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Abstract
Aberrant DNA repeat expansions have been linked to several (> 30) neurological and
muscular disorders. In this dissertation, we present structural studies performed on two
such repeat sequences GGGGCC and TGG using Nuclear Magnetic Resonance
Spectroscopy (NMR) and other biophysical techniques. The GGGGCC repeat in human
chromosome 9 was recently identified as the most common genetic abnormality in
familial ALS/FTD. The TGG repeat is present in abundance in multiple genomic
locations

that

are

associated

with

neurodevelopmental

abnormalities

and

spinocerebellar ataxia. Given the fact that complex DNA and/or RNA secondary
structures are hypothesized to play crucial roles in the development of the diseases,
structures obtained from our work provides new target for the concerned diseases.
Furthermore, the structure obtained from the TGG repeat sequence study also helps to
unravel the folding principles of G-quadruplex structures of sequences devoid of
consensus G3+ tracts and containing irregularly spaced short G-tracts.
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Chapter 1

Introduction

1.1 Introduction to Nucleic Acids
Nucleic acids are biological polymers, which store and carry information for cellular
growth and reproduction. They determine the amino acid sequences of proteins thereby
defining their structure and function. Additionally, they can catalyze and regulate
important cellular processes such as peptide bond formation and nucleic acid
cleavage/ligation. Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the
two kinds of nucleic acids found in biological systems. DNA and RNA contain
monomers, known as deoxyribonucleotides and ribonucleotides respectively.
Nucleotides are chemical moieties consisting of one nitrogenous base, one pentose sugar
and one phosphate group (Figure 1.1). Owing to the presence of the phosphate group,
nucleic acids are polyanions in nature.

1.2 Double Helical Nucleic Acid Structures
A, B, and Z- form
Depending on nucleotide sequence and external factors such as temperature, pH, salt,
etc. both DNA and RNA can adopt a variety of structures. The first proposed structure
of DNA by James Watson and Francis Crick was a B-form double helix, held together
by hydrogen bond formation in AT and GC base pairs[1], which were therefore termed
as the Watson-Crick base pairs. B-form is the most abundant form of double-helical
structures. It has a right-handed backbone progression and C2’-endo sugar puckering.
Apart from the B-form, there exist A-form and Z-form double-helical structures. The
19

A-form double helix is also right-handed, but with C3’-endo sugar puckering; it is wider
and flatter than the B-form. RNA double helices and DNA-RNA hybrids mostly adopt
the A-form structure [2]. Dehydrated cellular environment induces the formation of Aform DNA structure [3]. The Z-form is narrow and elongated left-handed helical
structure and is typically formed in high salt condition (Figure 1.2) [4].

20

Fig 1.1 | The general structural framework of nucleotides. A) Schematic showing the base, sugar
and, phosphate backbone connections in a nucleotide. B) Chemical structure of the five most
common naturally occurring nitrogenous bases. C) Two different sugar puckers observed in
nucleotides.

Fig 1.2 | The Watson-Crick base pairs and double-helical DNA. A) Cartoon representation of
double helical nucleic acids with a schematic of DNA Watson-Crick base pairs; hydrogen bonds are
shown with red dashed lines. B) Different double-helical structural forms of nucleic acids; B-form
(PDB ID: 1BNA) [5], A-form (PDB ID: 2D47)[6] and, Z-form (PDB ID: 2ZNA)[7].

Hairpin and cruciform structure

21

Palindromic nucleic acids sequences often fold into a hairpin structure, which consists
of a base-paired stem with a few unpaired bases as the loop. Depending on
oligonucleotide and salt concentration, hairpin structures can be in equilibrium with
duplex form. Generally low salt and low oligonucleotide concentration favor hairpin
formation. DNA sequences with inverted repeats (i.e. with complementary bases
downstream of the sequence) may fold into structures known as cruciform. This
structural motif is a target of several architectural and regulatory proteins, for instance,
histones H1, H5, topoisomerase IIβ, p53, etc. and DNA binding proteins like the
HMGB-box family members, BRCA1 and PARP-1 polymerase bind preferentially to
cruciform structures [8]. Cruciform structures are speculated to affect the degree of
supercoiling in DNA and positioning of nucleosomes [9].

Figure 1.3 | Hoogsteen base pairs in DNA triple helical structures. A) Typical Hoogsteen bonds
formed in a parallel triplex, TA‧T triple (left) and CG‧C+ triple (right). B) Ribbon representation of
a triplex formed by binding of a short ssDNA in the major groove of a DNA duplex (PDB ID:
1BWG)[10].

1.3 Triple Helical Nucleic Acid Structures
Besides Watson-Crick base pairs, oligonucleotides also form Hoogsteen hydrogen
bonds to generate different types of structures such as triplexes. A DNA triplex is
formed by the Hoogsteen hydrogen bond formation of a single strand DNA (ssDNA) in
the major groove of a double-stranded B-DNA (Figure 1.3) [11]. RNA triplexes can be
formed in a similar fashion by either major groove or minor groove base triple
interaction [12, 13]. A single RNA strand can bind to the major groove of double22

stranded DNA to form RNA-DNA2 triplex [14]. The single strand can have two possible
orientations relative to the double-strand. Accordingly, triplexes can have two different
conformations, parallel and anti-parallel. Triplex forming motifs are biologically
relevant; they form in key genomic locations such as introns, telomerase RNAs,
ribosomal RNAs, etc. [15]. From the therapeutic point of view, triplex-forming
oligonucleotides (TFO) and peptide nucleic acids (PNA) can be used to influence
replication, transcription and, translation of several genes via formation of triplex
structures [16-19].

1.4 Four stranded nucleic acid structures
1.4.1 G-quadruplex
Hoogsteen hydrogen bonding in G-rich oligonucleotides, in the presence of monovalent
cations, often results in highly stable, four-stranded helical structures containing
multiple stacks of planar G•G•G•G tetrads, known as G-quadruplex (G4). The stability
of this type of structures stems from multiple factors. The circular arrangements of
guanine nucleotides give rise to eight Hoogsteen hydrogen bonds formed per tetrad, and
the metal cation (usually monovalent) present either at the center of each tetrad or at the
center of two adjacent tetrads aid the structure formation by electrostatic interaction with
the four O6 atoms. The base stacking between successive tetrads accounts for the
hydrophobic and van der Waals’ forces critical in stabilizing the structure (Figure 1.4)

Figure 1.4 | Schematic of G4 formation. The cyclic hydrogen bond pattern in a planar G-tetrad is
shown(left), and the stacking of such tetrad on top of each other gives rise to G4 structure (right).

G4 polymorphism
G4 structures are highly polymorphic in nature. There are several factors behind the
diversity of G4 architecture; which are shown in Figure 1.5. The guanine nucleotide can
23

adopt two different glycosidic conformations syn and anti. Based on its molecularity
G4s can be differentiated to either uni-molecular, bi-molecular or tetra-molecular.
Different strand orientations classify G4s as parallel stranded (when all four strands
directions are same), anti-parallel (when two strands point in one direction while the
remaining two in other direction), and 3+1 hybrid structure (when one strand point has
an opposite direction compared to the rest three). G4s can be different based on
orientations of the constituent loops. Loops are the linkers that connect the strands
participating in G4 formation. Loops may be formed by the sugar-phosphate backbone
alone connecting two G’s, or it can be several nucleotides long. There are three major
types of loops, namely, propeller loop (connects opposite corners of adjacent parallel
strands), edgewise loop (connects two adjacent anti-parallel strands) or diagonal loop
(connects two anti-parallel strands situated diagonally). Loops may consist of bulges or
additional secondary structure such as hairpins, which further adds to the diversity of
G4 structures.
G4 and metal ions
Presence of cations in the central channel of G-tetrads is believed to be an important
requirement for G4 formation, they co-ordinate directly with the O6 atoms from the
tetrad guanines. Absence of metal cation has been shown to make G4s electrostatically
unfavorable. G4 structure and stability are found to be cation dependent and a similar
sequence may fold differently under different cationic conditions as has been observed
for human telomeric repeat sequence [20, 21]. Factors such as ionic radii and coordination ability play critical roles in this regard. K+ and Na+ are the two most studied
cations in G4 field due to their physiological relevance. G4s are also reported to be
formed in other monovalent cations such as NH4+, Tl+, Cs+, Rb+ and, bivalent cations
such as Sr2+, Ba2+, Ca2+, Mg2+ and Pb2+ etc [22-32]. G4 stabilization by metal cations
roughly follows the trend Sr2+ > K+ > Ca2+ > NH4+, Na+, Rb+ > Mg2+ > Li+≥ Cs+ [33].
Biological significance of G4
Computational algorithm and experimental sequencing techniques have shown that the

24

Figure 1.5 | Schematic of structural elements of G4. The syn- and anti-glycosidic conformation of
guanine (top panel). The four different strand orientations in G4 (middle panel). And, three common
loop architectures (lower panel).

number of putative G4 forming sequences (pG4s) in the human genome is higher than
700000 [34, 35]. The location of pG4s are not random, instead, they were found to be
highly concentrated in key genomic locations and the positions are also conserved
across different species. One of the most abundant genomic sites for pG4s is the
telomeric region, which consists of up to 15000bp of TTAGGG repeats [36] (see below
for further discussions on the structures of telomeric DNA G4s and therapeutic
development approaches). TERRA, the RNA transcripts of telomeric DNAs, are also an
important class of RNA pG4s [37]. Apart from the telomeric region, pG4s were found
in several gene promoters [38], introns [39], minisatellites [40], and 5’-untranslated
regions of RNA [41], etc. Key genomic locations of pG4s suggest regulatory roles
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played by pG4s in biological processes that include replication [42], transcription [43],
and translation (Figure 1.6) [44].

Figure 1.6 | Cellular localization and involvement of pG4s in key biological processes through G4
formation. G4s can form in A) gene promoters to regulate transcription, B) telomere overhang
region to inhibit telomerase activity, C) during replication and, D) mRNA to regulate translation
process. The figure is taken from [36].

Biologically relevant G4 formation was first observed in telomeric DNA sequences
from multiple organisms [45], so far telomeric DNA sequences are the most studied
class of pG4s. The human telomere is composed of 8-15 kilobases of guanine-rich
tandem repeats (TTAGGG)n, that terminates with a 3’-overhang of 200±75 bases [46,
47]. During each replication cycle somatic cells suffer a loss of ~50-200 bases from the
3’-overhangs, hence after a certain number of cycles the overhang length reaches a
critical lower limit which causes cell apoptosis [48]. In cancer cells however, the
abovementioned process is suppressed, the reason being a reverse-transcriptase enzyme
called telomerase which is found to be overexpressed in the majority of cancer cells but
repressed in somatic cells [49]. It was evidenced that the telomerase activity can be
inhibited by formation of intramolecular G4 structures by single stranded telomeric
DNAs in the presence of K+ ions (Figure 1.7), making G4 structures potential targets in
cancers [50]. These facts led to several structural studies on G-rich human telomeric
DNA sequences. Structural studies conducted with four repeats of human telomeric
sequences (minimum length needed for a three-layered intramolecular structure
formation) revealed six distinct G4 folding topologies in different experimental
conditions (Figure 1.8) [20, 21, 51-64]. In particular, the exact same four-repeat human
26

telomeric sequence was shown to assume two distinct G4 folding topologies in the
presence of potassium or sodium ions [20, 21]. The results suggested the G4 formation
of human telomeric sequences to be highly polymorphic and depending heavily on the
sequence flanking the G-tracts and type of cations present in the medium.

Figure 1.7 | Schematics of telomerase inhibition due to G4 formation of the 3’ overhang of human
telomeres. The 3’-overhang of human telomere is recognized by the RNA template (hTR) of
telomerase, following which extension of the 3’-overhang takes place. G4 formation by the 3’overhang inhibits the above process. The concept of the figure is inspired from [65].

It was also hypothesized that ligands that stabilize/induce the formation of G4s can
potentially interfere with telomerase function. In vivo binding of ligands to telomeric
G4s were exemplified using radiolabeled G4 ligand 3H-360A [66]. Other ligands such
as BMVC [67], BRACO-19 [68], telomastatin [69], and RHSP4 [70] were reported to
bind and stabilize telomeric G4s in vivo and demonstrate anti-cancer effects through
inhibiting telomerase activity. Therefore, G4 binding ligands are promising as potential
therapeutic anti-cancer agents. However, the sheer abundance of pG4s across human
genome presents a specificity problem, which shows the necessity of studying highresolution structures of pG4s in order to develop ligands of high specificities.

1.4.2 I-motif structures
Cytidine-rich nucleic acid sequences can fold into four-stranded structures known as the
i-motif, the formation of which is favored in low pH condition. I-motif structures
constitute of two intercalated parallel-stranded duplexes with hemi-protonated cytidinecytidine base pairs [71] (Figure 1.9). Existence of i-motif structures in cells was recently
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confirmed [72]. The complementary strand for any G-rich sequence is naturally C-rich.
Therefore, any genomic region capable of forming G4s is susceptible to house i-motif
structure in the complementary strand. However, some recent studies have found that
the formation of G4 and i-motif structure are mutually exclusive, which may suggest
different (perhaps opposing) biological roles played by these two groups of structures
despite their similar possible localization [73-75].

Figure 1.8 | Schematics of different folding topologies of four repeats of human telomeric
sequences in presence of different ions. A) Basket-type antiparallel G4 in Na+-containing solution
observed for d[A(GGGTTA)3GGG]; PDB ID: 143D [20]. B) Propeller-type parallel G4 in K+containing crystal observed for d[A(GGGTTA)3GGG]; PDB ID: 1KF1 [21]. C) (3+1) Form 1
observed in K+-containing solution for d[TA(GGGTTA)3GGG]; PDB ID: 2JSM [57]. D) (3+1)
Form 2 observed in K+-containing solution for d[TA(GGGTTA)3GGGTT]; PDB ID: 2JSQ [57]. E)
Basket-type antiparallel form observed K+-containing solution for d[(GGGTTA)3GGGT]; PDB ID:
2KF8 [61]. F) (3+1) form observed in Na+-containing solution for d[(TTAGGG)4TTA]. PDB ID:
2MBJ [63]. Syn and anti guanines are colored magenta and cyan respectively.

Figure 1.9 | Schematic of CC + hemi-protonated base pair (A), and i-motif structure (B).
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1.5 Repeat Expansion Linked Disorders
The human genome consists of several regions with repetitive DNA sequences
consisting of 2-6 nucleotides. These repeat sequences also known as microsatellites,
constitute as much as 30% of the human genome [76, 77]. Repeats occurring at specific
gene sites can have marked effects on the expression of the genes as well as its mRNA
and protein functionality leading to a cascade of downstream effects. The importance of
DNA repeat sequences can be well understood from the fact that an increasing number
of neurological and muscular disorders (>30) has been associated with changes in repeat
lengths at specific genomic regions [78]. The disorder linked genes often carry a
surprisingly large number of the repeats, e.g. the CAG repeat linked to Huntington’s
disease. An unaffected individual carries <30 copies of the repeat whereas, a diseased
allele may have hundreds [79, 80]. In some cases, the number of repeats in the disease
causing gene may continue to increase upon inheritance [77].
There are several mechanistic pathways through which the unstable repeat expansions
manifest the concerned diseases, many of these pathways involve specific nucleic acid
structures. In fragile X syndrome (FXS), a disease characterized by inherited intellectual
disability and cognitive impairment, loss of fragile x mental retardation protein (FMRP)
is proposed to be one of the main contributing factors [81]. FMRP is a G4 binding
protein, which structure-specifically binds to its target mRNAs and regulates translation
[82, 83]. Trinucleotide repeat expansion CGG in the 5’-UTR of fragile x mental
retardation gene 1 (FMR1) along with DNA methylation was identified to cause
silencing of the gene leading to suppressed FMRP expression [84-86]. CGG repeats
were shown to form an equilibrium between G4 and hairpin structure [87]. Although it
is not clear how the structure of CGG repeats may contribute to the disease, the G4
structures formed by the 5’-UTR sequence was reported to bind several FMRP isoforms
suggesting a feedback mechanism for different FMRP isoform expression [88].
Alternative pathways of repeat expansion generated disorders include a toxic gain of
function mechanism of the repeat-containing mRNAs. In myotonic dystrophy type 1
(DM1), expansion of CUG trinucleotide in 3’-UTR of DMPK gene results in the
formation of stable and long mRNA. Affected individuals may have 50 to thousands of
repeats in the DMPK gene compared to 5-34 in unaffected allele [89, 90]. mRNA that
contains repeat expansions binds and sequesters multiple RNA binding proteins and
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splicing regulators leading to loss of function of those proteins which ultimately leads
to disease pathogenesis [91, 92]. A similar mechanism is proposed to be operative for
the development of fragile X-associated tremor ataxia syndrome (FXTAS), where
expanded CGG containing RNA transcripts were shown to form cellular inclusions
containing ubiquitin and several RNA binding proteins such as heterogeneous nuclear
ribonucleoprotein A2 (hnRNP A2) and Muscleblind-like (MBNL) proteins [93, 94].
Other diseases related to DNA repeat-containing disorders are friedreich ataxia (FRDA),
spinobulbar muscular atrophy (SMBA), and several spinocerebellar ataxias (SCAs)
[90]. Majority of these repeat-associated disorders involve trinucleotide expansions
whereas, some disorders involve longer repeats such as the expansion of tetranucleotide
CCTG repeat sequence in the first intron of the CNBP gene in DM2 [95], and ATTCT
repeat expansion in Ataxin 10 gene in SCA10 [96].
One of the recent additions to this list of DNA expansion related disorder is the
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). ALS and FTD
are two fatal neurodegenerative diseases characterized by loss of muscle control,
memory damage and behavioral changes in humans. ALS patients have a median life
span of 1-5 years only whereas, the same for FTD is 5-13 years [97]. But to date, both
diseases have no effective cure. Earlier investigation on ALS pointed out mutations in
copper/zinc superoxide dismutase 1 (SOD1) as an important pathogenetic route. SOD1
mutations accounted for 20% familial and 1% sporadic cases of ALS [98, 99]. Later
cytoplasmic aggregates of several DNA/RNA binding proteins were found as a major
pathological feature for both diseases. The two most common proteins among many to
feature in those aggregates are TAR DNA binding protein 43 (TDP-43) and fused in
sarcoma (FUS) [100-102]. In a fraction of cases TDP-43, FUS and other proteins
forming aggregates were found to carry mutations which were suggested as pathogenic
roots [102-104]. However, despite extensive research, no consensus mechanism was
achieved.
Recent reports have identified the association of hexanucleotide repeat expansion G4C2
in the first intron of the C9ORF72 gene [105], in approximately 40% and 27% of
familial ALS and FTD along with 6-7% of sporadic cases [106-108], making it the
single most common genetic abnormality found so far. Normal persons are reported to
have only 2-19 repeats whereas affected individuals may possess as many as 1000 or
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higher [105, 106, 109, 110]. The disease mechanism has been subjected to extensive
investigation. Three possible pathways have been hypothesized in the literature.
Decrease in C9ORF72 protein level
The first hypothesis refers to insufficient production of the C9ORF72 protein, which
could be due to complex secondary structure formation by G4C2 repeat-containing
DNA/RNA. G4C2 repeats were shown to affect replication efficiency and cause repeat
instability in a length-dependent manner [111]. The G-rich DNA sense strand d(G4C2)n
was shown to form complex G4 and other novel secondary structures [112-114]. On the
other hand, the C-rich DNA antisense strand d(C4G2)n was found to form protonated
hairpins and i-motif structures under near-physiological conditions. These i-motif
structures were stable even in the presence of the sense strand. Therefore, complex
secondary structures on both sense and antisense DNA strands could co-exist, which
can potentially explain the replication and transcriptional instability [115]. Another
recent study showed the tendency of a large number of this repeat-containing DNA to
form G4 and DNA/RNA heteroduplex (R-loop) results in transcriptional halt which
produces abortive mRNA transcripts that cannot be translated to full-length protein
[116]. The expanded repeat may also affect mRNA processing ultimately leading to a
decrease in protein levels. Lower levels of C9ORF72 transcript was found in certain
brain regions of expansion carriers [117]. C9ORF72 protein was earlier predicted to be
involved in regulating autophagy, nuclear-cytoplasmic transport, and endosomal
trafficking [118, 119]. A lower level of protein production may disrupt those processes
leading to pathogenesis.
RNA-foci and intra-cellular trapping of RNA binding proteins
Similar to DM, sequestration of RNA binding proteins by expanded repeat RNA has
been hypothesized to be an important causative route for ALS. The RNA binding
proteins are reported to form irreversible aggregates with the expanded repeat RNA,
termed as RNA foci or stress granules (SGs). The list of RNA binding proteins identified
to interact with the G4C2 repeat RNA is long which includes several hnRNPs) [116, 120122], splicing regulators such as ASF/SF2 [123], transcriptional activators such as purα [124-126], RNA-editing enzymes such as ADAR2 [127, 128], and other nucleolar
proteins such as nucleolin and nucleophosmin. In some cases, the interaction between
the RNA binding proteins and the expanded repeat RNA has been shown to be structure31

specific, for example, nucleolin and nucleophosmin bound specifically to RNA G4
structure but not with the hairpin form [116]. Sequestration of these RNA binding
proteins may disrupt several key cellular processes.

Figure 1.10 | A model for the structural heterogeneity in the C9orf72 hexanucleotide G4C2 repeatcontaining region and downstream effects that contribute to disease pathology. The concept of the
figure is inspired from references [87, 108, 116].

The physical basis of such RNA foci or SGs formation is believed to be a process named
Liquid-liquid phase separation (LLPS), through which nucleic acids and proteins
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condense into membraneless organelles [129]. Several RBPs were shown to be
spontaneously undergoing such phase separation to form liquid-like protein rich
droplets both in vitro and in cells [130-133]. A recent study has demonstrated that the
hexanucleotide repeat RNA molecules (as well as the DNA) themselves can undergo
LLPS to form RNA/DNA gelation at nanomolar concentrations but over a certain repeat
number only [134]. However, it remains unclear how the RNA self-gelation leads to
incorporation of RBPs in the foci downstream.

Toxic di-peptide production via repeat-associated non-AUG initiated translation (RAN)
Besides RNA foci formation, RAN translation is suggested to be an alternative fate for
the expanded repeat RNA. The RNAs, either full length or abortive transcripts, can
escape the nucleus and interact with ribosomal proteins to undergo this type of
translation. Besides ALS/FTD, RAN translation was also shown to be operative behind
other neurological disorders caused by expanded repeat sequences such as CGG repeats
in FXTAS [135, 136], CAG repeat in Huntington disease [137, 138], and CTG repeat
in spinocerebellar ataxia type 8 (SCA8) and DM1 [139]. G4C2 repeat-containing DNA
was shown to undergo bi-directional transcription to generate both sense and antisense
mRNA transcripts [140]. Both transcripts can undergo translation in all three reading
frames leading to total five di-peptide repeat proteins (DPRs) which are, poly-glycinealanine (GA), poly-glycine-arginine (GR), poly-glycine-proline (GP), poly-prolinearginine (PR), poly-glycine-alanine (PA) [140, 141]. The presence of DPRs was
confirmed in various brain tissues in cerebellum and hippocampus of patients [108,
142]. Aggregation of DPRs is believed to be one of the contributing factors in ALS/FTD
pathology. Arginine-rich DPRs were suggested to be more prone towards LLPS to form
SGs, and cellular RNAs were found to aid in such process [143]. Besides, the DPR GA
was shown to induce toxicity in zebrafish models, selective inhibition of the DPR
resulted in decreased toxicity [144]. In a different study, PR poly di-peptide was found
to bind the central channel of nuclear pore resulting in blockage of macromolecules
transport in and out of the cell [145]. Although the expanded G4C2 containing mRNA is
capable of forming both G4 and hairpin structure, only the hairpin form is shown to be
undergoing RAN translation in cells [146], suggesting a structure-specific recognition
of the mRNA by ribosomal proteins.
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Based on the current hypotheses a model of the cascade of processes that contribute to
the disease pathology has been shown in Figure 1.10. Despite the widespread research
on ALS/FTD, we are still far away from a complete understanding of the disease
pathology. All these hypothesized mechanisms could be acting exclusively or in parallel
to manifest the disease. Nevertheless, given the biological importance of DNA/RNA
secondary structures established in literature, it is not surprising that all three
hypothesized pathomechanisms have involvement of DNA/RNA structures. G4C2 and
reverse C4G2 sequences are capable of forming a plethora of secondary structures
including G4, hairpin/duplex, i-motifs, etc [115, 123, 147]. A thorough understanding
of the structural features of G4C2 repeat-containing sequences may help us understand
the disease pathology better and provide new targets for drug development.

1.6 GGT trinucleotide repeat and AGRO100
The GGT or TGG trinucleotide repeat is abundant in the human genome. They were
shown to act as a catalyst in genomic arrangements and microdeletion [148]. TGG
repeats were also found in human lymphocytes [149]. Bioinformatic search in human
genomic database shows that the TGG repeat tracts are present in transcript variants of
multiple genes (Table 1.1). Vast genomic presence of GGT repeat calls for exploration
of its structural and possible regulatory features.
Table 1.1 | Gene transcripts of the human genome consisting of the TGG repeats#
Gene transcript

Source
chromosome

Homo sapiens solute carrier family 44
member 1 (SLC44A1)

9

Postural orthostatic tachycardia
syndrome and papillary glioneuronal
tumors

20

--

19

Systemic lupus erythematosus [150]

1

Spinocerebellar ataxia [151]

Homo sapiens gammaglutamyltransferase 7 (GGT7)
Homo sapiens AT-rich interaction
domain 3A (ARID3A)
Homo sapiens synaptotagmin 14
(SYT14)
Homo sapiens family with sequence
similarity 98 member B (FAM98B)
Homo sapiens UDP-Nacetylglucosaminyltransferase subunit
(ALG13)

15
X
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Associated disease(s)

Spastic paraplegia 11, autosomal
recessive and colorectal cancer
Epileptic encephalopathy, early
infantile, 36 and X-linked nonspecific intellectual disability [152]

Homo sapiens activator of
transcription and developmental
7
Autism [153]
regulator (AUTS2)
Homo sapiens signal regulatory
Bladder neck obstruction and thoracic
20
protein alpha (SIRPA)
outlet syndrome
Homo sapiens SKI family
18
-transcriptional corepressor 2 (SKOR2)
Homo sapiens lysine demethylase 6B
17
Cancers [154-156]
(KDM6B)
Homo sapiens cell adhesion molecule
Retroperitoneal fibrosis and
11
1 (CADM1)
asthenopia
Homo sapiens Zic family member 2
Holoprosencephaly [157],
13
(ZIC2)
hepatocellular carcinoma [158]
Homo sapiens nuclear receptor
subfamily 4 group A member 3
9
Cancers [159-162]
(NR4A3)
Homo sapiens naked cuticle homolog
5
Cancers [163-165]
2 (NKD2)
Homo sapiens BMP2 inducible kinase
4
Myopia [166]
(BMP2K)
Homo sapiens chromobox 4 (CBX4)
17
Cancers [167-169]
# The search was performed in human genome database using nucleotide BLAST web server [170].
Eight repeats of TGG sequence was used as search query.

Figure 1.11 | Structural analyses of AGRO100 in solution. A) Size exclusion chromatography data
showing at least eight identifiable fractions. B) CD spectra of the separated fractions. The figure is
adapted from [171].

AGRO100

is

a

26-nt

TGG

repeat-containing

sequence

d(GGTGGTGGTGGTTGTGGTGGTGGTGG). Also known as AS1411, AGRO100 is
the first anti-cancer aptamer to reach phase II clinical trial for acute myeloid leukemia
and renal cell carcinoma [172]. The mechanism of anti-cancer activity of the aptamer is
not well understood. It was proposed to involve G4 structures formed by the aptamer
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[173]. A structural study of the original AGRO100 sequence showed that it is structurally
polymorphic in potassium containing solution, having at least eight different
conformations that were detected by size exclusion chromatography (Figure 1.11A)
[171]. Circular dichroism (CD) spectra of the isolated fractions revealed all fractions
except one produce CD signal typical for right-handed parallel G-quadruplex structures
(Figure 1.11B) [171].
Structural polymorphism of AGRO100 makes further structural characterization of
constituent G4 species difficult. Do et. al. reported a derivative of the AGRO100
sequence named AT11 (TGGTGGTGGTTGTTGTGGTGGTGGTGGT) which had a
single G to T mutation at residue 11, and capping thymine nucleotides on the 5’ and 3’
end to prevent higher-order structure formation [174]. AT11 formed a single G4 species
in potassium containing solution. The resulting structure was a right-handed G4 having
two parallel bi-layered G4 blocks stacking upon each other to form a four-layered
scaffold.

Figure 1.12 | Structures of AGRO100 derivatives. Ribbon and surface representation of AT11 (top)
and AT27 (bottom). The black arrows on the surface representation show the backbone directionality
which is clearly different for two structures. Syn and anti guanines are colored in cyan and magenta
respectively; the backbone and sugar atoms are shown in gray; thymine residues are shown in
orange.
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A second AGRO100 variant was reported by Chung et. al. named AT27
(TGGTGGTGGTGGTTGTGGTGGTGGTGTT) [175]. The CD spectrum of AT27
matched that of fraction 2 in Figure 1.11B. Solution NMR and X-ray crystal structure
showed that AT27 also formed a four-layered G4 comprising two bi-layered blocks.
However, the backbone progression in AT27 was left-handed as compared to righthanded backbone progression for all known G4 structures before (Figure 1.12).
One interesting fact about the AT11 and AT27 sequence is that they contain tract of two
consecutive guanines (G2 tract) and split guanine bases only. They form four-layered
G4 structure contrary to popular belief, that a stable G4 formation requires G3+ tracts
(see chapter 5). There remain enormous possibilities to explore in the derivatives of
AGRO100 sequences for more unique G4 structures. The findings may help us
understand the structural basis of G4 formation by sequences without G3+ tracts.

1.7 Research Scope and Objectives
The main objectives of the study are as follows,
1. To investigate the structural characteristics of duplex/hairpin and G4 systems
comprised of the G4C2 repeat.
In chapter 3, we attempted to investigate model duplex/hairpin systems of G4C2
repeats, containing either 1×1 or 2×2 GG internal loops.
In chapter 4, we investigated the features of a family of conserved duplexquadruplex hybrid structures. We solved the solution NMR structure of a representative
sequence (WT14) of the family, which showed unique ion-independent G4 core in a
duplex-quadruplex hybrid structure. The study revealed a unique potential target for
proteins and small molecules facilitating the investigation of rational drug design of
ALS/FTD.
2. To investigate the dynamics of GG internal loops.
In chapter 3, we quantitatively measured the exchange dynamics of the GG
mismatched pair in a model duplex containing 1×1 GG internal loop. Insights gained
from this study expands our knowledge about the effect of backbone geometry and the
effect of nearest and next-nearest neighbors on the exchange dynamics.
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3. To study and analyze G4 forming potential of TGG repeat containing sequences and
explore the underlying principles and requirements that drive dramatic changes in G4
folding topology with minimal changes in the sequences without G3+ tracts.
In chapter 5, we showed that the number of sequences containing G2 tracts and
split Gs are numerous. These sequences do not comply with general sequences used in
standard algorithms. Potential formation of stable G4 structures from these types of
sequences will expand the number of putative G4 forming motifs in the human genome
and may provide new drug targets. We studied a four-layered G4 structure having a
novel intra-locked fold, with the novel sequence named AT26. The structural elements
of the fold were analyzed and compared to with other G4 structures having closely
similar sequences in order to shed light on the sequence-structure relationship.
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Chapter 2

Methodology

2.1 DNA Sample Preparation
2.1.1 DNA synthesis
DNA oligonucleotides were synthesized by solid-phase chemical synthesis using
phosphoramidite chemistry [176]. The synthesis follows 3’-5’ direction. The procedure
includes four steps, which are briefly described below, and the general synthesis scheme
is shown in Figure 2.1.
Step1. Detritylation
The starting nucleoside which is attached to a solid surface has a DMT (4,4’dimethoxytrityl) protecting group to prevent unwanted polymerization. The DMT group
must be removed in order to proceed with the synthesis. This is achieved by using an
acid (trichloroacetic acid) which converts the DMT group into DMT cation. After
removal of the DMT group the 5’-OH group of the starting nucleoside is ready to react.
Step 2. Activation and coupling
The next base is added in the form of nucleoside phosphoramidite. Before the new base
can react to the nucleoside at the solid support it must be activated, in this case, it is
done using tetrazole. Following which the 5’-OH group from the immobilized
nucleoside attacks the phosphorus center to remove the tetrazole group and forms a
phosphite-triester linkage.
Step 3. Capping
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There may be some unreacted 5’-OH group left after the coupling step. If not capped
with a protecting group these unreacted 5’-OH group can react in successive cycles of
the synthesis to produce shorter oligonucleotides with undesired sequences. To prevent
those unwanted couplings unreacted 5’-OH group are acetylated using acetic anhydride
and N-methylimidazole.
Step 4. Oxidation
he phosphite-triester group containing P(III) is unstable in the presence of acids,
therefore, it must be converted to a more stable P(V) group. This is done by using an
oxidizing solution of iodine in water or a weak base such as pyridine. This process
generates the phosphotriester group of nucleic acids protected with a cyanoethyl group.
The synthesis cycle is repeated multiple times adding one base in each cycle until the
desired sequence is fully synthesized.
2.1.2 DNA deprotection and cleavage
The oligonucleotides synthesized by the above method is still connected to the solid
support at its 3’-end bases, and the phosphotriester linkage is protected with a
cyanoethyl group. Treatment with ammonium hydroxide removes the protecting group
and cleaves the oligonucleotide from the solid support.
2.1.3 DNA purification
After the synthesis and cleavage, the resulting oligonucleotide mixture contains both
full-length sequences and capped failure sequences. The oligonucleotide must be
purified to get rid of those failure sequences which may interfere during spectroscopic
analysis. There are several methods of purification e.g. HPLC or PAGE purification.
For our study, all oligonucleotides prepared were purified using a reverse-phase
cartridge purification method. This method requires the 5’-most base to be left with the
DMT group during the last synthesis cycle. The DMT group helps to trap the DNA to
the cartridge resin through hydrophobic interaction. The failure sequences are then
removed by passing a dilute solution of ammonium hydroxide through the cartridge.
The DMT group is subsequently removed by application of 2% trifluoroacetic acid
(TFA), following which the DNA is eluted using 20% acetonitrile.
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The synthesis and purification procedure described can produce products with >95%
purity sufficient for spectroscopic studies.

Figure 2.1 | The general scheme of oligonucleotide synthesis on solid support. The synthesis
proceeds from 3’-5’ direction and adds one base per cycle.

2.1.4 Experimental buffer condition
The physiological range of pH falls between 7.0 to 7.4. The ion concentrations in
different cell types vary significantly as well. Average Na+, K+ concentrations in
cytoplasms across different cell type may fall between 10-90mM and 70-160mM
respectively, while the same for cell nucleuses are 10-280mM and ~260mM respectively
[177-179]. The buffers used to dissolve DNA/RNA for studies performed in this thesis
work are chosen to at least partially mimic the average ionic strengths of cells. The
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buffers mainly consist of (unless otherwise specified) 20mM Sodium/Potassium
Phosphate buffer (NaPi/KPi) at pH7.0 supplemented with 70mM NaCl or 70-120mM
KCl.

2.2 Ultraviolet Absorption Spectroscopy
Nucleobases, owing to the n-π* and π-π* transitions in their heterocyclic rings, absorb
UV light with a λmax close to 260nm. Therefore, oligonucleotide concentrations can be
measured using the Lambert-Beer’s law,
A=εCl
A (a.u.) is the absorbance at 260nm
C is the concentration of DNA in solution
l is the pathlength of the cuvette, which is typically 1 cm
ε (concentration-1 pathlength-1) is the extinction coefficient of the corresponding
oligonucleotide at its unfolded state, calculated based on nearest neighbor
approximation. To measure concentration, oligonucleotide samples are heated to 9095°C followed by recording of UV absorption data. A higher sample concentration
results in higher absorbance value according to the law.
Thermal stability (Tm) of oligonucleotide samples is determined by measuring the
absorbance of the sample at a particular wavelength over a range of temperature. The
choice of wavelength depends on the secondary structure of the oligonucleotide. For
duplex DNA/RNA structures absorbance measurement at 260nm is sufficient. Whereas,
for G4 structures the maximal temperature-dependent hypochromic/hyperchromic shift
has been observed to be at 295nm; therefore, this wavelength gives more precise
measurement of Tm for G4 systems.

2.3 Circular Dichroism Spectroscopy
Circular Dichroism (CD) spectroscopy in the near UV region (220-320nm) is a quick
and excellent tool to obtain a rough idea about nucleic acid secondary structures and
especially G4 conformations. Nucleic acids by nature are chiral molecules, as a result,
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they absorb left- and right-circularly polarized light differently. At any specific
wavelength, this difference of absorption can be used to calculate ellipticity (Ѳ) of the
concerned molecule. The plot of Ѳ vs wavelength commonly referred to as CD spectra
can aid in the conformational investigation of nucleic acids.

Figure 2.2 | CD spectra (expressed as molar ellipticity) of different types of duplexes. B-form DNA
(black)(sequence: CGCGAATTCGCG)], A-form RNA (red)(sequence: CUAGGGCCUAG), and ZDNA (cyan) (sequence: CGCGCGCGCGCG).

Figure 2.3 | CD spectra (expressed as molar ellipticity) of different types G4s. Right-handed
parallel (green) [180], right-handed antiparallel (black) [24], right-handed hybrid (cyan) [181],
and left-handed parallel (red) [182].

43

Duplex DNA/RNA based on its form produces different conservative CD pattern. The
B-form, which is the most abundant form of DNA produces a positive band around
280nm along with a negative band around 245nm. A-form DNA and RNA, on the other
hand, is characterized by a strong positive band around 260nm and a negative band
around 210nm. Z-form DNA duplexes yield inverted B-form CD spectra with a negative
band around 290nm and a positive around 260nm (Figure 2.2) [183].
Different G4 conformations such as parallel, antiparallel and hybrid produce signature
CD patterns as well. Although empirically explained in most reports based on the strand
progression, factors such as the inter-tetrad distance, twist angle and G-tetrad polarity
are perhaps more influential in the near-UV region [184, 185]. A parallel G4 with a
right-handed helical twist features a homo-polar G-tetrad stacking and produces a
conserved 260nm positive band and a negative band around 245nm in its CD spectra.
An antiparallel G4 with a right-handed helical twist features heteropolar G-tetrad
stacking, the CD spectra of this type of G4 topology shows two positive bands around
295nm and 245nm and a negative band around 260nm. Right-handed hybrid G4s, on
the other hand, features both homopolar and heteropolar G-tetrad stacking, as a result,
they produce two positive bands around 260 and 295nm. Left-handed parallel G4 was
earlier characterized and reported by Chung et. al. [175], this system also has a
homopolar G-tetrad orientation but due to left-handed helical twist, it produces a CD
spectrum which is mirror image compared to that of the right-handed parallel form
(Figure 2.3).
Besides, CD spectroscopy can also be used to determine thermal stability (Tm) of nucleic
acids. Since any folded nucleic acid system will yield its characteristic CD pattern,
monitoring the CD value with the change of temperature at the characteristic wavelength
allows to follow the folding and unfolding process of the given system.

2.4 Gel Electrophoresis
Gel electrophoresis is a separation technique based on differential mobility of negatively
charged biomolecules through a polymerized gel matrix made of acrylamide or agarose
under the effect of an electric field. Gel electrophoresis can be done in a native or
denaturing condition. In native gel electrophoresis, the relative mobilities of the
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molecules are governed by the size, shape, and compactness of the folded structure. In
denaturing conditions such as in presence of Sodium dodecyl sulfate (SDS) or urea of
appropriate amount the molecules are generally unfolded and their migration rates
through gel matrix depend on their molecular weight only. In a native PAGE analysis
of G-rich nucleic acids, migration of sequences can be compared with sequences of
similar length and known structure to get a rough idea about molecularity and folding
topology of the sequence of interest. A monomeric structure is expected to migrate faster
compared to a polymeric structure. Presence of different type of loops and bulges due
to their different compactness also affect mobility.
For polyacrylamide gel electrophoresis of nucleic acids, the typical voltage used is
5V/cm. Tris borate-EDTA (TBE) buffer is used as running buffer for its high buffering
capacity.

2.5 Nuclear Magnetic Resonance Spectroscopy
2.5.1 NMR basics
Spin
NMR is a physical phenomenon of resonance transition between magnetic energy levels
which originates from nuclear spin. Spin is an intrinsic property of nucleons (proton and
neutron) and electrons. Each unpaired protons, neutrons, and electrons possess a spin of
+1/2. The net nuclear spin is governed by the number of unpaired protons and neutrons
in the nucleus. In order for an atom to show NMR signal, it has to have a non-zero net
nuclear spin. 12C and 16O are examples of NMR inactive atoms since they have a zero
net nuclear spin. On the other hand, 1H, 13C, 15N, and 31P all have a net spin of +1/2 and
are therefore NMR active nuclei.
Energy levels
Particles with spin under a magnetic field behave as tiny magnets with north and south
poles. Placing a proton in external magnetic field results in the alignment of the spin
vector of the proton to the external field. There are two possible modes of alignment,
one in which the poles of the proton and external field are properly aligned (lower
energy state) and the other one where the poles are oppositely aligned (higher energy
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state). The proton can jump between two energy states by absorption or release of a
photon of appropriate energy, which is given by the following equation.
𝐸 = ℎγB
Where E stands for the energy of the photon, h is plank’s constant, B is the external
magnetic field strength and γ is the gyromagnetic ratio, a property that varies from
particle to particle. For proton γ = 42.58 Mhz/ T.
If a group of spin is subjected to an external magnetic field, a fraction of it assumes the
lower energy state while the rest assumes the higher energy states based on the two
different modes of alignment described earlier (valid for a spin = +1/2 system only such
as proton). The distribution of the spin between the energy states can be found from
Boltzmann’s statistics, which is,
𝐸
𝑁−
−
𝑘𝑇
=
𝑒
𝑁+

N- and N+ is the number of spins in lower and higher energy states respectively. E is
the energy difference between the two states, k is Boltzmann’s constant and T is the
absolute temperature.
The population difference between the two states results in a net magnetic moment for
that group of spins. When the external magnetic field is absent the magnetic dipoles of
all the spins are randomly oriented causing a zero net magnetic moment. The amount of
signal obtained in an NMR experiment is proportional to the population difference.
Larmor frequency and free induction decay
When an external magnetic field (B0) is applied the net magnetization vector (M0) aligns
itself to the direction (Z-axis by convention) of the B0. At equilibrium, M0 is entirely
MZ (longitudinal magnetization) while the transverse magnetization (MXY) is zero. It is
possible to create a pulsed magnetic field (B1) that rotates the M0 around the axis of
application by certain degrees. For example, a 90° pulse through X-axis will rotate the
magnetization vector around X-axis, resulting in bringing down the magnetization
vector into the XY-plane (M0 = MXY). At this point, once the B1 pulse is off, the
magnetization vector will start to relax back to its equilibrium position while also
precessing around the Z-axis at a certain resonance frequency (Figure 2.4). The
resonance frequency also termed as the ‘Larmour frequency’ is equal to the frequency
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of the photon of energy equivalent to the gap of two states. The precessing process
induces a current which is recorded as a function of time (free induction decay). This
time domain signal is Fourier transformed to frequency domain signal.
Chemical shift
As the energy difference between the two states depends on the external magnetic field,
the resonance frequency of the same proton under different magnetic field strength will
be different. To overcome this issue the term chemical shift (δ) is used instead. It is
given by the resonance frequency of a proton relative to a standard reference. Chemical

Figure 2.4 | The precession of M0 around Z-axis while relaxing back to the equilibrium state (MZ =
M0) after it is brought down to the XY plane by the application of B1.

shift is independent of the field strength of the external magnetic field. It is expressed
in parts per million (ppm) and calculated by the formula,
δ=[

ν − νref
] ∗ 106
νref

Where ν is the resonance frequency of any proton and νref is the resonance frequency
of the reference proton. In our work the reference used is 4,4- dimethyl-4-silapentane1-sulfonic acid (DSS).
Local chemical environment
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In nucleic acid molecules, there are different types of protons. When placed under the
effect of B0 these different protons may experience the magnetic field differently
compared to each other. This is due to the fact that the local environment of each proton
may be different compared to others. The circulation of electrons around the nucleus
induces a small magnetic field which opposes B0 resulting in the effective magnetic field
experienced by the protons to be less compared to its actual value. The more electrons
present around the proton the higher the induced magnetic strength gets and the lower
the effective magnetic field gets at that proton. This is known as the shielding effect,
which causes the protons to resonate at a lower frequency and therefore having a lower
δ value. The opposite effect, i.e. de-shielding can be observed for an aromatic ring
containing systems where the induced magnetic field at the proton aligns itself with B0
which causes the effective magnetic field at the proton to be higher than B0. Deshielding
results in the proton resonating at a higher frequency and therefore having a higher δ
value. Rough chemical shift range for protons in nucleic acids molecules are shown in
Figure 2.5.
2.5.2 Two-dimensional NMR
Contrary to one dimensional NMR measurement where the signal is recorded as
function of a single time-variable, two-dimensional (2D) NMR involves measurement
as function of two time-variables (t1 and t2). The data is Fourier transformed twice to
generate a two-dimensional spectrum with two frequency axis F1 and F2. 2D NMR
experiments measure magnetization transfer which can either be via through-bond
correlation or through-space correlation.
Through bond correlations are based on J-coupling constant which is determined by the
overlap of orbitals between two nuclei connected through chemical bond(s). The value
of J between two atoms depends on the type of atoms, their hybridization state, and the
number of bonds separating them. On the other hand, through space correlations are
based on dipolar coupling between nuclei that are close in space and not necessarily
close in terms of the number of covalent bonds separating them. The signal of through
space correlation experiment such as Nuclear Overhauser Effect Spectroscopy
(NOESY) is inversely proportional to r6, where r is the spatial distance between the
nuclei.
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Figure 2.5 | Chemical shift ranges for different types of protons in nucleic acids.

Figure 2.6 | Schematic of a 1H-1H NOESY spectrum. There are three hypothetical protons in the
system. The diagonal peaks are marked with solid color and the cross-peaks are in hollow. The
cross-peaks on two sides of the diagonal are symmetrical therefore only one side is analyzed. The
spectrum shows HC is very close in space with HA giving rise to strong cross-peak, HC to HB distance
is further than that to HA, therefore, gives rise to relatively weak cross-peak. HB and HA do not give
rise to a cross-peak with each other meaning they are far away in space.

49

Figure 2.7 | NMR signature of Watson-Crick base pairs and G-tetrads. A) Imino-aromatic and
imino-amino region of a NOESY plot along with imino region of the 1D spectrum of a duplex-G4
system. Cross-peaks originating from Watson-Crick base pairs and G-tetrads are framed in green
and red respectively. Similarly, in the 1D spectrum thymine and guanine bases involved in WatsonCrick base pair formation are marked in green while guanine bases involved in G-tetrad formation
are marked in red. B) A(H2)-T(H3) signature NOE correlation for A•T base pairs. C) Signature
correlation couple G(H1)-C(H41) and G(H1)-C(H42) for G•C base pairs. D) Signature cyclic H1H8 NOE connectivity of a G-tetrad. E) Folding schematic of the duplex-G4 construct. The data for
this figure is taken from [186].

2D NMR experiments can be homonuclear or heteronuclear. Homonuclear experiments
often involve protons only where both frequency axis belongs to 1H. In a homonuclear
correlation experiment such as 1H-1H NOESY, there are diagonal peaks that represent
the correlation of a proton with itself. The signals other than diagonal peaks are the
cross-peaks between two spatially close nuclei. These cross-peaks give valuable
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information about the structure of the molecule as the distance between the correlated
protons can be estimated from the intensities of the corresponding cross-peaks between
them (Figure 2.6). In a heteronuclear correlation experiment, there are no diagonal
peaks, all peaks represent correlations.

2.5.3 NMR signature of nucleic acid structures
Protons of different nucleic acid structural elements show signature chemical shift
values in 1D 1H NMR, and/or produce signature cross-peaks with other protons in 2D
NMR experiment. These NMR signatures are useful in easy identification/conformation
of structures. Given below are the NMR signatures of Watson-Crick base pairs and Gtetrads as they are relevant to this thesis work.
NMR signatures of Watson-Crick base pairs
In Watson-Crick base pairs, imino protons of thymine (H3), and guanine (H1) form
hydrogen bonds with nitrogen atoms from adenine (N1), and cytosine (N3) respectively.
These imino protons produce signature chemical shifts in the ~12.5-14.5ppm region
(Figure 2.5 and Figure 2.7A). The thymine H3 protons typically appear more downfield
(~13.5-14.5ppm) compared to the guanine H1 protons (~12.5-13.0ppm) (Figure 2.5 and
Figure 2.7A). In addition in 2D NOESY experiment, the Watson-Crick A•T base pairs
produce a signature A(H2)-T(H3) cross-peak (Figure 2.7B), while G•C base pairs
produce a pair of signature cross-peaks corresponding to G(H1)-C(H41) and G(H1)C(H42) (Figure 2.7C).
NMR signatures of G-tetrads
Guanine H1 of G-tetrads involved in hydrogen bonds with oxygen atoms shows
characteristic chemical shifts in ~10.5-12.5ppm region (Figure 2.5 and Figure 2.7A).
Each G-tetrad consists of four guanines therefore produces four peaks in the abovesaid
region. The cyclic planar arrangement of G-tetrads places each guanine H1 proton close
in space with aromatic H8 proton of a neighboring guanine of the same tetrad, which
results in cyclic H1-H8 NOE connectivity within a tetrad (four cross-peaks in 2D
NOESY experiment) (Figure 2.7D).
2.5.4 Exchange time analysis with 2D NOESY
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NOESY exchange peak intensity depends on the amount of exchange taken place
between the two exchanging states during the mixing time (Figure 2.8). In the mixing
period, three distinct processes happen: i) spin-lattice relaxation of the nuclei (T1 ); ii)
conformational exchange between the two states, governed by the rate constant k; and
iii) dipolar interaction between the two nuclei expressed by the rate constant RD.
The kinetics of the two conformational states in our context is assumed to obey a simple
first-order chemical equation:

The exchange matrix for the mixing process is given by [187],
−𝑅𝐴𝐴
𝐾=(
−𝜒𝐵 𝑅𝐶

−𝜒𝐴 𝑅𝐶
)
−𝑅𝐵𝐵

with the following details,
𝑅𝐴𝐴 = 𝑅1𝐴 + 2𝜒𝐵 𝑅𝐷 + 𝜒𝐵 𝑘
𝑅𝐵𝐵 = 𝑅1𝐵 + 2𝜒𝐴 𝑅𝐷 + 𝜒𝐴 𝑘
𝑅𝐶 = 𝑅𝐷 − 𝑘
Where, 𝑅1𝐴 and 𝑅1𝐵 are the independent longitudinal relaxation rates and 𝜒𝐴 and 𝜒𝐵 are
the mole fractions of the two states respectively. 𝑅𝐷 is the dipolar relaxation rate, and 𝑘
is the exchange rate.
Here we assume that the longitudinal relaxation rates for the two exchanging states to
be same, i.e. RAA ≈ RBB = R1 and that the exchange rate to be much faster than dipolar
relaxation rate, RD ≪ k. Following these two assumptions, the mixing co-efficient for
the exchange process that determines the intensities of the diagonal and cross peaks are
given by the set of equations [187],
𝑘
𝑘
𝑘
𝑎𝐴𝐴 (𝜏𝑚 ) = 𝜒𝐴 exp (−(𝑅1 + )𝜏𝑚 ) [cosh ( 𝜏𝑚 ) − (𝜒𝐵 − 𝜒𝐴 ) sinh ( 𝜏𝑚 )]
2
2
2
𝑘
𝑘
𝑘
𝑎𝐵𝐵 (𝜏𝑚 ) = 𝜒𝐵 exp (−(𝑅1 + )𝜏𝑚 ) [cosh ( 𝜏𝑚 ) + (𝜒𝐵 − 𝜒𝐴 ) sinh ( 𝜏𝑚 )]
2
2
2
𝑘
𝑘
𝑎𝐴𝐵 (𝜏𝑚 ) = 𝑎𝐵𝐴 (𝜏𝑚 ) = 2𝜒𝐴 𝜒𝐵 exp exp (−(𝑅1 + )𝜏𝑚 ) sinh ( 𝜏𝑚 )
2
2
Where, 𝜏𝑚 is the NOESY mixing time, 𝑎𝐴𝐴 and 𝑎𝐵𝐵 are the intensity coefficients of the
diagonal peaks and 𝑎𝐴𝐵 and 𝑎𝐵𝐴 are the intensity coefficients for the two cross peaks.
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Taking the ratio of either

𝑎𝐴𝐴
𝑎𝐴𝐴 +𝑎𝐴𝐵

or 𝑎

𝑎𝐵𝐵

𝐵𝐵 +𝑎𝐵𝐴

defines the fraction of state A or B after

the mixing time period. Either of the two ratios can be calculated from the equations
stated above with the following boundary conditions applied,
1. ratio of 1 at zero mixing time and,
2. ratio of equilibrium (𝜒𝐴 or 𝜒𝐵 ) at very long mixing time.
The ratio gives,
𝑘
𝑘
cosh (2 𝜏𝑚 ) + (𝜒𝐵 − 𝜒𝐴 ) sinh (2 𝜏𝑚 )
𝐼𝑑𝑖𝑎𝑔
𝑎𝐴𝐴
=
=
𝐼𝑡𝑜𝑡𝑎𝑙 𝑎𝐴𝐴 + 𝑎𝐴𝐵 cosh (𝑘 𝜏 ) + (𝜒 − 𝜒 ) sinh (𝑘 𝜏 ) + 2𝜒 sinh (𝑘 𝜏 )
𝐵
𝐴
𝐵
2 𝑚
2 𝑚
2 𝑚

Which can be simplified to,
𝐼𝑑𝑖𝑎𝑔
= 𝜒𝐴 + 𝜒𝐵 exp(−𝑘𝜏𝑚 )
𝐼𝑡𝑜𝑡𝑎𝑙
A plot of the above intensity ratio vs different NOESY mixing time gives the exchange
rate constant k.

Figure 2.8 | Observation and analysis of exchange process using NOESY. Example of 2D NOESY
spectrum (left) showing two states (A and B) of an exchanging molecule. AA and BB are the diagonal
peaks; AB and BA are the two exchange cross peaks. 1D projection of the NOESY spectrum, showing
relative intensity change of the diagonal peak AA and cross peak AB with increasing mixing time.

2.6 Structure Computation
All structure computation for this thesis work was done using the XPLOR-NIH program
[188, 189]. Structure computation involves two steps; distance geometry simulated
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annealing (DGSA) followed by distance-restrained molecular dynamics refinement. The
information required as input are the oligonucleotide sequence and constraints (interproton distances, dihedral constraints, planarity constraints, and hydrogen bonding
constraints), which are obtained from NMR spectra analyses. The process begins with
generating a linear extended conformation of the oligonucleotide chain. During DGSA
step atoms are brought together using the standard topological information and NMR
restraints provided. The system is then heated up to cross potential energy barrier,
subsequent cooling down of the system allows to form folded structures. These folded
structures are further subjected to NOE-restrained refinement. The system is heated
again followed by cooling down. The system is then allowed to equilibrate based in
molecular dynamics simulations. The process generates 100 refined structures, out of
which 10 lowest energy structures are selected.
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Chapter 3
Structure and exchange dynamics
of internal-loop-containing duplex/ hairpin
structures formed by d/r[G4C2] sequences
3.1 Introduction
DNA secondary structures have been considered as “a common and causative factor for
expansion in human diseases” [190]. Since the discovery of G4C2 repeat expansion as a
potential genetic root for ALS/FTD earlier last decade, there has been a lot of interest
in probing the structures of DNA/RNA sequences harboring the repeat sequences. Due
to the sequence of interest being highly G-rich, most of the studies concentrated their
focus on G4 containing structures. However, a handful of reports pointed out the
possibility of formation of other secondary structures including hairpins. Chemical and
enzymatic analyses of r[G4C2]8 repeats showed an equilibrium between hairpin and G4
structures [146, 191]. In a separate study, three to seven repeats of d[C2G4] sequence
under specific ionic conditions were shown to form unusual higher-order structures, in
which the authors speculated to be consisting of left-handed duplex, non-canonical
triplex or G4/i-motif composite [114]. The antisense G2C4 repeat-containing sequence
was also shown to form protonated hairpins and i-motif structures [115].
In this chapter, we aimed to identify and characterize the different possible
duplex/hairpin systems of G4C2 repeat and study their structure and dynamics.

3.2 Results and Discussion
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Figure 3.1 | A) Schematics of four different possible internal-loop-containing duplex configurations
i) 4×4, A, ii) 3×3, iii) 2×2, iv) 1×1 (where n×n indicates that there are n consecutive G•G
mismatches) by all possible arrangements of the two strands.. The number of Watson-crick base
pairs in a fixed frame of sequence length (one unit of G4C2 seqeunce, six bases) has been compared
across four systems. Watson-crick base pairs are shown in solid lines, GG Hoogsteen pairs are
shown in dashed lines and, CC mismatches are shown with eclipses. B) Duplex construct designed
based on the 1×1 configuration. Two strands are colored in red and blue, three clipping base pairs
on both termini are shown in transparent colors.

The duplexes/hairpins originating from G4C2 repeat-containing sequence can potentially
adopt more than one conformation based on how the two strands are arranged. Figure
3.1A shows four different duplex configurations possible by different relative
arrangements of the two strands. Out of the four different conformations, the 2×2 and
1×1 internal-loop-containing duplexes are the two most likely ones to be adopted (n×n
indicates that there are n consecutive GG pairs potentially formed). The possibilities of
other conformations which include internal loops of bigger sizes such as 4×4 and 3×3
can be excluded, as they are relatively less stable compared to the aforementioned 1×1
and 2×2 internal-loop-containing systems due to fewer Watson-Crick base pairs at a
fixed length frame (Figure 3.1A). Both 1×1 and 2×2 internal-loop-containing hairpin
structures have been predicted in literature [108, 116, 146, 191, 192]. Disney et. al.
showed based on chemical and enzymatic mapping data that the G4C2 repeat-containing
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RNA folds majorly into 1×1 internal-loop-containing hairpin structure, which remains
in equilibrium with G-quadruplex structures [146, 191].

3.2.1 Structure and dynamics of a model duplex/hairpin system with 1×1 GG
internal loop.
DNA/RNA mismatch sites such as GG base pairs provide unique recognition points for
protein and therapeutic agent interaction [193-196], as well as act as hotspots for
oxidative damage [197]. Previously, the structure, stability, and dynamics of GG
Hoogsteen base pairs were shown to be highly dependent on the sequence context (the
immediate flanking base pair) [198-204]. The goal of this study was to better understand
the structure and internal dynamics of the hairpin/stem-loop system containing 1×1 GG
internal loop in the sequence context of G4C2.
We designed a small duplex containing a single GG base pair in the middle, with two
GC base pairs flanking on two sides (Figure 3.1B). Three more flanking base pairs were
added on both sides to provide sufficient stability for the formation of the duplex.

Figure 3.2 | Analysis of molecularity of G2. A) Native PAGE (15%) analysis showing the
comparison of the mobility of G2 with a reference duplex DD, and a reference monomeric hairpin
of comparable length. The experiment was done at 4°C in 1X TBE buffer. B) Imino region of 1D 1H
NMR showed double the number of peaks expected from the sequence, but no minor conformations
were detected. The sample concentration for both experiments was ~100-200 µM; sample for NMR
experiment was prepared in 20 mM NaPi buffer of pH7.0 and supplemented with 70 mM NaCl. The
NMR spectra were recorded at 10°C.

The model duplex contains asymmetric strands
The CD spectra of the model duplex, G2 (5’-CTAGGGCCTAG-3’) revealed that the
molecule folds into a typical B-form duplex under the experimental condition (data not
shown). Native PAGE analysis is consistent with the formation of only one species in
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solution (Figure 3.2A). Comparison of the mobility of G2 with a 12 nt standard dimeric
sequence Drew-Dickerson dodecamer (DD) [5], and a 15 nt sequence DS2, which forms
a hairpin structure with 6 bps (Figure 3.2A and Table 3.1) shows that G2 (11 nt) folds
into the intended duplex conformation.

Figure 3.3 | Assignment of imino protons of G2. A) The designed duplex G2, two strands colored
with red and blue. B) 15N filtered experiment for the unambiguous assignment of the guanine imino
(H1) protons shows two signals for each guanine, suggesting asymmetric strands. The reference
spectrum is shown at the top. Guanine imino (H1) protons are labeled in black and thymine imino
(H3) protons are labeled in red. The samples were prepared in 20 mM NaPi buffer of pH7.0 and
supplemented with 70 mM NaCl. NMR spectra were recorded at 10°C.

Figure 3.4 | Schematics and NMR validation of the GG pair conformation. A) Schematic of G(syn)G(anti) base pair formation. Hydrogen bonds between G6a H1 and G6a H21 to G6s O6 and G6s
N7 have been shown in dotted line. The distance between G6a H1 to G6s H8 is also shown for which
a signature NOESY cross peak is expected. B) Aromatic anomeric region of D2O NOESY (mixing
time 100 ms, pH7.0) showing the H8-H1’ cross peaks of G6 residues (shown inside red and blue
boxes for G6a and G6s residues respectively). The H8-H1’ cross peak for G6s is clearly much
stronger than that of G6a. C) Imino-aromatic region of H2O NOESY (mixing time 200 ms, pH5.4)
showing the cross peak between G6a H1 and G6s H8 (shown inside green box). The experiment was
done at 10°C using 1.7 mM DNA sample prepared in 20 mM NaPi buffer supplemented with 70 mM
NaCl. The buffer contained 100% D2O.
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Figure 3.5 | Effect of rising temperature on the imino region of the spectrum. 0.45 mM DNA
sample was used for the experiments in buffer containing 20 mM NaPi and 70 mM NaCl at pH7.0.

Figure 3.6 | Effect of pH on the imino region of the spectrum. 0.45 mM DNA sample was used for
the experiments in buffer containing 20 mM Napi and 70 mM NaCl at three different pH. The
experimental temperature was set at 10°C.

Imino region of the 1H NMR spectra showed doubled number of peaks expected for this
sequence (12 instead of 6, Figure 3.2B). Three out of four guanine imino protons were
unambiguously assigned using site-specific low-enrichment 15N labeling method [205],
which revealed two peaks for each guanine residue (Figure 3.3B). This observation
suggested that the two strands are asymmetric. The four peaks around 14 ppm
corresponds to the two AT pair in the duplex structure, the six peaks around 13 ppm
belong to the imino protons of three GC pairs, while the two upfield peaks in 10-11 ppm
range comes from guanine imino proton hydrogen bonded to oxygen and therefore
belong to the GG pair formed by the G6 residues. The two imino proton peaks of the
G6 residues were found to be the most separated from each other (~0.8 ppm), whereas
the signals for G5, G4 and T9 are moderately separated and the pair of signals for T2
and G1 are overlapped. Therefore, it can be inferred that G6 is the center of asymmetry
where the local chemical environment of the two residues differs the most. As we move
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from the center towards the termini the difference in the chemical environment of the
same residue belonging to the two strands becomes increasingly less prominent causing
the pair of signals for the terminal residues to be inseparable from each other.
Table 3.1 | List of gel standards used

Name

Sequence (5’- 3’)

Type of standard

DS2

CGCGAAGCATTCGCG

Monomeric hairpin

DD

CGCGAATTCGCG

Dimeric duplex

Strand asymmetry originates from G(syn)‧G(anti) base pairing
Multiple modes of GG pair formation have been reported in literature. Depending on
the sequence context as well as experimental conditions GG pairs can be symmetric or
asymmetric. Following the discussion from last paragraph, we already know that the
GG pair of G2 is asymmetric. The two guanines in an asymmetric GG pair can both
assume anti conformation [202], or only one of them assumes anti while the other
guanine assumes syn conformation [200, 206]. Two dimensional NOESY (mixing time
100 ms) analysis showed that one of the two intra-residue G6H1’-H8 cross peaks is
several folds stronger compared to the other one (Figure 3.4B), suggesting a syn-anti
type base pairing in our case. The schematic for most stable G(syn)‧G(anti) pair as
reported in literature is shown in Figure 3.4A, the base pairing involves two hydrogen
bonds G6a H1 – G6s O6 and G6a H21 – G6s N7 (the suffix a and s stands for anti and
syn respectively, hereafter the numbering for all residues from the strand containing the
anti guanine are suffixed with ‘a’; and all residues from the strand containing the syn
guanine are suffixed with ‘s’). The observation of a cross-peak between G6s H8 –
G6aH1 and not G6a H8 – G6s H1 in the two-dimensional water NOESY spectrum
(mixing time 200 ms) (Figure 3.4C) supports the base-pairing conformation shown in
Figure 3.4A. We also observed that increasing the temperature resulted in overall
broadening and overlapping of Watson-Crick base paired peaks, while for the G6
protons, the peak at 10 ppm (G6s H1) broadened much faster compared to the 11 ppm
peak (G6a H1) (Figure 3.5). Lowering the pH from 7.0 to 5.8 resulted in the sharpening
of the G6s H1 peak at a fixed temperature, while increasing the pH to 7.8 showed the
opposite effect (Figure 3.6). The temperature and pH effect further support the base
pairing pattern shown in Figure 3.4A, The G6a H1 is H-bonded to G6s O6 therefore
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remain relatively narrow at increasing temperature and pH. On the other hand, G6s H1
does not have a hydrogen bonding partner from G6a and therefore available for
exchange with surrounding water molecules. At lower temperature, this exchange is
relatively slow and therefore the signal is visible in the spectrum, but as the temperature
is increased, the faster water exchange rate broadens the peak very quickly.

Figure 3.7 | Solution NMR structure of G2. A) Superimposition of ten lowest energy structures. B)
Ribbon representation of a representative structure. The G-G base pair is shown with sticks, other
bases are shown with lines. C) Comparison of twist angle (angle between C1’-C1’ vectors of
successive base pairs) between the G5a-C7s to G6a-G6s step (top) and G6a-G6s to C7a-G5s step
(bottom).

Figure 3.8 | Structural analysis of the G(syn)-G(anti) base pair. The C1’-C1’ distance between the
bases and the corresponding λ angles are shown.

Solution structure of G2
The solution NMR structure of G2 was modeled based on constraints (distance,
hydrogen-bond, and planarity) obtained from the analyses of the two-dimensional NMR
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spectra (see appendix, Table 3.2). Dihedral angles (α, β, γ, ε, ζ) for standard B-DNA
were used, except for G6 residues where significantly looser constraints were used. The
𝜒 glycosidic angle for G6s was restrained from +10° to +70° degree, while the one for
the G6a residue was from +220° to +280°. Out of 100 calculated structures, the ten with
lowest energies were superimposed (Figure 3.7A). The ensemble of the ten lowest
energy structures is well converged with a pairwise rmsd value of (1.47 ± 0.33) Å for
all heavy atoms. Ribbon representation of a representative refined structure is presented
(Figure 3.7B).

Figure 3.9 | ROESY spectrum showing the cross peaks generated due to the syn-anti
conformational exchange process. H8/H6-H1’ and H1’-H1’ region of ROESY experiment (mixing
time 50 ms) showing the exchange cross peaks (orange) between the H8/H6 and H1’ protons of
residues G5, G6, and C7, and NOESY cross peaks (black) in opposite phases. The suffix a and s for
residue G6 stands for syn and anti glycosidic bond conformation respectively, while for G5 and G7
the suffix a and s signify that it belongs to the strand that carries G6a and G6s respectively. The
experiment was done at 10°C using 1.7 mM DNA sample prepared in 20 mM NaPi buffer of pH7.0
supplemented with 70 mM NaCl. The buffer contained 100% D2O.

Structure analysis
The ensemble of the ten lowest energy solution structures was analyzed with the 3DNA
web server [207]. The C1’-C1’ distance for the G(syn)-G(anti) pair was measured to be
11.30 ± 0.13 Å, compared to 10.73 ± 0.15 Å for all other canonical GC/CG base pair.
This arrangement is necessary to avoid the steric clash between the guanine bases [208].
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The G6s base of the GG pair points towards the minor groove, while the G6a base points
towards the major groove. This is evident from the value of angle λ (the angle between
the glycosidic bond and the C1’-C1’ vector), which is 30.4 ± 1.1° for the G6s base and
68.4 ± 7.2° for the G6a base compared to 53.8 ± 3.4° for all other canonically base pair
guanines (Figure 3.8). The twist angle (angle between C1’-C1’ vectors of successive
base pairs) for the G5a-C7s to G6a-G6s step is 27.1 ± 1.6°, which is ~7° smaller
compared to the average for B-DNA (~34°), this suggested a slight local unwinding at
the GG base pair (Figure 3.7C). This local unwinding is compensated at the next step
(G6a-G6s to C7a-G5s), as evident from a higher twist angle value of 40.1 ± 2°. These
observations about the C1’-C1’ distance, λ angle and local unwinding at the GG base
pair is consistent with reported crystal structure analysis of GG base pair containing
double helical RNA of CGG repeats [208, 209].
The G(syn)-G(anti) pair consists of two hydrogen between atoms H1(anti) – O6(syn)
and H21(anti) – N7(syn). For RNA G(syn)-G(anti) pairs, it was shown that besides these
two usual hydrogen bond formations, there is a third hydrogen bond within the G(syn)
residue between one of the amino hydrogens and one of the phosphate oxygens atoms
owing to their short spatial distance [208-210]. This third hydrogen bond, however, is
not commonly observed for DNA G(syn)-G(anti) pairs.[210] The structure of G2
revealed that the spatial distance between amino H22 and phosphate OP2 atoms of G6s
is 2.3 ± 0.2 Å, making them very much susceptible for a hydrogen bond formation
(Figure 3.8).

Syn-anti conformational exchange of the GG pair
It was evidenced earlier that syn-anti conformational exchange at the mismatched GG
site is slow enough to be detectable in NMR time scale [203, 204, 211]. This
conformational exchange results in an equimolar mixture of G(anti)-G(syn) and G(syn)G(anti) states [212]. We observed high intensity cross-peaks for exchangeable and
nonexchangeable protons near the diagonal in two-dimensional NOESY spectra of
mixing time as low as 25 ms (data not shown). At this mixing time NOESY cross-peaks
between protons of stacked base pairs (~4Å apart) either do not appear or are extremely
weak. Therefore, these high intensity cross-peaks must have appeared due to the
conformational exchange between two pseudo symmetric forms. We confirmed this
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observation with a two-dimensional ROESY experiment (mixing time 50 ms), which
shows cross-peaks coming from conformational exchange process and cross-peaks from
NOE interactions in opposite phases (Figure 3.9). These conformational exchange
cross-peaks are easily noticeable for residues G6, C7, and G5 (Figure 3.9, orange cross
peaks), while for other residues they are too close to the diagonal to be detected easily.
Table 3.2 | NMR restraints and structure statistics
A. NMR Restraints

Distance restraints
Intra-residue
Inter-residue

Exchangeable
7.
39

Other restraints
Hydrogen bond
Dihedral angle
Planarity

Non-exchangeable
133
-56
122
11

B. Structure Statistics
NOE violations
Number (>0.2 Å)

0.000 ± 0.000

Deviations from the ideal geometry
Bond lengths (Å)
Bond angles (o)
Impropers (o)

0.001 ± 0.000
0.260 ± 0.001
0.189 ± 0.002

Pairwise all heavy atom RMSD value (Å)
Clash score [213, 214]

1.470 ± 0.330
27

The stability of the GG pair and henceforth its dynamics depend massively on its
sequence context with its immediate neighbors [204]. We decided to quantitatively
measure the GG conformational exchange rate in the sequence context of the designed
hairpin, i.e. GGGCC. Lane and Peck reported the rate constant for the exchange process
in GG pair in CGA context to be ~14000 Hz at 30°C [212]. Burkard and Turner studied
RNA GG pair in AGG and CGU contexts and estimated the conformational exchange
rate to be ≥ 1000 Hz at 37°C [211]. Other reports regarding the syn-anti conformational
exchange in GG pair are rather qualitative and not quantitative [202, 203]. We observed
that the syn-anti exchange rate for G2 at 10°C was 9.2 ± 0.9 Hz (Figure 3.10), and the
rate increased with increasing temperature (Figure 3.11 and Table 3.3). In order to
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evaluate the effect of nearest and next-nearest neighbors on the stability and exchange
rate of GG pair, we compared the analogous rates for two modified sequences G2-mod1,
and G2-mod2 which have the nearest and next nearest GC base pairs substituted to T-A
pair respectively. In case of G2-mod1, splitting of peaks in the imino region was not
observed, instead, the peaks appeared broad (Figure 3.12). This suggested that the
conformational exchange process is much faster, therefore undetectable in NMR time
scale. The exchange rate, in this case, was calculated using line shape analysis method
[215], resulting ~3500 Hz at 10°C. For G2-mod2, the exchange rate (8.7 ± 1.5 Hz) was
closely comparable to G2 (Table 3.4). Finally, we also measured the exchange rate of
the RNA containing the same sequence as G2, which was close to 2-fold higher
compared to its DNA counterpart.

Table 3.3 | Syn-anti exchange rate of G2 based on temperature

Name

G2

Sequence

Temperature (°C)

Rate (Hz)

5

5.46 ± 2.26

10

8.29 ± 1.36

15

20.09 ± 10.63

17

23.29 ± 1.18

5’ CTAGGGCCTAG 3’
3’ GATCCGGGATC 5’

Table 3.4 | Comparison of syn-anti exchange rates of different sequences at 10°C

Name

Sequence

Rate (Hz)

Tm (°C)

G2

5’ CTAGGGCCTAG 3’
3’ GATCCGGGATC 5’

8.29 ± 1.36

42.4 ± 0.1

G2-mod1

5’ CTAGTGACTAG 3’
3’ GATCAGTGATC 5’

~ 3500

24.3 ± 0.8

G2-mod2

5’ CTATGGCATAG 3’
3’ GATACGGTATC 5’

16.54 ± 0.15

32.8 ± 2.0

G2-RNA

5’ CUAGGGCCUAG 3’
3’ GAUCCGGGAUC 5’

56.02 ± 7.03

52.4 ± 0.8
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Figure 3.10 | Determination of syn-anti exchange rate of GG pair in G2 and modified sequences.
A-D) Comparison of 2D NOESY spectra of G2 obtained at four different mixing times (25, 50, 100,
and 300 ms) to show the variation of intensity of cross peaks and the diagonal peaks of a chosen
proton pair. E) Normalized 1D projection of the intensities of the cross peak (Cp) and diagonal peak
(D) for a selected proton pair obtained from 2D NOESY spectra in the panel A-D. B) Plot of Idiag/Itotal
vs mixing time to determine the exchange rate for G2 (black), G2-mod2 (orange), and G2-RNA
(cyan).

Effect of the nearest and next-nearest neighbors on the local stability and hence the
dynamics of the GG pair
DNA GG pair was found to be most stable in a GGC sequence context while least stable
in a TGA sequence context. We investigated the effect of the nearest and next nearest
base pairs in the sequence context of GGGCC, by individually mutating the GC pairs to
AT pairs. We found that the exchange rate for G2-mod1(GC/CG pairs next to the GG
pair changed to TA/AT pairs) to be much faster than that of G2, along with a massive
drop (-20 °C) in the overall thermal stability of the duplex compared to that of G2 (Table
3.4 and Figure 3.13). A similar mutation of the next-nearest base pairs (G2-mod2) results
in a smaller yet significant drop in the over thermal stability (-10 °C) of the duplex.
However, the GG pairs in the G2-mod2 duplex was found to have a comparable
exchange rate with that of G2. These observations supported the previous findings that
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the dynamics of the GG pair is determined by the local stability around the GG pair
(which is not necessarily correlated with the overall stability). Our experimental data
provides direct support to previous theoretical estimation of local stability of GG pairs
using the nearest-neighbor thermodynamics model [204]. The fact that the next-nearest
neighbor has almost no effect on the local stability of the GG pair, which is consistent
with earlier observation [204].
It is tempting to speculate that the exchange process of interest requires a transient
opening of the directly stacked base pair to allow the base flip, followed by its reclosing. In G2-mod1, AT base pairs having one less hydrogen bond compared to GC
base pairs would explain an easier opening and therefore faster exchange process.
However, theoretical modeling suggested that the GG conformational flip occurs
without opening the adjacent base pairs [216]. An alternative explanation for the high
conformational exchange rate in G2-mod1 compared to G2 could be due to the
difference of base stacking that the GG pair enjoys with its adjacent base pairs; the
adjacent TA base pairs in G2-mod1 may provide poorer base stacking to the GG pair
compared to adjacent GC base pairs in case G2. A poorer stacking means decreased
local stability and increased dynamics of the GG pair.

Figure 3.11 | Variation of the Syn-anti exchange rate of G2 with temperature. A) Plot of Idiag/Itotal
vs mixing time to determine the exchange rate for G2 at 5°C (pink), 10°C (black), 15°C(green), 17°C
(magenta). B) Plot of syn-anti exchange rate for G2 vs Temperature.

A-form backbone mediated local instability of GG base pair in RNA
G2-RNA was observed to have a close to 2-fold increase in the exchange rate compared
to G2 despite having a 11 °C higher overall thermal stability (Table 3.4 and Figure 3.13).
This observation once again emphasizes the fact that the dynamics of the GG pair is
determined by the local stability, which is not necessarily correlated with the overall
stability of the duplex. The reduced local stability of the GG pair in the RNA could be
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attributed to the A-form geometry. The C3’-endo sugar pucker in A-RNA brings the
syn base, sugar and the backbone very close to each other leading to multiple steric
clashes (N3-O4’, N3-O5’, N3-OP1) [217]. As a result, it is energetically unfavorable
for guanine bases to adopt syn conformation in RNA, leading to much weaker GG
Hoogsteen base pair stability.

Figure 3.12 | Comparison of imino region of the 1D 1H NMR spectra of G2 with the modified
sequences. Samples were prepared in 20 mM NaPi buffer at pH7.0 supplemented with 70 mM NaCl.
Spectra were recorded at 10°C.

Figure 3.13 | UV melting profiles of G2 and its derivatives. Samples (~5 µM) were prepared in 20
mM NaPi buffer at pH7.0 supplemented with 70 mM NaCl. Data were collected in 10°C-80°C or
20°C-80°C range with a ramp rate of 0.2°C/min. Data corresponding to both folding (solid line)
and unfolding (dotted line) events are presented. The average Tm of unfolding and folding events are
reported along with the mean deviation.
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Biological implication
DNA/RNA mismatch sites such as GG base pairs provide unique recognition points for
protein and therapeutic agent interaction.[193-196] Earlier studies pointed that the
stability and the dynamics of the GG pairs depends heavily on the sequence context. To
this end, we have studied the structure and dynamics of the GG pair in the sequence
context of GGGGCC. The structure of G2 is the first atomic level detailed structural
analysis of the major duplex/hairpin form of GGGCC repeat containing DNA, that
should provide a template for rational design of targeting ligands.
Oxidative damage is one of the many hypothesized routes of pathology in ALS and
other neurodegenerative diseases, where irreversible oxidative damage to mRNA results
in reduced protein production. mRNA oxidation was shown to be a common feature in
ALS which takes place at the early onset of the disease.[218] Mismatch sites such as the
GG pairs act as hotspots for oxidative damage.[197] The RNA having a more distorted
backbone could hinder migration of charges through its backbone leading damage build
up at the vicinity of the GG pair. We observed that the GG pairs in RNA are slightly
less stable and more dynamics compared to its DNA counterpart. Whether this reduced
stability and increased dynamics in RNA is related to its oxidative damage susceptibility
requires further experimental validation.

Hairpin with 1×1 GG internal loop
Having characterized the structure and dynamics of the model duplex with 1×1 GG
internal loop, we attempted to convert it to a hairpin system. In the actual biological
context, the hairpins are equally relevant as they can form at the replication fork, the
nascent DNA strand during replication as well as in the mRNA. In order to design a
model hairpin, we need to find out the optimum length of the loop. In the natural
sequence context the loop can be either 1/3/7/9 nucleotides or even longer (Figure
3.14A) Hence, we designed two sequences in the natural sequence context that carries
the same short stem as G2, which are connected by either a short loop (G2hp1), or a
longer loop (G2hp2) (Figure 3.14A). The 1D 1H NMR spectra of the two sequences
retained general features observed for G2 (Figure 3.14B), i.e. the presence of WatsonCrick bp and GG Hoogsteen pairs. However, the broad nature of peaks and observation
of multiple peaks (e.g. in the GG Hoogsteen pair region of the 1H NMR there are at least
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six peaks for G2hp2 compared to two in case of G2, figure 3.14B) suggested the
formation of a mixture of different species, presumably various hairpin structure and/or
hairpin structures in conjunction with duplex structures. Therefore, further optimization
of the sequence and experimental condition will be needed to favor one hairpin form
over others to continue with the study.

Figure 3.14 | 1×1 GG internal-loop-containing hairpin system. A) Sequence schematic of G2 and
two attempted hairpin systems with possible loop lengths marked in red. B) 1D 1H NMR spectra
comparison of G2 with G2hp1 and G2hp2. ~0.15-0.2 mM sample was prepared in 1 mM NaPi buffer
of pH7.0, the spectra were recorded at 5°C for G2hp1 and G2hp2 and at 10°C for G2.

3.2.2 Model duplex/hairpin system with 2×2 GG internal loop
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Although chemical and enzymatic analyses showed that the G4C2 repeat adopts the
hairpin structure with 1×1 GG internal loop, the other possibility, i.e. the 2×2 GG
internal loop conformation (Figure 3.1C) cannot be entirely ruled out. The fact that both
conformations (1×1 and 2×2) involve the same or comparable number of Watson-Crick
and Hoogsteen base pairs per unit length does support the idea of the existence of both
conformations.
Similar to the previous study of 1×1 internal loop system, we decided to build a simple
model duplex with one unit of 2×2 GG internal loop to study the structure and dynamics
of its stem. An attempt to form a short duplex was not successful as the chosen sequence,
GG1, formed multiple conformations at a higher sample and salt concentration (Figure
3.15). The non-denaturing gel mobility comparison against G2 showed the presence of
at least three distinct populations in the GG1 lane (Figure 3.15B). NMR spectrum at a
similarly high sample (~1.5 mM) and salt concentration (~102 mM Na+) showed high
intensity overlapping peaks in the region typical for Watson-Crick base paired Gs
(Figure 3.15C). At lower sample (0.15 mM) and salt concentration (~2 mM Na+), where
monomeric conformation is expected, one high intensity peak near 13 ppm vanished
(marked with *), suggesting its identity as a peak from higher-order conformation(s),
whereas the retained peaks are inferred to arise from the monomeric conformation.
We decided to continue the investigation of the monomeric form at a lower sample and
salt concentration, as it would allow us to study the loop of the stem-loop system. We
introduced an AT base pair in the sequence (GG2, Figure 3.16A) for two reasons: i) to
provide stability by lengthening the stem of the monomeric hairpin, and ii) to enable
easy detection and assignment due to a distinct resonance frequency of the thymine
residue of the AT base pair.
Imino protons assignment of GG2
Figure 3.17B shows the imino peak profile of GG2. Watson-Crick base paired thymine
imino protons usually have a chemical shift of 13.5 ppm or above, hence the peak at
13.7 ppm was assigned to T10. The broad peak with a small amplitude around 12.9 ppm
was observed at 10°C but not in 25°C. The peak was inferred to come from the guanine
in terminal base pair (G1), due to its increased dynamic motion at elevated temperature.
A similar observation was made for two other peaks around 10.7 ppm. The region ~1012.5 ppm is typical for imino protons hydrogen bonded to O atom. Therefore, these two
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peaks must belong to the non-bonded G6 and G7 residues, of which free imino protons
are free to form hydrogen bond with water oxygen atoms. The lifetime of this hydrogen
bond at elevated temperature is very short as the imino protons exchanges fast with
water making them broad and invisible; while at lower temperature (≤10°C), this
exchange process is slower (in millisecond time scale suitable for NMR detection)
resulting in the appearance of the peaks. The two sharp peaks between 12.7 -12.10 ppm
were ambiguously assigned to G2 and G9 residues, as they are likely to form GC
Watson-Crick base pairs. The remaining peak at ~12.4 ppm was assigned to the only
remaining guanine residue G8. The broad nature of the peak and the fact that its
amplitude did not decrease at elevated temperature suggested that the imino protons is
not free and may be partially hydrogen bonded to C5. The assignment of imino protons
in GG1 was done with comparison to the spectrum of GG2 (Figure 3.17).

Figure 3.15 | Characterization of molecularity of GG1. A) The sequence of GG1. B) Comparison
of gel mobility of GG1 with G2 in non-denaturing condition. Sample concentrations in the lanes
were ~1.5 mM, samples were prepared in 20 mM Napi buffer at pH7.0 supplemented with 70 mM
NaCl. The sample name is marked on top of each lane. The G2 forms a single duplex conformation,
GG1, on the other hand, showed three bands, the fastest moving major band might be monomeric
hairpin. The experiment was done at 4°C C) Comparison of NMR spectrum at high sample
concentration (~1.5 mM) and high salt concentration (102 mM Na+) (top) with that of low sample
concentration (~0.15 mM) and low salt concentration (~2 mM Na+) (bottom). The peak speculated
to belong to higher order conformation is marked with a *. NMR data were recorded at 10°C.

A four nucleotide turn with partial Watson-Crick hydrogen bond formation
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The sequence GG1 and GG2 allowed us to study the loop of the stem-loop system with
2×2 GG internal loop. The four residue loop consists of the base sequence CGGG, where
the first cytosine and the fourth guanine forms partial Watson-Crick hydrogen bond
between them. In order to form a proper Watson-Crick base pair, the guanine and
cytosine bases must reside in the same plane, which in this case might not be possible
without distorting the backbone around the loop to energetically unfavorable degree.
Nevertheless, the partial Watson-Crick pair must be adding to the stability of the loop.
Further characterization of the loop will be needed.

Figure 3.16 | Assignment of imino protons and schematic of the GG2 hairpin. A) Sequence of
GG2. B) Assignment of the imino protons by comparing the spectra of 10°C (top) and 25°C
(bottom).C) Schematic representation of the hairpin structure. The four-residue loop is boxed in red.
The partial Watson-Crick bond between residues G8 and C5 is shown in dotted line, while all other
Watson-Crick bonds are shown with solid lines. samples were prepared in 20 mM NaPi buffer of
pH7.0 supplemented with 70 mM NaCl.

Figure 3.17 | Assignment of imino protons and schematic of the GG1 hairpin. A) Assignment of
the imino protons. B) Schematic representation of the hairpin structure. The four residue loop is
boxed in red. The partial Watson-Crick bond between residues G8 and C5 is shown in dotted line,
while all other Watson-Crick bonds are shown with solid lines. The sample was prepared in 20 mM
NaPi buffer of pH7.0 supplemented with 70 mM NaCl, the NMR spectrum was recorded at 10°C.

3.3 Conclusions
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3.3.1 Summary
For 1×1 GG internal loop containing system,
•

We designed a model duplex containing one 1×1 GG internal loop.

•

The solution NMR structure of the model duplex was solved, the GG
mismatched base pair was found to be G(syn)-G(anti) type. The structural
features of the G(syn)-G(anti) pair were further analyzed and the results were
found to be consistent with the reported high-resolution crystal structures of GG
pair.

•

The syn-anti exchange dynamics was quantitatively measured. The nearest
neighbors were found to have significant impact on the local stability of the GG
pair. A-form backbone mediated instability resulted in decreased local stability
and hence increased dynamics of RNA GG pair.

For 2×2 GG internal loop containing system,
•

We identified the loop that consists of four residues, CGGG, where the first
cytosine and fourth guanine form a partial Watson-Crick pair adding to the
stability of the loop.

3.3.2 Future works
GG internal-loop dynamics study could be attempted in longer more natural sequence
context such as,
5’TCGGGGCCGGA
3’AGGCCGGGGCT

Such kind of system would also allow probing the potential dynamic coupling between
GG pairs.
For 1×1 GG internal-loop-containing system, further optimizations of the sequence and
experimental conditions are needed to favor one particular form of the hairpin in
solution. For 2×2 GG internal loop containing system, further structural characterization
of the loop will be required, and the stem has to be elongated in natural sequence context
of G4C2 that would allow us to study the structure and dynamics of 2×2 GG internal
loop.
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Chapter 4
An unprecedented duplexquadruplex hybrid formed by the
hexanucleotide d[G4C2] repeat
4.1 Introduction
It is well known that oligonucleotides that are rich in guanines have potential to form
complex secondary structures such as G4s. The guanine-rich G4C2 repeats, which are
relevant to ALS/FTD, are potential candidates to form G4 structures. The r[G4C2] was
shown to form uni- and multimolecular G4 structures based on G-tract length [123].
Recent studies on d[G4C2] sequences of varying lengths ranging between 1-5 repeats
have shown that they can form a diverse array of G4 structures in solution, while some
of them form a mixture of multiple conformations [219, 220]. In order to better
understand the possible roles of G4 structures in the disease neuropathology and
establish new potential therapeutic targets, we need to understand the different
structures formed by d[G4C2] in detail.
Eight repeats of d[G4C2] was reported to form G4 structures containing G•G•G•G and
G•C•G•C tetrad, whereas the same length of d[C2G4] sequence formed quadruplex
structures containing G•C•G•C and C•C•C•C tetrads [112]. Brcic et al. reported the
NMR solution structure of 22nt sequence d[G4C2]3G4, which is so far the only sequence
of which high-resolution structure is available in literature [113, 221]. The sequence
was found to remain as a mixture of two anti-parallel G4 conformations. However, a dG
to 8Br-dG substitution was used to reduce the structural polymorphism and favor one
conformation. To the best of our knowledge, there are no reports in the literature that
examined the X-ray or solution NMR structure of an all-natural d[G4C2] repeat-

75

containing sequence. Therefore, the motivation of this work was to find out a simple
system that mainly folds into one predominant conformation in solution and to analyze
its structure in detail.

Figure 4.1 | Imino region of 1D NMR spectra of screened sequences. i) GGGGCCGGGGCC. ii)
GGGGCCGGGGCCG. iii) GGGGCCGGGGCCGG. iv) GGGGCCGGGGCCGGG. v)
GGGGCCGGGGCCGGGG. vi) GGGGCCGGGGCCGGGGC. vii) CGGGGCCGGGGCC. viii)
CGGGGCCGGGGCCG. ix) CGGGGCCGGGGCCGG. x) CGGGGCCGGGGCCGGG. xi)
CGGGGCCGGGGCCGGGG. xii) CCGGGGCCGGGGCC. xiii) CCGGGGCCGGGGCCG. xiv)
CCGGGGCCGGGGCCGG.
xv)
CCGGGGCCGGGGCCGGG.
xvi)
CCGGGGCCGGGGCCGGGG. xvii) GCCGGGGCCGGGGCC. xviii) GCCGGGGCCGGGGCCG.
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xiv)
GCCGGGGCCGGGGCCG.
xv)
GCCGGGGCCGGGGCCGG.
xvi)
GCCGGGGCCGGGGCCGGG. xvii) GCCGGGGCCGGGGCCGGGG. Samples were dissolved in
20 mM Potassium Phosphate buffer at pH7.0 containing 70 mM KCl. Sample concentration ranged
between 100-150 µM. NMR spectra were recorded at 25°C.

We

report

here

the

solution

NMR

structure

of

14nt

sequence

d[GGGGCCGGGGCCGG] in K+. Our results revealed a novel and robust dimeric
structure containing quadruplex-duplex hybrid conformation and formed under kinetic
control. We further showed that the structure remains conserved over a certain length of
the sequence and is independent of the monovalent cations present in the solution.

4.2 Results
d[G4C2] repeats adopt a structural conformation comprising both duplex and
quadruplex elements
Two-repeats of GGGGCC containing sequences of various lengths were systematically
screened to look for particular structural conformations that might be favored. 1D imino
proton NMR spectra for the majority of these sequences displayed multiple major peaks
in the region ~12.4–13.3 ppm (Figure 4.1), pointing to the widespread formation of
Watson-Crick G•C base pairs. A family of sequences stood out, in having three or more
distinct sharp peaks in this region, and additionally, they also accommodate four wellresolved peaks in the region of ~10.9–12.1 ppm (Figure 4.2A), which is characteristic
of a G-tetrad formation. This indicated the adoption of a conserved scaffold comprising
both duplex and quadruplex structural elements. We proceeded with the biophysical and
structural

characterization

of

a

representative

14nt

sequence,

d[GGGGCCGGGGCCGG] (henceforth designated as WT14; Figure 4.2).

WT14 adopts a kinetically favored duplex-quadruplex hybrid structure
At room temperature, WT14 showed three imino proton peaks at 12.9–13.3 ppm, that
corresponded to Watson-Crick G•C base pairs, coupled with four imino proton peaks at
10.9–12.1 ppm, corresponding to G-tetrad formation. At lower temperature (≤15°C), an
additional imino proton peak emerged at ~13.2 ppm (Figure 4.3), indicating the presence
of another Watson-Crick G•C base pair that is more dynamic in nature as it quickly
exchanges with water leading to peak broadening in room temperature. Taken together,
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these observations would suggest the formation of a duplex-quadruplex hybrid
comprising at least four Watson-Crick G•C base pairs and one G-tetrad layer, or a
symmetric multimeric duplex-quadruplex hybrid consisting of a multiple of these units.
The CD spectrum of WT14 showed a positive peak at ~290 nm (Figure 4.2B), which is
indicative of reverse polarity stacking of G-tetrads in an antiparallel G4 [222], as well
as a small negative peak at ~230 nm.

Figure 4.2 | Short stretches of G4C2 DNA form a conserved and interesting structure that features
spectral characteristic of both G-tetrad and Watson-Crick base pair. The similar spectral pattern
in the imino region of the sequence GGCCGGGGCCGG (12 nt) and 0GGGGCCGGGGCCGGGGC
(17 nt) suggests that the structure formed by WT12 is a conserved one, that is retained up to the
addition of 2 nucleotides in the 5′end and up to 3 nucleotides in the 3′ end. Samples were prepared
in 20 mM Potassium Phosphate buffer at pH7.0 containing 70 mM KCl. Sample concentration for
NMR and CD experiments were ~100-150 µM and 5 µM respectively. NMR and CD spectra were
recorded at 25°C and 20°C respectively.

The duplex-quadruplex hybrid structure of WT14 was readily formed with resuspension
of lyophilized DNA in a potassium-containing buffer. Upon heating and slow cooling
(annealing), the same conformation could no longer be observed; 1D imino proton NMR
spectrum of the annealed sample displayed a hump (Figure 4.4), implying either a
mixture of conformations or the formation of higher-order structures. This
conformational conversion was reversible, as the original duplex-quadruplex hybrid
topology could be restored as the major species by heating the sample followed by fast
cooling in ice (quenching). At higher concentration (>100 µM strand concentration), a
hump was also observed in the imino proton NMR spectrum, which could be eliminated
again by quenching the sample. These observations indicated that the duplexquadruplex hybrid topology of WT14 is kinetically favored, but not thermodynamically
most favored.
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WT14 forms a dimeric structure in solution
In non-denaturing gel electrophoresis, WT14 migrated at a slower rate as compared to a
monomeric hairpin, closely matching the migration rate of a self-complementary
dimeric duplex of the same nucleotide length (Figure 4.5A and Table 4.1). This
suggested the adoption of a dimeric structure by WT14.

Figure 4.3 | Comparison of imino region of WT14 at two different temperatures At lower
temperature observation of an extra broad peak in the Watson-Crick region suggests the presence
of another base pair, which is dynamic in nature. Samples were prepared in 20 mM Potassium
Phosphate buffer at pH7.0 containing 70 mM KCl.

Figure 4.4 | Kinetic vs Thermodynamic control. The samples, prepared in 20 mM Potassium
Phosphate buffer at pH7.0 containing 70 mM KCl, were heated at ~98°C for 5 mins and followed
by annealing via fast or slow cooling. Fast cooling (kinetic control) folded the structure in one
predominate conformation as evident from the very well resolved NMR spectrum having sharp and
intense peaks, whereas, slow cooling (thermodynamic control) generated mixture of different
conformers or higher order structures which resulted in a broad hump in the imino proton region of
1D NMR spectrum.

Table 4.1 | List of gel standards used

Name

Sequence (5’- 3’)

Type of standard

DS2

CGCGAAGCATTCGCG

Monomeric hairpin

RD

GGGGCCGCGGCCCC

Duplex
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Figure 4.5 | Determination of stoichiometry of WT14. A) Gel electrophoresis experiment showing
WT14 possibly forms a dimer in solution. 15% PAGE gel was run in non-denaturing condition using
1X TBE as running buffer, the experiment was performed at 4°C, and approximately 40-50 µM DNA
solution was used in each lane, From the left lane 1, 2 and 3 are WT14, DS2 (reference hairpin
monomer) and RD (reference self-complementary duplex) respectively. The comparable migration
rate of WT14 with that of RD indicates dimeric conformation in the condition of gel electrophoresis.
B) The NMR spectrum of the individual samples and mixture, a section of the spectra is zoomed in
for better viewing. (i) Imino region of 1D NMR spectrum of WT14. (ii) Imino region of 1D NMR
spectrum of I4. (iii) The mixture of the two samples showing signature of both in the NMR spectrum.
(iv) The NMR spectrum of the mixture of the samples after unfolding and refolding. The appearance
of new peaks (denoted by *) suggest strand exchange and hybrid molecule formation. All samples
were prepared in 20 mM Potassium Phosphate buffer at pH7.0 containing 70 mM KCl. NMR spectra
were recorded at 25°C.

A single guanine-to-inosine substitution at position 4 of WT14 (henceforth designated
as I4; Table 4.3) gave rise to a 1D imino proton NMR spectrum closely resembling that
of WT14 (Figure 4.5B, spectrum i-ii), indicating the adoption of the same duplexquadruplex hybrid structure. Slight variations in the chemical shifts of the corresponding
guanine imino protons reflect subtle differences in their respective local chemical
environment. Equimolar mixing of WT14 and I4 produced a 1D NMR spectrum that
reflected the physical sum of the individual spectra (Figure 4.5B, spectrum iii). Upon
heating and quenching this mixture, on top of the original peaks that were expected, an
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additional set of peaks was observed (Figure 4.5C, spectrum iv). If the scaffold was
monomeric in nature, we would have expected the NMR signals of the quenched sample
to remain as before. Instead, the ensuing spectrum showed a doubling in the number of
peaks, which corroborated the dimeric nature of the duplex-quadruplex hybrid scaffold
formed by WT14 and I4; the individual homodimeric structures unfolded into single
strands upon heating, and on cooling were recombined into homodimeric WT14:WT14
and I4:I4, as well as heterodimeric WT14:I4. As such, for each proton peak of the
homodimer, a corresponding peak of the heterodimer emerged, thus accounting for the
doubling in the number of peaks.

Figure 4.6 | Assignment of guanine H1 and H8 protons by 15N enrichment method. A) Assignment
of guanine H1 protons from 15N filtered experiment with samples containing 2% 15N label in
indicated position B) Example of assignment of guanine H8 protons from 15N filtered experiment
with samples containing 2% 15N label in the indicated position. The reference spectrum for each set
is shown on the top. C) Through bond correlation between guanine H1 and H8 protons via long
range J-coupling with 13C5 at its natural abundance. Samples (0.8-1.3 mM) were prepared in 20
mM Potassium Phosphate buffer at pH7.0 containing 70 mM KCl. Spectra were recorded at 25°C.
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Figure 4.7 | Assignment strategy of H5 and H6 protons of cytosine residues. (a) The structure of
cytosine and 5- methylcytosine, bold lines represent strong through bond coupling being used in
TOCSY experiment. (b) Comparison of TOCSY spectrum of WT14 (left) and WT14-11(5mC), which
has its C11 residues replaced with 5-methylcytosine (right), showing the missing H5-H6 cross-peak
for the C11 residue, vertical axis from the cross-peak corresponds to the H6 chemical shift and the
horizontal axis corresponds to the H5 chemical shift value. DNA samples (0.45 – 1.3 mM) were
prepared in 20 mM potassium phosphate buffer containing 70 mM KCl at pH 7.0 with 99.96% D2O.
The samples were heated at ~98°C for 5 mins followed by quenching. Spectra were recorded at
25°C.

NMR spectral assignment of WT14
Site-specific

15

N-enriched labeling of guanine was employed for the unambiguous

assignment of guanine H1 and H8 protons (Figure 4.6A-B). The assignments were
further corroborated by long-range through-bond correlations between guanine H1 and
H8 protons via

13

C5 at natural abundance (Figure 4.6C). The presence of a single

chemical shift for each proton, instead of two distinct chemical shifts, indicated that the
dimeric structure of WT14 exhibits geometric symmetry. Individual substitutions of
cytosine to 5-methylcytosine were used for the assignment of cytosine aromatic protons
(Figure 4.7). All other protons were assigned based on a combination of through-bond
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(COSY, TOCSY, and HSQC) and through-space (NOESY) interactions. As such, the
H6/H8-H1’ NOE sequential connectivity of WT14 could be traced from G1 through G14
(Figure 4.8). The intense intra-residue H8-H1’ NOE cross-peaks of G1 and G9 indicated
syn glycosidic bond conformation, compared to all other guanine residues, which adopt
anti glycosidic bond conformation (Figure 4.9).

WT14 adopts a dimeric duplex-quadruplex hybrid with a two-G-tetrad core sandwiched
between two duplex stems
Signature pairwise NOE cross-peaks between the imino (H1) protons of G7, G8, and
G13 to the amino protons (H41 and H42) of C12’, C11’, and C6’, respectively, indicated
the formation of Watson-Crick G7•C12’, G8•C11’ and G13•C6’ (The ’ next to a residue
number indicates that the residue is from the second strand) (Figure 4.10A). Similar
NOE cross-peak was also observed for the G14•C5’ base pairs at 10°C (Figure 4.10B).
These observations suggested of two duplex stems, each four base pairs long, with a
two-G-tetrad core sandwiched right in the middle (Figure 4.10E). Cyclic H1-H8 NOE
connectivity pattern within the tetrad pointed to the formation of two G1•G2’•G10•G9’
tetrads with opposing hydrogen-bond directionality (Figure 4.10A, C). This
arrangement would place imino protons of G2 and G9’ situated on different tetrads close
to each other (< 4Å), which was supported by the observation of a moderately strong
intensity NOE cross-peak between the imino protons of G2 and G9’ (Figure 4.11). The
G-tetrad core has a basket-type folding topology, whereby each strand has both one
parallel and one antiparallel neighboring strand (up-up-down-down), and the glycosidic
conformations of guanines around the G1•G2’•G10•G9’ tetrad are syn•anti•anti•syn.
The G1-G2 strand snaps back diagonally to establish the tetrad core via the G3-G4 linker
loop. There are one wide, one narrow, and two medium grooves. The two duplex stems
extend right out of the G10•G9’ edge (wide groove) of the G-tetrad core. The placement
of the duplex stems was supported by the solvent exchange experiment against D2O,
where imino protons of G9 and G10 exchanged with D2O slightly slower compared to
G1 and G2 which exchanged almost immediately after addition of D2O (Figure 4.12).
The observation from the solvent exchange experiment provided evidence of direct
contact between the G4 and duplex moieties, which ruled out the possibility of two
individual monomeric structures (One G4 and one duplex) co-existing in the solution.
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This was also verified with concentration dependent NMR experiments, where WT14
at different concentration ranges (0.05-1.3mM) produced completely identical NMR
spectra (data not shown).

Figure 4.8 | Sequential backbone connectivity of WT14. H1’-H8/H6 region of NOESY spectrum
(300 ms mixing time) in 100% D2O showing NOE sequential connectivity from G1 to G14. Intraresidue cross-peaks are marked with corresponding residue number. Asterisk mark indicates
weak/missing cross-peak. Extra NOE cross-peaks in this region arises from interactions of aromatic
protons of cytosines (H5 and H6), and long-range NOE interactions of aromatic protons (H8/H6)
with sugar H1’ protons. Sample (1.3 mM) was prepared in 20 mM Potassium Phosphate buffer at
pH7.0 containing 70 mM KCl. The spectrum was recorded at 25°C.

Figure 4.9 | NOESY spectra showing syn residues. Stacked representation of H1’-H8/H6 region of
the D2O NOESY plot (100 ms mixing time) recorded in 20 mM KPi supplemented with 70 mM KCl
at pH7.0 in 100% D2O. The strong cross-peaks for the two syn residues G1 and G9 (labeled on the
figure) can be easily distinguished from the weak anti-residues such as G3. Sample (1.3 mM) were
prepared in 20 mM Potassium Phosphate buffer at pH7.0 containing 70 mM KCl. The spectrum was
recorded at 25°C.
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Figure 4.10 | Determination of folding topology of WT14. A) The imino-H8/amino region of the
NOESY spectrum (25°C, mixing time 200 ms) is shown. The G imino-C amino cross-peaks
corresponding to GC Watson-Crick base pairs are framed in green and labeled with the number of
the guanine in the first and corresponding base paired cytosine in the second position; similarly, the
imino-H8 cross-peaks corresponding to the G-tetrad are framed in blue and labeled with the number
of the imino proton in the first and the H8 proton in the second position. B) The imino-H8/amino
region of the NOESY spectrum ( 10°C, mixing time 200 ms) showing G imino-C amino cross-peaks
corresponding to G14-C5 base pair in addition to other three base pair which can be seen at 25°C.
C) General representation of imino-H8 cyclic connectivity pattern around a G-tetrad (Gα•Gβ•Gγ•G𝛿)
is shown with blue arrows. The specific connectivity observed in this case (G1•G2•G10•G9) is shown
below as well. D) General representation of imino(G)-amino(C) connectivity seen for a GC WatsonCrick pair is shown with green arrows. The specific connectivity observed in this case for (G7-C12,
G8-C11, G13-C6, and G14-C5) is shown below. E) Schematic representation of the folding topology
of WT14. Syn- and anti-guanine residues are colored magenta and cyan respectively and the
cytosines are shown in black. Samples (0.8-1.3 mM) were prepared in 20 mM Potassium Phosphate
buffer at pH7.0 containing 70 mM KCl.
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Figure 4.11 | NOESY spectrum showing inter-layer imino-imino cross peak. H2ONOESY spectrum
(200 ms mixing time) recorded at 25°C showing imino-imino cross-peak between G2 and G9’
residues situated at different tetrads. Samples were prepared in 20mM Potassium Phosphate buffer
at pH7.0 containing 70mM KCl. The sample (1.3 mM) was prepared in 20 mM Potassium Phosphate
buffer at pH7.0 containing 70 mM KCl.

Figure 4.12 | D2O exchange experiment of WT14 at 25°C. The sample was initially prepared in 20
mM Potassium Phosphate buffer at pH7.0 containing 70 mM KCl. The reference spectrum shown at
the top was recorded in H2O and the bottom spectrum was recorded 10 mins after lyophilizing the
sample followed by dissolving in 100% D2O. The sample was prepared in 20mM Potassium
Phosphate buffer at pH7.0 containing 70mM KCl.

Solution structure of WT14 duplex-quadruplex hybrid
The solution structure of WT14 duplex-quadruplex hybrid (Figure 4.13B, C) was
computed using the constraints extracted from the NOESY spectra (100 and 300 ms
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mixing time) using protocols essentially as described before. The statistics for the
computed structures are presented in Table 4.2. The wide groove on the edge of G10•G9
form a continuous groove with the minor groove of the two duplex stems. Continuous
stacking of bases from the two duplex stems to the G-tetrad core was formed, thus
maximizing favorable stacking interactions. As such, the overall structure assumes a
pseudo-duplex stem topology, with ten base pairs.

Figure 4.13 | Solution NMR structure of WT14. A) Folding topology of WT14. B) Ribbon view of
a representative structure. C) Superimposition of ten lowest energy structures. Syn and anti-guanine
bases are colored in magenta and cyan respectively; cytosine bases are colored black; the sugar
phosphate backbone is shown in gray.

It seems from the structure that the two bases in the loop are not totally randomly
positioned, instead, there is a considerable amount of base stacking between them which
adds to the overall stability of the fold. This is supported by a lower Tm value (63°C) for
WT12 (i.e. the structure without the two loop residues) compared to 68°C for WT14 at a
~100mM K+ concentration. Besides, one of the loop bases, G4 is spatially very close to
the C6 residue (Figure 4.13). This arrangement allows G4 ring current to shield the C6
protons from the external magnetic field accounting for a huge upfield shift of H6 and
H5 protons of the C6 residue compared to other cytosines in the structure (Figure 4.8)
and other reported DNA/RNA structures.

Effect of loop, duplex stems and G-tetrad modifications
We investigated the role of the loop and stem residues in maintaining the conformational
integrity of the fold. The loop residues turned out not to be the absolute necessities for
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the fold, as loop shortening, or even deletion did not destroy the conformation (Figure
4.14). Moreover, we tried to modify the loop (from G to T) or lengthen it by one
nucleotide, and in each case, the (4+3) imino NMR pattern ( corresponding to 4
Hoogsteen and 3 Watson-Crick base pairs) was observed at 25°C suggesting prevention
of the fold (Figure 4.14).

Figure 4.14 | Effect of loop modification on the structure of WT14. The reference spectrum is shown
at the top, and the modifications are as follows i) no loop, ii) G, iii) T, iv) TG, v) GT, vi) TT, vii) TTT.
Sequence modification shows that the loop in the WT14 structure can be modified extended or even
deleted without destroying the fold. Samples (~0.2 mM) were prepared in 20 mM Potassium
Phosphate buffer at pH7.0 containing 70 mM KCl. Spectra were recorded at 25°C.

Systematic manipulation of the stem residues revealed that each base pair in the stem
can be modified either alone or concomitantly with other base pairs without disturbing
the fold (Figure 4.15A). Stem shortening by deleting one base pair still preserved the
structure, however, stem lengthening was found to have detrimental effect (Figure
4.15B). The general pattern of the imino proton spectra was changed in almost all the
cases from that of the reference spectrum of WT14, except in one sequence containing
five base pair stem (Figure 4.15B, spectrum viii) where the four peaks corresponding to
G4 entity can still be seen as a minor species.
We could successfully manipulate the number of G-tetrads in the core without
destroying the fold as evident from the 1D NMR (Figure 4.16), however, increasing the
number of tetrads resulted in a loss of symmetry of the dimer. For instance, Qmod1, the
system with three-G-tetrads instead of two in WT14, showed twelve major peaks
corresponding to twelve guanine bases involved in three G-tetrads formation (compared
to four peaks for total eight guanines in WT14) in the range of 10.5 to 12 ppm (Figure
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4.16, spectrum i). Eight peaks were observed in the Watson-Crick region of the spectrum
which corresponded to total eight base pairs in the structure. Surprisingly, in the case of
three G-tetrad system, the fourth base pairs can be observed even at room temperature.
Nevertheless, the doubling of the number of peaks suggested that the two strands
involved in the structure were no longer symmetric. The asymmetry arises from the fact
that in the case of three G-tetrads, the analogous guanines from the two opposing strands
(which are involved in tetrad formation) must adopt different glycosidic bond
conformation. Figure 4.17 shows two of the possible ways in which the guanines in the
tetrad can arrange themselves. For example, G11 residue from the two strands which
are situated in the middle tetrad must adopt different glycosidic conformation due to
geometric restrictions imposed by the requirement of wide groove formation. This is
true for all other residues involved in the G-tetrad formation. A similar peak profile was
observed for a second three-G-tetrads system, Qmod3, containing a different loop and
stem combination suggesting a similar asymmetric quadruplex-duplex structure
formation as Qmod1 (Figure 4.16 spectrum ii). Increasing the number of G-tetrads to
four (Qmod2) further complicated the situation, as it generated overlapping peaks
indicative of multiple asymmetric co-existing conformations (Figure 4.16 spectrum iii).

WT14 retains the same fold in diverse ionic conditions
The central coordination of a cation to the guanine O6 atoms is believed to be one of the
most important factors that stabilize G4 structures. The conformation and stability of
G4 structures were shown to be highly dependent on the type of cations present. For
instance, human telomeric repeats have been shown to adopt no less than six distinct G4
folding topologies in different experimental conditions [20, 21, 51-64]. In particular, the
exact same four-repeat human telomeric sequence was previously shown to assume two
distinct G4 folding topologies in the presence of potassium or sodium ions [20, 21]. In
the case of WT14, highly similar features of the 1D imino proton NMR spectra and the
CD spectra across different ionic conditions (Figure 4.18A-B) pointed to its adoption of
the same duplex-quadruplex hybrid topology throughout. Surprisingly, the G-tetrad
imino proton peaks were also observed in the presence of Li+ (as low as 10 mM), which
was not expected to be supportive of G4 formation. Thermal melting analyses revealed
comparable stability of WT14 in all four monovalent cationic conditions (Figure 4.19).
We further tested the formation of WT14 in divalent cations such as Mg2+ and Ca2+ or a
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bulky monovalent cation TRIS-HCl; in each case, the structure was held as suggested
by similar imino proton profile in the NMR spectrum (Figure 4.18C). In the absence of
cations in deionized water, the imino proton peaks were no longer observable in the
NMR spectrum. Qmod3, a three-layer G4 containing quadruplex-duplex structure,
however, showed cation dependence to a certain degree (Figure 4.20). It produced a
single quadruplex-duplex conformation in presence of Na+, while multiple
conformations were observed in K+ and NH4+ containing media as evident from the
presence of minor peaks in imino region of 1H NMR spectra. In the presence of Li+, the
folding was inefficient as revealed by the absence of well-defined peaks.

Figure 4.15 | Effect of stem deletion and modification on the structure of WT14. The sequences
with stem shortening and base pair mutations are grouped into panel A, and the sequences with stem
lengthening and/or base pair mutations are grouped into panel B. The reference spectrum is shown
at the top od panel A; the modifications are as follows i) 1st bp, ii) 2nd bp, iii) 3rd bp, iv) 4th bp, v) vi) multiple bp changes, vii) stem shortening, viii) – ix) five base pair stem with two base loop, x)
five base pair stem with three base loop, xi)-xii) six base pair stem with two base loop, and xiii) six
base pair stem with three base loop. Sequence modification shows that each bp in the stem can be
modified and the stem can be shortened without destroying the fold. However, stem lengthening had
a detrimental effect on the fold. Samples (~0.2 mM) were prepared in 20 mM Potassium Phosphate
buffer at pH7.0 containing 70 mM KCl. Spectra were recorded at 25°C.
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Figure 4.16 | Effect of increasing G-tetrads on the conformation of WT14. i-ii) Increasing the
number of tetrads from two to three triples the number of peaks in both the G4 and Watson-Crick
region, indicative of asymmetric dimer formation. iii) Increasing the number of tetrads to four results
in overlapping uncountable number of peaks suggesting the presence of multiple asymmetric
conformations. Samples (~0.2 mM) were prepared in 20 mM Potassium Phosphate buffer at pH7.0
containing 70 mM KCl. Spectra were recorded at 25°C.

Figure 4.17 | Source of asymmetry in three quadruplex layer containing structures. A) Schematic
of WT14, two-G-tetrads containing structure. B-C) Two examples of different possibilities of Gtetrad arrangements in three-G-tetrads system. In every case, same guanine residue from two
different strands must adopt different glycosidic conformation to preserve the wide groove on the
side of the duplex, which is a requirement for the connection of quadruplex and duplex. Syn and anti
guanine residues are colored in cyan and magenta respectively, cytosines are shown in black and
the phosphate backbone is shown in black lines.
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Figure 4.18 | WT14 folds into similar structural form in the presence of different ions. A) Imino
region of NMR spectra of WT14 recorded at 25°C in presence in presence of K+, Na+, NH4+, and
Li+ shows a similar peak profile suggesting the adoption of same folding topology. B) Comparable
CD spectra of WT14 under all four different ion condition indicates similar structural fold as well.
C) Imino region of NMR spectra recorded in presence in presence of Ca2+, Mg2+, TRIS-HCl also
shows a similar peak profile. All measurements were done at 25°C; Samples were heated at 95°C
for 5mins followed by fast cooling in ice before measurement. Sample in Li+/Ca2+/Mg2+ was
prepared in 10 mM TRIS-HCl buffer of with 90 mM LiCl/2 mM CaCl2/2 mM MgCl2. Sample in other
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three monovalent cations were prepared in the corresponding phosphate buffers with a final ion
concentration of ~100 mM.

Figure 4.19 | CD melting of WT14 in different monovalent cationic conditions revealed
comparable thermal stability. Samples were heated at 95°C for 5mins followed by fast cooling in
ice before measurement. Samples were diluted to 4uM (suitable for CD measurement) in 10 mM
K/Na/NH4Pi buffer of pH7.0 or 10 mM HEPES buffer of pH7.0 supplemented with 10 mM LiCl CD
signal was recorded in the temperature range of 95-20°C with 0.5°C/min temperature ramp rate.

Figure 4.20 | Comparison of folding of Qmod3 in presence of different monovalent cations.
Sample concentrations were around 0.2-0.5 mM. Sample in Li+ was prepared in 10 mM TRIS-HCl
buffer of with 90 mM LiCl. Sample in other three ions were prepared in the corresponding phosphate
buffers with a final ion concentration of ~100 mM. All measurements were done at 25°C; Samples
were heated at 95°C for 5mins followed by fast cooling in ice before measurement.

Ion-independent folding was observed previously, where a bi-molecular G4 structure
adopted similar folding topology in the presence of K+, NH4+, and Na+ [223]. But a
similar structural formation in presence of such wide array of cationic conditions as seen
in the case of WT14 is unprecedented. And for the fact that the structure was held even
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in Li+ and TRIS cation which are either too small or too big to fit in the central cavity
of the G4 structure made us question the presence and necessity of any cation in the G4
core of WT14 to stabilize it. To answer the question, we performed a
experiment in ammonium phosphate buffer supplemented with

15

15

N filtered

NH4Cl. Trapped

ammonium protons in the G4 core form hydrogen bonds with the O6 atoms of the
surrounding guanines. Therefore, the chemical exchange of these NH4+ protons with
water is slow enough for detection in NMR time scale [224-226]. Figure 4.21A shows
that the ammonium cations cannot be detected in the 15N-filtered experiment of WT14.
However, under a similar experimental condition, we managed to detect the ammonium
cation in the core of Qmod3. The 15N nuclei (spin = ½) causes the signal of ammonium
protons to split into two (Figure 4.21B). The additional peaks in the

15

N-filtered

spectrum for Qmod3 come from the trapped ammonium in other minor conformations.
Collectively, these observations suggest that the formation and stability of WT14 is
independent of the type of cation present in the medium.

Figure 4.21 | 15N-filtered experiment to detect the ammonium cations trapped in the core of G4 of
A) WT14 and, B) Qmod3. The reference spectrum for each set is shown on top. The experiments
were done at 25°C, samples were prepared in 20 mM NH4Pi buffer with 60 mM 15NH4Cl at pH7.0.
Samples were heated at ~95°C for 5 mins followed by quenching in ice before the experiment.

4.3 Discussions
A conserved duplex-quadruplex hybrid conformational fold
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Formation of complex secondary structures by GGGGCC is hypothesized to be
responsible for the loss of function of the C9ORF72 genes containing the concerned
expanded repeats. Lack of availability of high-resolution structures in the literature
drove us to perform structural studies with the d[GGGGCC] repeats. We demonstrated,
in this study, that under physiological condition a number of sequences containing two
to three tracts of the GGGGCC repeats form the same conformational fold comprising
of both G4 and Watson-Crick structural elements. The conservation of the fold over a
range of sequences of varying length points out towards the possibility of its existence
in biological context. Structural analysis of a representative 14 nt sequence revealed that
the structure is a symmetric dimer, which can be reversibly formed under kinetic control
and is consisting of a total eight Watson-Crick GC base pairs in the form of two duplex
stems each containing four base pairs and two G-tetrad layers embraced between the
two stems.
Table 4.2 | NMR restraints and structure statistics
A. NMR Restraints

Distance restraints
Intra-residue
Inter-residue

Exchangeable
4
62

Other restraints
Hydrogen bond
Dihedral angle
Planarity

Non-exchangeable
458
136
80
28
10

B. Structure Statistics
NOE violations
Number (>0.2 Å)

0.200 ± 0.632

Deviations from the
ideal
geometry
Bond
lengths (Å)
Bond angles (o)
Impropers (o)

0.003 ± 0.000
0.718 ± 0.009
0.357 ± 0.009

Pairwise heavy atom RMSD value (Å)
G-tetrad core
All heavy atoms
All heavy atoms except G3 and G4

0.252 ± 0.106
1.230 ± 0.271
0.790 ± 0.202

Clash score [213, 214]

10
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Extensive base stacking in the structure
The high stability of the fold can be attributed to the extensive base stacking. The duplex
stem on both sides of the quadruplex moiety stacks well to generate a pseudo-duplex
like structure with ten base pairs. The two guanine bases in the loop besides stacking
upon themselves also collapse into the major groove of the duplex bringing the G4
residues from the loop very close to the C6 residues of the stem. G4 base is vertically
oriented relative to C6, stabilized by T-shaped stacking [227], and giving rise to the ring
current effect of G4 on C6H5/H6 protons.

A unique structure containing G-tetrads which is ion independent and devoid of central
cation co-ordination
We were flabbergasted to find out that the same duplex-quadruplex structure is retained
under different ionic conditions. Which goes completely opposite to the precedent belief
that the type of monovalent cation present in the medium heavily influences the folding
and stability of the G-tetrads due to their varying size and co-ordination abilities. In a
recent study by Pearson et. al. eight repeats of d[G4C2] and d[C4G2] was shown to
produce similar CD spectra in presence of Na+ and Li+; in addition, the N7deaza
modified d[C4G2] sequence partially retained the CD spectra of the wild type in presence
of a bulky cation tetrabutylammonium [112]. The authors explained these observations
with G•C•G•C tetrad formation, of which stability is less sensitive to cations compared
to G•G•G•G tetrads [112]. In the case of WT14, we found that unlike other G4 structures
reported in literature the monovalent cation does not co-ordinate in the central channel
of the G4 moiety. We hypothesized that the formation of the duplex stems above and
below the G-tetrad layers provide a structural scaffold, which enforces the G-tetrad
layers to form in the absence of the central coordinating ion. However, the fact that the
structure does not form in absence of any ion suggests that the presence of ions is
necessary to neutralize the negative charges imparted by the phosphate groups, which
helps the oligomer strands to come close to each other and fold. Therefore, the role of
the cations, in this case, can be explained in terms of a global stabilization effect rather
than an accompanying local stabilization effect in other G4 structures.
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Table 4.3 | List of modified sequences used

Name

WT14
WT12
I4
WT13
Lmod4
Lmod5
Lmod6
Lmod7
Lmod8
Smod1
Smod2
Smod3
Smod4
Smod5
Smod6
Smod7
Smod8
Smod9
Smod10
Smod11
Smod12
Smod13
Qmod1
Qmod2
Qmod3

Type of
modification
Original

Loop
modification

Stem
modification

G-tetrad layer
modification

Sequence (5’-3’)

GG
GG
CCGG
GG
CCGG
GG
GI
CCGG
GG
G
CCGG
GG
T
CCGG
GG
TG
CCGG
GG
GT
CCGG
GG
TT
CCGG
GG TTT
CCGG
GG
TT
CCGT
GG
TT
CCAG
GG
TT
CCGG
GG
TT
CAGG
GG
TT
TCGG
GG
TT
CGCG
GG
TT
CATG
GG
TT
CGG
GG
TT CCCGG
GG
TT CGTCG
GG
TT CCCGGG
GG
TT CGATCG
GG TTT CGATCG
GGG GG
CCGG
GGGG GG
CCGG
GGG TT
CCAG

GG
CCGG
GG
CCGG
GG
CCGG
GG
CCGG
GG
CCGG
GG
CCGG
GG
CCGG
GG
CCGG
GG
CCGG
GG
ACGG
GG
CTGG
GG
CCGG
GG
CCTG
GG
CCGA
GG
CGCG
GG
CATG
GG
CCGG
GG
CCCGG
GG
CGACG
GG CCCGGG
GG CGATCG
GG CGATCG
GGG
CCGG
GGGG CCGG
GGG
CTGG

WT14 fold can be a general one for similar sequence arrangements
Our sequence manipulation study showed that the loop residues does not have any
significant contribution towards the formation of the fold as they can be manipulated in
many different ways including deletion, elongation, and mutation without losing the
fold. We found that each base pair in the fold can be modified either individually or
jointly with another base pair. Lengthening of the stem resulted in the destruction of the
fold even with a longer loop probably because of the additional turn in the stem does
not allow the new base pairs to form and hence any competing structures start to
dominate over the WT14 fold. However, the stem length reduction resulted in successful
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retention of the fold. Based on these observations we speculated that as long as
quadruplex and duplex forming elements are arranged in a similar manner as of the
WT14 sequence the fold of interest can be generated.

G-tract

Optional
loop

Watson-Crick structural element

G-tract

Watson-Crick structural element

Biological implications
Duplex-quadruplex hybrids are gaining interests from the therapeutic standpoint. An
earlier study by our group has reported there are as many as ~80000 stem-loopcontaining Quadruplex sequences (SLQS) in the human genome and interestingly genes
that harness abundant SLQSs are mostly associated with brain tissues [228], which is
suggestive of possible roles played by the duplex-quadruplex hybrid motifs in gene
regulations in brain tissues. The WT14 duplex-quadruplex hybrid is a new potential
target for ALS/FTD. Owing to the presence of both duplex and quadruplex moieties, the
WT14 offers an attractive scaffold for a dual specific targeting approach by simultaneous
application of duplex and quadruplex binding ligands. As described by Nguyen et. al.
[229], this method has the advantages of high sequence specificity of duplex binding
ligands and high-affinity binding of G4 binders.
The connection between duplex and quadruplex moieties in hybrid structures were
shown to impact binding with proteins. As reported in the case of RE31, a thrombin
binding aptamer (TBA), an almost gradual connection between duplex and quadruplex
results in more efficient protein binding compared to TBA which is a unimolecular G4
without any duplex stem or other aptamers with less gradual transition from duplex to
quadruplex [230]. The WT14 conformational fold provides a seamless connection
between the minor groove of the duplex stem and the wide groove of the Quadruplex
moieties. Therefore, this gradual transition may very well facilitate protein binding with
WT14 type fold formed by d[G4C2] repeat sequence. A recent study reported G4
structures formed by d[G4C2] repeats binds to heme to sequester it away as well as
activate it to catalyze oxidative reactions [231]. It may be worth exploring whether
WT14 having a duplex-quadruplex scaffold could bind heme better. Further study on
protein and small molecule interaction with WT14 can lead to the understanding of the
disease pathology of ALS and related neurological disorders or to test potential drugs.
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4.4 Conclusions
4.4.1 Summary
In summary,
•

We discovered a family of DNA sequences containing two to three repeats of
the d[G4C2] that shows characteristic of both G-quadruplex and Watson-Crick
duplex.

•

The solution NMR structure of a representative sequence WT14 has been
solved. The structure is a dimeric duplex-quadruplex hybrid with a pseudoduplex topology.

•

The most attractive highlight of the structure is an unprecedented ion
independence, we found proof supporting our hypothesis that the central ion
channel of the G4 moiety of WT14 unlike any other G4 structure is devoid of
cations.

•

The duplex-quadruplex hybrid is a new potential target in ALS/FTD.

4.4.2 Future work
•

The absence of cations in the central channel of the WT14 structure is a novel
and unexpected discovery given the importance of cation coordination in
stabilizing G-tetrads. We proved the absence of cations by somewhat indirect
method of 15N-filtered NMR experiment. Since X-ray crystal structures allows
to obtain electron densities of atoms, it may provide even more direct proof of
our finding. Assuming WT14 or related sequence that form the same structure
in solution retains the structure in solid state (it is possible that same sequence
can have different structure in solution and solid state), then in the crystal
structure no electron density corresponding to cations will be expected in the
central channel of the G-tetrads.

•

An alternate strategy for directly proving the absence of cations could be
electrospray ionization mass spectrometry (ESI-MS). The ionization technique
being soft can retain G4 and other nucleic acid structures in gas phase. Samples
are generally prepared in bulky volatile buffers such as trimethylammonium
acetate (TMAA) in physiologically relevant ionic strength together with MS
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compatible concentration of KCl (≤1mM). Bulky buffers cannot fit in the Gtetrad core hence cannot compete with the minute amount of K+ ions [Similar
experiment can also be performed in ammonium acetate (NH4OAc) buffers of
physiologically relevant ionic strength]. Therefore, K+/NH4 ions if trapped in the
G4 core can easily be tracked by comparing the mass with that of the same from
a control experiment where no KCl or NH4OAc is used during sample
preparation.
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Chapter 5
Intra-locked G-quadruplex
structures formed by irregular DNA G-rich
motifs
5.1 Introduction
G4 structures are highly polymorphic with regards to molecularity, relative strand
arrangement, loop architecture and glycosidic bond conformation of the guanines [232234]. In general, the folding topology attained depends on the type of cations present,
whereby similar sequences often fold differently under different ionic conditions [6163]. It was also observed that an increasing number of stacked G-tetrads usually results
in higher stability [235]. The majority of G4 structures reported in literature consists of
three G-tetrad layers, with the minority being either two layers, four layers or more [236,
237]. Sequences consisting of G-tracts of three or more guanines (G≥3) were usually
found to fold into relatively stable structures. This notion resulted in abundance of
structural studies involving G-rich sequences with stretches of three or more guanines.
Several computational algorithms (e.g. Quadparser, G4P calculator) [34, 238, 239] were
developed to predict the presence of potential G4-forming sequences in genomic
databases. They considered stretches of three or more guanines separated by loops of
sizes up to seven nucleotides (G3+N1-7G3+N1-7G3+N1-7G3+) for the formation of stable G4
structures, resulting in about 380,000 predicted G4-forming sequences in the human
genome [34]. However, over the past decade, there were numerous examples of G4
structures that did not necessarily obey the general sequence scheme, such as G4
structures with bulges [240], missing guanines [241-243], extremely long loops (up to
70 nt) [244-246] and duplex-containing loops [186, 228, 247-251]. In addition, the
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inclusions of novel types of assemblies in quadruplex structures, such as stacking base
triads [252], non-canonical tetrads [253-256], pentads [257], hexads [258], heptads
[259] and octads [260], were not accounted for in the general algorithm. G4-forming
potential of sequences with shorter G-stretches (G≤2) were also not considered. A
different algorithmic approach, which considered further factors like G-richness and Gskewness, showed that the number of potential G4-forming sequences in the human
genome could be up to 10-fold higher than predicted earlier [261]. Recent in vitro
experimental studies have found over 700,000 G4-forming sequences in the human
genome, out of which ~450,000 were not detected by the general algorithm [35]. In a
chromatin context, much fewer G4-forming motifs were detected, which appeared
mostly in the regulatory and nucleosome-depleted regions, showing the effect of cellstate on G4 formation [262].

Bioinformatic analyses have shown that sequences with G2 tracts are abundant in the
human genome [263]. G2 tract containing GGX or XGG tri-nucleotide repeat (TNR)
sequences were found to be condensed in specific sites of the genome [263] and have
biological relevance. For example, CGG repeats occurring at the 5’-UTR of FMR1 gene
is associated with diseases, such as fragile X syndrome (FXS) and fragile X-associated
tremor ataxia syndrome (FXTAS) [90], while recent reports have linked TGG repeats
mediated microdeletion at human chromosome 14q32.2 with Kagami-Ogata syndrome
[148, 264]. Some of the TNRs were revealed to form diverse types of G4s [265, 266],
while other studies exemplified the G4-forming potential of sequences containing G2
tracts other than TNRs [267-270]. These works show that sequences containing multiple
G2 tracts are capable of forming stable G4 structures. However, due to limited number
of structural studies, the folding principles of G4 structures from sequences consisting
of multiple G2 tracts remain poorly understood till date.

An anti-cancer DNA aptamer containing TGG repeats (known as AGRO100 or AS1411)
was shown to adopt a mixture of various G4 structures in solution [171]. The G4
structures of three AGRO100 derivates, namely AT11, d[(TGG)3TTGTTG(TGG)4T],
AT27 d[(TGG)4TTG(TGG)3TGTT] and AT21 d[(TGG)4TTG(TGG)TGT(TGG)2T],
were resolved [174, 175, 271]. These three derivatives adopt exceptionally different
structures despite their very similar sequences, providing an excellent platform to study
the intricacy of irregular G4-forming sequences without long G≥3 tracts.
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Herein, we studied a 28-mer G-rich sequence AT26, d[(TGG)4TTG(TGG)3TTGT],
which includes a total of 16 guanines, distributed into multiple G2 tracts and two isolated
guanines. It has the same composition with AT11, AT21 and AT27, differing only in the
position of the isolated guanines, and yet its structure is found to be dramatically
different from the other three, resonating a previous observation where a slight change
in a G4-forming sequence dramatically altered its folding topology [272]. AT26 formed
a stable four-layered G4 structure, featuring an unprecedented folding topology. It
adopts a novel intra-locked conformation, whereby the overall four-layered G4 consists
of two bi-layered blocks with three connecting linkers locking them. The discovery
would benefit towards understanding the principles of G4 structure formation by
sequences consisting of multiple short G-tracts.

Figure 5.1 | Spectroscopic characterization of AT26. (A) DNA sequence of AT26. (B) Imino region
1D 1H NMR spectrum revealed 16 peaks which indicated the formation of a four-layered Gquadruplex. The assignment of each imino protons is shown with corresponding residue number.
(C) CD spectrum shows a strong positive peak at 260 nm and a shoulder at ~290 nm. Samples were
prepared in 20 mM KPi buffer supplemented with 120 mM KCl at pH7.0. NMR and CD experiments
were performed at 25°C and 20°C respectively.

5.2 Results and Discussion
NMR and CD spectroscopy of the AT26 sequence revealed the formation of a fourlayered G4 structure
The AT26 sequence (Figure 5.1A) was observed to be folded in presence of K+ ions,
and not in Na+ or NH4+ ions (data not shown). Therefore, all further experiments were
performed in potassium-containing buffer (120 mM KCl, 20 mM KPi, pH 7.0). The
imino proton NMR spectrum of AT26 displayed 16 peaks of comparable intensity at
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11.0-11.8 ppm (Figure 5.11B), suggesting the formation of a four-layered G4 structure
as a single major species in the solution. The CD spectrum (Figure 5.1C) revealed a
strong positive peak at 260 nm, characteristic of same-polarity stacking of tetrads in the
right-handed parallel-stranded G4 conformation; the shoulder at ~290 nm might either
originate from a minor conformation undetectable by NMR or due to the presence of a
reverse-polarity stacking of tetrads in the structure [273-275].

Figure 5.2 | Unambiguous assignment of guanine imino (H1) protons by site-specific 15N-filtered
experiment. The reference spectrum with complete assignment is shown on top. Samples were
prepared in 20 mM KPi buffer supplemented with 120 mM KCl at pH7.0. Spectra were recorded at
25°C.

NMR spectral assignment of AT26
Site-specific low-enrichment (2%)

15

N-labeled samples were used for unambiguous

assignments of all the imino protons (H1) in the oligonucleotide sequence (Figure 5.2).
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Seven out of sixteen guanine aromatic protons (H8) were unambiguously assigned using
2% 15N-labeled samples (Figure 5.3), while the aromatic and methyl protons of five out
of twelve thymine residues were identified using 4%

15

N,13C-dual labeled samples

(Figure 5.4). The rest of the guanine and thymine aromatic and/or methyl protons and
other non-exchangeable base and sugar protons were assigned according to standard
protocols using through-space correlation (1H-1H NOESY of various mixing times) and
through-bond correlation (1H-1H COSY, 1H-1H TOCSY, and 1H-13C-HSQC) NMR
experiments. The complete assignments of all 16 aromatic protons and 12 thymine
methyl protons are indicated on top of the reference spectrums (Figure 5.3 and 5.4).

Figure 5.3 | Unambiguous assignment of guanine aromatic protons (H8) by site-specific 15Nfiltered experiment. Seven out of sixteen guanines were assigned using this method, while the rest
of the residues were assigned using NOESY, TOCSY and HSQC experiments. The reference spectrum
with complete assignment is shown on top. Samples were prepared in 20 mM KPi buffer
supplemented with 120 mM KCl at pH7.0. Data were recorded at 25°C.

AT26 forms a four-layered G4 comprised of two bi-layered G4 blocks in opposite
polarity
The H8-H1’ region of the 1H-1H NOESY spectrum (mixing time, 100 ms) of AT26
displayed three strong cross-peaks (Figure 5.5), which were identified as the
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intramolecular H8-H1’ NOE cross-peaks of G2, G15, and G27, indicating syn
glycosidic bond conformation for these guanines. The remaining 13 guanines exhibited
a lower intensity of H8-H1’ cross-peaks, indicating an anti glycosidic conformation.
The cyclic imino-H8 NOE patterns, obtained in a NOESY spectrum recorded in H2O,
identified

four

individual

tetrads:

G2•G6•G9•G12,

G15•G5•G8•G11,

G20•G23•G3•G17 and G21•G24•G27•G18 (Figure 5.6B, D). Slow exchange with the
solvent was observed for eight out of sixteen guanine imino protons; One hour after
dissolving a dried sample in D2O, the eight imino proton peaks of G3, G5, G8, G11,
G15, G17, G20, and G23 remained observable, while the other eight imino proton peaks
were completely vanished (Figure 5.7). The result implied the solvent-protected position
of the specified eight guanine residues, suggesting their localization in the middle two
tetrads of the folded four-layered G4 structure. Specific rectangular NOE cross-peak
patterns were observed for the inner tetrad guanines in the H8-H1’ region the NOESY
spectrum recorded in D2O (Figure 5.6C). The specific guanine pairs namely G20↔G11,
G3↔G5, G23↔G8 and, G17↔G15 revealed the relative positions of guanines in the
inner tetrads; together with the knowledge of guanine cyclic connectivity in each tetrad,
we deduced that there is a reversal of polarity between the inner two tetrads (Figure
5.6E). Combining the information from dihedral torsion angle, G-tetrad connectivity,
solvent exchange analysis and reversal of polarity between the inner tetrads, the folding
topology of AT26 was deduced (Figure 5.6F): the overall structure of AT26 is composed
of two blocks of bi-layered parallel G4s with opposite polarity; the G tracts are
connected by various loops and bulges. The absence of certain sequential backbone H8H1’ connectivities in the NOESY spectrum recorded with a mixing time of 300 ms
(Figure 5.8) supported the formation of multiple sharp turns in the propeller and Vshaped loops.

Solution structure of AT26
The NMR solution structures of AT26 was calculated based on distance, angle,
hydrogen-bond and planarity constraints obtained from the spectral analyses of NMR
spectra (Table 5.1). The ten lowest-energy structures out of the 100 calculated structures
were superimposed and presented (Figure 5.9A). The ensemble of the ten lowest-energy
structures was well converged with a pairwise rmsd value of (0.65 ± 0.16) Å for the G-
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tetrad core. Ribbon representation of a representative refined structure is presented
(Figure 5.9B).

Figure 5.4 | Unambiguous assignment of thymine methyl protons by site-specific 13C-filtered
experiment. Five out of twelve thymine residues were assigned using this method, the rest of the
thymine residues were assigned using NOESY, TOCSY and HSQC experiments. The reference
spectrum with full assignment is shown on top. Samples were prepared in 20 mM KPi buffer
supplemented with 120 mM KCl at pH7.0. Spectra were recorded at 25°C

Figure 5.5 | Stacked representation of H1’-H8/H6 region of the D2O NOESY plot (50 ms mixing
time) recorded in 20 mM KPi+120 mM KCl in 100% D2O. The strong cross-peaks for the three syn
residues (labeled on figure) can be easily distinguished from the anti residues. Samples were
prepared in 20 mM KPi buffer supplemented with 120 mM KCl at pH7.0. The experiment was
performed at 25°C
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Structural elements of AT26
Sequential and non-sequential G-tracts. Despite having seven G2 tracts in the sequence,
the overall folding topology of AT26 displayed only six G2 tracts being part of
successive G-tetrads. The first G2 tract (G2-G3) spans three tetrad layers, where the
residue G2 is involved in the bottom (first) tetrad and the residue G3 is a part of the third
tetrad as depicted in the folding schematic (Figure 5.6F and Figure 5.10A). The rest of
the G2 tracts (G5-G6, G8-G9, G11-G12, G17-G18, G20-G21, and G23-G24) are each
arranged regularly as two stacking guanines (Figure 5.6F). The two isolated guanines,
G15 and G27, are stacked with G2 and G3 respectively, forming non-sequential Gtracts. Every pairwise guanine-to-guanine stack is supported by the existence of the
corresponding inter-molecular cross-peaks in the NOESY spectrum (mixing time, 300
ms) recorded in D2O solvent (Figure 5.8).

Table 5.1 | NMR restraints and structure statistics
A. NMR Restraints

Distance restraints
Intra-residue
Inter-residue

Exchangeable
-51

Non-exchangeable
422
250

Other restraints
Hydrogen bond
Dihedral angle
Planarity

64
15
4

B. Structure Statistics
NOE violations
Number (>0.2 Å)

0.000 ± 0.000

Deviations from the
ideal
geometry
Bond
lengths (Å)
Bond angles (o)
Impropers (o)

0.001 ± 0.000
0.320 ± 0.003
0.191 ± 0.003

Pairwise heavy atom RMSD value (Å)
G-tetrad core
All heavy atoms

0.650 ± 0.160
2.199 ± 0.278

Clash score [213, 214]

59
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Figure 5.6 | Determination of folding topology of AT26. (A) The sequence of AT26. (B) The H1-H8
region of NOESY spectrum (mixing time, 200ms). Characteristic H1-H8 NOE cross-peaks
originating from 4 individual tetrads are boxed and marked in different colors. (C) H8-H1’ region
of NOESY (mixing time, 300 ms) showing rectangular cross peak patterns for specific guanine pairs
from the middle two tetrads revealing the opposite polarity of the two inner tetrads with respect to
each other. (D) Schematic of signature cyclic NOE connectivity within a G-tetrad. (E) Cyclic NOE
patterns used to establish the four G-tetrads. Each tetrad is represented with a different color. The
cyclic H1-H8 connectivity within a tetrad is shown with black arrows and, the reverse polarity
stacking between residues of the two inner tetrads are shown with orange arrows. (F) Schematic
representation of the proposed folding topology of AT26. Anti- and syn-guanine residues are
indicated in cyan and magenta respectively. The residue G3, adopting an undefined glycosidic
conformation between syn and anti, is shown in gray. Samples for the NOESY experiments were
prepared in 20 mM Potassium Phosphate buffer at pH7.0 containing 70 mM KCl. Experiments were
performed at 25°C.

AT26 structure involves three connecting linkers. Linkers are structural elements that
connect two or more building blocks and forms the basis of the higher-order structural
assembly. G4 linkers can be either intramolecular or intermolecular. Intramolecular G4
linkers connect different parts of a sequence which may fold independently.
Intramolecular linkers are a common feature in four-layered G4 structures made of short
guanine (G2 and G1) stretches, where they connect tetrads of two bi-layered building
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blocks. The connection can be between adjacent G-tetrads (Figure 5.10B and Figure
5.11C) or distant G-tetrads (Figure 5.11D-F). However, in certain cases, bi-layered G4s
formed of short G stretches was shown to stack on each other spontaneously to form
stable four-layered G4 without the need for an intramolecular linker; the resulting
structures are identical in terms of folding topology except the absence of the linker
(Figure 5.11A versus 5.11D and 5.11B versus 5.11E). On the other hand, intermolecular
G4 linkers, also known as ‘interlocks’, connect G4 building blocks from two or more
strands. Interlocks provide a structural basis to form long and extremely stable G4s from
short sequences. For example, the 16-nt 93del sequence d[GGGGTGGGAGGAGGGT]
along with two other derivatives s2 and s4, formed G4s containing six G-tetrads by
means of interlocking (Figure 5.11F-H). Due to intermolecular nature of the connection
the similar folding topology cannot be obtained without the linking process.

Figure 5.7 | Solvent exchange analysis of AT26 at 25°C. The sample was initially prepared in 20
mM KPi buffer supplemented with 120 mM KCl at pH7.0. Data were recorded at 25°C The top
spectrum was recorded in 90% H2O and 10%D2O containing buffer. The bottom spectrum was
recorded one hour after adding 100% D2O to the sample.

The overall structure of AT26 can be regarded as stacking of two blocks of bi-layered
G4s, comparable to those of AT27 and AT11 (Figure 5.10 and Figure 5.11C). However,
as opposed to having two independent stacking blocks [182], the two blocks of AT26
are locked into each other, therefore the name intra-locked G4. There are three bridging
points that are responsible for the locking of the two blocks: (1) G2-G3 tract, (2) the
bulge linker T4 and (3) the other bulge linker T16 (Figure 5.10A). Furthermore, we
showed (see below) that the deletion of both T4 and T16 (delT4,16, Table 5.4) resulted
in significant increase of stability, indicating that tighter locking/interaction between the
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two bi-layered G4 blocks is favorable. The locking feature signifies the interdependency between the folding of the two blocks in AT26 sequence, in contrast with
AT27 and AT11 (Figure 5.10 and Figure 5.11C).

Figure 5.8 | H1’-H8 region of NOESY spectrum of mixing time 300 ms showing sequential H8(n) –
H1’(n) – H8(n+1) backbone connectivity. Corresponding residue numbers are marled for intra-residue
H8(n) – H1’(n) cross peaks. Weak or missing inter-residue cross peaks are represented with *. The
sequential guanine cross-peaks for six G2 tracts (G5•G6, G8•G9, G11•G12, G17•G18, G20•G21,
G22•G23) are shown inside cyan boxes and, the split G cross-peaks (G2•G15 and G3•G27) in red
boxes. Samples were prepared in 20 mM KPi buffer of pH 7.0 supplemented with 120 mM KCl. Data
were recorded at 25°C.
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Figure 5.9 | NMR solution structure of AT26. (A) Superposition of the ten lowest-energy calculated
structures of AT26. (B) Ribbon view of the representative structure of AT26. syn- and anti- guanine
bases are indicated in magenta and cyan respectively, except for G3 whose glycosidic conformation
falls between syn and anti; thymine bases are shown in orange; the phosphate backbones are shown
in gray; sugar O4’ atoms are shown in red.

Figure 5.10 | Locking elements in AT26. Schematic of AT26 and AT11 with different linkers in the
two structures highlighted in red. Guanine bases in two bi-layered blocks are shown in black and
gray; the backbone and loops are shown in gray.

Various connecting loops. There are three types of connecting loops in the AT26
structure: the propeller loops (T7, T10, T19 and T22), the edgewise loop (T25-T26) and
the V-shaped loops (T13-T14 and phosphate backbone between residues G2-G3).
Generally, propeller loops are defined as the nucleic acid strands that connect two
guanines in different G-tetrad planes pointing to the same direction (Figure 5.12A),
whereas edgewise loops are described as the connecting strands between two guanines
from the same G-tetrad plane pointing to different direction (Figure 5.12B). V-shaped
loops connect two different G-tetrads, in which the system has one missing G-G support
column (Figure 5.12C-D) [257]. V-shaped loops share some structural features of the
previous two loops, yet they are unique in some regards. The relative sugar/backbone
orientations of the guanines being connected by the loop may vary, and the participating
G-tetrads may have the same or different polarities with respect to each other. In AT26,
the V-shaped loop T13-T14 connects the G12 and G15 residues situated in first and
second tetrads from the bottom respectively. The sugars/backbones of the two involved
guanines roughly point in opposite directions (G12 points downward, while G15 points
upward), and the two tetrads adopt the same polarity (Figure 5.12C). The other V-shaped
loop, which comprises of the phosphate backbone between G2 and G3, spans three
tetrad layers. The sugars/backbones of the two guanines roughly point towards same
direction (upward) and there is a reversal of polarity of the two tetrads with respect to
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each other (Figure 5.12D). Both of these two types of loops are reported in literature by
the name of V-shaped loops. Taking in account the difference in relative polarities of
the two tetrads being connected by the V-shaped loops, we propose to classify the loops
as VS-loop (connects two tetrads with same polarity) [257, 276], and VR-loop (connects
two tetrads with reverse polarity) [251, 271, 272, 277-281] (Table 5.2).

Figure 5.11 | Schematics of structures with different type of linkers. A-B) Bi-molecular G4

structures where two independently folded bi-layered G4 blocks stack upon each without any linker.
C-E) G4 structures where two bi-molecular blocks are connected with a single linker. The linker
may connect adjacent (AT27) or distant G-tetrads ((GGA)4 and 2x block2). F-H) G4 structures with
intermolecular linker or ‘interlock’. In each schematic guanine bases in two different building blocks
are shown in black and gray; the backbone and loops are shown in gray and, the linkers are shown
in red.
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Figure 5.12 | The loops in AT26: Each type of loops is shown from the structure together with a
general schematic. A) Propeller loop (T10). Propeller loops connect two tetrads with same polarity;
both guanines involved have same glycosidic conformation. B) Edgewise loop (T25-T26). Edgewise
loops connect guanines in the same tetrad, the two guanines usually have different glycosidic
conformation. C) VS-loop (T13-T14). VS-loops may span two or three tetrads, the tetrads have same
polarity and one of the two guanine residues being connected by the loop is usually syn. D) VR-loop
(backbone of G2-G3). VR-loops may span three or two tetrads, the tetrads have different polarity
with respect to each other; and the 5’-dG of the loop is usually syn, while the 3’-dG has undefined
glycosidic conformation. For the structural representations, the loops and the guanines being
connected are highlighted; the arrows roughly indicate the direction of the sugar backbone of the
guanines; the loop residues are removed for clarity; the syn, anti, and undefined guanines are shown
in magenta, cyan, and gray respectively, the phosphate backbone is shown in gray, sugar O4’ atoms
are shown in red. For the schematic representations, the loops of interest in each panel are
highlighted and shown in red and other DNA backbones without any direction information is made
transparent and shown in gray; guanine residues other than the ones connected by the loops are
shown in gray; the polarity of the tetrads are shown with a green arrow.

Table 5.2 | V-shaped loops
Loop type

Polarities of connected
G-tetrads

References

VS

Same

[257, 276]

VR

Reversed

[251, 271, 272, 277282]
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Figure 5.13 | Van der Waals surface representation of AT26 structure from four sides. On the
surface representations (left), guanine bases are colored in green; sugar and DNA backbone is
shown in gray; and thymine bases are show in orange. On the schematics (right), the side of interest
in shown with a green plane next to it. Groove size for each tetrad on the side of interest is shown
with letters, where N, M, and W represents narrow, medium, and wide grooves respectively. Syn and
Anti bases are colored in magenta and cyan.
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The guanine residue at the 5’-end of the VR-loop (5’-dG) of AT26 (G2) has a syn
glycosidic conformation. The guanine residue at the 3’-end of the VR-loop (3’-dG) of
AT26 (G3) has a glycosidic bond angle of (317.0 ± 6.2)°, which falls in between the
range of syn and anti conformations. A survey of the other reported structures with VRloops consisting of natural DNA bases showed that in all cases, except for 6JCD, the 5’guanine residue of the VR-loop adopts syn glycosidic conformation while the 3’-dG
residue adopts an undefined glycosidic conformation with angle in between syn and anti
(Table 5.3). In case of 6JCD, the VR-loop connects a 5’-dG with undefined glycosidic
conformation to a 3’-dG adopting syn conformation (Table 5.3) [271]. In a G4 structure
containing LNA modified bases (PDB code, 2WCN), the VR-loops connect both
guanine residues with anti glycosidic conformation, which could be attributed to the
effect of LNA sugar being locked in anti conformation [277]. A recent report on
oligonucleotides containing modified bases showed that beyond the glycosidic angles,
north-type sugar puckering of the guanine residues can drive the formation of V-shaped
loops [280].

Table 5.3 | Summary of glycosidic angle (χ)a of the guanine residues of VR-loops of natural
DNA base
PDB ID

Measured χ value (°) for 5’-dG

Measured χ value (°) for 3’-dG

Reference

1U64

75.2 ± 6.1 (syn)

319.4 ± 0.9 (undefined)

[272]

2KPR

40.6 ± 5.6 (syn)

313.9 ± 12.7 (undefined)

[282]

6H1K

72.2 ± 25.6 (syn)

333.3 ± 11.5 (undefined)b

[251]

275.1 ± 1.1 (undefined)

[278]

5ZEV

77.1 ± 1.2 (syn)

6A7Y

64.8 ± 5.0 (syn)

343.7 ± 6.9 (undefined)

[279]

5O4D

87.2 ± 2.4 (syn)

274.2 ± 6.8 (undefined)

[281]

317.0 ± 6.2 (undefined)

This work

64.2 ± 3.1 (syn)

[271]

6KVB
6JCD

72.3 ± 25.7 (syn)
155.4 ± 6.2 (undefined)

ranges for anti and syn glycosidic angles (χ) are defined as 240° > χ > 180° and 0 < χ < 90°
respectively [283]. Glycosidic angles outside of these ranges are marked as undefined.
aThe

bThe

glycosidic angle extracted from the solution structure (PDB code, 6H1K) falls in the
undefined range, although the reference described it as a syn conformation.

116

Table 5.4 | List of modified sequences studied and thermal stability data
Name

Type of

Sequence (5’-3’)

study

Tm (°C)

ΔTm
(°C)

AT26

Original

TGG TGG TGG

TGG TTG

TGG

TGG

TGG

TTG

T

40.8 ± 0.5

-

insT27

Modifications

TGG TGG TGG

TGG TTG

TGG

TGG

TGG

TTTG

T

44.0 ± 0.5

+3.2

TGG TGG TGG

TGG TTG

TGG

TGG

TGG

TTTTG T

35.7 ± 1.2

-5.1

TGG TGG TGG

TGG -TG

TGG

TGG

TGG

TTG

T

NAa

NAa

TGG TGG TGG

TGG TTTG

TGG

TGG

TGG

TTG

T

37.6 ± 0.7

-3.2

TGG TGG TGG

TGG TTTTG TGG

TGG

TGG

TTG
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34.0 ± 0.8

-6.8
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-GG

TGG

TGG

TTG

T

50.6 ± 0.3

+ 9.8

TGG -GG TGG
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TTG

T

66.2 ± 0.5
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NAa

NAa
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TGG
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TTG

T

NAa

NAa

TGG -GG TGG

-GGG TGGG TGGG TTGG
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>+49

of edgewise
insT27, 28

loop

delT13
Modifications
insT15

of V-shaped
loop

insT15,16
delT4

delT16

Deletion of
bulges

delT4,16

insT9
Addition of
bulges
insT9,22

AT26E
aNMR

G-tetrad

TGG TTG

extension

spectra indicate the formation of multiple G-quadruplex conformations.

Unique groove architectures. The AT26 structure consists of uniquely assembled
grooves

(Figure

5.13).

There

are

superpositions

of

different

grooves

(wide/medium/narrow) on three out of four sides of the structure. Similar superposition
of different grooves are rare, and can be found in very few G4 structures, such as 93del
[284]. On the contrary, regular G4 structures with continuous G-tracts [parallel, antiparallel, or (3+1) hybrid] display uniform grooves on each side. In addition, in the AT26
structure, different types of loops cover part of the grooves differently (VS- and propeller
loops spanning two adjacent tetrads and VR-loop spanning three tetrads), which
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produces unique available binding surfaces. This distinctive feature is potentially
relevant in ligand design for specific targeting of the AT26 structure.

Table 5.5 | Different G4 folds formed by sequences containing G2 tracts and isolated G
residues
Type of
structure

Name

Sequence (5’-3’)

AGRO100

GG TGG TGG TGG TTG TGG TGG TGG TGG

AT11

TGG TGG TGG TTG TTG TGG TGG TGG TGG T

AT21

TGG TGG TGG TGG TTG TGG TTG TGG TGG T

2 x Block2
AT27
TBA-TBlock2
AT26

G TGG TGG TGG TG

TTG TGG TGG TGG TGT T

TGG TGG TGG TGG TTG TGG TGG TGG TGT T

Mixed
population
Four-layered
parallel
Two-layered
antiparallel
with knotlike motif
Four-layered
parallel
Four-layered
parallel

Handedne
ss

Reference

-

[171]

Right

[174]

Right

[271]

Left

[182]

Left

[175]
[285]
This work

GGT TGG TGT GGT TGG TTG TGG TGG TGG TG

Four-layered
parallel

Hybrid
(Left &
righthanded)

TGG TGG TGG TGG TTG TGG TGG TGG TTG T

Four-layered
parallel

Right

Effect of loops and bulges on the structure and stability of AT26
Previous studies had indicated that the structural stability of most G4s is inversely
related to the lengths of their loops [244, 286-289] and bulges [240]. The AT26 structure,
which consists of a 2-nt edgewise loop (T25-T26), a 2-nt V-shaped loop (T13-T14) and
two bulges (T4 and T16), has a melting temperature of 40.8°C under ~150 mM K+
condition. The sequence was modified—specifically in the loops and/or bulges—to
assess the effects of these structural elements on the structure and stability. The modified
sequences, structure formation assessment and thermal stability (Figures 5.14-5.16) are
listed in Table 5.4: (1) the augmentation of the edgewise loop from two to three thymines
(insT27) retained the structure with increased stability (+3°C), while further increasing
the loop to four thymine residues (insT27,28) resulted in decreased stability (-5°C),
suggesting the optimum length of the edgewise loop is three residues (Figure 5.16A);
(2) the reduction of the two-thymine V-shaped loop to a one-thymine loop (delT13)
showed a mixture of at least two G4 conformations, while the augmentation to three
(insT15) and four-thymine loop (insT15,16) maintained the structure with decreased
stability (-3°C and -7°C respectively), suggesting the optimum length of two residues
(Figure 5.16B); (3) the deletions of the two bulges either individually (delT4 and
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delT16) or together (delT4,16) resulted in a significant increase in thermal stability,
ranging from +10°C to +25°C (Figure 5.16C). The supporting 1H NMR and CD spectra
of the listed sequences are presented in Figures 5.14-5.16.

G4 formation from sequences containing irregularly spaced G2 tracts and isolated
G residues
Most investigated G4 structures contain G-tracts of three or more guanines (G≥3)
separated by loops, following the most intuitive G4-forming motif (G3+N1-7G3+N17G3+N1-7G3+)

[34]. Sequences with short (G≤2) and irregularly spaced G-tracts are

believed to have relatively lower tendencies to fold into G4 structures since the stability
of G4s is directly related to the number of stacking G-tetrad layers.

Examples of G4 structures formed by sequences containing only G≤2 tracts include the
15-nt thrombin binding aptamer (TBA) sequence [267] and a 19-nt Bombyx mori
telomeric sequence [269]. Both form a two-layered G4 in solution with a non-parallel
topology, further stabilized by stacking of structural elements formed by the loop
residues. G4 structures with only two G-tetrad layers capped by stabilizing loop
elements have also been observed for sequences containing G≥3 tracts [61]. Sole
existence of two-layer parallel G4s without further stacking/stabilizing elements has not
been observed. However, two blocks each having two G-tetrad layers could stack on
each other to further stabilize the complex, as observed for the (GGA)8 sequence
consisting of only G2 tracts [290]. Furthermore, participation of isolated G residues in
the G-tetrad core has been documented [240, 291-293].

Recently, we reported several examples of G4 structures formed by sequences
containing irregularly spaced G2 tracts and isolated G residues (Table 5.5), derived from
an anti-proliferative oligonucleotide AGRO100 [174, 175, 182, 271, 285]. Each of these
sequences featured seven G2 tracts and several isolated guanines with single/double
thymine residues as linkers. The position of the G2 tracts and isolated G residues with
respect to each other were varied in these sequences and henceforth the position of the
single/double thymine linkers were changed as well, which resulted in adoption of
different structures (Table 5.5). The thymine residues could form various loops, bulges,
or linkers between G4 blocks. Four-layered right-, left-, and mixture right/left hybrid
G4s were observed for AT11, AT27 and TBA-T-Block2 respectively, while AT21 folds
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into a two-layered G4 structure accompanied by a knot-like peripheral motif (Fig. 4B
and Figure 5.11B-C, E-F). The AT26 structure is yet another example of four-layered
G4 formation from a sequence consisting irregularly spaced G2 tracts and isolated G
residues. The intra-lock motifs in this structure provide tight connections between G4
layers and blocks. Another particular feature is that consecutive guanines in a G2 tract
(G2-G3) in the sequence do not form adjacent bases in the G4 core. Except for AT21,
the discussed sequences contained 16 guanines participating in the formation of four Gtetrad layers. For a sequence with more than 16 guanines, such as AGRO100, different
conformations can be formed and interconverting using different combinations of
guanines for the G4 core formation (see below for further discussion on sequencestructure relationship).

A small change in sequence can lead to a large change in the G4 fold, but a large
change in sequence does not always alter the G4 fold
Despite extensive structural studies on G4-forming sequences over the past three
decades, the sequence-structure relationship is yet to be fully understood. Different
topologies with different combinations of G4 core and loops have been observed [232,
233, 294]. We learnt that small changes in sequence or chemical modifications can
completely alter the G-quadruplex fold [272, 295-301]. Some rules have emerged to
predict the folding topologies and structural elements of G4 sequences harboring G≥3
tracts, such as the robustness of some loops elements [287, 302].

On the other hand, structures of sequences with non-homogeneous G-tract lengths and
irregularly spaced G<3 tracts have been little explored. The AGRO100 derivatives (Table
5.5), consisting of short G2 tracts and isolated G residues have provided us an
opportunity to understand the effect of small changes in DNA sequences that bring about
new folding topologies. As mentioned in the previous section, the structural diversity of
these derivatives—which differs very slightly from each other in terms of sequence—
suggested that the positions of the isolated guanines and the lengths of the connecting
loops are critical determining factors on the adopted folding topologies. To describe it
further, consider two highly similar sequences, AT11 and AT27. Both the sequences
have the same composition (16 guanines and 12 thymines, Table 5.5), and they assemble
into two bi-layered G4 blocks connected by a linker. However, there are major
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differences in the backbone progression within these two structures: while AT11 has a
conventional right-handed backbone progression, AT27 showed a novel left-handed
backbone progression. Another intriguing case is the comparison between AT26 and
AT27. The AT26 structure, a right-handed intra-locked scaffold is again dramatically
different from that of AT27. The difference of the two sequences arises from a base swap
at 26th and 27th position, which convert the single thymine loop at position 26 of AT27
into a double thymine loop at position 25-26 of AT26. The role of single thymine loops
in favoring left-handed scaffolds was described before [285], providing a possible
explanation on completely different structural behavior of AT26 compared to AT27. Yet
another AGRO100 derivative is AT21 (Table 5.5), which folds into a two-layered antiparallel G4 structure, comprising of two edgewise loops and a novel robust knot-like
loop motif containing a T•T•G triad and a T•G base pair [271]. Note that heavy
modifications of the two edgewise loops (9 residues) in AT21 did not alter the G4 fold.
Similarly, multiple sequence mutations can be introduced in the left-handed sequence 2
x block2 [182] and, AT26 (this work) without altering the G4 fold.

In summary, a small change in sequence can lead to a large change in the G4 fold, but
a large change in sequence does not always alter the G4 fold. The folding landscape of
sequences containing irregularly spaced short G-tracts and isolated G residues is
complex, and thus it is difficult to formulate sequence-structure relationship rules based
on the current understanding. Nevertheless, some observations for the folding of such
sequences have emerged, such as (i) a 11-nt sequence GTGTGGGTGTG that can fold
into stable G-hairpins [303]; (ii) a minimal left-handed G4 motif GTGGTGGTGGTG
that can drive adjacent G-rich sequences in parallel left- or right-handed G4
conformations [182, 285]; and (iii) a knot-like motif TGTTGGT that can be formed on
top of a G4 structure [271].

Intra-locked motif as a basis for extension of a G4 core
Possible extension of the AT26 structure to a five-layered G4 was attempted (AT26E),
where a guanine residue was added in each of the four elongation positions (marked in
boldface, Table 5.4) of the sequence with removal of both bulges and the 3’-terminal
thymine. The formation of the structure was confirmed by NMR (Figure 5.14E) and CD
experiments (Figure 5.15E). The sequence contains G2, G3 and G4 tracts, presumably
forming a five-layered G4 structure (Figure 5.17), which was found to be extremely
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stable (Tm > 90°C) under ~150 mM K+ (Figure S16D). The data indicate that very stable
intra-locked G4s can be formed by sequences with G-tracts of various lengths including
several short G2 tracts, which might be underestimated previously.

Figure 5.14 | NMR spectra of modified sequences. (A) edgewise loop modification, (B) V-shaped
loop modifications, (C) deletion of bulges, (D) addition of bulges and, (E) G-tetrad elongation.
Samples were prepared in 20 mM KPi buffer supplemented with 120 mM KCl at pH7.0. Data were
recorded at 25°C.

Prevalence of AT26 like sequences in the human genome and biological implication
While all AGRO100-related sequences listed in Table 5.5 contain only T and G residues,
an earlier study showed that several thymine loop residues could be successfully
mutated (individually or concomitantly) to cytosine or adenine residues without altering
the fold, broadening the sequence scope for G4 structure formation [182]. Here, we
performed a bioinformatic search across the whole human genome to find out the
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prevalence of AT26-like motifs, i.e. sequences with short G2 tracts and isolated G
residues. The general sequence query (G2+N1-2)7G2+ (designated as 8G2 query), which
represents sequences with eight G≥2 tracts separated by one-two non-G residues, resulted
in 35,216 exact matches (restricting the query even more with exactly G2 in each of the
eight G-tracts resulted in 12,699 exact matches. Next, we introduced two isolated
guanines into the search query, designated as 7G2+2G1, with seven G≥2 tracts and two
isolated Gs separated by one-two non-G residues. The total combinations of each
possible positions of the isolated Gs resulted in 36 individual queries (see Appendix and
Table 5.6). These 36 query sequences produced in a total of 109,310 exact matches.
Introducing more isolated Gs while decreasing the number of G≥2-tracts accordingly
(e.g. 6G2+4G1, 5G2+6G1, etc.) would much further increase the number of matches. To
experimentally test whether it is possible to include more isolated Gs in the sequence
while still forming a G4, we introduced one or two more bulges in the AT26 sequence
(Table 5.3). The resulting sequences which contain six G2 tracts with 4 isolated Gs
(insT9), or five G2 tracts with 6 isolated Gs (insT9,22) both forms G4 structure as
evident from their NMR (Figure 5.14D) and CD spectra (Figure 5.15D), although we
cannot conclude whether the two new sequences fold the same way compared to AT26.
Together, the bioinformatics and experimental data suggest a high prevalence of AT26like sequences in human genome, which possess G4-forming potential. The abundance
of AT26-like sequences in human genome may constitute a significant part of the
difference between the putative G4 sequences numbers obtained from the ‘Quadparser’
algorithm (~380,000) [34], the ‘G4Hunter’ algorithm (>2 fold of ~380,000) [261] and
the experimental sequencing technique ‘G4-seq’ (> 700,000) [35]. As an example, the
sequence d(TGGTGGTGGTGGTGGTGGTGGTGGTTGT), which differs from AT26
by one T-to-G variation (underlined) is found in the human SYT14 gene, associated with
neurodevelopmental abnormalities, spinocerebellar ataxia and glioma cell proliferation
[151, 304, 305]. Presence of a G4 forming sequence in the concerned gene may provide
a new therapeutic target for these diseases.
Table 5.6 | Bioinformatic search queries for 7G2+2G1 sequences
No.

Sequence

1.

GG+X1-2GG+X1-2 GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2G+

2.

GG+X1-2GG+X1-2 GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2G+
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3.

GG+X1-2GG+X1-2 GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2G+

4.

GG+X1-2GG+X1-2 GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2G+

5.

GG+X1-2GG+X1-2 GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+

6.

GG+X1-2GG+X1-2 G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+

7.

GG+X1-2G+X1-2 GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+

8.

G+X1-2GG+X1-2 GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+

9.

GG+X1-2GG+X1-2 GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2G+X1-2GG+

10.

GG+X1-2GG+X1-2 GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2G+X1-2GG+

11.

GG+X1-2GG+X1-2 GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2G+X1-2GG+

12.

GG+X1-2GG+X1-2 GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+

13.

GG+X1-2GG+X1-2 G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+

14.

GG+X1-2G+X1-2 GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+

15.

G+X1-2GG+X1-2 GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+

16.

GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2G+X1-2GG+X1-2GG+

17.

GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2G+X1-2GG+X1-2GG+

18.

GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+

19.

GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+

20.

GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+

21.

G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+

22.

GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2G+X1-2GG+X1-2GG+X1-2GG+

23.

GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+

24.

GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+

25.

GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+

26.

G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+

27.

GG+X1-2GG+X1-2GG+X1-2G+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

28.

GG+X1-2GG+X1-2G+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

29.

GG+X1-2G+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

30.

G+X1-2GG+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

31.

GG+X1-2GG+X1-2G+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

32.

GG+X1-2G+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+
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33.

G+X1-2GG+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

34.

GG+X1-2G+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

35.

G+X1-2GG+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

36.

G+X1-2G+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+X1-2GG+

Figure 5.15 | CD spectra of modified sequences. (A) edgewise loop modification, (B) V-shaped loop
modifications, (C) deletion of bulges, (D) addition of bulges and, (E) G-tetrad elongation. Samples
were prepared in 20 mM KPi buffer supplemented with 120 mM KCl at pH7.0. Data were recorded
at 20°C
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Figure 5.16 | CD melting profiles for the comparison of thermal stabilities of AT26 with sequences
consisting of (A) edgewise loop modification, (B) V-shaped loop modifications, (C) deletion of
bulges, (D) G-tetrad elongation. Samples were prepared in 20 mM KPi buffer supplemented with
120 mM KCl at pH7.0, sample concentration for all thermal melting experiments was 5 µM. Data
shown here belongs to the unfolding event only i.e. while increasing the temperature from 15 to 90°C
(95°C for AT26E).

5.3 Conclusions
•

AT26 with its novel intra-locking mechanism makes it possible for discontinuous
G2 tracts and split Gs to adopt a stable four-layered G4.

•

AT26 and associates (AT11, AT21, and AT27) also show that G-tract length is
not necessarily correlated with G-tetrad layers in the folded structure.

•

These sequences although being very close to each other, generates dramatically
different structures.

•

As the system thrive to place the guanines in tetrads to maximize the stacking it
creates interesting loop motifs that are often rare in G4 structures of G3+ tracts
containing sequences.
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•

The length and geometry of the loops play critical roles in determining the
folding topology.

Figure 5.17 | Comparison of sequence with AT26 (A), and Schematic (B) of the extended five-layered
G4 structure (AT26E). Anti- and syn-guanine residues are indicated in cyan and magenta
respectively.
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Chapter 6

Summary and Future Perspectives

6.1 Summary
This thesis explored the structural features of nucleic acids with nuclear magnetic
resonance spectroscopy and other biophysical tools. The G-rich sequences studied can
be broadly categorized into two classes. The first is the G4C2 repeat sequence that is
relevant to ALS/FTD and the second class of sequence is TGG repeat-containing
sequence.
The G4C2 repeat expansion disorder was recently associated with the fatal
neurodegenerative diseases ALS/FTD [105, 106]. Recent studies provided several
hypotheses for the pathophysiology of the disease that involves different DNA/RNA
secondary structures [87, 108, 116]. G4C2 repeat sequences being highly rich in guanines
and cytosines are a potential candidate for multiple complex secondary structure
formation that including G4s. Chemical and biophysical characterization of several
G4C2 repeat-containing sequences showed evidences of in vitro formation of G4 and
hairpin containing structures [113, 116, 123, 146, 147, 191, 220, 221]. However, the
lack of extensive structural characterization using X-ray crystallography and solution
NMR motivated us to investigate different possible structures of the G4C2 repeat
sequences that include G4 and hairpin/duplex.
Chemical and enzymatic probing earlier showed that G4C2 repeat-containing sequences
form an equilibrium between hairpin and G4 structural forms [146, 191]. The hairpin
form was characterized to be consisting of 1×1 GG internal loop. However, other reports
predicted the formation of hairpin forms with 2×2 GG internal loop as well [108, 116].
In chapter 3, we attempted to study both hairpin forms from a structural point of view.
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However, at the time of writing this thesis, we managed to study the stem of 1×1 internal
loop system and the hairpin loop for 2×2 internal loop system.
For a potential 2×2 internal loop containing system, we discovered that hairpin loop to
be consisting of the base CGGG, where the two Gs in the middle being the effective
loop bases as the terminal C and G formed a partial Watson-Crick base pair. Further
elongation of the stem will be required to study the full hairpin with the loop as well as
the 2×2 GG internal loop.
For the 1×1 internal loop structure, the GG pair was found to be mutually exchanging
syn-anti type base pairing. Structural analyses of the G(syn)-G(anti) base pair showed
consistent results with reported crystallographic structures of hairpins of CGG repeats
[208, 209]. The mutual exchange process was earlier shown to be dependent on the
sequence context [212]. The neighboring base pairs on the two sides of the GG pair was
shown to govern its stability and hence the exchange rate [204]. Using 2D NOESY
spectra we quantitatively analyzed the syn-anti exchange rate. Our results were
consistent with the fact that the stability of the neighboring base pairs immensely affects
the exchange process. Finally, we showed that the GG pair in RNA is more dynamic in
nature compared to DNA. Even though RNA has a higher overall stability, the local
stability around the GG pair seems to be less compared to that of DNA. This finding
supports the fact that the Hoogsteen base pairs are disfavored in the A-form backbone
of RNA [217, 306].
In chapter 4, we took a rational approach to screen a series of sequences containing two
to three repeats of G4C2 in search of a suitable sequence that folds into G4 structure. The
results revealed a family of sequences of length 12-17 nts that folds into a structure with
characteristics of both Watson-Crick base pairs and G4 Hoogsteen hydrogen bonding.
We solved the solution NMR structure of a representative 14 nt sequence (WT14). The
resulting structure was a duplex-quadruplex hybrid with two G-tetrad units sandwiched
between four base Watson-Crick base pairs on each side. The biggest highlight and
novelty of this structure was that it adopted the same folding regardless of the type of
cation present in the medium. We did not find any evidence supporting the presence of
a cation in the core of the G-tetrads in the structure. We hypothesized that the central
channel of G4 in this structure is devoid of any cations, unlike other G4 structures. The
presence of a cation, however, is still necessary to neutralize the negative charge of the
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phosphate backbones to allow the two strands to come closer and form the duplex. The
folding of the duplex provides a template for the quadruplex moiety to form. Our
findings revealed unprecedented ion independent duplex-quadruplex structure that can
serve as an attractive target for protein and small molecule ligands.
It is widely accepted that G-rich sequences with G3+ tracts readily form G4 structures
under appropriate ionic conditions. The number of G-tetrad layers in a G4 structure,
which is an important factor that determines the stability of the structure is often found
to be correlated with the G-tract length in the sequence. In this regard sequences that are
devoid of G3+ tracts were not expected to form stable G4 structure. Although, there are
a handful of studies done earlier that showed it is possible for sequences with G2 tracts
and split Gs to fold into stable G4s. In Chapter 5, we presented the structure of AT26, of
which sequence consists of six G2 tracts and two split Gs. By means of intra-locking,
this sequence folds into a stable four-layered structure consisting of two bi-layered
blocks in K+ containing solution. The structure of AT26 differs to its predecessors AT11
and AT27 significantly even though there is very little change in their sequences.
Nevertheless, all three sequences broadly fold into four-layered G4 structures, which
shows that G-tetrad layers in a G4 structure are not necessarily correlated to G-tract
length. Furthermore, we show that AT26 like sequences with G2 tracts and split Gs are
abundant in the human genome. AT26 like TGG repeat-containing sequence was found
in the SYT14 gene, which was earlier associated with spinocerebellar ataxia and glioma
cell proliferation.

6.2 Future perspectives
G4C2 repeat
Secondary structures of DNA and RNA play crucial roles in the development of diseases
linked with aberrant repeat expansions. The G4C2 repeats, due to its G, C-richness, is a
potential candidate to form multiple complex secondary structures. In this dissertation,
we have presented the structural characterization of a model duplex/hairpin systems and
a conserved duplex-quadruplex hybrid conformation. However, given the fact that
changes in experimental conditions and nucleic acid sequence may have massive effects
on the secondary structures especially G4s, there is room for more structures to be
discovered. Lat et. al. has reported a novel d[G4C2] structural motif that formed under
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specific ionic and low pH condition, which the authors proposed to be consisting of lefthanded duplex, G4/i-motif hybrid, or non-canonical ‘braided’ triplex [114]. The
conservation of this structural motif from three to seven repeats hints for its possible
presence in even longer sequence context. The high-resolution structural characteristic
of this motif may provide a new and unique target for ALS/FTD.
RNA toxicity is one of the proposed contributing mechanisms of ALS/FTD, which
involves self-association of RNA transcripts to form RNA-foci that further leads to
irreversible inclusions of several RBPs. Sequestration of RNA binding proteins
eventually leads to disruption of key cellular processes. In some cases, the interaction
between the RNA binding proteins and the expanded repeat RNA has been shown to be
structure-specific, for example, nucleolin and nucleophosmin bound specifically to
RNA G4 structure but not with the hairpin form [116]. The RNA structures can
potentially influence the binding affinity and specificity with several proteins. On the
other hand, RAN translation, a third proposed contributing factor in development of
ALS/FTD was shown to be driven specifically by the hairpin structures formed by the
RNA transcripts. Therefore, the detailed knowledge of several possible structural motifs
formed by the C9ORF72 sense and antisense RNA is crucial. Biophysical studies have
shown that the sense RNA transcripts r(G4C2)n fold into parallel G4 structures [123,
147], whereas the antisense RNA transcripts r(C4G2)n may fold into hairpins and A-form
dimers with tandem C-C mismatches [307], and i-motif structures [192]. Simultaneous
presence of sense and antisense RNA strands were shown to result in heterodimer
formation [192]. As such, although there are evidences for different possible C9ORF72
sense and antisense RNA structures, no high-resolution x-ray crystal or solution NMR
structure has been reported in literature till date. High-resolution structures are
particularly useful in better understanding complex folding topologies and rational
design of therapeutics.
Methylation at the CpG site (cytosine and guanine bases separated by a phosphate
group), is one of the most common epigenetic modification, which may affect gene
expressions and cause gene silencing. Extensive promoter methylation upstream to the
repeat expansion region was observed [308, 309], which was found to be associated
with decreased levels of mRNA transcripts along with decreased levels of RNA foci and
aggregated dipeptides. This suggested that promoter hypermethylation is part of the
cells counter-regulatory strategy against the expansion mutation by partial silencing of
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the gene [309]. However, a more recent study has reported that the G4C2 repeat itself is
methylated in 97% carriers containing >50 repeats, while in carriers with >22 repeats
methylation was not observed [310]. This may suggest a possible role of repeat
methylation in the disease pathology. Structural comparison of the methylated and nonmethylated analogue may help discover the effect of methylation on the G4C2 repeats.
Methylation of G4C2 repeat was reported to result in higher thermodynamic stability
[112]. In our study individual substitution of the cytosines with 5-methylcytosines did
not affect the overall structure, a similar observation was reported for an antiparallel G4
structure reported by Brcic et. al. [221]. However, based on these results it is hard to
ascertain the effect of concomitant methylation of all the CpG sites the sequence or
methylation in a longer sequence context. Further study is needed in this regard.
The therapeutic strategies to target the G4C2 repeats has seen two approaches, the ASO
(antisense oligonucleotide) based approach and the ligand-based approach. Use of ASOs
selective to the sense and antisense RNA transcripts was shown to reduce RNA mediated toxicity in mice models as well as patient iPSC (induced pluripotent stem cell)
derived motor neurons [127, 311, 312]. ASOs can be designed to inhibit the R-loop
formation to reduce the production of abortive mRNA transcripts [313]. Conformation
dependent targeting approach was exhibited by using small molecule ligands. TMPyP4,
a G4 specific ligand was shown to bind with RNA G4 of G4C2 repeats to distort the G4
structure and intervene with its binding to RBPs [314]. Disney et. al. discovered small
molecule ligands that specifically bind to internal-loop-containing hairpin structure and
inhibit the RAN translation process [146, 191]. So far, the ligand approach is focused
towards targeting the RNA. In principle, the d[G4C2] can also be targeted. G4 specific
ligands can potentially be used to target G4 structures of the d[G4C2] repeats. One
potential issue with G4 binding ligands is their poor selectivity between G4 structures,
which can be tackled by a dual targeting approach involving simultaneous recognition
of quadruplex and duplex structures [229].
TGG repeats and related sequences with irregularly spaced G tracts
We discussed earlier the importance of loop residue length and geometry in governing
the folding principle in AT26 and related sequences. The widespread presence of
sequences containing irregularly spaced short G2 tracts and split Gs in human genome
(Chapter 5 and Table 1.1) calls for more structural work in related sequences. From a
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biophysical standpoint further research on related sequences may lead to discovery of
novel loop motifs and increase the repertoire of G4 structures. From a therapeutic
standpoint study of short and irregularly spaced G-tracts containing sequences that occur
in specific genes or promoters may provide new biological targets for the concerned
diseases.
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Appendix
Experimental Protocols
Chapter 3.
DNA/RNA Sample preparation. Unlabelled or site specifically

15

N labeled DNA

oligonucleotides were either synthesized in an ABI 394 DNA/RNA synthesizer using
reagents from Glen research or purchased from Integrated DNA technologies in
Singapore. Following synthesis and purification, the oligonucleotides were dialyzed in
deionized H2O, followed by 10 mM KCl, and then deionized H2O again. The samples
were then subjected to freezing and lyophilization after which they were dissolved in 20
mM NaPi buffer of pH7.0 supplemented with 70 mM NaCl. The RNA oligonucleotide
was purchased from Integrated DNA technologies in Singapore and was directly
dissolved in the above-mentioned

buffer. The oligonucleotide concentrations were

calculated in terms of strand molarity using the molar extinction coefficient of the
unfolded species obtained from the nearest neighbor approximation [315].
Native PAGE analysis. Non-denaturing PAGE experiment was done at ~4°C in a
miniPROTEAN (Bio-Rad) gel electrophoresis set up. 1X TBE was used as running
buffer. Samples prepared for the experiment contained approximately 0.1-1.5 mM DNA
in a total volume of 4 µL. 1 µL of 40% sucrose was added to each sample before loading
into the gel. The DNA bands were visualized by UV shadowing. The gel image was
processed using ImageJ (NIH) program.
UV Spectroscopy. UV thermal melting experiments were performed in a JASCO-615
spectrophotoimeter. Absorption at 260 nm was recorded as a function of temperature.
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The samples were prepared in 20 mM NaPi buffer of pH7.0 supplemented with 70 mM
NaCl. Sample concentration was ~5 µM. The temperature ramp rate was set to
0.2°C/min, and the data were collected at 0.1°C intervals. The data for both cooling
(folding) and heating (unfolding) process was recorded. Two baselines were drawn, one
for low temperature range (corresponding to fully folded species), and one for high
temperature range (corresponding to fully unfolded species). The melting temperature
Tm was the temperature with 50% of folded/unfolded species. The average Tm obtained
from the folding and unfolding events were presented along with the mean deviation.
NMR spectroscopy. NMR experiments were performed on a Bruker AVANCE 600
MHz spectrometer. For 1×1 GG internal loop containing systems the samples were
prepared in 20 mM NaPi buffer at pH7.0 containing 70 mM NaCl, while for 2×2 GG
internal loop containing system the samples were prepared in 1 mM NaPi buffer. Unless
otherwise mentioned, the NMR spectra were recorded at 10°C. For experiments
performed with 90% H2O containing buffers, a jump and return pulse sequence was
used to suppress the otherwise very strong water peak [316]; experiments performed in
100% D2O did not require any solvent suppression. Imino protons were partially
assigned using unambiguous site-specific

15

N-enrichment method [205]. Rest of the

spectral assignment was done using 1H-1H NOESY (different mixing times), TOCSY,
and

13

C-1H HSQC experiments [317]. All spectral analyses were done using Bruker

TOPSPIN, and NMRFAM-SPARKY program [318].
NMR structure computation. NMR structure computation was done in XPLOR-NIH
program [188, 189]. The procedure involves two steps; i) distance geometry simulated
annealing, and ii) distance-restrained molecular dynamics refinement; these two
processes are briefly discussed in section 2.6. 100 structures were computed out of
which the 10 structures with lowest energies were selected. The structures were
displayed and analyzed using the PyMOL program [319]. The restraints used during the
structure calculation are as follows.
NOE distance restraints. Inter-proton distances for G2 were obtained from intensity of
NOESY cross peaks from experiments performed in H2O (mixing time 200 ms) and
D2O (mixing time 25, 50, 100, and 300 ms). For non-exchangeable protons, distances
were classified into five categories which are very strong, strong, medium, mediumweak and weak with distances (2.5 ± 0.7) Å, (2.7 ± 0.8) Å, (3.8 ± 0.9) Å, (4.6 ± 1.2) Å
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and (5.5 ± 1.7) Å respectively. Distances from exchangeable protons were classified
into four categories which are strong, medium1, medium2, and weak with distances (2.6
± 1.2) Å, (4.5 ± 1.0) Å, (4.8 ± 1.4) Å and (5.5 ± 1.7) Å respectively. Cross peaks
involving thymine methyl protons were accounted for as distances from the methyl
carbon instead. To account for the carbon-hydrogen distance in the methyl group the
constraints were loosened by 0.5 Å.
Dihedral restraints. Dihedral angles (α, β, γ, ε, ζ) for standard B-DNA were used; which
for G6 residues were loosely constrained compared to other residues. The χ glycosidic
angle (involving O4’-C1’-N9-C4 atoms) for G6(syn) was restrained to (40 ± 30)o
degree, while the same for the G6(anti) and all other guanine and adenine residues was
restrained (250 ± 30)o. For all cytosine and thymine residues, the χ glycosidic angle
(involving O4’-C1’-N9-C2 atoms) was set to (250 ± 30)o. The torsion angle α [involving
O3’(i-1)-P-O5’-C5’ atoms] was restrained to (293 ± 15)o or (293 ± 30)o, the higher
relaxation was for the backbone step G5-G6. Similarly, the torsion angle β (involving
atoms P-O5’-C5’-C4’ atoms) was restricted to (186 ± 15)o or (186 ± 30)o. Torsion angle
γ (involving atoms O5’-C5’-C4’-C3’ atoms) was restrained to (54 ± 15)o or (54 ± 30)o.
Torsion angle ε [involving atoms C4’-C3’-O3’-P(i+1) atoms] was restricted to (179 ±
15)o or (179 ± 30)o. Torsion angle ζ [involving atoms C3’-O3’-P(i+1)-O5’(i+1) atoms]
was restricted to (260 ± 15)o or (260 ± 30)o.
Hydrogen bond restraints. H21-N7, N2-N7, H1-O6, and N1-O6 distances were used to
restrain the Hoogsteen hydrogen bonds between guanines in G-tetrads, the distances
were set to (2.0 ± 0.2) Å, (2.9 ± 0.3) Å, (2.0 ± 0.2) Å and (2.9 ± 0.3) Å respectively.
H21-O2, N2-O2, H1-N3, N1-N3, O6-H41, O6-N4 distances were used to restrain the
hydrogen bonds in GC Watson-Crick pairs, the distances were set to (2.0 ± 0.2) Å, (2.9
± 0.3) Å, (2.0 ± 0.2) Å, (2.9 ± 0.3) Å, (2.0 ± 0.2) Å and (2.9 ± 0.3) Å respectively.
Distances H61-O4, N6-O4, N1-H3, and N1-N3 were used to restrain the hydrogen
bonds in AT Watson-Crick pairs, the distances were set to (2.0 ± 0.2) Å, (2.9 ± 0.3) Å,
(2.0 ± 0.2) Å, and (2.9 ± 0.3) Å respectively.
Planarity restraints. Planarity restraints were applied to the G(syn)-G(anti) Hoogsteen
pair and total ten Watson-Crick pairs which are C1a-G11s, T2a-A10s, A7a-T9s, G4aC8s, G5a-C7s, C7a-G5s, C8a-G4s, T9a-A3s, A10a-T2s, and G11a-C1s respectively.
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The suffix a and s signify that the residue belongs to the strand that carries the G(syn)
and G(anti) respectively.
Analysis of syn-anti exchange rate using 2D NOESY. The principle behind this
process is discussed in section 2.5. In practice, NOESY spectra were recorded at
different mixing times. A particular proton was chosen for each sequence and
temperature, of which signal corresponding to two exchanging states was easily
identifiable and non-overlapping with other protons. For all systems (G2, G2-mod1, G2mod2) the C7 H6 protons corresponding to two states were chosen except G2-RNA, for
which G6 H1 protons were chosen. The intensities of the diagonal and cross peaks were
measured using SPARKY program.
𝐼𝑑𝑖𝑎𝑔
= 𝜒𝐴 + 𝜒𝐵 exp(−𝑘𝜏𝑚 )
𝐼𝑡𝑜𝑡𝑎𝑙
Where, 𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑑𝑖𝑎𝑔 + 𝐼𝑐𝑝 ; 𝜒𝐴 and 𝜒𝐵 are the mole fractions of the two states
respectively; 𝜏𝑚 is the NOESY mixing time.
The exchange rate, k, was obtained from a plot of the above intensity ratio against
different mixing times.
Line shape analysis method for exchange rate determination. In NMR spectroscopy
the rate of the exchange process influences the linewidth of the signal. When the rate of
exchange (𝑘) between two conformations are much lower than the frequency separation
(2Ω) of the resonances corresponding to two exchanging states (as seen for G2, G2mod2, and G2-RNA at temperature below 20°C), two separate peaks corresponding to
the two exchanging states appear with relatively narrow linewidth. Under this
circumstance, i.e.0 ≤ 𝑘 ≤ Ω, the modified Lorentzian line shape function for the
two peaks corresponding to the two exchanging states is given by the following equation
[320].
𝑘
𝑘
(𝑅2∗ + 2𝑘) + ( ) 𝑥
(𝑅2∗ + 2𝑘) − ( ) 𝑥
𝜀
𝜀
𝑓(𝑥) = 𝐴 { ∗
+
},
(𝑅2 + 2𝑘)2 + (𝑥 + 𝜀)2 (𝑅2∗ + 2𝑘)2 + (𝑥 − 𝜀)2
With, 𝜀 = √(𝛺 2 − 𝑘 2 ) , 𝑅2∗ is the intrinsic transverse relaxation rate of the proton
undergoing the exchange process.

137

As the rate of exchange increases, the separation between the two peaks decreases which
eventually leads to overlapping of the peaks to appear as a single peak with relatively
broad linewidth (as seen for G2-mod1). For the condition, 𝑘 > 𝛺, the modified
Lorentzian line shape function is given by the following equation [320].
(𝑅2∗ + 𝑘 − 𝛼)
(𝑅2∗ + 𝑘 + 𝛼)
𝑘
𝑘
(1
)
𝑓(𝑥) = 𝐴 [(1 + ) { ∗
}
+
−
{
}]
𝛼 (𝑅2 + 𝑘 − 𝛼)2 + 𝑥 2
𝛼 (𝑅2∗ + 𝑘 + 𝛼)2 + 𝑥 2
With 𝛼 = √𝑘 2 − 𝛺 2
We used iterations of different 𝑘 values on the above equation and plotted the function.
The value of 𝑘, at which the equation best approximated the observed linewidth in G2mod1 1H NMR spectrum, was reported as the approximate exchange rate.

Chapter 4.
DNA Sample preparation. Unlabelled or site specifically

15

N labeled DNA

oligonucleotides were either synthesized in an ABI 394 DNA/RNA synthesizer using
reagents from Glen research or purchased from Integrated DNA technologies in
Singapore. Following synthesis and purification, the oligonucleotides were dialyzed in
three steps (a. deionized H2O, b. 10 mM K+/Na+/NH4+/Li+/Tris, c. deionized H2O)
succeeded by freezing and lyophilization. Samples were dissolved in appropriate buffer
depending on the desired cations; for K+/Na+/NH4+, 20 mM of the corresponding
phosphate buffer of pH7.0 supplemented with 70 mM of the same cationic chloride salt
was used. For thermal melting studies, samples were diluted to concentration 4 μM in
10 mM phosphate buffers of the desired cation (K+/Na+/NH4+). For Li+, samples were
dissolved in 10 mM TRIS-HCl or HEPES buffer (for thermal melting study only) of
pH7.0 supplemented with 10-90 mM LiCl was used. For Mg2+/Ca2+, samples were
dissolved in 10 mM TRIS-HCl buffer of pH7.0 supplemented with 2 mM of
MgCl2/CaCl2. The DNA concentrations were calculated in terms of strand molarity
using the molar extinction coefficient of the unfolded species obtained from nearest
neighbor approximation [315].
Native PAGE analysis. Non-denaturing PAGE experiment was done at ~4°C in a
miniPROTEAN (Bio-Rad) gel electrophoresis set up. 1X TBE was used as running
buffer. Samples prepared for the experiment contained approximately 0.2 mM DNA in
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a total volume of 4 µL. 1 µL of 40% sucrose was added to each sample before loading
into the gel. The DNA bands were visualized by UV shadowing. The gel image was
processed using ImageJ(NIH) software.
CD Spectroscopy. DNA oligonucleotides in appropriate buffer were heated to ~95°C
for 5minutes followed by quenching in ice before all experiments. CD spectra were
recorded in a JASCO-815 spectropolarimeter. All measurements were done at 20°C
with 450 µl sample of concentration 5µM unless otherwise mentioned. Quartz cell of 1
cm pathlength was used. The data was obtained in the 220–320 nm wavelength window
with a 200 nm/min scanning speed, 0.5 nm data pitch, 2.0 nm bandwidth, and 1 second
digital integration time (D.I.T.). Baseline correction was performed using the buffer
spectra, an average of five scans were taken for each measurement.
For CD melting experiment, only the heating step (i.e. the unfolding process) was
performed as the slow cooling process during the refolding step would generate a
mixture of thermodynamically stable structures (discussed in chapter 4) resulting in
large hysteresis and subsequently different Tm. Starting at 15°C, the full CD spectrum
was recorded for every 1°C until 90°C. The temperature ramp rate was set to 0.5°C/min.
Since at room temperature the spectrum had the highest peak at 287 nm which depleted
in intensity with the heating process corresponding to the unfolding of the construct, the
ellipticity value at that wavelength was extracted from all the spectra and plotted against
temperature. Two baselines were drawn, one for low temperature range (corresponding
to fully folded species), and one for high temperature range (corresponding to fully
unfolded species). The melting temperature Tm was the temperature with 50% of
folded/unfolded species.
NMR Spectroscopy. All NMR experiments were performed in Bruker AVANCE 600
and 700 MHz spectrometers. Samples concentrations were in the range of 0.1-1.3 mM
Unless otherwise mentioned, the experiments were done at 25°C. The samples were
heated to ~95°C for 5 mins followed by quenching before performing experiments. Sitespecifically 15N enriched samples were used for unambiguous assignment of the guanine
imino (H1) and aromatic (H8) protons. The cytosine aromatic (H6 and H5) protons were
assigned by systematic cytosine to 5-methylcytosine substitution. The rest of the
assignments were done using 1H-1H NOESY (different mixing times), 1H-13C HMBC
at natural abundance of 13C, COSY, TOCSY, and 1H-13C HSQC experiments [317]. All
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spectral analyses were done using Bruker TOPSPIN, and NMRFAM-SPARKY
program [318].
NMR structure computation. In vacuo NMR structure computation was done in
XPLOR-NIH program [188, 189]. The procedure involves two steps; i) distance
geometry simulated annealing, and ii) distance-restrained molecular dynamics
refinement; these two processes are briefly discussed in section 2.6. 100 structures were
computed out of which the 10 structures with lowest energies were selected and
displayed. The restraints used during the structure calculation are as follows.
NOE distance restraints. Inter-proton distances for WT14 were obtained from intensity
of NOESY cross peaks from experiments performed in H2O (mixing time 200 ms) and
D2O (mixing time 100, and 300 ms). For non-exchangeable protons, distances were
classified into three categories which are strong, medium, and weak with distances (2.7
± 0.8) Å, (3.8 ± 0.9) Å, and (5.5 ± 1.7) Å respectively. Distances from exchangeable
protons were classified into three categories which are strong, medium and weak with
distances (4.0 ± 1.2) Å, (4.8 ± 1.4) Å and (5.5 ± 1.7) Å respectively.
Dihedral restraints. The χ glycosidic angle (involving O4’-C1’-N9-C4) of guanine
residues were restrained. Based on the intensity of intra-residue H1’-H8 cross peaks
guanine bases were classified as having syn- or anti-glycosidic conformation. Synguanine residues generate much stronger intra-residue H1’-H8 cross peaks compared to
anti-guanine residues. An angle of (240 ± 70)o was restrained for anti-guanine residues,
while syn-guanine residues (G1 and G9) were restricted to an angle of (60 ± 40)o.
Hydrogen bond restraints. H21-N7, N2-N7, H1-O6, and N1-O6 distances were used to
restrain the Hoogsteen hydrogen bonds between guanines in G-tetrads, the distances
were set to (2.0 ± 0.2) Å, (2.9 ± 0.3) Å, (2.0 ± 0.2) Å and (2.9 ± 0.3) Å respectively.
H21-O2, N2-O2, H1-N3, N1-N3, O6-H41, O6-N4 distances were used to restrain the
hydrogen bonds in GC Watson-Crick pairs, the distances were set to (2.0 ± 0.2) Å, (2.9
± 0.3) Å, (2.0 ± 0.2) Å, (2.9 ± 0.3) Å, (2.0 ± 0.2) Å and (2.9 ± 0.3) Å respectively.
Planarity restraints. Planarity restraints were applied to the two constituent G-tetrads
G1•G2•G9’•G10’, and G1’•G2’•G9•G10, and total eight Watson-Crick pairs which are
C5-G14’, C6-G13’, G7-C12’, G8-C11’, C5’-G14, C6’-G13, G7’-C12, and G8’-C11
respectively.
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Chapter 5.
DNA Sample preparation. Unlabelled or site specifically 15N labeled or 15N-13C dual
labeled DNA oligonucleotides were either synthesized in an ABI 394 DNA/RNA
synthesizer using reagents from Glen research or purchased from Integrated DNA
technologies in Singapore. Following synthesis and purification, the oligonucleotides
were dialyzed in deionized H2O, followed by 10 mM KCl, and then deionized H2O
again. The samples were then subjected to freezing and lyophilization after which they
were dissolved in 20 mM KPi buffer of pH7.0 supplemented with 120 mM KCl. The
DNA concentrations were calculated in terms of strand molarity using the molar
extinction coefficient of the unfolded species obtained from the nearest neighbor
approximation [315]. DNA oligonucleotides in appropriate buffer were heated to ~95°C
for 5minutes followed by slow cooling to ensure proper folding.
CD Spectroscopy. CD spectra were recorded in a JASCO-815 spectropolarimeter. All
measurements were done at 20°C with 500 µl sample of concentration 3-8 µM unless
otherwise mentioned. Quartz cell of 1 cm pathlength was used. The data was obtained
in the 220–320 nm wavelength window with a scanning speed of 100 nm/min, 0.5 nm
data pitch, 2.0 nm bandwidth, and 1 second D.I.T. Baseline correction was performed
using the buffer spectra, an average of five scans were taken for each measurement.
For CD melting experiments, the CD signal of the peak of the spectra (261 nm for all
samples except insT9 and insT9, 22 for which the peak was at 286 nm) was recorded as
a function of temperature in the range 15-90°C or 15-95°C (only for AT26E). The
samples were prepared in 20 mM KPi buffer of pH7.0 supplemented with 120 mM KCl.
Sample concentration was ~5 µM. The temperature ramp rate was set to 0.2°C/min, and
the data were collected at 0.5°C intervals. The data for both cooling (refolding) and
heating (unfolding) process was recorded. Two baselines were drawn, one for low
temperature range (corresponding to fully folded species), and one for high temperature
range (corresponding to fully unfolded species). The melting temperature Tm was the
temperature with 50% of folded/unfolded species. The average Tm obtained from the
refolding and unfolding events were presented along with the mean deviation.
NMR Spectroscopy. NMR experiments were performed in Bruker AVANCE 600, 700,
and 800 MHz spectrometers. Samples concentrations were in the range of 0.1-2 mM.
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Unless otherwise mentioned, the experiments were done at 25°C. Site-specifically 15Nenriched samples were used for unambiguous assignment of the guanine imino (H1) and
aromatic (H8) protons. Site-specifically

15

N-13C enriched samples were used to

unambiguously assign some thymine methyl (H7) protons. The rest of the assignments
were done using 1H-1H NOESY (different mixing times), COSY, TOCSY, and 1H-13C
HSQC experiments [317]. All spectral analyses were done using Bruker TOPSPIN, and
NMRFAM-SPARKY program [318].
NMR structure computation. In vacuo NMR structure computation was done in
XPLOR-NIH program [188, 189]. The procedure involves two steps; i) distance
geometry simulated annealing, and ii) distance-restrained molecular dynamics
refinement; these two processes are briefly discussed in section 2.6. 10 structures with
the lowest energies were selected and displayed out of a total of 100 computed
structures. The restraints used during the structure calculation are as follows.
NOE distance restraints. Inter-proton distances for AT26 were obtained from intensity
of NOESY cross peaks from experiments performed in H2O (mixing time 200 ms) and
D2O (mixing time 100, and 300 ms). For non-exchangeable protons, distances were
classified into four categories which are strong, medium, medium-weak, and weak with
distances (2.7 ± 0.8) Å, (3.8 ± 0.9) Å, (4.6 ± 1.2) Å and (5.5 ± 1.7) Å respectively.
Distances from exchangeable protons were classified into three categories which are
strong, medium and weak with distances (4.0 ± 1.2) Å, (4.8 ± 1.4) Å and (5.5 ± 1.7) Å
respectively. Cross peaks involving thymine methyl protons were accounted for as
distances from the methyl carbon instead. To account for the carbon-hydrogen distance
in the methyl group the constraints were loosened by 0.5 Å.
Dihedral restraints. The χ glycosidic angle (involving O4’-C1’-N9-C4) of guanine
residues were restrained. Based on the intensity of intra-residue H1’-H8 cross peaks
guanine bases were classified as having syn- or anti-glycosidic conformation. Synguanine residues generate much stronger intra-residue H1’-H8 cross peaks compared to
anti-guanine residues. An angle of (240 ± 70)o was restrained for anti-guanine residues,
while syn-guanine residues (G2, G15, and G27) were restricted to an angle of (60 ± 70)o.
Dihedral angle restraint was not applied to residue G3.
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Hydrogen bond restraints. H21-N7, N2-N7, H1-O6, and N1-O6 distances were used to
restrain the Hoogsteen hydrogen bonds between guanines in G-tetrads, the distances
were set to (2.0 ± 0.2) Å, (2.9 ± 0.3) Å, (2.0 ± 0.2) Å and (2.9 ± 0.3) Å respectively.
Planarity restraints. Planarity restraints were applied to the four constituent G-tetrads
G2•G6•G9•G12, G15•G5•G8•G11, G20•G23•G3•G17, and G21•G24•G27•G18
respectively.
Bioinformatics
The basic algorithm for the search of sequences containing eight G2 tracts separated by
1-2 non-guanine loops is as follows: ‘[GG+X1–2]7GG+’, designated as 8G2 query, with
X represents non-guanine bases, A/C/T. The derivative algorithms for the search of
sequences containing seven G2 tracts and two split guanines separated by 1-2 nonguanine loops (7G2+2G1 query) is similar to the above algorithm; with the exception of
having 9 instead of 8 ‘G-tracts’, and having ‘G+’ in place of ‘GG+’ in two different
places, for a total of 36 different queries (9C2 = 36) (Table 5.6). The two algorithms were
matched against the hg38 database using UNIX grep (Globally search a Regular
Expression and Print) command-line utility script. Only the cases of exact matches are
reported.
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