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ABSTRACT 

Guanine-rich nucleic acid sequences have a high propensity to adopt non-B DNA 

secondary structures like G-quadruplexes. Sequences that could potentially form 

G-quadruplexes are widespread throughout the genome and found to be more 

prominent in biologically critical regions. They may play biological significant roles 

in telomere maintenance, as well as regulation of gene transcription, replication and 

recombination.  

 

G-quadruplex DNA is highly polymorphic. The study of G-quadruplex structures has 

attracted intense interests in the field of potential therapeutic targeting in human 

cancers. Structural uniqueness of G-quadruplex DNA can serve as specific recognition 

site for G-quadruplex interactive compounds. In Chapter 3, the structure of 

four-repeat Giardia telomeric sequence d[TAGGG(TAGGG)3], which differs from 

the human counterpart d[TAGGG(TTAGGG)3] only by one T deletion within the 

non-G linker in each repeat, was solved by NMR to explore the effect of loop length 

and sequence on the folding topology of G-quadruplexes. Two different 

intramolecular G-quadruplexes were found to coexist and interconvert in K+ solution. 

Recurrence of several structural elements in the observed structures suggests a “cut 

and paste” principle for the design and prediction of G-quadruplex topologies, for 

which different elements could be extracted from one G-quadruplex and inserted into 

another.  



  II
 

The unique properties of G-quadruplex DNA compared to duplex DNA make them 

amenable for development of nanomaterials. In Chapter 4, Self-assembly of 

supramolecular G-wires, grown from the oligonucleotide d(GGGGTTGGGG), on 

graphene sheets were investigated. Atomic force microscope (AFM) and 

micro-Raman mappin results demonstrate for the first time that G-wires are 

well-ordered and preferentially oriented along the armchair direction of graphene. 

Such assembly could be further exploited for the development of graphene-based 

molecular device and biosensor. It can be envisioned that the development of the 

understanding of the thermodynamic properties and structural features of 

G-quadruplex DNA will endow new capabilities for structural nucleic acid 

nanotechnology. 
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Chapter 1 Introduction to DNA Structure 

and Nanotechnology 

1.1 Deoxyribonucleic Acid (DNA)    

Nucleic acids are biopolymers that contain genetic information1. Structurally speaking, 

nucleic acids are polymers made up of monomer units known as nucleotides. Each 

monomer unit, or nucleotide, has three components: nucleobase, pentose sugar and 

phosphate group. The nucleobases can be classified into two groups, purine (adenine 

or guanine) and pyrimidine (thymine or cytosine). The nucleobase is attached to the 

1’- carbon of a sugar, which joined at the hydroxyl groups on the 5’- and 3’- carbons 

to the phosphate groups to form the backbone (Figure 1.1). 

 

 

Figure 1.1 Structure of a repeating unit nucleotide in nucleic acids and the four 
nuleobases of DNA. This figure is adapted from Neidle’s book2. 
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In 1953, James Watson and Francis Crick proposed the double helix structure of 

DNA3. The Watson-Crick structure of so-called B-form DNA is a right-handed double 

helix, which is built up of Watson-Crick base pairs between two complementary 

strands in an anti-parallel orientation. The two strands are held together by hydrogen 

bonds in a specific pattern where adenine binds to thymine and guanine to cytosine 

through Watson-Crick edges (Figure 1.2). In addition to A·T and G·C Watson-Crick 

base pairs, different possible base pairing arrangements, namely non-canonical base 

pairs, play a prominent role towards the structural diversity of higher order DNA4. 

Typical examples of non-canonical structures are triplex5 and G-quadruplex6 DNA 

motifs with Hoogsteen base pairing. 

 

 

Figure 1.2 (a) Schematic view of canonical B-DNA. The backbone is 
represented by ribbon. (b) Three edges of deoxyribonucleotide for hydrogen 
bonding interactions. (c) A•T and (d) G•C Watson-Crick base pairs. The 
deoxyribose is represented with a letter R. This figure is adapted from Neidle’s 
book2 and Leontis’s paper7. 
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1.2 Structural Diversity of Biologically Relevant 

G-quadruplex DNA 

Guanine-rich nucleic acid sequences have a high propensity to adopt non-B DNA 

secondary structures like G-quadruplex6, 8, which is composed of multiple stacked 

guanine tetrads9. Guanine tetrad (G-quartet) is a co-planar arrangement of four 

guanines where hydrogen bonds are formed between the Watson-Crick edge and the 

Hoogsteen edge of two adjacent guanines. It involves a total of eight hydrogen bonds, 

which follow the same directions from hydrogen bond donors (N1 and N2) to 

hydrogen bond acceptors (N7 and O6) (Figure 1.3). 

 

 

 
Figure 1.3 (a) Schematic drawing of a G-quartet with cyclic array of four 
guanines linked by Hoogsteen hydrogen bonds, including a cation at its core. 
Guanine nucleobase oriented in (b) syn and (c) anti conformation. This figure 
is adapted from Neidle’s book10. 
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Sequences that could potentially form G-quadruplexes are widespread throughout the 

genome. Genome-wide bioinformatic analyses suggest that over 376000 Putative 

Quadruplex Sequences (PQS) distribute throughout the human genome, although 

probably not all of these form in vivo11. Specially, these sequences have been found to 

be more prominent in biologically critical regions, such as telomeres12, promoters13, 

immunoglobulin switch regions14 and recombination hot spots15. If G-quadruplexes 

form in vivo, even in a transient manner, they may play a role in telomere 

maintenance, as well as regulation of gene transcription, replication and 

recombination16 (Figure 1.4). Some of the salient aspects of formation of 

G-quadruplex structures in these biological significant regions are illustrated below. 



 5

  

Figure 1.4 Schematic diagrams of G-quadruplex structures in various cellular 
events. This figure is adapted from Han’s paper16. 
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G-quadruplex forming motifs have been found in the promoter regions of many genes 

that play important roles in carcinogenesis, including myelocytomatosis viral 

oncogene homolog (c-MYC) 17, vascular endothelial growth factor A (VEGF-A)18, 

B-cell lymphoma 2 (BCL-2)19, kirsten rat sarcoma viral oncogene homologue 

(KRAS)20, platelet-derived growth factor A (PDGF-A)21, human telomerase reverse 

transcriptase (hTERT)22, and retinoblastoma protein (pRb)23 (Figure 1.5). For 

example, in the case of the c-MYC proto-oncogene, a single nucleotide mutation that 

disrupts the formation of G-quadruplex, results in three-fold increase in c-MYC 

expression17a. Over-expression of c-MYC is a hallmark of cancers24. In contrast, 

G-quadruplex-interacting agents that bind to and stabilize the G-quadruplex structure 

can suppress c-MYC expression17a. It has been suggested that G-quadruplex acts as a 

silencer element for the c-MYC oncogene expression17.  
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Figure 1.5 G-quadruplex DNAs formed in the promoter regions of oncogenes, 
shown with the associated hallmarks of cancer. This figure is adapted from 
Han’s paper 17d. 
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Telomeres are protein-DNA complexes that cap the termini of linear eukaryotic 

chromosomes. They are essential for protecting chromosomes from end-to-end fusion 

and nucleolytic degradation, and they serve as substrates for elongating the G-rich 

stand of telomeric DNA by ribonucleoprotein telomerase25. In somatic cells, 

telomerase is inactive, and telomeres shorten progressively with each cell division and 

may act as a mitotic clock that eventually triggers cell senescence26. In contrast, 

telomerase is highly expressed in most tumor cells, resulting in stabilized telomere 

length27. Telomere maintenance has been shown to be crucial for immortality and 

proliferation of most cancer cells27. 

 

Telomeric DNAs are composed of non-coding tandem repeats of short sequences that 

have complementary guanine- and cytosine-rich strands. The guanine-rich strand 

orients in a 5’ to 3’ direction toward the chromosome end, which protrudes from the 

telomeric DNA duplex to form a single-stranded G-overhang. The 3' G-rich overhang 

could potentially fold into G-quadruplex, which acts as a structural inhibitor of 

telomerase by blocking its access to telomere28. In human cells, the telomeric repeat 

sequence of the guanine-rich strand is (TTAGGG)n
29, which is conserved among 

vertebrates30. Human telomeric DNA sequences d(TTAGGG)n  have been reported to 

form various G-quadruplex structures in vitro6c, 8a, 31. The first description of the 

structural information on human telomeric sequence was observed for the tetrameric 

parallel-stranded G-quadruplex formed by single-repeat d(TTAGGG) in K+ solution32 

(Figure 1.6a). For the two-repeat human telomeric sequence d(TAGGGTTAGGGT), 
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a dimeric parallel-stranded G-quadruplex was observed in K+-stabilized 

crystal33(Figure 1.6b). A similar dimeric parallel and another dimeric antiparallel 

G-quadruplexes coexist and interconvert in K+-solution34 (Figure 1.6c). An 

asymmetric dimeric so-called (3+1) G-quadruplex was formed by the three-repeat 

human telomeric sequence d(GGGTTAGGGTTAGGGT) in Na+ solution. In this 

G-quadruplex assembly, all three G-tracts of one strand associates with one G-tract of 

the other strand35 (Figure 1.6d). The solution structure of four-repeat human 

telomeric sequence d[AGGG(TTAGGG)3] in Na+-containing solution was 

characterized to be an intramolecular antiparallel basket-type quadruplex36 (Figure 

1.6e). In contrast, the same sequence folds intramolecularly into a completely 

different parallel propeller-type G-quadruplex structure in K+- containing crystal33 

(Figure 1.6f). Other G-quadruplex conformations have been deciphered or proposed 

for human telomeric DNA31.  

 

The conformational diversity available to human telomeric sequences confirms that 

G-quadruplex DNA is highly polymorphic in nature. The folding topology of 

G-quadruplex DNA is affected by many factors, including the strand concentration 

and the cation identity, and variations in nucleotide sequence and composition. 
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Figure 1.6 Schematic structures of G-quadruplexes formed by human 
telomeric sequences. Single-repeat human telomeric sequence d(TTAGGGG) 
forms (a) tetrameric parallel-stranded G-quadruplex structure in K+ solution32. 
Two-repeat human telomeric sequence d(TAGGGTTAGGGT) adopts (b) 
dimeric parallel-stranded G-quadruplex structure in K+-stabilized crystal33 and 
(c) dimeric anti-parallel G-quadruplex structure in K+ solution34. Three-repeat 
human telomeric sequence d(GGGTTAGGGTTAGGGT) exhibits (d) 
asymmetric dimeric (3+1) G-quadruplex structure in Na+ solution35. 
Four-repeat human telomere sequence d[AGGG(TTAGGG)3] folds into (e) 
intramolecular antiparallel basket-type G-quadruplex structure in Na+ solution36 
and (f) parallel propeller-type G-quadruplex structure in K+- containing crystal33. 
The schematic structures are color-coded as follows: anti guanines, cyan; syn 
guanines, magenta; loops, red. Groove types are indicated as narrow (N), 
medium (M) and wide (W). This figure is adapted from Phan’s paper31.  
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G-quadruplex DNAs vary in several key characteristics, namely strand stoichiometry, 

strand polarity, and loop connectivity.  

 

Based on the organization of G-rich oligodeoxyribonucleic acid strands, 

G-quadruplex structure can be either intramolecular or intermolecular G-quadruplex6a, 

8a. Intramolecular G-quadruplex DNA is comprised of a single strand of DNA, which 

is folded on itself to provide the four strands of the G-quadruplex scaffold (Figure 

1.6e and f). Intermolecular G-quadruplex DNA is assembled by two (dimeric) 

(Figure 1.6b, c, and d) or four (tetrameric) (Figure 1.6a) separate strands. 

 

Not only the strand stoichiometry presents important in characterizing a G-quadruplex, 

but the relative arrangement of adjacent backbones can also give rise to structural 

polymorphism. Irrespective of the number of strands that constitute a G-quadruplex, 

there are four possible variations in strand orientation. They can be all parallel 

(Figure 1.6a, b, and f), three parallel and one antiparallel (3+1) (Figure 1.6d), 

adjacent parallel (Figure 1.6e), or alternating antiparallel (Figure 1.6c). 

 

Variations in strand polarity also affect the location of the loops connecting the strands. 

All loops that have been identified fall into one of these three main types: edgewise, 

diagonal, or double chain reversal loop6c, d. For antiparallel strands, edgewise loops 

joint two adjacent strands (Figure 1.7a), diagonal loops connect the opposite 

G-strands (Figure 1.7b). While adjacent parallel strands require a loop to connect the 
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bottom G-tetrad with the top one, leading to the formation of a double chain reversal 

loop (Figure 1.7c).  

 

G-quadruplex DNAs display diversity in their strand stoichiometry, strand polarity, 

and loop connectivity. It gives uniqueness to the structure and can serve as specific 

recognition site for the G-quadruplex interactive compound37. 

 

 

 
Figure 1.7 Schematic illustrating of (a) edge-wise, (b) diagonal, (c) double 
chain reversal loop, which connects individual strands of G-quadruplexes 
containing two stacked G-tetrads. The schematic structures are color-coded as 
follows: anti guanines, cyan; syn guanines, magenta; loops, red. This figure is 
adapted from Patel’s paper6d.  
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1.3 DNA Nanotechnology   

DNA first was considered as the “blueprint of life”1, now DNA has proven to be a 

powerful “construction brick” and vastly expanded its potential uses in 

nanotechnology and biotechnology applications38.  

 

DNA nanotechnology was pioneered by Nadrian C. Seeman in 1980s39, and became a 

rapidly evolving research field. Over the past 20 years, DNA has been exploited in the 

fields of construction of nanostructures40, mechanical41 and electronic nanodevices42, 

molecular detection43 and computation44, and DNA templated synthesis in chemistry45 

and biology46. 

 

Inspired by naturally occurring branched DNA molecules, Seeman and co-workers 

developed an artificial branched junction39, 40b (Figure 1.8). It is topologically 

equivalent to Holliday junction structure47 (Figure 1.9) and a basic building block for 

complex structures with nanoscale features. Unlike natural Holliday junction, 

synthetic DNA junctions lack the sequence symmetry such that branch migration can 

be circumvented and thus make the junctions immobile and stable. In order to 

construct desired structures, programmed complementary sticky ends at the periphery 

of junctions are widely used to link DNA junctions.  
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Figure 1.8 Schematic drawing of a four-arm junction with sticky ends. Four of 
the monomeric junctions can assemble into square-like unit with sticky ends on 
the outside, further allowing the addition of more monomers to produce 
two-dimensional structures. This figure is adapted from Seeman’s paper40b. 
 

 

 

 
Figure 1.9 Schematic structures of Holliday Junction. Possible configurations 
for the Holliday junction: parallel stacked-X (a), antiparallel stacked-X (b), and 
open planar configuration (c). This figure is adapted from Hays’s paper47.  
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Although individual four-arm junction is stable, it is too flexible to hold the helical 

domains in the same plane in solution. Such conformational flexibility will prevent 

junction from further assembling into larger arrangements. The rigid double crossover 

(DX) DNA motif was first proposed by Seeman’s group40a, 48 (Figure 1.10a). DX 

molecules are made by joining two four-arm junctions together by two double helical 

arms. They can be used to produce two-dimensional arrays by sticky ends cohesion 

(Figure 1.10b). Two-dimesional DNA arrays can serve as templates for the 

organization of other functional materials with nanoscale precison. For example, 

double crossover molecules are assembled into two-dimensional DNA arrays, 

modified with alternating human R-thrombin and platelet derived growth factor 

(PDGF) binding aptamer to direct thrombin and PDGF into periodic nanoarrays46c 

(Figure 1.11). Following this direction, a variety of other rigid DNA motif have been 

designed and constructed into two-dimensional array, such as paranemic crossover49, 

helix bundle50, and branched DNA motif46a.  
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Figure 1.10 (a) Diagram of the DNA double crossover complex formed through 
joining two four-arm junctions together by two double helical arms. (b) AFM 
image of two-dimensional periodic stripe array constructed by double 
crossover DNA molecules. This figure is adapted from Winfree’s paper40a. 
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Figure 1.11 DNA templated assembly of multiprotein. Schematic drawing of 
the formation process of periodic two-dimensional alternating multiprotein 
nanoarrays templated by DNA nanoarrays (a-c). The corresponding AFM 
image of the nanoarray is shown on the right (d-f). This figure is adapted from 
Chhabra’s paper46c. 
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Rothemund ingeniously developed an alternative method, called “scaffolded DNA 

origami”, to generate arbitrary DNA shapes and patterns51 (Figure 1.12). The 

“scaffolded DNA origami” strategy is an approach for folding a long linear strand 

DNA with known sequence into an addressable shape which can display desired 

patterns. Many short-stranded DNA, complementary to multiple parts of the long 

scaffolding strand, are served as “staple strands”. 

 

 
 
Figure 1.12 Design scheme and examples of scaffolded DNA origami. (a) 
Design layout of a two-dimensional origami. The black strand represents the 
long linear DNA strand that runs through the whole area of the structure, which 
is held together by the staple strands through binding to the multiple parts in 
the scaffold. (b) Selected one example of two-dimensional origami. The upper 
panel illustrates the design of a smiley face. AFM images corresponding to the 
design are shown in the lower panel. (c) Three-dimensional cartoon view of 
DNA nanotube synthesized by rolling a DNA origami sheet along its helical 
axis. This figure is adapted from Rothemund’s paper51 and Douglas’s paper52. 
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The construction of well-defined three-dimensional DNA objects could also be 

achieved by rationally designed self-assembly, which has been heavily pursued in 

recent years. Seeman and coworkers did the pioneer work on the construction of 

three-dimensional DNA objects by stepwise synthesis via ligation to create catenated 

polyhedra, such as a cube53 or a truncated octahedron54 (Figure 1.13a, b). Although 

the synthesis process is laborious, the yields of the resulting DNA polyhedra were low 

due to the multiple steps of ligation. Turberfield and coworkers invented a facile 

methodology to assemble three-dimensional DNA nanostructures. An elegant example 

is the one-pot assembly of the cage-like DNA tetrahedron55 (Figure 1.13c), which is 

assembled within few seconds and has near quantitative yield. Another different 

design strategy of engineering three-dimensional DNA nanostructure is based on 

DNA origami folding technique. Shih et al. reported the design and synthesis of 

tube-like DNA six-helix bundles created by “rolling” a DNA origami array (Figure 

1.12c). These nanotubes can form liquid crystals, which were applied to be a stable 

medium and induce the alignment of membrane proteins in order to facilitate their 

solution Nuclear magnetic resonance (NMR ) structural determination52. It is notable 

that this study provides a powerful way to use DNA array as an organization 

framework for protein structure determination. It can be anticipated that more 

examples of such pratical application of DNA origami in both research and 

nanotechnology filed, will come out in the near future. 
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Figure 1.13 Model of self-assembled three-dimensional DNA architectures: (a) 
cube; (b) truncated octahedron; (c) tetrahedron. This figure is adapted from 
Chen’s53, Zhang’s54 and Goodman’s55 papers. 
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1.4 G-quadruplex as Building Blocks for 

Nanomaterials  

By and large, structural DNA nanotechnology utilizes the bottom-up assembly of 

Watson-Crick base pairing to construct well-defined architectures56. A developing 

understanding of the non-Watson-Crick base-paired interactions should ultimately 

endow structural DNA nanotechnology with new capabilities.  

 

Compared to Watson-Crick base paired duplex DNA, Hoogsteen base paired 

G-quadruplex DNA has higher resistance to degradation by nuclease, enhanced 

rigidity and thermal stability.57 In addition, the thermodynamic property and structure 

of G-quadruplex DNA can be leveraged through the control of DNA sequence and 

external conditions. All of these features make G-quadruplex DNA amenable for 

development of nanomaterials58. 

 

Research groups of Mergny59 and Tan60 first conceptualize and validate the controlled 

transitions between compact G-quadruplex structure and its linear duplex form as the 

basis of nanoswitch. This finding inspired the development of a number of 

G-quadruplex DNA based molecular devices. For example, Simmel and co-workers 

constructed a molecular machine emulated the physiological function of the 

thrombin-binding aptamer in the cell61. In this artificial system, thrombin-binding 

aptamer (AP) can bind and release the thrombin (TB) protein in a controlled way. The 
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single-stranded overhang, concatenated at the 5’ end of the G-quadurplex forming 

region of thrombin-binding aptamer, was devised to facilitate the release of thrombin. 

The thrombin release was triggered by the introduction of an “opening” strand Q, 

which is complementary to the overhang and a portion of the aptamer sequence. The 

resulting duplex (Q-AP) contains a toehold so that once a “removal” strand R, fully 

complementary to Q, is introduced the thrombin can be bound once again (Figure 

1.14). In principle, such molecular devices can be constructed to bind to a variety of 

proteins and ligands only if they have a specific aptamer. 

 

 
 
Figure 1.14 Schematic representation of the operation cycle of the 
aptamer-based molecular device that binds and releases thrombin. This figure 
is adapted from Dittmer’s paper61. 
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Since G-quadruplex formation is greatly affected by the external conditions, several 

G-quadruplex nanodevices have been developed by exploiting the conformational 

transition of DNA. Fahlman et al. have designed a “pinched duplex” nanodevice62, 

which is constructed by a duplex DNA with intervening consecutive G-G mismatches. 

Upon addition of potassium or strontium ions, which are potent G-quadruplex 

conformation stabilizer, the G-G mismatches could fold into an intramolecular 

G-quadruplex and bend the overall duplex into a “pinched” conformation. This 

conformational transition can be reversed by sequestering the metal cations with 

effective chelator such as ethylenediaminetetraacetic acid (EDTA) (Figure 1.15). This 

unusual “pinched duplex” conformational transition could be used to introduce 

contractile elements into DNA architecture62a as well as construct a DNA-based 

electronic nanoswitch63. Another ion-sensitive G-quadruplex based nanodevice was 

developed by Sugimoto and co-workers64. In this work, a coordination unit for 

divalent cations, 2,2′-bipyridine, replaced thymines in the d(G4T4G4) to link two 

G-tracts. Upon binding to Ni2+ ion, bipyrimidine-modified antiparallel 

G-quadruplexes would transform into parallel G-quadruplexes, which can further 

associate intermolecularly into one-dimensional “G-wires”. Reversible reaction could 

be activated with the addition of divalent ion chelator EDTA (Figure 1.16). The term 

“G-wires” was coined by Marsh et al. to describe the linear supermolecular structures 

formed by self-assembly of the telomeric oligonucleotide d(GGGGTTGGGG) as a 

consequence of slipped tetraplex association65. 
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Figure 1.15 Schematic illustration of “pinched duplex” formation triggered by 
addition of the potassium or strontium ions. Two potential applications 
exploiting the conformational transition of “pinched duplex” are shown on the 
right. This figure is adapted from Choi’s paper62b. 

 
Figure 1.16 Schematic illustration of bipyridine-modified antiparallel 
G-quadruplex can be switched into a linear “G-wire” triggered by divalent 
cations and the system can be reset with EDTA. This figure is adapted from 
Miyoshi’s paper64
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It can be envisioned that understanding of G-quadruplexes will lead to a better 

exploitation of these structures in many fields, such as biomedicine, superamolecular 

chemistry and nanotechnology.  
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Chapter 2 Overview of Characterization 

Methods 

 

A myriad of experimental techniques have been employed to provide insight into the 

formation and folding topology of G-quadruplexes. For example, molecular weight of 

G-quadruplexes can be estimated by gel electrophoresis. Circular dichroism (CD), on 

the other hand, is very useful in identifying the strand topology of a G-quadruplex. It 

is important to note, however, that such less precise and less definite techniques are 

insufficient to determine the G-quadruplex structure. Nuclear Magnetic Resonance 

(NMR) and X-ray crystallography are capable of giving a wealth of information for 

detailed structural analysis of G-quadruplexes in atomic-resolution. 

 

2.1 Nuclear Magnetic Resonance 

 

The underlying principle of Nuclear Magnetic Resonance (NMR) is the detection of 

the response of NMR active nuclei (such as 1H or 13C) in a constant magnetic field 

and under an electromagnetic (EM) pulse. The magnetic nuclear spins will align with 

the constant magnetic field. This alignment of the nuclear spins will be perturbed by 

employing an electro-magnetic, usually radio frequency pulse, which cause the nuclei 

to absorb energy at a specific frequency (Figure 2.1a). The resonant frequency of a 

nucleus, termed chemical shift, is dependent on the shielding effect of the electronic 
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environment next to that nucleus. Specific nuclear magnetic resonances signatures (i.e. 

imino proton chemical shifts) can be used to differentiate between G-quadruplex and 

Watson-Crick double helix57a, 66. The Watson-Crick base-paired imino protons are 

observed between 12-14 ppm, and the imino protons involved in the G-quadruplex 

Hoogsteen base pairing are observed in the region of 10-12 ppm (Figure 2.1b). The 

nuclear spins can interact with each other via cross-relaxation either coupling over 

bonds or through space. The through space interactions between protons result in 

magnetization transfer called Nuclear Overhauser Effect (NOE). The strength of the 

NOE is inversely dependent on inter-spin distance, thus it forms the basis for 

elucidation of three-dimensional molecular structure (Figure 2.1c). Compared with 

protons at a fixed distance (reference NOE), the distance between other protons can 

be calculated. As protons are abundant in nucleic acids, we can probe their 

three-dimensional structure based on the above principle. 
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Figure 2.1 Schematic principle of (a) NMR spectrometer. (b) One-dimensional 
NMR spectra of d[AGGG(TTAGGG)3] (22AG), d[(CCCTAA)3CCCT] (22CT) 
and their 1:1 mixture at different experimental conditions, showing the imino 
protons for Watson-Crick base pairing (12–14 ppm) and for Hoogsteen base 
pairing (10–12 ppm). This figure is adapted from Phan’s paper57a. (c) Nuclear 
Overhauser effect.  If one moleculer has three protons (Ha, Hb, Hc), two of 
them (Ha and Hb) are at a fixed distance. When proton Ha is irradiated, its spin 
polarization will transfer to its neighboring protons, which is 
distance-dependent. In 2D spectra, the size of the cross-peak will depend on 
the internuclear distance. 
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2.2 Atomic Force Microscopy 

Atomic Force Microscopy (AFM), a descendent of the scanning probe microscopy 

family, was invented by Binning et al. in 1986 in answer to a call for greater 

versatility in atomic scale imaging.67 Falling on the heels of the development of the 

scanning tunneling microscope (STM) that relied on electron tunneling between the 

surface and the probe, the AFM has become an established surface analytical 

technique, capable of high resolution imaging of non-conductive surfaces under a 

variety of environmental conditions (i.e., ambient air or even a liquid environment) 

without special sample treatments. These outstanding properties enable AFM to probe 

biological systems in aqueous solution approximating physiological conditions, 

without damaging them or changing their physical properties.  

 

AFM images are created by scanning a sharp tip, integrated to the apex of a cantilever, 

over the surface of a sample and by monitoring cantilever deflections resulted from 

the interaction force between a few atoms at a tip on a cantilever and the sample to 

probe the surface topography,68 as shown in Figure 2.2. AFM is able to provide 

atomic resolution under certain conditions; however, the lateral resolution is typically 

on nanometer scale (predominantly limited by the size of the tip) and angstrom scale 

vertically.69 Scientists at IBM have shown to give true atomic resolution of the 

pentacene molecule in ultra-high vacuum.70  
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Figure 2.2 Schematic illustration of AFM as an imaging technique. 

 

In general, imaging modes operated by AFM can be divided into static (contact) 

modes and dynamic (non-contact and tapping) modes relied on cantilever oscillation. 

 

In the static (contact) mode, the cantilever is brought into continuous physical contact 

with the surface of the sample. Repulsive force, especially Pauli-repulsion, arises 

from overlapping of the electronic orbital will dominate. The force between the probe 

and the sample is kept constant by maintaining a constant cantilever deflection, while 

the topographic information of the sample is generated from the vertical displacement 
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of the cantilever. Contact mode is excellent for investigations of hard solid surfaces 

but the large repulsive force (in the order of 10-9 N) experienced between the tip and 

sample surface is often sufficiently high to cause inelastic deformation of soft 

materials. Dynamic AFM imaging modes were thus subsequently developed to avoid 

such problems. 

 

In dynamic non-contact AFM the cantilever is oscillated at its resonant frequency with 

the probe situated in close proximity to, but not come in contact with the sample 

surface. The sample is not damaged during scanning, due to the sustained distance 

between tip and surface. However, its disadvantage lies in a significant decrease in 

resolution as a consequence of the lower sensitivity of attractive probe-surface 

interactions to subtle changes in surface topology. Furthermore, a liquid meniscus 

layer may develop on the sample and cantilever surfaces under ambient conditions. It 

would cause the tip to stick to the sample through capillary force while approaching 

the tip to the sample for set point minimization, which adversely affects resolution.  

 

In tapping mode, the cantilever is sinusoidally vibrated driven by a piezo transducer 

and oscillates at or close to its resonance frequency. The oscillation amplitude, 

however, is bigger than in non-contact mode, so that the tip gently taps the sample 

each time it reaches the lowest point. When the sample intermittently interacts with 

the vibrating tip, the oscillation amplitude, phase and resonance frequency of the 

cantilever will be modified by interaction force between tip and sample. These 



  32

modifications with respect to the external reference provide information about the 

features on the sample surface. In contrast to contact mode, a constant cantilever 

oscillation amplitude rather than deflection is maintained. Topographic images of the 

surface are produced by changes in amplitude. Tapping mode also gives the 

possibility to image the phase shift recorded via a lock-in amplifier between the 

driven and the actual oscillations of the cantilever as a function of the X, Y 

coordinates analogue to the topographic image. Phase imaging can reveal variation in 

material properties, such as friction, adhesion and viscoelasticity, which is helpful in 

discriminating between different materials on surface.71 Tapping mode imaging 

combines the high-resolution and rapid image acquisition ability of contact AFM with 

the non-destructive approach of non-contact AFM. The resolution is considerably 

improved compared to the non-contact mode; whereas smaller lateral force and 

shorter tip-sample contact time allow minimizing the deformation of the sample by 

tapping instead of constant contact. 
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2.3 Raman spectroscopy 

Raman spectroscopy is a technique to visualize the inelastic scattering from the 

sample. When light is incident on the sample, the outgoing radiation can have the 

same or different energy compared to the incident light depending on the occurrence 

of elastic scattering (Rayleigh scattering) or inelastic scattering (Raman scattering). 

The energy difference between the scattered and incident photon in Raman scattering 

is caused by energy exchange between the incident photons and the molecules of the 

sample through phonon emission or absorption. The energy difference gives rise to a 

frequency shift in the scattered photon from the incident photon. Such frequency shift 

is termed as Raman shift and typically expressed in wavenumber (cm-1). The positive 

wavenumber corresponds to energy loss (Stokes) and phonon emission while the 

negative wavenumber corresponds to energy gain (anti-Stokes) and phonon 

absorption (Figure 2.3). Raman spectra refer to the number of inelastically scattered 

photons as a function of Raman shift. 

 

 
 
Figure 2.3 Schematic diagrams for Rayleigh and Raman scattering process. 
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2.4 Ultraviolet Absorption 

Ultraviolet (UV) absorption at different temperatures is commonly used to measure 

the thermodynamic stability and analyze the kinetics of folding of secondary 

structures. The melting temperature relates to the stability of the folded G-quadruplex, 

and the nature of the melting and cooling spectra can also provide insights into the 

folding/unfolding kinetics. A reversible absorbance change at 295 nm, which is 

different from classical recording at 260 nm, allows to precisely monitoring guanine 

(G)-quatet formation and dissociation. This technique relies on the specific 

hyperchromicity of the UV absorption band at 295 nm for quadruplex structure that 

was first described by Mergny et al.72. The absorbance behavior was investigated with 

a guanine-rich oligonucleotide d(AGGGTTAGGGTTAGGGTTAGGG) at 1 and 90 ºC. 

The difference spectrum exhibits the difference between high and low temperature 

absorbance spectra, a maximal hyperchromism is observed upon formation of 

G-quartet at 295 nm72 (Figure 2.4a).  UV-melting experiments were conducted at 

260 nm and 295 nm (Figure 2.4b). The absorbance profile at 295 nm shows a nice 

sigmoidal curve with melting temperature of 56 ºC. The heating and cooling curves 

are super-imposable indicating equilibrium processes. However, the absorption profile 

produced by monitoring at 260nm displays a smaller variation of absorbance.  
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Figure 2.4 (a) Absorbance spectra at 90 ºC (full line) and 1ºC (dotted line). 
Differences in absorbance between the high and low temperature spectra 
(black squares, right scale). (b) Denaturation curves obtained at pH 7.0 at two 
different wavelengths: 260 nm (open circles, left vertical axis) and 295 nm 
(black triangles, right vertical axis). These data were derived from the 
oligonuleotide d(AGGGTTAGGGTTAGGGTTAGGG). This figure is adapted 
from Mergny’s paper72. 
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2.5 Circular Dichroism 

Circular dichroism is a spectroscopic method which depends on the fact that chiral 

samples (including the vast majority of biomolecules) interact differently with 

left-handed and right-handed circularly polarized lights, which are mirror image of 

one another. Briefly, circular dichroism spectrum is defined as wavelength-dependent 

differential absorption of left-handed and right-handed circularly polarized light 

(Figure 2.5). A method which can discern such subtle differences between 

non-superimposable mirror image must be highly sensitive to the three-dimensional 

features of molecules, that is, to conformation. This is the basis of application of 

circular dichroism spectroscopy in studying conformations and structural change of 

proteins and nucleic acids73.  G-quadruplex structures can be characterized by 

distinct circular dichroism signatures with a 295 nm positive and 265 nm negative 

peaks of anti-parallel G-quadruplex structures, while a parallel G-quadruplex structure 

exhibits a strong positive band at 260 nm and a negative band at 240 nm74 (Figure 

3.22). Gray et al.75 proposed that the characteristic CD bands results from different 

stacking interactions of neighboring G-quartets with same or opposite polarities for 

hydrogen bonding.   
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Figure 2.5 Schematic illustration of the principle behind CD spectroscopy. 
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2.6 Gel Electrophoresis 

Gel electrophoresis facilitates the separation of charged molecules using an electric 

field applied to a gel matrix. Eletrophoretic separation of biomolecules is based on 

their difference in molecular size, relative hydrophobicity, net charge, and 

conformation. When exposed to an electric field, negatively charged DNA will travel 

through the matrix towards the anode. Small molecules migrate more freely and travel 

farther than large molecules when this molecular sieving works on the basis of their 

molecular size. Samples of unknown size are compared against standard markers with 

same migration speed to interpolate the actual size of the molecules. After the 

electrophoresis is complete, the molecules in the gel can either be visualized directly 

if the analyzed molecules glow under UV light or by using fluorescent dye/radioactive 

isotope to stain the sample to make them visible (Figure 2.6). 

 

 

 
Figure 2.6 Schematic of gel electrophoresis used for the separation of DNA 
based on molecular size. 
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Chapter 3 Giardia Telomeric Sequence 

d(TAGGG)4 Forms Two Intramolecular 

G-quadruplexes in K+ Solution: Effect of 

Loop Length and Sequence on the Folding 

Topology 

 

3.1 Introduction 

It is important to be able to predict the G-quadruplex structure based on sequence, as 

well as to design a sequence that will adopt a desired G-quadruplex topology. 

Systematic studies on the effect of loop length/sequence and G-tract length on the 

topology and stability of G-quadruplexes have been conducted by several groups.76 

However, structural interpretations of G-quadruplexes in these works were limited by 

using mainly CD spectra. 

 

As for high-resolution structural studies, five different intramolecular G-quadruplexes 

have been solved for DNA sequences containing human telomeric TTAGGG repeats 

under different experimental conditions.33, 36, 77 In particular, the four-repeat human 

telomeric sequence d[TAGGG(TTAGGG)3] has been shown to form a (3 + 1) 

intramolecular G-quadruplex structure in K+ solution, in which the G-tetrad core 

contains three strands oriented in one direction and the fourth in the opposite 
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direction.77c  

 

Sequence variants of the human telomere are expressed in many other organisms. 

Variation on the loop length/sequence are found in telomeric repeats such as Giardia 

lamblia with TAGGG as the telomere repeat74b, TTTAGGG from the flowering plant 

Arabidopsis thaliana78 and Chlamydomonas reinhardtii telomere repeat 

TTTTAGGG79. Telomeric sequence bearing different G-tract length is found in the 

silkworm Bombyx mori consisted of pentanucleotide repeats TTAGG80. 

 

In K+ solution, the Bombyx mori telomeric sequence d[TAGG(TTAGG)3], which 

differs from the human counterpart only by one G deletion in each repeat, forms a 

chair-type intramolecular G-quadruplex, indicating an effect of G-tract length on the 

folding topology of G-quadruplexes.80 A small variation within the non-G linkers 

might result in a dramatic change in G-quadruplex topology: the four-repeat variant 

human telomeric sequence d[AGGG(CTAGGG)3] (variation is underlined) forms a 

chair-type intramolecular G-quadruplex involving two G-tetrads and a G•C•G•C 

tetrad in K+ solution.81  

 

Giardia has the features expected of eukaryotic cells, including linear chromosomes 

capped with telomeres composed of tandem arrays of TAGGG repeats.82 To further 

explore the effect of loop length and sequence on the folding topology of 

G-quadruplexes, here we examine the structure of the four-repeat Giardia telomeric 



  41

sequence d[TAGGG(TAGGG)3], i.e., d(TAGGG)4, in which the non-G linkers are 

shorter than the human counterpart only by one T deletion in each repeat. The 

TAGGG repeats have also been detected as a potential variant that are interspersed 

within the human telomeres,83 among the canonical TTAGGG repeats. We found that 

this sequence forms two different intramolecular G-quadruplexes in K+ solution. The 

first one is a novel basket-type antiparallel-stranded G-quadruplex containing two 

G-tetrads, a G•(A-G) triad, and two A•T base pairs; the second one is a propeller-type 

parallel-stranded G-quadruplex involving three G-tetrads. Recurrence of several 

structural elements in the observed structures suggests a “cut and paste” principle for 

the design and prediction of G-quadruplex topologies. 

3.2 Experimental Section 

DNA Sample Preparation Unlabeled and site-specific labeled DNA oligonucleotides 

(Table 3-1 and Table 3-2) were chemically prepared using an ABI 394 DNA/RNA 

synthesizer, as previously described.80 DNA concentration was expressed in strand 

molarity using a nearest-neighbor approximation for the absorption coefficients of the 

unfolded species.84  

 
Table 3-1 Natural and Modified Giardia Telomeric DNA Sequencesa. 

name sequence 

natural sequence   TA   GGG  TA  GGG  TA  GGG   TA   GGG 
I18-Form 1   TA   GGG  TA  GGG  TA  GGG   TA   IGG  
ΔA12-Form 2   TA   GGG  TA  GGG  T-  GGG   TA   GGG 

aModifications from the natural sequence are shown in boldface. 
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Table 3-2 DNA sequences used in this study (a) 

Name Sequence
Natural sequence TA GGG TA GGG TA GGG  TA  GGG 
15N-labeled natural  

sequences  

 

TA *GGG TA GGG TA GGG TA GGG
TA G*GG TA GGG TA GGG TA GGG
TA GG*G TA GGG TA GGG TA GGG
TA GGG TA *GGG TA GGG TA GGG
TA GGG TA G*GG TA GGG TA GGG
TA GGG TA GG*G TA GGG TA GGG
TA GGG TA GGG TA *GGG TA GGG
TA GGG TA GGG TA G*GG TA GGG
TA GGG TA GGG TA GG*G TA GGG
TA GGG TA GGG TA GGG  TA  *GGG
TA GGG TA GGG TA GGG  TA  G*GG

Inosine-substituted 

sequences  

[I5]  TA GGI TA GGG TA GGG  TA  GGG 
[I10]  TA GGG TA GGI TA GGG  TA  GGG 
[I13]  TA GGG TA GGG TA IGG  TA  GGG 
[I18]  TA GGG TA GGG TA GGG  TA  IGG 

 
15N-labeled I18-Form 1  TA GGG TA GGG TA G*GG TA  IGG 

TA GGG TA GGG TA GG*G TA  IGG 
TA GGG TA GGG *TA GGG  TA  IGG 

Uracil-substituted  

I18-Form 1 

U1  UA GGG TA GGG TA GGG  TA  IGG 
U6 TA GGG UA GGG TA GGG  TA  IGG 
U11 TA GGG TA GGG UA GGG  TA  IGG 
U16 TA GGG TA GGG TA GGG  UA  IGG 

 
ΔA12-Form 2  TA GGG TA GGG T GGG  TA  GGG 
15N -labeled ΔA12-Form 2  TA *GGG TA GGG T GGG  TA  GGG 

TA G*GG TA GGG T GGG  TA  GGG 
TA GG*G TA GGG T GGG  TA  GGG 
TA GGG TA *GGG T GGG  TA  GGG 
TA GGG TA G*GG T GGG  TA  GGG 
TA GGG TA GG*G T GGG  TA  GGG 
TA GGG TA GGG T *GGG TA  GGG 
TA GGG TA GGG T G*GG TA  GGG 
TA GGG TA GGG T GG*G TA  GGG 
TA GGG TA GGG T GGG  TA  *GGG
TA GGG TA GGG T GGG  TA  G*GG

8-deuterodeoxy- 

guanine-substituted 

ΔA12-Form 2 

D4  TA G#GG TA GGG T GGG  TA  GGG 
D8 TA GGG TA #GGG T GGG  TA  GGG 
D13 TA GGG TA GGG T G#GG TA  GGG 
D17 TA GGG TA GGG T GGG  TA  #GGG 

(a)The oligonucleotides were 2% 15N-labeled at the position marked by an asterisk 
and 8-deutero-deoxyguanine substituted by a hash.  
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Gel Electrophoresis The molecular size of the structures formed by DNA 

oligonucleotides was probed by nondenaturing polyacrylamide gel electrophoresis 

(PAGE). The electrophoresis experiment was performed with 10 × 7 cm native gel 

containing 20% acrylamide (Acrylamide:Bis-acrylamide = 37.5:1) supplemented with 

10 mM KCl in TBE buffer pH 8.3 at 120 mV, in 140 minutes. Gel was viewed by UV 

shadowing. 

 

Circular Dichroism (CD) CD spectra were recorded on a Jasco J-810 

spectropolarimeter using a 1-cm path-length quartz cuvette as previously described.80 

The buffer contained 10 mM KCl, 40 mM LiCl and 20 mM lithium phosphate (pH 7). 

For each spectrum, an average of 3 scans was taken. DNA concentration was typically 

around 5 μM. 

 

UV Spectroscopy The UV melting experiments were performed on a Varian 

CARY-300 spectrophotometer by monitoring the UV absorption at 295 nm as a 

function of temperature.72 The concentration of DNA varied from 3 to 300 μM. 

Samples were covered with approximately 100 μL of mineral oil to prevent 

evaporation. They were equilibrated at 90 °C for 10 min, then cooled to 20 °C and 

heated to 90 °C twice consecutively at a rate of 0.15 °C per minute. Data were 

collected every 1 °C during both cooling and heating processes. 

 



  44

NMR Spectroscopy Samples for NMR study were dialyzed successively against ~50 

mM KCl solution and against water. Unless otherwise stated, the strand concentration 

of the NMR samples was typically 0.5-2.0 mM; the solutions contained 70 mM KCl 

and 20 mM potassium phosphate (pH 7). NMR experiments were performed on 600 

and 700 MHz Bruker spectrometers at 25 °C, unless otherwise specified. Resonances 

for guanine residues were assigned unambiguously by using site-specific 

low-enrichment 15N labeling,85 site-specific 2H labeling,86 and JRHMBC 

through-bond correlations at natural abundance.66a, 87 Resonances for thymine residues 

were assigned following systematic T-to-U substitutions. Spectral assignments were 

completed by NOESY, COSY, TOCSY, and 13C−1H-HSQC, as described 

previously.66a Interproton distances were deduced from NOESY experiments at 

various mixing times. All spectral analyses were performed using the FELIX (Felix 

NMR, Inc.) program. 

 

Structure Calculation Interproton distances for the I18-Form 1 G-quadruplex were 

deduced from NOESY experiments performed in H2O (mixing time, 200 ms) and D2O 

(mixing times, 100, 150, 200, and 350 ms). Structure computations were performed 

using the XPLOR-NIH program88 in three general steps essentially as previously 

described:77i (i) distance geometry simulated annealing, (ii) distance-restrained 

molecular dynamics refinement, and (iii) relaxation matrix intensity refinement. 

Hydrogen bond restraints, interproton distance restraints, dihedral restraints, and 

planarity restraints were imposed during structure calculations. Structures were 
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displayed using the PyMOL program.89 

 

Data Deposition The coordinates for the I18-Form 1 G-quadruplex have been 

deposited in the Protein Data Bank (accession code 2KOW). 
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3.3 Results and Discussion 

3.3.1 Four-Repeat Giardia Telomeric Sequence d(TAGGG)4 

Forms Two G-quadruplex Structures in K+ Solution 

Imino proton spectra of the four-repeat Giardia telomeric sequence d(TAGGG)4 in K+ 

solution (Figure 3.1 and Figure 3.2) show two sets of peaks (differentiated by circles 

and asterisks, respectively) at 10.8−12.0 ppm, which could be distinguished by their 

respective intensities at different temperatures, indicating the formation of two 

different G-quadruplexes. At 25 °C (Figure 3.1a), the major conformation, designated 

Form 1, represented about 80% of the population (peaks with circles), while the minor 

conformation, designated Form 2, represented about 20% of the population (peaks 

with asterisks). When the temperature increased, the relative population of Form 2 

with respect to Form 1 increased (Figure 3.1b). At temperatures higher than 40 °C, 

Form 2 was favored over Form 1 (Figure 3.2). Note that Form 1 was also 

characterized by an imino proton at 13.6 ppm. 
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Figure 3.1 Imino proton spectra of the 20-nt Giardia telomeric d(TAGGG)4 
sequence in K+ solution at (a) 25 °C and (b) 35 °C. Two sets of peaks, 
corresponding to two different conformations of G-quadruplexes, are labeled 
with circles and asterisks, respectively. 
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Figure 3.2 Imino proton spectra of the 20-nt Giardia telomeric d(TAGGG)4 
sequence in K+ solution at (a) 45 oC, (b) 40 oC, (c) 35 oC, (d) 30 oC, and (e) 25 
oC.  
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3.3.2 Favoring a Single Conformation by Sequence 

Modifications 

We identified small sequence modifications (Table 3-1) that favored a single 

G-quadruplex conformation, thereby allowing detailed structural analysis of both 

conformations: substitution of G18 by an inosine favored Form 1 (Figure 3.3b), 

whereas the deletion of A12 favored Form 2 (Figure 3.3c). The rationale of these 

modifications will be discussed in view of the structures described below. Comparison 

of the NMR spectra of these modified sequences (designated I18-Form 1 and 

ΔA12-Form 2, respectively) with those of the natural sequence indicated that the 

modified sequences adopted the same G-quadruplex folds as Form 1 and Form 2 of 

the natural sequence, respectively (Figure 3.3 and data not shown). 
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Figure 3.3 Imino proton spectra of natural and modified Giardia telomeric 
sequences in K+ solution. (a) Natural d(TAGGG)4 sequence; (b) I18-Form 1; 
and (c) ΔA12-Form 2. Peaks from Form 1 and Form 2 are labeled with circles 
and asterisks, respectively. 
 
 

The molecular size of Form 1 and Form 2 G-quadruplexes formed by the natural and 

modified Giardia telomeric sequences (Table 3-1) was probed by native 

polyacrylamide gel electrophoresis (PAGE) (Figure 3.4). A single major band was 

observed for each sequence. The migration rate of the natural sequence, I18-Form 1 

and ΔA12-Form 2 was comparable with that of a reference monomeric propeller-type 

parallel-stranded G-quadruplex containing three G-tetrads (unpublished data) and 

significantly faster than that of a dimeric interlocked G-quadruplex containing totally 

six G-tetrads,90 arguing for an intramolecular structure for both Form 1 and Form 2. 
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Figure 3.4 Nondenaturing PAGE analysis of the Giardia telomeric sequences. 
Migration markers are provided on the left. Lane 1: a migration marker of an 
interlocked dimeric G-quadruplex;90 Lane 2: a migration marker of a 
monomeric propeller-type parallel-stranded G-quadruplex91; Lane 3: 
ΔA12-Form 2; Lane 4: I18-Form 1; Lane 5: natural Giardia telomeric sequence 
d(TAGGG)4. 
 
 

Melting experiments were conducted for I18-Form 1 and ΔA12-Form 2 by monitoring 

the UV absorbance at 295 nm. All transitions were reversible, indicating that the 

denaturation curves corresponded to a true equilibrium process (Figure 3.5). No 

significant difference in melting temperature (1 °C or less for I18-Form 1; 4 °C or less 

for ΔA12-Form 2) was observed upon 100-fold increase in concentration (from 3 to 

300 μM), consistent with intramolecular G-quadruplex formation. A slightly larger 

concentration-dependent behavior observed for Form 2 could be explained by the 

stacking of two G-quadruplex blocks (see below) in the presence of high DNA and/or 
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K+ concentration. Such a high-order structure was also observed in a gel 

electrophoresis experiment (Figure 3.6). 

 

 

 
Figure 3.5 Normalized UV absorbance of different DNA concentrations at 295 
nm as a function of temperature: (a) I18-Form 1 and (b) ΔA12-Form 2. The 
heating (solid lines) and cooling (dashed lines) profiles are superimposable 
indicating equilibrium processes.  
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Figure 3.6 Non-denaturing PAGE analysis of the ΔA12-Form 2 Giardia 
telomeric sequences. Lane 1: ΔA12-Form 2 (DNA concentration, 148.5 μM; 
solution contained 90 mM K+); Lane 2: ΔA12-Form 2 (DNA concentration, 
148.5 μM; solution contained 90 mM K+; sample was annealed before loading); 
Lane 3: ΔA12-Form 2 (DNA concentration, 38.4 μM, solution contained 10 mM 
K+); Lane 4: ΔA12-Form 2 (DNA concentration, 38.4 μM, solution contained 10 
mM K+; sample was annealed before loading); Lane 5: a migration marker of 
an interlocked dimeric G-quadruplex;90 Lane 6: a migration marker of a 
monomeric propeller-type parallel-stranded G-quadruplex91. Migration profiles 
from different lanes (indicated with the lanes’ numbers) are shown on the right.  
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3.3.3 Structure of Form 1: Novel Basket-Type G-quadurplex 

with Two G-Tetrads and a G•(A-G) Triad 

Rigorous approaches66a, 85-87 were used for NMR spectral assignments. Guanine imino 

and H8 protons of I18-Form 1 and ΔA12-Form 2 sequences were unambiguously 

assigned (Figure 3.7−Figure 3.11 and Table 3-2) using site-specific low-enrichment 

15N labeling85 (Figure 3.7 and Figure 3.9), site-specific 2H labeling86 (Figure 3.10), 

and JRHMBC through-bond correlations between imino and H8 protons via 13C5 at 

natural abundance66a, 87 (Figure 3.8 and Figure 3.11). Resonances for thymine 

residues were unambiguously assigned by T-to-U substitutions66a (Table 3-2). NMR 

spectral assignments were completed with other through-bond correlation experiments 

(COSY, TOCSY, and 13C−1H-HSQC) (data not shown) and through-space correlation 

NOESY experiments.66a  
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Figure 3.7 Imino proton spectra and assignments of (a) the 20-nt natural 
Giardia telomeric d(TAGGG)4 sequence and (b) I18-Form 1. Imino protons 
were assigned in 15N-filtered spectra of samples, 2% 15N-labeled at the 
indicated positions. The reference spectra (ref.) are shown at the top. 
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Figure 3.8 Guanine H8 proton assignments of I18-Form 1 by through-bond 
correlations between guanine imino and H8 protons via 13C5 at natural 
abundance, using long-range J-couplings. Boxes indicate the positions of 
peaks, observed at a lower threshold or in a separate experiment.  
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Figure 3.9 Guanine imino proton spectra and assignments of ΔA12-Form 2. 
Imino protons were assigned in 15N-filtered spectra of samples, 2% 15N-labeled 
at the indicated positions. The reference spectrum (ref.) is shown at the top.  
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Figure 3.10 Guanine H8 proton assignments of ΔA12-Form 2 by site-specific 
2H labeling at the indicated positions (b-e). The reference spectrum (a) is 
shown at the top. Spectrum (a) was recorded for a sample in D2O; spectra (b-e) 
were recorded for samples in H2O. 
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Figure 3.11 Guanine H8 proton assignments of ΔA12-Form 2 by through-bond 
correlations between guanine imino and H8 protons via 13C5 at natural 
abundance, using long-range J-couplings. 
 

 

With the help of the unambiguous assignments (described above), the classical 

H8/H6−H1′ NOE sequential connectivity of I18-Form 1 could be traced (Figure 3.12). 

The intensity of intraresidue H8−H1′ NOE cross-peaks (Figure 3.12 and Figure 3.13) 

indicated syn glycosidic conformation for G3, G8, G14, and G19, and anti 

conformation for other residues. Analysis of imino-H8 connectivity patterns revealed 

the formation of a novel intramolecular basket-type G-quadruplex with two G-tetrad 

layers, G3•G9•G20•G14 and G4•G15•G19•G8 (Figure 3.14). The structure of the 

I18-Form 1 G-quadruplex in K+ solution (Figure 3.15) was calculated on the basis of 

NMR restraints (Table 3-3). Two edgewise loops, formed by the G5-T6-A7 and 
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T16-A17-I18 segments, bridge across a narrow and a wide groove, respectively, at the 

bottom of the G-tetrad core. The diagonal loop, formed by the G10-T11-A12-G13 

segment, connects two opposite corners of the top G-tetrad. In this diagonal loop, 

formation of the G10•(A12-G13) triad (Figure 3.16c) was supported by the 

observation of the imino proton of G10 at 10.8 ppm and the NOEs between A12(H8) 

and G13(H8). Formation of the Hoogsteen A2•T11 (Figure 3.16b) and Watson−Crick 

A7•T16 base pairs (Figure 3.16d) at the top and bottom of the structure, respectively, 

was supported by the observation of the imino protons of T11 at 13.6 ppm and T16 at 

13.3 ppm (Figure 3.3 and Figure 3.7), as well as a number of NOEs (data not shown). 

A continuous stacking between the G-tetrad core and the base triad/pairs at the top 

and the bottom was observed (Figure 3.16a). 

 

G-quadruplex structures with only two G-tetrad layers have been observed when they 

are further stabilized by other base pairing and stacking.80, 92 Recently, it has been 

observed that sequences containing four tracts of three consecutive Gs, can fold into 

G-quadruplex structures involving only two G-tetrad layers.77i, 81 To compensate for 

the loss of a potential additional G-tetrad, again, base pairing and stacking in the loops 

contribute to the stability of the structure. The observation of Form 1 Giardia 

telomeric G-quadruplex with only two G-tetrad layer reinforces the view that the 

overall folding topology of a G-quadruplex is defined not only by maximizing the 

number of G-tetrads, but also by maximizing all possible base pairing and stacking in 

the loops.77i, 81  
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Figure 3.12 NOESY spectrum (mixing time, 350 ms) showing the H8/H6−H1′ 
connectivity of I18-Form 1 in K+ solution. Intraresidue H8/H6−H1′ NOE 
cross-peaks are labeled with residue numbers. Weak or missing sequential 
connectivities are marked with asterisks. 
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Figure 3.13 Stacked plot of NOESY spectrum (mixing time, 100 ms) of 
I18-Form 1 showing four strong intraresidue H8-H1’ cross-peaks for G3, G8, 
G14, and G19, indicating syn glycosidic conformation for these residues.  
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Figure 3.14 Determination of G-quadruplex folding topology. (a) NOESY 
spectrum (mixing time, 200 ms) showing imino-H8 connectivity of I18-Form 1. 
Cross-peaks that identify the two G-tetrads are framed and labeled with the 
residue number of imino protons in the first position and that of H8 protons in 
the second position. (b) Guanine imino-H8 NOE connectivities observed for 
I18-Form 1 with G3•G9•G20•G14 and G4•G15•G19•G8 tetrads. (c) Schematic 
view of the I18-Form 1 G-quadruplex. anti guanines are colored cyan; syn 
guanines are colored magenta. W, M1, M2, and N represent wide, medium 1, 
medium 2, and narrow grooves, respectively. The backbone of the core and 
loops is colored black and red, respectively. 
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Figure 3.15 Stereo views of the I18-Form 1 G-quadruplex structure in K+ 
solution. (a) Ten superimposed refined structures of I18-Form 1. (b) Ribbon 
view of a representative structure. The anti and syn guanines are colored cyan 
and magenta, respectively; adenines are colored green; thymines, orange; 
inosines, cyan; backbone and sugar, gray; O4’ atoms, yellow; phosphorus 
atoms, red. 
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Figure 3.16 Base pairing and stacking in the I18-Form 1 G-quadruplex 
structure. (a) Side view of the structure. (b) A2•T11 Hoogsteen base pair. (c) 
G10•(A12-G13) triad. (d) A7•T16 Watson−Crick base pair. Color coded as in 
Figure 3.18a. Hydrogen bonds between the base triad/pairs are shown by 
yellow dotted lines. 
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Table 3-3 Statistics of the Computed Structures of the 20-nt 
d[(TAGGG)3TAIGG] Sequence 
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Different basket-type intramolecular G-quadruplexes have been reported previously, 

containing two G-tetrads (formed by human telomeric sequence in K+ solution77i 

(Figure 3.17b)), three G-tetrads (formed by human telomeric sequence in Na+ 

solution36 (Figure 3.17c)) or four G-tetrads (formed by Oxytricha telomeric sequence 

in Na+ solution93 (Figure 3.17d)). These three basket-type G-quadruplexes have 

similar loop arrangements, which are different from the novel basket-type of the Form 

1 Giardia telomeric G-quadruplex (Figure 3.17a). While the G-tetrad cores of these 

four G-quadruplexes are oriented similarly according to the groove widths, the 5′-end 

of these two different basket types starts from different corners (Figure 3.17). An 

alternative way to distinguish these basket-type G-quadruplexes is to consider 

consecutive loop arrangements. In all basket-type G-qadruplexes, the loops are 

consecutively edgewise-diagonal-edgewise, but in Form 1 Giardia telomeric 

G-quadruplex the first (edgewise) loop spans across a narrow groove and the third 

(edgewise) loop spans across a wide groove, while in the other basket-type 

G-quadruplexes the reverse was observed: the first and third loops span across a wide 

and narrow groove, respectively. 
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Figure 3.17 Schematic structures of intramolecular antiparallel basket-type 
G-quadruplexes formed by (a) the sequence d[(TAGGG)3TAIGG] in K+ solution 
(this work), (b) the sequence d[(GGGTTA)3GGGT] in K+ solution,77i (c) the 
sequence d[AGGG(TTAGGG)3] in Na+ solution,36 and (d) the sequence 
d[(GGGGTTTT)3GGGG] in Na+ solution.93 anti guanines are colored cyan; syn 
guanines are colored magenta. The backbone of the core and loops are 
colored black and red, respectively. 
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3.3.4 Structure of Form 2: Propeller-Type G-quadurplex  

The H8/H6−H1′ NOE sequential connectivity of ΔA12-Form 2 is displayed in Figure 

3.18. All residues were observed to adopt anti glycosidic conformation (Figure 3.18 

and Figure 3.19). Analysis of imino-H8 connectivity patterns revealed the formation 

of an intramolecular propeller-type parallel-stranded G-quadruplex with three 

G-tetrad layers, G3•G8•G12•G17, G4•G9•G13•G18, and G5•G10•G14•G19 (Figure 

3.20). There are three double-chain-reversal loops formed by single residue or two 

residues. At high concentration of K+ and/or DNA, end stacking can occur between 

two such G-quadruplex blocks to form a higher-order structure94 consistent with our 

gel-shift and spectroscopic data (see above). 
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Figure 3.18 NOESY spectrum (mixing time, 350 ms) showing the H8/H6−H1′ 
connectivity of ΔA12-Form 2 in K+ solution. Intraresidue H8/H6−H1′ NOE 
cross-peaks are labeled with residue numbers. Weak or missing sequential 
connectivities are marked with asterisks. 
 

 

 
 
Figure 3.19 Stacked plot of NOESY spectrum (mixing time, 200 ms) of 
ΔA12-Form 2. No strong intraresidue H8/H1’ cross-peaks were observed for 
any guanine, indicating anti glycosidic conformation for all guanines.  
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Figure 3.20 Determination of G-quadruplex folding topology. (a) NOESY 
spectrum (mixing time, 200 ms) showing imino-H8 connectivity of ΔA12-Form 
2. Cross-peaks that identify the three G-tetrads are framed and labeled with 
the residue number of imino protons in the first position and that of H8 protons 
in the second position. (b) Guanine imino-H8 NOE connectivities observed for 
ΔA12-Form 2 with G3•G8•G12•G17, G4•G9•G13•G18, and G5•G10•G14•G19 
tetrads. (c) Schematic view of the ΔA12-Form 2 G-quadruplex. The anti 
guanines are colored cyan. The backbone of the core and loops is colored 
black and red, respectively. 
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Intramolecular propeller-type parallel-stranded G-quadruplexes have been observed 

for human telomeric sequences in a K+-containing crystal33 but not in dilute 

solution.36, 77 In contrast, the propeller-type G-quadruplex is observed for a Giardia 

telomeric sequence, in which each linker is shorter by one T. This finding is consistent 

with previous observations that shorter double-chain-reversal loops are more stable 

than the longer ones.17c, 76, 95  

 

For the Giardia telomeric sequence d(TAGGG)4, high temperatures favor the 

propeller-type parallel-stranded G-quadruplex over the basket-type 

antiparallel-stranded G-quadruplex. Similar temperature-dependent behavior was 

observed for the equilibrium between dimeric parallel-stranded and 

antiparallel-stranded G-quadruplexes formed by a two-repeat human telomeric 

sequence in K+ solution.34 

 

Our experimental data on the Giardia telomeric sequence d(TAGGG)4 in K+ solution 

show that the propeller-type parallel-stranded G-quadruplex form, in which the 

G-tetrad core’s termini are exposed, is more favorable for end-stacking than the 

antiparallel-stranded G-quadruplex form, in which the G-tetrad core is capped at two 

ends with loops. 

 

Imino proton spectra of sequences modified from the natural sequence, in which a 

guanine located in the loops of Form 1 (namely, G5, G10, G13 and G18) was 
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substituted by an inosine, are plotted in Figure 3.21. Except for the G10-substituted 

sequence, the three other sequences favored Form 1. In view of the structures of Form 

1 and Form 2, these modifications do not affect Form 1 but destabilize Form 2. In 

contrast, the G-to-I substitution at position 10 removes a critical amino group for the 

G10•(A12-G13) in Form 1, and destabilizes this structure. This observation 

emphasized the importance of the G10•(A12-G13) in the stabilization of Form 1. 

 

Deletion of A12 from the natural sequence (resulting in ΔA12-Form 2) favored Form 

2 because the removal of this residue (i) abolishes the G10•(A12-G13) triad, 

destabilizing Form 1, and (ii) stabilizes Form 2 (a double-chain-reversal loop with one 

residue is more stable than that with two residues17c, 76, 95). 
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Figure 3.21 Imino proton spectra of (a) d(TAGGITAGGGTAGGGTAGGG), (b) 
d(TAGGGTAGGITAGGGTAGGG), (c) d(TAGGGTAGGGTAIGGTAGGG), and 
(d) d(TAGGGTAGGGTAGGGTAIGG), where I represents inosine. Inosine 
substitution at position 5, 13, and 18 of the 20-nt natural Giardia telomeric 
sequence d(TAGGG)4 all favor the formation of Form 1, whereas inosine 
substitution at position 10 of the sequence destabilizes Form 1. 
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We have shown that the four-repeat Giardia telomeric sequence d(TAGGG)4 forms 

two different intramolecular G-quadruplex structures in K+ solution: the first one is a 

basket-type antiparallel-stranded G-quadruplex containing two G-tetrads, a G•(A-G) 

triad, and two A•T base pairs, while the second one is a propeller-type 

parallel-stranded G-quadruplex containing three G-tetrads. This result shows a 

dramatic effect of linker length and sequence on the folding topology of 

G-quadruplexes. Human telomeric sequence, which has the same terminal residues 

and differs by an extra T in each repeat, forms a (3 + 1) G-quadruplex structure.12 This 

is consistent with previous findings that a small change to a G-rich sequence might 

result in a dramatic change in G-quadruplex topology.96  

 

Technically, this work demonstrates again that small sequence modifications can be 

used to manipulate the relative populations of different G-quadruplex conformations 

and to favor a single conformation for structural analysis.34, 77, 87 
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3.3.5 Interconversion between G-quadruplexes  

At 25 °C, the CD profile of I18-Form 1 was very different from that of ΔA12-Form 2 

(Figure 3.22). The former showed positive peaks at 245 and 295 nm and a negative 

peak at 265 nm, typical of an antiparallel-stranded G-quadruplex, while the latter 

showed a positive peak at 260 nm, characteristic of a parallel-stranded 

G-quadruplex.74a Note that the normalized intensity of the 260-nm peak of 

ΔA12-Form 2 (red curve, putative parallel G-quadruplex) is roughly three times that 

of the 295-nm peak of I18-Form 1 (black curve, putative antiparallel G-quadruplex). 

 

 
Figure 3.22 Normalized CD spectra of I18-Form 1 (black line) and ΔA12-Form 
2 (red line) at 25 °C. The former displays the CD signature of antiparallel 
G-quadruplexes, whereas the latter shows the CD signature of parallel 
G-quadruplexes. 
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CD spectra of the natural sequence d(TAGGG)4 recorded at various temperatures 

(Figure 3.23) were consistent with this sequence forming two G-quadruplex 

structures (as monitored by peaks at 295 and 260 nm, respectively) and that the 

parallel-stranded form was favored at high temperatures as observed by NMR (see 

above). We remark that these CD data show that an interpretation of G-quadruplex 

topology based only on a single CD spectrum might be misleading due to the 

coexistence of multiple G-quadruplex conformations. A combination of different 

experimental conditions (temperature, pH, etc.) and sequence modifications can be 

used to vary the relative populations of different forms, aiding structural 

interpretations. 

 
 
Figure 3.23 Normalized CD spectra of the 20-nt natural Giardia telomeric 
d(TAGGG)4 sequence recorded at different temperatures (color coded on the 
right).  
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Formation of Form 1 and Form 2 G-quadruplexes by the natural sequence 

d(TAGGG)4 and their interconversion could be monitored by CD (Figure 3.24). After 

a quick sample cooling from 90 to 10 °C, formation of the two conformations was 

observed (as monitored by peaks at 295 and 260 nm, respectively) at similar rates (in 

the order of minutes), which was followed by their interconversion toward the 

equilibrium with Form 1 being the major conformation. 

 

 
 
Figure 3.24 Normalized CD spectra of the 20-nt natural Giardia telomeric 
d(TAGGG)4 sequence at different time intervals (color coded on the right) after 
the sample, initially equilibrated at 90 oC, was quickly cooled down to 10 oC.  
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In this work, we observed the interconversion between two distinct G-quadruplexes 

for the four-repeat Giardia telomeric sequence d(TAGGG)4 in K+ solution, indicating 

that these different G-quadruplex conformations are isoenergetic. The interconversion 

between different G-quadruplexes has been previously observed for Tetrahymena and 

human telomeric sequences.34, 97 Formation of a mixture of various G-quadruplex 

forms might be a general property of telomeric sequences,34, 77, 80-81, 97 as well as other 

G-rich genomic sequences.17c, 98 

 

The kinetics of G-quadruplex formation and unfolding might also be an important 

factor to determine the relevance of different G-quadruplex forms in different 

biological processes. Different folding/unfolding kinetics could result in different 

G-quadruplex populations, when the system is not at equilibrium. Previously, distinct 

folding and unfolding rates have been observed for two human telomeric 

G-quadruplexes;34 relative populations of these two forms could vary during the 

folding/unfolding processes.34 For the four-repeat Giardia telomeric sequence 

d(TAGGG)4 in K+ solution, although Form 1 is the major form at equilibrium at low 

temperatures, the two forms might have comparable populations after a few minutes 

of folding time (Figure 3.24). 

 

In nature, different proteins or other cellular factors can recognize a particular 

G-quadruplex form and selectively promote or abolish this conformation as a step 

within a regulation pathway. It could be interesting to specifically target this structure 

by small-molecule ligands with high affinity toward only one form. In these cases, 
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proteins or small-molecule ligands should recognize and distinguish between different 

structural elements of G-quadruplexes, such as G-tetrad cores and loops. 

 

3.4 Conclusion 

Recurrence of several structural elements was found in the structures of Form 1 and 

Form 2 Giardia telomeric G-quadruplexes. (i) Single nucleotide has been reported to 

form a very stable double-chain-reversal loop;17c, 76, 95 such a loop was found to 

stabilize Form 2 in ΔA12-Form 2. (ii) Multiple base pairs and base triads have been 

observed in the loops of G-quadruplexes and stabilize these structures by stacking 

continuously on the G-tetrad cores;77c-i, 81 a Hoogsteen A•T base pair, a G•(A-G) triad, 

and a Watson−Crick A•T base pair were observed to stack at the top and bottom of the 

G-tetrad core and stabilize Form 1. (iii) The G•(A-G) triad in Form 1, formed in the 

diagonal loop G10-T11-A12-G13 (single-nucleotide turn is underlined) (Figure 

3.25a), matches well to a G•(A-G) triad previously observed in the MYC promoter,98 

formed in a diagonal loop G-A-A-G (Figure 3.25b). Although the G-tetrad cores of 

the two structures are quite different, the configurations of the triad-containing 

diagonal loops are very similar: the first (G), third (A) and fourth (G) bases in the 

loop participate in a G•(A-G) triad, while the second base (T or A) forms a single-base 

turn and stacks on top of the triad. The adjacent G-tetrads in the two structures are 

different (with glycosidic conformations being syn•syn•anti•anti and 

syn•anti•anti•anti, respectively), but the configurations of the connection points are 
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similar: both loops connect an anti guanine to a syn guanine and span the same 

diagonal distance across the corresponding G-tetrad. The recurrence of different 

structural elements in these structures suggests a “cut and paste” principle for the 

design and prediction of G-quadruplex topologies, for which different elements could 

be extracted from one G-quadruplex and inserted in another one. However, one should 

be cautious that the formation of a particular G-quadruplex “structural element” by a 

“sequence element” might also be context-dependent due to the presence of different 

competing conformations. 

 

 

 
Figure 3.25 Recurrence of G-quadruplex structural motifs. G•(A-G) triad 
observed in (a) I18-Form 1 (this work) and (b) Pu24I (pdb code: 2A5P). Only 
the bases from the diagonal loops are highlighted, all other atoms are colored 
gray. 
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Chapter 4 Self-assembly of DNA 

supramolecular wires on graphene 

 

4.1 Introduction 

Graphene, an isolated single atomic layer of hexagonally arranged carbon atoms, is a 

basic building block for some carbon allotropes including fullerence, carbon 

nanotubes and graphite. As a model system for condensed matter physics99 and the 

formidable potential of future applications in nanoelectronics,100 it has stimulated 

intense research interest. Considering the large surface area of graphene,101 a high 

loading capacity for biomolecules could plausibly be expected. Graphene and 

graphene-based nanomaterials have been documented to be interfaced with DNA,102 

proteins103 and even cells.104 A thorough knowledge and understanding of the 

DNA-graphene interaction has important implications for the interpretation of DNA 

interactions with carbon-based substances. This is relevant to efforts dedicated over 

the past decade to DNA-assisted sorting of structure-specific carbon nanotubes,105 

seamlessly rolled up graphene sheets, DNA sequencing with graphene-based 

nanochannel device,106 and DNA sensing with carbon nanotubes,107 graphene108 and 

graphene derivatives.109 

 

Most previous investigations focused on the interaction between graphene and 

single-stranded/ duplex DNA.110 Besides the canonical double helix, guanine-rich 
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nucleic acid sequences can adopt a four-stranded helical structure called the 

G-quadruplex through stacking of multiple G-tetrads, each of which arises from the 

planar association of four guanines in a cyclic Hoogsteen hydrogen-bonding 

arrangement.6 Because of these peculiar structural features, G-quadruplex DNA 

exhibits higher structural stability,57a rigidity57b and conductivity28,29 than duplex DNA. 

63, 111 63, 111 63, 111 93,168 93,167 93,166 93,165 93,165 93,165 93,165 93,164 93,164 93,164 These advantages, 

along with the ability of forming extended wires of hundreds nanometers, G-wires, 

possibly by slippage in G-quadruplex DNA,112 make this structure appealing for the 

development of biomolecular electronics.64 Here we report on the formation of 

G-wires by the d(GGGGTTGGGG) oligonucleotide on graphene. Our experimental 

results demonstrate that G-wires are self-assembled into well-ordered arrays and 

preferentially oriented along the armchair direction. 

 

4.2 Experimental Section 

Sample preparation DNA oligonucleotides were chemically synthesized on an ABI 

394 DNA/RNA synthesizer as previously described.74b Reagents for syntheses 

including the dSpacer,113 a deoxynucleotide lacking the nucleobase, were purchased 

from Glen Research, Sterling, VA. DNA concentration was expressed in strand 

molarity using a nearest-neighbour approximation for the absorption coefficients of 

the unfolded species.84  

 

G-wires were grown with 20 μg/μl (6.29×10-3 μM) of the d(GGGGTTGGGG) 
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oligonucleotide dissolved in appropriate buffer, treated by heating at 95°C for 10 min, 

followed by gently cooling at a rate of 0.3°C min-1 and incubation at 37°C for 24 hrs. 

The buffer contained 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 1 μM spermidine, 

supplemented with 50 mM of KCl, or NaCl, or LiCl. Unless otherwise specified, 

incubation buffer containing 50 mM KCl was used for the growth of G-wires. 

 

500-bp DNA duplex was obtained by isolating from “100-bp DNA ladder” (Promega) 

on a 3% agarose gel. The 500-bp DNA fragment was recovered from agarose using a 

QIAquick gel extraction kit (Qiagen). Duplex DNA was diluted with 50 mM KCl 

incubation buffer to a concentration of 4 ng/µl and heated ~10 min at 65°C. 

 

Graphene samples were prepared by mechanical exfoliation of highly ordered 

pyrolytic graphite (HOPG) on top of an oxidized Si wafer using the established 

“scotch tape” technique100. 

 

Circular dichroism (CD) CD spectra were recorded on a Jasco J-815 

spectropolarimeter using a 1-cm path-length quartz cuvette. Formation of 

G-quadruplexes in solution was followed as a function of incubation time using CD 

spectroscopy. 

 

Raman spectroscopy Raman spectra and images were acquired by using a WITec 

CRM200 confocal microscopy Raman system in the backscattering configuration. 

The excitation laser (532 nm) was focused onto the sample using a 100× objective 
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lens (N.A. = 0.95). The piezostage movement and data acquisition were controlled 

using Scan Ctrl Spectroscopy Plus software from WITec GmbH, Germany. 

 

Atomic force microscopy (AFM) 10 μl of the sample was deposited onto the 

substrate surface. After 3 min adsorption, the substrate was gently rinsed with 

deionized water and dried with nitrogen gas. Atomic force microscopy was performed 

under ambient conditions, using a Veeco Dimension V (Veeco Instruments, Santa 

Barbara, CA) system in tapping mode. Topographic images were taken at a scanning 

rate of 1 Hz and resolution of 768 × 768 lines. Height analysis and angle measurement 

were carried out by the accompanying Veeco Nanoscope software (version 7.20). 

Two-dimensional fast Fourier transform by means of Digital Micrograph software 

(Gatan, Inc., Plasanton, CA) was used for estimation of the preferred direction of 

G-wire orientation on graphene. 

 

4.3 Results and Discussion 

4.3.1 G-wire Formation on Graphene Imaged by AFM  

Previously, the DNA sequence d(GGGGTTGGGG) has been shown to form 

higher-order structures in solution65 and to self-assemble on the mica surface as 

G-wires.112 One generally accepted explanation for the adsorption of DNA to the 

mica is due to the “salt bridge” effect. Divalent or higher valence cations mediated 

the interaction between the negative phosphate groups of the DNA backbone and the 
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negatively charged mica surface114. Here we investigate the self-assembly of this 

sequence on the graphene surface by using the tapping-mode AFM (Error! Reference 

ource not found.). Wire-like structures of ~3.5 nm high were observed only for 

samples incubated in KCl or NaCl solution, but not for samples in LiCl solution, for 

which only structures of ~1.0 nm high were observed (Error! Reference source not 

ound.). As it has been shown that G-quadruplexes are stable in K+ and Na+ solution, 

but not in Li+ solution,6a it is likely that the 3.5-nm-high wires (called G-wires) 

observed in K+ and Na+ solution are based on G-quadruplexes, while the structures 

observed in Li+ solution are single-stranded DNA.115 Another control is the 

d(TTTTTTTTTT) sequence in K+ solution, which form structures of ~1.0 nm high on 

the graphene surface (Figure 4.2). It should be noted that the height of G-wires on 

top of the mica surface is ~2 nm.112 Formation of G-quadruplexes by 

d(GGGGTTGGGG) in solution was supported by the CD spectra (Figure 4.3), which 

display a positive peak at 260 nm, characteristic of parallel-stranded 

G-quadruplexes.74a A possible scenario for G-wire formation involving 

parallel-stranded slipped strands has be postulated previously.112 A model of such a 

G-wire on graphene is shown in Figure 4.4. 

 

Theoretic Molecular Dynamics modeling is our future work. The proposed structure 

model is based on the structural knowledge of G-quadruplex DNA. Some Molecular 

Dynamics modeling research have been done by other research groups to discuss the 

structures and interaction energies of stacked graphene–nucleobase complexes.116, 117 

The geometry optimization was performed. The relative orientation of different 
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nucleobases is different. We assume that the dT to dU substitution might affect the 

relative orientation of G-wire to graphene. 

 

  

Figure 4.1 Tapping-mode AFM height images of G-wires grown with 20 μg/μl 
of the d(GGGGTTGGGG) oligonucleotide dissolved in buffer containing 50 
mM Tris-HCl (pH 7.5), 10 mM MgCl2 and 1 μM spermidine, supplemented with 
different salt (a) 50 mM KCl, (b) 50 mM NaCl, and (c) 50 mM LiCl, (a'-c') The 
corresponding height profiles along the lines shown in the AFM images. 
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Figure 4.2 (a) Tapping-mode AFM height images formed by the 
oligonucleotide d(TTTTTTTTTT) on graphene. (b) The corresponding height 
profiles along the red line shown in the AFM image. (c) Two dimensional fast 
Fourier transform of the boxed regions indicated by the green square in the 
AFM image, showing the preferred orientation. 
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Figure 4.3 CD spectra of d(GGGGTTGGGG) in K+ solution as a function of 
incubation time. 
 

 

 

 

 

 

 

 
 
Figure 4.4 Model of a G-wire, formed by the oligonucleotide 
d(GGGGTTGGGG), self-assembled into a well-ordered structure on graphene 
with the aid of projected thymines. Graphene is colored gray; guanines, cyan; 
thymines, orange; and DNA backbone, black. 
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4.3.2 Alignment of G-wires on Graphene 

AFM images reveal that the G-wires form well-ordered arrays once deposited onto 

graphene (Figure 4.5). Fourier transformation (FT) of the region in the red box 

shows a single preferred direction (Figure 4.5b), while FT of the region in the green 

square reveals a sharp azimuthal distribution (Figure 4.5c). The orientations of 

G-wires can thus be identified, each separated by 60 degrees with respect to the 

others, reflecting the lattice symmetry of graphene. 
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Figure 4.5 (a) AFM image showing G-wire alignments atop graphene. (b-c) 
Two-dimensional fast Fourier transform of the boxed regions indicated by the 
red and green square in the AFM image, showing well-defined orientation of 
the G-wire. 
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In a model previously proposed by Marsh et al.,112 a G-wire formed by 

d(GGGGTTGGGG) can be viewed as an array G-quadruplex units connected by TT 

linkers. As guanine bases are involved in the formation of the core of the 

G-quadruplexes, it should be the thymine bases of the linkers that are mainly 

responsible for the interaction between the DNA and graphene via π–π stacking 

interactions between the nucleobases and the hexagonal cells of the graphene.110, 118 

The optimized stacking arrangement has been obtained by means of density functional 

theory (DFT) calculations.116-117 In the optimized structure of graphene-nucleobase 

complex, nucleobase stacks parallel to the graphene with the carbonyl oxygen atoms 

and most of the nitrogen atoms located above the centers of the graphene hexagonal 

carbon rings. Consequently, we could have TT linkers acting as anchors to maintain 

the G-wires on graphene, leading to the organization of G-wires into highly ordered 

architectures atop graphene.  

 

To test the role of the TT linkers for the development of the well-ordered assembly of 

G-wires, we studied the structure formed by a mutated sequence where two thymine 

bases were removed. AFM result of the mutated oligomer d(GGGGSSGGGG), where 

S is a dSpacer without a base, showed that the ordered arrangement of G-wires was 

disturbed and no preferred orientation was observed (Figure 4.6a). As a control, 

structures formed by a 500-bp duplex DNA deposited on graphene were also 

observed to be randomly distributed (Figure 4.6b). These results support the 

mechanism, in which the TT linkers, served as a fixation point for G-wires, are a 
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critical factor affecting the patterning behavior of G-wires on graphene. 

 

 

 
Figure 4.6 AFM topographic images of (a) structures formed by the modified 
oligonucleotide d(GGGGSSGGGG) incorporating dSpacer as the linker 
sequence and (b) 500-bp duplex DNA on graphene. Fast Fourier transform of 
the boxed regions indicated by the red square (a') and green square (b'), 
shown in the insets. 
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We also attempted to form supramolecular DNA structures on the surface of 

graphene oxide (GO). However, we did not observe the formation of G-wires on the 

surface of GO (for example, see Figure 4.7).  

 

 
 

Figure 4.7 AFM image of graphene oxide after incubation with 
d(GGGGTTGGGG).  
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The ability to functionalize graphene with robust, well-ordered G-wire arrays 

presents opportunities for fields ranging from graphene-based biomolecular 

electronics to sensor design. Raman spectra measurements were carried out before 

and after patterning G-wires on top of graphene (Figure 4.8). It should be noted that 

G and 2D bands exhibited no obvious shift and no D band was developed, indicating 

that graphene was essentially unaffected by doping after functionalization.119 

Additionally, G-wire monolayer could also be expected to be utilized as a template 

for further chemistry or materials deposition.120 

 

 

 

Figure 4.8 Raman spectrum collected before (black curve) and after (red curve) 
the deposition of G-wires on the graphene. 
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4.3.3 Orientation of G-wires with respect to Graphene 

Crystallographic Lattice 

It is known that the crystallographic orientation of the edges plays an important role in 

determining the graphene electronic properties. As a versatile and nondestructive 

technique, Raman spectroscopy is widely used to characterize the microstructure of 

carbon-based materials121. For example, the D band, which is related to double 

resonance Raman scattering and requires scattering between two nonequivalent cones, 

will not be activated by a perfect zigzage edge122. So the edge chirality can be 

identified by using polarized Raman spectroscopy. 

 

In order to determine the relative orientation of G-wires with respect to the graphene 

substrate lattice, the crystallographic orientation of graphene is identified using 

polarized micro-Raman image constructed by the intensity of D peak. It is commonly 

accepted that the D band at 1350 cm-1 is related to the intervalley double-resonance 

scattering121 and the armchair edges are expected to give rise to a stronger D peak 

compared to that of the zigzag edges.122-123 

 

Figure 4.9 shows a piece of graphene, in which two adjacent edges form an angle of 

30 degree, indicating that they have different edge chiralities. Based on the D-peak 

intensity, the brighter edge is armchair while the other one is zigzag. The 

crystallographic arrangements of graphene thus can be identified. Thereafter, we 

determined the relative orientation of each G-wire fragment with respect to the atomic 
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lattice of graphene substrate using the following formula: φ = n × 60º + θ, where n 

denotes an integer and θ is defined as the angle between each G-wire fragment and the 

zigzag direction. The various orientation angles φ were chosen within one symmetric 

period (60 degree). It was observed that the frequency distribution histogram of the 

orientation angles φ follows a Gaussian distribution, with the mean value around 30 

degree (Figure 4.9d). This suggests that G-wires are oriented along the armchair 

direction on the graphene surface. We also performed polarized Raman scattering 

studies on oriented G-wires atop another piece of graphene, where the angle between 

two adjacent edges is 150 degree (Figure 4.9e-h). The statistical result is in 

accordance with the previous conclusion. 
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Figure 4.9 Two adjacent graphene edges form an angle of 30 degree (a-d) and 
150 degree (e-h). (a, e) AFM image of graphene after immobilization with 
G-wires. Inset Raman images of the same piece of graphene constructed by 
the intensity of (b,f) D peak and (c,g) G peak with laser polarization direction 
indicated by the arrow. Dashed lines mark the general contour of the 
crystallographic orientation at the graphene edges as follows: armchair (green), 
zigzag (magenta). (d,h) Histogram showing the orientation distribution of the 
G-wires with respect to the graphene crystallographic lattices. 
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Thus, the sensing ability of G-wires can be used to determine the crystal orientation 

and hence the edge chirality of graphene. The physics of graphene orientation is the 

focus of extensive research,124 which account for novel physical phenomena such as 

superconductivity,125 ferromagnetism,126 and quantum Hall effect.127 Conventional 

methods for acquiring atomic resolution information,128 such as scanning tunneling 

microscope129 and transmission electron microscopy,124b require stringent 

experimental conditions like low temperature, high vacuum or sample conductivity. 

Recently, Raman spectroscopy has been explored as a diagnostic tool to characterize 

the graphene edge structure, but its sensitivity strongly depends on laser polarization, 

relative position of the laser spot with respect to the edge, and especially the amount 

of edge disorder.121-123 Selectively oriented G-wires provide an easy method for 

probing the graphene orientation, which would accelerate the pace of applications of 

graphene-based devices, e.g. graphene nanoribbon semiconductors.130  

 

4.4 Conclusion 

In summary, supramolecular G-wires could be grown from the d(GGGGTTGGGG) 

oligonucleotide on graphene surface. We found that the G-wires self-assembled into 

well-ordered arrays on graphene, where thymine bases in the TT linkers served as 

anchors for the assembly. Using atomic force microscopy in combination with 

micro-Raman mapping we showed that G-wires preferentially oriented along the 

armchair direction of graphene. The formation of G-wires could open new avenues for 

graphene research and application. 
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  Chapter 5 Summary and Perspectives 

5.1 Summary of the Dissertation 

G-quadruplex DNA is highly polymorphic, which might be associated with different 

cellular process. A thorough understanding of the G-quadruplex structure is essential 

for structure-based anti-cancer drug design16. In order to explore the effect of loop 

length and sequence on the folding topology of G-quadruplexes, high resolution 

structure of Giardia telomeric sequence d(TAGGG)4 was solved by nuclear magnetic 

resonance spectroscopy. Compared to the human counterpart d[TAGGG(TTAGGG)3], 

the only difference lies in one T is deleted within the non-G-linker in each repeat. 

Four-repeat human telomeric sequence d[TAGGG(TTAGGG)3] has been shown to 

form (3+1) intramolecular G-quadruplex structure in solution containing K+ ions77c. 

However, two different intramolecular G-quadruplex folding topologies are 

demonstrated to be adopted by Giardia telomeric sequence in K+ solution. One is a 

novel antiparallel basket-type G-quadruplex containing only two layers of G-tetrads, 

another one is a parallel propeller-type G-quadruplex. Recurrence of several structural 

elements in the observed structures suggests a “cut and paste” principle for the design 

and prediction of G-quadruplex topologies. 

 

Besides the important biological role of G-quadruplex DNA, it can also serve as a 

versatile building block for nanomaterials. G-wires, grown from oligonucleotide 

d(GGGGTTGGGG), are self-assembled into well-ordered arrays on graphene. The 
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preferred orientation of G-wires atop graphene, was investigated using a combination 

of AFM and micro-Raman spectroscopy and found to be along the armchair direction. 

Based on the structural knowledge of G-quadruplex DNA, the self–assembly 

properties can be controlled through sequence modification. Such assembly could 

open new avenues for graphene research and application.  

 

5.2 Perspectives 

Mechanical properties of DNA play an essential role in cellular process which binds 

or reads DNA for purposes of packaging, recognition and modification. Despite the 

wide interest in the topology of G-quadruplexes, their mechanical properties are not 

well-understood. The mechanical properties of G-quadruplex DNA can be measured 

through single-molecule mechanical studies. In contrast to ensemble-based techniques, 

single molecule measurements make the determination of low probability events or 

subpopulations and not synchronizable dynamics possible. As both single molecule 

studies and G-quadruplex are relatively new research fields, as far as we know, only 

two studies are reported on G-quadruplex single molecule mechanical studies131. The 

evidences provided by both studies are not persuasive as the structure of 

corresponding G-quadruplexes is not fully controlled. Giardia work demonstrates that 

structure of G-quadrupelx can be leveraged through sequence modification and 

experimental conditions. Coupled with our research group core strength in NMR 
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structural studies, we can verify the conformation of G-quadruplex and complement 

data from single molecule studies. 

 

As graphene is a basic building block for some carbon allotropes, the DNA-graphene 

interaction study will help understanding the DNA interactions with carbon-based 

substances. For example, such interaction study could give indications on 

DNA-assisted sorting of carbon nanotube105, DNA sequencing with graphene-based 

nanochannel device106, and DNA sensing with carbon nanotubes107, graphene108 and 

graphene derivatives109. In addition, G-wires are found to preferentially orient along 

the armchair direction. Such alignment property of G-wires atop graphene could be 

used to identify the crystal orientation and hence the edge chirality of graphene. 

Graphene exhibits a variety of novel physical phenomena such as superconductivity125, 

ferromagnetism126, quantum Hall effect127 and so on. These exceptional phenomena 

might be related to the physics of graphene orientation124. The sensing ability of 

G-wires provide an facile method for probing the graphene orientation, which would 

accelerate the pace of development of graphene-based devices, e.g. graphene 

nanoribbon semiconductor130. 
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