G by 1D 
15

N-filtered experiments using 

site-specifically labeled oligonucleotides at 25 °C, in 50 mM K
+
, pH=7. (B) NMR variable 

temperature study of Pu19-A18G in 50 mM K
+
, pH=7. 
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3.4.1.3 The extended 3’-end sequence of PDGFR- β can form a novel stable 

intramolecular (unimolecular) G-quadruplex with an inserted guanine from the 

3’-end, the 3’-insertion G-quadruplex. 

 

In an attempt to establish the molecular model for the proposed 3’-end G-quadruplex 

with an imperfect 3’-GGGA tetrad and to distinguish the relative effect of the adenine 

substitution for the guanine in the 3′-tetrad in the WT, we tested the WT minimal 3’-end 

sequence, Pu18, with various 3’-end or 5’-end flanking residues. Because both Pu18 and Pu19 

showed a tendency to form a dimer, additional 3’-end or 5’-end flanking residues were 

introduced in an attempt to reduce the dimer formation
145

. Both the 3’-end or 5’-end flanking 

segments beyond the minimal R1-R4 G-runs contain guanine residues (Figure 3.1A); therefore, 

we first tried to use various non-guanine flanking residues, up to three residues on each end, to 

see whether these additional 3’- or 5’-end flanking residues could stabilize the proposed 3’-end 

G-quadruplex containing the 3’-GGGA tetrad (Figure 3.1D, left). We tested a large number of 

Pu18 oligonucleotides with various combination of flanking sequences; however, none of these 

modified 3’-end sequences seemed to be able to form a stable intramolecular G-quadruplex.  

 We then tested extended 3’-end sequences containing the wild-type flanking guanines. 

Unexpectedly, we found that the wild-type Pu20 sequence (Figure 3.3A) showed a 
1
H NMR 

with good spectral resolution (Figure 3.3B). The well-resolved imino proton peaks located 

between 10.5-12 ppm indicated the formation of a stable G-quadruplex structure in Pu20. 

Importantly, EMSA results showed that the Pu20 G-quadruplex is monomeric in nature (Figure 

3.3E, right). The CD spectrum of Pu20, with a positive peak at 265 nm and a negative peak at 

245 nm, suggested formation of a parallel-stranded G-quadruplex structure (Figure 3.4A). The 

NMR VT study showed a melting temperature of Pu20 around 50 °C in 50 mM K
+
 (Figure 

3.3C), 20 degrees lower than that of the Pu19-A18G G-quadruplex (Figure 3.2B).  
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In addition to the four G-runs R1-R4 in Pu18, Pu20 contains an extended 3’ flanking 

segment containing an additional guanine (Figure 3.3A). The formation of a stable 

intramolecular G-quadruplex in Pu20 but not in Pu19 (Figure 3.3A) suggested that this 3’-

terminal guanine is involved in the intramolecular Pu20 G-quadruplex. Moreover, the G-to-A 

mutation at position 2 of Pu20, i.e., Pu20-G2A, showed an NMR spectrum almost identical to 

that of Pu20 in K
+
 solution (Figure 3.3B), indicating that G2 was not involved in the G-tetrad 

formation of the Pu20 G-quadruplex. We prepared oligonucleotides with individual site-specific 

6% incorporation of 
15

N-labeled guanine for each guanine position in Pu20
55, 120

. The imino 

proton assignment of Pu20 by 1D 
15

N-edited experiments of each site-specifically labeled Pu20 

oligonucleotide is shown in Figure 3.3D. Indeed, the imino proton of G2 was not detected for 

Pu20 (Figure 3.3D), confirming that G2 was not involved in the G-tetrad formation. 

Importantly, the imino proton of G20 is observed in the 10.5-12 ppm region (Figure 3.3D), 

indicating that G20 is indeed involved in the G-tetrad formation in the Pu20 G-quadruplex. This 

result was further confirmed using DMS footprinting experiment under physiologically relevant 

ionic conditions. While G2 showed complete cleavage in the presence of 140mM K
+
 solution, 

indicating that it is not involved in G-tetrad formation, G20 showed partial protection confirming 

possible involvement of G20 in G-quadruplex formation (Figure 3.5B, right).  Therefore, Pu20 

appears to form a novel intramolecular parallel-stranded G-quadruplex with three G-tetrads, with 

the 3’ non-adjacent guanine inserted to complete the formation of the 3’ external G-tetrad; we 

name this the 3’-insertion G-quadruplex (Figure 3.3E, left).  

 Because the inserted G20 is from a non-adjacent site, the 3’-insertion G-quadruplex 

contains a bulge structure, involving A18 and C19, on its last G-strand (Figure 3.3E, left). The 

formation of this bulge structure would suggest that A18 is not involved in the tetrad formation. 
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We prepared a Pu20 variant with an A-to-T mutation at the A18 position, namely, Pu20-G2A-

A18T (Figure 3.3A), which exhibits a very similar 1H NMR spectrum (Figure 3.3B), CD 

profile (Figure 3.4A) and melting temperature to those for Pu20 (Figure 3.4B). These results 

suggest that A18 is not involved in the 3’-tetrad formation and does not contribute much to the 

stability of Pu20 G-quadruplex. 

 We then tested extended flanking sequences for Pu20 at either the 5’ end or the 3’ end. 

Based on the folding structure of Pu20 (Figure 3.3E, left), we expected that the 5’-end extension 

should not affect the 3’-insertion G-quadruplex formation, but that the 3’-end extension may. 

This is indeed the case. Pu20-G2A variants with additional 5’-flanking bases (Figure 3.3A), 

such as 5’-A (A-Pu20-G2A) or 5’-T (TT-Pu20-G2A), both showed improved 
1
H NMR spectra 

(Figure 3.3B), indicating that the additional 5’-flanking can stabilize the 3’-insertion G-

quadruplex, likely due to the capping effect on the 5’-external G-tetrad. On the other hand, the 

3’-end extension (TT-Pu20-T-G2A, Figure 3.3A) appeared to reduce the quality of 
1
H NMR 

spectra (Figure 3.3B), suggesting that the 3’-end extension may interfere with the stability of the 

3’-insertion G-quadruplex structure. However, TT-Pu20-T-G2A showed almost the same NMR 

imino proton peaks as those of TT-Pu20-G2A (Figure 3.3B), indicating the formation of the 

same G-quadruplex.  The CD melting study showed the melting temperature of TT-Pu20-G2A 

was around 50°C in 50 mM K
+
 (Table 3.1). 
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Figure 3.3 (A) Wild-type extended 3’-end sequences containing 3’ flanking guanines. The G-

runs are numbered. (B) Imino regions of 1D NMR spectra of Pu19, Pu20, Pu20-G2A, Pu20-

G2A-A18T, A-Pu20-G2A, TT-Pu20-G2A, and TT-Pu20-T-G2A sequences at 25 °C in 50 mM 

K
+
, pH=7.0. (C) NMR variable temperature study of Pu20 in 50 mM K

+
, pH=7. (D) Imino H1 

proton assignment of Pu20 by 1D 
15

N-filtered experiments using site-specifically labeled 

oligonucleotides at 25 °C, in 50 mM K
+
, pH=7 is shown. (E) Schematic drawing of parallel-

stranded 3’-insertion G-quadruplex (G=red, A=green, C=yellow, T=blue) (left). Native EMSA 

experiments of Pu20 and its complexes with GSA1129 at 0.5, 1, and 2 equivalences (right).   



98 

 

 

Figure 3.4 (A) CD spectra of Pu19-A18G (black spectrum), Pu20 (blue spectrum), Pu20-G2A-

A18T (purple spectrum), TT-Pu20-T-G2A (brown spectrum), Sample 14 (red spectrum), and 

Sample 28 (green spectrum) in 50 mM K
+
 pH=7. (B) CD thermal stability for the Pu20 (green 

spectrum), Pu20-G2A (blue spectrum) and Pu20-G2A-A18T (red spectrum) G-quadruplexes in 

50 mM K
+
. 
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Figure 3.5 (A) The wild-type promoter sequences of the 3’end of the PDGFR-β that form 5’-

insertion (top) and 3’-insertion G-quadruplexes (bottom). The five G-runs are underlined and 

numbered. (B) DMS footprinting of 5’-insertion (left) and 3’-insertion G-quadruplexes (right). 
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3.4.1.4 The extended 3’-end sequence of PDGFR-β can form a second novel stable 

intramolecular (unimolecular) G-quadruplex with an inserted guanine from the 

5’-end, the 5’-insertion G-quadruplex. 

 

Closer examination of the G-rich-strand of the PDGFR-β NHE showed the presence of 

guanine residues also at the 5’- flanking region of the 3’-end sequence (R5, Figure 3.1A). The 

formation of the 3’-insertion G-quadruplex led us to wonder whether a 5’-end insertion could 

also be possible for the 3’-end G-quadruplex, because the R1-run contains only two guanines,  

G16 and G17, which could move down to the 3’ end of the G-quadruplex. We prepared the G-

Pu19 oligonucleotide, which contains an additional guanine as 5’-flanking on Pu19 (Figure 

3.6A). Intriguingly, the G-Pu19 sequence did appear to form a major G-quadruplex (Figure 

3.6B). We then prepared a related sequence, AG-Pu19, with an additional 5’-flanking adenine 

(Figure 3.6A). AG-Pu19 showed a well-resolved NMR spectrum (Figure 3.6B) with imino 

proton peaks located between 10.5-12 ppm, indicating the formation of a stable G-quadruplex 

structure. Extended 3’-flanking (Samples 5 and 3 in Figure 3.6A) appeared to stabilize this G-

quadruplex (Figure 3.6B). While 3’-AT (Sample 5) and 3’-TT (Sample 3) oligonucleotides gave 

rise to almost identical imino proton resonances, the 3’-TT version showed a better quality 
1
H 

NMR spectrum, indicating a more stable G-quadruplex formation. Additional flanking residues 

at the 5’-end (Samples 14 and 7, Figure 3.6A) appeared to improve the NMR spectral quality 

even more (Figure 3.6B), indicating a further stabilized G-quadruplex formation. The great 

similarity of the 
1
H NMR imino regions of all the samples clearly indicated the formation of the 

same G-quadruplex. The NMR VT study showed the melting temperature of Sample 14 was 

around 45°C in 50 mM K
+
 (Figure 3.6C). The CD spectrum of Sample 14 showed a positive 

peak at 265 nm and a negative peak at 245 nm, suggesting a parallel-stranded G-quadruplex 

structure was present (Figure 3.4A). EMSA results showed that the G-quadruplex formed in the 
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Sample 14 is monomeric (intramolecular) in nature (Figure 3.6E, right). We prepared 

oligonucleotides with individual site-specific 9% incorporation of 
15

N-labeled guanine for each 

guanine position in Sample 14
55, 120

. The imino proton assignment by 1D 
15

N-edited experiments 

of each guanine-specifically labeled Sample 14 oligonucleotide is shown in Figure 3.6D. Indeed, 

the imino proton of G0 in the 5’-flanking region (Figure 3.6A) was detected at 11.4 ppm, 

confirming that this 5’-distant guanine was involved in the tetrad formation of this 

intramolecular G-quadruplex. On the other hand, the imino proton of G2 was not detected 

(Figure 3.6D), indicating that G2 is not involved in G-tetrad formation in this G-quadruplex. 

Therefore the 5’-extended sequence appears to participate in formation of a second novel 

intramolecular parallel-stranded 3-tetrad G-quadruplex, with the 5’-flanking guanine G0 inserted 

to complete the formation of the 5’ external G-tetrad; we name this the 5’-insertion G-

quadruplex (Figure 3.6E, left). G16 and G17 in the R1 G-run move down to the 3’-end to be 

involved in the middle and 3’-external G-tetrads, respectively, in this structure (Figure 3.6E, 

left). Importantly, Sample 15 (Figure 3.6A), which contains both wild-type guanine residues 

from the 5’-flanking G-run R5, appeared to form the same 5’-insertion G-quadruplex, as shown 

by its NMR imino proton region (Figure 3.6B) which closely resembles those of other sequences 

(Figure 3.6A) containing a single guanine at the 5’-flanking region. This result indicated that, in 

the presence of both guanines in the 5’-flanking region (G0 and G-1), only G0 is inserted to be 

involved in the 5’-external tetrad formation of the 5’-insertion G-quadruplex. The guanines 

involved in 5’-insertion G-quadruplex were also identified by performing DMS footprinting 

experiment in 140mM K
+ 

containing solution. While G0 shows perfect protection, G-1 showed a 

cleaved product indicating the involvement of the G0 but not the G-1 in G-tetrad formation 

(Figure 3.5B, left). In addition, the 5’-insertion G-quadruplex appeared to be able to tolerate 
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additional flanking segments at both the 5’- and 3’- end (Figures 3.6A and 3.6B). 

 

Figure 3.6 (A) Wild-type extended 3’-end sequences containing 5’ flanking guanines. The G-

runs are numbered. (B) Imino regions of 1D NMR spectra of Pu19, G-Pu19, AG-Pu19, Sample 

5, Sample 3, Sample 14, Sample 7 and Sample 15 sequences at 25 °C in 50 mM K
+
, pH=7.0. (C) 

NMR variable temperature study of Sample 14 in 50 mM [K
+
], pH=7. (D) Imino H1 proton 

assignment of Sample 14 by 1D 
15

N-filtered experiments using site-specifically labeled 

oligonucleotides at 25 °C, in 50 mM K
+
, pH=7. (E) Schematic drawing of parallel-stranded 5’-

insertion G-quadruplex (G=red, A=green, C=yellow, T=blue) (left). Native EMSA experiments 

of Sample 14 and its complexes with GSA1129 at 0.5, 1, and 2 equivalences (right).  
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3.4.1.5 The extended 3’-end sequence consists of an equilibrium of the two 

intramolecular G-quadruplexes with an inserted guanine either from the 3’-end 

or the 5’-end. The two 3’-end G-quadruplexes with a 3’-inserted G or 5’-inserted 

G show similar stability. 

 

As it appeared that either the 3’-end or the 5’-end distant guanine in the flanking 

segments can be inserted into the intramolecular G-quadruplexes, we would like to ask whether 

these two intramolecular G-quadruplexes, i.e., the 3’-insertion G-quadruplex and the 5’-insertion 

G-quadruplex, can co-exist  in the extended 3’-end sequence of the PDGFR-β NHE. We 

prepared a 3’-end sequence, Sample 28 that has the potential to form both the 3’-insertion G-

quadruplex and the 5’-insertion G-quadruplex (Figure 3.7A). The 1D 
1
H NMR spectrum of 

Sample 28 indicated a mixture of more than one G-quadruplex (Figure 3.7B); comparing the 

NMR spectra of Sample 28 with those of Sample 14 (5’-insertion G-quadruplex) and Pu20 (3’-

insertion G-quadruplex) suggested that the two G-quadruplexes appeared to co-exist in the 

extended 3’-end sequence. The CD spectrum of Sample 28 resembled those of Pu20 and Sample 

14 very well (Figure 3.4A). We prepared oligonucleotides with individual site-specific 6% 

incorporation of 
15

N-labeled guanine at different guanine positions in Sample 28 and performed 

1D 
15

N-edited experiments of each specifically labeled sample. Excitingly, each of these G-

labeled samples showed two imino proton peaks, indicating the co-presence of two G-

quadruplexes (Figure 3.7C). Comparison of the imino proton assignment in Sample 28 to Pu20 

and Sample 14 indicated that indeed both of the 3’-insertion and 5’-insertion G-quadruplexes 

were formed in Sample 28 (Figure 3.7C). For example, imino protons of G12, G13, G14, and 

G16 of Pu20 (labeled in red) and the G12, G13, G14, and G16 of Sample 14 (labeled in blue) are 

all detected at the nearly same chemical shift as observed in spectra for Sample 28 (Figure 

3.7C). NMR VT study of Sample 28 showed that the 3’-insertion structure and 5’-insertion 

structure appeared to have a similar stability, as indicated by their melting temperatures, with the 
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3’-insertion G-quadruplex being slightly more stable (Figure 3.7D). The higher Tm of the 3’-

insertion G-quadruplex in Sample 28 may be because of its non-capped 3’-terminal guanine. 

Therefore, in the elongated PDGFR-β 3′-end sequence, which contains both the 3’- and 5’- 

distant guanines, the two end-insertion G-quadruplexes appeared to exist in equilibrium (Figure 

3.7E). 
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Figure 3.7 (A) Wild-type extended 3’-end sequences containing 5’ and/or 3’ flanking guanines. 

(B) Comparing imino H1 proton assignment of the 3’-insertion G-quadruplex (Pu20) and the 5’-

insertion G-quadruplex (Sample 14) with the extended 3’-end sequence (Sample 28) of the 

PDGFR-β NHE. (C) The imino H1 proton assignment of Sample 28 by 1D 
15

N-filtered 

experiments using site-specifically labeled oligonucleotides at 25 °C, in 50 mM K
+
, pH=7. Imino 

protons of G12, G13, G14, and G16 of Pu20 are labeled in red, and imino protons of G12, G13, 

G14, and G16 of Sample 14 are labeled in blue (D) NMR variable temperature study of Sample 

28 in 50 mM K
+
, pH=7. The imino proton of G8 of Sample 14 is shown with a hash sign 

(colored blue) and the imino proton of G12 of Pu20 is shown with a star sign (colored red) (E) 

Schematic drawing of parallel-stranded 5’-end insertion (left) and 3’-end insertion (right) G-

quadruplexes. (G=red, A=green, C=yellow, T=blue). 
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3.4.1.6 GSA1129 binds and stabilizes both of the end-insertion G-quadruplexes formed 

in the extended 3’-end PDGFR-β NHE sequence. 

 

We tested the effects of GSA1129 (Figure 3.8B) addition on Pu20 and on Sample 14, 

which can form either the 3’-insertion G-quadruplex or the 5’-insertion G-quadruplex, 

respectively, by CD melting. (Table 3.2) We found that GSA1129 can significantly increase the 

Tm of both the 3’-insertion and the 5’-insertion G-quadruplexes, by about 25 °C. We then tested 

the effects of GSA1129 addition with the extended 3’-sequence (Sample 28), which also showed 

a ∆Tm of about 24 °C. We then carried out 
1
H NMR titration experiments on the binding of 

GSA1129 to the two end-insertion G-quadruplexes (Figure 3.8). The well-resolved characteristic 

imino regions of tetrad-guanines of TT-Pu20-G2A and Sample 14 provide a direct and 

unambiguous detection system for drug binding interactions with the 3’-insertion-G4 and 5’-

insertion-G4, respectively. For the 3’-insertion-G4 formed in TT-Pu20-G2A, upon addition of 

GSA1129 to the DNA solution, a new set of imino proton peaks of tetrad guanines started to 

emerge while the free DNA imino proton peaks were vanishing, indicating a slow-to-medium 

exchange rate of GSA1129 binding to TT-Pu20-G2A on the NMR time-scale (Figure 3.8D). 

GSA1129 appeared to bind TT-Pu20-G2A at 2:1 binding stoichiometry, as no further qualitative 

change is visible in the imino region at the GSA1129 equivalence higher than 2 (Figure 3.8D). 

For the 5’-insertion-G4 formed in Sample 14, a similar binding of GSA1129 is observed (Figure 

3.8C). However, the binding of GSA1129 appeared to be a little less specific as shown by a 

broader line-width in the complex spectra at drug equivalence higher than 2. Interestingly, while 

GSA1129 appeared to bind the 5’-external tetrad of both end-insertion G-quadruplexes well, 

GSA1129 appeared to bind the 3’-external tetrad of  the 3’-insertion-G4 better than that of the 

5’-insertion-G4, as shown by the broader and less resolved complex imino protons peaks of the 

3’-external tetrad upon drug addition.  
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Table 3.2 CD thermal analysis of Pu20, Sample 14 and Sample 28 (ΔTm) at 2 molar equivalents 

of GSA1129 compound in 50 mM K
+
 solution, at pH=7 determined by CD. 

 

50 mM K
+
 and 2eq of GSA1129 ∆Tm (°C) 50 mM K

+
 

Pu20  25 

Sample14  25 

Sample28  24 
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Figure 3.8 (A) The 5’-insertion-G4 (Sample 14) sequence that forms the 5-insertion-G4 and the 

3’-insertion-G4 (TT-Pu20-G2A) sequence that forms the 3’-insertion-G4. (B) Structure of 

GSA1129. (C) Imino regions of the 1D 
1
H NMR titration spectra of 5’-insertion-G4 (D) the 3’-

insertion-G4 (right) with GSA1129 in 50 mM K
+
 solution at 25 °C. The imino proton 

assignments of the free DNA G-quadruplexes are shown. 
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3.5 Summary and Discussion  

The PDGFR-β NHE 3′-end sequence consists of G-runs R1-R4, with the three 5’ G-runs 

(R2-R4) containing three, three, and four guanines, respectively, but with only two guanines and 

an adenine, as the 3′-most purine, in the 3’ G-run R1 (R1=GGA). The DMS footprinting for the 

3′-end sequence showed clear protection of all three guanines in R2, R3, and R4, whereas the 

two guanines in R1 are partially protected, suggesting that this end is frayed, presumably because 

of instability produced by the 3′-terminal adenine. CD spectroscopic study shows that the 3′-end 

G-quadruplex has a parallel-stranded folding. Thus, it was first suggested that the 3′-end 

PDGFR-β G-quadruplex adopted a three-tetrad parallel G-quadruplex structure, with its 3’-

external tetrad being an imperfect GGGA involving the 3’-terminal adenine of R1. The 3’-end 

G-quadruplex had a low stability, and the binding of GSA1129 was suggested to stabilize the 

imperfect 3’-end GGGA tetrad to mimic the stability of a normal G-quadruplex. However, the 

minimal 3’-end sequence wild-type Pu18, containing only the G-runs R1-R4 in the PDGFR-β 

promoter NHE, showed a strong tendency for dimer formation. Adding a 5’-C to Pu18 to 

produce Pu19 largely reduced the dimer formation. Pu19-A18G, with an A-to-G mutation for the 

adenine of the 3’-GGA, was considered to be a model system for the 3’end G-quadruplex and to 

mimic the stabilization effect of GSA1129 on the 3’end G-quadruplex with an imperfect 3’ 

GGGA tetrad. Pu19-A18G forms a regular intramolecular parallel-stranded G-quadruplex in 

potassium solution with increased thermal stability by a Tm of + 17 °C as compared to the WT 

sequence. However, no well-defined G-quadruplex could be formed in the WT Pu19, or in other 

extended Pu18 sequences with non-guanine-containing flanking sequences at either the 5’- or 3’- 

end. Therefore, the involvement of the 3’-terminal adenine in R1 in a tetrad, as well as formation 

of a GGGA tetrad, were unlikely. This is not surprising, as the adenine base contains a hydrogen 
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on C2, and an amino group on C6, with the absence of the imino NH1 proton; thus, the adenine 

base not only cannot form the Hoogsteen hydrogen-bonds with neighboring guanines needed for 

a tetrad formation, it may even be disruptive to the tetrad due to the close proximity of the 

adenine N6H2 group to the adjacent guanine’s imino NH1. 

It is highly unexpected and interesting that the extended 3’-end sequence can form two 

novel intramolecular parallel G-quadruplexes with an inserted guanine from either 3’-end or 5’-

end flanking bases in potassium solution. The wild-type NHE sequence (Figure 3.1A) contains 

non-adjacent guanines in the flanking regions of the 3ʼ-end sequence, i.e., two guanines in the 5’ 

flanking R5 (G0 and G-1) that are one base away to the first R4 guanine, and a 3’ guanine (G20) 

two bases away from the last R1 guanine. In the 3’-insertion G-quadruplex, the 3’ G20, which is 

two bases away from the last guanine of R1, involved in the formation of the 3’-external G-tetrad 

with the G5, G10, and G14 from G-runs R4, R3, and R2, respectively, while the two guanine 

G16 and G17 from R1 are involved in the formation of the 5’-external and middle G-tetrads, 

with the formation of a bulge structure consisting of A18C19 (Figure 3.7E right). In the 5’-

insertion G-quadruplex, the 5’ G0, which is also two bases away from the 5’ G3 of R4, is shown 

to be involved in the formation of the 5’-external G-tetrad with the G3, G8, and G12 from G-

runs R4, R3, and R2, respectively. In this structure, the two guanine G16 and G17 from R1 are 

now involved in the formation of the middle and 3’-external G-tetrads, with the formation of a 

new lateral loop C1G2 covering the 5’-external tetrad (Figure 3.7E, left). Interestingly, the 5’ 

run R5 contains two guanines, but only the 3’-guanine of these, G0, is inserted in the 5’end-

insertion G-quadruplex, likely due to the favorable lateral loop formed by C1G2. Verification of 

these structural details will await the 3D structure determination of the 5’-end-insertion G-

quadruplex. Therefore, it appears that, depending on the right sequence and position of the 
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guanine-containing flanking segments, either the 3’-insertion or 5’-insertion G-quadruplex can 

form; if there is a 3’-flanking G, albeit a non-adjacent one, it can be incorporated into the 3’-

external G-tetrad, while a non-adjacent 5’-flanking G  can also be used to form the 5’-external 

G-tetrad in the alternate fold. The two-guanine of R1 can move up or down the G-quadruplex 

corner to accommodate the inserted guanine, either from the 5’-end or from the 3’-end. 

Importantly, in the elongated PDGFR-β 3′-end sequence, which contains both the 3’- and 5’- 

distant guanines, the two end-insertion G-quadruplexes appear to exist in equilibrium (Figure 

3.7E). Our result thus highlights the dynamic nature of the 3′-end NHE sequence and the 

importance of identifying the proper sequence for the biologically relevant G-quadruplex 

structure formation. 

Both of the 3’-insertion and 5’-insertion G-quadruplexes appeared to have low thermo-

stability, with Tm values of around 50 °C in 50 mM K
+
, as compare to a Tm of 70 °C for the 

regular parallel G-quadruplex formed in Pu19-A18G. A similar thermal stability is observed for 

the elongated 3′-end sequence that forms a mixture of the two end-insertion G-quadruplexes. 

Significantly, GSA1129 appears to selectively bind the 3’-end G-quadruplexes, and significantly 

increase the stabilities of both the 3’-insertion and 5’-insertion G-quadruplexes, as well as those 

formed in the elongated 3′-end sequence, by about 25 °C. The selective stabilization of these G-

quadruplexes may be responsible for the effects of GSA1129 on PDGFR-β transcriptional 

downregulation. The novel end-insertion structures and the dynamic nature of the 3′-end G-

quadruplexes may make it an effective target for GSA1129 binding and regulation. We will work 

to determine the molecular structures of the two end-insertion G-quadruplexes formed in the 

PDGFR-β 3’-end NHE promoter sequence, which would be important for understanding its 

function and small molecule interactions. 
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CHAPTER 4 

INTERACTIONS BETWEEN NUCLEOLIN AND C-MYC G-QUADRUPLEX 

 

4.1 Abstract 

The c-Myc oncogene promoter, regulating 75–85% of the c-Myc total transcription, can 

form thermodynamically stable DNA G-quadruplexes that function as transcriptional silencers. 

Nucleolin, a multifunctional monomeric protein, binds to the c-Myc G-quadruplex with high 

binding affinity and selectivity and strongly represses the c-Myc transcriptional activity. 

Nucleolin has been reported to be closely related with the biological function of the clinically 

tested small molecule G-quadruplex targeting compound, CX-3543, and of a 26-mer G-

quadruplex-forming oligonucleotide, AS1411. It has been found that CX-3543 exhibits its pro-

apoptotic effects by preventing complex formation between rDNA and nucleolin, leading to the 

inhibition of ribosome biogenesis and induction of apoptosis in cancer cells. On the other hand, 

AS1411 prevents cancer cell proliferation by interacting with the nucleolin protein. These 

observations provide evidence that nucleolin–G-quadruplex interactions may play an essential 

role in the biological activities of G-quadruplexes. However, no structural studies have been 

conducted between nucleolin and G-quadruplex to date. We have successfully determined the 

minimal G-quadruplex binding domain of nucleolin to be the four RNA binding domains 

(RBDs) of nucleolin (Nuc1234) for tight binding to the c-Myc G-quadruplex. We have found 

that Nuc1234-RGG, that includes the four binding domains with the C-terminal RGG domain, 

has a similar binding affinity with c-Myc G-quadruplex compared to Nuc1234, indicating that 

the RGG domain is not required for c-Myc G-quadruplex binding. The c-Myc promoter NHE III1 

G-strand (Pu27) consists of five runs of consecutive guanines. Our EMSA binding studies with a 

competition assay for various c-Myc DNA oligonucleotides demonstrated that the stable G-
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quadruplex that is formed using run I, II, IV and V G-tracts of Pu27 is the best substrate 

(Myc1245T) for nucleolin binding, with the highest affinity. We have prepared and purified 

large-scale non-labeled and isotopically labeled (
13

C, 
15

N, 
2
H) Nuc1234 protein and also 

developed and optimized a method to isotopically label c-Myc G-quadruplex DNAs using 

enzymatic synthesis. We have determined that nucleolin binds to Myc1245T G-quadruplex with 

a 1-to-1 stoichiometry by analytical ultracentrifugation, size exclusion chromatography and 
15

N 

HSQC titration experiments. We have completed several 3D NMR experiments for free 

Nuc1234 protein and its complex with Myc1245T G-quadruplex. The backbone assignment for 

free Nuc1234 is completed. Complete assignment of the free Nuc1234 protein and Nuc1234-

Myc1245T G-quadruplex complex is underway. We have found that upon complex formation 

only the disordered linker regions of the protein show significant chemical shift change whereas 

most of other residues demonstrates similar chemical shift change with the free protein. c-Myc 

G-quadruplex has three loops which flip out into K
+
 containing solvent, according to the 

structure. We hypothesize that nucleolin wraps around the G-quadruplex and specifically 

interacts with the flipped-out loop regions of the c-Myc G-quadruplex by its own inter-RBD 

linker regions, with little structural change in the RBD motif itself. 

 

4.2  Introduction 

4.2.1.  c-Myc Structure and Function 

The protein product of the c-Myc oncogene is a basic-helix-loop-leucine zipper protein 

that contains N-terminal and C-terminal functional domains
146

. The C-terminus domain of the 

protein contains HLH and Zip motifs responsible for protein-protein interactions, including the 

heterodimerization of Myc with the Max protein, and the basic domain is known to be 

responsible for sequence-specific DNA binding when bound to Max
147, 148

. The conserved Myc 
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homology boxes (MHBs) in the N-terminal domain have crucial roles in c-Myc protein stability, 

transcriptional activation and repression
149

. Moreover, it has been reported that the N-terminal 

domain also has a crucial role in c-Myc induced apoptosis
150

.  

 

4.2.2 Involvement of c-Myc in Disease and Therapeutic Targeting c-Myc in Disease 

 The c-Myc protein is one of the most comprehensively studied transcription factors, 

regulating over 600 genes and known to either activate or repress its target genes
151-154

. 

Normally, the c-Myc gene is tightly regulated, yet it has been found that it is one of the most 

commonly deregulated genes in human neoplasms, including cancers of lymphoid, mesenchymal 

and epithelial origin
155, 156

. Deregulation of the c-Myc gene may occur as a result of 

chromosomal translocation
157

, gene amplification
158

, increased transcription
159

, higher rate of 

translation
160

 and enhanced protein stability
161

. 

Several studies have shown that almost every case of Burkitt’s lymphoma involves 

chromosomal translocation of Myc exons near the enhancer element of the IgH heavy chain
162

. 

Furthermore, c-Myc gene translocation into one of the T cell receptor loci was also observed in 

some T-cell acute leukemias
162

. In addition to chromosomal rearrangements, somatic 

hypermutations, a hallmark of B-cell maturation in the germinal center, have been identified at 

Thr58 and Ser62, major sites of c-Myc phosphorylation.
163

  Thr58 phosphorylation is known to 

be required for proteasome-mediated degradation of c-Myc, hence this mutation increases the 

protein stability further augmenting the c-Myc level and the associated Myc-mediated 

transcriptional regulation
163

 

Identification of c-Myc as a therapeutic target was validated with extensive experimental 

evidence. A variety of malignancies in murine models has been devised by introducing c-Myc 



115 

 

overexpression genetic constructs
164, 165

. Moreover, several transgenic models with the 

transcriptional suppression feature demonstrated that even transient inactivation of the c-Myc 

enhances the tumor suppression
166, 167

. It has been also reported that KRAS mutation-positive 

lung cancer with upregulated Myc levels can be treated by interference with c-Myc 

transactivation
168

. Even though these studies validate the feasibility of c-Myc inhibition in 

therapeutics, clear therapeutic approach to target c-Myc has remained evasive because of the 

absence of an exclusive ligand binding domain, the complex nature of Myc and its interactions 

with its binding partner protein, Max, Myc protein instability
169

, its transient nature
169

 and its 

disordered structure
170, 171

.  

One particular way to overcome these barriers is by targeting c-Myc at the transcriptional 

level. A member of the bromo-domain and extra-terminal (BET) subfamily of human bromo-

domain inhibitors,   JQ1, a small molecule inhibitor, was found to decrease the c-Myc 

oncoprotein levels, selectively down-regulate the c-Myc transcriptional program, and enhance 

cell cycle arrest and cellular senescence in multiple myeloma cells
172

. These results confirmed 

that targeting the c-Myc at the transcriptional signaling network can modulate the function of c-

Myc in cancer
172

. Moreover, it has been unequivocally demonstrated that the ellipticine 

derivative, the small molecule compound GQC-05, selectively binds and stabilizes the c-Myc G-

quadruplex and significantly decreases c-Myc mRNA levels in the Burkitt’s lymphoma cell 

line
173

. This result confirmed that small molecules that stabilize the c-Myc G-quadruplex might 

have the potential to prevent c-Myc activation. 

 

4.2.3 Human c-Myc Promoter and G-quadruplexes in c-Myc Promoter Region 

The c-Myc promoter contains three exons and three introns; c-Myc expression can be 

driven by four promoters P0, P1, P2 and P3 promoters (Figure 4.1A)
174

. Although most 
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transcripts start at the P2 promoter in normal cell, in cancer cells P1 promoter is the major 

promoter (Figure 4.1A). The initial step for c-Myc transcription is an alteration of the chromatin 

structure that allows the transcriptional machinery access to the promoter region
175

. The regions 

upstream of the c-Myc NHE III1 region have been reported to experience substantial alterations 

as a result of torsional stress. During transcription, a regulatory far upstream element (FUSE), a 

DNA segment that is 1.7Kb upstream of the c-Myc P2 promoter, was shown to melt in vitro as a 

result of dynamic supercoiling forces
62, 176

. The FUSE Binding Protein (FBP) binds to the FUSE 

DNA segment of single-stranded or supercoiled DNA because of torsion-induced melting to 

further maintain c-Myc transcription, whereas the FBP-interacting repressor (FIR) binds to the 

FBP to turn off activator-dependent transcription by inhibiting the general transcriptional factor 

TFIIH
177

. The FUSE-FBP-FIR system is comprised of a hypothetical molecular ‘cruise control’ 

mechanism to regulate c-Myc transcription so that it is expressed at a constant level
65

. Multiple 

nuclease hypersensitive elements, NHE IIIs, have been reported to be responsible for this 

process
178, 179

. Notably, one of these NHE III elements, NHE III1, located 100bp upstream of the 

P1 promoter, controls about 75-85% of c-Myc transcription (Figure 4.1A)
52, 67, 180

. The NHE III1 

region is guanine- and cytosine-rich, and its sequence engages in a slow equilibrium between a 

duplex helix structure and both unwound and non-B-form regions, facilitated by negative 

supercoiling stress
65

. While G-tracts in this region can participate in G-quadruplex structures, the 

C-rich strand can form an i-motif structure
65

. Proteins, which have been reported to interact with 

either the C-rich strand, the G-rich strand, or the duplex DNA of the NHE III1 may regulate c-

Myc transcription by modulating the balance between the possible structures
8, 17

. 

In the NHE III1, the Pu27 sequence contains five runs of three or more consecutive 

guanines (Figure 4.1A). This purine-rich c-Myc promoter strand has been shown to form 
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multiple interconverting G-quadruplex folds
10

. Using luciferase assays and mutational analysis, 

the major G-quadruplex formed in this region under physiologically relevant ionic conditions has 

been reported to be Myc2345, involving the 3’ II, III, IV, and V runs of guanines from the Pu27 

sequence (Figure 4.1A) in the NHE III1
10, 69

. Myc2345 can adapt a mixture of four loop isomers, 

each isolatable by one of the mutated sequences, Myc14/23, Myc11/23, Myc14/20, or Myc11/20, 

with parallel-stranded folding topologies in K
+
 solution, with Myc14/23 being the most 

thermodynamically stable structure according to our biophysical studies
71

. The 3D NMR 

molecular structure of Myc2345-14/23 in K+ solution showed that this sequence forms a three-tetrad 

parallel-stranded G-quadruplex with three double-chain reversal loops, containing two 1-nucleotide 

(nt) loops (T) and one 2-nt (GA) central loop in a 1:2:1 loop arrangement.  (Figure 4.1C)
66

. The 

other stable G-quadruplex found to form in the c-Myc NHE III1 region under physiologically 

relevant ionic conditions is a propeller-type parallel-stranded three-tetrad Myc1245 G-quadruplex, 

also named for the tracts of guanines used for tetrad formation10, 70. In the Myc1245 G-quadruplex 

structure, the two flanking loops (A or T) each consist of 1 nucleotide and the central loop (T5A) is 

6nt in length (Figure 4.1B)
70

. A dynamic equilibrium among alternative structures, such as that 

which occurs in the c-Myc wild-type full-length sequence, provides a platform for ready 

interconversion to a target isomer on the introduction of a drug or protein. 
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Figure 4.1 (A) The c-Myc promoter sequence and its modifications. (B) Parallel-stranded, stable 

c-Myc promoter 1245 G-quadruplex schematic model (C) Parallel-stranded, major c-Myc 

promoter G-quadruplex Myc2345: schematic model (left) and the NMR-refined ribbon structure 

(right). (G=red, A=green, C=yellow, T=blue). 
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4.2.4 Nucleolin is a Multifunctional Protein 

Nucleolin is a nuclear phosphoprotein highly expressed in proliferating cells, and plays a 

crucial role in ribosome biogenesis
181

, chromatin remodeling
182

, transcription
183

, G-quadruplex 

binding
78, 184, 185

, and apoptosis
186

. It is a multifunctional protein, 77 kDa in size, with a modular 

arrangement of multiple domains (Figure 4.2A). The C-terminal domain of the protein is termed 

the RGG domain, as it is characterized by multiple arginine, glycine and phenylalanine residues. 

The RGG domain is reported to interact with some ribosomal proteins as well as nonspecifically 

with nucleic acids
181, 187

. The acidic N-terminal domain of the protein is known to be extensively 

phosphorylated by p34
cdc2 

kinase during mitosis and by casein kinase in interphase; it is involved 

in protein-protein interactions
188

. Nucleolin contains four RNA binding domains (RBDs) with 

folding, a common motif for nucleic acids binding
189

. Each RBD contains 71 to 76 

amino acid residues, and the RBD's are linked by flexible linkers containing 11 to 22 residues
189

.  

Nucleolin interacts with the nucleolin recognition element (NRE) in an RNA stem-loop structure 

at the 5’ External Transcribed Spacer (ETS) of pre-rRNA with its first two RNA binding 

domains (RBD12)
190, 191

. The 3D NMR solution complex structure of hamster nucleolin RBD12 

with pre-rRNA shows that the RNA loop is positioned between the beta-sheet surfaces of RBD1 

and RBD2, which are connected by a linker domain with a length of eleven residues (Figure 

4.2B) 
191-193

.   
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Figure 4.2 (A) Domain structure of Nucleolin. (B) The complex structure of hamster Nuc12 with 

NRE-RNA (PDB #1FJE). The RNA hairpin is shown as a red ribbon. 
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4.2.5  Nucleolin Specifically Binds to c-Myc G-quadruplex and Represses Its 

Transcription  

The c-Myc promoter G-quadruplex is the one most extensively studied, and yet little is 

known about its interactions with proteins. Previously, two different proteins, NM23-H2
100, 101

 

and nucleolin
78

 have been reported to interact with the c-Myc promoter G-quadruplex with 

opposite functions. While NM23-H2/NDP kinase B protein unfolds the c-Myc G-quadruplex and 

activates gene transcription
101

, nucleolin binds to and stabilizes the c-Myc G-quadruplex and 

functions as a transcriptional repressor
78

. Significantly, c-Myc G-quadruplex was found to be a 

better substrate than the consensus RNA nucleolin recognition element, indicating the existence 

of specific interactions between nucleolin and the c-Myc G-quadruplex
78

. Moreover, it has been 

shown that nucleolin appears to promote the formation of G-quadruplex secondary structure in 

the NHE III1 region but does not interact with its complementary C-rich strand
78

. Importantly, 

direct interactions between nucleolin and the NHE III1 region have been confirmed using 

chromatin immunoprecipitation experiments in vivo, and nucleolin significantly suppresses the 

c-Myc promoter activity as shown by luciferase assays
173

. 

All these observations provide evidence that nucleolin-G-quadruplex interactions may 

play an essential role in the biological activities of G-quadruplexes. Nucleolin has been reported 

to be closely related with the biological function of the clinically tested small molecule G-

quadruplex targeting compound, CX-3543
22, 52

, and of a 26-mer G-quadruplex-forming 

oligonucleotide, AS1411
185, 194-196

. It has been found that CX-3543 exhibits its pro-apoptotic 

effects by preventing formation of a complex between r-DNA and nucleolin, leading to the 

inhibition of ribosome biogenesis and induction of apoptosis in cancer cells
22

. On the other hand, 

AS1411 prevents cancer cell proliferation by interacting with the nucleolin protein
197

. Moreover, 
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nucleolin has been shown to bind several G-quadruplexes
198

 including those in r-DNA
199

, the 

telomeres and immunoglobulin switch regions
184

. However, no specific interactions have 

previously been reported between nucleolin and any G-quadruplex structure. It is of great interest 

that we understand specific interactions between c-Myc G-quadruplex and nucleolin, since a 

molecular-level understanding of the nucleolin-G-quadruplex complex and its properties are 

critical for future rational drug design. 

Herein, we have showed that the minimal binding domains required for a tight binding of 

the protein to the c-Myc G-quadruplex are the four RNA binding domains (RBDs) of nucleolin 

(Nuc1234), and that the RGG domain is unnecessary for c-Myc G-quadruplex binding. The 

stable G-quadruplex formed within Pu27 using G-tract runs I, II, IV and V was determined to be 

the best substrate (Myc1245T) for nucleolin binding, showing the highest affinity. 3D NMR 

experiments performed on the free protein Nuc1234 and its complex with the Myc1245T G-

quadruplex have shown that upon complex formation, only the disordered linker regions of the 

protein display significant chemical shift changes, whereas most other residues show chemical 

shift values similar to those of the free protein. The c-Myc G-quadruplex has three loops that flip 

outward in a solvent containing K
+
, according to its structure. The hypothesis for this association 

is that nucleolin wraps around the G-quadruplex and interacts specifically with the flipped-

outward loop regions of the c-Myc G-quadruplex via its own inter-RBD linker regions, with little 

structural change in the RBDs themselves.  

 

4.3 Materials and Methods 

4.3.1 Expression of His-tagged Nucleolin Proteins  

A high yield of protein expression was achieved by transforming nucleolin truncation 
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mutant pET-28 a (+) plasmids into BL21(DE3) chemically competent cells. BL21(DE3) cells 

were plated on LB agar plates containing 50 g/ml kanamycin. These plasmids, designated as 

Nuc12, Nuc123, Nuc34, Nuc1234 and Nuc1234RGG, code for the appropriately numbered 

combinations of nucleolin RBD subdomains, with or without the RGG C-terminal domain. 

Kanamycin was included in all cultures of the transformed cells, at 50 g/ml unless otherwise 

specified, to maintain selection for plasmid presence. A single isolated colony was selected and 

inoculated in a 150-ml LB culture containing 34 g/ml kanamycin for 16 hours at 37 
o
C while 

agitating at 200 rpm. 1 liter of LB medium was inoculated using the overnight culture, to result 

in a starting culture with an optical density at 600 nm (OD600) of 0.05. Cultures were allowed to 

incubate at 37 
o
C while agitating at 200 rpm until the OD600 value reached 0.8. The cells were 

induced to produce protein at an OD600 of 0.8 by addition of isopropyl -D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM, and cells were incubated at 

4
o
C and harvested at 48 hours after induction.  

Double-isotopically (
15

N,
13

C) labeled Nuc12, Nu123, Nuc34 and nuc1234 were 

expressed in M9 minimal media with 
15

N-labeled ammonium chloride and 
13

C-labeled glucose 

(Cambridge Isotope laboratories) as sole significant nitrogen and carbon sources, using a 

protocol that is described in Molecular Cloning I, A Laboratory Manual (Third Edition). The M9 

minimal media is further supplemented with 0.1 M iron sulfate, 3 M sodium molybdate, 0.3 

m cobalt chloride, 0.4 mM boric acid, 0.8 M manganese chloride, 0.1 M zinc sulfate, 0.1 M 

cupric chloride, 0.5 mg/L each of choline chloride, folic acid, nicotinamide, pantothenic acid, 

and pyridoxal
.
HCl, and 50 g/L of riboflavin. A 150-ml culture inoculated with E. coli 

BL21(DE3) cells containing one of the nucleolin expression plasmids in M9 minimal media 

containing non-labeled ammonium chloride and glucose was incubated at 37 
o
C for 16 hours 
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while agitating at 200 rpm.  1 liter of M9 minimal media containing 
15

N-labeled ammonium 

chloride and 
13

C-labeled glucose were brought to an OD600 of 0.05, using the overnight culture. 

These cultures were allowed to incubate at 37 
o
C while agitating at 200 rpm until the OD600 

value reached 0.8. The cells were induced at an OD600 of 0.8 using 0.1 mM (final) isopropyl -D-

1-thiogalactopyranoside (IPTG) and cells were further incubated at 37 
o
C. Cells were harvested 

at 4 hours after induction by centrifugation at 8000xg rpm for 30 min at 4 
o
C. The cell pellet was 

flash-frozen in liquid nitrogen and stored at -80 
o
C. 

Triple-isotopically labeled samples, enriched with 
15

N, 
13

C, and 
2
H, were also prepared 

by growing E. coli BL21(DE3) cultures in a supplemented medium containing 
15

N-labeled 

ammonium chloride, 
13

C-labeled glucose (Cambridge Isotope laboratories), 90% D2O. A 5-ml 

LB/kanamycin culture was grown overnight with shaking at 37 °C and 200 rpm. The entire 

culture was used to inoculate a 50-ml culture of unlabeled minimal medium, which was then 

grown with shaking at 37 °C to an OD600 of 0.5 (about 5 hours). A 0.5-ml aliquot of this culture 

was used to inoculate 50-ml of minimal medium containing 70% D2O (no other labels included) 

with shaking at 37 °C to an OD600 of 0.5 (about 16 hours). A 5-ml aliquot of the resulting culture 

was used to inoculate two 500-ml cultures containing a 90% D2O minimal medium which 

includes 
15

N-NH4Cl and 
13

C6-glucose. This culture was incubated with shaking at 37 °C and 200 

rpm to an OD600 of 0.5. The cells were then induced with IPTG as for other cultures, and grown 

further with continued shaking at 37 °C and 200 rpm for 8 hours before harvest by 

centrifugation. The cell pellet was frozen and stored at -80 ºC. 

 

4.3.2 Purification of His-tagged Nucleolin Proteins  

Unlabeled proteins for NMR studies and biological assays were purified under native 
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conditions, whereas labeled proteins for NMR studies were purified under denaturing conditions 

using chromatography. To begin the process for denaturing conditions, the cell pellet, 

resuspended in 100 mM NaH2PO4, 10mM Tris
-
HCl pH=8, 6 M guanidine hydrochloride and 

10mM imidazole, was lysed using a Branson Digital Sonicator at 45% amplitude with pulses of 

15 sec on/55 sec off for a total of 10 minutes on ice. The cell lysate was centrifuged at 18000 

rpm at 4 
o
C for 45 min in a SA600 rotor to pellet the cellular debris. Supernatants were loaded 

onto, sequentially, a 5-ml Ni
2+-

charged His-trap HP column (GE Healthcare), a 20-ml Q 

Sepharose FF column (GE Healthcare), and a Mono Q column (Amersham Pharmacia Inc.), 

using an AKTA-FPLC at 4 
o
C. The subsequent renaturation step was successfully achieved when 

protein was refolded while it was still bound to the His-Trap column. Each column was pre-

equilibrated using its binding buffer prior to protein loading and eluted with increasing linear 

gradients of either imidazole (His-Trap) or sodium chloride (Q-seph, Mono-Q) in appropriate 

buffers.  The binding (A), elution (B) buffers and storage buffer were composed as follows: His-

trap buffer A: 50 mM NaH2PO4 pH 8, 500 mM NaCl, and 20 mM imidazole; His-trap buffer B: 

50 mM NaH2PO4 pH 8, 500 mM NaCl, and 500 mM imidazole; Q Sepharose FF column buffer 

A: 20mM potassium phosphate pH=7.4, 80 mM NaCl, and 2 mM dithiothreitol (DTT); Q 

Sepharose FF column buffer B: 20 mM potassium phosphate pH=7.4, 2 M NaCl, and 2mM 

dithiothreitol (DTT); MonoQ column buffer A : 20 mM Tris
.
HCl pH=7.4, 80 mM NaCl, and 2 

mM dithiothreitol (DTT); MonoQ column buffer B: 20 mM Tris
.
HCl pH=7.4, 2 M NaCl, and 2 

mM dithiothreitol (DTT). The final protein storage buffer was 20 mM Tris
.
HCl pH=7.4, 200 mM 

KCl, 2 mM DTT. 

When the protein was purified under native conditions the cell pellet was resuspended in 

His-trap buffer A containing protease inhibitor (1 tablet Pierce protease inhibitor, EDTA free 
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from Thermo Scientific for 50-ml extract) instead of buffer containing the denaturing reagent, 

guanidine hydrochloride. The same purification scheme was followed as for denaturing 

conditions.  

The elution fractions from each column were analyzed to identify presence of nucleolin 

subdomains using 15% SDS-PAGE gels. The buffer exchange was performed using Vivaspin 20 

spin concentrator columns (Vivaproducts Inc.; MWCO of 10kDa) with centrifugation at 4000 

rpm and 4 
o
C by slow addition of the necessary binding or storage buffer. Protein concentrations 

were determined using a Bradford protein assay (Bio-Rad). For long term storage, protein was 

flash-frozen in liquid nitrogen and stored at -80 ºC. 

 

4.3.3 Preparation of G-quadruplex samples  

Oligonucleotides used in this study were synthesized and purified as described in Section 

2.3.1. DNA molecules were dissolved in G-quadruplex folding buffer, which was comprised of 

20 mM potassium phosphate, pH=7 and 100 mM KCl, to a final concentration of 50 M. The 

samples were then heated to 90-100
 o

C for 10 min and slowly cooled down to room temperature 

in the heat block. DNA molecules were quantified by UV/Vis spectroscopy using the calculated 

extinction coefficient at 260 nm (Table 4.1). Sample quantity was checked by acquiring 1D 

NMR experiments using Bruker DRX-600 MHz spectrometer.   
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Table 4.1 The estimated extinction coefficients for the most commonly used DNA sequences in 

this study.  

 

DNAs The estimated extinction 

coefficients (M
-1

cm
-1

) 

Pu27 279900 

1245 253000 

1245T 268500 

14/23 228700 

14/23T 244200 
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4.3.4 Preparation of DNA G-quadruplex-Protein Complex 

One of the main challenges during preparation of the protein-DNA complex was avoiding 

sample loss due to precipitation. The optimum complex formation was obtained by mixing the 

diluted components such that the final volume of the complex was ~12 ml (~50 M complex) in 

the presence of high salt (200 mM KCl). This has been done by  drop-by-drop titration, on ice, of 

6 ml of 50 M DNA into 6 ml of 50 M protein in a buffer comprised of 20 mM potassium 

phosphate, pH=6.5, 200 mM KCl, 2 mM deuterated DTT (DTT-d6), and 3 mM NaN3. The 

complex was incubated overnight at 4 
o
C, followed by concentration to a volume suitable for 

NMR experiments using a Vivaspin 20 centrifugal filter unit (Vivaproducts, Inc.) centrifuged at 

4000 rpm and 4 
o
C. Because the G-quadruplex in the complex is in slow exchange mode on the 

NMR time scale, titration was monitored by acquiring short 2D 
1
H-

15
N HSQC spectra. The 

protein-c-Myc G-quadruplex complex is stable at temperatures ranging from 297 to 308 
o
K, and 

can be stored for a month at 4
o
C. 

 

4.3.5 Electrophoretic Mobility Shift Assays (EMSA) 

5’end-labeled oligonucleotides were generated by incubating DNA oligonucleotides with 

T4 polynucleotide kinase (New England Biolabs) and [γ-
32

P] dATP (Perkin Elmer). Excess 
32

P-

ATP was removed using Micro Bio-Spin 6 desalting columns (BioRad), per the manufacturer's 

instructions. G-quadruplex formation was obtained by annealing the sample while heating at 95 

o
C for 10 min and slowly cooling to room temperature in G-quadruplex folding buffer (20 mM 

Tris
.
HCl pH=7.4, 100 mM KCl). Binding of G-quadruplex DNA and protein was carried out for 

an hour in 5 L reactions containing 20 mM Tris
.
HCl (pH=7.4), 200 mM KCl, 2 mM EDTA, 

0.15 mg/ml BSA and 1 mM DTT.  The reaction samples were loaded onto a 17 × 15 cm 1.5 mm 
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thick 5% polyacrylamide gel (acrylamide/bis-acrylamide 29:1) containing 0.5X TBE buffer (100 

mM Tris
.
HCl, pH 8.0, 90 mM borate, 1 mM EDTA) and run at 80 Volts for 1.5 hours at 4 

o
C. 

Prior to loading samples, 0.5 l of sterile 60% glycerol was added into each binding reaction. 

The gels were dried on a gel drier (Bio-Rad Model 583, Bio-Rad) for an hour and exposed to 

PhosphoImager plates, which were scanned on a Storm 820 PhosphorImager (GE Healthcare). 

Quantification was obtained using ImageQuant 5.1 software from Amersham Biosciences.  

Dissociation constant values (Kd), which are determined as the protein concentration required to 

bind 50% of total labeled DNA, were calculated by plotting the fraction of bound DNA 

visualizable in the complex band versus protein concentration.  

Competitive EMSA was also used to determine specificity of binding for the protein with 

the c-Myc G-quadruplexes. The binding reactions for 1 nM 
32

P-labeled target G-quadruplex 

DNA with 600 nM protein were performed as detailed above, except that binding was allowed to 

occur overnight at 4 
o
C to ensure equilibrium was reached. Unlabeled competitor G-quadruplex 

DNAs were added into the binding reaction to a 100X excess (100 nM) concentration. The 

competition reaction was performed for 1 hour at 25 
o
C, allowing the unlabeled competitor DNA 

to replace the target G-quadruplex in the complex if it binds more tightly, resulting in a loss or 

lessening in signal for the evident complex band. The standard EMSA gel protocol explained 

above was followed to monitor potential loss of radioactive signal in the complex band.  

 

4.3.6 Analytical Ultracentrifuge Experiment 

The protein-c-Myc G-quadruplex complex was analyzed to determine its quaternary 

structure, using sedimentation velocity centrifugation in a Beckman XL-I dual-detection 

analytical ultracentrifuge with UV detection at 280 nm in continuous mode at the National 

Institute of Health (NIH). Samples were sedimented at 40 k rpm, 20 °C for 16-17 hours. The 
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obtained data were analyzed using SEDFIT and the c(s) distribution method. 

  

4.3.7  Size Exclusion Column Experiment 

Size exclusion chromatography was performed to investigate the stoichiometry of protein 

binding with the c-Myc G-quadruplex at 4 
o
C on a HiLoad 26/600 Superdex 75 prep grade (GE 

Healthcare) or S200 Increase 10/300 GL column pre-equilibrated with 50 mM sodium 

phosphate, pH=7.2, 200 mM KCl, 2 mM DTT at 4 
o
C. A volume of 1-ml of protein-DNA G-

quadruplex complex was injected onto the column and eluted with the equilibration buffer at 

0.25 ml/min of flow rate, collecting 1-ml fractions. For control experiments, free c-Myc G-

quadruplex and free protein were run individually through the size exclusion column under the 

same experimental conditions. The absorbance of the elution fractions was monitored at 280 nm.  

 

4.3.8  Nuclear Magnetic Resonance Spectroscopy Experiments 

All the NMR spectra for structural determination of the c-Myc G-quadruplex: nucleolin 

complex were acquired at 600 MHz or 800 MHz using Bruker DRX spectrometers. Spectra were 

recorded at 298.1 
o
K and 308 

o
K. Spectra were processed using Topspin (Bruker Corporation) 

and analyzed using Sparky (UCSF). 2D 
1
H-

15
N HSQC titration experiments were acquired to 

monitor complex formation and stoichiometry. To obtain specific backbone assignments, 
1
Ha, 

1
Hb, 

1
HN, 

13
Ca, 

13
Cb, 

13
CO, and 

15
N

H
 were obtained from CBCA(CO)NH and HNCACB 

experiments. 

 

4.3.9  UV Crosslinking Study 

5’ Bromodeoxyuridine (BrdU) was used to substitute for the thymine or adenine bases in 

the external loops of the c- Myc G-quadruplex structure to permit crosslinking of the labeled 
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Myc1245T bases with nucleolin amino acids in close proximity.  This provides identification of 

Nuc1234 residues that make direct contacts with the unique loop regions of Myc1245T G-

quadruplex. The binding reaction between 5'-bromodeoxyuridine-labeled Myc1245T G-

quadruplex and nucleolin was allowed to occur at room temperature for half an hour in 20 mM 

Tris
.
HCl (pH=7.4), 200 mM KCl, 1 mM DTT for a total reaction volume of 900 l, with protein 

being in excess to ensure all DNA is bound to protein. Irradiation of this sample was performed 

with a UV laser at 355 nm, 50 Hz pulse, 4 mJ pulse
-1

cm
-1

 for 2 hours. Success of the crosslinking 

reaction was confirmed by detecting two bands validating the existence of free protein and 

covalently crosslinked complex on a 15% SDS-PAGE gel. Covalently crosslinked DNA-protein 

complex was isolated from free species using a Mono-Q column. Crosslinked DNA-protein 

complexes were digested using 0.75 mg/ml Proteinase K in 2 M urea, 4.5 mM CaCl2, and at 50 

o
C 1.5 hours. The digested sample was diluted to decrease the salt concentration and subjected to 

separation on a Mono-Q column to isolate the digested crosslinked peptide. The digested 

crosslinked sample was then lyophilized and sequenced by Edman degradation (Molecular 

Structure Facility, University of California, Davis).  

4.3.10 X-ray Crystallography Study 

The complex of the c-Myc G-quadruplex with protein was formed as explained in 

Section 4.2.4, with DNA being in excess. 1-ml of the protein-DNA complex was then loaded 

onto a HiLoad 26/600 Superdex 75 preparative grade (GE Healthcare) column that was pre-

equilibrated with 50 mM sodium phosphate, pH=7.2, 200 mM KCl, 2 mM DTT at 4 
o
C, and 

eluted with the  equilibrating buffer at 0.25 ml/min of flow rate. The fractions were analyzed 

using a 6% native PAGE gel. The complex fractions were combined and concentrated to 10 

mg/ml for crystallization. Commercially available Index HT screening solutions (Hampton 
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Research) were used to determine the optimal precipitant for initial crystallization of protein-

DNA complex. A 0.2 L protein solution was mixed with 0.2 L of each precipitant solution 

using a hanging-drop method in a 96-well plate using a PHOENIX protein crystallization robot 

(Art Robbins Instruments). Crystal formation was observed with 100 mM sodium acetate 

trihydrate pH=4, and 15% PEG-400 at 4 ºC and 25 ºC after five days. Currently, we are working 

on optimizing the conditions using varying PEG percentages, protein: precipitant ratios, and 

temperature using hanging-drop vapor-diffusion.  

 

4.3.11 Preparation of Single-stranded Isotope-Labeled DNA Oligonucleotides for NMR 

Spectroscopy  

A modified version of the previously reported procedure has been optimized for the 

enzymatic synthesis of the 
13

C, 
15

N-labeled c-Myc G-quadruplex sequence with one major 

difference, the use of a primer with an NsiI restriction enzyme site instead of a ribonucleotide at 

the 3’ end, to provide the correct 5’-end product sequence
200

. The 18-nucleotide primer (5’-

GAGTGTCACAGGAATGCA-3’), with the NsiI restriction enzyme site at the 3’ end, is 

annealed to the 3’ end of a 45 bp nucleotide coding strand (5’-TTCCCCACCCTCCCCA 

CCCTCCCCATATGCATTCCTGTGACACTC-3’), the 5’ end of which is complementary to the 

27-nucleotide desired DNA product.  The template: primer complex, at a concentration of 0.1 

mM, was formed in distilled water by heating the two strands at 100 ºC for 3 min, followed by 

45 ºC for 2 min. The 3’-5’ exo- Klenow fragment of DNA polymerase I [New England Biolabs 

Inc. (NEB)] was used to synthesize the 27-nucleotide DNA product (5’-

ATGGGGAGGGTGGGGAGGGTG GGGAA-3’) without disrupting the template. The 

extension reaction was performed in a 500 l volume containing CutSmart buffer (NEB), 0.1 
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mM template DNA, 3 mM dNTPs (Invitrogen), and 140 U of Klenow fragment.  The reaction 

was allowed to proceed at 37 ºC for 2 hr, at which time the enzymatic activity was stopped by 

heating the sample at 75 ºC for 10 min. The desired product was then cleaved by restriction 

enzyme digestion at 37 ºC for 20 hr by adding 500 U of NsiI-HF (NEB) to the extension reaction 

products. Ion-exchange chromatography was used to purify the DNA molecule of interest from 

the excess dNTPs and other impurities. The impure mixture was loaded into a Mono-Q HR 5/5 

column equilibrated in a basic buffer, 20 mM Tris
.
HCl, pH 11.5, 0.5 M NaCl, to keep the 

complementary fragments in a denatured state, and DNA fragments were eluted using a NaCl 

gradient from 0.5-1 M. The desired Pu27 fragment eluted at a concentration of between 800-830 

mM NaCl. Chromatographic fractions were analyzed on a 10% denaturing PAGE gel and bands 

were visualized by UV shadowing. Desired DNA-containing fractions were pooled and dialyzed 

extensively against water. Samples were lyophilized and stored at -20 ºC.  

 

4.4 Results 

4.4.1 Optimization of Nucleolin Protein Preparation 

Structural and functional analysis of proteins often requires their preparation at high yield 

with high purity. Endogenous native protein expression and purification generally yield low 

quantities of product with low purity. Recombinant protein expression, on the other hand, 

involves the production of genetically modified proteins with certain purification-optimizing tags 

that lead to the production of enhanced protein yields
201

. Initial studies of nucleolin expression 

were performed with the bulky 40 kDa maltose binding protein (MPB) tag fused to N-terminal, 

which was not suitable for NMR and X-ray structural studies
78

. For our studies, we have 

prepared nucleolin protein and its fragments with an N-terminal His6-tag that is 20 residues in 

length, including a linker, with a molecular weight of 2.2 kDa; this tag was shown not to 
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interfere with protein activity during our functional studies. However, it is critical to produce 

soluble and functional recombinant protein in Escherichia coli, since overexpression conditions 

generally yield insoluble aggregates. It has been previously reported that overexpression of the 

proteins in Escherichia coli at low temperature increases the protein solubility and activity
202

. 

Obtaining highly soluble and functional protein under native conditions was only achieved when 

IPTG was added to the bacterial culture at an OD600 of 0.5 and protein expression was allowed to 

proceed at 4 
o
C for 48 hours; this protocol yielded a 2-fold higher protein production than that 

obtained at 37 
o
C. Furthermore, the expression of the desired protein increased under these 

conditions whereas endogenous bacterial proteins were reduced, resulting in an up-front 

production of a significantly cleaner protein. All our non-labeled proteins were prepared at low 

temperatures under native conditions (Figure 4.3).  

Increasing protein solubility from inclusion bodies was also achieved by preparing the 

protein under denaturing conditions, which yields large quantities of protein with higher purity. 

Importantly, a small amount of non-specific protein binding to the resin was observed and DNA 

contamination was significantly diminished. Since nucleolin is a modular protein, the subsequent 

renaturation step was successfully achieved when protein was refolded while it was still bound to 

the His-Trap column. When protein was refolded in solution by decreasing concentration of the 

denaturing reagent, urea, during dialysis, a significant amount of aggregation was observed. All 

our isotopically labeled proteins were prepared under denaturing conditions. Correct refolding to 

the native state of the protein was confirmed using native PAGE gel electrophoresis, 1D NMR 

and HSQC experiments.  
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Figure 4.3 The SDS-PAGE analysis of purified Nuc1234 protein. 
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15

N, 
13

C and 
2
H labeled proteins were produced in E. coli using modified M9 minimal 

media that contains 
13

C glucose for carbon labeling, 
15

N ammonium chloride for nitrogen 

labeling and deuterium oxide for deuteration of cell products. Initial growth in unlabeled LB 

medium provided higher cell densities optimized for maximal protein expression. These initial 

cultures were exchanged into an isotopically labeled defined minimal media, and deuterium 

incorporation was slowly introduced into the culture by gradually increasing the D2O 

percentages to 90%. Preliminary growth experiments showed that growth for >8 hours past the 

induction point leads to formation of inclusion bodies. Moreover, inducing cells at an OD600 

higher than 0.5 results a decrease in Nuc1234 expression and induced expression of endogenous 

bacterial proteins. Thus, protein expression was limited to 8 hours in M9 minimal media 

containing 
15

N, 
13

C and 
2
H sources following induction of protein expression at an OD600 of 0.5.  

 

4.4.2 Determination of the Minimal Nucleolin Binding Domain for c-Myc G-quadruplex 

Association 

The highly acidic N-terminal domain of nucleolin plays a crucial role in protein-protein 

interactions and is reported not to be involved in any DNA interactions. Thus, our studies were 

mostly focused on the central RBD and C-terminal RGG domains of nucleolin. Previous results 

show that some truncation mutants of nucleolin, i.e., Nuc12, Nuc34, and Nuc234, weakly 

interact with c-Myc G-quadruplex (Pu27), while others, namely Nuc123, Nuc1234 and 

Nuc1234RGG, show a clear shift for the complex upon binding to c-Myc G-quadruplex in 

EMSA studies. Using gel mobility shift assays, the binding affinities of c-Myc G-quadruplex 

with Nuc123 and Nuc1234 are determined to be 319 nM and ~20 nM, respectively, indicating 

that the tight binding of the c-Myc G-quadruplex to a protein is greatly affected by the 
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involvement of the four central domains. Our analysis by gel filtration has further supported this 

result; a larger amount of unbound c-Myc G-quadruplex and unbound Nuc123 protein were 

found to be present upon complex formation than for the c-Myc G-quadruplex: Nuc1234 

complexation, indicating that Nuc1234 binds to c-Myc G-quadruplex with higher affinity 

(Figure 4.4). 

The binding affinity of Nuc1234RGG, which includes all central domains and the C-

terminal RGG domain is found to be ~25 nM by EMSA experiments, similar to that for 

Nuc1234, indicating that the RGG domain is not required for protein binding. A clearly 

diminishing level of free DNA after protein addition to 100 nM indicates that RGG may 

therefore be involved in nonspecific interactions (Figure 4.5). 
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Figure 4.4 The migrations of mixtures of the same quantity of Nuc1234-MycG4 (left) or 

Nuc123-MycG4 (right) with the same level of DNA excess on a 16/60 Superdex G75 preparative 

grade gel filtration column. 
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Figure 4.5 EMSA of the 
32

P-labeled MycPu27G4 incubated with increasing concentration of 

Nuc1234 and Nuc1234RGG. 
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4.4.3 Determination of the Best c-Myc G-quadruplex Substrate for Nucleolin Binding 

 Since Pu27 in the c-Myc NHE III1 can form multiple interconverting G-quadruplex 

structures when DNA undergoes various levels of torsional stress during transcription, the 

interactions of Nuc1234 to specific G-quadruplex structures formed within the Pu27 sequence 

was investigated. Myc2345-14/23, involving the 3’ II, III, IV, and V runs of guanines from the 

Pu27 sequence (Figure 4.1), was determined to be the most thermodynamically stable G-

quadruplex structure, with a 1:2:1 loop arrangement. The other stable G-quadruplex that is 

formed in the NHE III1 region is a propeller-type parallel-stranded three-tetrad Myc1245 G-

quadruplex with a 1:6:1 loop arrangement, also named for the tracts of guanines used for its 

tetrad formation (Figure 4.1). Because additional flanking bases can improve the protein 

binding, we have also prepared Myc2345-14/23T and Myc1245T samples with an additional T 

base at both ends. We have carried out gel mobility shift assays (EMSA) in conjunction with 

competition analysis to determine the best G-quadruplex substrate for Nuc1234 protein binding. 

Qualitative analysis of the EMSA shows that at a protein concentration of 600 nM, almost all the 

free Myc1245T G-quadruplex (1 nM) was removed from circulation upon complex formation, 

indicating that Myc1245T is the best substrate for Nuc1234 binding (Figure 4.6). 

The specificity of the binding was demonstrated further by analysis of competition 

EMSA data. These showed that unlabeled Myc1245T demonstrated the greatest degree of 

displacement with 
32

P labeled G-quadruplex, validating that the highest-affinity interactions 

occurred for Myc1245T with Nuc1234 and strongly suggesting that the looped-out regions of the 

G-quadruplex may provide important interfaces for Nuc1234 binding. Therefore, we have first 

focused on Nuc1234 binding with Myc1245T in our further analyses of nucleolin: G-quadruplex 

interactions (Figure 4.7).  
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Figure 4.6 EMSA of the 
32

P-labeled c-Myc G-quadruplexes incubated with increasing 

concentrations of Nuc1234. 
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Figure 4.7 Competition EMSA of the Nuc1234 binding with 
32

P-labeled Myc1245T in the 

presence of excess cold G-quadruplex DNA oligonucleotides which compete with the 
32

P-

labeled Myc1245T for binding to nucleolin. 
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4.4.4 Investigation of c-Myc G-quadruplex and Nucleolin Interactions 

4.4.4.1 Determination of Stoichiometry between c-Myc G-quadruplex and Nucleolin 

 

To investigate the stoichiometry of Nuc1234 binding with the Myc1245T G-quadruplex, 

we have performed analytical ultra-centrifugation experiments in parallel with size exclusion 

chromatography. Our sedimentation data showed that there is one major species at 4.42S that 

occurs for 89% of the total absorbance (Figure 4.8, right). As compared to a density calculated 

for a 1:1nucleolin: Myc1245T complex, this species has an estimated mass of 53 kDa, supporting 

the formation of a 1:1 complex. Using chromatography on an S200 column, Nuc1234 and the 

Myc1245T G-quadruplex were first determined to be at their monomeric states in their unbound 

form. Additionally, Nuc1234 and Myc1245T are shown to form a stable 1:1 complex, based on 

the retention factor of the complex compared to the retention factor of the unbound species 

(Figure 4.8, left). Taken together, these results indicate that Nuc1234 binds the Myc1245T G-

quadruplex with a 1:1 stoichiometry.  
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Figure 4.8 The migration of the Nuc1234-Myc1245T G-quadruplex complex on an FPLC-driven 

S200 Increase 10/300 GL column (left). Sedimentation data of the Nuc1234-Myc1245TG4 

complex from analytical ultracentrifugation (right). 
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4.4.4.2 Nuclear Magnetic Resonance Studies of the Nucleolin and c-Myc G-quadruplex 

 

1D 
1
H NMR spectra of the Nuc1234 protein show a great peak distribution and sharp 

linewidths, indicating the existence of protons constrained in a specific environment, as is 

required for further NMR structure determination. We have prepared 
15

N-labeled Nuc1234 and 

Nuc123 proteins for titration with c-Myc G-quadruplexes. In the HSQC spectrum of free 

Nuc1234, which contains 341 amino acid residues including those of the His6-tag, 320 peaks 

were detected; for Nuc123, containing 273 residues, 271 peaks were detected. A 
15

N-labeled 

Nuc12 sample was also prepared under the same conditions employed with Nuc123 and 

Nuc1234. The spectra qualities for Nuc12, Nuc123 and Nuc1234 were compared with the 

published spectrum of human Nuc12 and determined to be suitable for further NMR structure 

studies (Figure 4.9).  
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Figure 4.9 (A) 
1
H-

15
N heteronuclear single quantum coherence (HSQC) of Nuc12 (B) Nuc123 

(C) Nuc1234 (D) Overlaid spectra of Nuc12, Nuc123 and Nuc1234 in 20 mM potassium 

phosphate (pH 6), 200 mM KCl, 1 mM DTT-d6 in 90% H2O, 10% D2O. Nuc12, Nuc123 and 

Nuc1234 resonances are in blue, red and black respectively. 
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Protein: c-Myc G-quadruplex complex formation was followed by monitoring the amide 

1
H-

15
N heteronuclear single quantum coherence (HSQC) resonances in Nuc1234 and Nuc123 

before and after addition of unlabeled Myc2345-14/23T and Myc1245T G-quadruplexes, as 

inclusion of flanking thymine residues provided an increased binding affinity. The results 

showed clear chemical shift changes upon complex formation, and Myc2345-14/23T and 

Myc1245T G-quadruplexes both bind to Nuc1234 at a 1:1 ratio (Figure 4.8). However, we have 

also observed some peak broadening, suggestive of the dynamic nature of these protein/DNA 

complexes. As Myc1245T binds with high affinity to Nuc1234, providing a less dynamic system 

which is more desirable for NMR analysis, we have first worked on the complex between 

Nuc1234 and Myc1245T for NMR structural studies (Figure 4.10A).  

For further structure determination, we have prepared 
15

N- and 
13

C-labeled Nuc1234 and 

Nuc123 proteins. We have carried out various 3D NMR experiments at 297 Kelvin. Even though 

Nuc123 HSQC experiments showed a high spectral quality, we were only able to detect unfolded 

peaks in the 3D experiments, indicating that RBD1, RBD2, and RBD3 domains are not fully 

independent. Therefore, NMR structural analyses were continued using the Nuc1234 protein. 

Nuc1234 protein labeled with 
2
H, 

15
N, and 

13
C was prepared to reduce relaxation and improve 

linewidth (Figure 4.11). 
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Figure 4.10 (A) The 
1
H-

15
N HSQC titration spectra of the Nuc1234/Myc1245T complex at 25 

ºC. Spectra for the free protein (in black), the 0.5 Myc1245T:1.0 Nuc1234 (in red), the 1.0 

Myc1245T:1.0 Nuc1234 (in green) are shown. (B) The 
1
H-

15
N HSQC titration spectra of the 

Nuc1234/Myc14/23T complex at 25 ºC. Spectra for the free protein (in black), the 0.5 

Myc14/23T:1.0 Nuc1234 (in red), the 1.0 Myc14/23T:1.0 Nuc1234 (in green) are shown. 
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Figure 4.11 
1
H-

15
N HSQC spectrum of 

2
H,

 15
N, 

13
C-labeled Nuc1234 (left). 

1
H-

15
N HSQC 

spectrum of
 15

N, 
13

C-labeled Nuc1234 (right). 
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The 
1
H-

15
N TROSY-HSQC spectrum showed stable Nuc1234:Myc1245T complex 

formation at a 1:1 ratio (Figure 4.12, left). Further 3D NMR experiments were completed for 

free Nuc1234 protein and its complex with the c-Myc1245T G-quadruplex. The backbone 

assignment of the free Nuc1234 protein is completed (Figure 4.12, right) and complete 

assignment of the free protein and its complex is underway.  

Interestingly, only the disordered linker region of Nuc1234 shows significant chemical 

shift changes upon complex formation. Myc1245T G-quadruplex is a propeller-type parallel-

stranded three-tetrad G-quadruplex with a 1:6:1 loop arrangement. In the Myc1245 G-

quadruplex structure, the two flanking loops consisting of 1nt (A or T) and the 6-nt (T5A) central 

loop possibly flip out from the globular quadruplex. Thus, we hypothesize that nucleolin wraps 

around the globular G-quadruplex in a lateral manner, with linker regions between RBDs 

interacting with the external loops of the G-quadruplex. 
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Figure 4.12 
1
H-

15
N TROSY-HSQC spectra of 

2
H,

 15
N, 

13
C-labeled free Nuc1234 (blue) and its 

complex with MycG41245T. A strip plot of the free Nuc1234 protein backbone assignment 

(right). 
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4.4.4.3 UV Cross-linking of Nucleolin and c-Myc G-quadruplex 

 

The specific points of interactions between Nuc1234 and Myc1245T G-quadruplex were 

intended to be determined by UV cross-linking experiments. As we hypothesize that the linker 

regions of Nuc1234 between RBDs interact with the bases in the two flanking external loops of 

the G-quadruplex, 5Br-dU was substituted for bases positions 6 or 19 of the 1245T G-quadruplex 

for the UV cross-linking experiment. 5Br-dU, a brominated derivative of uracil, is an excellent 

base analog to substitute for the thymine
203

. The C-Br bond in the 5Br-dU can be homolytically 

cleaved under UV exposure, generating a reactive 5’-uracilyl radical which may then crosslink to 

close-proximity amino acid residues of the protein. In order to maximize the specificity of 

crosslinking, irradiation of the protein-DNA complex was performed with a UV laser beam set at 

355nm, a wavelength that is thought to reduce non-specific crosslinking of DNA and protein
203

. 

Successful covalent crosslinking with both 5Br-dU-substituted Myc1245T G-quadruplexes was 

confirmed by the detection of two bands on a 15% SDS PAGE gel, one with the same molecular 

weight as the free Nuc1234 protein and the other band with a higher molecular weight 

presumably belonging to the covalently linked complex (Figure 4.13). Points of contact between 

c-Myc G-quadruplex and nucleolin are determined using Edman sequencing. Our initial 

sequencing results have shown that His6-tag of the Nuc1234 protein interferes with the 

crosslinking reaction. Therefore, the His-tag was cleaved from the Nuc1234 protein using 

thrombin and the assays were repeated. Some specific interactions were mapped between 

nucleolin and the c-Myc G-quadruplex. The residues the AKNLP near the end of first linker and 

AKALN residues near the third linker were found to be in contact with 5Br-dU substituted bases 

at positions 6 or 19 of the Myc1245T G-quadruplex, respectively. Currently, we are optimizing 

the conditions for trypsin digestion of the crosslinked products to confirm binding sites.   
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Figure 4.13 15% SDS-PAGE showing the separation of crosslinked Myc1245T 5Br-dU-6 (left) 

and crosslinked Myc1245T 5Br-dU-19 (right) from the free nuc1234 protein.  
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4.4.4.4 X-Ray Crystallography of Nucleolin and c-Myc G-quadruplex 

 

X-ray crystallography studies were performed for further structural analysis of the 

complex between Nuc1234 and the c-Myc G-quadruplex. The DNA-protein complex was 

prepared at diluted concentrations and incubated overnight to allow complete equilibrium. The 

concentrated sample was then subjected to size exclusion chromatography to isolate the 

Nuc1234:Myc1245T complex. Preliminary crystals of protein-DNA complex were obtained 

using commercially available Index HT screening solutions (Hampton Research) with the 

hanging drop method. Currently, we are working on optimizing initial crystallization conditions 

for a larger scale attempt. 

 

4.5 Summary and Discussion 

G-quadruplex motifs in biologically significant regions of the human genome have 

become a focus of research in recent years
8, 17, 124

.  These unique structures have been reported to 

be involved in several biological events such as transcription
10, 173, 204

, translation and replication. 

It is very tempting to speculate from results of such studies that G-quadruplex structures may 

possibly be modulated by important cellular factors such as proteins. In particular, c-Myc is one 

of the most deregulated oncogenes in human cancers
173

. Though the c-Myc promoter G-

quadruplex is the most commonly studied, little is known about its globular interactions with 

proteins.  

Our studies have shown that nucleolin suppresses the c-Myc protein expression levels 

through its interactions with the c-Myc G-quadruplex region; however, no structural analyses 

have been performed between nucleolin and the c-Myc G-quadruplex to date. An NMR solution 

structure of a complex for a hamster nucleolin truncation mutant, consisting of its first two 

domains, (Nuc12) with its binding partner, the nucleolin recognition element (NRE), has been 
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solved
191-193

. Interestingly, we have found that the binding event between Nuc12 and NRE is 

very similar with that between Nuc1234 and the c-Myc G-quadruplex. The NMR solution 

structure of the Nuc12: NRE complex shows that Nuc12 interacts with the residues near the 

linker regions of RBD1 and RBD2 and that, upon complex formation, very little structural 

change in βαββαβ RBD motifs has been determined to occur
191

. Interestingly, our structural 

analysis of the Nuc1234: c-Myc G-quadruplex complex also did not show much chemical shift 

change upon complex formation except those for residues located in the disordered linker 

regions. We speculate that human nucleolin may recognize the multiple flipped-out loop regions 

of the c-Myc G-quadruplex using the surface residues of the disordered linker region of the 

protein. This could significantly explain why most of the reported RBD-containing proteins has 

only two or three RBDs but nucleolin has four, as well as why any deletion of the two RBDs of 

nucleolin to produce Nuc12, Nuc23 and Nuc34 diminishes the binding activity.  

As previous studies have shown that nucleolin binding to the c-Myc promoter G-

quadruplex suppresses the c-Myc transcriptional activity, it is important to gain a deeper 

understanding of the molecular level interactions between the c-Myc G-quadruplex and the 

nucleolin protein that will not only provide essential information to utilize cellular functions of 

these unique structures but also provide insights into how these globular structures are induced 

and stabilized by chaperone-like proteins to modulate gene expression. 

The structural and functional studies and analyses of the complex between nucleolin and 

c-Myc G-quadruplex are currently ongoing. Preliminary crystallization screens have been 

completed and preliminary crystals were obtained. Currently, we are working on optimizing 

initial crystallization conditions for larger-scale attempts and UV crosslinking studies. The 

complete NMR assignments for free Nuc1234 and its complex with c-Myc quadruplex are in 
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process. These should provide data to significantly expand our understanding of nucleolin-G-

quadruplex interactions, the basis of their functions, and their potential as therapeutic targets.  
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CHAPTER 5 

INTERACTIONS BETWEEN NM23-H2 AND C-MYC G-QUADRUPLEX 

 

5.1 Abstract 

The abnormal overexpression of the c-Myc gene has been observed in several cancers 

including cancers of lymphoid, mesenchymal, and epithelial origin. The nuclease hypersensitive 

element III1 (NHE III1), a conserved nucleosome-free element of the c-Myc promoter, can form 

DNA G-quadruplexes that repress the c-Myc gene transcription. The interactions of the NM23-

H2/NDP kinase B protein with the NHE III1 region of the c-Myc promoter has been shown to 

increase c-Myc expression, likely due to the unfolding of the c-Myc promoter G-quadruplex. 

Small molecules that can inhibit the interaction of NM23-H2 with the c-Myc G-quadruplex have 

the potential to prevent c-Myc activation and gene expression. Therefore, NM23-H2/NDP kinase 

B protein could be considered as a potential target to regulate c-Myc transcription. However, the 

exact mechanisms of NM23-H2 interactions with the c-Myc G-quadruplex have not been 

elucidated. Thus, we would like to pursue biophysical and structural studies to better understand 

how NM23-H2 interacts with the NHE III1 region to achieve its gene transactivation effect. We 

have successfully prepared and purified highly active NM23-H2 proteins with a C-terminal His6 

tag. We have shown that NM23-H2 binds to single-stranded guanine- and cytosine-rich 

sequences but not to double-stranded DNA of the NHE III1 region by EMSA; therefore, the 

binding appears to be structure-specific, not sequence-specific. Moreover, increasing 

concentrations of the strong G-quadruplex-interactive compound TMPyP4, a porphyrin-based 

drug, inhibit the binding of NM23-H2 to the NHE III1 region suggesting that stabilization of the 

G-quadruplex hinders the recognition function of the NM23-H2. Using Forster Resonance 
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Energy Transfer (FRET) assays in combination with Circular Dichroism (CD) studies, we have 

demonstrated that NM23-H2 can actively resolve the c-Myc G-quadruplex. Taken together, these 

results show that inhibition of NM23-H2 binding and resolving of the NHE III1 region G-

quadruplex by small molecules may be a potential means to inhibit the c-Myc transcription for 

cancer therapeutic purposes. This underlines the importance of understanding mechanism of 

function between NM23-H2 and c-Myc G-quadruplex.  

 

5.2  Introduction 

5.2.1 Metastases Suppressor Protein NM23-H2 

 NM23-H2/NDP kinase belongs to a large family of highly conserved NM23 proteins that 

were originally identified as a potential metastasis suppressor gene
205

. NM23-H2, encodes 152 

amino acids, is a subunit of nucleoside diphosphate kinases (NDP kinase)
206

. NDP kinases are 

phosphotransferases that reversibly catalyze the transfer of a phosphoryl group between 

nucleoside triphosphates and diphosphates
100, 207

. Furthermore, they play several other regulatory 

roles in development and differentiation, proliferation, metastasis, and apoptosis
207

. X-ray 

crystallography studies of NM23-H2 have shown that the protein is a hexamer of six identically 

folded subunits (approximately 17 kDA), enclosing a large 25 A
o
 central cavity showing 3-fold 

(D3) symmetry that can be seen as a dimer of trimers, or a trimer of dimers, that exhibits 2-fold 

symmetry
208, 209

 (Figure 5.1). 
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Figure 5.1 Crystal structure of NM23-H2 (left). Four monomers are shown in a ribbon 

representation colored as red, blue, yellow and orange, and two monomers were shown as a 

space filling, colored as gray. Overall fold of NM23-H2 monomer colored as yellow (right) 

(PDB #1NSK). 
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5.2.2 NM23-H2 Specifically Binds to c-Myc G-quadruplex and Act as a Transcriptional 

Activator 

The regulatory role and DNA binding activity of NM23-H2 was first recognized when it 

was found to activate the c-Myc oncogene transcription through the NHE III1 region
210, 211

. 

Consistent with its role in transcriptional regulation, NM23-H2 was found to localize within the 

nucleus and associate with chromatin structure
212, 213

. Initially the protein was thought to be a 

transcription factor until it was discovered to lack a characteristic transcriptional activation 

domain as well as being impotent in initiating c-Myc transcription on its own
214

. It has been 

reported previously that the regulatory role of NM23-H2 on the c-Myc promoter NHE III1 region 

is due to the cleavage activity of the protein
101, 215

. However, further purification of the protein 

using size exclusion chromatography was found to diminish the cleavage activity, which 

therefore is thought to be a consequence of either a contaminating nuclease or an NM23-H2-

interacting protein
100

. Interestingly, the regulatory role and DNA binding activity of the protein 

were found to be independent of its phosphotransferase activity, because a catalytically inactive 

mutant of NM23-H2 was still able to bind to DNA and activate c-Myc transcription
216

.  

Although the exact mechanism of NM23-H2 interactions with the c-Myc G-quadruplex 

has not been elucidated, there is strong reported experimental evidence for its ability to stimulate 

c-Myc gene transcription
67, 100, 101, 211, 217

. Furthermore, using a ChIP assay, the presence of GQC-

05, an ellipticine derivative, has been shown to result in significant changes in NM23-H2 binding 

to the NHE III1 region of the c-Myc promoter
173

. Recently, screening of a small molecule library 

of NM23-H2-binding compounds led to discovery of SYSU-ID-01, a quinazolone derivative that 

can also interfere with NM23-H2 binding with c-Myc G-quadruplex, and results in 

downregulation of c-Myc transcription, thereby supporting a mechanism of action acting through 
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stabilization of the G-quadruplex structure
217

.  It is of great interest to our research group to 

explore NM23-H2 interactions with the c-Myc G-quadruplex at the molecular level. Our long 

term goal is to understand how the c-Myc G-quadruplex-binding small molecules affect the 

NM23-H2 binding and unfolding of the c-Myc G-quadruplex in vitro and in vivo and how this 

leads to regulation of c-Myc gene transcription. 

Herein, we have prepared highly active NM23-H2 proteins that can bind to single-

stranded guanine- and cytosine-rich sequences but not to double-stranded DNA of the NHE III1 

region, according to EMSA, indicating that this binding occurs structure-specifically. We have 

also demonstrated that increasing concentrations of the strong G-quadruplex-interactive 

compound TMPyP4, a porphyrin-based drug, inhibits the binding of NM23-H2 to the NHE III1 

region, therefore suggesting that stabilization of the G-quadruplex hinders recognition functions 

of NM23-H2. Using Forster Resonance Energy Transfer (FRET) assays in combination with 

Circular Dichroism (CD) studies, we have demonstrated that NM23-H2 can actively resolve the 

c-Myc G-quadruplex. Biophysical and structural studies to better understand how NM23-H2 

interacts with the NHE III1 region to achieve its gene transactivation effect are still ongoing. 

 

5.3     Materials and Methods 

5.3.1  Expression Vector for Mammalian NM23-H2 

The coding region of NM23-H2 was amplified by polymerase chain reaction (PCR) from 

pET-3c-NM23-H2 (New England Biolabs) that was kindly provided by Dr. Bill Montfort from 

University of Arizona. Forward primer contains NdeI restriction endonuclease site and reverse 

primer contains BamHI restriction endonuclease site with His6-tag, ordered from Integrated DNA 

Technologies (Table 5.1). Amplified NM23-H2 coding region was isolated using 1% agarose gel 
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and recovered using a gel extraction kit (Qiagen). pET 17(b) plasmid was digested with NdeI and 

BamHI (New England Biolabs) and resulting ends were dephosphorylated using Antarctic 

phosphatase (NEB) for 1 hour at 37 °C. The cut plasmid was isolated via QiaQuick PCR 

purification kit. Amplified NM23-H2 coding region was then ligated with cut plasmid using T4 

DNA ligase (NEB) at room temperature for 16 hours. The expression vector was transformed 

into chemically competent DH5-alpha cells using heat shock, incubated at 37 °C for an hour and 

100 mg/L ampicillin containing LB agar plates were solely used for clone generation. Clone 

screening were performed in 5 ml LB media containing 100 mg/L ampicillin. Cultures were 

allowed to shake at 250 rpm for 14-16 hours at 37 °C. Amplified expression vectors were 

isolated using plasmid miniprep kit (Qiagen) and stored at -20 °C. Successful clones were 

confirmed by sequencing. 

 

5.3.2  NM23-H2 Protein Expression 

NM23-H2 expression vector was transformed into BL21 (DE3) cells using a heat shock 

(45 °C) transformation method. The cells were plated on LB agar/ 100 mg/L ampicillin plates for 

colony generation. Starting cultures in LB/ampicillin media was inoculated using a single 

isolated colony and incubated for 14-16 hours at 37 °C while agitating at 250 rpm. A larger 

LB/ampicillin medium was inoculated using the overnight culture, to result in a starting culture 

with an optical density at 600 nm (OD600) of 0.05, and allowed to incubate at 37 
o
C at 200 rpm. 

Protein production was induced by addition of isopropyl -D- 1-thiogalactopyranoside (IPTG) to 

a final concentration of 0.1 mM at an OD600 value of 0.8. Cells were incubated at 37 
o
C and 

harvested at 4 hours after induction. Cell pellets were frozen and stored at -80 
o
C. 
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5.3.3  NM23-H2 Purification and Phosphotransferase Activity 

The cell pellet was resuspended in 20 mM NaH2PO4 pH=7.4, 20 mM imidazole, protease 

inhibitor (1 tablet Pierce protease inhibitor, EDTA free from Thermo Scientific for 50 ml 

extract), and lysed using a Branson Digital Sonicator at 40% amplitude with pulses of 15 sec 

on/60 sec off for a total of 14 minutes on ice. The cell lysate was centrifuged at 18000 rpm at 4 

o
C for 45 min in a SA600 rotor to pellet the cellular debris. Supernatants were run through a 5 ml 

Ni
2+

-charged His-trap HP column (GE Healthcare) and eluted with a gradient of 0-0.5 M 

imidazole. The protein was then dialyzed into 50 mM Tris
.
HCl pH=7.9, 1 mM EDTA, 1 mM -

mercaptoethanol (BME) and 10% glycerol overnight and loaded on a 1 ml DEAE column 

equilibrated at pH=7.9 with the dialysis buffer. The flow-through was collected, and the buffer 

was exchanged to 50 mM Tris
.
HCl pH 7.9, 50 mM NaCl, 0.5 mM MgCl2, 1 mM EDTA, 5 mM 

BME, 1 mM DTT, and 10% glycerol by centrifugation in Vivaspin 20 concentrators. Samples 

were then applied to a pre-equilibrated 5 ml of Heparin column, and desired protein was eluted 

with a linear gradient 0-1 M NaCl in running buffer. Presence of protein in the collected 

fractions was analyzed using 12% SDS-PAGE gels. Purified protein was stored in 20 mM 

Tris
.
HCl pH=7.4, 100 mM KCl, 2 mM DTT and 10% glycerol. The Bradford protein assay (Bio-

Rad) was used to determine protein concentration. For long-term storage, protein was flash-

frozen in liquid nitrogen and stored at -80 °C. 

Phosphotransferase activity of the protein was determined as described earlier.
218

 The 

assay mixture contains equal volumes of 0.8 M Tris-acetate pH-7.5, 0.03 M 

phosophoenolpyruvate (PEP) pH=7.5, 0.02 M ATP pH 7.5, 12.5 units/ml pyruvate kinase,  

dissolved in 1% bovine serum albumin solution in 0.1M Tris-acetate pH=7.5, 0.1 M MgCl2 and 
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0.25 M KCl. One volume of freshly prepared 0.003 M NADH was added to seven volumes of 

assay mixture. This mixture was then mixed with 0.1 ml NDP kinase (diluted using 0.1 M Tris-

acetate pH=7.5) in a 1.5 ml quartz cuvette. Absorption at 340 nm was recorded every sec for 4-5 

min until a constant background reaction rate is obtained. The assay was completed by addition 

of 0.1 ml 0.004 M dTDP solution and the rate of decrease was immediately measured at A340 

every sec for 5-7 min. The specific activity is defined as units of activity per milligram of 

protein. One unit of the enzyme is accepted as formation of 1 mole of ADP per minute under 

the standard conditions of assay. 

 

5.3.4  Analytical Ultracentrifuge 

The oligomeric state of the protein was analyzed using analytical ultracentrifugation. The 

protein was analyzed using sedimentation velocity centrifugation in a Beckman XL-I dual 

detection analytical ultracentrifuge with UV detection at 280 nm to determine its quaternary 

structure. Samples were sedimented at 40k rpm, 20 °C for 16-17 hours. The obtained data were 

analyzed using SEDFIT and the c(s) distribution method. 

 

5.3.5 Cleavage Assay 

The binding reaction of Pu47 (Table 5.1) with NM23-H2 was prepared in the same 

manner described in Section 5.2.4. After overnight incubation, the reactions were stopped using 

an equal volume of alkaline stop buffer that contains 95% formamide, 10 mmol/L EDTA, 

10mmol/L NaOH, 0.1% xylene cyanol, and 0.1% bromophenol blue. The sample were then 

heated to 95 °C for 5minutes and run on a 16% denaturing sequencing gel in 1X TBE.  
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5.3.6  Gel Mobility Shift Assay 

Both strands of the NHE III1 region oligonucleotides (Table 5.1) were labeled at their 5’-

end using [γ- 
32

P] dATP (Perkin Elmer) in the presence of T4 polynucleotide kinase (New 

England Biolabs). Excess 
32

P-ATP was removed by Micro Bio-Spin desalting columns 

(BioRad), based on the manufacturer's instructions. Formation of both G-quadruplex and double-

stranded DNA was obtained by annealing the sample(s) while heating at 95 
o
C for 10 min and 

slowly cooling to room temperature in 20 mM Tris
.
HCl pH=7.4, 100 mM KCl. Binding of G-

quadruplex DNA and protein was carried out for 15 minutes in 5l reactions containing 50 mM 

Tris
.
HCl (pH=7.6), 0.5 mM DTT, 50 g/ml BSA, 1 mM MgCl2, and 50 mM KCl. The reaction 

samples were loaded onto a 17 × 15 cm 1.5 mm thick 5% polyacrylamide gel (acrylamide/bis-

acrylamide 29:1) containing 0.5X TBE buffer (100 mM Tris, pH 8.0, 90 mM borate, 1 mM 

EDTA) and run at 100 Volts for 1.5 hours at 4 
o
C. Each sample was mixed with 0.5 l of sterile 

60% glycerol prior to gel loading. The gels were dried on a gel drier (Bio-Rad Model 583, Bio-

Rad) for an hour and exposed to a PhosphoImager screen for 24 hours, which was then scanned 

on a Storm 820 PhosphorImager (GE Healthcare). 

 

5.3.7  Forster Resonance Energy Transfer 

5’-Fluorescein- (F) and 3’-TAMRA- (T) labeled NHE-III1 (Pu27) (Table 5.1) was 

purchased from Integrated DNA Technologies. G-quadruplex was folded by heating the labeled 

samples at 95 °C for 5 minutes, then slowly cooling to room temperature in 10 mM HEPES, pH-

7.4, 20 mM KCl, and 2 mM MgCl2. G-quadruplex DNA was then titrated with increasing 

concentration of the NM23-H2. After each addition of the protein, the complex formation was 

allowed to occur for 10min. Energy transfer from donor to acceptor was measured by exciting 
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the sample at 473 nm and recording the emission spectrum between 500 and 700 nm using a 

Fluoromax 3 (Spex) spectrofluorimeter. The fluorescence intensities of each fluorophores were 

calculated by averaging the intensities of signals between 522-528 nm and 584-590 nm for donor 

(5’-Fluorescein) and acceptor (3’-TAMRA) moieties. Energy transfer (P) was calculated using 

the formula, ID/(ID+IA), in which ID is the average donor value and IA is an average acceptor 

value.  

For Fluorescence time based experiment, Pu27 labeled with 5’-Fluorescein- (FAM) 

(donor) and a 3’-tetramethylrhodamine (TAMRA) (acceptor) was mixed with 200 nM NM23-H2 

or 1 M Py27 in 20 mM HEPES, pH-7.4, 100 mM KCl, and 2 mM MgCl2. The kinetics of G-

quadruplex unwinding upon addition of NM23-H2 or Py27 immediately measured at 25 
o
C by 

recording the donor fluorescence at 520 nm. 

 

5.3.8  Circular Dichroism Experiments 

A Jasco-810 spectropolarimeter (Jasco Inc, Easton, MD) equipped with a 

thermodynamically controlled cell holder was used to obtain circular dichroism spectra. 10 M 

Pu 27 sample were prepared in 100 mM K
+
-containing K-phosphate buffer. Measurements were 

taken in a 1 mm optical path length quartz cell. The CD spectra were three averaged scans 

between 230-330 nm at 25 
o
C after application of a baseline correction to remove signal 

contributions from the buffer. After each addition of the protein, the complex formation was 

allowed to occur for 5 minutes. 
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Table 5.1 Oligonucleotide sequences used for constructing NM23-H2 expression vector 

(forward and reverse primers).  NdeI site colored as red in forward primer, BamHI site colored as 

green, stop codon colored as purple and His-tag is colored as blue in reverse primer. Pu47, Py47, 

Pu27, Py27 are used for EMSA and FRET studies.  

 

Oligonucleotides 5’-3’ 

Forward Primer 5’-CCAAGCCATATGGCCAACCTGGAGCGC-3’ 

Reverse Primer 5’-AGGTTTGGATCCTTAATGATGATGATGATGATGGCTGCTGCCTTCATAGA-3’ 

Pu47 5’-GGGGCGCTTATGGGGAGGGTGGGGAGGGTGGGGAAGGTGGGGAGGAG-3’ 

Py47 5’-CTCCTCCCCACCTTCCCCACCCTCCCCACCCTCCCCATAAGCGCCCC -3’ 

Pu27 5’-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3’ 

Py27 5’-CCTTCCCCACCCTCCCCACCCTCCCCA-3’ 
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5.4 Results 

5.4.1 Optimization of Functional NM23-H2 Protein Preparation 

Although recombinant protein expression with a purification-optimizing tag significantly 

helps to produce and purify proteins with high yield and purity, these tags might interfere with 

the protein activity. Our initial NM23-H2 expression vector was designed using a His6-tag at the 

N-terminus; however, the NM23-H2 protein containing the 2.2 kDa His-tag at the N-terminus 

showed decreased enzyme activity, as determined using the kinase assay. Though it was 

previously noted that enzyme activity does not interfere with DNA binding activity, we still 

aimed to produce a fully functional protein for our biophysical and structural studies. The fully 

functional protein with high yield and purity was only obtained when the protein construct was 

prepared using a His6-tag at the C-terminus of the protein (Figure 5.2). Specific activity of the 

protein was measured by the kinase assay through a coupled reaction, and was determined to be 

727.97 mol/min/mg. 
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Figure 5.2 %12 SDS–PAGE analysis of purified NM23-H2 protein. 
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Since it has been reported that NM23-H2 possesses a nuclease activity as a consequence 

of either a contaminating nuclease or an NM23-H2-interacting protein, the cleavage assay was 

performed using the extended NHE III1 region (Pu47) to determine whether the contaminating 

proteins would affect the integrity of the DNA, before any further biological and structural 

analysis of the protein/c-Myc G-quadruplex interactions was made. The protein purified using 

the His-trap column led to detection of two DNA bands, one running at the same size as Pu47 

does, and one running at a lower size, in the cleavage assay (Figure 5.3B). The use of the His-

trap column in combination with DEAE and Heparin columns resulted a very pure protein with 

high kinase activity and diminished nuclease activity (Figure 5.3A). This result has also 

confirmed that nuclease activity is the consequence of either a contaminating nuclease or an 

NM23-H2-interacting protein. 

The oligomeric state of our purified recombinant NM23-H2 protein was analyzed using 

sedimentation velocity. The relative concentration of NDPK-B was fitted to an ideal 

monodisperse solute of 103,000 ± 3,000 that matches the theoretical calculated mass of the 

hexameric species (Figure 5.4).  
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Figure 5.3 (A) The cleavage reaction products of Pu47 in the presence of NM23-H2 purified 

using His-Trap, DEAE and Heparin columns (B) The cleavage reaction products of Pu47 in the 

presence of NM23-H2 purified using only His-Trap column. 
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Figure 5.4 Sedimentation velocity analysis of NM23-H2 protein.  
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5.4.2 Investigation of c-Myc G-quadruplex and NM23-H2 Interactions 

5.4.2.1 NM23-H2 binds to c-Myc G-quadruplex in vitro 

 

Previous reports that analyze DNA binding activity of the NM23-H2 are controversial. 

Methylation interference footprinting experiments have shown that the protein can bind to DNA 

in a sequence-dependent manner that suggests existence of a consensus sequence for NM23-H2 

binding
210, 219

. Later reports were not consistent with these findings and argued that the NM23-

H2 protein binds both to single-stranded G-rich or C-rich oligonucleotides that mimic the 

promoter region of the c-Myc oncogene, in a non-sequence-specific manner
220, 221

.  

To clarify the ability of NM23-H2 to interact with c-Myc DNA, we have carried out gel 

mobility shift assays using 
32

P labeled oligonucleotides from the c-Myc NHE III1 region. Pu47 

and Pu27 are the G-rich sequences, and Py27 and Py47 are the respective C-rich sequences, of 

the c-Myc NHE III1 region. The G-quadruplex structure formation in NHE region sequences was 

allowed under physiologically relevant K
+
 containing solution by denaturing the sample at 95°C 

and slowly cooling to room temperature. Increasing concentrations of the protein were incubated 

using folded sequences, and the binding reactions were allowed to occur for 15 minutes. The 

species in the binding reactions were separated on 5% native PAGE gels. Our results 

demonstrated that NM23-H2 binds to both C- and G-rich single-stranded oligonucleotides of the 

NHE III1 region (Figures 5.5 A and B, left and middle), although stable complex formation 

was only detected with Pu47 (Figure 5.5A, left). Decreasing levels of labeled free DNAs 

without apparent stable complex formation but an evident smear on the gel indicates that the 

protein may resolve the secondary DNA structures formed in these c-Myc sequences. We have 

also tested protein binding to double-stranded DNA of NHE III1 region and found that protein 
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does not bind to this conformation (Figures 5.5A and B, right). All these results indicated that 

NM23-H2 protein specificity may be structural confirmation dependent. 

Moreover, increasing concentrations of the strong G-quadruplex-interactive compound 

TMPyP4, a porphyrin-based drug, inhibit the binding of NM23-H2 to the NHE III1 region, 

suggesting that stabilization of the G-quadruplex hinders the recognition and remodeling 

functions of the NM23-H2 (Figure 5.6). Taken together, these results show that inhibition of the 

NM23-H2 binding to NHE III1 region by small molecules may be a potential means to inhibit c-

Myc transcription for cancer therapeutic purposes.  
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Figure 5.5 DNA-binding specificity of the NM23-H2 to c-Myc NHE III1 region 

oligonucleotides. (A) NM23-H2 binding to Pu47 is shown on the left, to Py47 in the middle, and 

to double-stranded DNA (47 bp length) on the right. (B) NM23-H2 binding to Pu27 is shown on 

the left, to Py27 in the middle, and to double-stranded DNA (27bp length) on the right. 
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Figure 5.6 Inhibition of the NM23-H2 DNA binding activity by stabilization of the c-Myc G-

quadruplex. 
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5.4.2.2  NM23-H2 resolves the c-Myc G-quadruplex 

 

 We have also analyzed DNA binding of NM23-H2 using Fluorescence Energy Transfer 

(FRET) assay in combination with Circular Dichroism (CD) experiments. We have labeled Pu27 

DNA using fluorescein (FAM) (donor, excitation at 473 nm, and emission at 520 nm) at the 5’-

end, a tetramethylrhodamine (TAMRA) (acceptor, excitation 520 nm, emission at 580 nm) at the 

3’end. G-quadruplex formation was allowed in K
+ 

containing G-quadruplex folding buffer. We 

have first monitored energy transfer difference between donor and acceptor in both folded Pu27 

and unfolded Pu27 in the presence and absence of K
+
 ion respectively. The result showed that 

formation of the G-quadruplex in the presence of K
+
 ion brings two fluorophores in close 

proximity that leads a decreased donor emission and increased acceptor emission (Figure 5.7A). 

We have then monitored donor fluorescence intensity change as a result of increasing protein 

concentration in K
+
 containing solution. ‘r’ and ‘P’ are defined as the ratio of protein to DNA 

concentration and the change in the energy transfer efficiency ratio, respectively. In order to 

determine fluorescence intensity of individual fluorophores, emission intensities between 522-

528 nm and 584-590nm were averaged for donor and acceptor, and ‘P’ values were calculated 

using the formula, (Intensity Donor)/(Intensity Donor + Intensity Acceptor). The result 

demonstrated an increase in concentration of the protein (r) leads to a loss in energy transfer (P) 

indicating that the protein gradually resolves the G-quadruplex formed in the Pu27 sequence 

(Figure 5.7B and C). We have also noted that the rate of G-quadruplex resolution in the 

presence of NM23-H2 was much faster than the slow spontaneous unwinding of G-quadruplex in 

the presence of excess complementary Py27 sequence, which indicates that NM23-H2 actively 

unfolds G-quadruplex (Figure 5.7D). CD spectra of the Pu27 before addition of NM23-H2 show 

a positive peak at 260 nm and a negative peak at 240 nm in 100 mM K
+
 solution, a characteristic 
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signature of parallel-stranded G-quadruplex formation (Figure 5.7E). Addition of NM23-H2 

protein alters the CD profile by decreasing the positive peak at 260 nm, indicating that NM23-H2 

unfolds the G-quadruplex structure (Figure 5.7E).  
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Figure 5.7 NM23-H2 actively unfolds c-Myc G-quadruplex shown by FRET and CD studies 

(A) Energy transfer difference between donor and acceptor in both folded Pu27(red) and 

unfolded Pu27(blue) (B) ‘r’ is the ratio of protein to DNA concentration. Increasing r value leads 

loss in energy transfer (C)’P’ is a change in energy transfer efficiency ratio. Increasing in P as a 

function of increasing r indicated decrease in energy transfer. (D) FRET analysis is showing 

active unfolding of G-quadruplex by NM23-H2 in comparison with spontaneous unfolding of G-

quadruplex by its complementary C-rich sequence. (E) CD spectra showing the unfolding effect 

of increasing concentration of NM23-H2. 
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5.5  Summary and Discussion 

Results reported here further support the indications that transactivation of c-Myc 

enhanced by NM23-H2 could be the result of NM23-H2 binding to secondary DNA structures, 

i.e., G-quadruplexes, within the c-Myc promoter. We have shown that NM23-H2 interacts with 

both C- and G-rich region of the NHE III1 region. It is important to note that the stable complex 

formation was only observed with Pu47, indicating that NM23-H2 binds to longer sequences. 

Both of the shorter C- and G-rich region sequences (Py27 and Pu27 respectively) of the c-Myc 

NHE III1 showed decreasing levels of labeled free DNAs, with an evident smear on EMSA gels, 

indicating that the protein binds to and resolves the secondary DNA structures formed in these c-

Myc sequences. The fact that the NM23-H2 protein does not interact with double-stranded DNA 

further supports that its binding is structure-dependent. Similarly, results for FRET and CD 

studies have also shown that the presence of NM23-H2 appears to promote unwinding of the 

folded Pu27 G-quadruplex, at a much faster rate than that for simple unwinding of G-quadruplex 

to form duplex DNA in the presence of excess complementary Py27 sequence, indicating that 

NM23-H2 actively unfolds G-quadruplex. Biophysical and structural studies to better understand 

how NM23-H2 interacts with the NHE III1 region to achieve its gene transactivation effects are 

still ongoing. 
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APPENDIX C.   

Appendix C 1.1  Supplemental Information for Chapter 3 

 

 

 

 

 

Supplemental Figure 3.1 CD spectra and thermal stability for the full-length and minimal G-

quadruplex-forming sequences in 100 mM [K
+
] buffer. The table shows the sequence/color 

identity of the spectral traces as well as their associated thermal stabilities (Tm) in a 100 mM and 

50 mM [K
+
] buffer 

143
. 
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Supplemental Figure 3.2 DMS footprinting of the (a) 3′-end, (b) 3′-mid, (c) 5′-mid; (d) 5′-end, 

and (e) FL G-quadruplex-forming sequences in the absence (lanes 1 and 2) and presence (lanes 3 

and 4) of DMS. Open, closed, and partially closed circles respectively indicate protection, 

cleavage, and partial protection from DMS of guanines in the presence of 100 mM [K
+
] (lane 

4)
143

. 
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