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ABSTRACT 

 
Biologically, G-quadruplexes (G4s) are single-stranded structures that fold back on themselves, and 

are formed by DNA or RNA molecules in which one guanine base from each chain associate via 

cyclic Hoogsteen hydrogen bonding to form planar G-tetrad. Two or more of these tetrads can 

hydrophobically stack on top of one another to form G4 which are further stabilized by the presence 

of a mandatory monovalent cation centered between the planes. RNA Helicase Associated with AU-

rich element (RHAU) is a member of the ATP-dependent DExH/D family of the RNA helicases that 

can bind and resolve G4 structures. To gain insight into the structural basis of G4 recognition by 

RHAU, a series of G4s were characterized using biophysical techniques including UV-Visible 

spectroscopy, electrophoretic mobility shift assays, dynamic light scattering, circular dichroism, 

small angle x-ray scattering and nuclear magnetic resonance spectroscopy. The mRNA for the 

Pituitary homeobox 1 (PITX1) protein was chosen as a model system to investigate G4 structures as 

it possesses three distinct G4 forming sequences in its 3ʹ- untranslated region (UTR) that interact with 

RHAU (Q1: PITX11371-1400, Q2: PITX11901-1930, and Q3: PITX12044-2079). First, Q2 was studied and 

demonstrated to adopt a parallel G4 orientation that can interact with the N-terminal domain of RHAU 

via its G-tetrad face. Interestingly, the DNA counterpart of Q2 adopted a different hybrid-type G4 

structure with mixed parallel and antiparallel strands which was unable to interact with RHAU. Next, 

Q3 from PITX1 mRNA was studied as it contains long loops of 6 nucleotides to investigate the 

potential impact of interrupting loops on both the G4 structure and interaction with proteins/small 

molecules. Scrambling of only specific loop sequences impacted the global fold of Q3 while retaining 

a parallel G4 conformation. Disruption of the global fold through loop scrambling was shown to 

impact binding affinity of RHAU and a small molecule ligand that selectively interacts with the G-
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tetrad faces of parallel G4s. Taken together, the data in this thesis provides a biochemical and 

structural starting point for understanding the recognition of RNA G4s by binding partners. 
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1.1 Nucleic acids 

 
Nucleic acids are biomolecules important to all living organisms. Although the initial discovery of 

nucleic acids was made by Friedrich Miescher in 1869 (1) while he was performing an experiment on the 

chemical composition of leukocytes, however, modern experimental studies have focused on biological and 

medical research which have provided insights into genomic, forensic, pharmaceuticals and biotechnology 

studies (2, 3).  

The basic components of nucleic acids are the nucleotides, comprised of a nitrogenous base, a 

pentose sugar (deoxyribose in DNA and ribose in RNA), and at least one phosphate group. The nucleotide 

bases are the purines, guanine (G) and adenine (A) and the pyrimidines, cytosine (C), thymine (T) and 

uracil (U) (4). Nucleosides are made from purines and pyrimidines having a sugar bonded to a ring nitrogen 

and to distinguish atoms of the sugar from those of the heterocyclic bases, a prime is attached to the numbers 

(e.g., 2ʹ or 3ʹ) in the sugar. In ribonucleosides, the sugar moiety is D-ribose, while it is 2ʹ -Deoxy-D-ribose 

in deoxyribonuleosides. The sugar is bonded to the heterocyclic base through a β-N-glycosidic bond, to N-

1 of a pyrimidine or N-9 of a purine. Steric hindrance by the base restricts rotation about the β-N-glycosidic 

bond of nucleosides and nucleotides, resulting in specific syn and anti conformations; the anti conformation 

is more common. Nucleotides are nucleosides containing phosphate groups bonded to hydroxyl groups of 

the sugar via esterification, with the 5ʹ- and 3ʹ- prefixes representing the linkage of the phosphates groups 

from the 5ʹ- and 3ʹ-hydroxyl groups of the sugar respectively (5).  

The 5ʹ-phosphate group of one nucleotide can be linked to the 3ʹ-hydroxyl group of the pentose 

sugar of another nucleotide via esterification reaction to form a phosphodiester bond, in which the pentose 

moieties are connected by a 3ʹ → 5ʹ phosphodiester bond that forms the backbone of DNA and RNA. The 

monomers in DNA are joined to form the polymer by 3ʹ, 5ʹ-phosphodiester bridges resulting into a single 

strand possessing a polarity with one end denoted as the 5ʹ-hydroxyl or phosphate terminus, and the other 
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as the 3ʹ-phosphate or hydroxyl terminus (5).  

DNA molecules are usually double-stranded, with genetic information contained in the template 

strand copied during nucleic acid synthesis while the opposite strand matches the RNA transcript that 

encodes for protein (5).  Double-stranded nucleic acids are made up of complementary base pairing from 

antiparallel strands known as Watson-Crick base pairing, resulting from hydrogen bonds between the bases 

(adenine base pairs with thymine in DNA or uracil in RNA and guanine base pairs with cytosine).  RNA 

molecules, on the other hand, are single-stranded (6) but in the presence of proper complementary base 

pairs, single stranded RNA can fold back on itself like a hairpin to form double-stranded structures with 

altered helical features relative to DNA because of the additional 2’-hydroxyl group on its ribose sugar. 

Therefore, RNA often forms highly ordered three-dimensional structures arising from several small tracts 

of intramolecular interactions resulting from Watson-Crick base pairing and other noncanonical base-

pairing. 

RNA molecules usually have characteristic secondary and tertiary structures that are specific to their 

biological function. RNA molecules play various roles in cellular contexts and are classified as noncoding 

and coding RNAs. Noncoding RNA comes in different varieties with the most prominent being transfer 

RNA (tRNA) and ribosomal RNA (rRNA). Others include; small nuclear RNA (snRNA), found in the 

nucleus and tightly bound to proteins in complexes known as snRNPs (small nuclear ribonucleo proteins,) 

and the most abundant of these molecules are the U1, U2, U5, and U4/U6 particles that are involved in 

splicing of pre-mRNA to give mature mRNA. Small Nucleolar RNA (snoRNA) are found in nucleolar 

extracts and function in the processing of rRNA, which often results in the methylation and 

pseudouridylation of immature rRNA. MicroRNAs (miRNAs) are small regulatory RNAs, about 22 to 26 

nucleotides long that function in gene regulation while small interfering RNAs (siRNAs) are molecules 

containing 21 to 25 base pairs, that also play roles in the regulation of gene expression. Ribosomal RNA 



4 
 

 

(rRNA) contributes to the assembly and function of ribosomes and transfer RNA (tRNA) is an adapter 

molecule involved in the translation of information from RNA into a specific sequence of amino acids that 

form the protein. Messenger RNA (mRNA) is the coding RNA that serves as template for the synthesis of 

protein. 

 

1.1.1 Nucleic acid folding 
 

Early crystallographic studies of DNA unveiled a surprising diversity of related structures, including 

the A, B, and Z-forms of DNA that differ significantly in their helical features (Fig. 1.1). Under 

physiological conditions (7), the predominant structure is B-form which adopts a right-handed anti-parallel 

helix with 10.5 base pairs per turn, a narrow minor groove and a wide major groove (8, 9). In this structure 

all of the nitrogenous bases adopt the anti conformation, with the Watson-Crick hydrogen bonding face 

pointing away from the deoxyribose sugar. A-form DNA is comprised of 11 base pairs per turn with a 

broader and shallower minor groove, narrower and deeper major groove than that of the B-form, and is 

formed in vitro under dehydrating conditions. Z-form DNA was accidentally discovered during attempts to 

crystallize DNA duplex with alternating purine-pyrimidine tracts, and adopts a left-handed antiparallel 

helix, with the bases assuming a syn conformation (10).  

A characteristic feature of nucleic acid helices is the sugar puckering that occurs as a result of the 

furanose rings in nucleotides, twisted out of plane in order to reduce steric clashes between atoms on the 

sugar ring. Puckering is described by the displacement of carbons-2ʹ and 3ʹ from the median plane of C1ʹ-

O4ʹ-C4ʹ in the sugar. The endo face of the sugar is on the same side as C-5ʹ and the nucleotide base while 

the exo face is on the opposite side of the base (Fig. 1.3 C) (11). A C2ʹ-endo conformation is achieved when 

the endo displacement of C-2ʹ is greater than the exo displacement of C-3ʹ (characteristic of B-form DNA) 

and C3ʹ-endo conformation is formed when the endo displacement of C-3ʹ is greater than the exo 
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displacement of C-2ʹ (prevalent in A-form DNA). A key feature that distinguishes RNA from DNA is the 

presence of a hydroxyl group at the 2′ position of its ribose sugar, resulting in a predominant C-3ʹ endo (A-

form) conformation of biological RNA due to the formation of an intramolecular hydrogen bond from O-

2ʹ in one RNA residue to O-4ʹ in the next (11). The presence of the 2′-OH group in RNA molecules may 

lead to chemical attack on the adjacent phosphodiester bond and consequently cleavage of the backbone, 

making RNA less chemically stable than DNA (12).        

Highly ordered structures formed from single-stranded DNA and RNA have been reported to be 

involved in many important biological processes including replication, transcription, translation, 

recombination and repair (13, 14). Other highly ordered DNA and RNA structures including DNA triplexes, 

formed when pyrimidine or purine nucleotide bases occupy the major groove of the DNA double helix to 

form Hoogsteen base pairs with purines of the Watson-Crick base pairs,  and the focus of this thesis G-

quadruplexes, formed from guanine rich DNA or RNA sequences have been reported to play significant 

roles in myriads of cellular processes including natural gene regulation (15). 

 

1.2 Quadruplex Nucleic Acids 

 
Biologically, G-quadruplexes (G4) are single-stranded structures that fold back on themselves, and 

are formed by DNA or RNA in which one guanine base from each chain associates via cyclic Hoogsteen 

(16) hydrogen bonding to form a planar G-tetrad. Two or more such tetrads hydrophobically stack on top 

of each other to form the G4 and are stabilized by the presence of a required monovalent cation (typically 

K+) in the center between the planes (17). It was shown as early as 1910 that high concentrations of guanylic 

acid (GMP) in aqueous solution can form gels (18). Gellert et al. (19), demonstrated by X-ray fiber 

diffraction experiments the structure of a G4 in which each guanine residue in the G-tetrad acts both as an 

acceptor and a donor of two hydrogen bonds. The topologies of G4s are based on a number of factors 
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including, glycosidic conformation (anti/syn), monovalent cation (K+/Na+), the number of nucleic acid 

strands in the sequence (intermolecular, intramolecular), strand orientation (parallel/antiparallel) and the 

number of G-tetrads involved in stacking to form the stable structure (20, 21).            

  

Fig. 1.1. B, Z, triplex and Quadruplex nucleic acid structures. B-form (PDB ID #: 

3r86) adopts a right-handed anti-parallel helix with 10.5 base pairs per turn, a narrow minor 

groove and a wide major groove assuming anti conformation; Z-form (PDB ID #: 3fqb) adopts 

a left-handed anti-parallel helix, with the bases assuming a syn conformation; triplex (PDB ID 

#: 1d3x) nucleic acid is formed when purine or pyrimidine bases occupy the major groove of 

DNA double helix and form base pairing with purines of the Watson-Crick basepairs; G4 

(PDB ID #: 1rau) is formed by DNA or RNA in which one guanine base from each chain 

associates via cyclic Hoogsteen hydrogen bonds. 

 

Computational studies conducted by the use of consensus sequence (G3+N1-7G3+N1-7G3+N1-7G3+) to 

search for putative quadruplex forming sequences (PQS) have shown that human genome may contain more 

than 300 000 sequences having the possibility of forming G4s PQS (22). A recent deep sequencing 

experiment of DNA G4 structures in the human genome revealed 716,310 distinct PQS (23), with 451,646 

not predicted by computational methods (22, 24, 25). The localization of (PQS) is non-random; PQS have 

been reported to co-localize with functional regions of the genome and moreover, they are highly conserved 
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within different species (26), with the highest conservation in mammalian species and a decrease in non-

mammals and other lower organisms (27).  Large quantities of PQS occur at telomeres consisting of 5 to 

10 000 bp of tandem TTAGGG repeats in humans. Other regions including gene promoters, intron/exon 

borders, specific immunoglobulin switch targets have been reported to contain high levels of PQS (28) and 

about 90% of human DNA replication sites have also been shown to contain PQS (Fig. 1.2) (29, 30). For 

RNA, previous findings have suggested that in approximately 3000 human genes, the 5ʹ-untranslated region 

(UTR) of the encoded mRNA contain PQS which suggest a significant role in translation regulation (31, 

32). Collectively, the presence of PQS in key genomic regions suggest that they are capable of forming 

stable structures that play key regulatory roles in cells. 

 

1.2.1 History of the G-quadruplex 
 

 In 1910, it was shown that concentrated solutions of guanylic acid can form a gel and in the 1960s, 

X-ray diffraction technique was used to analyze the gel which revealed the arrangement of planar tetramers 

of guanines linked by Hoogsteen hydrogen bonds (19, 33). After about ten years following the discovery 

of these planar tetramers (named G-tetrad) (Fig. 1.3 B) (34, 35), it was shown that several repeats of guanine 

bases in polyguanylic acid (in RNA) and polydeoxyguanylic acid (in DNA) can form four-stranded 

structures known as G4 as a result of stacked G-tetrads (36-38). In a study conducted by Walter Gilbert and 

Dipankar Sen in 1988, the first endogenous nucleic acid sequences that form G4 structures were discovered 

in the immunoglobulin switch regions, and this led to the suggestion that these structures could facilitate 

the alignment and recombination of chromosomes during meiosis (39).  
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Fig. 1.2. Established locations of G4 structures. (A) Replication sites (B) 

transcription sites (C) telomeres, single stranded G-rich overhangs (D) translation sites 

(Red-bars represent obstructions to transcription, replication and translation, although 

G4 structures have been shown in some cases to upregulate translation) (40) 

 

G4 structures have also been shown to be formed at telomeres consisting of many tandem repeats of 

guanine-rich motifs, including hexameric repeats of TTAGGG/CCCTAA in vertebrates (41). Tetrahymena 

telomeric DNA was proposed in 1987 by Elizabeth Blackburn’s laboratory to form a double G-G base 

paired hairpin (42) and research publications from Thomas Cech and Aaron Klug also suggest the formation 

of G4 structures by telomeric sequences of Oxytricha and Tetrahymena (43, 44). In 1998, a G4 forming 

sequence was found to form G4 structure at the control region of proto-oncogene c-Myc, suggesting a role 

in the regulation of transcription (45). Although the study of G4 structures has continued to increase over 
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the years, nonetheless, several challenges have been associated with the assessment of their biological roles 

in vivo. Recent studies have shown that these structures can be visualized throughout the mammalian 

genome by the use of specific antibodies (46, 47) and evidence of the biological roles mediated by G4s 

have begun to be unraveled through the investigation of proteins that interact with them (48-50).  

 

1.2.2 G-tetrad 
 

A G-tetrad is a planar association of four guanine molecules (Fig. 1.3 A) held together by four 

central hydrogen bonds between H1 of nitrogen and O6 of carbonyl group and also by four external hydrogen 

bonds between H2 of amine and N7 (Fig. 1.3 B). G-tetrads have two faces referred to as a “head” (+) and a 

“tail” (-), where the “head” is defined as the face showing a clockwise orientation of the internal hydrogen 

bonds from the donor (NH) to the acceptor (C=O) group, and vice versa for the “tail.” 

The ribose and deoxyribose sugars of the nucleoside can adopt several conformations of which the 

two most favorable are the C2′-endo (mostly found in DNA G4s) and the C3′-endo (mostly found in RNA 

G4s) (Fig. 1.3 C) (51). There is a covalent linkage between the guanine bases and the sugar through a 

glycosidic bond that can exhibit two major different torsion angles namely, syn and anti (Fig. 1.3 D). All 

G4 structures have four grooves namely; a small, a wide and two medium grooves which are defined as the 

spaces bounded by the phosphodiester backbones (Fig. 1.3 D) (17). Parallel G4s contain all guanine 

glycosidic angles in an anti-conformation, while anti-parallel G4s were shown to have both syn and anti 

guanine conformations with at least one of the four strands oriented in an anti-parallel manner to the others 

(17, 52).  
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Fig. 1.3. Guanine and G-tetrad (A) Guanine molecule showing two hydrogen bond 

faces (Watson-Crick and Hoogsteen) involved in G-tetrad formation. Arrows indicate H-

bond donors (in black) and acceptors (in grey). (B) Structure of G-quartet showing the 

hydrogen bonds. (C) The two most favorable sugar conformations of guanine quartets: 

C2′-endo or C3′-endo. (D) Torsion angles of guanine glycosidic bond (syn and anti) that 

determine groove dimension of G-quartet: wide, medium and small.  
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1.2.3 The role of cations in the stability of G4 structures 
 

 The coordination of cations by the closely spaced carbonyl oxygen atoms of a G-tetrad was 

postulated long before the first high-resolution structure of a G4 was determined. G4 structures are 

stabilized by the interaction of a monovalent cation with the negatively charged carbonyl oxygen atoms 

located at the centre of the G-tetrad stacks (53) and these monovalent cations stabilize the structure in the 

order of K+ >NH4
+ > Rb+ > Na+ > Cs+ > Li+ (17, 54). K+ and Na+ cations have been characterized 

extensively, largely due to their physiological importance and the ability to stabilize G4 structures. A 

number of other cations have also been shown to promote the formation of G4 and these include monovalent 

cations Rb+, Cs+, (55, 56), NH4
+ (57, 58), Tl+ (59) and divalent cations such as Sr2+ (56, 60), Ba2+ (61), and 

Pb2+ (57, 62) with the order of G4 structure stability as follow: Sr2+ > Ba2+ > Ca2+ > Mg2+ (61). Interestingly, 

Ca2+ and Mg2+ ions do not enhance the formation of G4 structures in the absence of other cations, however, 

low concentrations of divalent cations initially stabilize G4s while increasing concentrations destabilize 

them (57). Cations interact with G4 structures in two ways namely, cation-dipole interactions through 2x4 

central oxygen atoms (inner ions) from two stacked G-tetrads which reduces the electronic repulsion 

(unique for G-quadruples) and electrostatic interactions with the grooves and the phosphate backbone (outer 

ions) common within most nucleic acid structures.  

 

1.3 Structural polymorphisms of G4 nucleic acids 
 

 G4s can be formed from one, two or four separate strands of DNA (or RNA) and show a wide 

variety of topologies as a result of different factors, including the number of oligonucleotide strands, 

composition of the nucleotide sequence, the orientation of strands, the nature and composition of loops, 

glycosidic bond angles and type of cations present. The formation of G4 is largely based on two or more 

core G-tetrads that are stacked on top of each other with loops connecting guanine strands (Fig. 1.4). The 
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simplest unimolecular DNA or RNA G4 structure (intramolecular) can be depicted as: Gx Wa Gx Wb Gx Wc 

Gx, where X represents the number of guanine residues in each short G-tract directly involved in G-tetrad 

formation and Wa, Wb and Wc represent any combination of nucleotide residues (including guanine) that 

are involved in the formation of loops (17). In this simple form there is an assumption that all the G-tracts 

existing within a G4 sequence are identical, and while this may be true for telomeric sequences in some 

vertebrates, it may vary in the case of non-telomeric genomic sequences, as also observed in some lower 

eukaryotic telomeric sequences (Table 1.1) (17). 

 

Fig. 1.4. Schematics of G4 topologies. (A) Intermolecular (tetramolecular and 

bimolecular) quadruplex structures. (B) Unimolecular (intramolecular) quadruplex 

structures. Loops are colored cyan and G-quartets colored red (17, 63) 
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G-tracts may be of varying lengths depending on the specific quadruplex sequence being considered and in 

some cases, guanine residues in the longer tracts may be involved in the formation of loops. The 

classification of G4 structures formed by a single or double strands is based on the polarities of the strands 

and also on the position of the loops joining the guanine strands (Fig. 1.4). 

 

Table 1.1. Some known telomeric DNA sequences.  (sequences involved in telomeric G4 

formation may vary from vertebrates to lower eukaryotes)  

Group Organism Telomeric repeat 

Vertebrates  Human, mouse, Xenopus  TTAGGG 

Filamentous fungi Neurospora crassa TTAGGG 

Slime moulds Physarum, Didymium,  

 

TTAGGG 

Kinetoplastid protozoa Trypanosoma, Crithidia  

 

TTAGGG 

 

Ciliate protozoa Tetrahymena, Glaucoma 

Paramecium Oxytricha 

Stylonychia, Euplotes 

 

TTGGGG 

TTGGG(T/G) 

TTTTGGGG 

Apicomplexan protozoa Plasmodium  TTAGGG(T/C) 

Higher plants Arabidopsis thaliana  TTTAGGG 

Green algae Chlamydomonas  TTTTAGGG 

Insects Bombyx mori  TTAGG 

 

Round worms Ascaris lumbricoides  TTAGGC 

Fission yeasts Schizosaccharomyces pombe  TTAC(A)(C)G(1–8) 

Budding yeasts Saccharomyces cerevisiae TGTGGGTGTGGTG  
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1.3.1 RNA and DNA G4s 
 

RNA G4s have been reported to form structures that are thermodynamically more stable, less 

hydrated and more compact than their DNA G4 counterparts (64, 65). The basic difference between RNA 

and DNA G4s is the presence of a ribose sugar rather than a deoxyribose sugar. The 2ʹ hydroxyl group in 

the ribose sugar gives rise to specific intramolecular interactions within the structure which results in an 

increased stability of RNA G4 over DNA G4. RNA G4 predominantly adopts the parallel conformation 

(Fig. 1.4 B; parallel propeller) due to the role played by its 2ʹ hydroxyl group, exerting a constraint on the 

quadruplex topology, and thereby preventing the syn-conformation which is a requirement for the 

antiparallel topology (Fig. 1.3 D). Tang et al. demonstrated the effect of the 2ʹ hydroxyl group in G4 

structures by examining the syn/anti preferences of individual guanine nucleotides on the overall fold of 

G4s using site-specific substitution of deoxyribonuleosides with ribonucleosides. Their findings showed 

that with ribonucleoside substitution, there was orientation restriction of the base about the glycosidic bond 

to the anti conformation, where C3ʹ endo sugar puckering is imparted which favors the parallel 

conformation of the RNA G4 (66). It has been shown that several factors including loop size, length of the 

G-tracts and the flanking nucleotide bases contribute to the folding patterns of G-rich sequences to form 

stable G4 structures (67-70). Monovalent and divalent cations have been shown as well to induce different 

G4 structures with different stabilities (71-74). The effect of absence or presence of monovalent cations, 

such as potassium and sodium ions on the thermal stability of G4 structures have been investigated. RNA 

G4s were shown to exhibit much higher stabilities than corresponding DNA G4s (64). A methodical 

investigation of chemically modified G4s by thymine/uracil substitution resulted in a moderate or strong 

stabilization of the structure and modification at the ribose 2ʹ-position showed loss of hydrogen bond 

capacity that strongly affected the G4 conformation (75). 
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1.3.2 Loop Conformation in Parallel and Anti-parallel G4 Structures 
 

Intermolecular quadruplexes may be categorized as tetramolecular (formed by the association of 

four oligonucleotide strands) or bimolecular (formed by the association of two oligonucleotide strands). 

Although the formation of G4 structures may be promoted under the conditions that revealed single-

stranded regions such as during replication, transcription, or within the overhangs of telomeres (48), 

however, among these single-stranded regions, intramolecular G4s may be more likely formed in vivo than 

intermolecular G4s (48, 76).  Intramolecular G4s can be formed by only one molecule of nucleic acid 

sequence with various loop conformations connecting the G-tracts. The nucleotide sequences existing 

between the guanines that form G-tetrads can form loops and these play a significant role in determining 

the nature of folding and stability of G4 structures, therefore, loops of different lengths and sequences can 

stabilize or disrupt G4s (70, 77). Hydrogen bonding and base stacking occur between loops giving rise to 

intraloop interactions (78), and recent studies on G4s with non-nucleoside linkers in place of loops revealed 

preferential formation of parallel G4s which do not depend on the length of such linkers (69, 78). A 

combination of circular dichroism, UV melting, molecular modeling and simulation techniques have been 

used to show that a parallel-stranded intramolecular G4 structure is the only fold that is possible when three 

single residue loops are present. Both parallel and anti-parallel conformations are possible when single 

thymine loops are combined with longer length loops, or when all loops are longer than two residues (70). 

Tippana et al. (79) showed a diminishing population of parallel G4 folding by replacing thymine residues 

in the loops with adenine residues indicating loop sequence dependence of G4 folding in some DNA G4s 

which may be attributed to a different steric hindrance imposed by adenine. G4 folding governed by the 

loop length and sequence may impart a conformational change that determines binding interactions of small 

molecules and proteins (79). According to an investigation conducted by Guedin et al. (2010), 80 different 

sequences containing four tracts of three guanines with loops of varied lengths were examined to determine 
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their effect on G4s; an inverse correlation between total loop length and melting temperature (Tm) was 

reported in K+: A decrease of 2⁰ C in Tm was recorded for each nucleotide base added, corresponding to the 

impact of loop length on the stability of G4 structures (80).  

The length of loops in RNA G4s has also been shown to have an inverse relationship with their 

stability, and this was demonstrated by Pandey et al. (81), where RNA oligonucleotides sequences 

containing four tracts of two guanines with uracil loops of varied lengths ranging from one to eleven were 

examined; a reduction in Tm from 60⁰C to 14⁰C was observed for the G4 RNA containing the longest loops, 

while both composition and length of the loops affect the thermal stabilities of naturally occurring G4 RNAs 

sequences examined in the same study (81). Parallel strands connected adjacently to each other from the 

3’-end of the first G-tract to the 5ʹ-end of the second G-tract gives rise to the formation of strand-reversal 

loops also referred to as propeller loops (Fig. 1.4 B, parallel propeller). Mixed parallel/antiparallel 

topologies (hybrid-1 and hybrid-2) have been reported in crystal structures (Fig. 1.4 B, hybrid 1 & 2) (63) 

and in solution by NMR methods (73, 82) for quadruplexes formed from human telomeric DNA sequences 

and more recently in a number of non-telomeric quadruplexes. In these structures, three G-tracts were 

oriented in the same direction while the fourth strand was in the opposite direction (Fig. 1.4 B, hybrid 1 & 

2). Anti-parallel G4 structures are formed when two of the strands are antiparallel to each other and the 

majority of this topology are found in bimolecular G4s structures but has also been shown to exist in 

unimolecular G4 structures published to date. Lateral or edge-wise loops (Fig. 1.4 A) may connect adjacent 

G-strands in an anti-parallel manner as shown in the structures of both asymmetric quadruplexes observed 

in solution for the sequence d(TG4T2G4T) by NMR and for a bimolecular quadruplex structure formed by 

the sequence d(GGGCT4GGGC) (83, 84). Anti-parallel diagonal loops can also connect opposite G-strands 

as previously shown in the structure formed by the Oxytricha nova telomeric sequence d(G4T4G4) (85-87) 

where the direction of the loops alternate between parallel and antiparallel G-strands.   
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1.4 Biological roles of G4 nucleic acids 
 

Biologically, genomic DNA exist mainly as double stranded helical structure packaged into 

chromatin, and the opportunity of G4 structure formation occurs during DNA replication, transcription and 

repair when the DNA exists as single stranded by the disruption of Watson-Crick base pairing, which in 

turn allows the formation of an alternative Hoogsteen hydrogen bonding that are found in G4s (53, 88). In 

contrast to the Watson-Crick base pairing theory, it has been shown that Hoogsteen hydrogen bonding can 

be formed in canonical double stranded DNA (89), indicating that G4 structures may be formed without 

necessarily completely melting double stranded DNA. 

The initial studies of G4s were based on their roles at the end of telomeres, but recent studies have 

shifted to other important regions of the genome including the promoters of proto-oncogenes (39, 45, 90, 

91), immunoglobulin heavy chain switch regions (39), mutational hotspots, maintenance of chromosomal 

integrity, regulation of replication, transcription and recombination processes (35, 48). Recent findings have 

shown that approximately 90% of human DNA sites that are frequently involved in active DNA replication 

contain G4 forming motifs (29, 30, 92) and in about 3000 human genes explored, PQS were shown to be 

present in the 5ʹ-UTR and 3ʹ-UTR of the encoded mRNAs that may play roles in translation regulation (Fig. 

1.2 D) (31, 32). 

The single stranded nature of RNA allows it to adopt higher ordered structure compared to its DNA 

counterpart (93) and the roles played by RNA G4s have also been studied extensively in recent years. In 

1991, Kim et al. showed that a 19-base oligonucleotide derived from the 5S rRNA of Escherichia coli, 

containing short runs of Gs could tetramerize (form quadruplex) (94). RNA G4s have been shown to exist 

in the 3ʹ untranslated region (UTR) of insulin growth factor II (IGF II) mRNA downstream of the 

endonucleolytic cleavage site (95). The presence and regulatory functions of RNA G4s at telomeric ends, 

long non-coding RNAs, introns and coding regions of mRNAs have also been investigated (21, 50, 96-99). 
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A recent publication by Biffi et al. (46) demonstrated for the first time the visualization of RNA G4s within 

the cytoplasm of human cells using a specific G4 antibody, giving an insight into the selective trapping of 

endogenous RNA G4s by specific G4 ligands, a strategy based on the use of small molecules to differentiate 

RNA G4s from DNA G4s in cells. Visualizing and quantitating DNA G4s (100), and RNA G4s in human 

cells provide new research strategies to investigate the functions and dynamics of G4 structures in a 

biological context.  

 

1.4.1 G4s in translation and transcription 
 

G4 structures have been shown to exist in the 5ʹ-UTR of cellular mRNA and generally play a role 

in translational repression. Kumari et al. used a cell-free translation reporter assay to demonstrate how a 

thermodynamically stable G4 in the 5ʹ-UTR of human neuroblastoma rat sarcoma (NRAS) mRNA impedes 

gene expression in vitro (98). In another study, a dual luciferase reporter assay was used to investigate the 

inhibitory role displayed by an RNA G4 structure found at the 5ʹ-UTR of human Zic-1 (Zinc finger of the 

cerebellum 1) in eukaryotic cells (101). According to genome-wide computational analysis, there are 

approximately 4,141 5ʹ-UTR G4 motifs in the 5ʹ-UTR of mRNAs (102) and more functional roles of G4 

secondary structure in the repression of gene expression at translational level have been confirmed 

experimentally in several genes including, Exon C of human and bovine estrogen receptor α (ESR) (103, 

104), B-cell lymphoma 2 (Bcl2) (105), fibroblast growth factor-2 (FGF-2) (106), vascular endothelial 

growth factor (VEGF) (107), telomeric repeat-binding factor 2 (TRF-2) (108), and transforming growth 

factor β2 (TGFβ2) (109).  

The addition of a G4 stabilizing ligand, or mutations of the G4s at the promoter region of c-MYC 

oncogene have been demonstrated to impact gene expression in vivo (Fig. 1.5 A) (45, 110). RNA capable 

of forming stable G4 within the 5ʹ-UTR of the human NRAS proto-oncogene has also been demonstrated 
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to regulate translation in vitro (Fig. 1.5 B) (98). Bonnal et al. (106) showed that both a G4 and two stem-

loop structures found within fibroblast growth factor-2 (FGF-2) internal ribosome entry site (IRES) were 

needed to initiate translation  and similarly, the requirement of G4 for cap-independent translation initiation 

in human vascular endothelial growth factor (VEGF) IRES has been shown (107). In addition, G4s in the 

3ʹ-UTR of some mRNAs have been reported to play roles in alternative polyadenylation and shortening of 

transcripts (32). 

 

Fig. 1.5. Schematics of the existence of G4 structures in the gene promoters 

or at the 5ʹ-UTR of mRNAs could (A) mediate inhibition of transcription initiation by 

RNA polymerase (B) regulate translation (40) 

   

Genome-wide gene expression studies in yeast and human cells revealed drastic changes in the expression 

levels of several genes following the addition of G4 stabilizing ligand tetra-(N-methyl-4-pyridyl) porphyrin 

(TMPyP4) and these genes were enriched in PQS (111, 112). In another study conducted using a single 
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chain antibody specific for G4 stabilization, a change in the expression level of genes rich in PQS was 

observed, which was not confined to promoters alone but also was found on PQS at the ends of the genes, 

suggesting the involvement of G4 structures in transcription regulation (102, 113).  

 

1.4.2 G4s at the telomeres 
 

Telomeres are nucleoprotein complexes that cap and protect the ends of chromosomes against 

damage during cell division, nonhomologous end-joining of chromosomes and attack from nucleases (114-

116) (Fig. 1.6 A). The telomeric regions of mammalian chromosomes is made up of tandem repeats of the 

sequence d(TTAGGG)n, with a G-rich strand between 100 and 200 nucleotides that forms the 3ʹ overhang 

known as the G-tail. The length of telomeres differs between species, with 5-10 kb in humans, and up to 

150 kb in mice (117-123). Telomeric DNA has been shown to interact with various proteins, including 

protection of telomeres 1 (POT1), telomere repeat binding factor 1 and 2 (TRF1 and TRF2), tripeptidyl 

peptidase (TPP1), TRF1 interacting protein 2 (TIN2) and repressor activation protein 1 (RAP1) (119, 124-

126). The localization of other proteins such as Bloom syndrome (BLM), Werner syndrome (WRN) and 

RecQ helicases at the telomeres have been demonstrated to unwind G4 structures in vitro and in vivo, and 

are needed for the maintenance of its integrity (127-131). The structure and stability of telomeres is related 

to cancer and aging (116, 132),  as in a normal cell every cell replication gives rise to a loss of 50-200 

nucleotides at the telomere (133-135) and at a critical minimum length the cell undergoes apoptosis (133). 

Telomerase is a ribonucleoprotein (RNP) complex (136-138) that maintains the length of telomere in human 

stem cells, reproductive cells and cancer cells (139, 140) using an RNA molecule, human telomerase RNA 

(hTR) as a template to add TTAGGG nucleotide repeats to the end of telomeres, catalyzed by the telomerase 

reverse transcriptase (TERT). The maintenance of telomere stability is key to long-term proliferation of 

tumors (141-143), and the immortalization of human cells have been shown to be associated with 
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reactivation of telomerase, suggesting an escape from cell death (144). As a result of the activation of 

telomerase reverse transcriptase (TERT) enzyme in immortalized cells, their telomeres do not shorten after 

replication, an enabled uncontrolled cell division (145).  

The formation of G4 structures coupled with their unwinding at the tandem repeats of TTAGGG 

sequence were reported to play significant roles in chromosomal end maintenance (146) and direct evidence 

for the existence of G4 structures at the telomeres in vivo was first reported in studies involving specific 

antibodies directed against these structures (147, 148). An intermolecular and antiparallel G4 structure was 

formed at the telomere of Stylonychia and the structure was resolved in the course of DNA replication, 

indicating that G4 structures may be implicated in capping the ends of telomeres (Fig. 1.6 A).  

The mechanism involving G4 folding and unfolding to promote the synthesis of telomere ends by 

telomerase has been studied and in separate investigations conducted by Paeschke and Lipps et al. (149, 

150) that revealed how the recruitment of telomerase by telomere end-binding protein-beta (TEBPβ) 

facilitates the unwinding of G4 DNA in ciliates, and also how the telomerase-associated RecQ protein-like 

helicase resolves telomeric G4 structures during replication. The inhibition of telomerase by G-tetrad DNA 

structures in human telomeres as reported by Zahler et al. was based on the interaction of G4 stabilizing 

ligands which caused a reduction in telomere length as a result of impaired telomere metabolism (Fig. 1.6 

B) (151-154). 

   

1.5 G4 stabilizing ligands 
 

The stabilization of G4 structures by small molecule ligands including porphyrins has been 

investigated (155-157); findings showed that ligands that can interact selectively with G4s and 

stabilize them, but with no affinity for double-stranded DNA molecules, may provide potential 

usefulness in pharmaceuticals. G4 stabilizing ligands may interact with G4 structures within the 
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telomeres, causing a disruption that may inhibit the growth of tumor cells by triggering cellular 

responses that may lead to apoptosis or senescence (158). 

 

 

Fig. 1.6. Schematics of G4 structures at the telomeres. (A) The G-rich overhang 

sequence of human telomere can adopt intramolecular G-quadruplex structures that may 

regulate the activity of telomerase enzyme, or protect the end from endonucleases. (B) A 

G-quadruplex binding ligand interacts with G-quadruplex structures to inhibit the 

synthesis of telomere repeats by telomerase, leading to the shortening of telomeres (40) 

 
G4 stabilizing ligands such as N-Methyl mesoporphyrin IX (NMM) have been shown to be exceptionally 

selective for parallel G4s relative to antiparallel G4s and duplex DNA, therefore, NMM has been used in 

biology and chemistry research to target G4 structures (159). Zahler et al. (151) showed that a folded G4 

structure within telomeric DNA when used as a primer for Oxytricha nova telomerase in vitro affected the 



23 
 

 

extent of telomere elongation, suggesting a negative regulatory effect in vivo. Florence et al. (160) showed 

inhibition of telomerase activity in vitro when ethidium derivatives were used to target and stabilize 

telomeric G4s. The initial design of G4 binding ligands was based on acridine compounds (Fig. 1.7) which 

seemed to be valuable for the recognition of G4 as long as its substitution pattern and the protonation ability 

of the middle ring nitrogen was fully optimized (155). A derivative of anthraquinone was the first small 

molecule ligand developed to interact with DNA G4 and inhibits the activity of telomerase enzyme (152) 

and other compounds that bind G4 structures have since been developed (161-165). G4 interacting ligands 

are designed to exploit two features; π-stacking and electrostatic interactions. Four different classes of 

ligands have been characterized based on their cationic nature: (a) cationic ligands with locally protonated 

amine appendages, (b) N-methylation of an aromatic component, (c) incorporation of a metal centre and 

(d) non-cationic ligands.  

Cationic ligands containing locally protonated amine appendages have been reported to interact by 

hydrophobic π-stacking between its flat aromatic core and the accessible guanine residues of the G-tetrad, 

coupled with ionic interaction between the protonated sidechains of the ligand and the quadruplex-grooves 

(166). Several examples of this group of ligands have been investigated (Fig. 1.7), including 9-[4(N,N-

dimethylamino)phenylamino]-3,6-bis(3-pyrrolodinopropionamido) acridine (BRACO-19) (167, 168), 

3,4,9,10-Perylenetetracarboxylic Diimide (PIPER) (169) and quinacridines (MMQ) (170, 171). 
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Fig. 1.7. Examples of cationic G4 interacting ligands based upon locally 

protonated amine appendages (167-169)  

  

The second category of G4 stabilizing molecules involve the use of N-methylated ligands that 

contain quaternized moiety on the aromatic rings (i.e. a cation consisting of a central positively charged 

nitrogen atom with four substituents), with the advantage of water solubility without the need for cationic 

side-chains and an increase in the π-stacking capability. 5, 10, 15, 20-tetra-(N-methyl-4-pyridyl) porphine 

(TMPyP4) is an example of this class that has been studied extensively to have a high affinity for G4s and 

interacts by intercalation between adjacent G-tetrads or onto the exposed G-tetrads (172-175). Others 

include 5, 10, 15, 20-tetra-[4-hydroxyl-3-(trimethylammonium) methyl-phenyl] porphyrin (TQMP) (176) 

and 5, 10, 15, 20-[tetra-(N-methyl-3-pyridyl)]-26,28-diselena sapphyrin chloride (Se2SAP) (177) (Fig. 1.8) 

that have been shown to bind selectively and strongly to G4s. 
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Fig. 1.8. Examples of cationic G4 ligands based on N-alkylation of aromatic 

linkages (counter-ions; Cl- for TMPyP4, Se2SAP and I- for TQMP) (174, 176, 177) 

 

 The third class is the metallo-organic G4 ligands synthesized by the insertion of metal ions in the 

central cavity of the compounds believed to promote the positioning of the central metal core over the cation 

channel of the quadruplex and as a result, maximizing the stacking interactions between the chelating agent 

and the accessible G-tetrad (178). The first example of this group includes findings describing the insertion 

of a copper or manganese metal ion in the middle chamber of TMPy4 (179) (Fig. 1.9). 

 

Fig. 1.9. Examples of metallo-organic G4 ligands (counter-ion is Cl- for 

CuTMPyP4 and Mn(III) porphyrin (179)  

 

 The last class of G4 ligands is the neutral ligands and an example of this is telomestatin, a natural 
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molecule isolated from Streptomyces annulatus in 2001 by Shinya’s group (180) (Fig. 1.10). This 

compound is one of the most interesting G4 stabilizers and highly selective. Another neutral macrocyclic 

G4 ligand is the N-methyl mesoporphyrin IX (NMM) which has been studied for its exceptional selectivity 

for parallel versus antiparallel G4 folds. NMM is also recognized for the ability to adjust its macrocycle 

geometry to closely fit that of the terminal G-tetrad needed for optimum π- π stacking (159) (Fig. 1.10). 

 

 Fig. 1.10. Neutral macrocyclic G4 ligands (159, 180) 

 

Determining structural information about G4s, specific G4 interacting ligands, and knowledge of their 

mode of interaction with G4s will provide an invaluable insight into the future design of small molecule 

G4 interacting ligands. 

 

1.6 Proteins that interact with G4s 
 

 Proteins can interact with G4s to stabilize their structures (181, 182), or unwind and destabilize G4 

structures (183-185), thereby modulating their cellular functions. G4 binding   proteins can be classified 

into those that interact with DNA G4s and those which associate with RNA G4s; a summary of some 

proteins that recognize, bind and resolve G4 structures is shown in Table 1.2 and will be introduced in the 

following sections (186). 
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Table 1.2. Proteins involved in recognition and binding of G4s. 

 
CNBP, cellular nucleic-acid-binding protein; PARP-1, Poly [ADP-ribose] polymerase 1; IGF-2, Insulin-

like growth factor 2; MAZ, myc-associated zinc-finger; BRCA1, breast cancer type 1 susceptibility protein; 

hnRNP; heterogeneous nuclear ribonucleoprotein; RPA, replication protein A; TEBP, Telomere End 

Binding Protein; TLS/FUS, translocated in liposarcoma/fused in sarcoma; Topo I, Topoisomerase I; UP1, 

unwinding protein 1; FANCJ, Fanconi anemia complementation group J; POT1, protection of telomeres 1; 

FMR2, fragile X mental retardation 2; RHAU, the RNA helicase associated with AU-rich element; SRSF, 

serine/arginine-rich splicing factor; BLM, Bloom syndrome protein; TRF2, telomere repeat binding factor 

2; WRN, Werner syndrome ATP-dependent helicase; Dna2, DNA replication helicase/nuclease 2; G4R1, 

G4 Resolvase 1; Sgs1, small growth suppressor 1. 

 

Location/Function Gene Protein 

 

 

 

Promoter Regions 

BCL-2 

c-MYC 

c-MYC 

Insulin 

KRAS 

KRAS 

KRAS 

MYB 

KIT 

VEGF 

CNBP 

PARP1 

Nucleolin 

Nucleophosmin 

IGF-2, insulin 

hnRNP A1 

MAZ 

PARP1 

PARP1 

PARP1 

p53 (Mutant) 

MUTS-alpha 

Topo I 

 

 

Telomere Region 

 BRCA1 

hnRNP A1 

hnRNP D 

POT1 

RPA 

TEBPs 

TLS/FUS 

Topo I 

TRF2 

UP1 

 

(RNA) G4s 

 FMR2 

hnRNP A2 

hnRNP A1 (Mutant) 

nucleolin 

Ribosomal proteins 

RHAU 

SRSF 1 and 9 

TRF2 

TLS 

 

G4 resolving helicases 

 FANCJ 

BLM 

G4R1/RHAU 

Dna2 

WRN 

Sgs 1 
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1.6.1 Helicases 
 

 Helicases are enzymes that couple the hydrolysis of ATP to the unfolding of double-stranded nucleic 

acids into their single-strand components (187). Among the most studied helicases are G4 interacting 

proteins; which play roles in cellular processes involving nucleic acids, including DNA replication and 

repair, translation, transcription, RNA maturation and splicing, ribosome synthesis, and nuclear export 

processes (188). The classification of helicases is based on a number of factors, including shared sequence 

motifs, the structures (helicases not able to form ring structures are grouped under superfamilies 1 and 2 

(SF1 and SF2), while ring-forming helicases are grouped under superfamilies 3-6) (189), strand 

processivity (single-stranded DNA helicase is recognized as an α-helicase while double-stranded DNA 

helicase is grouped under the β-helicases), and translocation polarity (translocation in the 3ʹ-5ʹ direction is 

recognized as type A helicase while translocation in the 5ʹ-3ʹ direction is recognized as type B helicase) 

(187). 

 SF1 consists of (a) SF1A (translocation in the 3ʹ-5ʹ direction); examples of the best-studied helicases 

in this group include, Rep and UvrD found in Escherichia coli. A crystal structure of Rep helicase revealed 

two domains that are divided into two subdomains with an ATP-binding site located between two RecA-

like (N-and C-core) subdomains, a characteristic observed in many SF1 motifs (190), and (b) SF1B 

(translocation in the 5ʹ-3ʹ direction); examples of these are recombination (RecD) and DNA-dependent 

ATPase (Dda) helicases. The RecD structure revealed two RecA-like core domains and an ATP-binding 

site in-between,  similar to the SF1A helicases (187). 

 SF2 is the largest helicase superfamily implicated in varieties of cellular processes, 

distinguished by the presence two tandemly repeated RecA-like domains, with conserved motifs Q, I, Ia, 

Ib, II, and III in the N-terminal RecA-like domain (NTD) and conserved motifs IV, V, and VI in the C-

terminal domain (CTD) (191). Among the most studied subfamilies are DEAD-box RNA helicases (192) 
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and the RecQ-like family (193). Biochemical information obtained on SF2 proteins suggest that they 

possess a catalytic core that has ATP-dependent directional movement on single-stranded or double-

stranded nucleic acids (187). One of the best studied SF2 helicases that possess the ability to translocate on 

single-stranded nucleic acid is nonstructural protein 3 (NS3) of hepatitis C virus, which can unwind DNA 

and RNA duplexes in the presence of 3ʹ-single-stranded overhang (194, 195), and therefore is grouped as a 

SF2Aα helicase. DEA(D/H) box RNA helicases can translocate on double-stranded nucleic acids and it was 

suggested by Sengoku et al. (191) that members of the DEA(D/H) box RNA helicases having two Rec-like 

catalytic core domains may incorporate ATP-dependent conformational motion to produce localized RNA 

remodeling. 

 SF3 is made up of helicases that were initially found in the genomes of small DNA and RNA viruses 

(196) and have been reported to be involved with enzymatic activities including, origin recognition and 

resolving (197). SF3 helicases have four conserved motifs, A, B, Bʹ, and C and have a 3ʹ -5ʹ translocation 

directionality (type A). The most recognized SF3 helicase is the papilloma virus E1 helicase (187). 

 SF4 members were first isolated and characterized in bacteria and bacteriophages where they act as 

replicative helicases. They have five conserved sequence motifs; H1, H1a, H2, H3 and H4 (198), and all 

characterized SF4 helicases have 5ʹ-3ʹ directionality which corresponds to type B translocation 

directionality. An example of a well-studied helicase in this family is gp4 protein from bacteriophage T7 

(187). 

 Rho protein is the most studied member of the SF5 helicase superfamily that share some features 

with SF4 enzymes. It plays a role in the termination of transcription in bacteria by its interaction with a 

specific sequence at the transcription terminator pause site, that is followed by translocating along the 

transcript and unwinding the DNA/RNA duplex. It is conserved in three motifs; 1, 1a, and 2 respectively 

and has a 5ʹ-3ʹ polarity. 
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 SF6 members include minichromosome maintenance protein (MCM), that plays a role as a 

replicative helicase in both archaea and eukaryotes (199, 200) with a single copy forming homomeric rings 

in archaea, while at least six different paralogs (MCM2-7) assemble into a multimeric complex in 

eukaryotes. Another member of the SF6 family is the RuvB protein which works as dsDNA translocase 

together with RuvA and RuvC in processing Holiday junctions (201). Structural information on SF6 

proteins is still emerging and no crystal structure for the hexameric form is available. 

 

1.6.1.1 Helicase Mechanism of Action 

 

The mechanism of duplex unwinding by helicases will be discussed taking into consideration 

DEAD- and DExH-box proteins and the two main proposed models by which helicases unwind duplex 

nucleic acids; the “stepping/inchworm” and the “Brownian motor” models (Fig. 1.11) (202, 203). The 

stepping/inchworm model (Fig. 1.11 A) is described as an opened-and-closed conformation of the helicase, 

where two nucleic acid binding sites bind and release nucleic acids independently in response to the signals 

received from the NTPase site (204, 205); translocation along one strand of the duplex is achieved by the 

helicase, resulting into a displacement of hydrogen bonds down the center of the strand as it moves. The 

Brownian motor model (Fig. 1.11 B) involves the co-ordination between the helicase core domains that 

alternate in the binding affinities for single-stranded/double-stranded nucleic acid and also the binding 

affinity for NTP (202) hence, the alternating affinity of the helicase for the substrate upon binding and 

hydrolyzing NTP results in translocation coupled to base pair separation. 
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Fig. 1.11. Mechanisms of nucleic acid duplex unwinding by helicases. (A) 

Stepping/Inchworm model. The helicase binds nucleic acid duplex which increases its 

affinity for ATP binding, leading to a closed conformation. ATP is hydrolyzed and the 

helicase adopts an opened conformation, causing translocation of one core domain. (B) 

Brownian motor model. Binding of ATP by the helicase induces a conformational change 

that results in a weakly bound state between the two domains, and ATP hydrolysis forces 

the helicase to bind tightly, resulting in a forward translocation along the nucleic acid. 

The overall opened and closed conformation is repeated for several cycles until the 

duplex is separated (202, 203). 
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1.6.2 Telomeric G4-binding proteins 
 

  G4 structure forming sequences in telomeres (206, 207) play a significant role in maintaining the 

integrity of the genome and its stability by offsetting the effect of chromosomal end shortening during 

replication. Human telomeres are made up of tandem repeats of the sequence d(TTAGGG)n and a telomere-

specific protein complex, shelterin. The shelterin complex is made up of six protein subunits namely: 

protection of telomeres 1 (POT1), telomere repeat binding factor 1 and 2 (TRF1 and TRF2), tripeptidyl 

peptidase (TPP1), TRF1 interacting protein 2 (TIN2) and repressor activation protein 1 (RAP1). They 

regulate the maintenance of telomere length by protecting chromosomal ends from being recognized as 

damaged DNA (119, 208-210). The POT1/POT1-interacting protein 1 (TPP1) heterodimer has been shown 

to interact specifically with single-stranded DNA at the 3ʹ-overhang of telomeric repeats (211) to protect 

the G-overhangs against the binding of replication protein A (RPA) (212, 213). The mode of interaction of 

POT1/TPP1 with the telomere is similar to that of the telomeric end binding protein (TEBP) described in 

Oxytricha nova (O. nova) (125, 126) where the protein complex binds to a 3ʹ-overhang in the form of G-

tetrad DNA (214). Replication protein A (RPA) has also been shown to bind and unwind G4 structures 

(215, 216) with a strand preference in the 5ʹ-3ʹ direction. In 2014, Ray et al. (217) gave an insight into the 

process by which telomere overhangs are protected by POT1-TPP in comparison to RPA. They revealed 

that POT1 unwinds parallel G4s while RPA unwinds both parallel and antiparallel conformations. Breast 

Cancer Type 1 Susceptibility Protein (BRCA1) has been shown to interact directly with human telomeres 

to regulate the activity of telomerase and hence are implicated in the maintenance of telomeric 3ʹ- overhang 

length (218, 219). BRCA1’s newly recognized roles in telomere regulation and its preferential binding to 

DNA G4 suggests an important role in the processes involved with G4s in the genome. 
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1.6.3 G4 binding proteins at promoter regions 

  
 The promoter region is a DNA sequence that defines the RNA polymerase start site for transcription 

of a specific gene, and is usually found directly upstream of the transcription initiation site. Although gene 

promoter sequences having a continuous stretch of G-tracts can fold into an intramolecular G4 (220), 

however, other G4 conformations have also been shown to exist in promoter regions including a 

bimolecular G4 arrangement (221). G4 binding proteins are involved in direct transcriptional regulation, 

Poly [ADP-ribose] polymerase 1 (PARP-1) interacts with DNA G4s (intramolecular) in vitro with high 

affinity and a stoichiometry corresponding to one G4 for two proteins (222), and according to the results 

obtained from an enzymatic assay, PARP-1 was activated after interaction with G4s found at the c-Kit 

promoter (222). The G4-forming element of the murine KRAS oncogene was demonstrated to interact with 

PARP-1 and MAZ proteins by inducing conformational transformation of duplex to G4 DNA. They have 

been reported to activate the promoter of KRAS by recognizing a parallel G4 conformation of the 

quadruplex-forming element (222, 223). Other G4 binding proteins regulate transcription indirectly through 

chromatin remodeling and DNA repair proteins, including; nucleolin, nucleophosmin, cellular nucleic acid-

binding protein (CNBP), heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) and myc-associated 

zinc-finger (MAZ) protein.  Nucleolin is a phosphoprotein localized in the nucleolus and is highly expressed 

in proliferating cells with various roles in the biogenesis of the ribosome, transcription, chromatin 

remodeling, apoptosis and G4 binding (224-228). Nucleolin binds to a quadruplex structure within c-MYC 

with high selectivity and affinity when compared with other G4s that exist in vitro. Nucleolin has also been 

shown to interact with the c-MYC promoter in vivo (229). 

 

1.6.4 RNA G4-Binding Proteins 
 

  RNA G4s regulate several cellular functions including alternative splicing, telomerase activity, 
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transcription termination, and translational regulation (93, 230). Far fewer RNA G4-binding proteins have 

been reported compared to DNA G4-binding proteins (183, 231). Topoisomerase 2-associated proteins 

(PAT1) have been demonstrated to interact with RNA in vitro with a preference for G-motifs, including 5ʹ-

UTR of NRAS and when tested in mRNA reporter constructs, they were shown to repress translation as 

expected for a G4-stabilizing protein (98, 232, 233). The functional role of RNA G4s and their interactions 

with both FMRP (Fragile X Mental Retardation Protein) and FMR2P (Fragile X Mental Retardation 2 

Protein) have been investigated (234, 235); deficiency of these proteins is associated with the Fragile X 

mental Retardation syndrome (FXS) and the FRAXE-associated mental retardation (FRAXE) (236). 

Darnell et al. showed that FMRP proteins can interact with an RNA target harboring a G4 motif at high 

affinity and specificity through its arginine-glycine-glycine (RGG) box (235). Von et al. (237) revealed a 

number of proteins that interact with RNA G4s including heterogeneous nuclear ribonucleoprotein 

(hnRNP), splicing factors, and ribosomal proteins. Others include telomeric repeat-binding factor 2 (TRF2), 

and DHX36 also known as RNA helicase associated with AU-rich element (RHAU) (238). 

 

1.6.5 G4-Resolving Helicases 
 

 The unwinding of DNA and RNA duplexes by helicases is usually needed to allow cellular 

machineries to act on nucleic acid substrates and so, helicases are needed in practically all cell metabolism 

including replication, transcription, recombination, repair, and telomere maintenance (239-242). DNA G4-

resolving helicases have been studied including RecQ proteins (WRN, BLM and FANCJ) and also RNA 

G4-resolving helicases DHX9 and RHAU. The irregular metabolism of telomeres in Werner syndrome 

cells has been linked to the function of WRN helicase in regulating G4 unwinding (243). WRN belongs to 

the RecQ family and patients with dysfunctional WRN suffer from premature aging. A G4 structure in a 

DNA template was demonstrated to be unwound by WRN helicase, which promoted replication progression 
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by polymerase δ in vitro (244), and it was shown that WRN requires a 3ʹ-ssDNA tail to unwind a variety 

of G4 DNAs (245). BLM is another helicase shown to be very active in vitro in unfolding G4 DNA 

structures (246). A mutation in the gene encoding the BLM helicase leads to Bloom syndrome (247) and 

patients with this syndrome suffer from a rare autosomal recessive disorder characterized by genetic 

instability and predisposition to cancer development. Recent studies have suggested that BLM unwinds G4 

structures in an ATP-independent manner (248) and depending on the G4 structure’s environment, BLM 

helicase may translocate along ssDNA to unwind G4s in an ATP-dependent manner (249). DHX9, also 

known as RNA helicase A (RHA), has been shown to unwind DNA and RNA duplexes with a 3ʹ -5ʹ polarity 

(250) but preferentially acts on RNA substrates to unwind G4 structures (251). RNA helicase associated 

with AU-rich element, also known as G4 resolvase (G4R1) and DEAH box protein 36 (DHX36), is an RNA 

helicase that has been shown to unwind duplex RNA, RNA-DNA hybrids and other non-canonical DNA 

structures including triplexes (252, 253). This helicase will be discussed further in the following section as 

it is central to the research done in this thesis. 

  

1.6.5.1   RNA helicase associated with AU-rich element (RHAU) 

  

  RHAU, was identified by Tran et al. in 2004 as a helicase associated with AU-rich element (ARE) 

of urokinase plasminogen activator (uPA) mRNA, together with nuclear factor 90 (NF90) and human 

antigen R (HuR) (254). They showed the involvement of RHAU in ARE-mediated mRNA decay through 

its RNA-dependent interaction with ARE-binding protein NF90 by recruiting human exosome and a 

poly(A)-specific exoribonuclease (PARN). RHAU protein accelerated the deadenylation and subsequently, 

decay of β-globin-AREuPA (254). Interestingly, RHAU was later identified as a G4 helicase enzyme, capable 

of binding and unwinding inter- and intra-molecular G4s in DNA and RNA and has subsequently been 

shown to play regulatory roles in a variety of G4-mediated processes (50, 252, 253). RHAU interacts with 
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both DNA and RNA G4s with high affinity and specificity through its conserved motif in the N-terminal 

region, the RHAU-specific motif (RSM) (238, 253). RHAU was shown to play a role in the upregulation 

of Yin Yang 1 (YY1) gene as demonstrated to interact with the G4 motif of the YY1 promoter in vitro and 

others have demonstrated the roles of RHAU in remodeling of G4s at the 5ʹ-end of the human telomerase 

RNA (50, 255-257). Booy et al. (49) demonstrated a novel role for RHAU in microRNA-mediated 

translational regulation at a G4-contained in the 3ʹ-UTR of PITX1 mRNA. Similarly, RHAU was found 

implicated in miRNA-mediated regulation of a gene via miRNA translocation and direct interactions with 

human argonaute proteins (254, 258-260).    

 

1.6.5.2 RHAU belongs to DExH/D RNA helicases 

 

 RHAU belongs to the DExH/D family of proteins that participate in myriad cellular functions 

including RNA splicing, miRNA processing, RNA trafficking, mRNA stability, ribonucleoprotein 

remodeling and ribosome assembly (261-264), and some DExH proteins have also been characterized as 

DNA helicases (including human RecQ and various homologs in other organisms) (265). The DExH/D 

family, a subset of the SF2 helicase family, are made up of proteins from the DEAD, DEAH and DExH 

subgroups (266, 267), and they all contain at least eight characteristic sequence motifs, one of which is the 

ATP-hydrolysis (motif II) from which their names are derived: DEAD, DEAH and DExH (Fig. 1.12), 

signifying single-letter amino acids (188, 268, 269). Biochemically characterized DExH/D proteins have 

been shown to possess ATP hydrolysis activity which is mostly stimulated by RNA or DNA.  

 

1.6.5.3   The G4 binding motifs of RHAU 

 

    According to conservation of domains when compared to other helicases, RHAU possesses a core 

DEAH-box helicase domain (residues 210-614), representing the conserved ATPase/helicase motifs I-VI 
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of the DEAD/H-box family, flanked by an N-terminal G4-recognition domain (residues 1-210) and a C-

terminal helicase-associated domain (residues 670-1008), that have not been fully characterized (Fig. 1.13) 

(270).  

 

Fig. 1.12. Characteristic sequence motifs of DEAH, DEAD and DExD 

helicases. Capital letters represent conservative substitutions within each group while x 

denotes variable residues; amino acids that are aligned from different groups have similar 

distance and characteristic motifs were identified following the alignments of 29 DEAH, 

42 DEAD and 44 DExH proteins respectively (267).   

 

The gene DHX36 is known to generate two variant splices of RHAU, where the first isoform is localized 

to both the nucleus and the cytoplasm, and the second isoform which lacks 14 amino acids in the helicase 

domain is predominantly expressed in the cytoplasm (254, 271). The interaction of G4 structures with 

RHAU is mediated by its short N-terminal specificity motif known as the RHAU-specific motif (RSM), a 

13-residue stretch (residues 54-66) in the N-terminal sub-domain (50, 253). Although this segment of 

RHAU was shown to be sufficient for G4-specific recognition and binding, however, the full-length protein 

has been shown to possess higher affinity; 100-fold higher affinity for parallel relative to anti-parallel G4s 

(272-274) and is also required for helicase activity (238, 253, 275). A recent NMR solution structure of a 

peptide-G4 complex explains how RHAU specifically recognizes parallel G4 structures. This structure 
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revealed the interaction of a DNA G4 with an 18-amino acid peptide at the N-terminal region of RHAU 

and demonstrated a stacking interaction between the peptide’s amino acid residues glycine (G9), isoleucine 

(I12), glycine (G13), and alanine (A17) and the DNA guanine of the 5ʹ-end G-tetrad. Clamping of the G4 

structure by means of a “three-anchor-point” electrostatic interactions mediated by three positively charged 

side-chains of peptide lysine (K8), arginine (K10), and lysine (K19) and the DNA phosphate backbone, a 

binding mode that is similar to that of most ligands selected for specific G4 targeting was also reported 

(274). The helicase activity of RHAU was reported to be highly sensitive to the thermodynamic stability of 

G4s, with an inverse relationship between G4 substrates and unwinding by RHAU noticed (272).  

 

Fig. 1.13. Schematic diagram showing the domain structure of RHAU; 

predicted by the National Centre for Biotechnology Information (NCBI) conserved 

domain database (270). RHAU’s core DEAH-box helicase domain (residues 210-

614), representing the conserved ATPase/helicase motifs I-VI of the DEAD/H-

box family, flanked by an N-terminal G4-recognition domain (residues 1-210) 

and a C-terminal helicase-associated domain (residues 670-1008), that have not 

been fully characterized are shown. 

         

RHAU has been reported to play critical roles in development and differentiation. Lai et al. (276) 

generated a conditional RHAU gene knockout in mice and showed that a deletion of RHAU in germ line 

resulted in embryonic lethality. They also performed a statistical analysis of the deregulated genes 

containing G4 motifs in their promoters, which suggested a role of RHAU in the regulation of gene 

expression tethered to its G4 resolvase activity (276). The role of RHAU in differentiation was also 
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demonstrated by Gao et al. where they carried out a RHAU knockout in mice germ cells which promoted 

the formation of G4 DNA structures within the promoter region of tyrosine kinase (C-Kit) gene, leading to 

a downregulation in its expression. They concluded that RHAU is an essential protein in the differentiation 

of spermatogonia (cells produced at an early stage during the formation of spermatozoa) (277).   

RHAU has gained recognition for interacting with several non-coding RNAs in the regulation of 

subcellular localization of specific microRNA, and in the remodeling of G4s within the 5ʹ-region of the 

telomerase RNA (50, 256, 257, 259) and 3ʹ-untranslated region of PITX1 mRNA (49). The helicase activity 

of RHAU was demonstrated to be sufficient for unwinding a G4 structure within the 5ʹ-region of human 

telomerase RNA (hTR) which promotes an interaction with 25 internal nucleotides to form a stable P1 

helix: a conserved structural element located upstream of the 5′-end of telomerase RNA, that serves as a 

template boundary limiting reverse transcription to 6-nucleotides (278). RHAU knockdown by siRNA 

resulted in a significant reduction in average telomere lengths (50).  

To gain insight into biologically relevant RNA G4 structure recognition by the helicase RHAU, an 

RNA co-immunoprecipitation screen was performed in our laboratory and we identified the mRNA for the 

protein Pituitary homeobox 1 (PITX1). Interestingly, PITX1 mRNA has been shown to possess three 

distinct G4 forming sequences in the 3ʹ-untranslated region (UTR) of its mRNA (Q1: PITX11371-1400, Q2: 

PITX11901-1930, and Q3: PITX12044-2079), and these G4s, especially Q2 and Q3 have been shown to play roles 

in the recruitment of RHAU to the PITX1 mRNA, thereby regulating PITX1 protein translation (49, 275).   

 

1.7 The Pituitary Homeobox gene 1 (PITX1, PTX1) 
 

 Homeobox, a DNA sequence containing about 180 base pairs, is located within the genes that play 

regulatory roles in the development of anatomical patterns (morphogenesis) in animals, fungi and plants. 

Homeobox genes encode homeodomain proteins, which contain an evolutionarily conserved domain found 
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in many DNA-binding transcription factors that control biological processes, including specification of cell 

type and pattern formation in embryos (279). Pituitary homeobox 1 gene, also referred to as backfoot (BFT) 

(280, 281) encodes a member of the bicoid (Bcd) subgroup of paired homeobox proteins. Bcd, a 

homeodomain-containing protein in Drosophila encoded by the maternal gene bicoid, is needed to initiate 

polarity along the posterior axis of the embryo in the early stages of development (282, 283), and is 

distributed in an anterior to posterior gradient in the embryo (284).  

 Homeodomain protein is made up of a 60-amino acid helix-turn-helix (HTH) structure consisting 

of two antiparallel helices at the N-terminus and a third longer helix at the C-terminus, positioned roughly 

perpendicular to the axes of the first two helices with all three alpha helices connected by short loop regions. 

The specificity of the DNA-binding motif of homeodomain protein is primarily determined by its third 

helix, also known as the recognition helix, which inserts itself into the major groove of the recognition site.  

Interaction is mediated through hydrogen bonds and hydrophobic interactions between specific amino acid 

side chains, exposed nucleotide bases and thymine methyl groups in the major groove of the DNA (285). 

The interaction specificity is also achieved through the flexible amino-terminal arm tracking along the 

minor groove of the DNA, with the second helix contacting the backbone of the DNA. Homeodomain 

proteins have a common “TAAT” core that determines binding specificity (286). The amino acid at the 9th 

position of the recognition helix, which corresponds to the 50th position of the homeodomain protein, plays 

a crucial role in the selective recognition of DNA (287, 288). In general, homeodomains that contain a 

glutamine (Q50) residue at position 50 binds preferentially to the consensus ‘TAATGG’ while 

homeodomains containing a lysine (K50) residue at position 50 interact preferentially with the consensus 

‘TAATCC’.   

PITX1 has been reported to play roles in both development and disease, including a pivotal role in 

the differentiation of developing pituitary gland, craniofacial structures and hind limbs in early development 
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of embryos (289-292). According to Klopocki et al. (293) improper formation of the lower limbs is likely 

a result of mutations in the PITX gene. The expression of PITX1 is down-regulated in some tumor cells 

such as lung, gastric and esophageal cancer (294-296). PITX1 has been reported to bind specifically to the 

promoter region of the telomerase reverse transcriptase (TERT) gene in vitro and in vivo to suppress its 

transcription thereby regulating telomerase activity (297). Furthermore,  PITX1 was shown to suppress 

tumorigenicity by downregulating the RAS pathway through RAS protein activator like 1 (RASAL1) (298) 

and PITX1 expression is upregulated in response to DNA damage, thereby acting directly as a 

transcriptional upregulator of protein 53 (p53) which is a crucial element of the DNA damage response 

frequently mutated in many cancer types (299, 300). Takahito et al. demonstrated that a microRNA (miR-

19b) regulates the expression of human telomerase reverse transcriptase (hTERT) and cell proliferation by 

inhibiting PITX1 in melanoma cells (301). 

Recently, our laboratory confirmed a specific interaction between endogenously expressed RHAU 

protein and PITX1 mRNA. Selected regions in the 3ʹ-UTR of PITX1 mRNA were shown to form stable 

G4 structures that are implicated in RHAU-dependent PITX1 regulation (49). To investigate the functional 

consequences of the interaction between PITX1 mRNA and RHAU, Booy et al. (49) performed RHAU 

knockdown by siRNA in human cells for 96 hours and monitored protein levels; RHAU knockdown 

corresponds to an increase in the expression level of PITX1 protein, suggesting RHAU as a negative 

regulator of PITX1 protein expression. Mutations of the G4-forming sequences at the 3ʹ-UTR of PITX1 

mRNA resulted in a reduced upregulation of PITX1 protein expression, in the context of RHAU knock 

down in a β-galactosidase reporter assay which suggests that G4 structures may be playing regulatory role  

(49).  
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1.8 Rationale for the thesis 
 

  As mentioned earlier, G4 structures were reported to play significant roles in a number of biological 

contexts such as regulation of gene transcription and translation among others (Fig. 1.5) (302). The helicase 

RHAU has been shown to interact with G4s, and previous structural/biophysical studies have suggested 

that this interaction is mediated by the G-tetrad faces of the G4 in both DNA and RNA (238). Furthermore, 

a recent NMR solution structure of a DNA G4 in a complex with an 18-amino acid peptide at the N-terminal 

region of RHAU demonstrated a stacking interaction between the peptide’s amino acid residues glycine 

(G9), isoleucine (I12), glycine (G13), and alanine (A17) and the DNA guanine of the 5ʹ-end G-tetrad. 

Clamping of the G4 structure by means of a “three-anchor-point” electrostatic interactions mediated by 

three positively charged side-chains of peptide lysine (K8), arginine (K10), and lysine (K19) and the DNA 

phosphate backbone was also reported (274). This contrasts with another finding which demonstrated that 

mutations of charged amino acids in the RSM do not have significant impact on binding (253).      

Although studies have suggested that RHAU recognizes and interacts with a parallel G4 

conformation (Fig. 1.4B) and the full-length protein has been shown to possess 100-fold higher affinity for 

parallel relative to anti-parallel G4s (272-274) however, the mechanism of how RHAU recognizes and 

resolves these structures has not been fully unraveled. To have further insights into the mode of G4 

recognition by RHAU and the impact of loop conformation on G4 structures folding and binding, we have 

chosen a model for this study, PITX1 mRNA containing sequences capable of forming stable G4 structures 

in its 3ʹ-UTR and whose interactions with RHAU in a cellular context has been established (49). From this 

model, three unique G4s will be studied alongside their DNA counterparts to know if their mode of 

recognition by RHAU is similar to previously characterized G-quadruplexes.  
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2.1 Reagents 
 

 Molecular biology grade laboratory chemicals used in the course of this research were obtained 

from the following companies: Integrated DNA Technologies (Coralville, Iowa), Frontier Scientific 

(Logan, UT, USA), Sigma-Aldrich (Oakville, ON) and Fisher Scientific (Ottawa, ON). Other chemicals 

used in the preparation of experimental reagents are mentioned in their different sections. Preparation of 

buffers was carried out using deionized ultra-purified water (MiliQ, EMD Milipore, affiliated to Merck, 

ON, Canada). 

 

2.2 Plasmid Design and Cloning 
 

 The high-copy-number plasmid pUC119 was used as template for all in vitro transcription of RNA. 

A fragment containing 6-nucleotide overhangs at both ends, a HindIII restriction site, the T7 promoter 

sequence, desired RNA coding sequence, BsaI and EcoRI restriction sites was generated by PCR for each 

RNA to be transcribed (Fig. 2.1).  

  

 

Fig. 2.1. The design of sequence and PCR construction of DNA template for in vitro 

transcription. 

 

The DNA fragment was digested with HindIII and EcoRI restriction enzymes, purified and sub-cloned into 

the pUC119 plasmid previously digested with the same restriction enzymes. The preparation of plasmid for 
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in vitro transcription was carried out in a 2-Litre culture, purified using plasmid Mini or Maxi-preparation 

kits and linearized with appropriate restriction enzymes. 

 

2.2.1 Cloning process steps 

 The DNA fragments designed for cloning into pUC119 containing 6-nucleotide overhangs at both 

ends, a HindIII restriction site, the T7 promoter sequence, the desired RNA coding sequence, BsaI and 

EcoRI sites are shown in (Fig. 2.3). 

 

 

Fig. 2.2. Cloned sequences into pUC119. Fragments containing 6-nucleotide overhangs 

at both ends, a HindIII restriction site, the T7 promoter sequence, desired RNA coding 

sequence, BsaI and EcoRI restriction sites generated by PCR for each RNA to be 

transcribed. 

Each fragment was ligated into a pUC119 vector with both the insert and the vector initially treated with 

EcoRI and HindIII restriction enzymes (Thermo Scientific), performed in 10x FastDigest buffer (Thermo 

Scientific). The restriction digested insert and vector were purified by using GeneJET PCR cleanup kit 
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(Thermo Scientific) and purity was confirmed by running the samples on a 1.5% agarose gel at 80 Volts 

where individual bands were visualized under UV light and excised carefully using a clean razor. The 

excised DNA bands were purified by GeneJET gel purification kit (Thermo Scientific). Ligation reaction 

was set up between the purified insert and the vector mixed in 3:1 molar ratio in a 20 µL reaction keeping 

the total DNA concentration below 10 µg/mL in the presence of T4 DNA ligase (New England Biolabs, 

Whitby, ON, Canada). The ligation reaction was transformed with MAX Efficiency® DH5α™ competent 

cells (Life Technologies, Invitrogen) and cells were plated on Lysogeny-broth (LB) agar plates 

supplemented with 100 µg/mL ampicillin and grown at 37 °C overnight. Individual colonies were selected 

and grown overnight in LB media supplemented with 100 µg/mL ampicillin in an incubator shaker at 200 

rpm (37 °C). Plasmids were purified from overnight culture by miniprep plasmid preparation kit (GeneJET 

miniprep kit, Thermo Scientific) and the integrity and accuracy of cloned plasmids were verified through 

sequencing performed by Manitoba Institute of Cell Biology (MICB), Winnipeg. 

 

2.2.2 Plasmid preparation for in Vitro Transcription of RNA 

  
 Plasmid DNAs were isolated using plasmid extraction and preparatory kits according to the 

manufacturer’s procedures. The following kits were used depending on the amount of plasmid required: 

Genejet plasmid miniprep kit (#K0503, Thermoscientific, Pittsburg, PA, USA), Genejet plasmid midiprep 

kit (#K0481, Fermentas life science, Thermoscientific, Pittsburg, PA, USA), Qiagen plasmid maxi kit 

(#12162) and Qiagen plasmid Giga kit (# 1291, Toronto, ON, Canada). Plasmid DNAs were linearized 

using BsaI restriction enzyme (NEB) at 37 °C overnight to ensure proper linearization. Linearized plasmids 

were purified by extraction with phenol/chloroform (1:1), followed by DNA precipitation with 3 M sodium 

acetate and absolute ethanol. Precipitated DNA was centrifuged at 21000xg on a tabletop Legend Micro 21 
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R centrifuge (Thermo Scientific) and the pellet was washed with 70% ethanol to remove residual salt. The 

DNA pellet was dissolved in HPLC-grade water. 

 

2.2.3 In Vitro Transcription of RNA using plasmid DNA Templates 
 

 Several trial transcription reactions (50 µL reaction volume) were set up to optimize the 

reaction conditions for large-scale reactions. Each small-scale reaction was set up to vary the 

concentrations of NTPs, DNA template, MgCl2 and T7 RNA polymerase (produced in-house). An 

example of a small-scale reaction is demonstrated below; 

a. 1 x transcription buffer [40 mM Tris, pH 8.1; 1 mM spermidine, 0.001% (wt/vol) Triton 

X-100, 10 mM DTT in HPLC water], 

b. MgCl2 (5-20 mM), 

c. 8 mM NTPs (2 mM each), 

d. Linearized DNA template (2.5-10 µg), 

e. T7 RNA polymerase (0.5-2.0 µL). 

 

The reactions were incubated at 37 °C for 30-60 minutes and transcripts were analyzed on 

denaturing TBE-polyacrylamide gel electrophoresis (PAGE) supplemented with 8M Urea to 

denature any secondary RNA structures. Prior to electrophoresis, RNA samples were mixed with 

denaturing load buffer (0.02% bromophenol blue, 0.01% xylene cyanol FF, 10% glycerol and 8 

M Urea), and heated at 95 °C for 5 minutes and then loaded onto TBE gels. PAGE was carried 

out at 150 volts in 1 x TBE buffer enclosed in a Mini-Protean 3 cell (Biorad, Mississauga, ON, 

Canada). Gels were stained with 0.1% toluidine blue solution for about 5 minutes and destained 

in water to visualize the RNA, and the optimized trial transcription conditions were scaled up to 
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the desired volume. Pyrophosphate (PPi)-MgCl2 precipitate, a byproduct of the transcription 

reaction was formed which 

               

Fig. 2.3. A flow chart of RNA in vitro transcription steps 

 

is removed by centrifugation at 2700xg for 5 minutes as a sediment while the transcription reaction 

was terminated by the addition of EDTA, pH 8.0 (10% of the reaction volume of 0.5 M EDTA 

added) to the supernatant up to a concentration of 50 mM with thorough mixing as chelating agent 

for excess Mg2+.  

To denature the T7 RNA polymerase, phenol/chloroform/isoamyl alcohol (25:24:1) 

extraction was performed, followed by purification of the RNA transcript using a 10-DG desalting 

column (BioRad) which removes traces of phenol/chloroform and small molecule contaminants 
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like salts and NTPs. The 10-DG column was equilibrated with 20 mL of RNA buffer (10 mM Tris, 

pH 7.5; 100 mM KCl, 1 mM EDTA) and 3 mL of transcription reaction was applied to the column 

and eluted with 5 mM of RNA buffer (10 mM Tris, pH 7.5; 100 mM KCl, 1 mM EDTA). 

Transcribed RNA was finally purified using size exclusion chromatography (SEC) which 

separates residual DNA template, aborted transcripts and excess small molecules from the pure 

RNA. The pure RNA is purified as a single peak and fractions were collected under the peak and 

analyzed by denaturing TBE-PAGE (Fig. 2.4).  

 

 

 

Fig. 2.4. SEC purification of RNA (A) elution profile of in vitro transcribed RNA showing 

the plasmid, RNA and NTPs peaks respectively. (B) TBE-PAGE showing RNA in 6 fractions 

of 5mL each (fractions between 190mL-220mL were collected from the RNA peak) 
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2.3 G4 preparation 
 

 Synthetic RNA and DNA used in this research were ordered from Integrated DNA 

Technologies (Coralville, Iowa), provided desalted and certified by mass spectrometry from the 

manufacturer. G4 formation for both in vitro transcribed RNA and synthetic RNA were carried 

out by dissolving the RNA in 10 mM Tris (pH 7.5), 100 mM KCl, 1 mM EDTA at a concentration 

of 5 µM and heated at 95 °C for 5 minutes and then allowed to cool slowly to room temperature. 

Nucleic acid in conformations different from G4 were separated by size exclusion chromatography 

(SEC) on a HiLoad Superdex 75 26/60 column (ÄKTA, GE Healthcare) in 10 mM Tris (pH 7.5), 

100 mM KCl, 1 mM EDTA. The purity of the samples was confirmed by running both native and 

denaturing gel electrophoresis separately (15% native or denaturing TBE-PAGE using urea as a 

denaturant). The detection of G4-forming RNA and DNA was made by staining the gels with 

quadruplex specific dye [N-methyl mesoporphyrin IX (NMM, Frontier Scientific, Logan, UT, 

USA)]. Extinction coefficients (260 nm) were calculated from the nucleotide sequence using IDT 

SciTools (OligoAnalyzer 3.1, Integrated DNA Technologies), corrected for hyperchromicity by 

the use of absorption spectra at 20 °C and 90 °C (Q2RNA, 253550 M-1cm-1; Q2DNA, 264200 M-

1cm-1; Q3RNA, 347600 M-1cm-1). 

 

2.4 Expression and purification of protein 
 

2.4.1 Expression and purification of RHAU53-105 in E. Coli 
 

 RHAU53-105 fragment containing an N-terminal hexahistidine tag and a thrombin 

cleavage site for tag removal was generated by PCR from the RHAU-FLAG vector (RHAU1-1008 

in pIRES-EGFP-FLAG-N1), a kind gift from Dr. Y. Nagamine (FMI, Basel, Switzerland). The 
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fragment was cloned into the pET15b vector, expressed in Escherichia coli strain BL21 (DE3) 

and purified using a cobalt affinity resin column. 

 

2.4.2 Procedures 
 

2.4.2.1 Expression of RHAU53-105 protein 

 

  A 25-mL starter culture of BL21 (DE3) transformed with plasmid in Lysogeny broth (LB) 

was grown overnight in the presence of 100 µg/mL ampicillin at 37 °C. This was then used to 

inoculate 1.6 L of LB containing 100 µg/mL ampicillin (in a 4 liter Erlenmeyer flask) and grown 

at 37 °C in an incubator shaker (200 rpm) until the OD600 reached 0.6. After the desired OD was 

reached, an inducing reagent, isopropyl-β-D-thio-galactopyranoside (IPTG) was added to a final 

1 mM concentration and further incubated in an incubator shaker kept at 37 °C (200 rpm) for 3 

hours to express the protein. 

 

2.4.2.2 Isolation of RHAU53-105 protein 

 

 The culture was transferred into centrifuge bottles and subjected to centrifugation at 

6,000xg for 15 min (Thermo ScientificTM SorvallTM centrifuge) at 4 °C and the cell pellet 

resuspended in 40 mL of lysis buffer (20 mM sodium phosphate, 2 mM imidazole, 6 M guanidine 

hydrochloride, pH 7.0). Protease inhibitors including 400 µL of 1mM 4-(2-Aminoethyl)-

benzenesulfonyl fluoride (AEBSF), 40 µL of 10 µM pepstatin A in dimethyl sulfoxide and 40 µL 

of 10 µM bestatin in methanol were added, followed by homogenizing and the cells were lysed by 

sonication (20s at 50 Hz with pulses at 30s intervals for 10 cycles) on ice. This process was 

immediately followed by centrifugation at 22,000xg for 30 min at 4 °C (Thermo ScientificTM 

SorvallTM centrifuge) to obtain a supernatant which was carefully transferred into a clean bottle. 
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The clarified cell lysate was loaded onto a pre-equilibrated 10 mL Talon cobalt resin affinity 

column to remove proteins that do not specifically bind to the column. RHAU53-105 protein was 

eluted in 5 mL fractions with the elution buffer (150 mM imidazole, 300 mM NaCl, pH 7.0) and 

fractions were checked for the presence of protein using Bradford reagent. Protein was assessed 

by a 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2.5).       

   

 

2.4.2.3   Cleaving of His-Tag from RHAU53-105 protein 

 

   Cobalt affinity column fractions containing (RHAU53-105 and His-Tag) were pooled 

together, concentrated to 750-1000 µg/mL followed by the addition of thrombin (GE Healthcare) 

at a concentration of 1 µL thrombin/1 mg protein and dialyzed in dialysis buffer (10 mM HEPES, 

pH 7.5, 154 mM NaCl) at 20 °C overnight to cleave the His-Tag.  

          

 

Fig. 2.5. Purification steps of RHAU53-105. (A) SDS-PAGE showing protein 

fractions after cobalt resin affinity column purification. (B) SDS-PAGE showing 

RHAU53-105 before and after the removal of the His-Tag. 

 

The removal of the His-Tag was performed by loading the cleaved and dialyzed protein on a pre-

equilibrated 1 mL HiTrap Benzamidine FF column (GE Healthcare) and eluted with dialysis buffer 



53 
 

 

(10 mM HEPES, pH 7.5, 154 mM NaCl), followed by the removal of thrombin with low pH 

elution buffer (50 mM glycine, pH 3.0, 500 mM NaCl). Pure eluted protein was assessed on a 15% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2.5 B).  

 

2.4.2.4 Preparation of Isotopically enriched 15N-labelled RHAU53-105 

 

  Isotopically enriched 15N-labelled RHAU53-105 was overexpressed in M9 minimal media 

prepared using the following recipes: 5 x M9 media, pH 7.0 (64g Na2HPO4.7H2O, 15g KH2PO4, 

2.5g NaCl, 2g 15N-NH4Cl) were dissolved in sterilized deionized water and filtered (sterile), 

followed by the addition of 20 mL of 20% glucose (sterile filtered), 20 mL of 1 M MgSO4 (sterile 

filtered), 100 µL of 1 M CaCl2 (sterile filtered) and the solution was made up to 1 liter with 

sterilized deionized water. A 25-mL starter culture of BL21 (DE3) transformed with plasmid in 

LB was grown overnight in the presence of 100 µg/mL ampicillin at 37 °C, followed by the 

dilution of starter culture: M9 media in the ratio (1: 100) with 100 µg/mL ampicillin and grown 

for 5-6 hours at 37 °C to obtain an OD of 0.8. The culture was induced with 1mM IPTG and grown 

further for 6 hours to express protein and the isotopically enriched protein was purified as 

described above for RHAU53-105.   

2.5 G4-RHAU53-105 complex preparation 
 

 G4-RNAs were diluted to 10 µM in (10 mM Tris, pH 7.5, 100 mM KCl, 1 mM EDTA) 

and heated at 95 °C for 5 minutes and then allowed to cool slowly to room temperature. RHAU53-

105 was also diluted to 10 µM in (10 mM HEPES, pH 7.5, 154 mM NaCl). G4 and protein were 

mixed in an equimolar ratio, and agitated slowly on a rotator for 15 minutes at room temperature 

and the complexes formed were separated from individual components by SEC on a HiLoad 

Superdex 75 26/60 column (GE-Healthcare, Mississauga, Canada) in 10 mM Tris, pH 7.5, 100 
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mM KCl, 1 mM EDTA, and fractions were collected under the peak area. RNA-protein complex 

in the fractions were tested using an in-line spectrophotometer (260/280 nm simultaneously) and 

confirmed by native gel electrophoresis following the purification. Fractions containing RNA-

protein complex were pooled together and concentrated in 50 mL Millipore concentrators 

(molecular weight cut-off, 3000; Millipore). The concentration of the complex was determined by 

UV absorption using the extinction coefficient ɛ260nm of the RNA, since the nucleic acid dominates 

the spectrum. 

  

2.6 Instrumentation and Methods 
 

2.6.1 Electrophoretic Mobility Shift Assay (EMSA) 
 

 EMSAs were carried out by combining RNA (100-150 nM) with increasing concentrations 

of RHAU or RHAU53-105 (0-1000 nM) in RHAU buffer [50 mM Tris-acetate (pH 7.8), 100 mM 

KCl, 10 mM NaCl, 3 mM MgCl2, 70 mM glycine, 10% glycerol], followed by incubating the 

reaction at room temperature for 15 minutes. Native load dye [0.02% bromophenol blue, 0.01% 

xylene cyanol FF, 10% glycerol in 1 x Tris/Borate/EDTA (TBE)] was added, mixed thoroughly 

and RNA-protein complexes were resolved by native 15% polyacrylamide gels (29:1 acrylamide: 

bis ratio) in 0.5 x TBE at 80 V, 4 °C for 2 hours. At the completion of electrophoresis, gel staining 

was with SYBR Gold fluorescent nucleic acid dye (Invitrogen, Burlington, ON), and imaged on a 

Fluorchem Q imaging device using Cy2 excitation LEDs and emission filters (ProteinSimple, San 

Jose, California). The quantification of bands from three independent experiments was achieved 

using Alpha View-FlorChem Q software provided by the manufacturer.  
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2.6.2 Microscale thermophoresis (MST) 
 

  Binding reactions were prepared in 50 mM Tris-HCl buffer (pH 7.8) with 150 mM NaCl, 

10 mM MgCl2, 0.5% glycerol and 0.05% Tween to a total volume of 20 μL. RHAU53-105 was 

diluted 16 times by 2:1 serial dilution to achieve concentrations ranging from 250–0.6 nM, and 

mixed with fluorescent 3′-FAM labeled G4-RNA (Integrated DNA Technologies, Coralville, 

Iowa) was held constant at 25 nM. Premium coated capillaries (NanoTemper Technologies, San 

Francisco, CA) were used for all measurements. Measurements were performed at an LED power 

of 90% and MST-IR power of 40% on the Monolith NT.115 instrument under room temperature 

conditions (21.5 °C). For each run the infrared laser was applied for 35 seconds and the reverse 

T-Jump data signals of the MST-traces were fitted using the law of mass action (equation 2.6) for 

1:1 binding from which the Kd values were obtained (303). 

 

𝐹𝐵 =
[A] + [𝐵] + 𝐾𝑑 − √([𝐴] + [𝐵] + 𝐾𝑑)2 − 4[𝐴𝐵]

2[B]
             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.6) 

Kd: dissociation constant to be determined, [A]: concentration of titrated 

molecule, RHAU53-105, [B]: constant concentration of fluorescent G4-RNA (303). 
 

 

 

   𝐹𝐵 =
𝐹𝑜 − 𝐹

𝐹𝑜 − 𝐹1
                                                                                      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.7) 

 
           Where; Fo: Unbound, F1: Bound, F: Variable (individual ‘y’ average) (304) 
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2.6.3 UV-Visible Studies 
 

UV/VIS spectra were collected on a dual beam Evolution 260 Bio UV-Visible spectrophotometer 

(Thermo Scientific) using quartz cuvettes (Hellma Analytics, Concord, ON, Canada) with an 

optical pathlength of 1 cm and absorbance spectra recorded in the 200-350 nm range at a scan 

speed of 600 nm/min and a data interval of 1 nm. G4-RNA and G4-DNA were prepared at a 

concentration of 2 μM in 10 mM Tris (pH 7.5), 100 mM KCl, 1 mM EDTA and measured in 

triplicate with background corrected against spectra of buffer alone. Thermal difference spectra 

(TDS) were generated by subtracting buffer-corrected spectra at 20°C from those at 90°C. To 

facilitate direct comparison of spectral shapes between G4-RNAs and G4-DNAs, differences were 

normalized to the maximum observed absorbance value, as previously suggested by Mergny et. al 

(305). NMM titrations were performed in UV flat bottom microtiter® plates (Thermo Electron 

Corporation, Weaverville, NC, USA) at 25°C by stepwise addition of 0.2 to 0.3 mM G4 RNA into 

a solution containing 1.8 µM NMM, ensuring constant porphyrin concentration (306). 

 

2.6.3.1 Binding constant determination 

 

2.6.3.2 Scatchard analysis 

 

  The titration data obtained from the interaction between G4 RNA and NMM were used in 

the construction of Scatchard plots (r/Cf versus r) which allows the determination of binding 

parameters as shown in the following equation: r/Cf  = Ka (n – r). Ka represents the equilibrium 

binding constant, Cf is the concentration of free ligand, n is the number of ligand molecules bound 

per G4 RNA, and r is a binding ratio that corresponds to Cb/[G4 RNA]. Cb, representing the 

concentration of bound porphyrin was determined by first obtaining the fraction of NMM bound 

(β) at each G4 RNA concentration according to the formula: 
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      𝛽 =
𝐴𝑓𝑟𝑒𝑒−A

 𝐴𝑓𝑟𝑒𝑒−𝐴𝑏𝑜𝑢𝑛𝑑
 , 

where 𝐴𝑓𝑟𝑒𝑒 and 𝐴𝑏𝑜𝑢𝑛𝑑 are the absorbances of free and fully bound porphyrins at the Soret 

maximum for free NMM, 378 nm.  The concentrations of bound and free porphyrins were 

calculated from the equations: (Cb = Ct x β), and (Cf = Ct – Cb) where Ct represents the total 

porphyrin concentration. The binding constant was initially determined by direct fitting of the 

titration data to a one site binding hyperbola using the equation; 

 

     𝑌 =
𝐵max   ∗  X

(𝐾𝑑 + 𝑋)
   ,               

 

Y: concentration of bound ligand, X: concentration of free ligand, Bmax: maximum 

Specificity binding, Kd: the dissociation constant. 

 

A linearization of data from saturation binding isotherms using Scatchard analysis provides the 

best possible means of obtaining estimates for Kd and Bmax. All data manipulations were done 

using GraphPad Prism software 7.0. 

 

2.6.4   Circular dichroism spectropolarimetry (CD) 
 

2.6.4.1   Principle 

   

   Biomolecules that possess molecular asymmetry (mirror images not identical) are named 

to be chiral (307). The interaction of a chiral molecule with polarized light (Fig. 2.6) is highly 

specific and plays a very important role in the characterization of both small molecule and 

macromolecular structures (308). The measurement commonly made to determine the effects of 

polarized light on chiral molecules is known as circular dichroism (CD) and is defined as the 

difference in absorption of left-hand and right-hand circularly polarized light.  Although, these 



58 
 

 

measurements are relatively small, however, they can be measured rapidly and accurately with 

modern instrumentation to produce structural information on carbohydrates, nucleic acids, 

proteins, pharmaceuticals, etc. (308). Circular dichroism can be used to study conformational 

changes in the structure of macromolecules and consequently, the unfolding of biomolecules such 

as proteins, nucleic acids, glycosides can be measured as a change in CD spectra. A G4 stem is 

made up of stacked guanosines that could adopt an anti or a syn glycosidic bond angle (GBA) 

(309) and G4s can be grouped according to their GBA sequence within a G4 stem (310). The three 

groups of G4 topologies described earlier are sensitive to CD signals, attributed to well-isolated 

guanine bands in the 240-290 nm region and connected to well characterized π-π⃰  transitions (311, 

312). 

 CD spectroscopy has numerous advantages: it is a simple, fast and relatively cheap method 

when compared to NMR and X-ray crystallography. CD is an extremely sensitive technique that 

requires small amounts of sample and allows the titration of other samples under various 

conditions of pH, temperature, organic solvents and salt types. The shape of the spectrum, 

including positive maxima and negative minima can provide diagnostic information about 

biomolecules. 
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Fig. 2.6. Schematic diagram showing the Circular Dichroism technique. The 

electric field components of (A) unpolarized light; where the electric field oscillates in 

all directions (B) plane or linearly polarized light; where the electric field oscillates in 

one direction (C) circularly polarized light; where the direction of rotation can be 

clockwise or anticlockwise. (D) Schematics representing how a difference in absorption 

is measured in circular dichroism (307).  

 

2.6.4.2 Sample preparation and experimental specifications 

 

 All spectra were collected on a calibrated Alfa Aesar J-810 spectropolarimeter (Jasco Inc., 

USA) between 200-340 nm in a 1.0 mm pathlength and a 32 s integration time. The concentration 

of the samples was kept at 20 µM in 10 mM Tris, pH 7.5, 100 mM KCl, 1 mM EDTA and 
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measurements were performed in triplicate with baseline-corrected by subtraction of the buffer 

alone. Circular dichroism thermal melting was also performed with curves generated in the same 

buffer, following the ellipticity at 262 nm with spectra normalized by the number of nucleotides 

(glycosidic bonds) per unit volume. 

 

2.6.5 Dynamic Light Scattering (DLS) 
 

 Dynamic light scattering (DLS) is a technique used to determine the size distribution 

profile of macromolecules in solution (313). This technique was employed in my study to ensure 

monodispersity of sample over a range of concentration and DLS data were collected using a 

Nano-S Dynamic Light Scattering system (Malvern Instruments Ltd., Malvern, UK) as described 

previously (314). Samples were filtered through a 0.1 µm filter (Millipore) and 5-minute 

equilibration at 20 °C prior to measurement. In all, 15 measurements were made per sample at 

different concentrations in 10 mM Tris (pH 7.5, 100 mM KCl, 1 mM EDTA], and three 

independent samples were tested for each condition. The size of macromolecule determined by 

DLS corresponds to its hydrodynamic radius (rH), which depends on both the size/shape of the 

molecule and its interaction with the solvent.      

 

2.6.6  Small Angle X-ray Scattering (SAXS) 
 

2.6.6.1   Principle 

 

   Small Angle X-ray Scattering (SAXS) is a small-angle scattering (SAS) technique in 

which the elastic scattering of X-rays (wavelength 0.1 to 0.2 nm) by a sample having 

inhomogeneity in the nm-range, is recorded at a very low angle (typically 0.1 to 10°). This angular 

range contains information about the average shape and size of macromolecules, characteristic 
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distances of partially ordered material and pore sizes (315, 316). Because SAXS is a solution 

technique, some key assumptions are made to analyze the experimental data obtained. One of 

these assumptions is that the system under consideration is isotropic (sample is uniform in all 

orientations), which could be as a result of the rotation of the particles in solution. The second 

assumption is that there is no correlation between two scattering centers (electrons) that are present 

in two different molecules (316, 317). X-rays are an electromagnetic wave of high energy and 

very short wavelength and when they hit electrons, the electrons resonate with the frequency of 

the X-ray and this results in the emission of coherent secondary waves that interfere with each 

other either constructively (waves in phase) or destructively (waves out of phase). A coherent 

(elastic) scattering, which contributes almost entirely to the scattering data is produced when the 

secondary waves generated have the same wavelength as that of the original X-ray (316). Because 

incoherent (inelastic) scattering is weak and does not interfere with the elastic scattering at small 

angles, it is often ignored. The detector is used to obtain information on the distance between the 

two electrons based on their intensities and amplitude. 

 Phase difference information is obtained from the amplitude which in-turn depends on the 

path difference of the two rays. The schematic representation of the major steps involved in SAXS 

data collection, processing and ab initio modelling is shown in (Fig. 2.7). A software known as 

PRIMUS (318) is used in the conversion of a scattering pattern into a SAXS scattering curve, both 

of which are in reciprocal space. The curve shows the log of intensity I(q) of the scattered X-ray 

plotted against the momentum transfer (s). Momentum transfer (s) is defined by the equation 

below; 

(s) = 4πθ/λ                      (equation 2.8) 

Where θ is the scattering angle and λ is the wavelength of the X-ray.  
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Fig. 2.7. Schematics of small angle X-ray scattering technique. Collimated X-

ray beams (Cu Kα radiation) are scattered by the sample, and these rays hit the detector 

which are registered as a circular scattering pattern given in reciprocal space. The radial 

intensity of the circular pattern is integrated to obtain the SAXS scattering curve, 

momentum transfer (s) plotted against log of intensity I(q). A pair distribution function 

curve P(r) in real space is obtained from the scattering curve with the X-axis representing 

the maximum particle dimension (Dmax) and radius of gyration is determined in this 

step. Building of ab initio models is made from the P(r) plot from which outlier models 

are rejected and an averaged model is obtained. All the programs used in data analysis 

and ab initio modelling are in capital letters (315, 319).      

 

When the value of θ is large, the destructive interference (secondary waves emitted from all 

electrons in all possible phases) will lead to no scattering with directionality of θ. However, at 
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smaller scattering angles, the phase difference between the scattered waves will be smaller 

(limiting destructive interference) hence, scattering is enabled in the direction of the small angle 

to be recorded on the detector. There would have been no interference at zero angle, but data 

cannot be obtained at that angle because the beam-stop is located at that position to protect the 

detector from direct exposure to the incident X-ray (316, 320).  

The pair distance distribution function, P(r), in real space is generated from the scattering 

data obtained in reciprocal space. P(r) is a histogram of the pair distances between electrons inside 

of the biomolecule that can be used to ultimately determine low-resolution structural features 

(321). The GNOM software program is used to generate the pair distribution function curve, P(r), 

by an inverse Fourier transform which de-convolutes distance information on electron pairs (321, 

322). Considering (Fig. 2.8), the probability of finding (j) at a distance (r) from point (i) is γ0(rij), 

and the number of possible (i) is directly proportional to the volume (v) of the molecule; where 

the number of possible (j) is directly proportional to rij
2. The number of electron pairs (i, j) with a 

distance rij between them is directly proportional to ρ2 γ0(rij) Vr2 and the pair distribution is given 

by; 

 

P(r) = r2 γ0(r) V ρ2 = r2 γ(r)                              (equation 2.9) (319) 

 

The radius of gyration (rG), which is defined as “the mean square distances to the centre of mass 

weighted by the contrast of electron density” (319) an index of non-sphericity, is obtained from 

GNOM software which uses a Guinier plot to obtain a straight-line fitting from the slope; - (rG
2/3). 
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Fig. 2.8. Schematic showing an electron pair used in the explanation of P(r) curve. The 

electron (j) at a distance (r) from the reference electron (i) is within a molecule with volume (V); 

and the density of electrons in the molecule is given by (ρ). 

 

The maximum particle dimension (Dmax), representing the distance from the origin to the 

point where the curve intercepts the X-axis again is also obtained by GNOM. The rG is given by 

the equation; 

𝑟𝐺2 =
ʃ
 𝑉𝑟∆𝜌(𝑟) 𝑟2𝑑𝑉𝑟

ʃ
 𝑉𝑟∆𝜌(𝑟) 𝑑𝑉𝑟

         (equation 2.10) (319) 

Where; V = volume of the particle or sample 

       ∆𝜌(𝑟) = contrast in electron density between the sample and solvent  

            (𝑟) = distance from the reference point (i) to a particle or an electron at another point (j) 

          (𝑟2) = the square of distance between an electron pair. 

 

The purpose of ab-initio modelling of SAXS data is to generates a three-dimensional structure 

from a one-dimensional scattering pattern, where the particle shape is represented by a parametric 

model, altered to minimize the difference between the computed scattering of the model and the 

experimental data (323). In ab-initio modelling, a particle, (usually a sphere of radius ‘R’) having 

an X-ray scattering pattern similar to that of sample is filled with ‘N’ number of densely packed 

small spheres with radius ‘r’ (dummy atoms). All the beads representing the particles (particles 
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under investigation) must be interconnected to form a single body; this modelling approach is 

known as bead-modelling and discussed by Svergun et al. (320, 324). The programs use energy 

minimization through a simulated annealing protocol (325) which involves heating of the system 

and allowing a random modification, followed by cooling down the system and confirming if the 

modification gave rise to an energy decrease of the system. DAMMIF and DAMMIN, which are 

ab initio modelling software use rG and Dmax to provide constraints for the models generated (320, 

324). The conformity of the predicted scattering of the model molecules after the periodic energy 

minimization step is compared to the experimental scattering profile and this is determined by a 

parameter known as chi (χ). A program known as DAMAVER is used to align ab initio low 

resolution models generated by DAMMIN, selects the most probable one and builds an averaged 

model where the level of agreement of the filtered model to the individual ab initio model is 

determined by normalized spatial discrepancy (NSD). NSD is a quantitative measurement of the 

alignment between two models where each model is represented by a set of dummy atoms (326). 

 

2.6.6.2 Sample concentrations and experimental specifications 

 

 SAXS data were collected using a Rigaku 3-pinhole camera (S-MAX3000) equipped with 

a Rigaku MicroMax + 002 microfocus sealed tube (Cu-Kα radiation at 1.54 Å) and Confocal Max-

Flux (CMF) optics operating at 40W as previously reported by Dzananovic et al. (327). Scattering 

data were collected at the following sample concentrations; Q2RNA and Q2DNA (0.8, 1.1, and 

1.7 mg/ml), and Q2RNA/RHAU53-105 complex (1.3 and 1.5 mg/mL), Q3RNA and Q3R_M2 

(3.1 and 2.8 mg/mL) in 10 mM Tris pH 7.5, 100 mM KCl, 1 mM EDTA. The raw intensity data 

were integrated with the SAXSGUI software package (JJ X-Ray Systems A/S, LyngBy, 

Denmark). Buffer subtraction and merging of data at multiple concentrations were performed 
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using the program PRIMUS (318). The pair distance distribution function plot, root mean square 

radius of gyration (rG) and the maximum particle dimension (Dmax) were obtained using the 

program GNOM (322). Ab initio shape modeling was performed using the program DAMMIF 

based on a simulated annealing protocol (320, 323). Twenty models for each entity were then 

generated, rotated, aligned and averaged using the program DAMAVER (328). To calculate the 

solution hydrodynamic properties of the averaged-filtered models, HYDROPRO (329) was 

employed following a similar approach outlined by Dzananovic et al. (327). Sample quality was 

confirmed for each sample before and after data collection by gel electrophoresis and DLS. 

 

2.6.7 Nuclear Magnetic Resonance (NMR) Spectroscopy 
 

 Nuclear magnetic resonance spectroscopy (NMR) is a useful tool in the study of G4 

structures and their complexes with interacting proteins. This technique has been used to 

determine the atomic resolution structures, stability and dynamics, as well as intermolecular 

interactions in G4 structures (330). In proton NMR, the formation of a G-tetrad produces 

characteristic guanine imino protons (H1), which display chemical shifts within the range of 10-

12 ppm (331) in contrast to 13-14 ppm produced by Watson-Crick base pairing (332). 

Heteronuclear single quantum correlation spectroscopy (HSQC), a 2D-NMR frequently used in 

the field of protein NMR, is an experiment that provides the correlation between nitrogen and 

amide protons where each amide group produces a peak in the HSQC spectra. Protein interactions 

with nucleic acids or ligands can be investigated by comparing the HSQC of free protein with the 

one in bound state.    
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2.6.7.1 Principle 

 The physical foundation of NMR is based on the magnetic properties of atomic nuclei. 

Odd mass nuclei (odd number of protons and neutrons) possess fractional spins: I = ½ and the 

following are some isotopes that possess magnetic moments (µ); 1H, 13C, 14N, 17O, 19F, 31P. A 

spinning charge generates a magnetic field and the resulting spin-magnet has a magnetic moment 

(µ) proportional to the spin (equation 2.11) and in the presence of an external magnetic field (Bo), 

two spin states are possible: a lower energy orientation having the magnetic moment aligned 

parallel with the applied field; and a higher energy anti-parallel orientation (333). 

 

 µ = γ I h/2π              (equation 2.11) (333) 

where (µ) is the magnetic moment of the nuclei, (I) is the spin number, (γ) is a 

constant known as magnetogyric ratio which relates the magnetic moment (µ) 

and the spin number (I) for any specific nucleus, (h) is the Planck’s constant.      

    

The energy difference between two spin states depends on the external magnetic field strength and 

have the same energy when external field is zero. Irradiation of a sample with radio frequency 

energy that corresponds exactly to the spin state separation of specific set of nuclei will cause an 

excitation (resonance) which is measured. In an NMR experiment, energy in the form of 

electromagnetic radiation is used to excite most of the protons to be in opposite alignment with an 

external magnetic field (Bo). When the external energy is removed, the energized nuclei relax back 

to the low energy state and the fluctuation involved with this relaxation is called resonance which 

can be detected and converted to peaks via Fourier transformation. The relaxation pattern of 

protons differs, depending on the chemical environment: chemical shift is the resonant frequency 

of a nucleus relative to a standard and the position and number of chemical shifts are diagnostic 

of the structure of a molecule. In heteronuclear single quantum correlation spectroscopy (HSQC), 
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the transfer of magnetization from a proton to a heteronuclear atom (15N or 13C) through an 

insensitive nuclei enhanced by polarization transfer (INEPT) (334) step is made and after a delay 

time (t1), the magnetization is transferred back to the proton via retro-INEPT step which produces 

signal that can be detected. 

 

2.6.7.2 Sample concentrations and experimental specifications 

 Q3RNA or Q3M2 (100 μM), and Q2RNA (85 μM) in complex with 15N RHAU53-105 in 

10 mM Tris, (pH 7.5), 100 mM KCl, 1 mM EDTA, and 10% deuterium oxide (v/v) were prepared 

in an identical manner to that previously described by Meier et al. (238). All spectra were acquired 

on a Varian Unity INOVA 600 MHz spectrometer. Data processing and spectrum generation were 

performed using iNMR (http://www.inmr.net). 
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CHAPTER 3 

 

Biophysical Characterization of G-Quadruplex Recognition in the PITX1 

mRNA by the Specificity Domain of the Helicase RHAU 
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3.1 Introduction 
 

G4s found in RNA and DNA have been shown to adopt parallel, anti-parallel, or hybrid 

(mixture of parallel and antiparallel) strand orientation (17). A combination of biophysical studies 

and high resolution structures of G4-RNA revealed that they are thermodynamically more stable 

in vitro than their DNA counterparts under near-physiological conditions due to the presence of 

2′-OH group on the ribose sugar enhancing the formation of hydrogen bonds, and consequently 

promoting the parallel conformation of G4-RNA over an antiparallel one (335-337). An 

evolutionary conservation survey of RNA and DNA motifs showed that G4 motifs are highly 

conserved in the genomes of living organisms (22, 302, 338, 339), and it was recently 

demonstrated that G4 formation is regulated dynamically during cell-cycle progression (100, 340). 

Accumulating evidence suggests an important role of G4 structures in regulating gene expression 

(302). Genome-wide computational analysis has identified more than 300,000 potential 

intramolecular G4-forming sequences in the human genome (22, 341) and revealed a higher 
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prevalence of these sequences in functional genomic regions such as telomeres, promoters (302, 

342), untranslated regions (UTRs) (98, 343) and introns (344). Taken together, these observations 

suggest that G4 structures participate in regulating myriad biological processes. 

DNA G4 recognition and remodeling by helicases such as Fanconi anaemia group J protein 

(FANCJ), Bloom syndrome protein (BLM), DNA repair protein (REV1) and Werner’s syndrome 

protein (WRN) have been reported (345-348). RNA Helicase Associated with AU-rich element 

(RHAU, DHX36, G4R1) is a member of the human ATP-dependent DEAH-box family of RNA 

helicases, although DNA G4 helicase activity has also been observed with this enzyme (349, 350). 

RHAU uses a local, non-processive mechanism to unwind G4s, similar to that of eukaryotic 

initiation factor 4A on double-stranded substrates (272, 351). RHAU has nanomolar to sub-

nanomolar affinity for G4s, and orders of magnitude weaker affinity for other observed nucleic 

acid conformations (49, 50, 238, 273, 274, 352). Furthermore, RHAU has 100-fold higher affinity 

for parallel relative to non-parallel G4s (272-274). Helicase activity is highly sensitive to G4 

stability, with an inverse correlation observed (272). Based on domain conservation with other 

helicases, RHAU’s core DEAH-box helicase domain (residues 210-614) is flanked by an N-

terminal G4-recognition domain (residues 1-210) and C-terminal helicase associated domains 

(residues 670-1008) that have yet to be fully characterized (270). G4 specificity is mediated by 

the RHAU-specific motif (RSM), a 13-residue stretch (residues 54-66) in an N-terminal 

subdomain that is necessary, but not sufficient for full G4 binding affinity (50, 253). A truncation 

of the full-length protein, RHAU53-105, adopts a defined and extended conformation in solution, 

orienting the RSM at one end (238).  RHAU53-105 retains both nanomolar affinity for G4s in 

vitro and the ability to outcompete endogenous RHAU for G4 targets in a cellular context (49, 

238). Investigation of RHAU53-105 in complex with RNA G4 from human telomerase RNA by 
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NMR, SAXS, and complimentary biophysical approaches suggested interaction with the G-tetrad 

face (as opposed to the sugar-phosphate backbone) as the recognition surface for the RSM (238). 

This mode of recognition was partially supported by a recent high-resolution structure of an 18 

amino acid peptide (RHAU53-70) in complex with a parallel DNA G4 showing 4 amino acids (G59, 

I62, G63, A67) mediating interaction on the G-tetrad faces (274). While the structure also suggests 

electrostatic interactions with the phosphate backbone, a previous study demonstrated no 

significant impact of charged amino acid mutations in the RSM (253).  Differences between DNA 

and RNA G4 binding by RHAU have also previously been reported, likely owing to the 

conformational restraints imposed by the 2’-OH in RNA (238, 273, 274). 

 To expand our understanding of biologically relevant RNA G4 recognition by the helicase 

RHAU, we previously performed an RNA co-immunoprecipitation screen and identified the 

messenger RNA (mRNA) for the protein Pituitary homeobox 1 (PITX1, P-OTX, backfoot) (49). 

PITX1 functions as a transcription factor that plays a pivotal role in the differentiation of the 

developing pituitary gland, craniofacial structures and hind limbs in early embryonal development 

(289-292). Recently, malformations in the lower limbs could be attributed to mutations in the 

PITX gene (293). Deletions in PITX1 cause a spectrum of lower-limb malformations including 

mirror image polydactyly. PITX1 expression is down regulated in a number of tumor types 

including lung, colorectal, gastric and esophageal cancer and reduced PITX1 expression has been 

correlated with decreased overall patient survival (294-296). Most interestingly, the PITX1 mRNA 

possesses three distinct G4 forming sequences in the 3′-untranslated region (UTR) of its mRNA 

(Q1: PITX11371-1400, Q2: PITX11901-1930, and Q3: PITX12044-2079). These G4s play roles in the 

recruitment of RHAU to the PITX1 mRNA and ultimately regulate PITX1 protein translation (49). 

In cell lysates and with purified components, both RHAU and RHAU53-105 can interact with Q1, 
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Q2, or Q3. Here, we characterize the Q2RNA/RHAU53-105 complex using a combination of 

electrophoretic mobility shift assays, UV-VIS spectroscopy, circular dichroism, dynamic light 

scattering, small angle X-ray scattering (SAXS) and nuclear magnetic resonance spectroscopy. 

Our integrated approach suggests that the RSM recognizes the planar guanine quartet face of 

parallel RNA G4s. The results presented here are published in, E.O. Ariyo et al. (2015) PLoS ONE 

10(12): e0144510. 

 

3.2 Results and Discussion 
 

3.2.1 Results 
 

3.2.1.1 Q2RNA and Q2DNA each adopt a single, monomeric conformation 

 

  Synthetic Q2RNA was heat denatured, cooled, and purified by size exclusion 

chromatography (see Materials and Methods). Q2RNA elutes as a compact dominant peak with a 

shoulder corresponding to larger hydrodynamic volumes (Fig. 3.1) from the HiLoad Superdex 75 

26/60 column. The nucleic acid sequences used in this study are presented in (Fig. 3.2 A). Native 

gel electrophoresis confirmed that the dominant peak contains a single RNA conformation (Fig. 

3.2 B). To understand the potential differences between RNA and DNA G4 recognition, we also 

investigated the DNA equivalent to Q2RNA (Q2DNA). Using an identical procedure, Q2DNA 

eluted in a single symmetric peak that contains a single conformation as determined by native gel 

electrophoresis (Figs. 3.1 and 3.2 B). 
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Fig. 3.1. Purification of protein and nucleic acid components. Elution profiles obtained 

on a HiLoad Superdex 75 26/60 column, with each species labeled. 

 

3.2.1.2    Q2RNA, but not Q2DNA, Stains with a Dye specific for parallel G4 

 

     To determine whether the purified nucleic acids adopt a parallel G4 conformation, we 

employed native gel electrophoresis in combination with N-methyl mesoporphyrin IX (NMM), a 

dye specific to parallel G4 conformations. The crystal structure of NMM bound to a parallel DNA 

G4 demonstrates the selectivity for parallel G4s (353). To confirm the validity of the approach, 

non-G4 double-stranded RNA (dsRNA) and a known parallel RNA G4 (hTR1-17) were included 

as negative and positive controls, respectively. While both stain efficiently with toluidine blue 

(nucleic acid stain, pH 2.8), the positive, but not negative control stains with NMM (Fig. 3.2 B 

and 3.2 C). Q2RNA stains efficiently with NMM, indicating that it adopts a parallel G4 
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conformation. Interestingly, the Q2DNA does not stain with the dye, suggesting that either it 

adopts a non-G4 or non-parallel G4 conformation. 

 

         

Fig. 3.2. Q2RNA, but not Q2DNA, stains with a parallel G4 dye. (A) 

Schematic showing the G4 forming regions of PITX1 mRNA; the RNA and DNA 

equivalent sequences with the guanylate tracts underlined are also shown. 250 

pmol of Q2RNA and Q2DNA were separated by Native-Tris-borate EDTA (TBE) 

polyacrylamide gel electrophoresis, stained with (B) toluidine blue, and (C) G4-

specific dye N-methyl mesoporphyrin IX alongside their positive (G4: hTR1-17) 

and negative (double stranded RNA) controls. 

   

3.2.1.3   Q2RNA adopts a parallel, while Q2DNA adopts an alternate, G4 conformation 

 

    To confirm G4 formation by Q2RNA, thermal difference spectra (TDS) were generated 

by subtracting the UV absorption spectrum of the folded state (recorded at 20°C) from the 
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spectrum of the partially denatured state (measured at 90°C). Specific nucleic acid conformations 

result in specific TDS, generally reflecting the conformational change of the molecule in solution 

due to a disruption in base-stacking interactions. The TDS obtained for Q2RNA demonstrated 

features characteristic of G4s (305) with a minimum at 297 nm and two maxima at 240 and 276 

nm (Fig. 3.3). Interestingly, TDS analysis of Q2DNA showed similar overall features suggestive 

that it also adopts a G4 structure. 

                               

Fig. 3.3. Normalized thermal difference spectra of Q2RNA and DNA 

counterpart. TDS of Q2RNA (circles) and Q2DNA (squares) in 10 mM 

Tris, pH 7.5, 100 mM KCl, 1 mM EDTA. For details of analysis, see 

Materials and Methods. 

Next, we performed circular dichroism (CD) spectroscopy on the partially denatured and native 

states at 80°C and 20°C, respectively, in the same buffer as used for TDS analysis. The far-UV 
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CD spectrum of Q2RNA at 20°C presented features consistent with previously characterized 

parallel G4s, with an ellipticity minimum at 242 nm and maximum at 264 nm (354) (Fig. 3.4 A).  

   

Fig. 3.4. Q2RNA and its DNA counterpart adopt G4 structures. (A) Far-UV 

CD spectra of Q2RNA and Q2DNA obtained in 10 mM Tris, pH 7.5, 100 mM KCl, 1 

mM EDTA buffer of Q2RNA at 20°C (closed circles) and at 80°C (open circles) as well 

as of Q2DNA at 20°C (closed triangles) and at 80°C (closed squares). (B) CD melting 

curves of Q2RNA (——) and Q2DNA (------) monitored by spectropolarimetry at 264 

nm in the same buffer. 

 

At 80°C similar overall spectral features were observed; however, the intensity was modestly 

muted (approximately 45% at 264 nm), presumably due to partial unstacking of the G4 structure. 

Q2DNA has similar overall features to Q2RNA at 20°C with the prominent exception of an 

additional maxima at 290 nm (Fig. 3.4 A). The Q2DNA spectrum is consistent with the features 

of a group II G4 spectrum that has three parallel and one antiparallel strands (73, 148, 355). At 
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80°C, the Q2DNA is almost completely denatured. To determine the relative stabilities of the 

RNA and DNA G4s, CD spectra were collected during the process of thermal melting (Fig. 3.4 

B). Q2RNA was significantly more resistant to denaturation than its DNA counterpart, but the 

melting profile is similar to that of previously characterized RNA G4s (238). We conclude that 

Q2RNA adopts, as expected, a parallel G4 conformation, whereas Q2DNA assumes a hybrid-type 

G4 structure with parallel and antiparallel strands.  

 

3.2.1.4    RHAU interacts with Q2RNA but not its DNA counterpart 

 

    Previously, an N-terminal truncation of RHAU (RHAU53-105) containing the RSM has 

been identified to play a significant role in the recognition of G4s (238, 253). To confirm the 

original observation, we performed electrophoretic mobility shift assays (EMSA) between 

Q2RNA and either RHAU53-105 or full-length RHAU (Fig. 3.5 A). Both RHAU53-105 and full-

length RHAU shift Q2RNA towards a higher molecular weight species in a concentration 

dependent manner. We observed a higher affinity with full-length RHAU than with the truncated 

version (as expected). Interestingly, the DNA counterpart, Q2DNA, did not show any appreciable 

affinity for RHAU53-105. (Fig. 3.5 A). Microscale thermophoresis measurements were used to 

determine a dissociation constant of 1.7±0.3 nM for the RHAU53-105 complex with fluorescently 

labeled 3’- FAM-Q2RNA (Fig. 3.5 B). To further characterize nucleic acid-protein complexes, 

we prepared pure RHAU53-105 as well as its complex with Q2RNA or Q2DNA, and subjected 

them to size exclusion chromatography (Fig. 1).  
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Fig. 3.5. RHAU53-105 forms a complex with Q2RNA. (A) Electrophoretic 

mobility shift assays (EMSA) were performed using a constant 150 nM concentration of 

Q2RNA or Q2DNA and a variable concentration from 0–700 nM of RHAU53-105 or 

full-length RHAU. The 12% native Tris borate-EDTA (TBE) polyacrylamide gels were 

stained with SYBR Gold for visualization. (B) Microscale thermophoresis measurements 

performed using 3′-FAM Q2RNA (25 nM) in complex with RHAU53-105 at several 

concentrations (0.6–250 nM). Reverse T-Jump signals from the traces were fit as 

described in the Materials & Methods. 

 

RHAU53-105 and its complex with Q2RNA eluted as single peaks, with an expected increase in 

hydrodynamic size accompanying complex formation. Not surprisingly, no complex formation 

was observed between Q2DNA and RHAU53-105 (data not shown). 
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3.2.1.5   The association of N-terminal RHAU with Q2RNA does not disrupt G4 Structure 

To determine whether RHAU53-105 binding disrupts G4 structure we performed a CD 

experiment on the purified Q2RNA/RHAU53-105 complex (Fig. 3.6). No significant 

differences were observed between CD spectra from Q2RNA/RHAU53-105 and Q2RNA in 

the region unique to nucleic acids (~250–320 nm), suggesting that the G4 remains intact 

upon protein binding. 

 

3.2.1.6   Solution structures of G4s and their complexes with RHAU53-105 

 

   To further understand the recognition of G4s by RHAU53-105, we used SAXS to study 

Q2RNA, Q2DNA, and the Q2RNA/RHAU53-105 complex purified by size exclusion 

chromatography. DLS was employed as an initial quality control step to ensure sample 

monodispersity over the range of concentrations used for SAXS acquisition (Fig. 3.7 A). 

Decreasing hydrodynamic radii (rH) were observed for the molecules in the following order: 

Q2RNA/RHAU53-105 complex (3.65 nm), Q2RNA (2.01 nm) and Q2DNA (1.65 nm) (Table 

3.1). Samples did not display any significant self-association in the concentration range 

subsequently used for SAXS analysis, suggesting suitability for further structural studies (Fig. 3.7 

B). SAXS data for Q2RNA, Q2DNA AND Q2RNA/RHAU53-105 complex collected at multiple 

concentrations were merged to obtain a single scattering profile (Fig. 3.7 C). The pair distance 

distribution function, P(r), which represents a histogram of all observed distances between electron 

pairs in the molecule was obtained from merged data using program GNOM (Fig. 3.7 D). Both 

Q2RNA and Q2DNA demonstrate a P(r) plot consistent with a globular structure, whereas the 

Q2RNA/RHAU53-105 complex likely adopts an extended conformation based on the elongated 

tail at longer distances. From this analysis, the radius of gyration (rG) and maximum particle 

dimension (Dmax) were determined (Table 3.1), and used as constraints to generate 20 individual 
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low-resolution models. Individual models, with the chi (χ) values shown in Table 1, were rotated 

and superimposed to obtain an averaged solution conformation (Fig. 3.8).  

                       

Fig. 3.6. RHAU53-105 binding is not sufficient for G4 unwinding. Far-UV CD 

spectra of Q2RNA (——); and Q2RNA/RHAU53-105 complex (- - -) at 20 μM and 20°C 

with all the spectra normalized to the number of nucleotides. The G4 features of the RNA 

in the context of the complex are observed in the region unique to nucleic acids (~250–

320 nm). 

 

Excellent superimposition of individually calculated models were confirmed by the normalized 

spatial discrepancy (NSD) parameter (≤0.63) for each molecule ensemble. Both RNA and DNA 

G4s adopt disc-shaped structures with concave bevels at the top and bottom, while the 

Q2RNA/RHAU53-105 complex adopts an extended shape (Fig. 3.8). Superposition of the 
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previously determined RHAU53-105 solution structure by SAXS onto the Q2RNA/RHAU53-105 

complex suggests that G4 recognition is occurring via one of the termini of the protein. 

  

Fig. 3.7. SAXS data collection and analysis. (A) DLS profiles of Q2RNA, Q2DNA 

and 2RNA/RHAU53-105 complex. (B) Concentration dependence of hydrodynamic 

radii measured by DLS of the molecules in (A). (C) Merged SAXS data of Q2RNA, 

Q2DNA and Q2RNA/RHAU53-105 complex. (D) The corresponding pair distance 

distribution functions. (Color code: red, Q2RNA; green, Q2DNA; golden, 

Q2RNA/RHAU53-105 complex). 

 

3.2.1.7   Amino acids in and adjacent to the RSM mediate recognition of RNA G4 

 

    To determine the region of RHAU53-105 involved in mediating the interaction with G4, 

we expressed and purified isotopically-enriched 15N-RHAU53-105. After equimolar mixture with 

Q2RNA, we successfully purified Q2RNA/15N-RHAU53-105 complex, and acquired its 
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15NHSQC spectrum (Fig. 3.9). To determine the region(s) perturbed by G4 binding, we compared 

the determined HSQC spectrum to those previously determined for free 15N-RHAU53-105 and 

15N-RHAU53-105 in complex with another minimal RNA G4 (hTR1-20) (238). We observed nearly 

identical chemical shift perturbations as previously reported, with significant chemical shift 

perturbations clustering to the RSM and adjacent α-helix (K58, R60, E61, I62, G63, M64, W65, 

Y66, A67, K68, K69, N74, K75, A77, and E78). Therefore, we conclude that, as previously 

observed, residues in the RSM and the adjacent helix are responsible for mediating the G4 

interaction. 

 

Table 3.1. Summary of Hydrodynamic Parameters. Standard deviations are indicated in 

parentheses, and dashes indicate that the values could not be determined. 

Published: E.O. Ariyo et al. (2015) PLoS ONE 10(12): e0144510. 

 

 

 

3.2.2 Discussion 
 

 G4s were predicted to play key roles in a number of biological activities including the 

regulation of gene transcription and translation (302), and evidence for that has accumulated in 

recent years both in vitro and in vivo (98, 101, 356). Various proteins interact specifically with 
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G4s, suggesting they fulfill important functions in cellular processes (183). RHAU has been 

observed in a number of contexts to interact with RNA G4s, but the mechanism of how it 

recognizes and unwinds these structures is not well characterized. We have chosen as our model 

system a specific G4 (Q2RNA) found in the 3’-UTR of the PITX1 mRNA, primarily because its 

interaction with RHAU in a cellular context is established (50). Based on several methods, 

including staining with an orientation-specific dye, TDS, and spectropolarimetry, Q2RNA is a 

parallel G4, and adopts a compact, disc-shaped conformation in solution that is consistent with 

another previously determined RNA G4 structure by SAXS (238). Interestingly, the DNA 

equivalent (Q2DNA) presented markedly different features, namely in terms of its CD profile and 

its inability to stain with a parallel G4 dye, despite adopting a similar shape in solution as 

determined by SAXS and sharing similar hydrodynamic features as Q2RNA. Although a high-

resolution structure would unambiguously highlight the differences, our data is consistent with 

Q2DNA adopting the hybrid-type G4 orientation observed in group II G4s, which has three 

parallel and one antiparallel strands (73, 355, 357). We anticipate that the ability to accommodate 

2′-OH groups in RNA G4s (affecting hydrogen bonding and sugar puckering) is central to the 

observed conformational differences between Q2RNA and Q2DNA (358). 
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Fig. 3.8. SAXS envelopes of Q2RNA, Q2DNA and Q2RNA/RHAU53-105 

complex. Color code: Red, Q2RNA; green, Q2DNA; golden, 2RNA/RHAU53-105 

complex. Dmax values are shown beneath each species. The SAXS shape model of 

RHAU53-105 (blue) was superimposed on the complex (RHAU53-105 SAXS data 

obtained from previously published findings) (238)      

 

 Previous low-resolution structural and biophysical studies suggest that the N-terminal 

domain of RHAU interacts with the G-quartet face on the top or bottom plane of the G4 for both 

RNA and DNA (238). Recently, a high-resolution structure of a short N-terminal peptide in 

complex with a DNA G4 has reinforced this mode of recognition, but also suggested that certain 

basic amino acid residues mediate specificity through interaction with the phosphodiester 

backbone (274). Recognition of the Q2RNA G4 by the N-terminal region of RHAU (containing 

the RSM) uses nearly identical amino acid residues to those previously observed as important with 

another RNA G4 (238). The elongated solution structure of Q2RNA/RHAU53-105 by SAXS is 
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consistent with the same protein truncation in complex with another RNA G4 (238), and the 

superimposition of individual Q2RNA and RHAU53-105 models onto the complex model are 

consistent with recognition of the G-quartet face as the primary site of recognition. 

                           

Fig. 3.9. Amino acids in and adjacent to the RSM mediate recognition of 

RNA G4. 15N-HSQC spectral overlay of RHAU53-105 free (black) and in complex with 

Q2RNA (orange) or hTR1-20 (blue) with a subset of assigned resonances labeled. Data for 

RHAU53-105 and RHAU53-105/hTR1-20 were previously obtained, and used for 

comparison. 

 

 Mechanistic studies have also suggested the importance of a parallel orientation for the 

recognition by RHAU (272, 274). The parallel G4 specific dye used in this study (NMM) interacts 

by stacking on the G-tetrad faces (353) and we have observed a significant reduction in the staining 

intensity of the dye where the G4 is bound to RHAU53-105 as opposed to free G4 (data not 

shown). This suggests that the protein occupies the tetrad face. A previous study investigating a 

G4 from the human telomerase RNA (hTR) and its DNA counterpart has revealed that both adopt 



87 
 

 

a parallel orientation and that both interact with RHAU53-105 by means of the RSM. However, 

the DNA G4 made additional interactions with RHAU that were not observed in the RNA G4 

(238). DNA G4s generally demonstrate lower affinity for RHAU than their RNA counterparts 

(238, 273, 274), and whether the 2′-OH, a parallel arrangement, or both are important remains to 

be determined for RNA binding. Given these observations, it was not surprising that different 

strand orientations adopted by Q2RNA and Q2DNA significantly impact their affinity for RHAU. 

In the absence of a high-resolution RHAU-RNA G4 structure, our results strongly support the 

previously observed mode of recognition where strand directionality is key to presenting a parallel 

G4 face for RHAU binding. High-resolution structural studies of RNA G4s in complex with 

RHAU will likely confirm the hypothesis that both electrostatic and steric impacts of the 2′-OH 

also fulfill an important role. While the importance of the N-terminal domain of RHAU has clearly 

been established, the mechanism whereby full-length protein binds and unwinds G4 structures 

remains to be elucidated. Binding of truncated RHAU53-105 to RNA or DNA G4 does not attain 

the full binding affinity observed in full-length RHAU nor does it induce unwinding (50, 238, 

273). These features are clearly confirmed again in this study as full-length RHAU has higher 

affinity than the N-terminal fragment for Q2RNA, and comparison of the CD spectra of Q2RNA 

free and in complex with RHAU53-105 indicates no G4 unwinding. Therefore, future studies 

geared towards an understanding of G4 helicase activity in the context of the full-length protein, 

remain a priority. The work presented here, while focused specifically on the in vitro study of a 

purified RNA-protein complex, provide the template for an eventual mechanistic understanding 

of G4 impact on translational regulation of mRNAs, including PITX1. 
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CHAPTER 4 

 

Impact of G-quadruplex loop conformation in the PITX1 mRNA on protein 

and small molecule interaction  
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4.1 Introduction 
 

   G-quadruplexes (G4s) are nucleic acid structures that form when guanine-rich tracts fold 

back on themselves to form π- π stacked planar G-tetrads with guanine bases from each tract 

associating via a hydrogen bonding network between adjacent guanines in the tetrad (N7:N2H and 

O6:N1H) (17, 19). Stacked tetrads are further stabilized by guanine O6 coordination by a 

monovalent cation (typically K+) centered between the planes (17). In general, RNA G4s adopt a 

parallel orientation of their G-tracts, owing largely to the presence of the 2′-OH on the ribose sugar 

(359). G4s have been shown to be very stable in vitro under near-physiological conditions, and 

studies have demonstrated their existence in vivo (47, 360). While the stability and kinetics of G4 

structures are based on factors including sequence length and G-tract alignment 

(parallel/antiparallel), recent studies have begun to emphasize the role that G4 loops, the sequence 

of nucleotides between the guanines that form G-tetrads, play in determining tertiary structure and 

stability (80, 361, 362). Loops of different lengths and sequences have been shown to stabilize or 
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disrupt G4s (70, 77). Interestingly, intraloop interactions via hydrogen bonding and base stacking 

have also been reported, and in some cases these interactions contribute more to G4 stability than 

π- π stacking of G-tetrads (78, 363). Disruption of G4 formation by targeting loops using antisense 

oligonucleotides in eukaryotic cells has been reported, impacting translation of reporter genes and 

endogenously expressed mRNAs (364). A specific G4 loop conformation from the 5′-UTR of 

multiple human genes has been shown to impair the expression of a reporter gene in cellula (365).  

The folding of G4s driven by the length of loops and nucleotide sequence has been hypothesized 

to affect binding interactions of small molecules and proteins (79). 

 PITX1 is a transcription factor that plays pivotal roles in development including 

differentiation of the developing pituitary gland, craniofacial structures, and hind limbs in early 

embryonic development (290, 292). We previously demonstrated that the PITX1 mRNA contains 

3 sequences, known as Q1, Q2, and Q3, capable of forming stable G4 structures in its 3′-UTR, 

and that PITX1 expression is attenuated by interaction with an established RNA G4 helicase 

(RHAU) (49). The recognition and binding of parallel RNA G4s by RHAU is mediated via its N-

terminal RHAU-specific motif (RSM) (238, 253). The structure of a G4 in complex with an 18-

amino acid peptide from the RSM demonstrated a stacking interaction between residues (G9, 12, 

G13, and A17) and the 5′-end G-tetrad, in addition to electrostatic interactions between basic 

residues (K8, K10, and K19) and phosphate backbone (274). Low-resolution structural studies 

with an N-terminal subdomain (RHAU53-105) confirm that the N-terminal domain of RHAU 

interacts with the G-tetrad face on the top or bottom plane of the G4 (238, 275).  In this study, we 

selected PITX12044-2079 (Q3RNA) (with loops CAGUGC, CCUGGC, and AGGUGG connecting 

guanine tracts) as a model system to study the impact of loop conformation on G4 structure by 

comparing it to designed mutants with the same nucleotide composition but scrambled loop 
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sequences. The impact of loop conformation on both G4 folding and biomolecular interaction was 

probed using a neutral macrocyclic ligand (N-methyl mesoporphyrin IX (NMM)) and a protein 

binding partner (RHAU). These binding partners were selected based on their established 

selectivity for parallel G4 structures. Our results demonstrate that loop conformation can impact 

the global fold of Q3RNA and also impact binding affinity of ligands that interact with the G-

tetrad face of G4s.  

 

4.2 Results and Discussion 
 

4.2.1 Results 
 

4.2.1.1 Q3RNA and loop mutants maintain a parallel G4 conformation 

 

 The conformation of Q3RNA alongside mutants where the first (Q3M1), second (Q3M2), 

or first and second loop (Q3M1&2) sequences were scrambled (Table 4.1) was investigated to 

determine the impact of loop conformation on overall G4 structure and recognition. As expected, 

Q3RNA stained effectively in native gels with NMM, a dye that is specific to the parallel G4 

conformation typically observed in RNA G4s confirming a parallel G4 conformation (Fig. 4.1A, 

bottom panel). Similarly, Q3M1, Q3M2, and Q3M1&2 stained with NMM, confirming that loop 

sequence scrambling did not disrupt G4 formation. A non-G4 RNA control (dsRNA) visible by 

staining with a general nucleic acid stain (toluidine blue) was not stained by NMM (Fig. 4.1A, 

middle and bottom panels). Interestingly, while all Q3RNAs are of equivalent size (denaturing 

gel, Fig. 4.1A, top panel), mutants with a scrambled loop 2 sequence migrated as a larger size by 

native gel electrophoresis (Fig. 4.1A, middle panel). SEC confirmed these observations, where 

Q3M2 eluted slightly earlier than Q3RNA, suggesting a difference in hydrodynamic size (Fig. 

4.1B).  
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Table 4.1  

The RNA sequences studied. 

Namea      5′-3′ sequenceb 

Q3 RNA AGC GGG CAGUGC GGG CCUGGC GGG AGGU GGGGG AGG 

Q3 M1 AGC GGG UGCGCA GGG CCUGGC GGG AGGU GGGGG AGG 

Q3 M2 AGC GGG CAGUGC GGG CGGCCU GGG AGGU GGGGG AGG 

Q3 M1&2 AGC GGG UGCGCA GGG CGGCCU GGG AGGU GGGGG AGG 

 

a The name assigned to this sequence in the text, also indicative of loop mutations in the sequence. 
b nucleotides in bold represent rearrangements in loop 1, 2 or both loops 

 

Thermal difference spectroscopy (TDS) of Q3RNA and the mutants produced spectra 

consistent with a G4 conformation (305) (Fig. 4.1C). In addition, the far-UV CD spectra generated 

for the RNAs produced spectra with ellipticity minima (242 nm) and maxima (264 nm) that are 

consistent with a parallel G4 conformation (354) (Fig. 4.1D). The relatively high melting 

temperatures (Tm>60°C) obtained from CD melting experiments (Fig. 4.1D, E) also suggest G4 

conformation as they are significantly higher than what would be expected from other 

conformations (including duplex) that these RNA may adopt. Together, we conclude that while 

the scrambling of loop 2 appears to impact native gel migration, a parallel G4 structure persists. 
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Fig. 4.1. Q3RNA and mutants all adopt parallel G4 conformation (A) Q3RNA and mutants 

separated by 12% PAGE; Top: denaturing TBE-PAGE using urea as a denaturant, middle: native TBE-

PAGE stained with toluidine blue nucleic acid stain, pH 2.8, and bottom: native TBE-PAGE stained with 

NMM. A non-G4 dsRNA is also shown as a negative control (B) Elution profiles of Q3RNA and Q3M2 

obtained by SEC (C) Normalized thermal difference spectra of Q3RNA and mutants (D) far-UV CD spectra 

generated at 20°C and 80°C. The CD signals at 20°C are shown to be higher than at 80°C (E) CD melting 

curves at 624 nm of samples in (D). All the experiments were performed in 10 mM Tris, (pH 7.5), 100 mM 

KCl, 1 mM EDTA buffer and legends are shown as follows: Color code: Red, Q3RNA; golden, Q3M1; 

green, Q3M2; blue, Q3M1&2. Figures are colored as follows: red, Q3RNA; orange, Q3M1; green, 

Q3M2; blue, Q3M1&2. 
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4.2.1.2 Loop 2 mutants of Q3RNA adopt an altered G4 solution conformation 

 To investigate the impact of the potential changes caused by loop composition on the 

overall structure of Q3RNA, we employed SAXS. As a quality control step, we first performed 

DLS experiments to ensure the suitability of the samples for SAXS. Consistent with our gel-based 

observations, Q3RNA and Q3M1 have similar hydrodynamic radii (rH), with Q3M2 and Q3M1&2 

demonstrating slightly larger values (Fig. 4.2A, Table 4.2). No concentration-dependent change 

in rH was observed for any of the RNAs over the range of concentrations subsequently used for 

SAXS (Fig. 4.2A, inset). SAXS data for Q3RNA and mutants obtained at multiple concentrations 

were therefore merged and processed to obtain scattering profiles from which the pair distance 

distribution function (P(r)) were calculated and a histogram of all observed distances between 

electron pairs in the molecule was generated (Fig. 4.2B). 

 

Table 4.2. Summary of Hydrodynamic Parameters 

Standard deviations are indicated in parentheses, and dashes indicate that the values could 

not be determined.  

 

 Q3RNA Q3M1 Q3M2 Q3M1&2 

Parameter Exp. Modeld Exp. Modeld Exp. Modeld Exp. Modeld 

rH (nm)a 2.93 (0.25) 2.03 (0.01) 2.90 (0.04) 2.06 (0.01) 3.16 (0.10) 2.07 (0.01) 3.17 (0.02) 2.31 (0.01) 

rG (nm)b 1.60 (0.01) 1.60 (0.01) 1.65 (0.01) 1.64 (0.01) 1.75 (0.01) 1.74 (0.01) 1.89 (0.01) 1.88 (0.01) 

Dmax (nm)c 4.1 4.84 (0.01) 4.3 5.15 (0.01) 4.7 5.54 (0.01) 4.80 5.47 (0.01) 

 0.50 - 0.50 - 0.60 - 0.57  - 

NSD 0.47 (0.01) - 0.48 (0.01) - 0.63 (0.09) - 0.54 (0.05) - 

 

a determined from DLS with error from linear regression analysis to infinite dilution from multiple 

concentrations. 
b determined from SAXS data with error obtained from P(r) analysis by GNOM. 
c determined from SAXS data obtained from P(r) analysis by GNOM. 
d Model-based parameters calculated from HYDROPRO with errors obtained as the standard deviation 

from multiple models. 
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From this analysis, the radius of gyration (rG) and maximum particle dimension (Dmax) were 

determined, with results reinforcing that mutants with loop 2 scrambled have larger values than 

those with the wild type loop 2 (Table 4.2).  The rG and Dmax values were then used as constraints 

to generate 20 individual low-resolution models that were rotated and superimposed to produce 

the average solution conformation (Fig. 4.2C). Each of the RNAs generally adopt disc-shaped 

structures, consistent with previously published low-resolution structures of parallel G4s by SAXS 

(238, 275). Interestingly, Q3M2 and Q3M1&2 present a crescent-shaped structure not observed in 

Q3RNA or Q3M1 and based on comparison with similar G4s suggests a perturbation to the edges 

of the G-tetrad face (Fig. 4.2C). 

 

4.2.1.3 Stabilization of G4 RNA may involve intramolecular hydrogen bonding 

 

We next performed 1H-imino proton NMR experiments to confirm G4 formation and to 

determine if intraloop hydrogen bonding could be observed (Fig. 4.3A). Hydrogen bonded imino 

protons (from G and U bases) are protected from solvent exchange, whereas free bases are not 

observable. The NMR spectrum was dominated by at least 11 unique clustered peaks between 10-

12 ppm, which are characteristic of solvent protected G-G hydrogen bonding observed in G4s. 

Surprisingly, two solvent-protected imino proton peaks were observed distinct from the G-G 

region; one peak at 13 ppm (consistent with a G-C hydrogen bond) and another at 10 ppm 

(consistent with a G-U hydrogen bond) (Fig. 4.3A). 

 

4.2.1.4 Conformational alteration of loop2 impacts RSM but not RHAU binding 

 

PITX1 Q1, Q2, and Q3RNA have been previously demonstrated to interact with both full 

length RHAU and an N-terminal subdomain (RHAU53-105) that contains the RSM, with Q3 having 
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the lowest affinity of the three G4s (49). To determine if the binding affinity of RHAU is affected 

by the conformational changes induced by loop 2 scrambling, EMSAs were performed between 

RHAU full length or the isolated RHAU53-105 protein and G4 RNAs (Fig. 4.3B).  

 

Fig. 4.2. Mutations to loop 2 alters the G4 fold of Q3RNA. Figures are colored 

as follows: red, Q3RNA; orange, Q3M1; green, Q3M2; blue, Q3M1&2. (A) DLS 

profiles of Q3RNA, Q3M1, Q3M2, Q3M1&2 and concentration dependence of the 

hydrodynamic radii of the same samples determined by DLS (inset); SAXS data 

analysis (B) The pair distance distribution function of individual G4 RNA and merged 

SAXS data plots of the same samples obtained from the raw SAXS data (inset) (C) 

Average, filtered SAXS solution structures of G4 RNAs based on 20 individual 

models, with the overlaid red mesh representing the solution structure of Q3RNA for 

comparison purposes. 
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Significantly higher affinity of RHAU53-105 is observed for Q3RNA and Q3M1 relative to either 

Q3M2 or Q3M1&2. Interestingly, the same trend is not observed when EMSAs are performed with 

full-length RHAU, as both Q3RNA and Q3M2 present similar affinities (Fig. 4.3C). 

 

Fig. 4.3. Mutations to loop2 reduces the affinity of a protein binding partner for 

Q3RNA. (A) Proton NMR spectrum of Q3RNA (100 μM), in 10 mM Tris, (pH 7.5), 100 

mM KCl, 1 mM EDTA, and 10% deuterium oxide (v/v).  Distinct regions corresponding to 

G*-C, G*-G*, and G*-U hydrogen binding are highlighted, with the asterisk (*) 

corresponding to the observable imino proton. (B and C) Electrophoretic mobility shift assay 

carried out in reactions containing a fixed RNA concentration (100 nM) with increasing 

concentrations of (B) RHAU53-105 or (C) full length RHAU (0-700 nM). 
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4.2.1.5 G-tetrad face ligand binding is impacted by loop2 scrambling 

 

 The interaction between N-methyl mesoporphyrin IX (NMM) and G4s occurs via stacking 

of NMM onto the G-tetrad faces of parallel G4s (159). UV-visible absorbance titration of Q3RNA 

or Q3M2 into NMM was used to monitor binding by tracking the NMM Soret band intensity and 

wavelength (379 nm initially) (Fig. 4.4A, B, C). 

  

 
 

Fig. 4.4. Loop2 sequence composition impacts small molecule binding to Q3RNA (A) UV/Vis 

spectrum highlighting the impact of increasing concentrations of Q3RNA (increasing peak at 260nM) on 

NMM binding by monitoring the shift in the NNM Soret band from 379 nm (free; F) to 400 nm (bound; 

B). Arrows indicate both spectral changes. (B) As in (A), but expanded to focus on the NNM shift. (C) As 

in (B) but for the Q3M2 RNA. G4 binding constants were then determined by direct fitting of the titration 

data to a one site binding hyperbola (D) Q3RNA (E) Q3M2 and binding stoichiometry was determined by 

Scatchard analysis (inset) as described in Materials and Methods. 
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For each RNA, the Soret band of the complex gradually shifted to maxima of 398 and 400 nm 

respectively, and Scatchard analysis confirmed the expected 1:1 binding stoichiometry (Fig. 4.4 

D, E). Following the trend observed for RHAU53-105 binding, Q3M2 (621+51 nM) displayed a 

weaker affinity for NMM than Q3RNA (295+23 nM), suggesting that the loop 2 sequence can 

impact access to the G-tetrad face. 

 

4.2.2 Discussion 
 

 The nucleotide sequence between guanine tracts of G-tetrads can form loops that play an 

important role in determining the folding and stability of G4 structures (70, 77). We report that 

scrambling of the sequence in loop 2 but not loop 1 results in a change to the global structure of 

Q3RNA, suggesting a specific tertiary interaction above and beyond core G4 formation, as 

observed by RNA migration on native polyacrylamide gels and their solution structures (Fig. 

4.1A, 2C). Hydrogen bonding and base stacking can occur between loops giving rise to interloop 

interactions (78). The results obtained from our imino proton NMR experiments of Q3RNA 

showed distinct G-C and G-U imino proton signals (13 and 10 ppm respectively). Based on these 

NMR results and that loop 1 scrambling has no disruptive impact on G4 structure, we hypothesize 

that a loop 2-loop 3 interaction is occurring; G26-C17 and G27-U18 base pairs. It is therefore not 

surprising that scrambling of loop 2 would result in a G4 structure with an altered solution 

conformation, as this would likely disrupt the interloop interaction.  

 The SAXS solution structures obtained for Q3RNA and Q3M1 are disc-shaped, consistent 

with previously published low-resolution structures of parallel G4s by SAXS (238, 275). 

However, Q3M2 and Q3M1&2 containing disrupted loops showed crescent-shaped structures that 
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are not observed in Q3RNA or Q3M1 and when compared to previously published low resolution 

SAXS structures, perturbations to the edges of the G-tetrad faces were observed (Fig. 4.2C). 

Previous reports have suggested that loop composition can significantly impact the binding 

interactions of small molecules and proteins (79), a finding that we have confirmed, in part, with 

Q3RNA as a model system. Mutation of loop 2 results in a 2-fold reduction in binding affinity for 

NMM, a parallel G4-specific ligand that stacks on the G-tetrad face (159) (Fig. 4.4). This 2-fold 

change is reasonable given that while there is a global structural change, Q3RNA is able to retain 

the parallel G4 conformation despite a scrambled loop 2. The interaction of Q3RNA with RHAU53-

105, (an N-terminal subdomain containing the RSM) investigated by EMSA showed a similar trend 

to the NMM result, with scrambling of loop 2 resulting in a decreased binding affinity for Q3RNA. 

No significant difference in binding affinity was observed between the full length RHAU and all 

the G4 RNAs, which is not unexpected given that interactions outside the RSM contribute to 

additional affinity for G4 structures (253). RNAs containing a scrambled loop 2 showed less 

interaction with RHAU53-105 in a concentration dependent manner (Fig. 4.3B), suggesting an 

impact of the loops on binding of proteins and small molecules by the G-tetrad faces of the G4 

structures (Fig. 4.3B; 4.4D, 4.4E).   
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5.1 RESEARCH SUMMARY 
 

Sequences having the potential to form G4 structures in the human genome have been 

reported to number approximately 376 000 in the human genome (22), and high-resolution 

sequencing of DNA G4 structures in the human genome revealed 716,310 distinct G4 structures 

(23). Although the early studies of G4s were based on their roles at the ends of telomeres, recent 

studies have shifted unto other important regions of the genome including the promoters of proto-

oncogenes (39, 45, 90, 91), immunoglobulin heavy chain switch regions (39), mutational hotspots 

implicated in the maintenance of chromosomal integrity, and the regulation of replication, 

transcription and recombination processes (35, 48). The interaction of some proteins with G4 

structures to stabilize (181, 182), or unwind and destabilize them, thereby modulating their 

functions in a biological context have been investigated (183-185). To further expand the 

understanding of G4 RNA recognition by the helicase RHAU in a biological context, our 

laboratory recently performed an RNA co-immunoprecipitation screen that led to the identification 

of messenger RNA (mRNA) for Pituitary homeobox 1 (PITX1, backfoot) protein (49). PITX1 is 

a transcription factor that plays several roles including, differentiation of developing pituitary 

gland, craniofacial structures and hind limbs in the early development of embryos (281, 289, 290, 

292). Interestingly, PITX1 mRNA possesses three distinct sequences in the 3′-UTR of its mRNA 

(Q1 RNA: PITX11371-1400, Q2 RNA: PITX11901-1930, and Q3 RNA: PITX12044-2079), capable of 

forming G4 structures and have been demonstrated to be involved in the recruitment of RHAU 

protein to the PITX1 mRNA to regulate PITX1 protein translation (49).  

To understand the structural basis of G4 recognition by helicase proteins, we have purified 

RHAU protein and characterized a minimal G4-forming sequence in the 3′-UTR of PITX1 mRNA 

using a variety of biophysical techniques highlighted in Chapter 2. In Chapter 3, based on several 
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biophysical techniques used including SAXS, we were able to show that a minimal G4-forming 

sequence in the 3′-UTR of PITX1 mRNA (PITX11901-1930, Q2 RNA) is a parallel G4 that adopts a 

compact disc-shaped structure in solution (Fig. 3.8) and this finding was consistent with another 

G4 structure previously determined by SAXS (238). The DNA counterpart of this G4 RNA likely 

adopts a hybrid-type G4 orientation with three parallel and one parallel strands, consistent with 

group II G4s (Fig. 1.4B) (73, 355, 357). Our findings (reported in Chapter 3) suggests that a G4 

structure (Q2RNA) interacts with the N-terminal domain of RHAU protein through its G-tetrad 

face and this extended our scope into the recognition of parallel G4 structure by the N-terminal 

region of RHAU. 

In Chapter 4, we demonstrate the impact of loop conformation of G4s on protein and small 

molecule interactions. Previous findings suggested that the stability and kinetics of intramolecular 

G4 structures are based on a number of factors including hydrogen-bonding network involving 

N7:N2H and O6:N1H in G-tetrads, central core G-tetrad lone pairs of electrons from GO6 

coordination of a monovalent cation (362), and π- π stacking interactions. Loop interaction has 

also been shown to contribute more to the stability of G4 structures than the stacking of G-tetrads 

(363). We studied another G4 forming sequence in the 3′-UTR of PITX1 mRNA: (PITX12044-2079, 

Q3RNA) with three other mutants; Q3M1, containing a nucleotide rearrangement in loop 1; Q3M2, 

containing a nucleotide rearrangement in loop 2; and Q3M1&2, containing nucleotide 

rearrangement in both loops 1 and loop 2 (Chapter 4) 

Our investigation into the roles played by loop composition on the overall G4 structure 

stability revealed that NMM interacts with Q3RNA and Q3M2 G4 structures via UV-visible 

absorbance titrations that produced differences in dissociation constants (Kd): Q3RNA (295+23 

nM); Q3M2 (621+51 nM) respectively (Fig. 4.4 D & E), suggesting that loops in the G4 RNA can 
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affect the accessibility of proteins or small molecules from interacting with the G-tetrad faces. 

While the loop conformation can impact the global fold of PITX1 Q3, as observed in their 

migration pattern on a 12% native polyacrylamide gel (29:1 acrylamide: bis ratio) (Fig. 4.1 A), 

the parallel G4 RNA is able to accommodate these conformations to minimize the impact on 

binding of ligands and proteins that interact with the G-tetrad face of G4 RNA. RNA and DNA 

sequences that are able to form G4 structures have been found in regions with biological 

significance (206). This study provides a structural basis for G4 recognition by the N-terminal 

region of RHAU protein, an interaction mediated via the G-tetrad face of the G4, and also a basis 

for structural studies of key biologically relevant G4s that interact with proteins and G4-stabilizing 

ligands via their G-tetrad faces. A more comprehensive structural study involving high resolution 

structures may provide insights into the design and development of drugs that interact with G4s, 

to modulate their functions in a cellular context.              

 

5.2  FUTURE DIRECTIONS 
 

 The goal of this project was to establish the structural basis of G4 recognition by RHAU 

protein, and to investigate the impact of loop composition and lengths on the overall G4 structures. 

Our findings suggest that RHAU recognizes G4 structures via the planar guanine tetrad face of 

parallel G4s, which is consistent with previous low-resolution structural and biophysical studies 

(238). In line with the results obtained, this study has certainly induced very interesting questions 

that could be addressed in future studies. Research in the following key areas are suggested: 

 

(I) We demonstrated that a minimal G4-forming sequence in the 3′-UTR of PITX1 mRNA 

(Q2RNA) can interact with RHAU53-105 via its G-tetrad face (Fig. 3.5 A, Fig. 3.9), while focused 
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specifically on the in vitro study of a purified RNA-protein complex involving a short region of 

the entire PITX1 mRNA and a segment of RHAU protein, mechanistic understanding of G4 

impact on translational regulation of mRNAs, including PITX1 in a cellular context to understand 

G4 helicase activity should be investigated. 

   

(II) The higher stability of G4 RNA over its G4 DNA counterpart may be due to its ability to 

accommodate the 2′-OH group that affects hydrogen bonding and sugar puckering, leading to 

conformational differences between Q2 RNA and Q2 DNA (Fig. 3.4 A). We were not able to 

confirm this observation in this research and high-resolution structures of the RNA and DNA G4s 

will provide more insight. 

 

 

(III) We showed that loop conformation can impact the global fold of G4 RNA in the PITX1 

mRNA (Q3RNA) and that these conformations can impact the binding of ligands and protein that 

interact with the G-tetrad face of the G4 RNA (Fig. 4.3B; Fig. 4.4). Loops of different lengths and 

sequences have been shown to stabilize or disrupt G4s (70, 77), and in some cases interactions 

between loops contribute more to the stability of G4 structures than the stacking of π- π G-tetrads 

(78, 363). A high resolution structural study of G4s in DNA and RNA with various loop 

conformations will provide further insights into their roles in the overall G4-protein or G4-small 

molecule interactions. 

 

(IV) G4 structures can be stabilized by small molecule ligands including porphyrins (155-157). 

Several aspects regarding G4 binding compounds require clarification, including preferences for 

tetraplexes over duplexes and binding specificities. Targeting G4 structures in the presence of a 
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massive excess of double-stranded DNA in a cellular context is an indispensable area to be studied 

and may provide potential usefulness in pharmaceuticals. 

 

(V) The in vitro transcription of G4 RNA in the 3′-UTR of PITX1 mRNA from DNA 

templates, presented some challenges which could not be addressed during the course of this study 

(see the appendix). Although, Q2RNA and Q3RNA G4s were transcribed successfully from 

plasmid templates (Fig. A.2), however, the yields were very low and not enough material was 

obtained to carry out any structural studies. A good study on the factors that may be responsible 

for the low yield in transcribing G4 RNA from plasmid templates; including the role of helicases 

in unwinding the double stranded DNA, accessibility of RNA polymerase, G:C content of the 

template strand and other reaction conditions should be explored. This will be a giant stride into 

obtaining high yield in G4 RNA transcripts sufficient for structural studies. 

 

(VI) Proving that G4 structures interact with RHAU protein to modulate some biological 

functions in the cellular context is undoubtedly beyond the scope of this dissertation, however, we 

believe a good stride in the right direction was laid for future studies.  
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A.1 Introduction 
 

 The in vitro transcription of G4 RNA from the 3′-UTR of PITX1 mRNA from DNA 

templates, followed by characterization using various biophysical methods and hopefully 

conducting structural studies was one of the initial goals of my research. Although, Q2 and Q3 G4 

RNAs were transcribed successfully from plasmid templates, however, several challenges were 

encountered during the process, with the most being very low yield. Some of these challenges will 

be discussed in this chapter and results will also be presented. 

 

A.2 Results and Discussion 
 

A.2.1 Visualizing digested plasmid on agarose gel 
 

 Mini preparations of the cloned vectors were made after transformation using GeneJet 

Plasmid Miniprep Kit (see procedures in chapter 2) to produce more copies of each plasmid. The 

cloned plasmids were checked to ensure accurate sequence insertion after digesting with the 

appropriate restriction enzymes on 1.8% agarose gels against the mother vector and imaged by 

FlourChem Q (Fig. A.1 A). Individual cloned plasmids containing the sequences corresponding 

to Q1, Q2 and Q3 were also digested with the BsaI restriction enzyme and purified for in vitro 

transcriptions (Fig. A.1 B). Linearized plasmids were purified by extracting with 

phenol/chloroform (1:1, as described in chapter 2), and used for in vitro RNA transcription. 

 

A.2.2 In vitro transcription of G4 RNA 
 

 The in vitro transcription of Q2 and Q3 G4 RNAs from purified linear plasmid templates 

containing a promoter, ribonucleotide triphosphates, a buffer system that includes DTT and 

magnesium ions, and an appropriate phage RNA polymerase were performed. Trial transcription 
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reactions were set up (Table A.1) to determine the best reaction conditions for a large scale in 

vitro transcription using linearized plasmid (Fig. A.2 A). 

            

Fig. A.1. Linearized plasmids with HindIII, EcoRI and BsaI restriction 

enzymes (A) Linearized plasmids (with HindIII and EcoRI restriction enzymes), the 

insert and the mother vector were seen to migrate differently on the gel and this suggested 

the right sequence insertion (B) Linearized plasmids containing Q1, Q2 and Q3 

sequences (Linearized with BsaI restriction enzyme) and used for in vitro transcription. 

The DNA was separated on 1.8% agarose gel in TAE buffer, stained with SYBR DNA. 

Undigested plasmids and DNA ladder were also shown.     

 

The overall yield of all the G4 RNAs transcribed (Q2 and Q3 RNAs) were very low as shown in 

the elution profile (Fig. 2.4 A), but the initial characterization of the these RNAs using biophysical 

techniques revealed results that were consistent with G4s.  

 

A.2.3 Assay for purity, Aggregation and Concentration by PAGE 
 

 Following the purification of the in vitro transcribed RNAs by SEC (See chapter 2), 

fractions corresponding to the peaks of the RNAs were collected, concentrated and run on 12% 

native Polyacrylamide Gels in TBE buffer, stained with toluidine blue and viewed as clean bands 

(Fig. A.2 B). 



110 
 

 

Table A.1. An example of the recipes for a trial in vitro transcription reaction 

Reagent Required amount 

Plasmid template (Linearized) 2.5 – 10 µg 

Nucleotide triphosphates (NTPs) 2 mM each 

Magnesium Chloride (Mgcl2) 5 – 20 mM 

Transcription buffer (See Chapter 2) 1:10 (10X buffer: Reaction total volume)   

T7 RNA polymerase 0.5 – 2.0 µL (in a 50 µL total reaction volume) 

RNase free water  Adjusted to make up the total volume 

 

Table A.1. A table showing the recipes required to set up a small scale reaction for in 

vitro transcription. A total reaction volume of 50 µL was set up where some of the reagent 

concentrations were varied to obtain the best conditions for a large scale transcription 

reaction.   

     

 

 

Fig. A.2. Transcribed RNA from linearized plasmid templates (A) Transcribed 

Q3 RNA from linearized plasmid template with each lane showing RNA yield from 

different transcription reaction conditions (B) Purified Q2 RNA and Q3 RNA by SEC. 

RNA samples were separated by native-Tris-borate EDTA (TBE) polyacrylamide gel 

electrophoresis and stained with toluidine blue. 
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A.2.4 In vitro transcribed Q2RNA and Q3RNA were stained by NMM  

  
 To test whether the in vitro transcribed RNAs are G4s, a reaction each containing 100-300 

Pico-moles of Q2, and Q3 RNAs in a total volume of 30L were set up with both positive and 

negative controls. The samples were run on 12% Native Polyacrylamide gels and stained with 

quadruplex specific fluorescent dye N-methyl mesoporphyrin IX, (Fig. A.3). In all the cases, Q2 

RNA, Q3 RNA and hTR1-18 (previously characterized G4 RNA) (50) were stained by the 

quadruplex specific dye while all the negative controls (non-G4 RNA and DNA) did not (Fig. 

A.3). 

       

Fig. A.3. Analysis of in vitro transcribed G4 RNA by PAGE. 250 pmol of in 

vitro transcribed Q2RNA, Q3RNA were separated by Native-Tris-borate EDTA (TBE) 

polyacrylamide gel electrophoresis, stained with (A) G4-specific dye, N-methyl 

mesoporphyrin IX (NMM) (B) toluidine blue, and alongside their positive (G4: hTR1-18) 

and negative (double stranded RNA) controls. The DNA equivalents of both G4 RNAs 

are also presented. 
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A.2.5 Spectroscopy 
 

  The UV-Visible/melting curves of 10 µM in vitro transcribed Q2RNA and its DNA 

equivalent in 50 mM Tris, pH 7.5, 100 mM KCl, 1 mM EDTA were obtained on a dual beam 

Evolution 260 Bio UV-Visible spectrophotometer (Thermo Scientific). Absorbance Vs 

temperature curves provide information on the thermal stabilities of the RNA and DNA in the of 

course denaturation and renaturation, which were monitored at 260 nm (Fig. A.4 A). The CD 

spectra of in vitro transcribed Q2RNA at a concentration of 23 µM in a 0.5 mm cell shows 

characteristic features at 242 nm (minimum) and 264 nm (maximum) peaks respectively. These 

features were reduced significantly when the RNA was melted, perhaps due to the disappearance 

of the base stacking present in G4s (Fig. A.4 B).   
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Fig. A.4. UV-Visible/melting curves and CD spectra of in vitro transcribed 

RNA (A) 10 µM in vitro transcribed Q2RNA and its DNA equivalent in 50 mM Tris, 

pH 7.5, 100 mM KCl (B) CD spectra of in vitro transcribed Q2RNA at a concentration 

of 23 µM in 0.5 mm cell showing characteristic features of G4 at 242 nm (minimum) and 

264 nm (maximum) peaks respectively. 
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A.2.6 Dynamic Light Scattering Analysis (DLS) 
 

 As a quality control step preceding Small Angle X-ray Scattering (SAXS) analysis in 

determining the hydrodynamic radius, a dynamic light scattering experiment was performed on 

Q2 RNA at different concentrations to ensure sample monodispersity. The sample did not display 

any significant self-association in the concentration range analyzed, however, due to low sample 

concentrations, DLS data could not be collected for Q3 RNA. Dynamic light scattering data were 

collected on a Zetasizer Nano S system (Malvern instrument Ltd, Malvern, UK) as described in 

chapter 2. 

 

A.2.7 In vitro transcribed Q2 RNA and Q3 RNA interact with RHAU53-105 

  
 To investigate the interaction between in vitro transcribed RNAs and RHAU, reactions, 

each containing 200 nM of either Q2 RNA or Q3 RNA, enriched with 0-1000 nM RHAU53-105 

protein in a total volume of 30L were set up. These were run on a 12% native polyacrylamide 

gel in TBE buffer alongside positive and negative controls in the cold room for about 5 hours. A 

shift of the RNAs with N-Terminal RHAU53-105 was observed which revealed an interaction 

between them. There was no interaction between the non-quadruplex RNA (dsRNA) and 

RHAU53-105 (Fig. A.5). 
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Fig. A.5. RHAU53-105 interacts with in vitro transcribed RNAs. EMSA were 

performed using a constant 200 nM concentration of Q2 RNA or Q3 RNA and a variable 

concentration from 0–1000 nM of RHAU53-105. The 12% native TBE polyacrylamide 

gels were stained with SYBR Gold for visualization 
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