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ABSTRACT 
 

 The discovery of unique, nonduplex structures in the proximal promoter regions of genes 
controlling cell growth and proliferation has illuminated a new role for DNA in biology. These 
non-canonical G-quadruplex structures are formed in loosened guanine-rich promoter regions 
undergoing torsional stress from processes such as gene transcription. G-quadruplexes, 
intramolecular four-stranded globular structures most commonly composed of three stacked G-
tetrad planes connected by loops, have been found to modulate gene expression by affecting 
transcription factor binding to gene promoters. Inhibition of transcription factor binding to these 
regions is likely due to changes in DNA secondary structure and is thought to significantly 
downregulate expression of certain potent oncogenes. Additionally, certain chaperone-like 
proteins have been found to induce and stabilize G-quadruplex formation in promoter regions, 
leading to low gene transcription levels. Thus, structure determination of G-quadruplexes and 
investigation of protein/G-quadruplex interactions may lead to future structure-based therapeutic 
design aiming to regulate protein expression.  
 Recently, the proximal promoter region of the Platelet Derived Growth Factor Receptor β 
(pdgfr-β) gene was found to adopt G-quadruplex structures. Overexpression of PDGFR-β leads 
to malignancies such as colon cancer and fibrotic disorders. Like previously discovered promoter 
region quadruplexes, the PDGFR-β structures were found to potentially play a role in controlling 
gene expression. In the studies described in this dissertation research, the structure of the major, 
stable Mid-5’ PDGFR-β G-quadruplex was determined by NMR. The Mid-5’ structure was 
found to adopt a unique three-tetrad parallel-stranded conformation with a broken-ended strand. 
Unlike other structures, this G-quadruplex also has a G-triad capping structure protecting the 
bottom tetrad and two adenine bases protecting the top tetrad. The combination of the broken-
ended strand and the two distinctive capping structures provide distinguishing features, which 
may be exploited for targeted small-molecule drug design. 
 Additionally, the protein nucleolin was formerly found to bind the G-quadruplex in the 
proximal promoter region of the c-myc gene, which is deregulated in the majority of human 
cancers. Binding of nucleolin to the c-Myc G-quadruplex was previously shown to decrease gene 
transcription. In current studies, the interactions between nucleolin and the c-Myc G-quadruplex 
were investigated. Three nucleolin RNA binding domains (RBDs), which are common domains 
for RNA and DNA binding proteins, are needed to bind the c-Myc G-quadruplex, while all four 
RBDs from nucleolin (Nuc-1234) are needed to bind the c-Myc G-quadruplex with high affinity. 
It was that found upon nucleolin binding the c-Myc G-quadruplex maintains its parallel-stranded 
fold, affirmation that nucleolin binds the G-quadruplex conformation as opposed to duplex or 
single-stranded DNA. Additionally, an unambiguous interaction between K92 of Nuc-1234 
makes contacts with the T7 loop region of the c-Myc G-quadruplex, the first mapped contact 
between a protein and the c-Myc G-quadruplex regulatory element. Currently ongoing studies 
aim to determine other specific protein/DNA contacts and the complete structure of the 
nucleolin/c-Myc G-quadruplex complex.  
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CHAPTER ONE 
INTRODUCTION 

 
 
1.1 G-quadruplex Nucleic Acids 
 

Although DNA is most widely recognized for its ability to store and pass along genetic 

information, the discovery of G-quadruplex structures illuminated a new role for DNA in 

biology1. G-quadruplexes are four-stranded globular nucleic acid secondary structures formed by 

one or more strands of DNA molecules (Figure 1.1 C-F). Deviating from Watson-Crick 

hydrogen bonding found in B-form duplex DNA, the planar, stacked tetrads of G-quadruplexes 

are formed by Hoogsteen hydrogen bonding of guanine bases2 (Figure 1.1 A-B). G-quadruplexes 

can readily form in solution under physiological conditions. The formation and stabilization of 

these structures depend on monovalent cations, specifically K+ and Na+ (Figure 1.1 C-F); K+ is 

considered to be physiologically relevant for both structural and functional studies due to its high 

intracellular concentration (~ 140 mM) versus Na+ (~ 10 mM)3. The monovalent cation 

dependent stabilization of G-quadruplexes is due to the coordination of the positively charged 

cations with the electronegative O6 atoms in the center channel of adjacent stacked G-tetrads4 

(Figure 1.1 A).  

The G-tetrad structure was first characterized in a gelatinous substance formed by 

guanosines5. A few decades later, it was observed that concentrated guanylic acid solutions 

formed a gel-like aggregate, which was rationalized in a model where four guanines hydrogen 

bond in a cyclic manner6. Although researchers suspected G-rich regions in gene promoters, 

telomeres, and immunoglobin switch regions had to have biological function, the significance of 

these regions was unclear2. Initially it was suspected these four-stranded structures played a role 

in meiosis2. 
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Figure 1.1 (A) Schematic illustration of a G-tetrad, a square planar alignment of four guanines 
connected by cyclic Hoogsteen hydrogen bonding of guanine bases. The H1-H1 (red) and H1-H8 
(green) connectivity patterns detectable in Nuclear Overhauser Effect Spectroscopy (NOESY) 
experiments are also shown. (B) An example of a G-tetrad structure. The guanines in a G-tetrad 
can adopt either syn or anti glycosidic conformations. The guanines from parallel G-strands 
adopt the same glycosidic conformation and guanines from antiparallel G-strands adopt opposite 
glycosidic conformations. (C) A schematic illustration of tetrameric and dimeric G- 
quadruplexes composed of three G-tetrads. Cations (K+ or Na+), shown as blue spheres, are 
needed to stabilize G-quadruplexes by coordinating with the eight electronegative O6 carbonyl 
oxygen atoms of the adjacent G-tetrads. (D-F) Examples of monomeric (unimolecular) G-
quadruplexes with parallel-stranded (D), mixed parallel/antiparallel (E) and antiparallel folding 
(F). 
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1.1.1 General Features and Characteristics of G-Quadruplexes 
 
Unimolecular G-quadruplexes, formed by a single strand of G-rich DNA, are globular 

nucleic acid structures that can readily form under physiological conditions (Figure 1.1 D-F). 

Most unimolecular G-quadruplexes have three tetrads, though structures with two or four tetrads 

have been reported. Available structural data show conformational diversity of unimolecular G-

quadruplexes, including the number of G-tetrads, folding topologies, and loop structures1 (Figure 

1.1 D-F). Generally, intramolecular quadruplex forming sequences have four or more G-tracts, 

runs of consecutive guanine bases, involved in tetrad formation with various numbers of 

interspersing bases that form loops connecting the G-strands of the tetrad planes. A typical 

unimolecular G-quadruplex contains four G-tracts, three or more loops, and two flanking 

segments. The four G-tracts of a unimolecular G-quadruplex can be parallel or antiparallel, 

which describes the directionality of the strands, and the loops can adopt three different 

conformations (Figure 1.1 D-F). Strand-reversal loops, also called propeller loops, connect 

adjacent parallel strands. Lateral or edgewise loops connect adjacent antiparallel strands. Lastly, 

diagonal or bridging loops connect strands on opposite sides of the tetrad planes. The sugar 

glycosidic conformations can be anti or syn; G-tetrad guanines from parallel G-tracts (usually) 

have identical glycosidic conformations, whereas guanines from antiparallel G-tracts have 

varying conformations (Figure 1.1 B). 

G-quadruplex structures are uniquely determined by primary nucleotide sequences in a 

manner analogous to how protein folds are determined by primary amino acid sequences. 

However, a static G-rich sequence may adopt different G-quadruplex structures in the presence 

of different cations, as in human telomeric DNA, indicating a single sequence may fold into 

more than one conformation. For example, the conserved human telomeric DNA sequence 
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consists of tandem repeats of d(TTAGGG)n (Figure 1.2), which lacks sequence variety. 

However, the sequence is able to form various G-quadruplex structures with low energy 

differences and thus imparts intrinsic structural polymorphism. The human oncogene promoter 

sequences, which are each unique and diverse (Figure 1.2) form a variety of structures dictated 

by differing sequences.  

1.1.2  Telomeric G-Quadruplexes 

Biologically relevant G-quadruplexes were first discovered in eukaryotic chromosomal 

telomeric DNA7,8. Human telomeres contain a 5- to 10- kb d(TTAGGG)n tandem sequence with 

50- to 600-nt single-stranded 3’ overhangs at the chromosome ends9, which form DNA G-

quadruplex structures. Telomeres and their associated enzymes function by preventing 

chromosomal end-to-end fusions and nuclease attacks, as well as deterioration of genetic 

information10-12. The single-stranded telomeric overhangs protect the ends of chromosomes 

during DNA replication due to the “end replication problem”13, resulting in loss of 35-600 bases 

in the telomeric region14,15. In somatic cells the enzyme telomerase, a reverse transcriptase, 

elongates the G-rich telomeric strand so that a minimal shortening of the telomere occurs16,17. 

Thus, telomeres serve as a protective buffer for the chromosome until a critical shortening of the 

telomere is reached, wherein the cell undergoes apoptosis. However, in 80-85% of cancer cells, 

telomerase is constitutively activated and continues to elongate telomeres, preventing apoptosis 

by maintaining telomere stability and integrity18,19, conferring the malignant phenotype to cells. 

The formation of DNA G-quadruplexes in human telomeres has been found to inhibit the activity 

of telomerase20. Therefore, these globular structures are considered to be potential anticancer 

drug targets and attempts have been made to specifically target the intramolecular G-quadruplex 

structure with small molecules21. 
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Figure 1.2 Comparison of G-quadruplex forming sequences in the promoter regions of selected 
genes and in single-stranded telomeric DNA. The types of G-quadruplex folds are indicated and 
the G3NG3 motifs (and the unique G2NG3 motif in the PDGFR-β G-quadruplex) are boxed. The 
guanines involved in tetrad-formation are shaded in orange.  
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As previously stated, the TTAGGG telomere repeat sequence forms structurally diverse 

quadruplexes, which have been teased apart for their unique structural characteristics. The 

human telomeric DNA sequence was first found to adopt a basket-type G-quadruplex 

conformation in buffers containing the Na+ ion22 (Figure 1.3 A, left). Later it was found to form a 

parallel-stranded G-quadruplex in the presence of K+ in the crystalline state23 (Figure 1.3 A, 

right). More recently, the human telomeric DNA sequence was shown to predominantly form 

hybrid-type G-quadruplexes in solutions containing the K+ ion24-29 (Figure 1.3 B). Two hybrid 

structures were found to coexist in equilibrium in human telomeric sequences in buffers 

containing K+; these structures have similar stability with a low energy difference, where the 

hybrid-2 form is the major conformation in sequences with extended flanking segments adjacent 

to the G tracts28,29. The two hybrid structures have distinct yet related folding topologies that are 

stabilized by the specific capping structures assembled by the flanking and loop residues (Figure 

1.3 C). While the energy difference between the two hybrid G-quadruplexes appears to be 

sufficiently small so that they coexist in human telomeric sequences, the kinetics of the 

interconversion between the two forms is slow29,30, indicating high-energy barrier intermediate(s) 

for interconversion. In addition, a two G-tetrad basket-type structure was discovered in human 

telomeric sequences with no 5’-flanking segment31; this structure is likely to be an intermediate 

in the interconversion of different telomeric G-quadruplex conformations (Figure 1.3 E). 

Importantly, the presence of hybrid structures suggested a straightforward means for 

multimer formation within the 3’ overhang of human telomeres24,29,32 (Figure 1.3 D). The 

polymorphism of telomeric DNA may have been related to the presence of a 3-nt strand-reversal 

TTA loop in both hybrid structures. A strand-reversal loop usually favors short loop sizes of 1 

and 2 nucleotides in buffers including the K+ ion1,33-35. This may also explain why the parallel 
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conformation was disfavored in K+ containing buffers, as it would have comprised of three 3-

nucleotide TTA loops in strand-reversal loop conformations. However, the presence of one 

strand-reversal TTA loop positioned the 3’ and 5’ ends away from each other, thereby making 

the hybrid conformations a straightforward platform for efficient multimer packing with possible 

end-to-end stacking in human telomeres (Figure 1.3 D). 

Intriguingly, structural polymorphism is intrinsic to the highly conserved human 

telomeric sequence. The asymmetry of the TTA loop enables formation of two closely related 

but distinct asymmetric hybrid structures (Figure 1.3 C). The presence of adenine in the TTA 

loop of the human telomeric sequence, which is not found in the telomeres of lower organisms, 

provides a selective basis for distinct capping structures, such as the T:A:T triplet in the hybrid-2 

structure and the adenine triplet in the hybrid-1 structure to selectively stabilize different 

forms28,29 (Figure 1.3 C). This specific sequence polymorphism may have been evolutionarily 

selected for since structure polymorphism could factor into which proteins bind which G-

quadruplex conformations, adding another layer of regulation. Additionally, the polymorphism 

of human telomeric G-quadruplexes presents an attractive means for targeting by small 

molecules, which may readily surpass the small energy barrier between various forms and 

subsequently change interconversion dynamics.  
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Figure 1.3 (A) Folding structures of the basket-type human telomeric G-quadruplex formed in 
buffers with Na+ (left) and the parallel-stranded human telomeric G-quadruplex formed in the 
presence of K+ in crystalline state (right). (B) Folding structures of hybrid-1 (left) and hybrid-2 
(right) human telomeric G-quadruplexes present in equilibrium in K+ containing buffers. Red 
box = anti guanine, magenta box = syn guanine. (C) The representative NMR structures of 
hybrid-1 and hybrid-2 telomeric G-quadruplexes that are in equilibrium in the presence of K+ 
(guanine: yellow; adenine: red; thymine: blue). (D) A model showing a DNA secondary structure 
composed of compact-stacking multimers of hybrid-type G-quadruplexes in human telomeres in 
equilibrium between the hybrid-1 and hybrid-2 forms. (E) A model of the interconversion 
between different forms of human telomeric G-quadruplexes through a strand-reorientation 
mechanism. A two-tetrad form is likely to be a transition intermediate. 
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1.1.3 Gene Promoter Region G-quadruplexes 

 
In contrast to the repetitive human telomeric DNA sequence, G-quadruplex forming 

regions of gene promoters are diverse with varying numbers and lengths of G-tracts and 

intervening bases36 (Figure 1.2). Promoter regions often contain greater than four G-tracts; thus, 

multiple G-quadruplexes utilizing different combinations of four G-tracts can form. Potentially 

each G-quadruplex system is able to form a mixture of loop isomers due to the unequal numbers 

of guanines in each G-tract. Unlike the telomeric G-quadruplexes, which contain invariant TTA 

loops and are similar in energy, potential G-quadruplexes formed in a promoter region may 

differ greatly in energy, with one (or more) major stable structure(s) and other minor unstable 

structures. Therefore, it is important to determine the most stable and biologically functional 

conformation. The combination of mutational analysis, dimethyl sulfate (DMS) footprinting, and 

NMR spectroscopy has been shown to be a powerful method to identify the major G-quadruplex 

formed under physiological conditions37. These experiments also assist in determining the 

appropriately mutated sequence that forms only the major and most biologically relevant G-

quadruplex, which is necessary both for structure determination and for studying small-molecule 

interactions. It is noteworthy though, that a small molecule compound may selectively bind and 

stabilize a minor conformation.  

DNA G-quadruplexes that have been found in gene promoter regions function as 

potential transcriptional regulators, a major and significant function of these globular structures. 

These structures are presumed to inhibit interactions of transcription factors that bind to duplex 

or single-stranded DNA to regulate promoter activity. Promoters that contain G-quadruplex 

structures are mostly TATA-less and drive a number of human genes bearing products involved 

in growth and proliferation36,38,39, such as insulin40, c-Myc41,42, VEGF43, HIF-1α44, sMtCK45, BCL-
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235,46,47, KRAS48, Rb49, c-KIT50,51, RET52, PDGF-A53, c-Myb54, hTERT55, and PDGFR-β56,57. C-

Myc was the first identified and most extensively studied promoter region G-quadruplex 

system39 (Figure 1.4 A).  

1.1.3  (a) Discovery of the c-Myc G-Quadruplex System in the Proximal Promoter Region 

Nuclease Hypersensitive Element III1 

The c-myc gene is one of the most commonly deregulated genes in human cancers, and 

extensive effort has been taken to understand how c-Myc is expressed for development of 

therapeutics.  A key to uncovering the complexity of c-Myc expression is understanding how the 

promoter works—a daunting task in itself as the c-myc gene contains at least four functioning 

promoters and five different nuclease hypersensitive elements58,59. Amidst studies to deconvolute 

the complexity of the c-myc promoter, a non-canonical, globular structure was found that had 

considerable control over c-myc gene expression. This atypical, nonduplex structure was first 

observed in a supercoiled plasmid and was recognized in a region susceptible to nuclease 

cleavage60. This region was identified as a nuclease hypersensitive element (NHE), which are 

characterized by an absence of nucleosomes, and are regulators in controlling chromatin 

structure and unfolding, a key step in activating the c-myc gene61. It was found that the 

nonduplex-forming region in the NHE III1 of the c-myc gene, which is from 2180 to 2212 bp in 

the c-myc locus, is -115 bp to -142 bp upstream of the P1 promoter62 (Figure 1.5 A). 

Significantly, out of the four promoters in the c-myc gene, the P1 and P2 promoter are most 

active and the NHE III1 was found to be a regulatory element59 responsible for up to 95% of c-

myc transcription63,64. In fact, deletion of this region in in vitro transcription experiments 

repressed transcription levels significantly65. 
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Figure 1.4  (A) The full length G-rich 27-mer G-quadruplex forming sequence (Myc Pu27, top) 
in the c-myc gene promoter region. The MycG4 sequence (also called Myc-1423, since G14 and 
G23 can be mutated to isolate this structure, bottom), which forms the biologically relevant c-
Myc G-quadruplex conformation. (B) The folding structure of the major G-quadruplex formed in 
the c-myc promoter, MycG4, a parallel-stranded structure with (1:2:1) loop-length arrangements.  
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Figure 1.5 (A) A schematic of the promoter of the human c-myc gene. The G-rich NHE III1 is 
shown with the guanine runs underlined and numbered. (B) Sequences within the Myc Pu27 
form various G-quadruplex structures in an overlapping region. The 1:2:1 loop isomer formed by 
Myc G4 (Myc-1423) derived from the Myc-2345 sequence forms the major parallel c-Myc G-
quadruplex structure.  
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 It was noted that the antisense strand of the NHE III1 is rich in guanine bases. Early 

studies suggested that triplex structures involving a cytosine-guanine-cytosine plane could inhibit 

binding of transcription factors, but this was proved to be unlikely due to their formation in low 

pH, their dependence on magnesium, and the inability to form such triplexes in physiological 

conditions66-68. It was then discovered that in the presence of monovalent cations, the guanines 

on the antisense strand associated together to form a stable structure composed of stacked planes 

of guanines41,69. These structures were found to inhibit DNA synthesis in in vitro assays and 

researchers suggested that this could be a significant biological property of these structures70, 

especially since nuclease sensitivity was not directly in the region of the quadruplex, but two 

bases upstream of where the c-Myc quadruplex was thought to form60. Numerous studies also 

showed that the structure in the NHE III1 was a repressor of c-myc transcription and that this 

structure markedly decreased c-myc transcripts in cancer cell lines lines deregulated by c-Myc 

59,60,71.  

 The NHE III1 is a purine-rich 27-nucleotide stretch (Myc Pu27) that has five tracts of 

three or more guanines and ends with two guanines on the 3’-end of the sequence. Like the 

majority of promoter region G-quadruplex forming NHEs, this sequence has the ability to form 

multiple structures in an overlapping region (Figure 1.5 A-B). To understand the biological 

relevance of the c-Myc G-quadruplex and for structure-based drug design, it was imperative to 

deconvolute the major, most stable, biologically relevant structures 37,72. A primer extension 

assay confirmed that c-Myc G-quadruplex formation is dependent on potassium ions because 

extension of a sequence containing the c-Myc NHE III1 was arrested in the presence of the 

monovalent cation, indicating a globular structure impeded the enzyme from continuing DNA 

synthesis upon reaching the region of the NHE III1
41. This was confirmed by the presence of two 
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bands of DNA on a polyacrylamide gel loaded with Myc Pu27 in the presence of K+, one band 

corresponding to the linear form and the other to a G-quadruplex structure41.  

 Some of the first c-Myc G-quadruplex studies elucidated the guanine bases that are 

involved in the major quadruplex conformations41,42.  Originally, using chemical footprinting 

experiments, the G tracts I, II, IV, and V in the Myc Pu27 sequence showed protection patterns, 

indicating that these four runs are used for tetrad formation41. However, later studies showed that 

the c-Myc G-quadruplex formed by runs I, II, IV, and V form a minor structure within the full 

length Myc Pu27-mer as run I was consistently cleaved42. Instead, guanine runs II, III, IV, and V 

were protected in footprinting experiments conducted at physiological conditions. In both cases 

run II was protected, meaning these guanine bases are involved in both major and minor 

conformations. The two guanine bases at the 3’-end of the Myc Pu27 sequence were also cleaved 

in footprinting assays. These studies thus formed the basis for further structural studies of the 

major Myc-2345 G-quadruplex and the minor Myc-1245 G-quadruplex, both of which were 

named for the tracts of guanines used for tetrad formation (Figure 1.5 B). Additionally, in 

functional studies using a c-Myc-luciferase reporter construct, expression levels of luciferase 

increased three-fold when a mutation was introduced that knocked-out G bases specifically 

needed to form the Myc-2345 G-quadruplex42. Conversely, knocking out G bases necessary for 

the Myc-1245 structure had little effect on expression levels42. This provided proof that Myc-

2345 is the major structure formed within the c-Myc NHE III1, and that this structure serves as a 

transcription repressor element42. 

 Further studies on the c-Myc G-quadruplex system revealed that all of the different 

conformations adopt parallel-stranded folds 73-75. The Myc-2345 sequence (Figure 1.5 B, 1.7 A), 

consisting of the four 3’ tracts of guanines, was shown to form a parallel structure as evidenced 
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by CD spectra with maxima at 262 nm and minima at 240 nm, which is characteristic of a 

parallel quadruplex75. Comparisons of the CD spectrum of Myc Pu27 to the CD spectrum of a 

globular parallel-stranded heptad-tetrad structure confirmed that the G-quadruplexes formed 

within Myc Pu27 adopt similar strand directionalities76,77. In addition, the Myc-1245 sequence 

(Figure 1.5 B, 1.6 C) was found to adopt a parallel three-tetrad G-quadruplex with G3-5, G7-9, 

G16-18, and G20-22 forming the tetrad planes and A6 in a single-nucleotide loop, T10 with 

G11-14 and T15 in a six-nucleotide loop, and T19 in a single-nucleotide loop74  

 The Myc-2345 sequence, which is composed of the four 3’ most tracts of three or more 

consecutive guanines (tracts II to V), forms the most stable c-Myc G-quadruplex structures, but 

because only four tracts of three guanines each are needed to form a quadruplex structure, it was 

a possibility that numerous loop isomers could exist73,75. For instance, either G11 or G14 could 

be in a loop in tract three and either G20 or G23 could be in a loop in tract five, providing a 

possibility of four different loop isomers of Myc-2345 where G14 and 23, G14 and 20, G11 and 

23, or G11 and 20 form the two 1-nucleotide loops75 (Figure 1.7 A, B). These bases were also 

ones that have consistently showed partial cleavage in footprinting assays42. Since there are only 

three guanines in tracts two and three, all guanines in these tracts must be involved in tetrad 

formation. It was determined that G11 and G20 are indeed needed for formation of the 

predominant c-Myc G-quadruplex, and this was confirmed by distinct cleavage of G14 and G23 

in DMS footprinting, compared to only partial cleavage of G11 and G2073,74. Though one loop 

isomer was found to be the principal structure, it is likely that the three others exist to a lesser 

extent73,75. 
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Figure 1.6 (A) The wild type Myc Pu27, Myc-1245, and Myc-1234 sequences. The runs of three 
or more Gs are underlined in Myc Pu27. The guanine bases used for tetrad formation in the 
major structures formed by the Myc-1234 and Myc-1245 sequences are highlighted in red. Both 
Myc-1234 and Myc-2345 form minor G-quadruplex conformations in the c-Myc NHE III1.(B) 
The fold of the major, stable G-quadruplex in the Myc-1234 sequence, which has 1:2:1 loop 
lengths. (C) The fold of the major, stable G-quadruplex formed by the Myc-1245 sequence, 
which has 1:6:1 loop lengths. 
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Figure 1.7 (A) The wild type Myc Pu27 and Myc-2345 subsequence. The five tracts of three or 
more Gs are underlined in the Myc Pu27 sequence. The various loop isomers formed within the 
Myc-2345 sequence can be isolated with mutations as shown in the Myc-1423, Myc-1123, Myc-
1420, and the Myc-1120 sequences. Nomenclature used describes the Gs that are mutated to Ts; 
for example in Myc-1423 G14 and G23 are mutated to Ts. The Gs involved in tetrad formation 
are highlighted in red, the loop bases are underlined, and mutations are highlighted in light blue. 
The Tms of the loop isomers as measured by CD melting experiments are to the right of the 
sequences and are indicative of the structures’ relative stabilities. (B) The folds of the loop 
isomers are shown with the positions of the mutations and the lengths of the three loops indicated 
below. 
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Because G14 and G23 can be mutated to lock in the dominant structure, this G-quadruplex was 

named Myc-1423 (Figure 1.7 A, B). The other loop isomers Myc-1123, Myc-1420, and Myc-

1120 again exist as minor structures in the Myc-2345 sequence, and these three isomers were 

shown to be less stable than Myc-1423 based on lower Tm values as determined by circular 

dichroism (CD) melting experiments78 (Figure 1.7 A, B). Additionally, the biological relevance 

of the Myc-1423 G-quadruplex was confirmed by disrupting the structure in luciferase assays 

using the c-Myc promoter to control luciferase expression. Without the presence of the Myc-

1423 structure luciferase expression increased, indicating Myc-1423 is a transcriptional 

repressor73. The structure of this major G-quadruplex formed in the c-myc promoter was solved 

by NMR33 (Figure 1.8) using the Myc-1423 sequence (Figure 1.7 A). The G4T mutation in the 

Myc-1423 sequence greatly improved the quality of NMR spectra for structure studies33.  

Significantly, the major c-Myc promoter G-quadruplex Myc-1423 (also called MycG4) 

contains two 1-nucleotide strand-reversal loops formed by the G3NG3 motif, where N is the 

single-nucleotide loop region33 (Figure 1.4, 1.8). The MycG4 G-quadruplex is the first molecular 

structure found to contain the G3NG3 parallel-stranded motif, which appears to be highly stable. 

The stability of the parallel-stranded G3NG3 motif is shown to be highly favored due to the 

proximity of the 3’-end of one strand to the 5’- end of the adjacent strand, which is caused by the 

right-handed twist of the two adjacent G-strands (Figure 1.8). Later on as more promoter region 

G-quadruplex structures were deconvoluted, this G3NG3 motif continued to show up as a 

dominant structural feature. It would become clear that parallel-stranded structures are favored in 

the promoter G-quadruplexes, and a robust parallel-stranded structure motif (G3NG3) is found to 

be highly prevalent in promoter sequences. 
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Figure 1.8 Structure of the biologically relevant c-Myc G-quadruplex, Myc-1423 (also called 
Myc G4)33. The G-quadruplex viewed from the tetrad groove with no loop (left) and the G-
quadruplex viewed from the tetrad groove where the double-nucleotide TA loop is located 
(right). The two single-nucleotide T loops are also clearly seen. Guanines = yellow, adenines = 
red, thymines = blue. The K+ ions are shown as green spheres. 
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 Despite the identification of a major and functional G-quaudruplex in the c-myc promoter 

region, it is important to note that the c-Myc NHE III1 is a dynamic region and the various 

structures are in constant fluctuation75,79. Thus, the major and minor structures exert biological 

effects in concert75. As the Myc-1423 G-quadruplex was shown to function as a repressor of the 

c-Myc promoter, so too were the loop isomers Myc-1420, Myc-1123, and Myc-1120. The 

various quadruplexes may function in a collaborative manner as a transcriptional repressor. 

Additionally, as the promoter region undergoes biological events, the coiling and superhelicity in 

the NHE III1 can cause one or more unexpected structures to be stabilized to execute or restrain 

promoter activity. For instance, a G-quadruplex Myc-1234 formed by the four 5’ most tracts of 

guanines was observed in a supercoiled plasmid system79 (Figure 1.6 A, B). Two different loop 

isomers were identified in the Myc-1234 system, and like the Myc-2345 structures, both isomers 

are parallel80.  

 It is worth mentioning that a snap-back parallel three-tetrad c-Myc G-quadruplex 

structure was discovered using a modified DNA sequence containing a G13Inosine 

substitution81. Using the Myc Pu27 numbering system, the tetrad planes were formed from G7-9, 

G11-12 to form a partial strand, G16-18, G20-22, and G26 to complete the partial strand and the 

bottom tetrad81. This G-quadruplex structure however, is not biologically relevant based on DMS 

footprinting data, which show strong cleavage of the G26 base. Additionally, the G13Inosine 

mutation introduced an artificial structure since G13 participates in tetrad formation in the major 

c-Myc G-quadruplex structures. 
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1.1.3  (b) Other Promoter Region G-quadruplexes that Form Standard and Variant Parallel  

Structures  

Numerous other parallel-stranded G-quadruplexes have been found to form in human 

oncogene promoter regions, in addition to the c-Myc G-quadruplexes, such as VEGF82, HIF-1α44, 

c-KIT51, RET52, and PDGF-A53. Nearly all of the parallel-stranded promoter G-quadruplexes 

contain two G3NG3 motifs in their first and third loops, with variable middle loop lengths (Figure 

1.2). The NMR solution structure of the major G-quadruplex formed in the human vegf 

promoter, which adopts parallel folding conformation with a 1:4:1 loop-size arrangement, was 

recently solved83 (Figure 1.9 A). While the vegf promoter G-quadruplex (VEGF-G4) is a parallel 

structure with two G3NG3 motifs, the 4-nt middle loop of the VEGF-G4 appears to stretch over 

the terminal tetrad to form specific capping structures with the flanking segments83; in contrast, 

the 2-nucleotide middle loop of Myc G4 (Myc-1423) stays in the groove33 (Figure 1.8). 

Therefore, while parallel folding is common to the promoter G-quadruplexes, each structure is 

likely to have unique capping and loop structures formed by its specific flanking sequences and 

variable middle loop, which determine the stability of the overall G-quadruplex structure. 

Interestingly, several variant parallel structures have been shown to form in promoter 

sequences consisting of parallel-stranded G-quadruplexes with a broken-ended strand. The 

folding structure of the major G-quadruplex formed in the human pdgfr-β promoter, which 

adopts a novel structure was recently determined57. Instead of G-tetrad formation by four 

continuous runs with three or more guanines, the major PDGFR-β G-quadruplex adopts a 

primarily parallel-stranded fold with a broken-ended G-strand and three continuous strands 

(Figure 1.9 B). 
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Figure 1.9 (A) The sequence and folding structure of the major G-quadruplex formed in the 
human vegf promoter region. (B) The sequence and folding topology of the snap-back parallel G-
quadruplex formed in the human c-kit promoter region. (C) The sequence of the G-rich region of 
the human c-myb gene promoter that forms a dimer of two heptad:tetrad G-quadruplex 
structures. 

  

1 2 3 4 5 6 7 8 9 10 11 1213141516 171819 202122
5'-AAGGGGGGGCGGCGGGGCAGGGA

c-MYB
5'-GGAGGAGGAGGTCACGGAGGAGGAGGAGAAGGAGGAGGAGGA-3'

A B

G14

G13

G19

G18

G4

G3

G17
G2

G15 G8

G7

G6
anti

VEGF

3'

5'

C

5'-CGGGGCGGGCCGGGGGCGGGGTC
1 2 3 4 5 6 7 8 9 10 11 12131415 16 171819 202122

G3NG3 G3NG3

G12

G11

G16

G15

G5

G4

G14
G3

G22 G9

G8

G7
anti

syn

PDGFR-β

G3NG3
G3NG2

G2NG3

5'

3'



36 

 

This stable conformation consists of three parallel-stranded motifs with 1-nt strand-reversal 

loops plus one additional lateral loop (G3NG3NG2NG3…G) (Figure 1.2, 1.9 B). The PDGFR-β 

G-quadruplex again accentuates the stability of the parallel structural motif with a 1-nt loop 

connecting the two adjacent parallel G-strands, which can now be extended to GiNGj (i = j = 3 in 

G3NG3). Another example of a broken-ended structure is one of the two separate G-quadruplex-

forming sequences in the human c-kit promoter c-KIT21 and c-KIT87up, which are 

approximately 30 bases apart50,51. A snapback parallel-stranded G-quadruplex forms in c-

KIT87up84 while a standard unimolecular parallel-stranded G-quadruplex forms in c-KIT2185. 

Another unique structure is the G-quadruplex found in the pdgf-a promoter, which adopts a four-

G-tetrad G-quadruplex instead of the common three-tetrad structure, though the major 

conformation is parallel-stranded53. 

Recently, a G-quadruplex system in the proximal promoter region of the bcl-2 gene has 

been found to adopt two stable quadruplex conformations, a parallel-stranded structure (bcl2-

1245G4)86 as well as a hybrid-type structure with mixed parallel/anti-parallel strands (bcl2-

MidG4) 35,47, which was previously discovered. The bcl2-1245G4 structure is completely parallel 

with two G3NG3 motifs and a long 13-nucleotide loop86. The long center loop length of the bcl2-

1245G4 structure is unexpected as 7-nucleotide loop lengths were previously thought to be the 

maximum length for stable structure formation. However, the presence of two single-nucleotide 

loops within the structure stabilizes the core tetrads, and allows the extended middle-loop 

conformation86. Similarly, though the bcl2-MidG4 quadruplex has a mixed-parallel-antiparallel 

hybrid structure, the G3NG3 motif is still conserved35,46 (Figure 1.10), allowing formation of the 

single-nucleotide loop. While the two conformations are close in thermodynamic stability, the 

hybrid-type MidG4 structure may be kinetically favored as it has shorter loop-lengths, which 
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tend to be stable. The two structures form in an overlapping manner and thus most likely 

interconvert in physiological conditions, displaying the complex nature of promoter G-

quadruplex systems.  

Exceptions to the prototypical parallel G-quadruplex structures in promoter regions have 

been discovered. For instance, the G-rich proximal promoter of the human c-myb gene has a 

unique sequence containing three imperfect repeats of (GGA)4 (Figure 1.9 C). The major 

structure formed in this sequences is proposed to be a dimer composed of two parallel-stranded 

unimolecular heptad:tetrad (H:T) planes (Figure 1.1 D, center) involving two consecutive 5’-end 

(GGAGGAGGAGG) repeats54. The unimolecular T:H:H:T structure has been previously shown 

by NMR to form in a d(GGA)8 sequence76. More recently, two stacked G-quadruplexes separated 

by 7 bases have been proposed in the human htert promoter, one is the standard parallel G-

quadruplex and the other is a unique hybrid- type structure with a 26-nt middle loop, which 

likely forms a secondary stem-loop structure55. It is anticipated that the horizon of the promoter 

G-quadruplexes will expand as more G-quadruplexes formed in promoter sequences are 

discovered and characterized. 
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Figure 1.10 (A) The G-quadruplex forming sequence in the promoter region of the bcl-2 
gene35,86. The six G-tracts are marked and numbered, and the tracts used for quadruplex 
formation are lined in red. (B) The folding topologies of the bcl2-1245G4 and bcl2-MidG4 
quadruplexes. 
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1.1.3  (c) G-quadruplex Formation in Duplex DNA 

Since the discovery of G-quadruplexes in gene promoters, questions have arisen 

regarding how globular structures can form in regions typically thought of as duplex DNA. Early 

on in G-quadruplex research, it was determined that these polypurine/polypyrimidine tracts often 

contain S1 or DNase I nuclease hypersensitive elements, and that nicks in the strands of DNA 

may open up the chromatin structure, allowing formation of heterogenous DNA secondary 

structure87. In linear duplex DNA containing G-rich sequences in the presence of KCl, the G-

quadruplex stabilizers TMPyP4 and telomestatin unwind the duplex and isolate the single-

stranded form, allowing the G-quadruplex to form and resist conversion back to the duplex 

form43. In prokaryotic systems undergoing transcription, regions of torsional stress in plasmid 

DNA were observed even in the presence of topoisomerase I and gyrase, which remove negative 

supercoils and positive supercoils, respectively. This is indicative of conformational 

transformations occurring in these normally duplex regions of DNA as significant supercoiling 

occurs and builds during the transcriptional process, promoting melting of the duplex DNA 

conformation88. In supercoiled plasmid systems, which closely mimic superhelical stress induced 

by transcription, structural transitions have been observed in physiological conditions79. This was 

corroborated by studies using S1, which cleaves single-stranded DNA over duplex DNA, and 

DNase I, which cleaves duplex or stretches of locally unwound DNA. Because neither enzyme 

cuts elaborate secondary structures, cleavage patterns strongly suggested G-quadruplex 

formation in the G-rich strand43,79. Very recently, a high density of cruciform motifs were found 

in overlapping termination regions of convergent operons as well as G-quadruplexes in promoter 

regions of in E. coli, indicative that these distinctive structures must play a role in regulation, 

especially since E. coli lacks chromatin structure89. In fact, an assortment of secondary structures 
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have been found to form in regions principally adopting the B-form double helix, depending on 

the predisposed DNA sequences and stages of cellular processes90. These and other studies imply 

that certain regions of DNA undergo dynamic conformational changes, which are not merely 

artifacts of transcription, but are of biological significance.  

1.1.3  (d) The Dynamic Nature of the c-Myc Promoter  

Because c-Myc plays major roles in disease progression, and promoter region G-

quadruplex formation affords a novel way of regulating c-Myc, understanding the dynamic 

nature of this promoter is crucial. In fact, regions near and upstream of the c-myc NHE III1 have 

been shown to undergo drastic changes in response to torsional stress. A regulatory far-upstream 

element (FUSE) 1500 base pairs upstream of the major P1 c-myc promoter was identified to 

adopt a strained conformation when transcription occurs91. The FUSE Binding Protein (FBP) 

interacts with FUSE when the DNA is torsionally strained, and the duplex DNA loosens due to 

torsion-induced melting92,93. FBP binding is required to switch on c-Myc expression, which 

means regions more than a kilobase away from the transcriptional start site are subject to 

dynamic changes due to negative superhelicity92. Regular intervals of nucleosomes were found 

to be displaced at FUSE during transcription, corroborating the melting of DNA for FBP 

binding92. When transcription is halted, the melting of FUSE decreases as torsional stress 

declines93. Additionally, another trans acting factor FBP Interacting Repressor (FIR) forms a 

ternary complex with FBP and FUSE to turn off activator dependent transcription by blocking 

THIIH94. FIR binding is also dependent on conformational changes in DNA as it does not bind to 

linear duplex DNA but to supercoiled DNA. The FUSE bound by FBP and FIR twists due to 

torsion, and loops towards the P2 promoter to inhibit TFIIH95. This system provides a controlled 

pulse of c-myc expression at the transcriptional level. First, the transcriptional machinery 
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proceeds forward and twists the DNA at the promoter remodeling chromatin structure. FBP is 

recruited to FUSE by the torsionally stressed DNA and polymerase activity is upregulated. Then, 

FIR is recruited and promoter activity is decreased95. 

Another cis regulatory element, the CT element, which overlaps with the c-Myc G-

quadruplex forming NHE III1, was found 100 base pairs upstream of the P1 promoter, and also 

undergoes changes in secondary structure during transcription. Interestingly, in the 

transcriptionally repressed state, the CT element by the P1 promoter is open and exists in a 

distinct, unique conformation that keeps the promoter inactive—likely the G-quadruplex 

structures92. Importantly, the CT region never contains nucleosomes, allowing ease of 

quadruplex formation96. The CT/NHE region secondary structure formation seems to be 

regulated mostly by proteins such as CNBP which binds the G-rich CT strand, heterogeneous 

ribonucleoprotein K (hnRNP K), which recognizes the C-rich CT strand, NM23-H2, and 

nucleolin, which help turn promoter activity on and off by binding to different forms of the 

region97-99. The combination of cis and trans elements helps the transcriptional machinery 

function efficiently, creating levels of regulation and expressing c-Myc in pulses by tracking 

secondary structure dictated by transcription activity96.  

 

1.2  Protein G-Quadruplex Interactions 

 Since the discovery of G-quadruplexes in telomeres, promoter region DNA, and RNA it 

was uncovered that these originally unexpected structures play crucial roles in regulating 

telomere length100,101, cellular senescence101,102, apoptosis103, and gene expression and 

regulation42,48,49,51,53,54,56,104-106. Through interactions with various proteins, especially proteins 

that function as chaperones, the quadruplex structures are stabilized or unfolded, resulting in 
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regulatory pathways. For instance, the protein heterogeneous nuclear ribonucleoprotein A1 

(hnRNP A1) binds to telomeric DNA and unwinds G-quadruplex structures, allowing telomerase 

extension of the 3’-ends of telomeres107-109. This protein was also shown to interact with the 

KRAS promoter region quadruplex110. Conversely, the telomere-binding protein TLS binds 

specifically to G-quadruplexes in the double-stranded region of telomeric DNA and telomeric 

repeat-containing RNA (TERRA), forming a ternary complex, and resulting in a histone 

trimethylation dependent shortening of telomeres100. Hop1, a yeast DNA binding protein, was 

discovered to induce formation of G-quadruplexes to assist in chromosomal synapsis and 

recombination during meiosis111,112. The protein CNBP, which binds to G-rich single-stranded 

DNA113 such as the torsionally stressed CT element/NHE III1, also interacts with parallel G-

quadruplexes while disfavoring antiparallel G-quadruplexes114. Possible G-quadruplex forming 

sequences in promoter regions overlap with transcription factor SP1 binding sites115. SP1 is an 

ubiquitous transcription factor that binds to the consensus sequence 

5’(G/T)GGGCGG(G/Z)(G/A)(C/T)-3’ in double-stranded DNA116,117. It was proposed that 

formation of nonduplex structures in these regions could inhibit SP1 binding to downregulate 

promoter activity115,118. However, recent studies demonstrated that SP1 binds to both duplex 

DNA and an antiparallel two-tetrad G-quadruplex structure in the c-kit oncogene promoter 

region119. The above mentioned and numerous other G-quadruplex interactive proteins suggest 

that G-quadruplexes oftentimes exert biological effects with protein counterparts. Still, there is 

much more that is unknown about the biological consequences following quadruplex-protein 

interactions and even less is known about the specific molecular interactions between these 

proteins and non-canonical DNA structures. 
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1.2.1 Protein Interactions with the c-Myc G-Quadruplex  
 

 The first proteins that interact with the G-quadruplex forming NHE III1 were elucidated 

and the biological significance of this region became clearer. The protein PuF, was found to bind 

directly to the quadruplex forming region of the c-myc gene65. Early on, it was proposed that 

formation of a nonduplex secondary structure—at the time thought to be the triplex structure—in 

the NHE III1 interfered with PuF binding and c-Myc expression was inhibited as a result. 

Researchers speculated that PuF may serve as an activating transcription factor for the c-myc 

gene 120,121. PuF was then discovered to be encoded by the nucleoside diphosphate kinase (ndpk-

b)/nonmetastatic 23-H2 (nm23-h2) gene, and the protein directly interacts with the NHE III1 to 

transactivate the c-myc gene122. Upon deletion of the NHE III1, NM23-H2 fails to activate the 

promoter63. On the pyrimidine-rich strand of the NHE, hnRNP K was found to bind to the single-

stranded DNA sequence99,123. It was hypothesized that hnRNP K interacts with the TATA-

binding protein (TPB) to recruit RNA polymerase II to upregulate transcriptional activity99,123. 

Again, the zinc-dependent CNBP was found to bind the single-stranded purine-rich strand of the 

NHE III1 to activate transcription124. This was confirmed when a triplex structure was induced on 

the purine-rich strand, causing inhibition of CNBP binding and resulting in inactivation of the c-

myc promoter124. Similarly, SP1 recognizes the GC/CT box in the NHE III1 in the double-

stranded form of the regulatory element to activate transcriptional activity of c-myc125. These 

studies suggested that the NHE III1 is not only an important region for sequence-specific 

recognition of regulating proteins, but that this region is dynamic in terms of secondary structure. 

Proteins recognize the sequence of this regulatory element and also are recruited by either the 

duplex, single-stranded, or G-quadruplex form of the NHE III1 (Figure 1.11). Validating the 

importance of the c-Myc G-quadruplex as a regulator of gene expression, the protein nucleolin 
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was found to bind the NHE III1 to both induce and stabilize the G-quadruplex form of the 

element 126. Upon binding of nucleolin to the NHE III1, c-myc transcription is downregulated, 

indicating that nucleolin is a repressor of c-Myc127. Thus, c-Myc expression can be regulated in a 

myriad of ways at the transcriptional level through different promoter region structures and their 

contacts with proteins (Figure 1.11). 

 

1.3  The Involvement of the c-Myc Transcription Factor in Disease and as a Drug Target 
 

 The c-myc gene, the promoter region of which contains the most comprehensively 

studied and best understood G-quadruplex system, codes for a helix-loop-helix leucine zipper 

transcription factor that in most cases acts as an activator upon binding to the promoter region of 

genes. Normally the c-myc gene is under strict control at the transcriptional, post-transcriptional, 

translational, and post-translational levels128,129. However, translocations cause the gene to be 

constitutively expressed, leading to neoplasia128,130. Translocation of the c-myc gene to the 

immunoglobulin loci occurs in most types of Burkitt’s lymphomas where expression is 

deregulated by immunoglobulin enhancers128. A translocation of c-myc to one of the T cell 

receptor loci contributes to acute leukemia while another translocation to an immunoglobulin 

loci has been identified in multiple myeloma128. In addition to deleterious transmutations, 

somatic mutations can be responsible for c-myc deregulation. Though they have been subject to 

debate, studies have found that mutations in the N-terminus region of c-Myc results in the 

inability of Retinoblastoma-like 1 (p107), a tumor suppressor protein, to inhibit c-Myc activity. 

Mutations at or near Thr-58 result in stabilization of the protein, as phosphorylation of this 

residue is crucial for proteasome-dependent degradation of c-Myc131.  
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Figure 1.11 Protein interactions facilitating conformational changes in the NHE III1 region of 
the c-myc promoter region. The conformational changes induced by proteins aid modulating c-
myc promoter activity. 



46 

 

  
 Because c-Myc is thought to regulate up to 15% of all genes, including ones controlling 

cell proliferation, division, and survival, its deregulation is involved in a large fraction of human 

cancers including breast cancer, Burkitt’s lymphoma, lung cancer, medulloblastoma, 

neuroblastoma, multiple myeloma, and rhabdomyosarcoma129. Thus far, attempts at controlling 

c-Myc expression and function have only had moderate success. The complex nature of Myc, 

including its interactions with other proteins (Max) for functionality132, its instability and 

transient nature133, its disordered structure134-136, as well as an unclear binding site or multiple 

binding sites for ligands137, have been barriers in investigating a successful targeting approach at 

the protein level.  

 Other creative methods to obstruct c-Myc activity besides directly targeting the protein 

have been successfully utilized. Recently, there have been attempts to disrupt dimerization of c-

Myc and its partner protein Max to inhibit c-Myc activity, as Max is required for c-Myc’s 

biological functions including DNA binding and transcription activation138-140. In fact, small 

molecule inhibitors identified by fluorescence resonance energy transfer (FRET) assays using 

combinatorial small organic molecules have been found to specifically inhibit c-Myc/Max 

interactions, decreasing transformation of chick embryo fibroblasts by over 80%141. Targeting c-

Myc levels at the level of transcription may also be a way to avoid the difficulty of targeting the 

Myc protein. A small molecule inhibitor JQ1 that targets BET bromodomain proteins, which are 

coactivators for c-Myc that aid in signaling RNA polymerase, successfully downregulates c-Myc 

transcription142. JQ1 caused cell cycle arrest followed by cellular senescence in multiple 

myeloma cells, and the drug proved to be effective in mouse models of multiple myeloma by 

substantially slowing tumor growth and prolonging survival142. Additionally, an ellipticine 

derivative GQC-05 that interacts and stabilizes the G-quadruplex in the NHE III1 of the proximal 
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promoter region of the c-myc gene has been found to decrease c-myc mRNA levels in the 

Burkitt’s lymphoma cell line CA46143. Importantly, this proved that c-Myc expression can be 

modulated by stabilizing the quadruplex structures formed in the promoter region, and this was 

further evidence proving the c-Myc G-quadruplex is a repressor regulatory element143.  

 
 
1.4 Small-Molecule Targeting of Promoter Region G-Quadruplexes for the 

Development of Therapeutics  

As the biological significance of G-quadruplexes continues to be elucidated, the 

development of G-quadruplex-interactive compounds has intensified. In fact, some G- 

quadruplex-interactive compounds have become prospective anticancer agents that display 

relatively low cytotoxicity. Of particular interest is Quarfloxin, a first-in-class G-quadruplex-

interactive drug that reached phase 2 clinical trials. However, finding small-molecule compounds 

that bind specifically to a unimolecular G-quadruplex has proved challenging. Although there is 

a growing list of molecular structures reported for G-quadruplexes formed in gene promoters, the 

structures of their complexes with drugs are difficult to obtain.  

The previous dogma on optimal G-quadruplex-interactive compounds focused on 

molecules with symmetric cyclic fused rings, such as TMPyP4 and telomestatin (Figure 1.12 A-

B), as they provide maximized stacking interactions with the external G-tetrad. 5, 10, 15, 20-

tetra(N-methyl-4-pyridyl)porphine chloride (TMPyP4), was synthesized to interact with the 

planar G-tetrads by interactions with the molecule’s fused planar ring system144. TMPyP4 binds 

to the c-Myc G-quadruplex and downregulates promoter activity, displaying its functionality as a 

quadruplex interactive agent42,145. Unfortunately, TMPyP4 also binds to duplex DNA146, triplex 

DNA147, RNA148, and RNA-DNA hybrids148. The natural product Telomestatin was recognized as 
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a potential G-quadruplex compound due to its structural similarity to the G-tetrad plane and its 

ability to stack on G-quadruplex structures149. Additionally, Telomestatin is selective for 

intramolecular G-quadruplexes over duplex DNA150 and has the ability to inhibit telomerase 

extension of telomeres151. The molecule Telomestatin also binds to a multitude of G-

quadruplexes and is used as an inducer and stabilizer in quadruplex related research. However, 

examination of compounds that bind various unimolecular G-quadruplexes revealed that in 

general, compounds with large symmetric cyclic fused rings do not bind specific G-

quadruplexes, but recognize the planar tetrad planes common to all quadruplex structures. This is 

clearly shown by poorly resolved NMR spectra of the complexes, signifying there is no specific 

binding mode of the molecule to the G-quadruplex structure. 
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Figure 1.12 Structures of TMPyP4 (A), Telomestatin (B), and Quindolin (C) 

  

N
H

NN H
N

NN

NN S

N N

O

N

O

N O

N
O

N

O

N
O

NO

N

H
N

HN N

TMPyP4 Telomestatin Quindoline

A CB



50 

 

1.4.1 The 2:1 Quindoline : c-Myc (Myc-1423) Complex Structure  
 
 Recently the NMR solution structure of a 2:1 complex of the quindoline : c-Myc G-

quadruplex was solved152. This represents the first ligand-quadruplex structure for a biologically 

relevant unimolecular promoter quadruplex. As the c-myc promoter G-quadruplex is a 

representative model of promoter G-quadruplexes, this structure provides important new insights 

into the structure-based rational design of drugs that bind to unimolecular parallel G-

quadruplexes commonly found in promoter elements. Most of the previous ligand–G-quadruplex 

complex structures have been determined by X-ray crystallography and are derived from 

telomeric sequences that form bimolecular and tetramolecular species153. The only known 

unimolecular ligand complex is a TMPyP4 complex with a quadruplex formed in a modified c-

myc promoter sequence81. However, this G-quadruplex contains a guanine-to-inosine substitution 

at G13, which is critical for G-quadruplex formation in wild-type Myc Pu27 as shown by DMS 

footprinting and luciferase reporter data in physiological conditions42. In this complex the 

TMPyP4 is stacked over the 5’-end, but the orientation of TMPyP4 was not resolved by NMR 

data and a well-defined binding pocket was not observed.  

Quindoline is a derivative of the natural product cryptolepine154,155 (Figure 1.12 C), and 

has been observed to stabilize the G-quadruplex formed in the c-myc promoter and inhibit the 

expression of c-Myc in the hepatocellular carcinoma cell line H2p G2156. As previously stated, 

the major c-myc promoter G-quadruplex Myc-1423 formed in the Myc-2345 sequence is a 3-

tetrad parallel-stranded G-quadruplex with three strand-reversal loops composed of the bases T, 

TA, and T. NMR analysis reveals twelve well-resolved imino proton peaks for the twelve tetrad-

guanines of three G-tetrads, which are isolated from other groups of protons. Upon quindoline 

binding, NMR titration data display a new set of imino proton signals, which become twelve 
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well-resolved peaks at a drug equivalence of 2N, indicating a stable 2:1 quindoline-DNA 

complex is formed with the Myc-1423 (Fig 1.13 A). The same 2:1 complex forms for the wild-

type Myc Pu27 sequence. The NMR variable-temperature data showed binding of quindoline 

increased the stability of Myc-1423 by more than 15 °C in its melting temperature (Fig 1.13 B). 

Interestingly, quindoline binds the two ends of MycG4 with different affinities: the molecule 

binds the 5’-end with high affinity in physiological salt conditions but binds the 3’- end with 

high affinity only under low-salt conditions. 

While the parallel fold of Myc-1423 remains unchanged, the NMR solution structure of 

the 2:1 quindoline Myc-1423 complex structure indicates that both 2-nucleotide flanking 

sequences undergo unexpected large conformational changes to assemble new drug-binding 

pockets, in a manner analogous to the reorganized ligand-induced fit observed in riboswitches157. 

This unexpected drug-induced rearrangement is distinct from the previously proposed model 

wherein the planar G-quadruplex-interactive compounds intercalate between the external G-

tetrad and the flanking residues of preformed “drug-binding pockets.” Instead of binding within a 

preformed pocket provided by the flanking bases, both quindoline molecules bind to the c-Myc 

quadruplex in an “induced-fit” manner in that upon drug binding the conformation of flanking 

segments is changed dramatically so that a new drug-binding pocket is formed (Figure 1.14 A). 

With the −1 or +1 flanking residue, each quindoline molecule forms an additional plane, stacking 

over a total of three of the four guanines in the external G-tetrads. The +2 and −2 flanking 

residues then wrap over the newly formed quindoline-base planes at each end. This structure was 

termed an “induced intercalated triad pocket” to describe the coplanar arrangements of the −1 or 

+1 base with the quindoline and their combined intercalation between the external tetrad and the 

−2 or +2 base (Figure 1.14 B). 
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Figure 1.13 (A) Imino proton region of the 1D 1H NMR titration spectra of MycG4 (Myc-1423) 
with quindoline in K+ solution. Drug equivalence values are shown above each spectrum; for 
example 3N is a quindoline:DNA ratio of 3:1. The assignments of imino protons of the free 
DNA and 2:1 quindoline:DNA complex are shown above the spectra. The imino protons from 
the 5’ G-tetrad are colored in red, the middle G-tetrad proton signals are in blue, and the 3’ G-
tetrad in green. (B) The imino regions of 1D 1H NMR spectra of MycG4 (left) and the 2:1 
quindoline:MycG4 complex (right) at various temperatures in 10 mM K+ solution, pH 6.0.  
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The structure of the 2:1 quindoline-Myc-1423 complex is unique in that it forms new 

drug-binding pockets at both ends of the unimolecular c-Myc G-quadruplex. While both 3’ and 

5’ quindoline complexes show large reorientation of the flanking sequences and overall similar 

features, there are identifiable differences that emphasize the importance of both stacking and 

electronic interactions. These differences are caused by inherent structural features associated 

with the 3’ and 5’ faces as well as the flanking sequences. The binding of quindoline at the 5’-

end is more favored at physiologically relevant K+ concentrations, because the 5’-face is more 

hydrophobic and more accessible for ligand stacking (Fig. 17.5.8C). Binding of quindoline to the 

5’-end is more dependent on the stacking interactions that are inherent in the induced binding 

pocket created by the 5’ tetrad and the two flanking bases at –1 and –2, and is independent of K+ 

concentration. In contrast, the 3’-end is more hydrophilic and less accessible for ligand stacking. 

Indeed, the overlay of the 3’ quindoline with the adjacent G-tetrad is clearly less extensive than 

that of the 5’ quindoline (Figure 1.14 B). Consequently, the increased stability of the 3’-end 

quindoline complex at lower ionic strength is likely related to the specific hydrogen bond 

interaction between the 3’ quindoline and T23 (Figure 1.14 B), and relies less on capping 

interactions. These types of subtle but important differences related to the effect of ionic strength 

in ligand recognition between the 3’ and 5’ ends can only be monitored in solution and thus are 

amenable to NMR studies. 
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Figure 1.14 (A) A representative model of the NMR-refined 2:1 quindoline:MycG4 structure 
from two different views. The quindoline molecules are shown in the space-filling model in 
green. The two potassium ions are shown as white spheres. Guanine bases are in yellow, 
adenines in red, and thymines in blue. (B) Different views of the drug-induced binding pockets at 
the 5’-end (left) and at the 3’-end (right).  
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An important implication from the resolved 2:1 quindoline-MycG4 complex structure is 

that compounds containing a smaller asymmetric stacking moiety (in particular a crescent- 

shaped moiety) with appropriate functional groups are more likely to bind in a defined manner to 

a unimolecular G-quadruplex. This is different from the previously held paradigm that the 

preferred G-quadruplex-interactive compounds are those with symmetric cyclic fused rings, 

typified by TMPyP4, to maximize stacking interactions with the external G-tetrad. The structure 

shows that specific binding and selectivity of quindoline and other similar crescent-shaped 

molecules are determined both by the identity of the binding end (3’ or 5’) and by the flanking 

two bases (Figure 1.14 A). The crescent-shaped quindoline provides optimal overlay of two 

guanines of the external G-tetrad. Additionally, the electrostatic interaction between the 

diethylamino group in the side chain of quindoline and the DNA phosphate backbone could help 

orient and stabilize the quindoline nucleus, which in turn specifically pinpoints the potential 

location of substituents that can interact in the grooves and with the loops. It is anticipated that 

small changes in both the shape and electronic structure of the ligand, as well as the identity of 

the flanking bases making up the intercalated triad pockets, will affect the precise positioning of 

the ligand relative to the external G-tetrad (Figure 1.14 B). This solution structure highlights the 

importance of the two flanking bases, as well as the shape of the ligand in determining drug-

binding specificity, for the first time ever. 

The 2:1 quindoline–c-Myc G-quadruplex complex described here provides an important 

case study for the biologically relevant parallel unimolecular G-quadruplexes in promoter 

elements. For the “induced intercalated triad pocket” to form, a suitable single-stranded flanking 

segment containing at least two bases must exist, as shown in the c-Myc promoter under negative 

super-coiled conditions79. In addition, there are two dimeric telomeric G-quadruplexes in which a 
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thymine residue is recruited into a similar in-line triad plane158,159. Although both structures are 

multimeric, the hijacking of a base into the ligand plane reinforces the principle described here 

for quindoline G-quadruplex complexes. Therefore, this reorientation occurs at both ends of the 

MycG4, and the recruitment of a flanking base into the plane of the ligand suggests a significant 

feature of drug complexes with G-quadruplexes. This divides the molecular mechanism for G-

quadruplex recognition by small molecules of this type into two clear sequential steps: first, the 

newly recognized induced intercalated triad pocket and second, the interactions with grooves and 

loops. Both steps provide new opportunities for selective recognition by small molecules that 

bind to unimolecular parallel structures commonly found in gene promoters. 

 
1.5  Conclusions and Future Directions of G-Quadruplex Research 
 

DNA G-quadruplexes are four-stranded globular nucleic acid secondary structures 

formed in G-rich sequences. DNA G-quadruplexes readily form under physiological conditions; 

the stable formation of G- quadruplexes requires monovalent cations, specifically K+ and Na+. 

Unimolecular DNA G-quadruplexes have recently been demonstrated to function as regulatory 

elements in regions of biological significance, namely in human telomeres and the proximal 

promoter regions of oncogenes. Unimolecular DNA G-quadruplexes exhibit great 

conformational diversity, which result not only from different folding patterns, but also from 

specific loop conformations and capping structures. Different sequences adopt distinct 

topologies, but a given sequence can also fold into a variety of different conformations. The 

highly conserved human telomeric DNA sequence with tandem repeats of d(TTAGGG) is able to 

form different G-quadruplex structures with small energy differences. This intrinsic structural 

polymorphism of the human telomeric sequence appears is related to the invariable TTA loops of 
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the human telomeric G-quadruplexes. In contrast, the G-quadruplex-forming promoter regions 

are diverse in sequence and can potentially form multiple G-quadruplexes and loop isomers, so it 

is important to determine the most stable and thus the most biologically relevant conformation in 

a promoter sequence. The parallel-stranded structures are found to be common in the promoter 

G-quadruplexes and the strand-reversal loop of a parallel-stranded motif clearly favors short loop 

lengths, particularly the 1-nucleotide loop. Intriguingly, the robust parallel-stranded motif G3NG3 

where N represents the single-nucleotide loop is found to be highly prevalent in promoter 

quadruplex folds. Not only does each parallel-stranded structure contain unique capping and loop 

structures determined by the specific flanking and loop sequences, but the parallel-stranded G- 

quadruplexes also come in variant forms, such as the heptad-tetrad and broken-strand 

conformations. 

The unimolecular DNA G-quadruplexes formed in human telomeres and oncogene 

proximal promoter regions are amenable to small-molecule drug targeting and thus are 

considered a new class of molecular targets for cancer therapeutics. Unlike the previous 

paradigm that the preferred G-quadruplex-interactive compounds are molecules with symmetric 

cyclic fused rings, represented by compounds such as TMPyP4, which maximize stacking 

interactions with the external G-tetrad, the NMR solution structure of a 2:1 complex of 

quindoline with the major c-myc promoter G-quadruplex suggests that compounds containing a 

smaller asymmetric stacking moiety with appropriate functional groups are more likely to bind in 

a defined manner to a certain unimolecular G-quadruplex. The crescent-shaped moiety of 

quindoline provides optimal overlay above two guanines of the external G-tetrad, while the 

specific binding and selectivity of such molecules are determined by both the binding site (3’ or 

5’) and the flanking bases, in addition to the specific interaction between the side chain(s) and 
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the DNA phosphate back-bone in the grooves or loops. While this complex structure provides 

important insights into specific molecular binding to unimolecular parallel G-quadruplexes 

commonly found in promoter elements, different paradigms likely exist for antiparallel or mixed 

parallel/antiparallel structures. The conformational diversity indicates that, in principle, small 

molecules can specifically target individual DNA G-quadruplexes; however, complete specificity 

may not be necessary, as in the case of kinase inhibitors. In contrast, selectivity towards G-

quadruplex structures over duplex DNA is critical for quadruplex-targeting small-molecule 

drugs. It is anticipated that this new paradigm for specific G-quadruplex binding by molecules 

containing a smaller asymmetric stacking moiety with appropriate functional groups will be seen 

in more small molecule– quadruplex complexes and will be taken into consideration in structure-

based rational design of G-quadruplex-interactive small-molecules. While recent progress in 

structural studies suggested a number of rules governing G-quadruplex folding, complete 

prediction of a G-quadruplex conformation is not yet possible. Thus, structure characterization 

remains essential to understanding G-quadruplex folding, structures, and small-molecule binding 

interactions as well as biological functions such as protein recognition. 
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Parts of this work have been previously published as:  

Chen, Y. & Yang, D. Sequence, Stability, and Structure of G‐Quadruplexes and Their 

Interactions with Drugs. Curr Protoc Nucleic Acid Chem. 2012. 17.5.1–17.5.17 (John Wiley & 

Sons, Inc.) 

This chapter is modified from the above publication. The manuscript was written by Y. Chen and 

D. Yang.  
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CHAPTER TWO 
THE STRUCTURE OF THE MID-5’ G-QUADRUPLEX IN THE PROMOTER REGION 

OF THE PLATELET DERIVED GROWTH FACTOR RECEPTOR β GENE 
 
 

2.0 Abstract  
 

Deregulated expression of Platelet Derived Growth Factor Receptor β (PDGFR-β) is 

associated with various cancers, vascular disorders, and fibrotic disorders, and thus this 

transmembrane tyrosine receptor kinase has become an attractive target for development of 

therapeutics. A GC-rich nuclease hypersensitive element (NHE) in the pdgfr-β gene promoter 

region forms four different G-quadruplex structures in an overlapping manner and these 

distinctive globular structures are likely transcription repressor elements. One of the G-

quadruplex structures, the Mid-5’ G-quadruplex, is the major, stable conformation adopted by 

the NHE sequence. The research in this chapter describes the NMR structure determination of 

the Mid-5’ PDGFR-β G-quadruplex. A DNA sequence Pu22m1, which only has a single 

mutation from the wild type Mid-5’ G-quadruplex forming sequence, was selected for NMR 

structure determination of this particular G-quadruplex. Instead of G-quadruplex formation with 

four continuous tracts of three or more guanines, the Mid-5’ G-quadruplex is a primarily parallel 

three G-tetrad structure that adopts a novel fold with a broken G-strand, three 1-nucleotide strand 

reversal loops, and a 5-nucleotide lateral loop. The 3’-end flanking adenines of Pu22m1 form a 

capping structure over the top terminal tetrad plane and the 5-nucleotide 5’-end loop forms a 

planar G-triad structure that protects the bottom terminal tetrad plane. The inability of the Mid-5’ 

G-quadruplex sequence to fold into a conformation with long loops emphasizes the hardy nature 

of the 1-nucleotide strand reversal loops, which are favored in this structure and most other 

promoter region G-quadruplexes. The unique features of this G-quadruplex could potentially 

serve as binding interfaces for interactions with small drug-like molecules. The complete 
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solution structure of the major Mid-5’ G-quadruplex is the first step in structure-based drug 

discovery for controlling expression of PDGFR-β.  

 

2.1  Introduction  

2.1.1 The Platelet Derived Growth Factor Receptor β is a Receptor Tyrosine Kinase 
 
The Platelet Derived Growth Factor Receptor β (pdgfr-β) gene mapped at 5q23-5q31 of 

chromosome 5160 codes for a 180 kDa transmembrane protein with an extracellular ligand 

portion consisting of five immunoglobulin-like domains, a single-transmembrane-spanning 

sequence, and a cytoplasmic portion consisting of the tyrosine kinase domain160-162. An insert of 

104 amino acids, which is crucial for mitogenesis, splits the intracellular tyrosine kinase 

domain162,163. PDGFR-β consists of 1074 amino acid residues after cleavage of a signaling 

portion, and is initially an immature 160 kDa protein until it undergoes alteration of N-linked 

carbohydrate complexes and other posttranslational modifications160,161. A structurally related 

protein PDGFR-α has 44% sequence identity to PDGFR-β and is also composed of an 

extracellular five-immunoglobulin region and an intracellular split tyrosine kinase domain164. 

In all, there are four discovered Platelet Derived Growth Factors (PDGFs) A, B, C, and 

D165-168. PDGF-A, -B, and -C bind to PDGFR-α, and PDGF-B and D bind to PDGFR-β169. The 

binding of the isoforms, all of which exist as disulfide-linked dimers PDGF-AA, -AB, -BB, -CC, 

or -DD induce dimerization of the receptors to form αα, αβ, or ββ receptor complexes. For 

instance, the PDGF polypeptides -AA, -AB, -BB, and -CC cause homodimerization of two α 

receptors, while the receptor heterodimer αβ is formed from PDGF-AB and –BB, and receptor β 

homodimers are induced by PDGF-BB and –DD169,170. Although not validated, there has been 

evidence that PDGF-CC and –DD can give rise to the heterodimeric receptors αβ168,171. 
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Generally, all growth factors bind and activate cell surface receptors that have kinase activity, 

and upon ligand binding-induced activation exert a plethora of biological effects172. PDGF-A and 

–B are approximately 100 amino acids each and have 60% sequence identity including eight 

conserved cysteine residues, some of which are involved in disulfide bonds173. The mature 

PDGF-C is 323 amino acids long, is composed of a CUB domain and a PDGF/VEGF domain, 

and also has the conserved cysteines common to PDGF-A and –B174. Similar to PDGF-C, PDGF-

D is protease activated and the mature isoform is 348 residues with 50% sequence identity to the 

PDGF-C PDGF/VEGF domain167. 

Upon dimerization, PDGFR-β exerts its effects through phosphorylation of Tyr residues, 

leading to recruitment of signaling proteins resulting in downstream events including cell 

growth, proliferation, differentiation, development, motility, and the formation of support cells in 

early developmental stages173,175. During maturation, PDGFR-β signaling is crucial in cell 

differentiation, tissue remodeling, and wound healing175,176.  

 

2.1.2 Involvement of Platelet Derived Growth Factor Receptor β in Disease and Targeting the 

Platelet Derived Growth Factor Receptor β 

 Although PDGFR-β plays crucial roles in embryo development and the maintenance of 

healthy physiology in mature cells and tissue, aberrant expression of PDGFR-β contributes to 

various malignant processes, suggesting targeting protein expression could modulate these 

processes. For instance, immunohistochemical studies have shown PDGFR-β is expressed in the 

stroma of breast, colorectal, lung, ovarian, pancreatic, and endocrine pancreatic cancers, as well 

as midgut carcinoids177. PDGFR-β receptors in tumor stroma have been demonstrated to increase 

interstitial fluid pressure, which inhibits drug uptake efficiency. However, incubation with a 
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ligand mimetic antagonist decreases interstitial hypertension, increasing uptake and efficacy of 

chemotherapy178. In addition, studies with PDGFR-β antagonists have been shown to inhibit 

tumor metastasis179. In a study using a mouse melanoma tumor model, cells expressing 

attenuated PDGFR-β showed a decrease in growth rate180. These and other studies show strong 

evidence that this receptor is potentially an important anticancer therapeutic target. Because 

PDGFR-β facilitates the growth, survival, and migration of myofibroblasts, the receptor tyrosine 

kinase is a also a crucial contributor to the pathogenesis of fibrotic disorders, in which excessive 

amounts of connective tissue such as collagen deposits, and leads to scarring and eventual organ 

damage181. Thus, targeting PDGFR-β may be an effective treatment strategy for fibrosis and 

related diseases181. With the exception of certain types of hepatic fibrosis182, there are currently 

no effective treatments for fibrosis patients.  

 So far, the most encouraging candidates for treatment of fibrotic disorders are PDGF 

receptor tyrosine kinase inhibitors181. A tyrosine kinase receptor inhibitor in the tyrphostin class 

AG1296 was shown to successfully inhibit autophosphorylation of the PDGFR’s and block 

myofibroblast stimulation in vitro and in an induced case of pulmonary fibrosis in a rat model183. 

Additionally, the tyrosine kinase inhibitor Imatinib (Gleevec) was shown to reverse bone marrow 

fibrosis in patients, potentially through an anti-PDGFR effect184. These studies show that 

inhibiting PDGFR-β may be a promising way to treat fibrotic disorders. 

 

2.1.3  The Platelet Derived Growth Factor Receptor β Gene Promoter and Identification of  

Multiple G-Quadruplexes in the PDGFR-β NHE 

The promoter of the human pdgfr-β gene has been characterized and an area including a 

polypurine/polypyrimidine region -165 to -132 base pairs upstream of the transcription start site 
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was found to be important for transcriptional levels56 (Figure 2.1 A, B). This was discovered 

using various deletion mutants of the pdgfr-β promoter in a promoter-luciferase-reporter 

construct. It was found that this region including the polypurine/polypyrimidine tract increased 

promoter activity two-fold compared to a truncated pdgfr-β promoter-controlled luciferase-

reporter construct without the tract. This indicated that there must be regulatory elements in the 

region that regulate transcription. Further analysis of this region exposed an SP1 transcription 

factor binding site (-152 to -157) within the polypurine/polypyrimidine tract as well as another 

transcription factor NF-Y binding site (-126 to -119) and SP1 binding site (-87 to -82) near the 

region, which may be responsible for promoter activity56 (Figure 2.1 A). In addition, the C-rich 

strand of the polypurine/polypyrimidine tract was found to be sensitive to S1 nuclease. Thus, this 

region was identified as a 38-mer NHE (Figure 2.1 B), where the C-rich strand and G-rich strand 

(Pu38) unwind and the G-rich strand is able to form secondary structures under conditions of 

torsional stress56. CD scans of the Pu38 sequence in the presence of K+ ions show a spectrum 

with a maximum at 265 nm and a trough at 240 nm, indicative that a primarily parallel G-

quadruplex structure forms in the sequence.  

Because there are six tracts of three or more guanines and one tract of two guanines 

within the Pu38 sequence, there is a possibility that numerous different conformations of G-

quadruplex structures can form in an overlapping manner. Indeed, a Taq polymerase stop assay 

designed to extend the Pu38 sequence resulted in multiple stop products (Figure 2.1 C), implying 

the Pu38 sequence forms several G-quadruplex structures56. G-quadruplex formation was further 

confirmed by DMS footprinting, where detection of protected guanine bases is emblematic of G-

tetrad formation56. 
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Figure 2.1 (A) Sequence of the 5’-flanking region of the human PDGFR-β gene56. The cis-
elements in the pdgfr-β promoter are underlined and labeled. The polypurine/polypyrimidine G-
quadruplex forming region is highlighted in red. The 3’-end of exon 1 is in blue. Arrows mark 
the two transcription start sites. The ATG start codon is underlined and marked by an asterisk at 
the 3’-end. (B) The Full Length Purine-38-mer (Pu38) polypurine G-quadruplex forming 
sequence of the pdgfr-β promoter with the seven G-tracts underlined and numbered56. (C) The 
5’-end G-quadruplex is formed by G-tracts I-1V, Mid-5’ G-quadruplex G-tracts II-V, Mid-3’ G-
quadruplex G-tracts II-VI, and the 3’-end G-quadruplex is formed by G-tracts III-VII. The arrest 
sites identified by Polymerase Stop Assays are indicated by arrows.  
  

-244 AAAGAAGAAAAACAAGAAACTTGGGGGAAAAGAAAGAGAGAGGGGGAAAAAAACTGAAATT
                                                                                              SP1
-183 GAAAACAGACGCACGCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGCTGGG
          CAAT BOX                                                                                                    SP1
-124 CCAATCAGAAGCCACCCTGCAGCCTTTCCCCCAAAGTGGCGGGGGAAGTGGGGGGGCATGG

-63  AAGCCCATAGTGGTGTGAGCTCCTGAGGCTGCCAGCAGCCAGCAGTGACTGCCCGCCCT

-4   ATCTGGGACCCAGGATCGCTCTGTGAGCAACTTGGAGCCAGAGAGGAGATCAACAAGGAGG
                   +1
+58  AGGAGAGAGCCGGCCCCTCAGCCCTGCTGCCCAGCAGCAGCCTGTGCTCGCCCTGCCCA

+117 ACGCAGATAGCCAGACCCAGGGCGGCCCCTCTGGCGGCTCTGCTCCTCCCGAAGGATGC

                  *
GCTGGGAGAAGGGGGGGCGGCGGGGCAGGGAGGGTGGA       Full Length

I II III IV V VI VII

A

B

5’-GCTGGGAGAAGGGGGGGCGGCGGGGCAGGGAGGGTGGA-3’ Full Length
5’-End

Mid-5’

Mid-3’

Stop Sites

3’-End

1234

C
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The four stop products from the Taq polymerase stop assay corresponded to four overlapping G-

quadruplexes within the Pu38 sequence, the 5’-End, Mid-5’, Mid-3’, and 3’-End (Figure 2.1 C). 

Intriguingly, the various quadruplexes were found to interact differently with G-quadruplex 

interactive agents as demonstrated by Polymerase Stop Assays56. Additionally, the stabilization 

of one or more of the G-quadruplex structures inhibits the pdgfr-β transcriptional activity in 

human cancer cell lines. This suggests that these G-quadruplexes are robust, and maintain their 

folds during dynamic processes such as transcription. Additionally, these globular quadruplexes 

could potentially be stabilized and induced by small-drug like molecules for the purpose of 

modulating PDGFR-β expression.  

2.2  Materials and Methods 
 
2.2.1  Synthesis and Purification of G-Quadruplex Forming Deoxyribonucleic Acids 
 
 Because all G-quadruplex DNA samples are prepared in-house for both functional and 

structural studies, the synthesis and purification of these samples are described in detail. The 

DNA oligonucleotides were synthesized on an Expedite 8909 Nucleic Acid Synthesis system 

(Applied Biosystem, Inc) in the 3’ to 5’ direction, using β-cyanoethylphosphoramidite solid-

phase chemistry (Phosphoramidites purchased from Glen Research)33. Synthesis occurs in the 

DMT (4,4’-dimethoxytrityl)–on mode and in each cycle one nucleoside is added to the growing 

DNA chain. During each synthetic cycle the DMT protecting group is removed from the 5’-

hydroxyl group with 2% trichloroacetic acid (TCA) and the next nucleoside phosphoramidite is 

activated by tetrazole, so that the protecting diisopropylamino group on the phosphorus atom 

leaves as the 5’-hydroxyl of the previous nucleoside attacks the phosphorus of the next 

phosphoramidite. Thus, a phosphite triester is formed from the newly created phosphorus-

oxygen bond. Any oligonucleotides that have exposed 5’-hydroxyl groups due to failed addition 
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of a nucleoside are capped by acetylation using a mixture of acetic anhydride and N-

methylimidazole to prevent deletions in the final DNA sequence. The delicate phosphite bond is 

then oxidized by iodine in water and pyridine to a more stable phosphate bond, resulting in a 

phosphotriester backbone still protected by a 2-cyanoethyl group. After this first coupling step, 

the 5’-hydroxyl of the newly added nucleoside is again removed so that the next nucleoside can 

be added to the growing chain. Each coupling step is approximately 99.5% efficient and can be 

monitored by the yield of DMT cation after each cycle. Because removal of the 5-hydroxyl 

protecting group results in the cleaved bright orange DMT, which absorbs at 495 nm, the amount 

of DMT is measured by release of the chromophore.  

 The synthesized DNA oligonucleotides were subsequently processed off of the solid 

support. During synthesis, the 3’-hydroxyl group of the first nucleoside in the 3’ direction is 

bound to the resin with a succinyl linker. The DNA was cleaved from the chemical linker by 

pushing the ammonium hydroxide through the column at least eight times with syringes 

connected to both sides of the column with push-together junctions, and incubating the sample 

for one hour at room temperature. This process was repeated and then the sample was incubated 

in a 62° C water bath for ten hours. Application of heat to the samples in ammonium hydroxide 

cleaves off the aforementioned 2-cyanoethyl group on the ester triphosphate DNA backbone as 

well as the N(6)-benzoyl protecting group on the adenine base and the N(2)-isobutyryl protecting 

group on the guanine base.  

 Using SpeedVac the DNA samples were concentrated after chilling at −20° C for 

approximately twenty minutes. After forty minutes, the samples were concentrated to about 0.5 

mL. Using Micropure II columns (BioSearch Technologies Inc.), the samples were purified 

following the manufacturer’s recommended protocol. The Micropure II columns are reverse 
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phase columns and the DMT protecting group of the last 5’ nucleoside bind to the resin, while 

any capped, truncated terminated oligonucleotides are eluted.  

 Next, the samples were dialyzed against ddH2O using dialysis tubing with a molecular 

weight cutoff of 3.5 kDa (Spectrum Labs), then against 10 mM NaOH, followed by 150 mM 

NaCl, and lastly ddH2O. The NaOH denatures the DNA, while the NaCl flexes the DNA to 

remove any remaining TEAA contaminant. The samples are then lyophilized and the powder is 

stored at −20 °C until ready to use. 

 For homogenous G-quadruplex formation for structure studies by NMR, the lyophilized 

DNA samples are dissolved in 10 to 20 mM potassium phosphate buffer (pH 7.0) containing 50 

to 100 mM KCl. Samples are annealed for 5 minutes at 95 °C and allowed to gradually cool to 

room temperature.  

 

2.2.2  Circular Dichroism Experiments  

Circular dichroism (CD) spectroscopic studies of the oligonucleotides were performed on 

a Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD, USA) equipped with a 

thermoelectrically controlled cell holder78. A quartz cell of 1 mm optical path length was used. A 

blank sample consisting of buffer was used for the baseline correction. CD spectroscopic 

measurements were the averages of three scans collected between 200 and 350 nm. The scanning 

speed of the CD instrument was 100 nm/min, and the response time was 1 s. Tm values were 

measured by CD melting and annealing experiments performed at 265 nm for three repeats, with 

a heating or cooling rate of 2 °C/min. 
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2.2.3  Nuclear Magnetic Resonance Spectroscopy Experiments 

NMR experiments were performed on a Bruker DRX-600 MHz29,33,35,80. The guanine H1 

imino protons, which have one-bond coupling to N1 were unambiguously assigned by 1D 15N-

edited HMQC experiments185. Site-specifically labeled synthesized DNA samples with 6% 15N-

labeled-guanine phosphoramidites were utilized for this purpose. 1D GE-JRSE HMQC 

experiments were used for measuring 15N-edited spectra185 to identify guanine imino and H8 

protons. 1D variable temperature proton NMR experiments were done in the temperature range 

1°C to 80°C. Homonuclear 2D-NMR experiments DQF-COSY, TOCSY and NOESY were 

collected at 5, 15 and 25 °C for complete proton resonance assignment in water and D2O 

solutions. The contribution from J-modulation and zero quantum coherence effect was 

suppressed by using z-gradient filter with a gradient strength of 20% and a duration of 1 ms. The 

NMR experiment for samples in water were performed using the Jump-return spin-echo water 

suppression technique in which water peak was suppressed with maximum intensity tuned to 11 

ppm186. Relaxation delays were set to 2.0 s. The acquisition data points were set to 4096 x 512 

complex points. Peak assignments and integrations were achieved using Sparky software 

(UCSF). Non-exchangeable protons were estimated based on Nuclear Overhauser Effect (NOE) 

cross-peak volumes at 50–300 ms mixing times, with the upper and lower boundaries assigned to 

±20% of the estimated distances. Distance restraints for the unresolved cross-peaks were set with 

looser boundaries of ±30%. The cytosine base proton H6-H5 distance (2.45 Å) was used as a 

reference distance. Distances involving unresolved protons such as methyl protons were assigned 

using pseudo-atom notation making use of the pseudo-atom correction automatically computed 

by X-PLOR. 
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The structure of Pu22m1 was calculated using X-PLOR187. Metric matrix distance 

geometry (MMDG) and simulated annealing calculations were carried out in X-PLOR187 to 

embed and optimize 100 initial structures based on an arbitrary extended conformation of the 

single-stranded Pu22m1 sequence to produce a family of 100 DG structures29,35. The 

experimentally obtained distance restraints and G-tetrad hydrogen bonding distance restraints 

were included during the calculations. All of the 100 molecules obtained from the DGSA 

calculations were subjected to NOE-restrained Simulated Annealing refinement in X-PLOR187 

with a distance-dependent dielectric constant. A total of 506 NOE distance restraints were 

introduced into the NOE-restrained structure calculation with a force constant of 20 kcal mol-1  

Å-2. Hydrogen bond restraints were applied to the G-tetrads using a quadratic energy function 

with a force constant of 100 kcal mol-1 Å-2. A low-level planarity restraint (2 kcal mol-1 Å-2) was 

also applied on the G-tetrads in the simulated annealing step of the structure calculation. The 

planarity restraints were removed in the final molecular dynamics simulation with energy 

minimization. Dihedral angle restraints were used to restrict the glycosidic torsion angle for the 

experimentally assigned anti conformation bases and for tetrad-guanines except G22, which has 

a syn glycosidic bond conformation. The 30 best molecules were selected based both on their 

minimal energy terms and number of NOE violations, and were further subjected to NOE-

restrained molecular dynamics calculations at 300 K for 25 ps. The coordinates saved at every 

0.1 ps during the last 2.0 ps of NOE-restrained molecular dynamics calculations were averaged, 

and the resulting averaged-structure was subjected to further minimization until the energy 

gradient of 0.1 kcal mol-1 was achieved.  
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2.3  Results: The Major G-quadruplex in the Platelet Derived Growth Factor Receptor β 

Proximal Promoter Region Adopts a Primarily Parallel Broken-Ended 

Conformation 

 
2.3.1 The Mid-5’ G-quadruplex is the Major G-quadruplex Formed in the Platelet Derived 

Growth Factor Receptor β Proximal Promoter Region 

 
Because there are four different G-quadruplexes that form in an overlapping region in the 

PDGFR-β NHE Pu38 sequence, the major biologically relevant structure had to be identified for 

both structural and functional studies. Using dimethyl sulfate (DMS) footprinting, it was found 

that the Mid-5’ G-quadruplex is the major structure formed in the full length Pu38 sequence in 

the PDGFR-β promoter region. Comparison of the DMS footprinting pattern of the Mid-5’ 

sequence (Pu23) (Sequence in Figure 2.3) to the PDGF Pu38 sequence show very similar 

cleavage patterns demonstrating the same guanine bases are protected from cleavage in the full 

length Pu38 as in the Mid-5’ subsequence (Figure 2.2). For instance, all of the guanines in run II 

are protected from cleavage in both the Full Length and Mid-5’ sequences except for the middle 

guanine in the run of 7 Gs. This is evidence that the center base in the long 7-G run II may form 

a single-nucleotide loop, since it is the only base in the seven bases that is completely cleaved. 

The six remaining bases could potentially form two of the four strands in the G-quadruplex. The 

minor cleavage of the guanines around the center guanine in run II in the full length sequence 

(Figure 2.2, right) is indicative that minor structures form that use different Gs for tetrad 

formation than the Mid-5’ G-quadruplex. Additionally, it has been observed that bases adjacent 

to loop regions are less protected from cleavage by piperidine. Surprisingly, the two Gs in the 
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two-G run III showed complete protection in both sequences, a hint that there may be a broken-

ended strand that may be completed by a guanine base that snaps back to complete the strand and 

a terminal tetrad plane (Figure 2.2). In run IV the three 5’ guanines are protected and the 3’ 

guanine is cleaved in the Mid-5’ sequence (Figure 2.2, left). In the full length sequence the 3’ 

guanine is protected (Figure 2.2, right), but again this protection pattern may be a product of a 

minor quadruplex conformation formed in the full length sequence. Additionally, it would make 

sense that the three protected guanines in run IV form a complete strand in the Mid-5’ 

quadruplex and the 3’ guanine is in a loop region. Run V, which is a tract of three G bases, in 

both the Mid-5’ and the full length sequence (Figure 2.2), the two 5’ Gs are cleaved while the 3’ 

G is protected. Based on these results, it was suggested that this 3’ G in run V may snap back to 

complete the 2-guanine strand started by the two guanines in run III.  

Further evidence that aided in identifying the guanines involved in tetrad formation in the 

Mid-5’ G-quadruplex came from DMS footprinting of sequences containing modifications of the 

wild type Mid-5’ Pu23 sequence  (Figure 2.3). Along with the unmodified Mid-5’ Pu23, a 

sequence containing a G6A mutation was included. As expected, this G6A mutation did not 

change the cleavage pattern, confirmation that G6 is indeed a 1-nt loop, and the other six 

protected guanines in this long seven-nucleotide tract of guanines form two continuous strands. 

The Pu23 sequences with either the G11A mutation or the G12A mutation, which are the G 

bases in the 2-G run III, altered the cleavage pattern. This was further proof that the two 

guanines in run III participate in a broken-ended strand, which must be completed with a G base 

from another tract.  
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Figure 2.2 DMS footprinting assays of the Mid-5’ G-quadruplex sequence (left) and the Full 
Length Pu38 G-quadruplex forming sequence (right) in the PDGFR-β proximal promoter 
region. The PDGFR-β Pu38 full length sequence was incubated in a Tris buffer without KCl or 
in the presence of 140 mM KCl to induce G-quadruplex formation before treatment with DMS. 
The seven runs of two or more guanines are bracketed. DMS methylation patterns are indicated 
by open circles (unmethylated), half-shaded circles (partially methylated), and fully-shaded 
circles (methylated). The PDGFR-β Mid-5’ G-quadruplex sequence was treated in the manner 
described for the Pu38 Full Length sequence.  
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Figure 2.3 The full length Purine rich 38-mer (Pu38) G-quadruplex forming sequence and the 
Mid-5’ sequence with the runs of guanines underlined (top). DMS footprinting of the wild-type 
23-mer purine-rich Mid-5’ sequence (Pu23) and three modified sequences containing G-to-A 
mutations, which are labeled above the lanes.  
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 From the described footprinting experiments, the guanines in the Mid-5’ Pu23 sequence 

that are involved in G-tetrad formation were identified57. Based on the Folding Rule derived 

from various biophysical experiments and previously solved quadruplex structures188, the most 

stable structure predicted would utilize G3–G5 and G7–G9 of run II, three of the four G’s in run 

IV (G14–G17), and all three G’s in run V (G20–G22) for the formation of the core three tetrad 

stacked structure. The Folding Rule predicts that continuous G’s would form each strand of the 

G-quadruplex, and interspersing nucleosides would form the loops connecting the strands: 

d(G3+N1-7G3+N1-7G3+N1-7G3+). However, the DMS footprinting experiments indicated otherwise, 

as G11-G12 of run III were clearly protected, suggesting the Mid-5’ G-quadruplex is formed by 

a discontinuous strand. This was supported by the cleavage of G20-21 and protection of G22 in 

run V, meaning G22 must snap back to complete the strand started by G11-G12.  

 

2.3.2 Sequence Selection for Mid-5’ G-quadruplex Structure Studies by NMR  

 The fold of the Mid-5’ G-quadruplex was further investigated and confirmed by NMR 

spectroscopy. G-quadruplexes show characteristic spectra in 1-D NMR experiments, and these 

experiments give crucial data in determining the most relevant and stable structure in a given 

sequence. The H1 imino protons of guanines involved in Hoogsteen hydrogen bonding necessary 

for tetrad formation give rise to peaks at a chemical shift of 10.5-12.0 ppm, while H1 protons 

involved in Watson-Crick hydrogen bonding show peaks at 13.0-14.0 ppm and single-stranded 

guanine base H1s result in peaks at 7.0 to 8.5 ppm. A homogenous sample of a stable, three 

tetrad G-quadruplex should show twelve well-resolved peaks in the 10.0-12.5 ppm region, 

keeping in mind that some of the peaks may be overlapping due to similar chemical 

environments. First, the wild type Pu23 Mid-5’ sequence was analyzed by 1-D NMR. Though 
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peaks are seen to confirm a major G-quadruplex is present, a broad envelope was observed in the 

structure, most likely due to higher order structure formation (Figure 2.4 B). The DMS 

footprinting assay gave strong evidence which guanines were involved in G-quadruplex 

formation, and so appropriate mutations were made to rid the Mid-5’ sequence of Gs not 

involved in tetrad formation. The 1-D NMR spectrum of the Pu23m1 sequence, with the single 

G6A mutation shows the formation of the same major G-quadruplex as in Pu23, as no chemical 

shift changes were observed indicating that G6 is not involved in the G-tetrad formation. The 

formation of higher-order structures was greatly reduced in Pu23m1, as shown by the markedly 

lower intensity of the broad envelope in the NMR spectrum. The significantly higher circular 

dichroism (CD) melting temperature of Pu23 compared to Pu23m1 also supported the formation 

of higher-order structures in Pu23, most likely formed by strong stacking interactions between 

the guanine bases (Figure 2.4 B). This result is evidence that the presence of seven continuous 

guanines of run II in Pu23 significantly increases the chance of the formation of higher-order G-

quadruplex structures. Pu23m2, which contained an additional G-to-A mutation at G17, formed 

the same G-quadruplex as that in Pu23m1 (Figure 2.4 B), showing that G17 is not involved in 

the G-tetrad formation. The base G17 was also cleaved in the DMS footprinting experiments 

(Figure 2.2). Similarly, G20 and G21 were shown to not to be involved in the G-tetrad formation 

by NMR spectra of Pu23m3 and Pu23m4 with G-to-A mutations at G20 and G21, also in 

agreement with the footprinting experiments (Figure 2.4 B). In summary, the 1-D NMR spectra 

of the various mutated sequences results were in complete agreement with the DMS footprinting 

data of the PDGFR-β Mid5' G-quadruplex, that G6, G17, G20, and G21 are not involved in the 

G-tetrad formation (Figure 2.2 left, Figure 2.4 B). The CD spectra of the wild type and mutant 
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Pu23 sequences are almost identical (Figure 2.4 A), suggesting that the same G-quadruplex is 

formed in these Pu23 sequences. 

The 22-mer Pu22m1 without the 3'-A forms the same major G-quadruplex as that in 

Pu23m1 with even reduced formation of higher-order structures in K+ solution (Figure 2.4 B), 

and thus was chosen for NMR structural analysis of the major G-quadruplex formed in the 

PDGFR-β promoter NHE. This G-quadruplex appears to be of unimolecular nature as indicated 

by the concentration-independent melting temperature measured by CD and NMR. The well-

resolved imino proton peaks located between 10.5–12 ppm indicated the formation of a stable G-

quadruplex structure in Pu22m1.  

2.3.3  Determination of the Fold of the Mid-5’ Platelet Derived Growth Factor Receptor β G-

quadruplex 

Site-specific low-concentration (6%) incorporation of 15N-labeled guanine nucleoside 

was prepared for each guanine position of Pu22m1. The guanine imino H1 proton has one-bond 

coupling to N1, and the aromatic H8 proton has two-bond coupling to N7 (Figure 2.5 A-C), 

hence the H1 and H8 protons of the site-specific labeled guanine are readily detected by 1D 15N-

edited experiments. Using such experiments, the imino H1 and aromatic H8 protons of guanine 

residues were unambiguously assigned (Figure 2.5). Pu22m1 contains fifteen guanines; however, 

only twelve imino peaks are observed in the 10.5–12 ppm region (Figure 2.5, B), validating that 

this intramolecular G-quadruplex formed in Pu22m1 contains three G-tetrads. In agreement with 

NMR mutational analysis and DMS footprinting, G17, G20, and G21 were not involved in G-

tetrad formation, as their imino protons were not detected in the 10.5–12 ppm region. 
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Figure 2.4 (A) CD spectra of select Mid-5’ sequences in 100 mM KCl (B) Full length 38-mer wt 
G-quadruplex forming sequence of the PDGFR-β promoter (top), the Mid-5’ sequence and 
sequence modifications. The seven G-runs are underlined and numbered. The Mid-5’ G-
quadruplex is formed in the region containing G-runs II, III, IV, and V. Pu23 is the 23-mer wt 
sequence. Pu23m1, Pu23m3, Pu23m3, and Pu23m4 are modified with G-to-A mutations shown 
in red. Pu22m1 is the Pu23m1 sequence without the 3’-A. The CD melting temperatures of the 
Pu23/22 sequences in buffer containing 100 mM KCl are shown.  
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The assignment of the imino H1 and base H8 protons of guanines led to the direct 

determination of the folding topology of this major G-quadruplex formed in the PDGFR-β 

promoter. In a G-tetrad plane with the Hoogsteen H-bond network, the imino proton H1 of each 

guanine is in close spatial vicinity to the H1s of the two adjacent guanines, and to the base H8 of 

one of the adjacent guanines (Figure 2.5A). The through-space NOE connectivities of guanine 

H1-H1 and H1–H8 thus determine the arrangement and topology of a G-tetrad plane. For 

example, the NOE interactions between G3H1/G7H1, G11H1/G14H1, G14H1/G3H1 (Figure 2.6 

B), and G7H8/G3H1, G11H8/G7H1, G14H8/G11H1, and G3H8/G14H1 (Figure 2.6 C) defined a 

G-tetrad plane of G3-G7-G11-G14 (Figure 2.6 A). 

Similarly, the NOE interactions between G8H8/G4H1, G12H8/G8H1, G15H8/G12H1, 

and G4H8/G15H1 (Figure 2.6 C) defined a G-tetrad plane of G4-G8-G12-G15 (Figure 2.6 A). 

Interestingly, the third G-tetrad plane was shown to be formed by G5-G9-G22-G16 (Figure 2.6 

A), based on the NOE interactions between G5H1/G9H1, G9H1/G22H1 (Figure 2.6 B), and 

G9H8/G5H1, G22H8/G9H1, G16H8/G22H1, and G5H8/G16H1 (Figure 2.6 C). In this third 

terminal G-tetrad plane, three guanines are continuous from the same G-runs of the previous two 

G-tetrads, but G22 was discontinued from the G11–G12 strand (Figure 2.6 A), as determined by 

the DMS footprinting experiments. Therefore, whereas three G-strands are continuous, there is 

one broken-strand, G11—G12—G22 in this PDGFR-β G-quadruplex. Inter-tetrad NOEs, such as 

G3H8/G15H1, G7H8/G4H1, G11H8/G8H1, and G14H8/G12H1 (Figure 2.6 C), connect the top 

and middle G-tetrad planes (Figure 2.6 A) and reflect the right-handed twist of the DNA 

backbone. The same type of NOE connectivities were observed between the middle and bottom 

planes (Figure 2.6 A), such as G4H8/G16H1, G8H8/G5H1, G12H8/G9H1, and specifically, 
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Figure 2.5 (A) G-tetrad with H1-H1 and H1-H8 connectivity patterns detectable in NOESY 
experiments. (B) Imino and (C) aromatic H8 proton assignments from 1D 15N-filtered 
experiments using site-specifically labeled oligonucleotides.  
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G15H8/G22H1 (Figure 2.6 C), which stacks G22 on to the G4–G8–G12–G15 plane. In addition, 

similar to the sequential H1/H1 connectivities observed along a G-strand, such as G3H1/G4/H1 

and G4H1/G5H1 observed for continuous G3–G4–G5 strand, the NOE of G22H1/G12H1 was 

clearly observed in addition to G11H1/G12H1 (Figure 2.6 B) connecting the broken strand 

G11—G12—G22. Our NMR results thus showed that the major PDGFR-β G-quadruplex formed 

by Pu22m1 is a primarily parallel-stranded, intramolecular structure with a broken G-strand of 

G11—G12—G22 (Figure 2.6 A). Because of this broken strand, in addition to three double-

chain-reversal loops formed by A6, C10, and C13, typically seen in a parallel-stranded structure, 

the Pu22m1 G-quadruplex contains a fourth loop, comprised of G17-C18-A19-G20–G21, which 

is a lateral loop (Figure 2.6 A). Connected by the lateral loop, G22 is expected to have a different 

glycosidic conformation from that of G11 and G12. Indeed, as indicated by the much stronger 

intra-residue H8-H1′ NOE intensity of G22, G22 appears to be in syn conformation whereas all 

other tetrad-guanines are in anti conformation (Figure 2.7). The primarily parallel-stranded 

folding of this G-quadruplex is consistent with the CD spectra of Pu23 sequences, with a positive 

maximum around 265 nm and a negative minimum at 240 nm (Figure 2.4 A), characteristic of 

the parallel-stranded G-quadruplex structures. It is noted that these characteristic CD spectral 

features of the parallel-stranded G-quadruplexes are based on the guanine stacking 

conformations rather than the G-strand directionalities; in the case of the Mid5' PDGFR-β G-

quadruplex, although G22 has a different strand directionality, the guanine stacking is the same 

as in an all-parallel-stranded G-quadruplex. In summary, the major intramolecular G-quadruplex 

formed in the promoter region of the human pdgfr-β gene adopts a primarily parallel broken-

ended conformation.  
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Figure 2.6 (A) Schematic drawing of the folding topology of the G-quadruplex formed in 
Pu22m1 (G = red, A = green, C = yellow; red box = anti-G, yellow box = syn-G). (B) H1-H1 and 
(C) H1-H8 regions of the 2D NOESY spectrum of Pu22m1 in H2O at 25 °C. Intra-tetrad NOEs 
are shown in red, inter-tetrad NOEs in blue, and NOEs with flanking bases in green.  
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Figure 2.7 The expanded H8/H6/H1’ region of the 2D-NOESY spectrum of Pu22m1 with 
assignments. The H5’H6 NOE cross-peaks of three cytosines are seen at this contour level. The 
only guanine H8-H1’ NOE cross-peak detectable at this contour level is that of G22, indicative 
of the syn glycosidic conformation of G22. The H8-H1’ NOE cross-peak of the terminal A1 is 
also seen, suggesting a syn conformation as well. The NMR experiment was conducted at 25 °C 
and the 1 mM DNA sample was prepared in 25 mM potassium phosphate (pH 7.0), 70 mM KCl. 
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2.4 Results: The Structure of the Major G-quadruplex Formed in the Human Plate-

Derived Growth Factor Receptor β Promoter  

2.4.1  Assignment of Proton Resonances of the Mid-5’ PDGFR- β Q-quadruplex  

The 22-nt sequence Pu22m1 with the single G6A mutation used to determine the fold of 

the Mid-5’ PDGFR-β G-quadruplex was also used for complete structure studies. In the 1D 1H 

NMR of the Pu22m1 G-quadruplex, the H1 imino proton signals from the twelve guanines 

forming the three G-tetrad planes (G3-G7-G11-G14, G4-G8-G12-G15, and G5-G9-G22-G16) 

were clearly observed (Figure 2.4). Besides these twelve guanines, three more signals were 

observed from 9.5 to 12.7 ppm that overlap with the Hoogsteen-hydrogen bonding H1 imino 

proton region of the NMR spectrum, and these signals were explicit at 5 °C (Figure 2.8). The 

signals must correspond to G17, 20, and 21 in the 3’-end 5-nucleotide loop of the quadruplex, as 

they are the only other G bases in the Pu22m1 sequence. At low temperatures exchange of the 

H1 protons is slower, allowing clear imino proton signals from G17, G20, and G21. For 

assignment, 15N site-specific labeling for G17, G20 and G21 residues was completed (Figure 

2.8). The imino proton peaks for G17 and G20 residues are downfield shifted, which may be due 

to hydrogen bonding interactions, which stabilize the loop conformation. G17 is most downfield 

shifted due to hydrogen-bond interactions with both G20 and G21. The G21 H1 imino proton is 

most upfield shifted, which could be due to stacking interactions with the bottom G-tetrad.  

The guanine imino H1 and H8 protons for Pu22m1 were already assigned using 15N-

edited HMQC experiments, and complete proton assignment of Pu22m1 was accomplished by 

sequential assignments (Figure 2.9 A, B, 2.10) using 2D COSY, TOCSY and NOESY at 

different temperatures in both H2O and D2O. The 2D NMR experiments were carried out for 

Pu22m1 in 95 mM K+ solution. The chemical shifts of all the proton resonances are listed in  
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’ 
 
Figure 2.8 The modified PDGFR-β Mid-5’ G-quadruplex sequence Pu22m1 with the Gs 
involved in tetrad formation highlighted in green and the single G6A mutation in red. The imino 
region of 1D 1H NMR spectra of the Pu22m1(top spectrum). Imino proton assignments of the 
lateral loop guanines (17, 20 and 21) using 1D 15N-edited HMQC on site-specifically-labeled 
Pu22m1 at the G17, G20 or G21 positions are also shown. Samples were prepared in 25 mM 
potassium phosphate (pH 7.0), 70 mM KCl, and experiments were run at 5 °C. 
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Table 2.1. Critical inter-residue NOE interactions are summarized in Figure 2.10 and define the 

overall structure of the PDGFR- β promoter G-quadruplex. 

 

2.4.2 Specific NOE Interactions Define the Overall Structure of the Mid-5’ Platelet Derived 

Growth Factor Receptor β G-quadruplex 

Again, the guanines on each of the four G-strands stack on top of each other as indicated 

by clear NOE cross-peaks between the stacked bases (Figure 2.10). Additionally, sequential 

NOE connectivities along each G-tetrad are clearly observed for (n) GH8 and (n-1) 

GH1’/H2’H2”/H3’, typical for the twist of right-handed DNA backbone conformations (Figure 

2.9 B, 2.10). Inter-tetrad NOE connectivities of non-sequential guanines of G-strands, were also 

observed!(Figure 2.9 A), supporting both the folding structure and the right-handed twist of the 

G-strands. The sugar backbone of the G-strands are more compact than regular B-DNA as shown 

by clear NOE cross-peaks observed between sugar H1’ and (n+1) H4’ or H5’, H5” protons, such 

as G3H1’/G4H5’H5”, G8H1’/G9H5’H5”, G11H1’/G12H5’H5”, and G14H1’/G15H5’H5” 

(Figure 2.10).!

! !
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Figure 2.9 (A) The H8-H1 region of the 2D-NOESY spectrum of Pu22m1 in H2O at 5 °C. Intra-
tetrad NOEs are in red, inter-tetrad in blue, and NOEs with the quadruplex flanking bases are in 
green. (B) The H1’-H8 region of the spectrum with the sequential assignment pathway. Missing 
connectivities are labeled with asterisks. The DNA samples were prepared in 25 mM potassium 
phosphate, 70 mM KCl, and experiments were completed at 25 °C. 
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Table 2.1 Proton and 31Phosphorus chemical shifts for Pu22m1 at 25ºC a. 

Base H8/H6 H2/H1/H5 H1' H2'/2'' H3' H4' H5'/5'' NH2
nb /NH2

b* 
31Pb ∆Pc 

A1 7.91 7.76 6.04 2.27/2.34 4.60 4.42 3.46/3.95  - - 

A2 7.84 7.90 5.84 2.18/2.52 4.77 4.08 3.48/3.79  -0.69 0.31 

G3 7.95 11.76 6.04 2.73/2.96 4.92 4.41 3.95/4.08  -0.94 0.06 

G4 7.64 11.24 6.15 2.60/2.91 4.99 4.52 4.23/4.25 6.45/8.99 -0.73 0.27 

G5 7.77 11.08 6.40 2.74/2.59 5.10 4.35 4.25/4.30  -1.09 -0.09 

A6 8.49 8.26 6.62 2.85/2.87 5.16 4.65 4.25/4.59  -2.11 -1.11 

G7 7.89 11.43 6.03 2.38/2.85 5.07 4.43 4.24/4.33  -0.12 0.88 

G8 7.80 11.36 6.11 2.58/2.88 5.01 4.52 4.16/4.23 6.25/8.66 -0.64 0.36 

G9 7.74 10.51 6.37 2.68/2.57 5.06 4.59 4.25/4.32 6.75/8.60 -1.60 -0.60 

C10 8.02 6.16 6.42 2.31/2.72 5.05 4.56 4.30/4.45  -2.18 -1.18 

G11 7.97 11.57 6.15 2.37/2.89 5.11 4.46 4.15/4.29  0.09 1.09 

G12 7.80 11.14 6.17 2.87/2.60 5.11 4.44 4.14/4.28 5.27/- -0.84 0.16 

C13 7.96 6.13 6.41 2.38/2.70 5.02 4.52 4.26/4.34  -0.96 0.04 

G14 8.11 11.28 5.95 2.47/2.74 4.80 4.45 4.22/4.33 5.09/8.86 -1.74 -0.74 

G15 7.80 11.27 6.00 2.56/2.79 4.98 4.51 4.14/4.18 5.78/9.09 -1.07 -0.07 

G16 7.37 11.17 5.94 2.35/2.79 4.94 4.43 4.10/4.26  -1.52 -0.52 

G17 7.60 12.60 5.73 2.36/2.47 4.89 4.24 4.13/4.19 5.76/- -1.28 -0.28 

C18 7.63 5.93 5.84 1.84/2.19 4.63 4.09 3.90/4.02  -0.75 0.25 

A19 7.84 7.90 5.78 1.73/1.92 4.39 3.92 3.67/3.75  -0.71 0.29 

G20 7.97 10.51 6.39 2.39/2.71 5.01 4.47 4.24/4.33 6.75/8.60 -1.20 -0.20 

G21 7.35 9.74* 5.56 2.02 5.09 4.43 3.76/4.08  0.49 1.49 

G22 7.44 11.27 6.18 2.83/2.60 5.11 4.44 4.07/4.31 5.12/- 0.21 1.21 

 
a. The chemical shifts are measured in 25 mM K- phosphate, 70 mM KCl, pH 7.0 referenced to DSS. 
*. Chemical shift measured at 5ºC. 
b. The 31P chemical shifts are referenced to H3PO4. 
c. The difference from -1 ppm. 
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Figure 2.10 Schematic diagram of inter-residue NOE connectivities of Pu22m1. 
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2.4.3 The Solution Structure of the Mid-5’ Platelet Derived Growth Factor Receptor β G-

quadruplex Reveals Unique Capping Structures  

The sequential NOE cross peaks are absent or weak at the three 1-nucleotide double-

chain reversal loops formed by A6, C10 and C13 (Figure 2.9 B). The three 1-nucleotide loop 

adenine and cytosine bases display similar downfield-shifted chemical shifts, due to their groove 

locations. Interestingly, the 5-nucleotide lateral loop, formed by G17-C18-A19-G20-G21 

exhibits unique interactions. The G17 loop-region base stacks under G16 of the bottom tetrad as 

shown by NOE cross-peaks, G17H8/G16H8, G17H1/G16H1. In addition, the G17 base is 

stabilized as NOE cross-peaks were observed between G17H8/G16H1’/H2’H2”/H3’, 

G17H1/G22H1, and G17H1/G21H8. The C18 and A19 bases in the 5-nucleotide loop are more 

flexible as we observe weak NOE interactions from G17H1/C18H5, A19H8/C18H1’ and 

A19H8/C18H2’H2”. The bases G20 and G21 are protected by C18 and A19, and the G20 base is 

stacked below G22. Base G21 is below G9 as shown by cross-peaks observed between G20 and 

G22, G22H8/G20H1’, G22H8/G20H2’H2”, and between G21 and G9, G21H8/G9H1, 

G21H1’/G9H1, G9NH2
b/G21H1’, and G9NH2

b/G21H8. Other cross-peaks observed were 

G20NH2
b/G21H1’, G22H8/G21H1’, G22H1/G21H8, G17H1/G21H8, G21H1/G9H8, 

G21H1/G22NH2
nb (Figure 2.10). These NOE cross-peaks establish that G17-G20-G21 are in the 

same plane and form a triad pocket, stacking under the bottom tetrad (Figure 2.11, 2.12 C). A 

number of NOEs are observed for the two flanking bases, A1 and A2 at the 5’end of Pu22m1. 

Some of these cross peaks are: A1H2/G3H1, A1H2/G7H1, A1H2/G14H1; A2H2/G3H1, 

A2H2/G7H1, A2H2/G11H1, A2H2/G14H1 (Figure 2.10), which validates that A1-A2 are 

stacked on the top of the 5’end G-tetrad of the G-quadruplex and provides unique capping 

interactions (Figure 2.11, 2.12 B). Significantly, the planar triad formed from the guanine bases 
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in the 5-nucleotide lateral loop stabilizes the bottom tetrad as G20 of the G17—G20—G21 triad 

sits under G22, which snaps back to complete the bottom terminal tetrad and the broken-ended 

strand. Without this unique capping structure, it is possible that G22 could become unanchored, 

breaking apart from the bottom tetrad.  

 

2.5 Discussion 

Recently, DNA G-quadruplex secondary structures formed in the promoter regions of 

human proto-oncogenes were found to be transcriptional regulators and have emerged as a new 

class of cancer-specific molecular targets for anticancer drugs. Intriguingly, parallel-stranded 

structures are common in the promoter G-quadruplexes, and there is a prevalence of the G3NG3 

sequence motif, which is a robust parallel-stranded structural motif where N is a 1-nt strand-

reversal loop. Significantly, Pu22m1 adopts a parallel-stranded G-quadruplex with a broken G-

strand, despite the presence of four three-guanine runs in this sequence: G3–G5, G7–G9, G14–

G17, G20– G22. In the Mid-5’ G-quadruplex, run II (G3–G9) in the wild-type PDGF Mid-5’ 

Pu23 sequence forms a G3NG3 motif with a 1-nt G-loop (N=G in this case). However, if the 

Pu22m1 G-quadruplex had been formed by the four continuous G-runs with three guanines for 

tetrad formation using G3–G5, G7–G9, G14–G16 (or G15–G17), and G20–G22, the resulting G-

quadruplex would have had three loops with sizes of 1, 4, 3, (or 1, 5, 2), which do not favorably 

form the parallel-stranded structure. Instead, by adopting one broken G-strand, the Mid-5’ 

Pu22m1 G-quadruplex consists of three 1-nt loops, G6, C10, and C13, which all favor the 

parallel-stranded structural motifs. As a consequence, G20 and G21 of the G20–G22 G-run are 

not involved in the G-tetrad formation. Importantly, in the DMS footprinting of the full-length  
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Figure 2.11 The full length and Mid-5’ G-quadruplex sequences in the PDGFR-β promoter 
region. Schematic of the Mid-5’ G-quadruplex with a capping structure, a triad plane formed by 
the lateral loop, and 1:1:1:5 loop lengths. (G = red, C = yellow, and A = green).  
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Figure 2.12 (A) Structure of the Mid-5’ G-quadruplex solved using the Pu22m1 sequence. The 
three tetrad planes and the planar triad are clearly shown. The 1-nt A loop and 1 of the 1-nt C 
loops are seen on the sides, and the other 1-nt loop C loop is slightly behind the tetrad core. (G = 
yellow, A = red, C = purple). (B) The capping structure formed by A1 and A2 over the top tetrad 
plane. (C) The triad formed by G17, G20, and G21. Hydrogen bond distances between O6 of 
G21 and H2 of G17, N7 of G21 and H1 of G17, H2 of G20 and O6 of G17, and H1 of G20 and 
N7 of G17 are displayed. 
! !
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wild-type PDGF promoter sequence Pu38 (Figure 2.2 right), G20 and G21 were clearly cleaved 

by DMS, suggesting that the novel broken-strand Mid5' G-quadruplex is the major structure 

formed in the PDGFR-β NHE promoter sequence. The formation of the novel broken-strand G-

quadruplex by Pu22m1 again emphasizes the robust parallel structural motif with a 1-nt loop 

connecting the two adjacent parallel G-strands, which can now be extended to GiNGj (i = j = 3 in 

G3NG3). In the case of the major PDGFR-β G-quadruplex formed by Pu22m1, the motif can be 

expressed as G3NG3NG2NG3...G, a primarily parallel-stranded intramolecular structure with a 

broken G- strand (Figure 2.11, 2.12 A). As the GiNGj motif is prevalent in the quadruplex-

forming gene promoter sequences this robust 1-nt-looped parallel-stranded fold may the first 

folding event for the rest of the G-quadruplex to build upon. The novel folding of the major G-

quadruplex formed in the PDGFR-β promoter may represent an attractive target for small 

molecule drugs that specifically target this secondary structure and modulate PDGFR-β gene 

expression. 

As well as the folding pattern of the Mid-5’ G-quadruplex, specific structural features of 

the G-quadruplex have been elucidated, and the effect of the loop and the flanking bases in 

stabilizing the G-quadruplex have been observed. It was found that three guanines (17, 20 and 

21) in the 5-nt lateral loop forms a triad pocket and stabilizes the bottom tetrad, particularly since 

G22 snaps back in a syn glycosidic conformation in order to complete the last strand and 

terminal tetrad of the structure. Also, the 5’ flanking residues provide a specific capping 

interaction to the top tetrad. These salient features are specific to the PDGFR-β sequence and 

differ from other parallel-stranded structures. Significantly, the results indicate that this broken-

end parallel structure adopts unique capping and loop structures, which stabilize the overall G-

quadruplex structure and provide features that could serve as interfaces for specific interactions 
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with small molecules or proteins. 

 

Parts of this work have been previously published or are in preparation for publishing as:  

Chen, Y., Agrawal, P., Brown, R. V., Hatzakis, E., Hurley, L., Yang, D. The Major G-Quadruplex 

Formed in the Human Platelet-Derived Growth Factor Receptor β Promoter Adopts a Novel 

Broken-Strand Structure in K+ Solution. J. Am. Chem. Soc. 2012; 143: 13220-13223.  

and  

Agrawal, P., Chen, Y., Yang, D. The NMR Solution Structure of the Biologically Relevant G-

Quadruplex in the Human Platelet Derived Growth Factor Receptor β Promoter. 2014. 

Manuscript in preparation. 

This chapter is modified from the above publication and manuscript. P. Agrawal, Y. Chen, and 

E. Hatzakis completed NMR experiments and assignments, and R. V. Brown completed 

biochemical assays. P. Agrawal, M. Carver, and C. Lin completed synthesis and purification of 

DNA samples. L. Hurley, D. Yang, P. Agrawal, R. V. Brown, Y. Chen, and E. Hatzakis wrote the 

manuscripts.  

Although the Results Section 2.4 was written to the best of knowledge, NMR structure 

calculations and final experiments for completion of the solution structure of the PDGFR-β Mid-

5’ G-quadruplex are still underway. There may be modifications to the results presented in 

Section 2.4 upon finishing the final conclusive experiments that define the structure of the Mid-5’ 

G-quadruplex. 
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CHAPTER 3 
INVESTIGATION OF INTERACTIONS BETWEEN THE PROTEIN NUCLEOLIN AND 

THE C-MYC PROMOTER REGION G-QUADRUPLEX 
 
 

3.0  Abstract 
 

The multifunctional protein nucleolin binds to a guanine-rich G-quadruplex forming 

sequence (Myc Pu27) in the Nuclease Hypersensitive Element III1 in the proximal promoter 

region of the c-myc gene, which codes for a transcription factor that regulates up to 15% of 

human genes. G-quadruplex formation in the NHE III1 is a repressor element for transcriptional 

regulation of the potent c-myc oncogene. Previous studies have shown that nucleolin both 

induces and stabilizes c-Myc G-quadruplex structures to lower c-myc mRNA levels. Presumably, 

promoter region G-quadruplex formation inhibits binding of activating transcription factors. 

Since extensive attempts at targeting the c-Myc protein for development of anticancer 

therapeutics have been unsuccessful, targeting c-Myc expression may be an attractive method for 

inhibiting c-Myc contributions to human cancer.  

 This research focuses on structural investigations of the nucleolin/c-Myc G-quadruplex 

complex. The minimal binding domains of nucleolin necessary to bind the c-Myc G-

quadruplexes were found to be the three N-terminal RNA binding domains (RBDs) of the protein 

(Nuc-123), while all four RBDs (Nuc-1234) are needed to bind the globular structures with high 

affinity. Additionally, both these nucleolin truncation mutants are able to bind multiple 

conformations of the NHE III1 region G-quadruplexes. Preliminary experiments for NMR 

structure determination of the nucleolin/c-Myc G-quadruplex were completed. Upon forming the 

protein/DNA complex, both protein and DNA 1H signals are broadened in NMR spectra, though 

from NMR experiments a possible binding mode was discovered. Nucleolin most likely wraps 

around the G-quadruplex in a lateral manner, making contacts with the strand-reversal loops of 
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the G-quadruplex structure and preserving the parallel conformation of the quadruplex. Mapping 

of specific interactions between nucleolin and the c-Myc G-quadruplex by UV cross-linking and 

Edman sequencing is also currently underway. Utilizing these experiments, the first ever specific 

interaction between a protein and promoter region G-quadruplex was discovered. A Lys residue 

in the N-terminal β-strand of RBD2 in nucleolin interacts with the first thymine 1-nucleotide 

strand-reversal loop from the 3’-end of the c-Myc G-quadruplex forming sequence. Continuation 

of this ongoing research could potentially elucidate stabilizing interactions between nucleolin 

and the c-Myc G-quadruplex. In the future these interactions could be exploited for structure-

based drug design with the goal of decreasing c-Myc expression levels by stabilizing the G-

quadruplex repressor element for the treatment of cancers.  

 
3.1  Introduction  
  
3.1.1  Nucleolin is a Multi-functional Protein 
 
 Nucleolin is a protein that is abundant primarily in the nucleolus of eukaryotic organisms 

including plants, yeast, and mammals189,190. While first discovered in 1973 in rat liver cells191, a 

homolog was found soon after in Chinese Hamster Ovary cells192. Human nucleolin consists of 

707 amino acids with a calculated mass of 77 kDa193. The protein runs at 100-110 kDa on SDS 

PAGE gels due to amino acid composition, specifically its charged N-terminus, which is 

interspersed with several regions of acidic sequences. The N-terminal charged residues are 

responsible for protein-protein interactions with histone H1 to regulate transcription, as well as 

with U3 snoRNP, and various ribosomal proteins194. Downstream of the N-terminal domain, the 

protein is composed of four RNA binding domains (RBDs), also called RNA recognition motifs 

(RRMs). At the C-terminus of the protein is an RGG or GAR domain, rich in arginine-glycine-

glycine repeats combined with phenylalanine residues189,195. The C-terminal RGG repeats are 
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involved in protein-protein interactions thought to aid in ribosome assembly and maturation 

including shuttling of ribosomal proteins into the nucleolus196. The RBDs consist of 71 to 76 

residues per domain and are connected by flexible linkers ranging from 11 to 22 residues in 

length. Each RBD adopts a βαββαβ fold, a common motif for nucleic acid binding proteins197, 

especially for those that regulate gene expression at the post-transcriptional level198,199. The four 

RBDs are also utilized for recognition of RNA and DNA targets and confer specificity to binding 

of its target nucleic acid substrates200-203. Intriguingly, RBDs within the same protein are less 

conserved than RBDs from divergent species189. The multiple domains of nucleolin are 

responsible for a wide variety of functions, some which are not at all related. It has been 

proposed that the multifunctionality of nucleolin is energetically favorable for the cell, though 

piecewise discovery of the protein’s eclectic roles proved tracking the evolutionary history of 

nucleolin challenging196. 

 The amount of nucleolin in the cell is cell cycle dependent, with the highest levels of 

nucleolin present in S phase and G1-S phase204. In the resting state of cells, nucleolin catalyzes a 

self-cleavage activity205. This may occur as the cell reaches full mass and protein synthesis 

decreases, leading to decreased use of the cell’s tremendous number of ribosomes206. The protein 

also undergoes a few different post-translational modifications, the most extensive of which is 

phosphorylation207. Phosphorylation at multiple sites of the N-terminus occurs at specific points 

during the cell cycle and is thought to regulate the function of nucleolin208. For instance, it is 

suggested that during mitosis phosphorylated nucleolin interacts with histone H1 to condense 

certain regions of DNA, which is a phosphorylation dependent process208.  

 An intriguing characteristic of nucleolin involves its various interactions with other 

proteins, DNA, and RNA to carry out multiple functions194,196,209. One of the best-studied 
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functions of nucleolin is its role in ribosome biogenesis. As the protein binds tightly to 

chromatin210,211, nucleolin may aid in the transitioning of rDNA from heterochromatin to 

euchromatin to allow transcription by RNA Pol I, resulting in high levels of pre-rRNA212,213. 

Nucleolin has also been shown to associate to a six nucleotide motif, the nucleolin recognition 

element (NRE), in the 5’ External Transcribed Spacer (ETS) of nascent pre-rRNA202, which is 

part of a stem-loop structure. The NRE sequence (U/G)CCCG(A/G) is in the loop region of the 

stem-loop RNA202,214. An NMR structure of hamster nucleolin RBD’s 1 and 2 with this pre-

rRNA NRE shows that nucleolin functions as a chaperone protein, bringing both ends of the 

stem-loop together and stabilizing the structure215-217. Additionally, the acidic N-terminus of the 

protein has been shown to interact with the pre-rRNA processing complex as well as with Pol I 

during rRNA transcription218. As nucleolin has nucleocytoplasmic transport properties, the 

protein aids in transporting ribosomal subunits219,220.  In addition, nucleolin has been confirmed 

to have DNA helicase activity, suggesting the protein participates in events such as DNA 

replication and transcription221-223. Mammalian nucleolin interacts with certain transcription 

factors and other nuclear elements, implying it helps regulate RNA polymerase II transcription of 

genes194,224,225. The protein also acts as a histone chaperone, aiding in the reassembly of 

chromatin structure by SWItch/Sucrose Non Fermentable (SWI/SNF) and APT-dependent 

chromatin-assembly factor (ACF), further corroborating the role of nucleolin in transcription 

regulation226.  

 

3.1.2  Nucleolin Specifically Recognizes the c-Myc G-Quadruplex and Functions as a 

Repressor of c-Myc 
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 Nucleolin binds to the G-quadruplex formed in the promoter region of the c-myc gene to 

downregulate transcription, functioning as a repressor for c-Myc expression126,127. Recently, the 

protein has been observed to bind another promoter region G-quadruplex structure in the human 

vascular endothelial growth factor (vegf) gene227. Thus, nucleolin recognizes quadruplex 

structures, though it binds with the highest affinity to the c-Myc Pu27 quadruplex over other 

quadruplexes including the VEGF structure126. This implies that the protein must recognize some 

unique structural element of the G-quadruplex.  

 Nucleolin was first identified as a G-quadruplex binding protein by a pull-down 

experiment using HeLa cell nuclear extract and the region of DNA upstream of the c-myc P1 

promoter including the Myc Pu27 segment126. Both the native nucleolin protein purified from 

HeLa cell nuclear extract and a recombinantly expressed maltose binding protein (MBP)-tagged 

nucleolin consisting of the four RBDs and the C-terminal RGG domain and without the N-

terminus domain bound the c-Myc Pu27 sequence with similar affinity, and it was found that a 

monomeric unit of protein interacted with a single G-quadruplex molecule126. Through DMS 

footprinting it was determined that nucleolin directly binds the G-quadruplex forming NHE III1 

region and not areas flanking the quadruplex126. In addition, nucleolin binds the c-Myc G-

quadruplex with higher affinity than its best characterized substrate the NRE-RNA, indicating 

interactions with the quadruplex are specific. As determined by EMSA experiments, 150 nM of 

nucleolin binds 50% of the G-quadruplex forming region of DNA, while only 4% of the NRE 

RNA is bound126. Interactions between nucleolin and the C-rich strand of the c-Myc NHE III1 are 

weak, though nucleolin binds both the G-rich single strand and the pre-formed G-quadruplex 

structure126. In fact, upon binding to the G-rich strand nucleolin induces quadruplex formation, as 

shown by a shift from the maxima of the single-stranded conformation at 258 nm to 262 nm for 
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the parallel G-quadruplex in CD experiments126. Nucleolin also binds preferentially to parallel 

G-quadruplexes, though it does show weak interactions with the BCL-2 and telomeric 

quadruplex structures126. Importantly, nucleolin was shown to bind directly to the c-myc 

promoter in vivo using the chromatin immunoprecipitation (ChIP) assay, establishing the protein 

as a G-quadruplex binder126. What may have been of most significance was the ability of 

nucleolin to repress gene expression by repressing the c-myc promoter. In luciferase assays using 

MCF10-A cells cotransfected with the luciferase reporter plasmid and the nucleolin protein 

expression plasmid, nucleolin was able to downregulate luciferase expression in a concentration 

dependent manner126. This was apparently achieved by stabilizing G-quadruplexes in the 

promoter region, which have been shown to be a major repressor element in the c-myc gene.  

 Studies using truncation mutants of nucleolin showed that the C-terminal domains of 

nucleolin including RBDs 3, 4 and the RGG domain are responsible for interacting with the c-

Myc G-quadruplex127. However, the 42.5 kDa MBP-tag on the recombinantly expressed proteins 

may have disrupted certain protein-DNA interactions through steric hindrance and additionally, 

the positively charged RGG domain has been shown to interact nonspecifically with nucleic 

acids228. 

 

3.1.3  A G-Rich Oligonucleotide AS1411 Sequesters Nucleolin and A G-Quadruplex Targeting 

Therapeutic Modulates the Activity of Nucleolin 

 
 Nucleolin has been implicated in the mechanisms of action of several potential G-

quadruplex targeting drugs for the treatment of human cancers. This is indicative that one of 

nucleolin’s major roles could be the binding and stabilization of these unique structures. The 

aptamer AS1411 is a first-in-class G-quadruplex forming 26-mer oligodeoxynucleotide 5’-
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d(GGTGGTGGTGGTTGTGGTGGTGGTGG), or G-rich oligonucleotide (GRO), that binds to 

nucleolin229-233. The sequestration of nucleolin by AS1411 halts cancer cell proliferation by 

inhibiting nucleolin’s natural functions229. Several models for the mechanism of action of this 

drug have been proposed. One possible model is that AS1411 is uptaken by cell surface 

nucleolin229,234, which is abundant on the outer membrane of certain types of cancer cells and 

angiogenic cells189,235. A more recent model proposes that nucleolin is not a receptor for AS1411 

for cellular entry, but that nucleolin stimulates macropinocytosis of AS1411 into the cell236. 

Upon entry of the GRO into the cell, DNA replication is inhibited, and the cell cycle is halted at 

S-phase230. Researchers have also shown that AS1411 upregulates transcription levels of certain 

genes that are regulated by protein arginine methyltransferase 5 (PRMT5), a protein that 

methylates histone arginine residues to repress transcription of genes237. Data has shown that 

nucleolin may be a substrate of PRMT5, and the AS1411-induced relocalization of the PRMT5-

nucleolin complex from the nucleus to the cytoplasm enhances expression of genes such as 

tumor suppressor ST7, since there is less chromatin-associated PRMT5 in the cell237. These 

aptamers are especially promising as anti-cancer therapeutics as they show specificity for cancer 

cells, most likely due to a nucleolin-dependent mechanism of entry236.  

 The drug Quarfloxin (CX-3543) is a G-quadruplex interacting drug that is a 

fluoroquinolone derivative developed from telomeric G-quadruplex-interactive compounds238. 

These drugs were originally derived from flouroquinolone antibiotics that bind duplex DNA239. 

Quarfloxin shows high specificity for G-quadruplexes over duplex DNA and concentrates 

rapidly in the nucleolus upon entering the cell as observed by fluorescence microscopy118,240. 

After entry of Quarfloxin into the nucleolus, nucleolin is displaced from the nucleolus into the 

nucleoplasm, an effect specific to nucleolin since no other nucleolar proteins seem to be 
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affected240. The redistribution of nucleolin is due to the disruption of nucleolin bound to G-

quadruplexes in the nontemplate strand of ribosomal DNA (rDNA); it has been shown that 

Quarfloxin can knock nucleolin off of thirteen out of the fourteen quadruplexes formed in 

rDNA240. The interference of this protein/G-quadruplex complex then inhibits rRNA synthesis 

by hindering Pol I elongation during transcription, most likely by inhibiting selectivity factor 1 

(SL1)241.  

 Following the redistribution of nucleolin into the nucleoplasm, cancer cells undergo 

apoptosis. This is likely due to stabilization of p53 by p53-nucleolin complex formation or from 

inhibition of p53 ubiquitination due to formation of Hdm2-nucleolin complex formation242. 

Another possibility is that nucleolin sequesters human replication protein A as nucleolin is 

relocalized, arresting DNA replication243. Because nucleolin is a transcriptional repressor of c-

Myc it was expected that c-myc mRNA levels would decrease as the protein is shuttled out of the 

nucleolus and is able to bind to the c-Myc NHE III1. In A540 (human lung cancer) cells, 

Quarfloxin did not result in a decrease of c-myc gene expression, though measurements were 

taken only 2 hours after drug treatment240. However, in another study Quarfloxin decreased c-

Myc mRNA levels by 85% in mouse colorectal tumors, and also inhibited prostate and 

pancreatic tumor growth. 

 Though AS1411 and Quarfloxin were both withdrawn from Phase II clinical trials due to 

lack of advantageous anti-cancer properties compared to existing anti-cancer therapeutics or due 

to poor bioavailability, they are proof-of-concepts that G-quadruplexes are a novel category of 

drug targets244. Additionally, interactions between nucleolin and G-quadruplexes may be 

exploited as the protein-DNA complex has major implications in quadruplex biology and 

potential drug pathways. Still, the atomic-level interactions between nucleolin and G-
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quadruplexes have not been investigated and little is known about how the protein recognizes 

and binds these globular nucleic acid structures. Therefore, detailed studies probing nucleolin G-

quadruplex interactions are necessary to advance the field.  

 

3.2  Materials and Methods 
 
3.2.1  Cloning Nucleolin Truncation Mutants into Suitable Expression Vectors 
 
 The plasmid pMal-Nuc-1234-RGG (New England Biolabs) was generously donated by 

the lab of Professor Laurence Hurley and comprises of residues 281 to 709 of human nucleolin, 

corresponding to of part of the N-terminus of the protein, the four RBDs of nucleolin, and the C-

terminal RGG domain. Primers were ordered from Integrated DNA Technologies for PCR 

reactions to amplify regions of the gene coding for the subdomains Nuc-1234-RGG, Nuc-1234, 

Nuc-123, Nuc-234, Nuc-12, Nuc-23, Nuc-34, and Nuc-34RGG (Table 3.1, Figure 3.1 A, B), 

where the RBDs are identified by number and the C-terminus is referred to as RGG (Figure 3.1 

A, B). PCR amplification primers include sequences for recognition of restriction endonucleases 

(please refer to Table 3.1 for restriction digestion sequences and correlating endonucleases). The 

amplified PCR products were isolated on a 1% agarose gel and the DNA was subsequently 

recovered using a gel extraction kit (Qiagen). An A-tailing reaction on the blunt end of the PCR 

amplified fragment was completed using Taq Polymerase (New England Biolabs), and the 

product was ligated into the pGEM T-Easy Vector (Promega) with T4 DNA Ligase (New 

England Biolabs) following the manufacturer’s protocol. The constructed pGEM vectors with the 

nucleolin subdomains inserted were then transformed into electrocompetent XL1-Blue cells 

(Novagen) and the cells were shaken at 225 rpm for 1 hr at 37 °C in SOC media. The 

transformed cells were plated on LB agar plates with 80 µg/mL XGal, 0.1 mg/mL Ampicillin, 
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and 0.1 mM IPTG and incubated overnight at 37 °C.  The desired white colonies on the plate, 

due to disruption of the β-galactosidase gene, were used to inoculate 5 mL LB cultures with 0.1 

mg/mL ampicillin. Cultures were allowed to shake at 225 rpm for 12-16 hrs at 37 °C. Amplified 

plasmids were obtained using a plasmid miniprep kit (Qiagen) and stored at – 20 °C. Double-

digests of the nucleolin subdomains out of the pGEM plasmid were completed using restriction 

endonucleases (New England Biolabs) based on cut sites introduced from the primers (please 

refer to the sequences in Table 3.1) following the manufacturer’s recommended protocol. The 

genes of the nucleolin subdomains were then isolated on a 1% agarose gel and extracted in the 

same manner as described above. The gene products were then ligated into the pET28a(+) 

plasmid (Novagen) for expression of the N-terminal His6-tagged protein using complementary 

restriction sites (Table 3.1) and transformed into XL1-Blue cells as described above. Plating and 

cultures were as described except that 34 µg/mL of kanamycin was used instead of ampicillin 

due to inclusion of this resistance marker on pET28a(+). Multiple colonies were selected and the 

pure plasmid was obtained as described. To confirm the sequence of the construct, the vector 

was sent to the University of Michigan sequencing facility. This protocol was repeated for all 

nucleolin subdomain constructs. From here on, nucleolin will refer to the truncation mutants 

prepared, which do not include the N-terminus domain. 

 

3.2.2  Recombinant Expression of Nucleolin Truncation Mutants 

 For growth experiments of the eight nucleolin truncation mutants, the plasmids were 

transformed into electrocompetent Escherichia coli BL21(DE3) (Novagen), BL21(DE3)pLysS 

(Promega), and chemically competent HMS-174 (Novagen) cells as described above.  
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Figure 3.1 (A) Schematic of Nuc-1234-RGG protein using the amino acid numbering system of 
the Nuc-1234-RGG nucleolin construct. Nuc-1234-RGG starts with the first residue of RBD 1 
and ends with the last residue of the C-terminal RGG domain. The N-terminal domain of 
nucleolin is excluded from the deletion mutant. The RBDs and RGG domain are color-coded and 
the flexible linker regions connecting the domains are in white. (B) The amino acid sequence of 
Nuc-1234-RGG color coded by each RBD and the RGG domain. An asterisk marks the stop 
codon.  
 
 

1 77 88 159 181 253 266 341343 405

RBD1 RBD2 RBD3 RBD4 RGG

FNLFVGNLNFNKSAPELKTGISDVFAKNDLAVVDVRIGMTRKFGYVDFESAEDLEKALELTGLKV
FGNEIKLEKPKGKDSKKERDARTLLAKNLPYKVTQDELKEVFEDAAEIRLVSKDGKSKGIAYIEF
KTEADAEKTFEEKQGTEIDGRSISLYYTGEKGQNQDYRGGKNSTWSGESKTLVLSNLSYSATEET
LQEVFEKATFIKVPQNQNGKSKGYAFIEFASFEDAKEALNSCNKREIEGRAIRLELQGPRGSPNA
RSQPSKTLFVKGLSEDTTEETLKESFDGSVRARIVTDRETGSSKGFGFVDFNSEEDAKAAKEAME
DGEIDGNKVTLDWAKPKGEGGFGGRGGGRGGFGGRGGGRGGRGGFGGRGRGGFGGRGGFRGGRGG
GGDHKPQGKKTKFE*

A

B
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BL21(DE3), BL21(DE3)pLysS, and HMS-174 cells were plated on LB agar plates with 34 µg/L 

kanamycin.Single colonies were selected to inoculate 100 mL LB cultures, which were allowed 

to incubate for 14 hrs at 37 °C while agitating at 225 rpm. Antibiotics were as described for the 

LB agar plates. 100 mL LB cultures were inoculated with the overnight cultures so that the 

optical density at 600 nm (OD600) was 0.05 at the start of growth. Cultures were allowed to 

incubate at 37 °C while agitating at 225 rpm. Cells were induced with 0.1 mM of isopropyl β-D-

1-thiogalactopyranoside (IPTG) once the OD600 reached 0.6. One mL aliquots were taken before 

induction and at 1, 2, 4, 6, 8, and 16 hrs after induction and were centrifuged to pellet the cells. 

After sonicating the cell pellets, whole cell lysate and the soluble lysate was run on 15% SDS-

PAGE gels to detect the protein of interest. As needed, growth conditions such as temperature 

were adjusted until overexpression of protein was observed.  

 Most of the biochemical and structural studies were focused on the Nuc-1234 and Nuc-

123 truncation mutants. For Nuc-1234 and Nuc-123 protein expression, 1 L LB cultures with 34 

µg/mL kanamycin antibiotic were inoculated with overnight starter cultures to an OD600 of 0.05. 

Cultures were incubated at 37 °C while shaking at 225 rpm until the OD600 reached 

approximately 0.6 to 0.7. Cells were induced with 0.1 mM IPTG and harvested 4 hrs after 

induction. Past 4 hrs of expression, both Nuc-123 and Nuc-1234 form inclusion bodies as 

observed by SDS PAGE gels of soluble and insoluble lysate of growth experiment time points. 

Conditions for expression of all eight nucleolin truncation mutants are as described in Table 3.2.  
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Domains Expressed Expression Cell 
Line 

Growth 
Temperature (°C) 

Growth Duration 
After Induction (hr) 

Nuc-1234-RGG BL21(DE3) 37 8 
Nuc-1234 BL21(DE3) 37 4 
Nuc-123 BL21(DE3) 37 4 
Nuc-234 BL21(DE3)pLysS 37 16 
Nuc-12 BL21(DE3) 37 6 
Nuc-23 BL21(DE3)pLysS 37 6 
Nuc-34 HMS-174 37 16 

Nuc-34-RGG HMS-174 37 8 
!
Table 3.2 Conditions for expression of the eight nucleolin truncation mutants. Shaking speed 
was 225 rpm for all proteins expressed. 
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 15N-labeled Nuc-123 and Nuc-1234 were expressed in M9 minimal media with 15N-

labeled ammonium chloride (Cambridge Isotope Laboratories) using the standard protocol 

described in Molecular Cloning, A Laboratory Manual (Third Edition)245. Additional vitamins 

and micronutrients were added to the M9 media to the final concentrations/amounts indicated: 

0.1 µM iron sulfate, 3 µM sodium molybdate, 0.3 µM cobalt chloride, 0.4 mM boric acid, 0.8 

µM manganese chloride, 0.1 µM zinc sulfate, 0.1 µM cupric chloride, and 0.5 mg/L each of 

choline chloride, folic acid, nicotinamide, pantothenic acid pyridoxal!HCl, and lastly 50 µg/L of 

riboflavin. One-hundred mL M9 cultures incubated at 37 °C for 14 to 16 hrs while agitating at 

200 rpm were used to inoculate M9 cultures containing 15N-labeled ammonium chloride for the 

expression of protein for 15N-1H HSQC experiments. The overnight starter M9 cultures only 

contained 14N ammonium chloride, and approximately 33 to 35 mL were needed to inoculate 1 L 

of isotopically labeled M9 media to an OD600 of 0.05. Growth conditions for 15N-labeled Nuc-

123 and Nuc-1234 were the same as ones used for LB media. (Please refer to Table 3.1).  

 Cells were harvested by centrifugation at 5000 X g for 30 min at 4 °C. Cell pellets were 

retained and flash-frozen using liquid nitrogen, and stored at -80 °C. 

 

3.2.3  Nucleolin Truncation Mutant Purification 
 
 Cell paste was resuspended in 20 mM Tris!HCl pH 7.4, 50 mM imidazole, 1 mM DTT, 1 

mM phenylmethanesulfonyl fluoride (PMSF) and lysed using a Branson Digital Sonicator at 

50% amplitude with intermittent pulsing of 45 sec on/ 15 sec off for a total of 13 minutes, while 

stirring on ice. The cell lysate was centrifuged at 18,000×g to separate the insoluble debris from 

the soluble lysate. The soluble lysate was loaded onto a Ni2+ or Co2+ charged 5 mL HisTrap HP 

column (GE Healthcare) pre-equilibrated in lysis buffer without PMSF, and eluted with a 
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gradient to 20 mM Tris!HCl (pH 7.4), 0.5 M imidazole, and 1 mM DTT. Purifications were 

completed using an ÄKTA-FPLC at 4 °C. Subsequently, the fractions were analyzed for the 

presence of nucleolin subdomains by 15% SDS-PAGE gels and pooled, concentrated, and 

desalted using spin concentrator columns (Vivaproducts Inc.) at 4,000 rpm by repeated additions 

of 20 mM potassium phosphate (pH 7.4), 70 mM NaCl, 1 mM dithiothreitol (DTT) until the 

concentration of NaCl was less than 80 mM NaCl, followed by concentration of the protein 

solution. The desalted protein solution was then run over a 20 mL Q Sepharose FF column (GE 

Healthcare) pre-equilibrated in the above buffer, and eluted using a gradient to 20 mM potassium 

phosphate (pH 7.4), 2 M NaCl, 1 mM DTT. This step also removed any contaminating nucleic 

acids, which are eluted from the column at a higher concentration of salt than the proteins of 

interest. Fractions were again analyzed by 15% SDS-PAGE gel, pooled, and subjected to another 

concentrating and desalting step as described above using 20 mM potassium phosphate (pH 7.0), 

70 mM NaCl, 1 mM DTT. The concentrated protein was then purified on a 5 mL Heparin HP 

column (GE Healthcare) pre-equilibrated with the concentration buffer above with a gradient 

elution to 20 mM potassium phosphate (pH 7.0), 1 M NaCl, 1 mM DTT. Again, nucleolin was 

identified in fractions by a 15% SDS-PAGE gel, pooled and desalted, and concentrated as 

described below.  

 Samples prepared for NMR experiments and ultraviolet cross-linking/mass spectrometry 

experiments were subject to a final polishing step with a 1 mL Mono Q column (Amersham 

Pharmacia Inc). Protein was desalted, concentrated, and purified using the Mono Q column in 

the same manner as for the Heparin HP purification step.  
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3.2.4  Nucleolin Truncation Mutant Sample Preparation  
 

Protein samples used for biochemical experiments were concentrated in 20 mM Tris!HCl 

(pH 7.4), 100-200 mM KCl, 1 mM DTT to concentrations ranging from 1.0 to 2.5 mM. Protein 

for NMR experiments were concentrated in 20 mM potassium phosphate (pH 6.0-6.2), 200-300 

mM KCl, 1 mM deuterated DTT (DTT-d6) to a concentration of 0.5 to 1.0 mM. All buffer 

exchanges and concentrating steps were completed using spin concentrator columns 

(Vivaproducts Inc.) at a speed of 2500× g. Proteins were quantified using the Bradford Protein 

Assay (Bio-Rad Laboratories) using bovine serum albumin (Thermo Scientific) as a standard and 

compared with the concentration determined from the absorbance of the protein at 280 nm using 

a calculated extinction coefficient (ε280). The extinction coefficients used are as followed:  

Nuc-1234-RGG = 22920 M-1cm-1; Nuc-1234 = 22920 M-1cm-1; Nuc-123 = 17420 M-1cm-1; Nuc-

234 = 21430 M-1cm-1; Nuc-12 = 7450 M-1cm-1; Nuc-34 = 8480 M-1cm-1; Nuc-34-RGG = 8480 

M-1cm-1. 

 
3.2.5  G-Quadruplex Oligonucleotide Sample Preparation 
 
 All DNA samples were synthesized and purified as described above in section 2.5.1. 

After dissolving the lyophilized samples, but before annealing, the DNA samples were quantified 

by UV/Vis spectroscopy using the calculated extinction coefficient of the DNA sequences at 260 

nm (ε260). The estimated extinction coefficients for the most commonly used DNA sequences in 

this study are as followed: Myc Pu27 = 279900 M-1cm-1; Myc-1423 = 228700 M-1cm-1; Myc-

1423T = 244200 M-1cm-1; Myc-1245 = 253000 M-1cm-1; Myc-1245T = 268500 M-1cm-1. The c-

Myc G-quadruplex oligonucleotides require annealing in 100 mM KCl at 95 °C for homogenous 

structure formation. Both nonannealed samples and samples heated in less than 80 mM KCl 

result in multimer formation or disordered, heterogeneous conformations. DNA samples used for 
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biochemical experiments were prepared in 20 mM Tris!HCl (pH 7.0-7.4), 100 mM KCl, and 

samples used for NMR spectroscopy were prepared in 20 mM potassium phosphate (pH 7.0), 

100 mM KCl.  

 A note clarifying c-Myc G-quadruplex DNA nomenclature: Myc-1234, Myc-2345, and 

Myc-1245 are named for the G-tracts used for G-quadruplex tetrad formation. For instance, the 

tetrad planes of the Myc-1245 G-quadruplex are formed by G-tracts I, II, IV, and V from the full 

length NHE III1 Myc Pu27 sequence. However, the loop isomers Myc-1423, Myc-1120, Myc-

1420, and Myc-1123 formed in the Myc-2345 sequence are named for the mutations that restrict 

the G-quadruplex formation. For example, using the Myc Pu27 numbering system G14 and G23 

can be mutated to T bases to lock in the specific Myc-1423 fold. Likewise, G11 and G20 can be 

mutated to Ts to lock in the Myc-1120 G-quadruplex fold.  

 

3.2.6  Electrophoretic Mobility Shift Assays 
 
 The G-quadruplex forming DNA sequences, which were lyophilized for storage 

following synthesis and purification, were resuspended in 20 mM Tris!HCl (pH 7.4), 100 mM 

KCl, pH 7.4 and diluted to a concentration of 10 µM. The sequences were 5’-end labeled using 

T4 polynucleotide kinase (New England Biolabs) and [ -32P] dATP (Perkin-Elmer). Excess [ -

32P] dATP was removed using Micro Bio-Spin 6 desalting columns (BioRad). The DNA was 

further diluted to a concentration of 1 µM in 20 mM Tris!HCl (pH 7.4), 100 mM KCl, annealed 

by heating at 95 °C for 5 min and cooling to room temperature. Following annealing, the 32P-

labeled DNA was further diluted in the above buffer so that 1 µL of DNA solution contains 

25,000 cpm. Counts of radiation were measured by Geiger counter.  
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 For binding reactions, appropriate concentrations of protein were added to 25,000 cpm of 

G-quadruplex 32P-DNA and binding reactions between the protein and DNA were allowed to 

occur for 60 min at room temperature. The binding buffer for forming the nucleolin subdomains 

and G-quadruplex consisted of 20 mM Tris!HCl (pH 7.4), 150-200 mM KCl, 50 ng/uL poly(dI-

dC), 2 mM EDTA, 0.15 mg/mL BSA, and 1 mM DTT in a total volume of 5 uL. The 4% 

nondenaturing polyacrylamide gels were 1.5 mm thick and 17 x 15 cm and contained 0.5 x TBE 

buffer. Gels were pre-run at 30 V at room temperature. Prior to loading the samples, 0.5 uL of 

50% glycerol was added to each binding reaction. The complexes were resolved by running the 

gel at 110 V and 8 mA for 1 hr at 4 °C in 0.5 x TBE running buffer. The gels were subsequently 

dried on a gel dryer (Bio-Rad Model 583, Bio-Rad) and incubated in an exposure cassette for 48 

hrs before imaging on a PhosphorImager (Storm 820, GE Healthcare). Using ImageJ, the shifted 

complex bands and the unbound DNA bands were quantified. Subtraction of the background of 

the gel image from the complex and unbound DNA bands normalized the quantified bands. KD 

values, defined as the concentration of protein where 50% of the DNA is bound, were calculated 

using the equation: Fraction Bound = (Protein total × KD) ⁄ [1 + (Protein total × KD)]. 

 Competition EMSA experiments were also completed to qualitatively define the relative 

affinity of the Nucleolin RBDs (Nuc-1234) for certain c-Myc G-quadruplex structures over 

others. 1 µL aliquots of the 32P-labeled G-quadruplex forming sequence at 25,000 cmp were 

incubated overnight at 4 °C with 1000 nM of the Nuc-1234 protein. The binding buffer for the 

competition experiment is as described above for the standard EMSA experiments. The long 

incubation period was chosen to ensure maximum binding of Nuc-1234 to the sequence of 

choice. Non-labeled (cold) G-quadruplex forming sequences, differing from the 32P-labeled G-

quadruplex already complexed with the protein, was added to the binding reaction at 100 × 
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excess (100 nM) concentration compared to the 32P-labeled DNA. Competition with the cold 

DNA was allowed to occur for 60 min at room temperature. Prior to loading the samples, 0.5 µL 

of 50% glycerol was added to each reaction. The gel was run, dried, and imaged as described for 

the standard EMSA experiment.  

 

3.2.7  Size Exclusion Experiments for Determination of Quaternary Structure 
 
 To determine the quaternary structure of the nucleolin/c-Myc G-quadruplex complex, the 

Nuc-1234/Myc-1423 complex was subjected to a pre-equilibrated S200 column (GE Healthcare). 

The protein and G-quadruplex DNA were allowed to bind at room temperature for 1 hr before 

loading onto the column. For complex formation 70 nmol of protein and 77 nmol of DNA was 

used for a 1.1 DNA : 1.0 protein ratio in a total of 500 µL. The running buffer used was 20 mM 

Tris!HCl (pH 7.4), 200 mM KCl, 1 mM DTT, and the column was run at a flow rate of 0.50 

mL/min. The molecular weight standards {thyroglobulin (670. kDa), γ-globulin (158 kDa), 

ovalbumin (44.0 kDa), myoglobin (17.0 kDa) and Vitamin B12 (1.35 kDa)} (BioRad) were 

dissolved in 500 µL double-distilled H2O before loading onto the column. For controls, 70 nmol 

of the unbound protein Nuc-1234 and 77 nmol of the G-quadruplex Myc1423 were subjected to 

the pre-equilibrated S200 column. The elution spectrum of the unbound protein, unbound DNA, 

the protein:DNA complex, and molecular weight standards were overlaid for comparison. The 

molecular weights were determined by comparison of the retention factors of the molecular 

weight standards to the retention factors of the protein, DNA, and complex. 
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3.2.8  Nucleolin Truncation Mutant and c-Myc G-Quadruplex Complex Preparation for NMR 
 

For optimization of conditions for NMR experiments, 20 mM potassium phosphate (pH 

6.0 to 6.2) buffers containing varying amounts of KCl and 1 mM DTT-d6 were used for complex 

formation and subsequent spectroscopy experiments. An appropriate volume of 15N-labeled or 

non-labeled Nuc-1234 or Nuc-123 at concentrations ranging from 0.3 to 2.5 mM in 20 mM 

potassium phosphate (pH 6.2), 200-300 mM KCl, 1 mM DTT-d6 was diluted in buffer and an 

appropriate volume of c-Myc G-quadruplex DNA at concentrations ranging from 0.3 to 3.0 mM 

in 20 mM potassium phosphate (pH 7.0), 100 mM KCl was added. Alternatively, protein was 

titrated into the DNA solution in the same manner. For optimization purposes, many of the NMR 

samples were prepared at less than the optimal ~ 1 mM concentration required for biomolecular 

NMR. A variety of nucleolin/c-Myc G-quadruplex complexes were prepared at a 0.25 to 0.9 mM 

concentration for preliminary experiments. D2O was added to NMR buffer and then added to the 

NMR samples to avoid localized precipitation in areas depleted of salt. The final composition of 

the NMR samples is 10% D2O/ 90% H2O. 

For removal of salt from the samples, the complexes were prepared first, and then diluted 

in 20 mM potassium phosphate (pH 6.2), 25-50 mM KCl, 1 mM DTT-d6, and subsequently 

reconcentrated using 0.5 mL YM-10 centrifugal filter (Millipore) at 6000 rpm at 4 °C. This 

process was repeated until the KCl concentration was as desired.  

 
3.2.9  Nuclear Magnetic Resonance Spectroscopy Experiments 
 

NMR experiments were run on a Bruker DRX-600 MHz spectrometer. For the 15N-

labeled protein samples, 2D 1H-15N heteronuclear single-quantum coherence (HSQC) spectra 

were run at 15 °C,  25 °C, and 35 °C with 2048 complex points in t2 and 512 complex points in 

t1. The spectral width for F2 (1H) and F1 (15N) were 20 ppm and 40 ppm. Jump-return and 
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Watergate schemes were used to suppress H2O solvent. All spectra were processed using 

Topspin (Bruker Corporation) and analyzed with Sparky (UCSF).  

 
3.2.10  Circular Dichroism Experiments 
 
 To confirm that the c-Myc G-quadruplex maintained its parallel fold upon protein 

binding, circular dichroism (CD) was used to monitor the DNA spectrum protein was titrated 

into the sample. The G-quadruplex forming DNA sequences were dissolved in 10 mM potassium 

phosphate (pH 7.0), 100 mM KCl, to a concentration of 25 µM, annealed at 95 °C and cooled to 

room temperature gradually. CD spectra were taken on a Jasco-810 spectropolarimeter (Jasco 

Inc.) over the range of 230 to 350 nm with a scanning speed of 100 nm/min in a 1 mm path 

length quartz cuvette. Concentrated Nuc-123 or Nuc-1234 in 20 mM potassium phosphate (pH 

6.0), 250 mM KCl, and 1 mM DTT was titrated into the DNA at 0.25, 0.50, 0.75, and 1.0 molar 

equivalences to allow minimal dilution of the sample. The binding reaction was allowed to occur 

for 15 min at room temperature after each addition of protein before scanning. To correct the 

baseline, buffer and/or protein was subtracted from the spectra.  

 

3.2.11 Ultraviolet Cross-linking of Nucleolin Subdomains to the c-Myc G-quadruplex 

 
 Nuc-1234 and Myc-1423 substituted with 5’-Bromodeoxyuridine (BrdU) at the loop T7, 

T11, or T16 positions (using the numbering system for the Myc-1423 sequence) were subject to 

UV crosslinking experiments to covalently link the Myc-1423 G-quadruplex to the protein. This 

is an efficient way to detect Nuc-1234 residues that make contacts with the unique loop regions 

of Myc-1423. The 5’-bromodeoxyuridine phosphoramidites were purchased from Glen 

Research. Synthesis and processing of the oligonucleotides were completed in semi-darkness to 
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prevent degradation of the halogenated base. All three mutated sequences were annealed in 20 

mM Tris HCl (pH 7.4), 100 mM KCl and allowed to cool gradually to room temperature.   

 Nuc-1234 (in 20 mM Tris!HCl [pH 7.4], 200 mM KCl, and 1 mM DTT) was combined 

with BrdU substituted Myc-1423 (in 20 mM Tris!HCl [pH 7.4], 100 mM KCl) and buffer (20 

mM Tris!HCl pH 7.4, 200 mM KCl, 1 mM DTT) for a total reaction volume of 1 mL. The final 

quantity of protein in the binding reactions was 40 nmol (40 µM concentration) and the final 

quantity of DNA was 45 nmol (45 µM concentration). Nuc-1234 and Myc-1423-T/BrdU were 

allowed to bind for 30 min at room temperature before irradiation with a UV laser at 308 nm, 10 

Hz pulse, 10 mJ pulse-1 cm-1 for 8 min. Using 15% SDS PAGE gels, the crosslinked species was 

detected at 47.1 kDa compared to the free protein at 40.1 kDa. Samples that were not analyzed 

immediately were lyophilized and stored at -20 °C. 

 To separate the covalently crosslinked complex from the unbound Nuc-1234 and Myc-

1423 T/BrdU, the sample was redissolved/diluted in 1.5 mL of water and subject to a pre-

equilibrated 1 mL Mono Q column (Amersham Pharmacia Biotech) using 20 mM Tris!HCl (pH 

7.4), 70 mM KCl, 1 mM DTT and eluted with a gradient to 20 mM Tris!HCl (pH 7.4), 2.0 M 

KCl, 1 mM DTT.  

 Eluted fractions containing the cross-linked complex were pooled and prepared for 

digestion with Proteinase K (Thermo Fisher Scientific). The digestion reaction consisted of 2 M 

urea, 4.5 mM CaCl2, and 0.75 mg/mL Proteinase K and proceeded for 1 hr at 50 °C. The mixture 

was then diluted in water until the concentration of KCl was reduced to approximately 100 mM 

KCl in preparation for purifying the digested G-quadruplex/Nuc-1234 peptide complex using the 

Mono Q column as described above. Fractions containing sample were retained for further 

analysis.  
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 The samples were subject to UV/Vis spectroscopy.  The ratio of the absorbances at 260 

nm vs. 280 nm was utilized to determine if the fractions eluted from the Mono Q were indeed 

DNA bound to digested peptide fragments. The samples were then lyophilized and sequenced by 

Edman degradation (Molecular Structure Facility, University of California, Davis).  

 
 
3.3  Results: Optimization of Nucleolin Expression, Purification, and Binding 

Conditions for Complex Formation with the c-Myc G-Quadruplex  

 Previous studies with nucleolin and the c-Myc G-Quadruplex were completed with 

nucleolin truncation mutants fused to maltose binding protein (MBP), a 40 kDa purification 

tag126. Although the MPB-tagged nucleolin showed binding activity to Myc Pu27, the bulky tag 

could hinder certain interactions between nucleolin and the quadruplex structure, especially since 

the nucleolin truncation mutants prepared range from only 19.9 kDa to 46.0 kDa and the c-Myc 

G-quadruplex sequences are only 5.7 to 9.9 kDa.  Additionally, MBP is unsuitable for NMR and 

other structural studies due to its size.  

 The nucleolin truncation mutants Nuc-1234-RGG, Nuc-1234, Nuc-123, Nuc-234, Nuc-

12, Nuc-23, Nuc-34, and Nuc-34-RGG could be recombinantly expressed in E. coli protein over-

expression strains. All of the truncation mutants of nucleolin were expressed with an N-terminus 

His6-tag since this 20 residue 2.2 kDa purification tag is relatively small, and rarely interferes 

with protein activity. It is also unlikely, though not impossible, that this tag would interfere with 

structural studies. In fact, there are over 100 structures of His6-tagged proteins deposited in the 

PDB246.  

 Approximate representative concentrations of the nucleolin truncation mutants obtained 

after purification were 0.2 µmol Nuc-1234-RGG/ 1 L LB media, 0.3 µmol of Nuc-1234/ 1 L, and 
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0.3 µmol Nuc-123/ 1 L. After purification of Nuc-12, Nuc-34, and Nuc-34-RGG, 1 L of culture 

yielded from 0.05 to 0.2 µmol of each of these subdomains. Nuc-234 was especially difficult to 

express and purify in appreciable yields with only approximately 5-10 nmol of protein obtained 

from 1 L culture. A problem encountered with the Nuc-1234-RGG purification was nucleic acid 

contamination from the E. coli expression system, which was unable be completely removed 

from the protein by dialysis or by using an anion exchange chromatography column. For the 

remainder of the protein constructs, nucleic acid contaminants were successfully removed using 

an anion exchange column during the purification process.  

 Extra efforts were taken to optimize the expression and purification of Nuc-1234 and 

Nuc-123 for binding studies and in preparation for structural studies prior to expressing 15N-

labeled protein. During preliminary growth experiments it was found for both nucleolin 

subdomains that growth past 4 hrs after induction led to formation of inclusion bodies, so protein 

expression was limited to 3 to 4 hrs in rich media. Additionally, during purification of both these 

nucleolin truncation mutants steps requiring exchange of high ionic strength buffer to low ionic 

strength buffer must be completed gradually, but immediately before starting the next 

chromatography column. For instance, step-wise dialysis from a buffer containing 0.5 M NaCl to 

a buffer containing 70 mM NaCl results in loss of protein due to formation of aggregates. 

However, repeated dilution and reconcentration of the protein using a spin-desalting column 

reduces ionic strength while preserving the integrity of the protein. This indicates aggregation of 

hydrophobic surfaces occurs in a time-dependent manner since dialysis is a slow process limited 

by diffusion. Desalting columns that allow quick buffer exchange such as the BioRad DG10 

columns, were also not successfully utilized. During the elution of the protein from the desalting 

columns, visible precipitation of the protein was observed presumably due to the immediate and 
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drastic change in ionic strength of the buffer. Both Nuc-1234 and Nuc-123 precipitant can be 

redissolved by the addition of salt and G-quadruplex binding activity is retained, but it is 

unknown if protein folding is affected. For long-term storage for high quality Nuc-1234 and 

Nuc-123, buffers must contain at least 200 mM KCl.  

 Binding conditions at physiological pH for the c-Myc G-quadruplexes and nucleolin were 

also optimized to maximize protein/DNA interactions for biochemical studies. At pH ≥ 7.0, the 

protein and DNA can be mixed to form a complex, and then the salt can be slowly diluted to 50 

mM; however, the stability of this complex is short-lived and aggregation occurs readily after a 

few hours. High ionic strength buffers were used after realization that structural integrity of the 

protein and of the complex is maintained in high concentrations of salt. The high ionic strength 

buffer required of the Nuc-1234 and Nuc-123 solutions did not disrupt interactions with DNA. 

After optimization of the complex buffer conditions, all assays were completed at ≥ 150 mM 

KCl, and strong interactions between the nucleolin RBD’s and the G-quadruplexes were 

observed. Thus far, optimal binding occurs when the DNA is in a solution of 100 mM KCl and 

the protein is in a solution of at least 200 mM KCl.  

 Protein expression for 15N-labeled Nuc-123 and Nuc-1234 was completed in M9 minimal 

media with added trace amounts of vitamins and micronutrients as described in Section 3.3.2. 

Both the Nuc-123 and Nuc-1234 truncation mutants can be expressed in unsupplemented M9 

media, though yields of the purified protein are ~ 30 to 43% lower compared to supplemented 

M9 media. From 1 L of supplemented M9 minimal media, ~ 0.17 µmol of 15N-Nuc-123 or ~ 0.14 

µmol of 15N-Nuc-1234 is obtained.  

 In the acidic conditions required for certain NMR experiments, high ionic strength buffer 

is especially essential for both Nuc-1234 and Nuc-123 nucleolin subdomains, and care must be 
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taken when lowering the pH from 7.4 to 7.0 to a pH value of 6.2 to 6.0. After purification of both 

truncation mutants Nuc-123 and Nuc-1234 it is necessary to add acidic buffer gradually to the 

protein solution while stirring at 4 °C to avoid localized precipitation. After 5 minutes of 

equilibration in the acidic buffer the protein can be concentrated. The dilution and concentration 

steps are repeated until the previous buffer is present in trace amount. In addition, in protein 

samples of ≤ pH 6.4, at least 200 mM total KCl is required in the buffering solution to avoid 

gradual sample precipitation or self-association. Addition of the concentrated DNA to the protein 

should result in minimal salt dilution.  

 Prior to optimization of buffer conditions for NMR studies, it was found that the Nuc-

123/c-Myc G-quadruplex and the Nuc-1234/c-Myc G-quadruplex complex remains soluble if the 

protein and DNA are combined initially in high ionic strength buffer and then salt is removed 

from the solution. The basis for attempting to lower the amount of salt in solution was to avoid 

disruption of electrostatic interactions between the protein and DNA. Additionally, removal of 

salt from NMR samples allows use of the cryoprobe, the sensitivity of which is negated by high 

concentrations of salt. Removal of KCl was completed by forming a concentrated complex 

solution, and then diluting the complex solution in a buffer containing a low concentration of 

KCl until the concentration of KCl was 50 to 75 mM. The complex was also formed and 

concentrated using an YM-10 centrifugal filter (Millipore) and then brought back up to the 

original volume with a low ionic strength buffer to retain the original concentration of the 

complex. No sample aggregation was observed in buffers with as low as 75 mM KCl. However, 

by NMR it was seen that a higher concentration of KCl is required for good spectra, signifying 

that unfolding events may occur when salt is reduced. Though particulates were not observed, 

degradation of spectral quality indicates KCl is crucial for structural integrity of the nucleolin/c-
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Myc G-quadruplex complex. In addition, the protein/DNA complex was short-lived at acidic 

pH’s in 75 mM KCl, and precipitation starts to occur after approximately 24 hrs.  

 

3.4  Results: Determination of the Minimal Binding Domains of Nucleolin Needed to 

Complex with the c-Myc G-Quadruplex 

 In preliminary binding studies, Nuc-1234-RGG, Nuc-123, Nuc-1234, and Nuc-34-RGG 

were all found to bind the cMyc Pu27 G-quadruplexes with suitable affinity to produce a well-

resolved band shift in EMSA experiments (Figure 3.2). As determined by EMSA experiments, 

RNA binding domains (RBDs) one, two, and three (Nuc-123) are sufficient for binding to the c-

Myc NHE III1 G-quadruplexes. However, with the additional RBD, Nuc-1234 binds to the G-

quadruplex with higher affinity than Nuc-123. The KD, defined as the concentration of protein at 

which half of the G-quadruplex is bound, is 26.7 nM for Nuc-1234 to Myc Pu27 (Figure 3.3 B, 

D) and 128.9 nM for Nuc-123 to Myc Pu27 (Figure 3.3 A, C). In contrast, Nuc-12, Nuc-34, and 

Nuc-234 showed only weak interactions with Myc Pu27 as demonstrated by subtle band shifts 

(Figure 3.2). At a concentration of 2500 nM Nuc-12 protein, only 8% of the DNA was bound 

(Figure 3.3 E), similar to the complexation abilities of Nuc-23 and Nuc-234. Nuc-34-RGG was 

also found to bind the Myc Pu27 quadruplex (Figure 3.2), but because the highly charged RGG 

domain has previously been found to form nonspecific interactions with nucleic acids, this 

subdomain was not further investigated. The clear band shifts indicative of complex formation 

were observed with Nuc-123 so the three N-terminal RBDs were defined as the minimal binding 

domains needed to form a stable complex with the Myc Pu27 G-quadruplexes. The fourth RBD 

must contribute additional interactions to the c-Myc G-quadruplex or stabilizes the protein since 

Nuc-1234 is able to bind with 6.5 times more affinity than Nuc-123.  
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Since the Myc Pu27 sequence forms a heterogeneous mixture of multiple structures, the 

binding of Nuc-1234 to specific G-quadruplex structures formed within the Myc Pu27 sequence 

was investigated. Myc-1423 has been determined to be the major biologically relevant structure 

in the c-myc promoter region (Figure 1.4), and thus, the binding efficiency of Nuc-1234 to Myc-

1423 was of the greatest interest. At a concentration of 253.9 nM Nuc-1234 50% of Myc-1423 is 

bound (Figure 3.4 A, C) compared to 26.7 nM Nuc-1234 needed to bind Myc Pu27. The 

sequence Myc-1423T was also utilized for binding studies, as it is possible nucleolin interacts 

with nucleosides flanking the G-quadruplex. Indeed, the binding affinity of Nuc-1234 to Myc-

1423T, which has an additional T on the 5’ and 3’ ends of the sequence, is increased with 76.4 

nM of Nuc-1234 needed to bind 50% of the DNA (Figure 3.4 B, D).  

 Because the thymine bases in the three loop regions of the Myc-1423 G-quadruplex were 

individually mutated to BrdU bases for UV crosslinking experiments, binding of the protein to 

the T7BrdU sequence was tested to ensure interactions were not disrupted due to the absence of 

the methyl group in the thymine base (Figure 3.5 A). As expected, binding interactions were 

maintained, and at a concentration of 110.9 nM protein, 50% of the Myc1423 T7BrdU G-

quadruplex was bound. The KD of Nuc-1234 with Myc-1423 T7BrdU (Figure 3.5 B) varies ~ 2-

fold compared to the KD calculated for Myc-1423, indicating there is a high degree of variability 

with gel shift experiments, although they show concrete evidence of high affinity interactions 

between nucleolin and the G-quadruplexes. Binding was also tested following UV irradiation of 

the complex at various concentrations of protein to ensure that treatment with UV light does not 

affect binding efficiency.  
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Figure 3.2 EMSA of the 32P-labeled Myc Pu27 sequence incubated with various nucleolin 
deletion mutants. The left-most lane contains only the 32P-labeled Myc Pu27 sequence with no 
protein addition. The nucleolin deletion mutants are labeled above the appropriate lanes. A band-
shift from the base-line Myc Pu27 demonstrates a higher molecular weight species is formed, 
presumably from the nucleolin:c-Myc Pu27 complex. 2500 nM of protein was incubated with 
25,000 of 32P labeled DNA (1 nM). The Myc Pu27 sequence is under the gel with the five tracts 
of three or more guanines underlined.  
  

Nucleolin mutant (Nuc-):      ---     1234-RGG  1234        123           234      34-RGG        12            23            34          

Myc Pu27 (wt): 5’- TGGGGAGGGTGGGGAGGGTGGGGAAGG -3’
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Figure 3.3 EMSA gel of various concentrations of (A) Nuc-123 and (B) Nuc-1234 bound to 
Myc Pu27. Concentrations of protein are as labeled. Dissociation constants (KD) were 
determined by plotting the fraction of Myc Pu27 bound vs. the concentration of (C) Nuc-123 and 
(D) Nuc-1234. (E) An EMSA showing binding of Nuc-12 to Myc Pu27.  
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Comparison of the UV irradiated samples to the non-irradiated samples show similar quantities 

of the complex resolved from the free DNA (Figure 3.5 A). Binding affinities of Nuc-1234 with 

the T11BrdU and T16BrdU sequences have yet to be tested, though it is assumed binding of 

Nuc-1234 to all three of the BrdU substituted sequences is qualitatively similar to the binding of 

Myc-1423.  

 The promoter region of the c-myc gene comprising the NHE III1 where the Myc Pu27 G-

quadruplexes form is a dynamic stretch of DNA where secondary structure is in flux during 

processes such as transcription. Though the Myc-1423 G-quadruplex has been shown to be the 

most stable structure in the region, most likely this structure is in equilibrium with minor 

structures due to numerous combinations of G-quadruplexes that can be formed in the 

continuous stretches of guanines in the Myc Pu27 sequence. Thus it was necessary to test 

binding of nucleolin to various structural isomers formed within the Myc Pu27 sequence. 

Although the EMSA studies described below do not contain complete sets of all of the isomers 

formed in the Myc Pu27 sequences, efforts were taken to choose G-quadruplexes that are both 

suitable for NMR and have been shown to be biologically relevant. 

Of the four loop isomers formed in the Myc-2345 sequence, Myc-1423 was found to be 

the most stable, and Myc-1123 was a close second, followed by Myc-1420 and Myc-112078 

(Figure 1.7). The Tm of Myc-1123 differs from Myc-1423 by only 5 °C as indicated by CD 

melting experiments78, signifying the Myc-1123 loop isomer is thermodynamically stable and is 

also likely to form in biological conditions. Thus, the binding of Nuc-123 and Nuc-1234 to this 

loop isomer was investigated by a gel shift experiment alongside the Myc-1423 loop isomer and 

the wild type Myc-2345 sequence (Figure 3.6), which does not have any mutations that restrict   
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Figure 3.4 EMSA gels showing the binding of Nuc-1234 to the sequences (A) Myc-1423, (B) 
Myc-1423T, and (E) Myc-1245T. For determination of dissociation constants the fraction of (C) 
Myc-1423, (D) Myc-1423T, and (F) Myc-1245T bound was plotted vs. the concentration of 
protein Nuc-1234. 
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Figure 3.5 (A) EMSA gel with various concentrations of Nuc-1234 bound to Myc-1423 
T7/BrdU. Protein concentrations are as indicated. The three lanes marked with asterisks are 
samples that have been irradiated with UV light. The sequence of Myc-1423 is included with all 
of the bases numbered according to the Myc-1423 numbering system. The guanines involved in 
tetrad formation are highlighted in red. The thymines in the loops are in bold and T7, which was 
substituted with BrdU is highlighted in blue. (B) The dissociation constant was determined by 
plotting the fraction of Myc-1423 T7/BrdU bound against the concentration of Nuc-1234.  
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the quadruplex to any certain loop isomer and exists as all four loop isomers fluctuating in 

equilibrium. As expected, Nuc-1234 shows strong binding to all three G-quadruplex forming 

sequences, as observed by prominent band shifts compared to unbound DNA (Figure 3.6). Nuc-

123 also interacts with the quadruplex sequences, though the band shifts are faint, suggestive of 

weaker binding affinity (Figure 3.6). 

 The interactions between nucleolin and Myc-1234 were also probed by EMSA 

experiments (Figure 3.7). Myc-1234 was the G-quadruplex found in a supercoiled plasmid 

system meant to replicate superhelicity in DNA undergoing transcription79, indicating that it may 

also be a biologically relevant structural isomer. In addition, this G-quadruplex adopts a parallel-

stranded fold similar to the structures of the major Myc-2345 G-quadruplex loop isomers80. Both 

Nuc-123 and Nuc-1234 interacted with the Myc-1234 sequence, with 2000 nM of protein 

binding the majority of DNA (Figure 3.7). Nucleolin recognition of the Myc-1234 conformation 

is likely due to the similarity of the Myc-1234 structure to the stable Myc-2345 G-quadruplex 

structures80. Nuc-123 and Nuc-1234 binding of Myc-1234 was compared to protein binding to 

the major Myc-2345 sequence and also to Myc-2345/T4 (Figure 3.7). In the Myc-2345/T4 

sequence, the 3’-G is mutated to a T as it was previously found that this modification is 

beneficial for structural studies33. The wild type Myc-2345 sequence shows poorly resolved 

peaks by NMR spectroscopy, therefore the modified sequence would be a better candidate for 

structure studies33. Both Nuc-123 and Nuc-1234 formed complexes with all of the c-Myc G-

quadruplex sequences tested including the NMR compatible Myc-2345/T4 sequence (Figure 

3.7). Consistent with other binding data, Nuc-1234 binds to the G-quadruplexes with higher 

affinity than Nuc-123 as evidenced by more complete band shifts.  
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Figure 3.6 EMSA gels showing the binding of Nuc-1234 and Nuc-123 to the Myc-2345 G-
quadruplexes (left), the Myc-1423 (1:2:1) loop isomer formed in the Myc-2345 sequence 
(center), and the Myc-1123 (2:1:1) loop isomer formed in the Myc-2345 sequence (right). The 
nucleolin subdomains used are indicated above the lanes. The full length Myc Pu27 sequence is 
shown for reference and the Myc-2345, Myc-1423, and Myc-1123 sequences are shown below. 
The G-runs are underlined in the Myc Pu27 and Myc-2345 sequences. The Gs involved in tetrad 
formation in Myc-1423 and Myc-1123 are highlighted in red.  
  

--- 1234  123                     ---  1234 123                      ----   1234  123     (Nucleolin Mutants)  

Myc-2345                   Myc-1423                         Myc-1123

Myc Pu27 (wild type): 5’- TGGGGAGGGTGGGGAGGGTGGGGAAGG -3’
Myc-2345:                                GGAGGGTGGGGAGGGTGGGGAA
Myc-1423:                                 TGAGGGTGGGTAGGGTGGGTAA
Myc-1123:                                 TGAGGGTTGGGAGGGTGGGTAA
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Figure 3.7 EMSA gels of Nuc-123 and Nuc-1234 binding to Myc Pu27, Myc-1234, Myc-2345, 
and Myc-2345/T4. 2000 nM of protein was incubated with 25,000 cpm 32P-labeled DNA (1 nM). 
Nuc-123 binding to the sequences is shown on the left and Nuc-1234 binding to the right. 
Numbers above the lanes indicate which c-Myc G-quadruplex sequences were used in each 
sample. The sequences are shown below the gels and the runs of Gs are underlined. The left-
most lane in each gel is a control with only 32P-labeled DNA and no protein.  
  

Nuc-123 with c-Myc G4 Sequences              Nuc-1234 with c-Myc G4 Sequences                           

1. Myc Pu27 (wild type) : 5’- TGGGGAGGGTGGGGAGGGTGGGGAAGG -3’
2. Myc-1234:                       ATGGGGAGGGTGGGGAGGGTG
3. Myc-2345:                                 GGAGGGTGGGGAGGGTGGGGAA
4. Myc-2345/T4:                             TGAGGGTGGGGAGGGTGGGGAA                       

 1       1     2      3     4                                       1     1     2      3     4
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 Nuc-1234 was tested for binding to the Myc-1245T G-quadruplex (Figure 3.4 E, F). The 

Myc-1245T sequence, which includes an additional T base on both the 3’ and 5’ ends of the 

Myc-2345 sequence, was utilized as additional flanking bases was shown to improve binding 

affinity compared to sequences with short or no flanking bases. Myc-1245T forms a parallel G-

quadruplex structure with a long 6-nucleotide loop. The EMSA gel illustrates that Nuc-1234 

binds to this 1:6:1 loop isomer of the c-Myc G-quadruplex with relatively high affinity (Figure 

3.4 E, F). This suggests that the looped out regions of the quadruplex may be an important 

interface with the protein.  

 To qualitatively determine which c-Myc G-quadruplex sequences interact with Nuc-1234 

with highest affinity, a competition EMSA was completed (Figure 3.8). The wild type Myc 

Pu27, Myc-1423T, and Myc-1245T were 32P-radiolabeled, and unlabeled competing G-

quadruplex sequences included Myc Pu27, Myc-1423, Myc-1423T, Myc-1245, and Myc-1245T. 

Consistent with previous data, Nuc-1234 has the highest affinity to the wild type Myc Pu27 

sequences with the least amount of displacement occurring with the excess unlabeled sequences 

(Figure 3.8). Excess non-labeled Myc Pu27 was also able to displace most of the 32P-Myc-1423T 

and 32P -Myc-1245T from Nuc-1234.  
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Figure 3.8 Competition EMSA with the protein Nuc-1234 in complex with 32P-labled G-
quadruplex sequences (indicated over the black line above the gel lanes). Excess cold G-
quadruplex DNA was incubated with the complexes to compete off the32P-labled G-quadruplex 
from Nuc-1234. The non-labeled sequences used are specified above the lanes.  The lanes with 
asterisks below have no protein and serve as controls.  
  

1423  1423T 1245 1245T     27     1423  1245  1245T    27   1423  1423T  1245  Non-Labeled 
                                          c-Myc- Sequences

32P Myc Pu27                                     32P Myc-1423T                             32P Myc-1245T

* * *
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3.4.1  Discussion and Summary Regarding the Minimal Binding Domains of Nucleolin Needed 

to Complex with the c-Myc G-Quadruplex   

 It has previously been found that the two C-terminal RBDs and the RGG domain (Nuc-

23-RGG) of nucleolin are sufficient to bind the c-Myc NHE III1 G-quadruplex with high 

affinity126,127. This study was completed using a recombinantly expressed N-terminus MPB-

tagged Nuc-1234-RGG protein and various nucleolin truncation mutants. In current studies, a 

distinct band shift in EMSA gels demonstrated that Nuc-34-RGG clearly forms a complex with 

the DNA. This was in agreement with previous studies. This indicates the RGG domain 

contributes binding activity to the protein. In fact, a similar RGG domain in the telomeric repeat-

containing RNA (TERRA)-binding protein TLS interacts with G-quadruplexes formed in human 

telomere TTAGGG repeats100. However, the RGG domain is not required for nucleolin to bind to 

the c-Myc promoter region G-quadruplexes, as current studies have found that the first three 

RBDs in nucleolin (Nuc-123) can bind to the wild type Myc Pu27 G-quadruplex forming NHE 

III1 of the c-Myc promoter region, and all four RBD’s (Nuc-1234) bind to Myc Pu27 and its 

major, biologically relevant structure Myc-1423 with high affinity. Since it has been shown in 

the past that the positively charged RGG domain aids in the efficiency of nucleolin interactions 

with nucleic acids, but also nonspecifically binds to both RNA and DNA247,248, the RBDs must 

confer specificity to its nucleic acid targets. The first two RBDs of hamster nucleolin have been 

confirmed to recognize the sequence and structure of the RNA-NRE, the interaction of which is 

crucial for pre-rRNA processing215,249 and these two RBDs from human nucleolin also recognize 

the AS1411 G-quadruplex aptamer250, so the two N-terminal RBDs must confer some type of 

specific interaction upon recognizing non-duplex nucleic acid substrates. Thus, further 
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investigation of the minimal binding domains of nucleolin to the G-quadruplex structures is 

necessary.  

 In summary, Nuc-123 and Nuc-1234 bind to the wild type G-quadruplex forming Myc 

Pu27 sequence with high affinity. Additionally, in current studies nucleolin was found to 

recognize Myc-1423, the major c-Myc G-quadruplex structure that has been found to serve as a 

transcriptional repressor in the c-myc promoter region. Because the promoter region is dynamic 

and minor G-quadruplex structures likely form as the DNA undergoes various levels of torsional 

strain during transcription, major and minor quadruplex structures likely exist in equilibrium. 

Significantly, Nuc-1234 was also found to bind minor structures such as Myc-1245 and Myc-

1234, indicating the protein forms strong interactions with the globular structures even as the 

promoter is in motion. Both Myc-1245 and Myc-1234 assume parallel-stranded conformations, 

corroborating previous research that found nucleolin recognizes parallel G-quadruplex folds.  

 Nucleolin is known to interact with a stem-loop nucleolin recognition element (NRE) 

RNA structure found at the 5’ETS of pre-rRNA215. Hamster Nuc-12 was found to bind the step-

loop RNA-NRE by wrapping the RBDs on both sides of the 6-nucleotide loop formed by the 

NRE UCCCGA sequence215. It is possible that nucleolin could interact with the loops of the G-

quadruplex structure in a similar manner. Nuc-1234 was shown in current studies to bind with 

high affinity to Nuc-1245T, which has a 6-nucleotide loop similar in size to the the 6-nucleolide 

loop of the NRE. 

 Continuing studies will attempt to elucidate specific interactions that nucleolin makes 

with the c-Myc quadruplexes to better understand how these distinctive structures are induced 

and stabilized by their protein counterparts.  
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3.5 Results: Investigation of the Complex Formed by Nucleolin and the c-Myc G- 

quadruplex  

3.5.1 Nucleolin Interacts with the c-Myc G-quadruplex in a 1:1 Ratio 

 The proteins Nuc-123 and Nuc-1234 and the c-Myc G-quadruplex Myc-1423 are 

monomeric in their unbound forms. This was first determined by S200 size exclusion 

chromatography (data not included). Additionally, Nuc-1234 was shown to bind Myc-1423 in a 

1:1 ratio based on the retention factor of the complex compared to retention factors of size 

exclusion chromatography molecular weight standards. A second method, ultra analytical 

centrifugation (UAC) was also used to determine the size of the complex formed by Nuc-1234 

and Myc-1423 (data not included). Again, Nuc-1234 and Myc-1423 were found to exist as 

monomers in their unbound forms. The sedimentation coefficients of Nuc-1234 and Myc-1423 

were determined to be 2S and 1S respectively. The complex was found to have a sedimentation 

coefficient of 2.7S. Thus, it was verified that Nuc-1234 and Myc-1423 interact in a 1:1 ratio. 

 

3.5.2  NMR Studies of Apo Nucleolin and the c-Myc G-quadruplex 

 The 1-D 1H NMR spectra of both the Nuc-123 and Nuc-1234 protein show good peak 

distribution and relatively sharp linewidths, indicating the protein is well folded and protons are 

constrained in specific environments, a necessity to proceed with further NMR experiments 

(Figure 3.9). It must be noted that the high quality of the spectra may be due to independent 

motions of the individual domains. Encouragingly, certain features of the protein, such as the 

ring NH of the single Trp residue in Nuc-123 and Nuc-1234 could be identified at around 10.0 

ppm.  
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 The G-quadruplex forming DNA sequences were also subject to 1D NMR experiments 

before and after annealing (Figure 3.10) to ensure sample quality for structure studies. Twelve 

well-resolved peaks in the 10.0 to 12.5 ppm region represent the G-quadruplex guanine H1 

resonances, indicating there are three stacked tetrads formed by twelve guanines interacting 

through Hoogsteen hydrogen bonding. The c-Myc G-quadruplexes must be annealed in 100 mM 

KCl for heterogeneous structure formation as clearly seen by before and after comparisons of the 

pre and post annealed samples (Figure 3.10).  

 

3.5.3 Investigating the Effect of pH, Temperature, and DNA Sequence on Nuc-123 and the c-

Myc G-quadruplex Complex Formation 

 Nuc-123 has a molecular weight of 30.6 kDa while Nuc-1234 is a 40.1 kDa, making Nuc-

123 a more suitable candidate for NMR experiments in terms of size. Although both mutants of 

nucleolin are larger proteins for NMR structure determination the extra 9.5 kDa of Nuc-1234 

will exacerbate de-phasing and rapid decay of signals, a common problem with large 

biomolecules, due to slower tumbling leading to more rapid relaxation of transverse 

magnetization251. Thus, the first 1D NMR experiments were of Nuc-123 with the Myc-1423T G-

quadruplex. Myc-1423T was used in lieu of Myc-1423 since the extra flanking base improves 

binding affinity as shown by gel shift experiments, and the flanking bases on either side of the 

globular quadruplex discourage dimerization of the DNA, which has been shown to occur in 

parallel G-quadruplex DNA252.  
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Figure 3.9 1-D 1H NMR of 0.9 mM Nuc-123 (top) and 1.1 mM Nuc-1234 (bottom) in 20 mM 
potassium phosphate (pH 6.1), 250 mM KCl, 1 mM DTT-d6 in 90% H2O and 10% D2O. The 
amide proton region of the spectra from about 6.5 to 10.0 ppm show sharp and well-dispersed 
peaks, indication that both of the nucleolin truncation mutants Nuc-123 and Nuc-1234 are 
folded.  
  

-3.0-2.0-1.00.01.02.03.04.05.06.07.08.09.010.011.012.0 ppm

-1.0-0.50.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5 1.0 0.5 ppm
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Figure 3.10 1D 1H NMR of the c-Myc G-quadruplex sequences used for NMR experiments. The 
c-Myc G-quadruplex structures become well-defined and homogenous post-annealing as shown 
by the top four spectra. The bottom four spectra show broadened and weak peaks of the non-
annealed c-Myc G-quadruplex DNA samples. The DNA samples range from 0.3 mM to 0.5 mM 
in 20 mM potassium phosphate (pH 7.0), 100 mM KCl in 90% H2O and 10% D2O. Assignments 
of the H1 guanine protons involved in the Hoogsteen Hydrogen bonded G-tetrads are labeled 
above the corresponding resonances. Assignments of the chemical shifts were completed 
previously33,74. Numbering system is based on the Myc Pu27 sequence.  
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  First, dilute samples of the Nuc-123/Myc-1423T complex were prepared in potassium 

phosphate buffers with 75 mM KCl. Although the protein is known to be more stable in buffers 

with higher salt concentration, it was necessary to investigate the effect of salt concentration on 

complex formation. This study was essential as high concentrations of salt may disrupt 

electrostatic interactions between the DNA and protein, resulting in lower affinity binding. 

Additionally, two different pH buffers, at pH 5.7 and 6.2, were tested to observe if the more 

acidic solution would result in decreased hydrogen exchange with the solvent, resulting in 

increased sensitivity (Figure 3.11). Clearly, peak broadening occurs readily at pH 5.7 and also at 

pH 6.2 to a lesser extent. Broadening may be due to the aforementioned problems involving 

large biomolecule NMR or possibly due to chemical exchange in the intermediate time scale.  

The amide protons and methyl groups show better distribution at 6.2 than at 5.7, despite 

broadening of resonances at both pH values (Figure 3.11). This may be due to minimum 

solubility or self-association of the protein Nuc-123 at pH values approaching its isoelectric 

point (pI) 5.15. Although lowering the pH of the buffering system would decrease proton 

exchange, the rest of the experiments were done at pH 6.1 to 6.2 to minimize solubility issues.  
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Figure 3.11 1D 1H NMR of the Nuc-123/Myc-1423T complex at 0.25 mM in 20 mM potassium 
phosphate, 75 mM KCl, 1 mM DTT-d6. Preliminary experiments were done in low salt buffer to 
test if low ionic strength buffer may improve the quality of NMR spectra by maximizing 
electrostatic interactions between the protein and DNA, as well as allow use of the cryoprobe for 
future 2D NMR experiments. Two different buffer pH values were tested as part of the 
optimization experiments. Although both sets of spectra show broadened peaks, the sample at pH 
6.2 is of better quality as indicated by slightly sharper peaks.  
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 A variable temperature experiment was also run on the Nuc-123/Myc-1423T complex. 

This sample contained 100 mM KCl, a 25 mM increase from the last sample to test if higher 

ionic strength resulted in better quality spectra, since nucleolin stability is salt dependent. 

Because of the large size of the complex with Myc-1423T at 7.6 kDa and Nuc-123 at 30.6 kDa, 

increasing the temperature at which the experiment is run may increase tumbling rates, in turn 

generating longer T2 relaxation times to yield sharper signals. Indeed, in the spectrum run at 35 

°C more resonances were observed than at the spectrum obtained at 15 °C (Figure 3.12). The 

guanine H1 protons and the amide region of the NMR spectrum were somewhat resolved in the 

35 °C while the peaks at 15 °C were almost completely broadened. However, when the sample 

was left at 35 °C for 16 hrs, precipitation was observed. To completely optimize the temperature 

at which future experiments should be conducted, intermediate temperatures between 15 °C and 

35 °C must be tested. 

Continuing 1D NMR experiments to optimize conditions for the Nuc-123/Myc-1423T 

complex, the salt concentration was increased to 125 mM KCl for complex preparation as this 

was found to improve spectral quality. Comparisons of 1D NMR spectra of the 0.5 protein : 1.0 

DNA sample and 1.0 protein : 1.0 DNA sample were made to the spectra of the apo Nuc-123 and 

Myc-1423T (Figure 3.13). Though it was seen in the last NMR experiment that higher 

temperatures improve tumbling, yielding longer T2 relaxation times, the increase in temperature 

may result in sample degradation over an extended period. Thus, this optimization trial was 

completed at ambient temperature. The guanine H1 peaks can still be seen at a 0.5 molar 

equivalence of Nuc-123, but at a 1.0 : 1.0 ratio (protein : DNA), the peaks have almost 

disappeared. This may be due to dynamics where there is conformational flexibility in the Nuc-

123/Myc-1423T complex or dissociation of the DNA from the protein.  
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Figure 3.12 Variable temperature 1D 1H NMR experiment of the Nuc-123/Myc-1423T complex 
at 0.35 mM concentration in a buffer of 20 mM potassium phosphate (pH 6.2), 100 mM KCl, 1 
mM DTT-d6. Clearly, experiments run at 35 °C show better resolved peaks, most likely due to 
faster tumbling rates of the large complex at higher temperatures.  
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Figure 3.13 1D 1H NMR of Nuc-123, Myc-1423T and the Nuc-123/Myc-1423T complex at 0.5 
protein : 1.0 DNA and 1.0 protein : 1.0 DNA. All samples were prepared in 20 mM potassium 
phosphate (pH 6.2), 125 mM KCl, 1 mM DTT-d6 to observe if a higher concentration of KCl 
results in higher quality NMR spectra. The experiments were done at ambient temperature. The 
1.0 Nuc-123 : 1.0 Myc-1423T sample was prepared at a concentration of 0.35 mM.  
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 The Myc-1245T G-quadruplex was also investigated in complex with Nuc-123 in 1D 

NMR experiments (Figure 3.14). This particular c-Myc G-quadruplex was chosen because 

nucleolin could interact with the long 6-nucleotide loop in the structure in a similar way that it 

binds to the 6-nucleotide loop of the stem-loop NRE-RNA sequence, nucleolin’s best 

characterized substrate. Instead of Myc-1245, Myc-1245T was used instead because the extra 

flanking bases tend to increase binding affinity and decrease dimerization of the G-quadruplex, 

especially at higher concentrations by inhibiting stacking of the outer tetrad planes. Similar 

observations were made from this complex compared to the Nuc-123/Myc-1423T complex as 

broadening of the DNA peaks occurs with addition of protein. The amide and methyl hydrogen 

signals are broadened, but the area of the spectrum where broadening can be best seen is the 10.0 

to 12.5 ppm region where the Hoogsteen hydrogen bonded guanine imino protons are observed 

(Figure 3.14). This region consistently shows broadening upon forming a complex with the 

protein.  

 

3.5.4 Investigating the Complex Formed by Nuc-1234 and the c-Myc G-quadruplex by Nuclear 

Magnetic Resonance Spectroscopy 

 Despite the increased molecular weight of Nuc-1234 (40.11 kDa) compared to Nuc-123 

(30.56 kDa), Nuc-1234 may be a better candidate for structure studies due to its higher affinity 

to, and most likely greater number of interactions with the c-Myc G-quadruplex structures. Thus, 

Nuc-1234 was included in NMR studies despite its larger size.  
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Figure 3.14 1D 1H NMR of Nuc-123, Myc-1245T and the Nuc-123/Myc-1245T complex at 0.5 
protein : 1.0 DNA and 1.0 protein : 1.0 DNA. All samples were prepared in 20 mM potassium 
phosphate (pH 6.2), 125 mM KCl, 1 mM DTT-d6. The 1.0 Nuc-123 : 1.0 Myc-1423T sample 
was prepared at a concentration of 0.35 mM. 
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 Incremental amounts of the protein Nuc-1234 were titrated into the Myc-1423T G-

quadruplex to track the changes that occur in each region of the spectrum when protein is added 

to the DNA (Figure 3.15). However, even with 125 mM KCl in solution, the DNA proton peaks 

broaden, and after 0.4 equivalents of protein the peaks are broadened enough where the 

individual peaks are indistinguishable (Figure 3.15). Still, the quadruplex structure is maintained 

as there are no chemical shift changes in the imino H1 proton region. The amide and methyl 

region of the spectra also show gradual broadening with Nuc-1234 additions, though the 

overlapping protein and DNA resonances add difficulty to data analysis. Up to 0.4 equivalences 

of Nuc-1234, the imino H1 proton chemical shifts are visible and show no shifts, confirming the 

presence of the tetrad planes and proving the protein is indeed interacting with the globular 

structure and not inducing any changes in the Myc-1423T conformation. If the tetrad planes were 

to become unfolded upon protein binding, the peaks in the 10.5 to 12.0 ppm region would 

disappear.  

 Next, the Myc-1423 sequence was tested with Nuc-1234 by 1D 1H NMR for sequence 

optimization. The solution structure of Myc-1423 was solved and all proton assignments were 

completed33, allowing clear observation of potential interactions with Nuc-1234. Upon titration 

of the Nuc-1234 nucleolin deletion mutant into the Myc-1423 G-quadruplex in 0.2 molar 

increments, there is some line broadening observed with each addition of protein consistent with 

previous results (Figure 3.16). Again, line broadening upon addition of protein was best observed 

in the imino H1 proton region of the 1-D NMR spectrum, although the spectrum is improved 

compared to the Myc-1423T G-quadruplex complex. Individual guanine H1 peaks can still be 

identified up to 0.8 molar equivalences of protein in these series of titrations compared to 

complete broadening of peaks after 0.4 molar equivalences of protein added to Myc-1423T. 
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Figure 3.15 1D 1H NMR showing the titration of Nuc-1234 into the Myc-1423T G-quadruplex. 
The complex was formed in 20 mM potassium phosphate (pH 6.2), 125 mM KCl, 1 mM DTT-d6. 
The 1 protein : 1 DNA solution contained 0.15 mM of the complex.  
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Similar to the Myc-1423T titration spectra, there is still no chemical shift change in the imino H1 

proton signals. This reinforces that the G-quadruplex structure is maintained when Nuc-1234 

binds the structure since the imino proton peaks do not shift from the region characteristic of 

Hoogsteen hydrogen bond formation (Figure 3.16). Broadening was also observed in the region 

of the spectrum representative of the methyl protons in the G-quadruplex. However, certain loop 

region methyl protons show less broadening than others, indicating that specific areas of the G-

quadruplex are more affected by protein binding (Figure 3.17). For instance, the loop T19, T14, 

and T10 (using the Myc Pu27 numbering system) methyl proton signals are broadened more 

severely than than the T4 and T23 methyl proton signals (Figure 3.17), which are in the flanking 

bases of the quadruplex. This implies that nucleolin binding affects the loop thymine methyl 

protons to a greater extent than the terminal thymine methyl protons. This is suggestive that Nuc-

1234 likely wraps around the core tetrads, making interactions with the loop regions positioned 

in the grooves of Myc-1423.  

The effect of KCl concentration on the quality of the nucleolin c-Myc G-quadruplex 

complex was tested using 1D 1H NMR of the Nuc-1234 and Myc-1423T G-quadruplex in 

various concentrations of KCl (Figure 3.18). Myc-1423T was still considered for structure 

studies due to the higher affinity of Nuc-1234 to this DNA sequence compared to Myc-1423, 

suggesting more interactions between the protein and DNA could perhaps be mapped by 

differences in chemical shifts. As previously stated nucleolin maintains stability at higher 

concentrations of salt, although high ionic strength buffers may disrupt electrostatic interactions 

between the protein and DNA. Thus, the effect of KCl concentration was once again 

investigated. 
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Figure 3.16 Titration of Nuc-1234 into Myc-1423 at 0.2 molar ratio intervals to monitor gradual 
changes in the 1D 1H NMR spectrum upon addition of protein to DNA. At 1.0 protein : 1.0 DNA 
the complex is 0.25 mM in 20 mM potassium phosphate (pH 6.2), 125 mM KCl, 1 mM DTT-d6. 
The previously assigned guanine H1s and thymine methyl protons are labeled on the spectra. 
Though consistent peak broadening is observed, this set of spectra shows the least deterioration.  
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Figure 3.17 The zoomed-in methyl proton region of the 1D 1H NMR spectra showing titration of 
Nuc-1234 into Myc-1423. The flanking and loop region thymine methyl protons are labeled 
(using the Myc Pu27 numbering system). 
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Clearly, the sample with buffer containing 75 mM KCl showed more line broadening than the 

two samples with higher levels of salt (Figure 3.18). The 125 mM KCl solution showed visible 

improvement in the 1D NMR spectrum and the 1D NMR of the 175 mM KCl solution was 

comparable to the 125 mM KCl condition (3.18). The higher concentrations of salt most likely 

improve sample quality for NMR experiments since protein stability clearly depends on higher 

levels of KCl. This in agreement with results from NMR experiments of the Nuc-123/c-Myc G-

quadruplexes in buffers containing differing KCl concentrations.  

 

3.5.5 c-Myc G-quadruplex Structural Stability in Acidic Buffers 

Because of the variety of NMR experiments run at low pH conditions, the guanine imino H1 

peaks of the Myc-1423T G-quadruplex were monitored by 1D 1H NMR as the typical 20 mM 

potassium phosphate (pH 7.0), 100 mM KCl buffer was exchanged for a pH 6.2 buffer (Figure 

3.19). This was conducted to detect any chemical shift changes, which would indicate a pH 

dependent conformational change of the G-quadruplex. Intramolecular G-quadruplexes have 

been found to be stable in buffers with pH’s as low as 4.5 before occurrence of depurination, 

though conformational changes in telomeric G-quadruplex have been shown to occur as pH 

varies253. This should be unlikely in the Myc-1423T sequence as site-specific mutations lock the 

parallel 1:2:1 loop G-quadruplex conformation in place. However, confirmation of structural 

homogeniety at various pH’s was desired before proceeding with experiments. At both pH 

values, identical chemical shifts were observed for the twelve guanine imino H1 protons (Figure 

3.19).   
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Figure 3.18 The 1D 1H NMR spectra of Nuc-1234/Myc-1423T complex at 0.3 mM in 20 mM 
potassium phosphate (pH 6.2), 75/ 125/ 175 mM KCl, 1 mM DTT-d6. Various concentrations of 
KCl were used to test the effect of salt on the complex quality. There is not much observable 
difference between the 125 and 175 mM KCl solutions, but the higher KCl samples show an 
improvement from the 75 mM KCl sample, which displays the most peak broadening.  
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The peaks were very slightly broadened at pH 6.2 compared to 7.0, but it can be determined the 

structure was maintained. It can also be verified that pH is not responsible for the guanine imino 

H1 signal broadening observed in some of the nucleolin/c-Myc G-Quadruplex complex NMR 

samples. It is assumed that the other c-Myc G-quaruplex sequences should behave in the same 

manner, but it is worth running 1D 1H NMR scans of Myc-1423 at various pH values as well.  

 

3.5.6 Upon Nucleolin Binding the c-Myc G-quadruplex Maintains its Parallel Structure  

 Circular dichroism (CD) spectra of unbound Myc-1423, the Myc-1423/Nuc-123 

complex, and the Myc-1423/Nuc-1234 complex were obtained to monitor any changes in 

structure of the G-quadruplex as protein is titrated into the DNA (Figure 3.20). Myc-1423, a 

parallel-stranded structure shows a CD spectrum typical of a parallel G-quadruplex with a 

maximum at 262 nm and a minimum absorbance at 240 nm. Ratios of Nuc-123 or Nuc-1234 

were titrated into the DNA until a 1:1 complex was formed. The CD scan of Myc-1423 confirms 

that the G-quadruplex was maintained upon addition and binding of the protein Nuc-1234 

(Figure 3.20). The small step-wise decreases in molar ellipticity were attributed to the 0.03 × 

dilution of DNA upon each addition of Nuc-1234. Otherwise, the spectral shape of the bound G-

quadruplex was identical to the unbound G-quadruplex (Figure 3.20). For the Nuc-123 additions 

into the Myc1423 G-quadruplex solution, the DNA solution was diluted 0.007 × with each 0.25 

molar addition of the protein. The same maxima and minima were observed, but the small 

decreases in molar ellipticity were not stepwise and were rather random (Figure 3.20). Still, it 

can be inferred from the data that the general parallel G-quadruplex was maintained upon 

complexation with the nucleolin RBDs.   
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Figure 3.19 The Hoogsteen-hydrogen bonded guanine imino H1 proton region of 1D 1H NMR 
spectra of Myc-1423T at two different pH buffers. The samples consisted of 0.8 mM Myc-1423T 
at the standard pH 7.0 and at pH 6.2 used for 1H-15N HSQC experiments. No chemical shift 
changes were observed, indicating the parallel 1:2:1 structure is maintained when the buffer is 
switched to acidic conditions.  
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Importantly, this reaffirms that the protein can bind the globular structure, instead of solely 

recognizing the DNA primary sequence. This finding also agrees with the 1D NMR data 

obtained of the nucleolin/c-Myc G-quadruplex complex. 

 Though the proteins Nuc-123 and Nuc-1234 were in low pH (6.2) buffer to best mimic 

conditions for 1H-15N HSQC experiments, the minimal volumes added to the DNA solutions at 

pH 7.0 presumably did not alter the pH of the complex solution significantly. To confirm that the 

acidity of the protein solution does not distort the G-quadruplex structure, the experiment should 

be repeated with DNA prepared in acidic buffer.  

 

3.5.7 2D Nuclear Magnetic Resonance Studies of the Nucleolin/c-Myc G-quadruplex Complex 

 1H-15N HSQC experiments of the apo nucleolin showed relatively well-resolved 

resonances (Figure 3.21). In the HSQC spectrum of Nuc-123 there are 256 peaks representing 

the 273 amino acid residues in the protein (including the 6× His Tag) and in the spectrum of 

Nuc-1234 there are 280 peaks representing the 341 residues of the protein. In overlaid HSQC 

spectra the resonances representing residues shared by Nuc-123 and Nuc-1234 overlapped, and 

many of the additional residues in RBD4 were well-resolved (Figure 3.22). The obtained data 

were compared to the published spectrum of human Nuc-12250. Generally, the qualities of the 

unbound protein spectra were of reasonable quality indicating further structure studies by NMR 

are possible.  
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Figure 3.20 CD spectra of Myc-1423 in complex with various equivalences of Nuc-123 (top) 
and Nuc-1234 (bottom). Samples were prepared in buffer containing 100 mM KCl.  
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 The 15N-labeled Nuc-123 and Nuc-1234 samples were then complexed with the c-Myc 

G-quadruplex for further analysis (Figure 3.23). The NMR buffer for the samples contained 200 

mM of KCl since the stability of the protein is salt dependent and NMR spectral quality of the 

complex required high concentrations of salt, as discovered during the 1D experiments and 

during optimization of protein sample preparation. Upon addition of DNA, peaks from the 15N-

labeled proteins broaden and many disappear (Figure 3.23), suggesting a considerable amount of 

dynamic motion is present in the protein/DNA complex.   

Next, the Myc-1423 G-quadruplex was titrated into a solution of 15N-labeled Nuc-1234 in 

an attempt to track changes in amide protons signals as the protein makes contacts with the Myc-

1423 DNA. This set of 1H-15N HSQC spectra was obtained at 35 °C in a buffer containing 225 

mM KCl as 1D experiments demonstrated higher concentrations of salt and higher temperatures 

produce better quality spectra. The apo protein, the 0.5 Myc-1423 : 1.0 protein, the 0.8 Myc-

1423 : 1.0 protein, and the 1.0 : 1.0 complex are shown (Figure 3.24). Indeed, some of the amide 

proton peaks still broadened and disappeared when the G-quadruplex DNA was added, but some 

chemical shift differences were also observed. The overlaid spectra of the unbound protein, the 

0.5, and 1.0 molar ratios of DNA to protein allowed comparison of the spectra (Figure 3.25). 
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Figure 3.21 1H-15N HSQC of 0.59 mM Nuc-123 (top panel) and 0.41 mM Nuc-1234 (bottom 
panel) in 20 mM potassium phosphate (pH 6.2), 200 mM KCl, 1 mM DTT-d6 in 90% H2O, 10% 
D2O. 
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Figure 3.22 Overlaid 1H-15N HSQC spectra of Nuc-123 and Nuc-1234 in 20 mM potassium 
phosphate (pH 6.2), 200 mM KCl, 1 mM DTT-d6 in 90% H2O, 10% D2O. Nuc-123 resonances 
are green and Nuc-1234 resonances are in black.  
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Figure 3.23 The 1H-15N HSQC spectra of the Nuc-123/Myc-1423T complex at 0.45 mM (top 
panel in blue) and the Nuc-1234/Myc-1423T complex at 0.32 mM (bottom panel in red) overlaid 
with the spectra of the apo protein Nuc-123 (top panel in black) and Nuc-1234 (bottom panel in 
black).  
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Although the conditions have been optimized in terms of KCl concentration in the NMR buffer 

and acquisition temperature of the experiment, certain pitfalls such as the overall size of the 

protein/DNA complex and the inability utilize the cryoprobe due to high concentrations of salt in 

the buffer cannot be avoided. Dynamics likely play a role in peak broadening since addition of 

the DNA to the protein results in only approximately a 20% increase in molecular weight from 

the apo Nuc-1234, which shows a reasonable quality spectrum. However, the size of the Nuc-

1234/Myc-1423T complex at 47.1 kDa indeed factors into poor spectral quality. Repeating the 

experiment with deuterated protein may result in finer line-widths and increased sensitivity of 

experiments for a higher signal-to-noise ratio254. 

 

3.5.8  Ultraviolet Cross-linking of the Nucleolin c-Myc G-Quadruplex  

 To determine the specific molecular interactions between nucleolin and the c-Myc G-

quadruplex, covalent cross-linking of the Nuc-1234 and Myc-1423/BrdU was completed and the 

points of contact from nucleolin were determined by Edman Sequencing. To maximize the 

efficiency of crosslinking the thymine bases in the three loop regions of the Myc-1423 G-

quadruplex were substituted with BrdU (Figure 3.25) since UV light can homolytically cleave 

the C-Br bond, forming the reactive 5’-uracilyl radical255, which can form cross-links with the 

protein. Based on results from 1D NMR experiments, nucleolin may wrap around the tetrads, 

making contacts with the loops in the groove regions of the quadruplex structure (Figure 3.17). 
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Figure 3.24 1H-15N HSQC spectra of 15N-labeled Nuc-1234 complexed with Myc-1423 at 
different ratios of DNA to protein. The free protein (upper left in black), the 0.5 Myc-1423 : 1.0 
Nuc-1234 (upper right in purple), the 0.8 Myc-1423 : 1.0 Nuc-1234 (lower left in red), and the 
1.0 Myc-1423 : 1.0 Nuc-1234 HSQC (lower right in green) spectra are shown. The Nuc-1234 
protein is at 0.41 mM and the complexes and apo protein were prepared in 20 mM potassium 
phosphate (pH 6.2), 225 mM KCl, 1 mM DTT-d6 and the spectra were obtained at 35 °C. 
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Figure 3.25 Overlaid 1H-15N HSQC spectra of apo Nuc-1234 (black), 0.5 Myc-1423 : 1.0 Nuc-
1234 (purple), and 1.0 Myc-1423 : 1.0 Nuc-1234 (green).  
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These experiments aimed to identify any specific interactions between nucleolin and the c-Myc 

G-quadruplex loops. Importantly, the BrdU base substituted at the T7, 11, and 16th positions of 

the Myc-1423 DNA sequence (using the numbering system from Myc-1423) does not affect the 

structure of the G-quadruplex as determined by the 1-D NMR spectrum of the substituted 

sequence compared to the original Myc-1423 sequence (Figure 3.26). The H1 imino protons 

involved in tetrad formation in the substituted sequences show chemical shifts that are identical 

to H1 protons of the non-substituted Myc-1423 G-quadruplex. Additionally, the methyl protons 

of the replaced thymine bases disappear as expected as Br replaces the methyl group (Figure 

3.27).  

 Nuc-1234 was successfully cross-linked with all three BrdU substituted Myc1423 

sequences (Figure 3.28, top) as validated by the presence of both the free protein band and a 

higher molecular weight band corresponding to the covalently linked complex on an SDS PAGE 

gel. This indicates that the protein is making contact with the loop regions of the G-quadruplex. 

There is a double-banding effect observed on the gel, though at this early stage attempts were not 

made to separate the two bands. The unbound protein was mostly separated from the crosslinked 

complex using an anion exchange chromatography column, as the crosslinked species was eluted 

from the column at higher ionic strength than the protein. Fractions containing the crosslinked 

complex were identified by SDS PAGE gel (Figure 3.28 bottom). The small amount of Nuc-

1234 contaminant in the purified crosslinked complex was of no concern as the samples were 

subject to digestion by Proteinase K. Following the digestion reaction, the covalently linked 

DNA—Nuc-1234 fragment was purified from the unlinked cleaved Nuc-1234 fragments.  
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Figure 3.26 The structure of Myc-1423 with the three thymines in the two 1-nucleotide T loops 
(T7 and T16) and the 2-nucleotide TA loop (T11) highlighted in blue (using the Myc-1423 
numbering system). These thymine bases were individually substituted with BrdU bases for 
cross-linking experiments. 
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Figure 3.27 1D 1H NMR spectra of Myc-1423 and the T7/T11/T16 BrdU substituted Myc-1423 
sequences. All of the samples are at a concentration of ~ 0.3 mM except for the T16 substituted 
sequence, which is 0.15 mM. All three loop region thymine methyl groups are seen in the Myc-
1423 spectrum. The methyl proton signals individually disappear as each thymine is substituted 
with a BrdU. Assignment of the thymine methyl protons was completed previously33. 
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The digested cross-linked complex was subject to Edman Sequencing and identification of amino 

acid residues was completed using HPLC chromatography (Molecular Structure Facility: 

University of Califorania, Davis). 

 The efficiency of each cross-linking reaction is 15% for the T7 substituted sequence, 

22% for the T11 substituted sequence, and 27% for the T16 substituted sequence. This was 

measured by quantifying the amount of cross-linked DNA following purification of the digested 

complex, using the extinction coefficient of Myc-1423 at 260 nm.  

 After Edman sequencing of the digested Myc-1423 T7/BrdU : Nuc-1234 complex it was 

found that residues LLAKN near the N-terminus linker of RBD2 is the interface for the contact 

between the protein and the T7 loop of the Myc-1423 G-quadruplex. Sequencing results 

concluded that Lys92 (using the numbering system from the Nuc-1234 construct) is the residue 

that crosslinked with the BrdU in the substituted Myc-1423 sequence. Significantly, this explains 

why Nuc-12 shows weak interactions with the c-Myc Pu27 G-quadruplex forming sequence, as 

there is at least one residue, namely Lys92 that makes crucial contacts with a major c-Myc G-

quadruplex structure. It is suspected that residues from both RBD3 and RBD4 also make 

contacts with the G-quadruplex as each additional RBD increases binding affinity with Myc 

Pu27.  

 The crosslinking experiment has not yet been replicated, and results for the T11 and T16 

substituted positions are still pending, so additional trials must be completed before concrete 

conclusions are made. However, results from the T7BrdU substituted sequence validate that 

specific interactions between Nuc-1234 and the major c-Myc G-quadruplex Myc-1423 exist, and 

a point of contact is between Lys92 in a β-strand in RBD2 of nucleolin with the T7 loop-region 

base in Myc-1423. 
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Figure 3.28 (Top) 15% SDS PAGE Gel showing Nuc-1234 (second lane from the left) and the 
three Nuc-1234/Myc-1423 T/BrdU complex samples after irradiation with a UV laser. The 
position of the substituted loop T is indicated above the lanes. The higher molecular weight band 
for all three loop region T/BrdU substitutions show successful crosslinking reactions.  (Bottom) 
15% SDS PAGE gel depicting the separation of the crosslinked Myc-1423 T7BrdU/Nuc-1234 
(line over lanes) from the unbound Nuc-1234 protein (lanes 2-4 from the right) and unbound 
Myc-1423 T7BrdU (not shown on gel) using an anion exchange column.  
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3.6  Summary and Future Directions 
 
 Though nucleolin represses c-Myc expression through interactions with the promoter 

region G-quadruplex, and is involved in functional pathways of multiple G-quadruplex targeting 

therapeutics, little is known about its interactions with these globular structures. An NMR 

solution structure has been solved of a hamster nucleolin truncation mutant Nuc-12 bound to its 

best characterized substrate, a step-loop RNA-NRE found in the 5’ETS of pre-rRNA216,217,256, yet 

no structure has been determined of the human nucleolin protein bound to a G-quadruplex 

structure or any other substrate. There is a solution structure of apo Nuc-12 of human nucleolin 

solved by NMR spectroscopy, which are the minimal binding domains required to bind the GRO 

AS1411 G-quadruplex aptamer250. However, the structure of the human Nuc-12/AS1411 

complex has not been investigated and little is known about the binding affinity of Nuc-12 to 

AS1411.    

 The 1H-15N HSQC spectrum of 15N-labeled Nuc-1234 in complex with Myc-1423 shows 

little chemical shift changes compared to spectrum of unbound 15N-labeled Nuc-1234 (Figure 

3.25). Currently, we can only speculate on any structural changes and the binding interface based 

on obtained NMR spectra. Nonetheless, it is known that hamster nucleolin RBD’s 1 and 2 

interact with a stem-loop RNA sequence known as the nucleolin recognition element (NRE), and 

the full solution structure of the complex shows hamster Nuc-12 interacts with the NRE only 

with exposed residues near the linker region between the two RBD’s and within the linker 

residues (Figure 3.29), resulting in very little structural change in the βαββαβ RBD motifs and 

few chemical shifts in NMR spectra215. It is possible that human nucleolin can recognize the loop 

regions of the c-Myc G-quadruplex in a similar manner with just the surface residues of the 

protein or with the linker regions of the protein. This would explain why very few chemical 
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shifts are observed in the HSQC spectrum of the complex compared to the free protein (Figure 

3.24, 3.25). In the hamster Nuc-12 study the conserved K residue (Figure 3.31) in the first β-

strand of RBD2 forms a hydrogen bond with the flipped out U base in the loop region of the 

stem-loop RNA-NRE sequence, where 5’-UCCCGA-3’ forms the loop215 (Figure 3.29). 

Similarly, in the biologically relevant Myc-1423 the two single-nucleotide loops formed by 

thymine also flip out away from the globular quadruplex33 (Figure 3.26). The hypothesis 

suggesting that the RBDs of nucleolin wrap around the G-quadruplex structure, making contacts 

with the loop regions and tetrad grooves, analogous to how hamster Nuc-12 wraps around both 

sides of the RNA-NRE215, was supported by 1D 1H NMR data of Nuc-1234 with Myc-1423, 

which showed broadening of loop region thymine methyl proton signals when other proton 

signals were less affected (Figure 3.17). This is evidence that nucleolin contacts the G-

quadruplex at or near the loops, especially since the imino H1 proton signals do not shift, 

meaning the general tetrad structure is unchanged as the protein binds. Additionally, since there 

is little chemical shift change in the HSQC spectra, the βαββαβ RBD motifs in Nuc-1234 must 

be unchanged, meaning quadruplex binding does not result in large conformational changes in 

the protein.  
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Figure 3.29 The NMR solution structure of hamster Nuc-12 and the stem-loop RNA-NRE. 
Displayed is the zoomed-in region of the conserved K105 residue that forms a hydrogen bond 
with the U base in the loop region of the loop, which is flipped out. 
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 A second approach was taken to study the interactions between nucleolin and the c-Myc 

G-quadruplex. UV crosslinking of the protein and G-quadruplex was used to map interactions, 

which can be identified by crosslinked residues. The BrdU base is an exceptional analog for 

thymine, as the bromine atom has a radius of 1.95 Å, which is similar in size to the replaced 

methyl of thymine, which has a radius of 2.0 Å257, so the three thymines in the two 1-nucleotide, 

and one 2-nucleotide loops were individually substituted with BrdU. Additionally, the shift of 

the UV absorption maximum due to the bromine replacement allows irradiation of the sample at 

wavelengths above 300 nm, reducing photodamage to the DNA and protein258. From the first 

experimental trial it was found that the residues LLAKN, which are in a β-strand in RBD2 as 

shown by the solution structure of human Nuc-12 (Figure 3.30, 3.31), interact with the 5’-most 

single-nucleotide T loop (T7) of the Myc-1423 G-quadruplex. Significantly, these five residues 

are conserved in hamster nucleolin215,250 and K92 (using the numbering system for the Nuc-1234 

construct) (Figure 3.31) in the LLAKN peptide is the same Lys residue in hamster Nuc-12 (K105 

using the hamster Nuc-12 numbering system) that interacts with U9, in the abovementioned 

RNA-NRE215 (Figure 3.28). This strongly indicates that this residue is vital for specific 

interactions with nucleic acid targets.  

 Notably, this is the first specific interaction mapped between nucleolin and the c-Myc G-

quadruplex. As previous studies have shown that nucleolin binds the c-Myc G-quadruplex to 

downregulate c-myc transcription126, understanding how nucleolin recognizes and binds to this 

parallel promoter-region G-quadruplex may provide insight to how these globular structures are 

induced and stabilized by chaperone-like proteins to modulate gene expression. Since c-myc is a 

key oncogene in numerous human cancers, recognition of interactions between the c-Myc G-
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quadruplex and nucleolin could inspire future structure-based development of c-Myc G-

quadruplex targeting therapeutics for modulating protein expression. 

 Nucleolin/c-Myc G-quadruplex structure studies are currently ongoing. Preliminary 

crystallization screens completed in collaboration with the lab of Professor Lin Chen at the 

University of Southern California, resulted in Nuc-1234/Myc-1423 complex crystals from 

several different crystal screens (Hampton Research), none of which diffracted. However, it was 

thought that the complex crystallized, instead of unbound Myc-1423 or apo Nuc-1234 based on 

SDS PAGE and polyacrylamide gel analysis of a dissolved crystal. No other combination of 

nucleolin deletion mutant and c-Myc G-quadruplex resulted in any crystals from preliminary 

screening. The appearance of preliminary crystals with the Nuc-1234 complex was encouraging. 

Because the complex was able to form a crystal, it is possible that Nuc-1234 with the 

biologically relevant Myc-1423 may form the most structured, homogenous complex out of all of 

the other c-Myc G-quadruplex sequences. Efforts to crystallize the Nuc-1234/Myc-1423 

complex will proceed onwards.  

 For continuation of structure studies between Nuc-1234 and the major Myc-1423 G-

quadruplex, both UV crosslinking studies and NMR experiments will progress. The T11BrdU 

and T16BrdU substituted Myc-1423 sequences will be tested for interactions with the nucleolin 

as RBD2 clearly made specific contacts with the first Myc-1423 loop T7. Various other 

proteases besides Proteinase K, such as Trypsin, will be used to digest Nuc-1234 covalently 

bound to Myc-1423 T/BrdU to confirm binding sites. Additionally, deuterated Nuc-1234 will be 

prepared for 15N-1H HSQC experiments. Deuteration of the protein should result in sharper 

linewidths and increased sensitivity of NMR experiments by minimizing relaxation due to 

dynamics of the protein/G-quadruplex complex. This will result in better NMR spectral quality 
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for future chemical shift assignments leading to complete structure determination of nucleolin 

bound to the c-Myc G-quadruplex. 
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Figure 3.30 Structure of human Nuc-12 showing the conserved residue K92, which interacts 
with the T7 single-nucleotide loop in the Myc-1423 G-quadruplex. The bottom structure shows 
β-strands in magenta, α-helices in aqua, and the linker in oraange.  
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 ****:**** ***..***..**:

************ * .*************************************:**** * *********.:::*:********** ******:*************:******.:*****:****
Cricetulus griseus

 FNLFIGNLNPNKSVAELKVAISEPFAKNDLAVVDVRTGTNRKFGYVDFESAEDLEKALELTGLKVFGNEIKLEKPKGRDSKKVRAARTLLAKNLSFNITEDELKEVFEDALEIRLVSQDGKSKGIAYIEFKSEADAEKNLEEKQGAEIDG   150
Homo sapien  

FNLFVGNLNFNKSAPELKTGISDVFAKNDLAVVDVRIGMTRKFGYVDFESAEDLEKALELTGLKVFGNEIKLEKPKGKDSKKERDARTLLAKNLPYKVTQDELKEVFEDAAEIRLVSKDGKSKGIAYIEFKTEADAEKTFEEKQGTEIDG   150
                    

 **:**********.*: * *******************************************:************************** *****:****************************************:*************
 RSVSLYYTGEKGQRQE-RTGKNSTWSGESKTLVLSNLSYSATEETLQEVFEKATFIKVPQNQQGKSKGYAFIEFASFEDAKEALNSCNKMEIEGRTIRLELQGPRGSPNARSQPSKTLFVKGLSEDTTEETLKESFEGSVRARIVTDRET   299
RSISLYYTGEKGQNQDYRGGKNSTWSGESKTLVLSNLSYSATEETLQEVFEKATFIKVPQNQNGKSKGYAFIEFASFEDAKEALNSCNKREIEGRAIRLELQGPRGSPNARSQPSKTLFVKGLSEDTTEETLKESFDGSVRARIVTDRET   300

 *****************************************
 GSSKGFGFVDFNSEEDAKAAKEAMEDGEIDGNKVTLDWAKP   340
GSSKGFGFVDFNSEEDAKAAKEAMEDGEIDGNKVTLDWAKP   341

                            
Cricetulus griseus
Homo sapien  

                    
                            
Cricetulus griseus
Homo sapien  
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 The work presented in this chapter addresses questions regarding interactions between 

nucleolin and the c-Myc G-quadruplex structures. However, there are still a number of follow-up 

experiments to be completed including confirmation of results concerning specific interactions 

between nucleolin and the c-Myc G-quadruplex Myc-1423. Continuation of experiments for 

mapping interactions, besides the ones mentioned in this dissertation, are necessary for complete 

understanding of protein/G-quadruplex interfaces. Of utmost importance may be the complete 

structure determination of the nucleolin/c-Myc G-quadruplex structure, which would be the first 

ever structure solved of a protein interacting with a promoter region G-quadruplex structure.  

 

All of the molecular biology and biochemistry related experiments described in this chapter were 

completed by Y. Chen. The NMR experiments were completed by P. Agrawal and Y. Chen. P. 

Agrawal, M. Carver, and C. Lin synthesized and purified the DNA samples.  
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APPENDIX 
 
PERMISSION TO USE COPYRIGHTED MATERIAL  

Reprinted with permission from: 

 

Chen, Y. & Yang, D. Sequence, Stability, and Structure of G‐Quadruplexes and Their 

Interactions with Drugs. Current Protocols in Nucleic Acid Chemistry. 2012; 17.5.1–17.5.17. 

Copyright © 2012 John Wiley & Sons, Inc. 

 

Chen, Y., Agrawal, P., Brown, R. V., Hatzakis, E., Hurley, L., Yang, D. The Major G-

Quadruplex Formed in the Human Platelet-Derived Growth Factor Receptor β Promoter Adopts 

a Novel Broken-Strand Structure in K+ Solution. Journal of the American Chemical Society. 

2012; 143: 13220-13223. Copyright © American Chemical Society. 
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