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Abstract 

In this thesis, we document a comprehensive study of the cation-directed self-

assembly of three guanosine derivatives: i) guanosine 5'-monophosphate (5'-GMP), ii) 

guanosine 5'-thiomonophosphate (5'-GSMP), and iii) 2',3',5'-O-triacetylguanosine (TAG). 

We discovered that, under the neutral pH condition, Na2(5'-GMP) molecules self-

assemble into a right-handed helix structure consisting of alternating all-C2'endo and all-

C3'endo planar G-quartets stacking on top of each other with a 30° twist. This self-

assembled supramolecular structure uses multiple non-covalent forces (e.g., hydrogen-

bond, phosphate-hydroxyl, π-π (base-base) stacking, ion-carbonyl, and ion-phosphate) to 

align individual monomers in a way that resembles RNA and DNA sequences in which 

covalent bonds are used to link monomers. Na+ ions are located in the channel and 

surface sites of the G-quadruplex. In contrast, under acidic pH conditions, Na2(5'-GMP) 

molecules self-assemble into a continuous right-handed helix where guanine bases are 

hydrogen-bonded in a lock-washer fashion with only C3'-endo monomers. Na+ ions are 

absent in the channel site due to smaller channel radius and lesser repulsions between 

phosphate groups (-1 vs. -2 charge under neutral pH) contribute to the stronger stacking 

mechanism. In Na2(5'-GSMP), a longer phosphate bond compared with Na2(5'-GMP) 

allows stronger P-O-…Na+…-O-P interactions to occur, thus enhancing self-assembly. 

Solid-state NMR, FT-IR, powder x-ray diffraction, model building, and calculation 

showed that Na2(5'-GSMP) forms the same self-assembled structure as Na2(5'-GMP) but 

with significantly greater tendency. This study proves that single-bond modification can 

enhance stacking in G self-assemblies, and shows direct evidence that Na+ ions reside at 
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the surface (phosphate) sites. Lastly, using lipophilic TAG, we were able to show for the 

first time that trivalent lanthanide metal ions can facilitate G-quartet formation. A new 

mode of metal ion binding in G-quartet structures (i.e., a triple-decker G dodecamer 

containing a single metal ion in the central G-quartet) is reported. We also report the first 

1H and 43Ca NMR characterization of Ca2+-templated G-quartet formation in a [TAG8-

Ca]2+ octamer. 
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Chapter 1 

Introduction 

1.1 Nucleic Acids and the double-helix model 

 Hereditary genetic material in organisms, also known as deoxyribose nucleic 

acid (DNA), was discovered by a Swiss biochemist, Friedrich Miescher, in 1869.1 James 

Watson, Francis Crick, Rosalind Franklin, and Maurice Wilkins deciphered its structure 

in 1953 using x-ray diffraction data and molecular modeling.2 Later on, multiple ribose 

nucleic acids (RNA) that play different roles in protein synthesis were also discovered.3 

Both DNA and RNA are composed of polynucleotide chains. The basic building block, 

mononucleotide, has three parts: 1) nucleobase, 2) ribose/deoxyribose sugar, and 3) 

phosphate. There are four basic nucleobases in DNA (adenine, cytosine, guanine, and 

thymine; abbreviated as A, C, G, and T, respectively) and four in RNA (A, C, G, and 

uracil (U)). Both A and G consist of purine rings and thus are referred to as the “purine-

bases”, while C, T, and U are referred to as the “pyrimidine-bases”.4 All purine and 

pyrimidine bases are planar because the ring systems are conjugated including exocyclic 

carbonyl and amino groups.5 As shown in Figure 1-1, the ribose carbons are designated 

with primed numbers from 1' through 5', and the nucleobase atoms are labeled from 1 

through 9.4 When the ribose sugar is attached to the nucleobase at C1' position, the 

molecule is called a “nucleoside”, and together with the phosphate group attached at the 

C5' position the molecule becomes a “nucleotide” (Figure 1-1).4        
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Figure 1-1. (Top) Basic components of DNA and RNA: nucleic acid bases, pentose 

sugar, and phosphate. (Bottom) An example of mononucleotide: guanylic acid (also 

known as guanosine 5'-monophosphate) with all atom labels.4  
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 The ribose sugar moiety contains a hydroxyl (-OH) group at the C2' position in 

RNA, which is replaced by a hydrogen in DNA (hence the name “deoxyribose”). Unlike 

the planar nucleobases, the five-membered ribose ring can adapt several energetically 

stable conformations. An “endo” conformation is manifested by a carbon atom sitting 

above the ribose ring, as opposed to an “exo” conformation where a carbon is below the 

ring. The two most commonly observed conformations in DNA/RNA structures are the 

C2'-endo and C3'-endo conformations, denoted “2E” (or “S”) and “3E” (or “N”), 

respectively (Figure 1-2).4  

  

Figure 1-2. C2'-endo (S) and C3'-endo (N) puckering of the ribose ring.  

 

 Besides the planar nucleobases and a puckered ribose sugar, a nucleotide can 

have many conformations depending on how the three parts are related to each other 

spatially.4 Table 1-1 lists the torsion angles that are used to describe different nucleic acid 

conformations. The torsion angles χ and γ decide the most notable structural features of a 

mononucleotide. With respect to the sugar ring, two main orientations about the glycosyl 

C1'-N9 bond, called anti and syn, is defined by the torsion angle χ (Figure 1-3). In the 
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anti conformation (180° ± 90°), the nucleobase is directed away from the sugar, while it 

is towards or above the sugar in a syn conformation (0° ± 90°).4   

Table 1-1. Definitions of different torsion angles used to describe nucleic acid structures 

(n = a particular nucleotide in the polynucleotide chain).4  

Torsion angles  Atoms involved (in a polynucleotide chain) 

α   (n-1) O3'-P-O5'-C5' 

β   P-O5'-C5'-C4' 

γ                                                   O5'-C5'-C4'-C3' 

δ   C5'-C4'-C3'-O3' 

ε   C4'-C3'-O3'-P 

ξ                     C3'-O3'-P-O5' (n+1) 

χ   O4'-C1'-N9-C4 (purine)/C2 (pyrimidine) 

 

νo   C4'-O4'-C1'-C2' 

ν1   O4'-C1'-C2'-C3' 

ν2   C1'-C2'-C3'-C4' 

ν3   C2'-C3'-C4'-O4' 

ν4   C3'-C4'-O4'-C1' 

 

 Another important torsion angle in nucleic acids is the exocyclic C4'-C5' angle 

γ, which describes how O5' and its substituents assume different positions relative to the 

sugar ring. The three main conformations with substituents in staggered positions are 

shown in Figure 1-4. The three conformations are gauche-gauche (gg), gauche-trans (gt), 

and trans-gauche (tg).4 In general, the torsion angles of a nucleotide are determined by 
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the constraints imposed by the polynucleotide and double-helix structures as described 

below. 
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Figure 1-3. Definitions of anti and syn conformations in a guanylic acid molecule. 

 

Figure 1-4. Definitions of the torsion angle γ along the C4'-C5' bond, looking in the 

direction of C5' to C4'. 

 

χ 
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 Mononucleotides can be joined using enzymes (polymerases) that create 

phosphodiester bonds to form a polynucleotide chain. A covalent bond is formed between 

the 5'-phosphate (n) and the 3'-hydroxyl group of the next mononucleotide (n+1) through 

a condensation reaction. The free 5'-phosphate group is termed the “5'-end”, while the 

free 3'-hydroxyl group is called the “3'-end” (Figure 1-5).4 A polynucleotide chain is also 

negatively charged due to deprotonation of backbone phosphate groups at neutral pH. 

   

Figure 1-5. A DNA polynucleotide chain. 

 

 Besides elongation through phosphodiester bonds, mononucleotides can also 

bind to each other through hydrogen bonds. In terms of chemical structure, a nucleoside 
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has many hydrogen-bond donors and acceptors (Figure 1-1). The major hydrogen-bond 

donors include imino (-NH) and amino (-NH2) groups for nucleobases, and the major 

acceptor groups are carbonyl C=O and -N= groups. Since these donors and acceptors are 

part of a π-conjugated system, π-bond polarization occurs during hydrogen-bond 

formation, and enhances the stability of the hydrogen bonds in nucleic acids.5 In fact, the 

double helix structures of DNA and RNA are formed due to hydrogen bonding between 

two polynucleotide chains. The principle of “base pairing” unique to DNA/RNA is 

shown in Figure 1-6 where a purine forms either two or three hydrogen bonds with a 

pyrimidine. The allowed base pairings include A•T (or A•U in RNA) and G•C. These are 

collectively known as the “Watson-Crick base pairings” and other types of pairing are 

generally considered mismatches in DNA/RNA structures.  

 Using hydrogen bonds between bases and other weak forces, such as van der 

Waals base-stacking interactions, hydrophilic (backbone)/hydrophobic (bases) effects, 

and electrostatic repulsion or attractions between the negatively charged nucleotides and 

surrounding ions, two DNA polynucleotide chains form a double-helix with regular, 

repeating structure but random sequence of bases. The sugar-phosphate backbones are on 

the outside while the bases are in the inside and the entire double-helix is made without 

covalent bonds between the two strands. In terms of base pairing, small pyrimidine bases 

must only pair with large purines or else a bulge (from two purines) or a hole (from two 

pyrimidines) would form. The spacing between stacking base pairs is 3.4 Å, and the 

overall helix repeat distance is about 34 Å (~10 base pairs). The two polynucleotide 

strands are anti-parallel to each other, i.e., one has 5' � 3' polarity from the top to 

bottom, while the other has a 3' � 5' polarity from the same direction.4  
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 There are three types of double-helices: A, B, or Z forms (Figure 1-7). The 

structure proposed by Watson and Crick in 1953 is the B-form DNA. It exists in high 

humidity (92%) while the A-form exists in a dryer condition (75% humidity).4 Both A- 

and B-forms are right-handed helices composed of anti nucleotides. The A-form that is 

more common in RNA, has only C3'-endo puckering, while B-form in DNA contains 

only C2'-endo ribose. In the B-form DNA, all base pairs are horizontal while they are 

slightly tilted towards the helix axis in the A-form. Rich and colleagues discovered that 

Z-DNA with alternating purines and pyrimidines nucleotides (e.g., poly[G-C]•poly[C-G]) 

forms a Z-form DNA. The Z-form only exists occasionally in DNA with high salt 

concentrations.6 Contrary to the A- and B-forms, Z-DNA has a left-handed helix with a 

dinucleotide repeating unit, with all cytosines being in anti with C2'-endo puckering, and 

all guanosines are in syn with C3'-endo puckering.6  

  

Figure 1-6. Watson-Crick base pairings in DNA and RNA. R = ribose and phosphate 

groups.4  
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Figure 1-7. (From left to right) A, B, and Z-form of DNA.7 

 

1.2 A special kind of nucleic acid structure: G-quadruplex 

 Besides the Watson-Crick type of base pairing found in a double-helix, other 

types of hydrogen bonds were also found naturally among the four bases. In 1966, Crick 

proposed the “Wobble base-pairing theory” that explains the recognition of certain 

mismatched RNA during protein translation.8 Some of the Wobble-base pairs include 

A•A, A•C, A•G, C•C, G•G, G•U, G•T, U•C, and U•U. This theory explains the amount of 

transfer RNA (tRNA) present in nature being smaller than expected because the tRNA 

(anticodon) is relaxed in selectivity with respect to the receiver (codon) present in 

messenger RNA (mRNA), a phenomenon known as “codon degeneracy”.8 While the 

“Wobble base-pairing theory” being a biological phenomenon, another type of irregular 
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base pairing proposed by Hoogsteen in 1963, named “Hoogsteen base-pairing”, needs to 

be discussed in further detail as it has huge biological and chemical implications.  

 Using x-ray crystallography, Hoogsteen observed a stable structure in which N3 

of thymine could form a hydrogen bond with N7 of adenine, instead of N1 as in the 

Watson-Crick pairing model (Figure 1-8).9 The Hoogsteen type of base pairing is then 

defined as any base pairing using hydrogen donors and/or acceptors different from those 

used in the Watson-Crick model. Hoogsteen base-pairing is very rarely observed in 

transcribing DNA (<1%) and its discovery revolutionized the traditional view on nucleic 

acid structure. Using the Hoogsteen type of base pairing, DNA and RNA molecules now 

become building blocks of a vast amount of possible, alternate structures including 

triplex or even quadruplex DNA helices.10 One of the most important structures is the 

quadruplex of guanosine-rich DNA sequences, or “G-quadruplexes”. 

 

Figure 1-8. Hoogsteen type of base-pairing between A and T. 

 

 Guanine, being one of the DNA bases, is very unique because its hydrogen bond 

donors and acceptors are 90º to each other (Figure 1-9). Under slightly acidic conditions, 

guanosine 5'-monophosphate, or 5'-GMP, was observed to form a gel in aqueous 

environments.11 X-ray fiber diffraction, UV, CD, and IR studies of this gel revealed a 
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structure where four 5'-GMP molecules self-assemble into a “G-quartet” using 

Hoogsteen-type of hydrogen bonds (Figure 1-10).12,13,14 

 

Figure 1-9. Hydrogen bond donors and acceptors of guanosine 5'-monophosphate which 

participate in G-quadruplex formation. 

 

Figure 1-10. (Left) G-quartet with Hoogsteen hydrogen-bonding atoms labeled and 

(right) G-quadruplex formed with multiple layers of stacked G-quartets and metal 

cations. R = 5'-phosphate ribose. 
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 Each G-quartet is formed via four pairs of Hoogsteen-type of hydrogen bonds 

between N1H…O6 and N2HA
…N7 (Figure 1-10). These G-quartets can stack on top of 

each other with a separation of ~3.4 Å and a twist of 30-45° to form a column-like G-

quadruplex.12 Metal cations are sandwiched between G-quartets and have ion-dipole 

interactions with the surrounding eight carbonyl-oxygens. Other non-covalent forces 

include π-π stacking between the nucleobases, ion-phosphate interactions, as well as 

electrostatic repulsion between cations. It is also important to know that only certain 

metal cations with an appropriate ionic radius, such as Na+ or K+, can fit into the channel 

of the G-quadruplex column.15 More details about the G-quadruplex structure are 

discussed in the next session.  

 Before 1990, research on G-quartet or G-quadruplex structures was mostly in 

the hands of chemists and driven largely by curiosity. However, several discoveries made 

in the early 1990s suggested that G-quartets might be present in vivo. These important 

discoveries include the crystal structure of a four-stranded Oxytricha telomeric DNA,16 

and the first NMR structure of human telomere quadruplex in Na+-containing solution.17  

 A telomere is a protein/DNA complex found at the very end of each 

chromosome and plays a critical role in cell senescence. Since G-quadruplexes could 

exist in telomere DNA, its potential of being a therapeutic target in cancer research has 

been heavily investigated.18,19 The DNA sequence of human telomeres consists of repeats 

of a short sequence 5'-TTAGGG-3'. Every time DNA is replicated, some TTAGGG units 

are lost, eventually the telomere sequence is shortened below a critical length and the cell 

dies. However, cancer cells can prevent the telomere from being shortened by expressing 
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telomerase, a protein that facilitates telomere extension.20 One of the approaches to 

inhibit telomerase activity is to block telomerase-substrate interactions. While the single-

stranded G-rich telomere is a substrate of telomerase, the folded G-quadruplex is not. 

Therefore, formation of G-quadruplexes could prevent telomerase from binding to the 

DNA strand, and hopefully cancer cell formation can be prohibited through this 

mechanism.21,22,23 For example, tumour oncogenes have been shown to be suppressed via 

stabilization of the G-quadruplex structure in the presence of sodium ions.24 It is also 

known that several human genes associated with diseases such as Fragile X Syndrome 

contain G-quadruplexes in its sequences.25 Therefore, it is not surprising that biological 

G-quartets have received numerous attention in the last two decades. Figure 1-11 shows a 

crystal structure of a human telomeric G-quadruplex formed in the presence of K+ ions.26 

 

Figure 1-11. (a) Viewed on the 5' end, a stick representation of the G-quadruplex formed 

from a human telomere sequence, d[AGGG(TTAGGG)3] (22-mer), in the presence of K+ 

ions. (b) Same structure viewed from the 3' end of the G-quadruplex looking down the 

helical axis. Phosphate backbone (ribbon) shows 5'-to-3' directionality. (Picture adopted 

from Ref. 26.) 
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 Another important biological implication of G-quadruplex is its resemblance to 

transmembrane ion channels. The environment around K+ ions in the selectivity filter of 

K+-channel proteins is very similar to that inside a G-quadruplex channel.27,28 In both 

cases, the cation is surrounded by eight carbonyl groups in an antipyrimidal or cubic 

fashion.27 Many attempts have been made to mimic ion channel proteins with G-

quadruplex systems.29,30,31  

 Besides these two applications, both biological and synthetic G-quadruplex 

systems have been utilized as extractants of the radioactive 226Ra or biosensors based on 

their affinity to different types of metal ions,32,33,34 as well as DNA nanomachines35, 

surface ligands36, macroscopic membrane films37, hydrogels that could serve as bioactive 

molecule carriers38, and photo- or electro-active molecular electronic devices39. 

Numerous G derivatives and their abilities to form various supramolecular structures are 

thoroughly documented in the literature.40,41,42,43,44,45  

1.3 The first biological G-quadruplex: 5'-GMP 

 Almost a century ago, Ivar Christian Bang (1869-1918) discovered that, under 

acidic conditions, 5'-GMP molecules form a white gel while they remain as a clear liquid 

at neutral pH (Figure 1-12).11 In 1962, Davies and colleagues examined the x-ray fiber 

diffraction data for 5'-GMP and 3'-GMP gels and proposed that the structural basis of gel 

formation is a hydrogen-bonded guanine tetramer now termed as a G-quartet.12,46,47  
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Figure 1-12. Disodium guanosine 5'-monophosphate aggregates formed under pH 5 (left) 

and pH 8 (right) conditions. The samples are of the same concentrations. 

 

 As mentioned earlier, each G-quartet consists of four pairs of Hoogsteen-type of 

hydrogen bonds between N1H…O6 and N2H
A…N7 atoms. The angles between the 

hydrogen-bond donors and acceptors make it possible to form a square-shaped, planar 

tetramer. Davies and colleagues further proposed that G-quartets could stack on top of 

one another using weak π-π interactions between guanine rings. At about the same time, 

Miles and Frazier used infrared (IR) spectroscopy to study 5'-GMP solution under a 

neutral pH.13 They found evidence that 5'-GMP self-associates into an ordered structure 

in neutral solution.4 The authors also found that the self-assembly of 5'-GMP is reversible 

as the aggregate dissociates into monomers with increasing temperature and forms an 

ordered structure again when the temperature is decreased. It appears that 5'-GMP gel 

formation only occurs when the phosphate group is singly protonated (C-O-PO3H
-) at pH 

< 5. Under a neutral or slightly basic condition (pH 7-8), strong repulsion between 

doubly negatively charged phosphate groups (C-O-PO3
2-) makes it more difficult to form 

extensive self-assemblies. Using circular dichroism (CD) spectroscopy, Chantot et al. 

also noticed that cations play an important role in 5'-GMP self-assembly.14 The authors 
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claimed that aggregates of 5'-GMP are formed only under conditions of “high 5'-GMP 

concentration, low temperature, defined pH range, and high ionic strength”.14 In 1975, 

Pinnavaia and colleagues decided to use solution-state NMR to study 5'-GMP self-

assembly in neutral solutions.48 Their study was the first NMR study of 5'-GMP under 

high concentration, neutral pH, and low temperature conditions and provided a great deal 

of useful information on 5'-GMP self-assembly. First, 1H NMR spectra provide direct 

evidence that the guanine imino (N1H) and amino (N2HA) protons are involved in 

hydrogen bonds. Secondly, the authors reported the observation of four different 1H 

NMR signals for each proton of 5'-GMP. Because the four distinct signals from proton 

H8 appear well separated from other signals, they were used to analyze the four different 

5'-GMP species (denoted H8 α, β, γ, and δ) present concurrently in the sample (Figure 

1-13). Neurohr and Mantsch also reported the ∆G° for 5'-GMP to form aggregates at pH 

7.4 and 30°C in aqueous environment to be -0.6 kJ/mol.49 

   

Figure 1-13. Partial 1H NMR spectra of neutral disodium guanosine 5'-monophosphate 

solutions at different concentrations showing the four H8 signals (spectra adopted from 

Ref. 48; the bottom axis represents 1H chemical shift in ppm). 
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 Based on spin-lattice relaxation measurements, the authors suggested that both α 

and δ (1:1 ratio) were signals from a head-to-tail stacking octamer (C4 symmetry), while 

β was another type of octamer, perhaps tail-to-tail or head-to-head stacking (D4 

symmetry) and γ was assigned the monomer or dimer 5'-GMP molecules. Over the next 

decade, Pinnavaia and colleagues studied the 5'-GMP system in neutral solution using 

other NMR techniques such as 13C, 31P, relaxation measurements, and nuclear 

Overhauser effect (NOE).50,51,52 They also found that the G-quadruplex structure exhibits 

different affinity for different metal ions.15 In a G-quadruplex, each cation is sandwiched 

between two G-quartets. It can be imagined that each cation is being encapsulated in a 

pseudo-cage where eight carbonyl oxygen atoms form the corners (Figure 1-10). Both 

ionic radius and charge of the cation are critical for the formation and stability of the G-

quadruplex structure. Pinnavaia and colleagues discovered that neither too small nor too 

large cations such as Li+ and Cs+ (ionic radius 0.92 and 1.69 Å, respectively) promote G-

quadruplex formation, whereas Na+, K+, and Rb+ (ionic radius 1.18, 1.51, and 1.61 Å, 

respectively) are necessary for stable G-quadruplex structures.15 Because small cations 

are too far from the corners of this pseudo-cage to balance the electronegative carbonyl 

oxygens, no G-quadruplex is formed. The opposite occurs for large cations, as the G-

quadruplex will be forced to break apart when a large cation enters the cage. The 

averaged O6
…M+ distance in a stable G-quadruplex is 2.2-2.3 Å, and among monovalent 

cations, K+ has the highest affinity for G-quadruplex formation followed by Na+ and 

Rb+.15  

 Pinnavaia and colleagues also noted that two different cation-binding sites exist 

for the G-quadruplex formed by 5'-GMP in neutral solution.51 The specific structure-
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directing site, also known as the “channel” site, is where the cations reside inside the G-

quadruplex. The other non-specific binding site, also known as the “surface” site, is the 

phosphate group (C-O-PO3
2-) of the 5'-GMP molecules. Cations binding to the surface 

site can balance the electrostatic repulsion between neighboring phosphate groups, 

therefore they also play a role in G-quadruplex stability.51 In the early 1980s, Detellier et 

al. used NMR to study binding affinity and found that, when Na+ and K+ are both present 

in 5'-GMP solution, the stoichiometry of the aggregate is approximately 4Na+(G4-K
+-G4). 

In particular, K+ ions have a higher binding affinity for the channel site while Na+ ions 

are preferred at the surface sites.53 Detellier et al. were also the first to use NMR for 

direct detection of alkali metal ions (e.g., 23Na+, I = 3/2) in G-quadruplex systems. These 

authors confirmed the formation of octamers and/or hexadecamers in neutral 5'-GMP 

solutions.54,55 

 Several other research groups had also studied the neutral 5'-GMP system. In 

1982, Peterson et al. reported the presence of two different types of dimers in Na2(5'-

GMP) solution using 1H, 13C, and 31P NMR results.56 The proposed asymmetric 

hydrogen-bonded dimer was essentially one half of a G-quartet, while the symmetric 

dimer model was a pure speculation at the time. Although the asymmetric dimer model 

has been largely discarded by other researchers in the field, the observed fast exchange 

between the H8 β and γ signals is consistent with the possibility of β being the stacking 

symmetric dimers instead of the isomeric D4 octamers as suggested by Pinnavaia and 

colleagues.48,57 Another single-crystal x-ray study by Lipanov et al. confirmed that 

monomers from a neutral 5'-GMP sample form G-quartets that are perpendicular to the 

helical axis.58 The authors also reported the 5'-GMP G-quadruplex to be a right-handed 



 19

helix composed of twelve molecules (i.e., three G-quartets). Further studies using CD and 

NMR yielded contradicting results such as a left-handed helix composed of fourteen 

residues, etc.59,60 It is clear that, despite considerable effort, the 5'-GMP self-assembly 

process has never been fully understood. 

1.4 Motivation and organization of the thesis 

 Because of the aforementioned biological implications of G-quartet and G-

quadruplex, a huge amount of effort has been devoted to this field since the 1990s largely 

led by biochemists and molecular biologists. However, it is rather remarkable that the 

exact structure of 5'-GMP helix, the first G-quartet system, is still unknown after nearly 

50 years. In 2000, in a search for NMR signatures for channel and surface ions in G-

quadruplex DNA, Wu and Wong revisited the neutral 5'-GMP system using solid-state 

NMR.61,62 These authors examined the Na+ ions using magic-angle spinning (MAS) 23Na 

NMR and established the signature signal of Na+ in G-quadruplex systems.61 The authors 

also found the channel and surface 39K signals using a very high magnetic field (900 

MHz) and proved the capability of examining G-quadruplex structures using solid-state 

NMR on cation nuclei.62 In addition, the same authors were able to quantitatively 

determine the free energy differences for ion competition among Na+, K+, NH4
+, Rb+, and 

Cs+ in both channel and surface sites.63  

 Out of all the methods employed to study 5'-GMP G-quadruplex, none were 

able to reveal the true aggregate size until Jurga-Nowak et al. studied the system using 

dynamic light-scattering (DLS).64 In this case, the hydrodynamic radius of the self-

assembled structure as a function of temperature, ionic strength, and nucleotide 
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concentration were determined by measuring translational and rotational diffusion 

coefficients of the aggregates from which the size and shape of G-quadruplexes could be 

calculated. The authors reported that, in a highly concentrated 5'-GMP solution, there are 

at least 32 layers of G-quartets present in a single helix.64 This provoking result prompted 

Spindler et al. to study a similar G-derivative (5'-dGMP) using 31P NMR and DLS,65 

which ultimately led to a collaboration between Spindler and Wu in using both diffusion-

ordered NMR spectroscopy (DOSY) and DLS to study Na2(5'-GMP) under neutral 

conditions.66 Similar to DLS, a DOSY experiment measures the translational diffusion 

rate (Dt) of a molecule, which is a function of molecular size, solvent viscosity, and 

temperature. In this study, the authors reported several significant results. First, at 18-

34% w/w Na2(5'-GMP) concentrations, two types of rod-like cylinders were observed: 

the stacking monomer cylinder and the G-quartet cylinder. Each G-quartet cylinder is 

about 8-30 nm long and corresponds to 24-87 stacking G-quartets.66 Another finding was 

that the column length increases with the 5'-GMP concentration, but insensitive to the 

Na+ concentration, which suggests that an equilibrium is established between the stacking 

monomers and G-quartets. Further introduction of Na+ ions would not shift the system to 

form more G-quadruplexes. The authors also observed an increase of monomeric 

aggregate size when the temperature of solution decreases, while the size of G-quartet 

aggregates was found to remain unaffected by temperature. The authors proposed a 

common stacking mechanism between the monomer and G-quartet cylinders as a linear 

relationship was observed between cylinder sizes and Na2(5'-GMP) concentration.66  

 The aforementioned new results regarding the size of 5'-GMP self-assembly 

have not only provided new insights into the 5'-GMP self-assembly process, but also 
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called for a new interpretation of the previously reported NMR data. This renewed 

interest in 5'-GMP self-assembly and its relevance to G-quadruplex nucleic acid 

structures led us to ask the unavoidable question: what is the exact helical structure of 5'-

GMP in the neutral to slightly basic (referred to as “neutral” only in the text) solution? In 

Chapter 2, we present the structural determination of Na2(5'-GMP) self-assembly in 

neutral solution. In Chapter 3, we investigate the structure of acidic Na2(5'-GMP) gel and 

disapprove a long-believed model of this G-quadruplex helix. In Chapter 4, we 

investigate the self-assembly of disodium thioguanosine 5'-monophosphate (5'-GSMP). 

In Chapter 5, we report for the first time that a lipophilic guanosine derivative forms G-

quadruplexes in the presence of trivalent metal cations (M3+). Lastly, Chapter 6 provides 

concluding remarks for this thesis. 
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Chapter 2 

Structure determination of disodium guanosine 5'-monophosphate G-

quadruplex in neutral solution 

2.1 Introduction 

 As mentioned in Chapter 1, the exact structure of Na2(5'-GMP) helix formed 

under neutral conditions remains unknown. The current information reveals that, at high 

concentrations and in the presence of Na+ ions, ordered G-quadruplexes are formed. The 

G-quadruplexes are large aggregations composed of stacking layers of G-quartets, whose 

size depends on concentration and temperature. Because single crystals are extremely 

difficult to obtain from concentrated neutral Na2(5'-GMP) solutions, we decided to use 

NMR to determine the exact structure of Na2(5'-GMP) G-quadruplex in aqueous solution. 

2.2 Experimental Details 

2.2.1 Sample preparation 

 The D2O sample was prepared by dissolving 305 mg Na2(5'-GMP).6H2O 

(Sigma, Lot 035K1194, no further purification) twice in D2O (0.6mL, 99.99%) to remove 

H2O from the hydrous 5'-GMP. The sample is then degassed with N2 for 20 min to 

remove any dissolved O2. For the H2O/D2O sample, Na2(5'-GMP) was dissolved in equal 

amounts of H2O and D2O without degassing the sample. Final concentration of both D2O 

and H2O/D2O samples is 1.0 M (50% w/w). Acidity of these samples is pH 8.0 without 

introducing any acids or bases. All 31P titration experiments were performed using a 

dilute Na2(5'-GMP) sample (1.5 x 10-2 to 5.0 x 10-2 M in D2O) and pH was adjusted using 
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concentrated DCl(aq). The final pH values were obtained using the formula: pH = pD + 

0.4.67  

2.2.2 NMR spectroscopy 

 All solution-state NMR spectra were recorded on a Bruker Avance 600 MHz 

spectrometer (14.1 T), including both 1D and 2D experiments. All chemical shifts were 

reported in parts per million (ppm). For 1H experiments, the 1H 90° and 180° pulse 

widths at a pulse power of 0.0 dB were 13.0 µs and 26.0 µs, respectively. For 13C 

experiments, the 13C 90° and 180° pulse widths at a pulse power of  -1.5 dB were 25 µs 

and 50 µs, respectively. The 31P 180° pulse was 50 µs at 0.0 dB, and 85% H3PO4(aq) was 

used as an external reference. For solution-state 23Na NMR, the Hahn-echo pulse 

sequence HE.GW.TXT without H-decoupling was used with a 180° pulse of 32 µs at 5 

dB.  Delay time 0.2 s was used, and a total of 1,024 transients with 2,024 scans were 

collected. An analogue filter was used with processing parameter lb=10Hz. Sample was 

referenced externally to 1.0 M NaCl(aq) at 0 ppm. All pulse sequences were available in 

the program Bruker Xwin NMR Version 3.5, and experimental temperatures were 

carefully controlled by a Bruker BT-3000 unit. 

 COSY. 2D homonuclear shift correlation (1H-1H COSY) spectra which detects 

1H-1H through scalar coupling was carried out on the D2O 5’-GMP sample at 278.0 K 

using the pulse program COSYGPQF (Bruker XWinNMR Version 3.5) on a Bruker 

Avance 600 MHz spectrometer. The data were collected using a 90° pulse of 10.0 µs at a 

power of 0 dB and a relaxation delay of 3.0 s. The spectral width was 4194.63 Hz on 
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either dimension. Two scans were collected. Final data matrix was 2048 (F2) x 1024 

(F1). 

 1
H-

31
P COSY. Proton-detected 2D heteronuclear shift correlation was performed 

on the D2O sample at 298.0 K. The 90° and 180° pulse widths of 31P at pulse power 0.0 

dB were 22.0 µs and 44.0 µs, respectively. 31P chemical shift was externally referenced to 

85% H3PO4(aq) at 298.0 K. The spectral widths were 2403.8 Hz (F2) and 971.8 Hz (F1). A 

total of 20 scans were collected with a relaxation delay of 10.0 s, and the final data matrix 

was 1024 (F2) x 256 (F1). 

 Long-range COSY. 2D long-rage homonuclear shift correlation spectra which 

detects 1H-1H of < 3 Hz scalar coupling was carried out on the D2O 5'-GMP sample at 

298.0 K using the pulse program COSYLGQF (Bruker XWinNMR Version 3.5) on a 

Bruker Avance 600 MHz spectrometer. The data were collected using a 90° pulse of 12.0 

µs at pulse power 0 dB, and a relaxation delay of 2.0 s. The fixed delays for evolution of 

long-range coupling (d6) were varied between 0.01-0.1s. The spectral width was 

4194.631 Hz on either dimension. Eight scans were collected. Final data matrix was 2048 

(F2) x 512 (F1).  

 DOSY. 1H diffusion experiment was carried out on the D2O 5'GMP sample at 

278.0 K. The pulse sequence of longitudinal eddy current delay with bipolar-gradient 

pulse (LEDBPGP2s) was employed. The pulse field gradient duration (δ) was 7.5 ms, 

and the variable gradient strength (G) was 5.645-5.750 G/mm. The diffusion period (∆) 

was 75.0 ms, and a total of 4096 transient points with 16 scans were collected for each of 

the 32 increment steps with a recycle delay of 5.0 s. The eddy current delay (tw) 
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employed was 5 ms, and the gradient recovery delay was set at 0.2 ms. Calibration of the 

field gradient strength was performed by measuring the value of translational diffusion 

coefficient (Dt) for the residual 1H signal in D2O (99.99% 2H atom), where Dt = 1.90 x 

10-9 m2/s.68 The spectral width was 4194.6 Hz and a line-broadening of 10 Hz was 

employed in data processing (F2).  

 DOSY-NOESY. A 2D experiment was created (by Dr. Gang Wu) by modifying 

the 3D DOSY-NOESY experiment (LEDBPGPNO3s3d) and was carried out on the D2O 

sample at 298.0 K. The NMR experimental parameters were identical to the DOSY 

experiment, except the pulse field gradient duration (δ) was 1.0 ms, and the diffusion 

period (∆) was 300.0 ms. A total of 8 scans were collected with a recycle delay of 3.0 s. 

The mixing time (τmix) for NOE was 100 ms, and the final data matrix was 2048 (F2) x 

512 (F1). 

 DQF-COSY. 2D homonuclear shift correlation spectrum (COSY) with double 

quantum filter using gradient selection was recorded at 298.0 K on the D2O sample from 

the pulse program COSYDFETGP. A total of 16 scans and a relaxation delay of 6.0 s 

were collected for a spectrum with 2403.8 Hz on either dimension. The final data matrix 

was 2048 (F2) x 512 (F1). Contrary to regular COSY experiment, the signals observed 

are all derived from double-quantum coherence present between the second and third 90° 

pulses. This allows all the lines in the spectrum having all double absorption mode 

lineshape (compare to COSY where cross and diagonal peaks have opposite lineshapes). 

However, because only the double-quantum part of the coherence is observed, signal 

intensity is less compared to COSY experiments. 
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 HMBC. 2D spectrum of 1H-13C correlation through heteronuclear zero and 

double quantum coherence transfer was performed using the pulse program 

HMBCGPLPNDQF at 298.0 K on the H2O/D2O sample. A low-pass J-filter was 

employed to suppress one-bond correlations, and no 13C decoupling was applied during 

acquisition. The long-range coupling delay was 62.5 ms (corresponds to a long-range 

coupling of 8 Hz) and the one-bond coupling delay was 3.45 ms (145 Hz). A total of 450 

scans were collected with a relaxation delay of 1.0 s. The spectrum widths were 6009.6 

Hz (F2) and 21,130.1 Hz (F1), and the final data matrix was 4096 (F2) x 256 (F1).  

 Refocused-HMBC. 2D 1H-13C correlation via heteronuclear zero and double 

quantum coherence was performed with the pulse program HMQCGPQF on a 90% H2O/ 

10% D2O sample at 298.0 K. The long range coupling delay was 15 ms (corresponds to a 

J-coupling of 33.3 Hz). The 13C decoupling sequence employed in the experiment was 

garp, and the 90° pulse for decoupling sequence was 85 µs at a power level of –1.5 dB. A 

total of 1000 scans were collected with a relaxation delay of 10.0 s. The spectral widths 

were 3591.9 Hz (F2) and 10,565.3 Hz (F1), and the final data matrix was 4096 (F2) x 32 

(F1).  

 HSQC. (1) 2D 1H-13C heteronuclear one-bond correlation via double inept 

transfer was performed on the D2O sample at 298.0 K using the pulse program 

HSQCETGP with decoupling (phase sensitive using echo/antiecho-TPPI gradient 

selection). (2) Another HSQC experiment was performed using the pulse program 

HSQCETGPSISPNP without decoupling. A trim pulse (1 ms, F1 dimension) was 

employed in both experiments in the inept transfer while shape pulses were employed on 
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the F2 dimension. The 180° shape pulses for inversion and refocusing at –1.3 dB on the 

F2 dimension were 500 µs and 2000 µs, respectively. A correlation delay of 1.25 ms, 

which corresponds to a 1
JHC-coupling of 200 Hz, was used to observe 1H-13C 

correlations. The spectrum widths were 6613.7 Hz (F1) and 21,129.4 Hz (F2). A total of 

30 scans were collected with a relaxation delay of 1.0 s, and the final data matrix was 

2048 (F2) x 1024 (F1).  

 NOESY. The 2D homonuclear correlation via dipolar coupling NOESY 

spectrum was performed at 278.0 K on the H2O/D2O sample using the pulse program 

NOESYGPPH with a mixing time (τmix) of 50 ms. The relaxation delay was 4.0 s, and a 

spectral width of  7183.9 Hz in each dimension was employed. A total of 16 scans were 

collected for each experiment, and the final data matrix was 2048 (F2) x 512 (F1). 

 ROESY. A 2D homonuclear NOE experiment measured under spin-locked 

condition was performed on the 1:1 H2O/D2O sample at 298.0 K using the pulse program 

ROESYETGP. A continuous wave spinlock was used for mixing with an echo/antiecho-

TPPI gradient selection. A series of experiment with different spin-lock pulses (5 - 40 

ms), which corresponds to the “mixing time” in ROESY, was employed at a power level 

of 24.61 dB. The spectral width was 4194.6 Hz on either dimension, and a total of 16 

scans were collected with a relaxation delay of 3.0 s. The final data matrix was 2048 (F2) 

x 512 (F1).  

 TOCSY. 2D total-correlation COSY was performed on the H2O/D2O sample at 

298.0 K using the pulse sequence DIPSI2ETGPSI with Hartmann-Hahn transfer using 

DIPSI2 sequence for mixing. A series of experiments with different TOCSY mixing time 
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(50 – 400 ms) was employed at a power level of 10 dB. The spectral width was 4194.6 

Hz on either dimension, and a total of 8 scans were collected with a relaxation delay of 

4.0 s. The final data matrix was 2048 (F2) x 512 (F1).  

2.2.3 Quantum chemical calculations 

 Quantum chemical calculations of NMR parameters such as chemical shielding 

and indirect spin-spin coupling constants were performed on a Sun Fire cluster using the 

Gaussian 03 suite of programs. The Sun Fire cluster is comprised of seven Sun Fire 

25000 servers. Each of the Sun Fire 25000 servers is equipped with 72 x (2 MB on-chip 

L2 cache and 32 MB L3 cache) dual-core (CPU) UltraSPARC-IV+ processors and 576 

GB of RAM. The level of calculations was B3LYP/6-311++G(d,p). 

2.3 Results and Discussion 

2.3.1 Confirmation of G-quadruplex formation  

 Because both Na2(5'-GMP) monomers and G-quadruplexes exist in concentrated 

samples, it is necessary to identify their respective 1H chemical shifts. Figure 2-1 shows 

the 1H NMR spectrum of a 0.1 M Na2(5'-GMP) sample where only monomers exist. The 

chemical shift assignment of monomeric 5'-GMP is listed in Table 2-1.  
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Figure 2-1. The 1H NMR spectrum of a 0.1 M neutral Na2(5'-GMP) in D2O at 298 K.  

Table 2-1. A list of proton chemical shifts of monomeric Na2(5'-GMP) in water at 298 K 

in reference to TMS. 

Protons 1H chemical shift (ppm) 

N2HA/B 6.1 

H8 7.9 

H1' 5.6 

H2' 4.5 

H3' 4.3 

H4' 4.1 

H5'/ H5" 3.8 

  

 According to Pinnavaia et al., a highly concentrated Na2(5'-GMP) solution 

yields four sets of distinct proton signals in the 1H NMR spectrum.15 Figure 2-2 shows 

the 1H NMR spectra of a concentrated 1.0 M Na2(5'-GMP) sample in D2O at various 

temperatures. It is clear from these 1H NMR spectra that four sets of H8 resonances are 

observed at both 298 and 278 K. The ribose signals in the 3-6 ppm region are heavily 

overlapped and a reliable chemical shift assignment is not possible at the moment. Figure 
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2-3 displays the proton NMR spectra of the same 1.0 M Na2(5'-GMP) sample in 1:1 ratio 

of H2O and D2O to illustrate exchangeable imino (N1H) and amino (N2HA,B) protons.  

  

Figure 2-2. 
1H NMR spectra of a neutral 1.0 M Na2(5'-GMP) solution in D2O at various 

temperatures and 14.1 T and pH 8.  

 

Figure 2-3. 
1H NMR spectra of a neutral 1.0 M Na2(5'-GMP) solution in 1:1 H2O/D2O at 

various temperatures and 14.1 T and pH 8. The broad shoulder next to H8γ belongs to an 

unassigned hydrogen-bonded proton. 
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 It can be seen in the 1H-NMR spectra that hydrogen-bonded structures are 

formed when the chemical shifts of exchangeable protons are shifted towards high 

frequency from 6.1 ppm of the monomers to the 8.5-12.0 ppm region under high 

concentrations (Figure 2-3). It is also observed that signal intensities of H8α and H8δ (G-

quadruplexes) increase at lower temperatures while the intensities of the other signals 

decrease. This observation confirms previous observation that H8β and H8γ are indeed 

monomeric and dimeric (non-G-quadruplex) aggregates because their signals “disappear” 

at lower temperatures when larger G-quadruplexes are formed. Moreover, although the 

signal intensities of H8β and H8γ vary at different temperatures, the ratio of H8α and 

H8δ signals always remains 1:1 (Figure 2-4). The 1H chemical shifts of all four H8 

signals are (in ppm): H8α = 8.26, 8.26; H8β = 7.87, 7.95; H8γ = 7.76, 7.57; and H8δ = 

6.96, 6.96 at 298 K and 278 K, respectively. Using these distinct H8 signals, the 

approximate G-quadruplex concentration can be calculated using peak deconvolution of 

these four signals: 

Equation 2-1  %100
8HH8  H8  (H8

)H8  (H8
×

−

+++
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quadruplexG

δγβα

δα
   

 

 The G-quadruplexes formed in the 1.0 M solution under different temperatures 

are shown in Figure 2-4 and their population percentages were calculated using Equation 

2-1 and the results are shown in Table 2-2. Since there are other exchangeable proton(s) 

embedded within the H8 region, the population calculated using peak intensities is 

slightly smaller in the H2O/D2O sample.  
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Figure 2-4. 
1H NMR spectra of a neutral 1.0 M Na2(5'-GMP) solution in D2O (top) and 

1:1 H2O/D2O (bottom) at various temperatures and 14.1 T. 
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Table 2-2. Estimated percentages of G-quadruplex in a 1.0 M Na2(5'-GMP) sample with 

different solvents at various temperatures calculated using Equation 2-1.   

 

 

 Besides the high frequency shift of exchangeable protons and the appearance of 

four H8 signals, the third piece of evidence of G-quartet formation is provided by 2D 

NOESY spectrum that yields spatial relationships between protons within 5.0 Å through 

dipole-dipole interactions. The signature NOESY cross peaks of a G-quartet are formed 

between the imino (N1H) and one of the amino protons (N2HA) with H8 from a neighbour 

molecule within the G-quartet, as illustrated in Figure 2-5.  

 In this case, because the signature NOE cross peaks involve exchangeable 

protons, an NOESY experiment was performed on the 1:1 H2O/D2O sample. Intra-

molecular cross peak are expected to be more intense than the inter-molecular ones 

because of shorter distances between them (i.e., stronger dipole interaction). Figure 2-6 

shows the NOESY spectrum of a 1.0 M Na2(5'-GMP) solution at 278 K, and cross peaks 

Temperature (K) D2O (%) H2O/D2O (%) 

278 49.3 41.1 

288 45.3 35.1 

298 37.7 28.6 

308 20.0 10.4 

318 1.2 0.0 
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between the exchangeable protons (intra-molecular) and with the two H8 species (inter-

molecular) confirmed G-quartet formation. 

  

Figure 2-5. G-quartet with one pair of Hoogsteen-type of hydrogen-bonds highlighted in 

red. Nuclear Overhauser effect (NOE) is present between protons N1H-N2HA (intra-

molecular), and H8-N1H, H8-N2HA (inter-molecular). R' = 5'-phosphate ribose. 
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Figure 2-6. 2D NOESY spectrum of a neutral 1.0 M Na2(5'-GMP) solution in 1:1 

H2O/D2O at 278 K and 14.1 T with a mixing time of 50 ms showing the H8 and 

exchangeable protons regions. Intra-molecular NOE’s between N1H and N2HA are 

highlighted in the green box. H8(α)-N2HA(δ) cross peak is highlighted in the black box 

(see text for explanation). α and δ species are represented in red and blue, respectively. 
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 Moreover, we also observed cross peak H8(α)-N2HA(δ) but not H8(δ)-N2HA(α) 

in the NOESY spectrum (Figure 2-6, black box). This inconsistency could arise from two 

situations. First, α and δ are signals of two distinct types of G-quadruplexes that are 

composed entirely of either α or δ monomers, and they have almost identical populations 

as shown in their 1:1 signal intensities in the 1H NMR spectrum. The H8(α)-N2HA(δ) 

cross peaks arose from simply “inter-quadruplex” interactions. The second explanation is 

that there is only one type of G-quadruplex and it has two proton environments. For 

example, α and δ monomers are arranged alternatively or adjacent to each other in the 

same G-quartet.  However, only one set of H8-N2HA combination is observed. In this 

case, the absence of such cross peaks suggests that this G-quadruplex is composed of 

alternating all-α and all-δ G-quartets. These two types of G-quartets within the same G-

quadruplex give rise to the 1:1 H8 signal ratio (α or δ) in the proton spectrum, and the 

H8α-N2HAδ cross peaks are “inter-quartet” signals. We think that the latter explanation is 

more reasonable as detection of NOE is more effective within a short distance, hence the 

H8(α)-N2HA(δ) cross peaks are likely to be inter-quartet rather than between 

quadruplexes. 

2.3.2 Relative sizes of Na2(5'-GMP) aggregates 

 After obtaining evidence of G-quartet formation, the next task is to study the 

sizes of the four species present in neutral Na2(5'-GMP) solution. In this case, we 

employed diffusion-ordered spectroscopy (DOSY) NMR technique. DOSY is an NMR 

method that is used to measure the translational diffusion coefficient (Dt) of molecules 
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dissolved in solution, which in turn provides information about molecular size. DOSY 

NMR has been widely used to determine the size of molecular aggregates such as 

polymers or nanoparticles.69,70 The diffusion coefficients being measured are affected by 

various parameters including temperature, concentration, solvent viscosity, the size and 

shape of the molecule of interest. According to the Stokes-Einstein equation,71 a sphere’s 

diffusion coefficient is inversely related to the hydrodynamic radius of the molecule and 

solvent viscosity:  

Equation 2-2  
R

kT
Dt

πη6
=           

where k = Boltzmann constant, T = temperature, R = hydrodynamic radius, and η = 

solvent viscosity. However, it has been known that G-quadruplexes are of rod-like 

cylinder shapes instead of behaving like a sphere. Therefore, another equation for 

hydrodynamic models using experimental Dt data is employed: 

Equation 2-3  )(ln
3

ν
πη

+= p
L

kT
Dt                        

where kT is the Boltzmann constant, η is the solvent viscosity, L is the length of the 

symmetric cylinder, p is the axial ratio of the cylinder (p = L / d, where d = diameter of 

cylinder), and ν as the end-effect correction term. Tirado and Garcia de la Torre72 

calculated that when 2 ≤ p ≤ 30, the end-effect correction is expressed as: 

Equation 2-4  ν = 0.312 + 0.565p
-1 - 0.100p

-2.     

In this case, the diameter (d) of the cylinder is 26 Å, and the viscosity of D2O at 278 K 

and 298 K were 1.988 cP and 1.097 cP, respectively.73 (Note: 1 cP = 0.001 kg/m.s). 
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Wong et al. reported that at a concentration of 24.6 % w/w (0.8 M) and 278 K, the 

estimated number of stacking G-quartets is 48 ± 3 with a Dt value of 2.5 x 10-11 m2/s.66 

Translational diffusion rates of the four H8 signals from the DOSY experiment at 278 K 

are shown in Figure 2-7. Both α and δ signals were of the same size (both Dt = 8.8 x10-12 

m2/s), and they are larger aggregates compared to those reported in Wong et al. because 

of higher concentration.66 Meanwhile β was assigned to a smaller aggregate (stacking 

dimers with Dt = 11.6 x10-12 m2/s), and γ to a even smaller aggregate (stacking 

monomers, Dt = 17.2 x10-12 m2/s, as previously suggested).56,48 The fact that both α and δ 

species shared the same diffusion rate further suggests that these two H8 signals were 

from the same G-quadruplex that had two different H8 environments.  

 Because 5'-GMP solutions with similar concentration was reported to have a p 

value within the range set by Tirado and Garcia de la Torre,72 Equation 2-3 and Equation 

2-4 were employed to obtain the length of the G-quadruplex in our experiment. Since 

each stacking is separated by 3.4 Å, the number of stacking (n) would equal to (L + 0.34 

nm)/0.34 nm. The calculated p, L, and n values using the above equations are listed in 

Table 2-3. The increased concentration of 5'-GMP in this work explained the smaller Dt 

value and larger aggregate size observed under the same temperature. Because the p 

value (i.e., 34.7) obtained at 278 K is not far from the application range of 2 ≤ p ≤ 30 in 

Equation 2-4, it is employed in estimating the number of G-quartet stacking at this 

temperature. Note that the ln(I/Io) plot where Dt values are derived is not shown. The Dt 

values are obtained directly from the SimFit function in the Bruker XWinNMR T1/T2 

package. 
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Figure 2-7. (Top) Diffusion 1H NMR results of 1.0 M neutral Na2(5'-GMP) in D2O at 

278.0 K and 14.1 T. The four curves represent proton signals H8α, β, γ, and δ. (Bottom) 

2D DOSY spectra showing the relative log(Dt) values of the four H8 signals at 278 K and 

298 K.  
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Table 2-3. Experimental NMR translational diffusion coefficients (Dt) for neural Na2(5'-

GMP) self-assemblies at various temperatures and number of stacking G-quartets (n). 

Temperature (K) Dt (m
2/s)a p L (nm) n 

298 

278 

2.70 x 10-11 

0.88 x 10-11 

18.6 

34.7 

48.4 

90.2 

143 ± 15 

266 ± 27 

a The uncertainty in Dt was estimated to be ± 0.3 x 10-11 m2/s (298 K) and ± 0.1 x 10-11 

m2/s (278 K).  

 

 As a summary, four signals were identified in a concentrated, neutral Na2(5'-

GMP) solution using 1H NMR and DOSY experiments. These four signals represent G-

quadruplexes (α and δ), stacking dimers (β), and stacking monomers (γ) as previously 

suggested by Wong et al.66 2D NOESY data also suggest that these G-quadruplexes are 

composed of alternating all-α and all-δ G-quartets. 

2.3.3 G-quadruplex building blocks: monomer structures 

 One of the major tasks of studying the neutral Na2(5'-GMP) helix is to 

understand its individual monomers because they are the building blocks that self-

assemble into an ordered G-quadruplex. Now that we have confirmed the origin of α and 

δ signals as G-quadruplex formation in the 1.0 M solution, we need to answer the 

question as to why two (α and δ), instead of one signal, are present for G-quadruplex. To 

this end, it is important to identify all the proton chemical shifts that belong to both α and 

δ species.  
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2.3.3.1 Proton resonance assignment 

 2D homonuclear COSY experiments were performed to identify the chemical 

shifts of the proton spins that are scalar coupled to each other. Figure 2-8 shows the 

COSY spectrum of a neutral Na2(5'-GMP) sample in D2O. From COSY, the spin-spin 

coupled (3
J) protons of the ribose sugar are identified and the assigned chemical shifts are 

listed in Table 2-4. Note that the assignment of H5' and H5'' are arbitrary for now as the 

COSY spectrum does not provide any stereo information of these two protons relative to 

the ribose and phosphate groups.  

 The assigned chemical shifts were also confirmed using total correlation 

spectroscopy (TOCSY). TOCSY is similar to COSY, except cross peaks are shown for 

spins that are connected by an unbroken chain of couplings. If a single cross-section of a 

spin is taken at a certain chemical shift, all of the spins that are involved in the coupling 

network would show. For example, along the chemical shift of H1', the cross peaks chain 

H1'-H2'-H3'-H4'-H5'/H5'' of ribose would all be shown.  Figure 2-9 shows several 

TOCSY spectra obtained at various mixing times that allowed for correlation spin to 

develop, demonstrating the connections between the four sets of ribose signals. A 

complete chain of chemical shifts from H1' to H5'/H5'' is clearly visible for both the α 

and δ signals in Figure 2-9(a) and (d). The TOCSY data complement the peak 

assignments from the 1H-1H COSY data. It is also interesting to note that the peak 

intensities for both α and δ signals are quite different with the former having higher peak 

intensities than the latter. This arises from different magnitudes of J-coupling constants 

between these two sets of signals. Since COSY experiment is suitable for detection of 

spin-spin couplings between 3-15 Hz, it is possible that anything smaller than 3 Hz is not 
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detected in the δ species which show weaker signals intensities. In order to eliminate this 

possibility, a long-range COSY (or selective COSY) is performed. The purpose of this 

experiment is to introduce a mandatory delay into the pulse sequence where the weakest 

spin-spin couplings are detected. In this case, no extra cross-peaks are observed in the 

long-range COSY spectrum (Figure 2-10), hence the COSY and TOCSY data sets 

showed all short and long-range coupling interactions. 

 

Figure 2-8. 2D 1H-1H COSY spectrum showing the ribose region of 1.0 M neutral 

Na2(5'-GMP) in D2O at 298 K and 14.1 T. Cross peaks with scalar couplings are 

connected with lines. Note that the stereospecific assignment of proS and proR protons 

(H5'/H5'') are arbitrarily assigned. (Color code for the four species: red α, green β, brown 

γ, blue δ). 
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Table 2-4. 
1H NMR chemical shifts of the ribose protons in a neutral 1.0 M Na2(5'-GMP) 

sample obtained from COSY experiment (Figure 2-8).  

1H chemical shift (ppm) H1' H2' H3' H4' H5'/ H5" * 

α 5.59 4.93 4.21 4.52 3.63 / 3.98 

β 5.52 4.82 4.41 4.12 3.74  /3.83 

γ 5.52 4.37 4.18 4.00 3.68 / 3.74 

δ 5.67 4.50 4.10 4.29 3.99 / 4.15 

*Stereospecific assignment of proS and proR protons was not available. 

                 

Figure 2-9. 2D TOCSY spectra of 1.0 M neutral Na2(5'-GMP) in D2O at 298 K and 14.1 

T. Cross peaks of spins from an unbroken chain of scalar coupling are connected with 

dotted lines. Mixing times: a) 50 ms, b) 100 ms, c) 200 ms, and d) 400 ms.  
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Figure 2-10. Long-range COSY spectrum showing the ribose region of 1.0 M neutral 

Na2(5'-GMP) in D2O at 298.0 K and 14.1 T. Cross peaks with scalar couplings are 

connected with lines. Note that the stereospecific assignment of proS and proR protons 

(H5'/H5'') were arbitrarily assigned for all species. (Color code for the four species: red α, 

green β, brown γ, blue δ).  

 As a summary, the 1H-1H COSY, 1H-1H TOCSY, and long-range COSY spectra 

provided the chemical shift assignments of all the ribose protons for the four α, β, γ, δ 

species except the temporarily stereospecific assignments of protons (H5'/H5'').  
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2.3.3.2 Anti vs. syn, C2'-endo vs. C3'-endo conformations, and 
3
JHH coupling 

constants 

 Since we are only interested in the α and δ G-quadruplexes signals, a new 

approach called DOSY-NOESY was introduced to “filter” out the β and γ cross peak 

signals in order to obtain a simplified spectrum. The diffusion rate was carefully selected 

so that only signals from large molecules were detected. This novel NMR approach 

allows us to connect H8 signals to the formerly crowded region of ribose sugars. From 

the DOSY-NOESY spectrum shown in Figure 2-11, H8(α) and H8(δ) signals have a 

strong NOE with the H2' and H3' protons, but a weak NOE with H1', H4', and H5'/H5'' 

protons. This suggests that both α and δ molecules adopt an anti conformation instead of 

syn. Observations of nucleosides in the syn conformer are rare because the C1'-N9 

glycosidic bond is flexible and anti is preferred due to the steric effect. The syn 

conformers have been observed mostly in purines with C8 substituents that form intra-

molecular hydrogen bonding. The fact that both molecules are anti in this case explains 

the multiple stacking of G-quartets in forming large G-quadruplexes, as syn conformers 

would hinder such stacking due to repulsion between G-quartets. Moreover, the relative 

intensities between H8 and the ribose sugars (H1', H2', H3', H4', H5', and H5'') in the 

DOSY-NOESY spectrum can pinpoint the glycosidic angle χ. For example, protons H1' 

and H4' are located at the bottom of the ribose ring and cross peak intensities with H8 

would be weaker compared to H2' and H3' as H8 sits directly above the latter two protons 

in an anti conformation. In this case, the α molecule has strong H8-H2', medium H8-H3', 

and equally weak H8-H1' and H8-H4' dipole interactions. This would put the guanine 

ring in a certain position with respect to the ribose ring with the estimated χ angle to be -
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60º (high-anti). Using the same analogy, the δ molecule would have an estimated χ angle 

of -130º (anti) because of strong H8-H3', medium H8-H2'/H4'/H5'/H5'' and weak H8-H1' 

dipole interactions. On the other hand, we also observed that H8-H2' NOE has a stronger 

intensity for α, while δ has a strong NOE cross peak between H8 and H3'. This 

observation immediately suggests that α signals arise from a C2'-endo molecule, while δ 

represents a C3'-endo molecule. The proton chemical shifts of C2'-endo and C3'-endo H8 

signals are measured to be 8.26 and 6.96 ppm, respectively. Since the presence of both 

types of puckering conformation (C2'-endo and C3'-endo) was such an important 

structural clue, we decided to further verify this structural feature using DQF-COSY 

where 3
JHH are obtained and linked to nucleic acid dihedral angles using the Karplus 

relation.  

 As mentioned above, COSY is a useful 2D NMR experiment that allows us to 

trace out the proton J-coupling network in the molecule. Although it is not obvious in the 

spectrum shown in Figure 2-8, each COSY cross peak multiplet (from J-coupling) 

actually has a pattern called “anti-phase square array” as illustrated in Figure 2-12.  The 

four peaks in the two-dimensional spectrum are constructed by multiplying the anti-phase 

doublets on both ω1 and ω2 dimensions. For example, the top left peak is positive as the 

peaks along ω1 and ω2 from which it is derived are both positive (Figure 2-12). This 

COSY cross peak is centered at νA on the ω1 dimension, and νx on the ω2 dimension, and 

is split by the coupling constant JAX (in Hz) in each dimension. If the coupling JAX = 0, 

there will be no cross peak multiplets. 
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Figure 2-11. 2D DOSY-NOESY spectrum of 1.0 M neutral Na2(5'-GMP) in H2O/D2O at 

278 K and 14.1 T. Mixing time 50 ms. Cross peaks that give structural information are 

boxed in. 

 

 As the coupling constant becomes smaller, the two anti-phase lines begin to 

overlap. Since they are of opposite sign, they begin to cancel each other and the overall 

intensity of the cross peaks gets smaller, and eventually the anti-phase doublet is no 

longer visible. In addition to the magnitude of JAX, the amount of cancellation also 

depends on the linewidth (LW, measured at half height) of the signal. If JAX >> LW, 

there will be no cancellation. If LW > JAX, the amount of cancellation is very significant, 

as is explained in Figure 2-13. Moreover, as the diagonal peak multiplets in COSY are all 

in-phase, they reinforce one another and making it more difficult to locate weaker cross 

peaks close to the diagonal. This problem can be practically eliminated using double-
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quantum filtered COSY (DQF-COSY) where both the diagonal and cross peak multiplets 

are in anti phase. By making the diagonal peaks less dominant in DQF-COSY, it will be 

easier to extract coupling constants from cross peaks. 

 

Figure 2-12. Contour plot of the cross peak expressed as an “anti-phase square array” of 

multiplets. Positive contours are colored black, and negative red. The anti-phase doublet 

is plotted for both axes.  

 

 

Figure 2-13. Relationship between J and linewidth (LW) in affecting the intensity of a 

2D COSY cross peak signal.74 (Figure adopted from Ref.72). 

 

 In DQF-COSY, all of the observed signals are generated from selecting double-

quantum coherences with either phase cycling or pulse field gradients. This means that 
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uncoupled spins (such as solvent signals) will not be detected in the DQF-COSY 

spectrum, as they cannot pass the double-quantum filter. Both diagonal and cross peaks 

can be phased to have the same line shape and show anti-phase structure in both 

dimensions. However, the intensity of signals in DQF-COSY is reduced to one half when 

compared with the conventional COSY due to the double-quantum filtering.75 

 In a DQF-COSY spectrum, the intensity of cross peaks depends on the type 

(active and passive) and the magnitude of the J-coupling involved. Active-J refers to the 

coupling responsible for the cross peak, while passive-J is the coupling from another spin 

that involves one of the spins participating in the cross peak. For example, Figure 2-14 

shows the expected DQF-COSY spectrum with correlation H1 � H2 � H3 � H4. In 

box a, the active-J would be J12 on ω2, and there are no passive-J. The passive-J on ω1 for 

the same cross peak would be J23. In box b, J23 would be the active-J on ω2 because it is 

responsible for the cross peak between H2 and H3, and J12 is the passive-J because H2 is 

also coupled to H1. On the other hand, J23 would be the active-J on ω1 for the same cross 

peak and J34 would be the passive-J. Table 2-5 shows the expected in-phase and anti-

phase multiplicities of different spin systems. 

 Another complication in analyzing anti-phase cross peak is that, as Wüthrich et 

al. documented, the apparent separation in an anti-phase doublet (i.e., apparent-J) is 

usually larger than the real J-coupling constant and that it is not possible to measure any J 

when the apparent-J/linewidth ratio is below 0.576.76 Because of the complexity in 

reading these convoluted COSY cross peaks (especially in multi-spin systems), 

simulations are often used in order to find the real J-coupling constants. Table 2-6 shows 
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the equations used to generate the simulation plot of anti-phase systems shown in Figure 

2-15. 

 

Figure 2-14. Partial plot of a theoretical DQF-COSY spectrum of a four-spin system.   

Table 2-5. Cross peak multiplicities in DQF-COSY spectra assuming JAX > JAM. 

Multiplicity In-phase Anti-phase 

A 1 0 

AX 1 1 1 -1 

AX2 1 2 1 1 0 -1 

AXM 1 1 1 1 1 1 -1 -1 

AMX 1 1 1 1 1 -1 1 -1 

  

 Using this simulation process, we obtained the 3JHH coupling constants of the 5'-

GMP ribose protons from the DQF-COSY spectrum (Figure 2-16) and the results are 

shown in Table 2-7. The drastically different values of 3
J(H1', H2') for the two sets of 
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signals, 9 and 2 ± 1 Hz, suggest that the H8(α) signal is related to 100% C2'-endo 

conformation, while the H8(δ) signal is due to 100% C3'-endo conformation.77  

Table 2-6. Equations used to generate the Lorentzian plot in Figure 2-15.  

Variable  Equation 

ν1 = ν-(active-J/2)-(passive-J/2) 

ν2 = ν-(active-J/2)+(passive-J/2) 

ν3 = ν+(active-J/2)-(passive-J/2) 

ν4 = ν+(active-J/2)+(passive-J/2) 

I1 = (LW*0.5)*(LW*LW*0.25 + ν1*ν1) 

I2 = (LW*0.5)*(LW*LW*0.25 + ν2*ν2) 

I3 = (LW*0.5)*(LW*LW*0.25 + ν3*ν3) 

I4 = (LW*0.5)*(LW*LW*0.25 + ν4*ν4) 

in-phase = I1+I2+I3+I4 

anti-phase (AXM) = I1+I2-I3-I4 

anti-phase (AMX) = I1-I2+I3-I4 

 

 

Figure 2-15. Simulated multiplicities of a three-spin system using equations listed in 

Table 2-6 with controllable parameters: active-J = 9 Hz, passive-J = 6 Hz, and LW = 14 

Hz.  
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Figure 2-16. Phase sensitive DQF-COSY of 1.0 M neutral Na2(5'-GMP) in D2O at 298 K 

and 14.1 T. Positive contour is colored black, and negative red. Correlations (3
JHH) of 

GMP ribose protons are linked using red and blue dotted line for C2'-endo and C3'-endo 

G-quadruplex, respectively. Coupling constants are extracted from cross peaks (labeled 

boxes with measured “apparent J-couplings”) in next page. 
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Figure 2-16. (continued) 
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Table 2-7. 
3
JHH coupling constants (in Hz) of the 5'-GMP ribose protons extracted from 

DQF-COSY experiment. 

3
JHH C2'-endo (S) C3'-endo (N) 

H1'-H2' 9 ± 1 < 2 

H2'-H3' 6 ± 1 7 ± 1 

H3'-H4' < 2 8 ± 1 

H4'-H5' 2 ± 1 2 ± 1 

H4'-H5" 3 ± 1 8 ± 1 

 

2.3.3.3 Carbon-13 chemical shifts, 
1
JCH coupling constants, and assignment of H5' 

and H5'' 

 The 13C-1H heteronuclear single quantum coherence (HSQC) spectrum of 1.0 M 

neutral Na2(5'-GMP) solution is shown in Figure 2-17. The one-bond 1
JCH is at least ten 

times larger than two-bond or three-bond couplings, and is used to establish direct 

correlation between 1H and 13C.78  In this case, we performed an HSQC experiment 

without decoupling during acquisition where the 1
JCH coupling constants can be 

measured (Figure 2-17). For clarity, the determination of 1
JCH coupling constants is 

shown in the C8-H8 region only. We also performed a high resolution 1D 13C NMR 

experiment for 13C chemical shift assignment (Figure 2-18). Both experimental results are 

listed in Table 2-8.  
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Figure 2-17. (Top) HSQC spectrum of neutral 1.0 M Na2(5'-GMO) in D2O at 298 K and 

14.1 T showing the ribose region. (Bottom) The same HSQC spectrum showing the 

heteronuclei C8-H8 spin-spin correlations. 1
JCH coupling constants are measured directly 

from the spectrum. 
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Figure 2-18. 
13C-NMR spectrum of neutral 1.0 M Na2(5'-GMP) in D2O at 298 K and 

14.1 T. 

Table 2-8. Carbon-13 resonances (in ppm) and 1JCH coupling constants (in Hz) for 1.0 M 

Na2(5'-GMP) at 278 K. 

 C2'-endo (S) C3'-endo (N) 

 13C chemical shift 1
JCH 13C chemical shift 1

JCH 

Ribose carbons     

C1' 83.8 162.5 90.7 172.6 

C2' 74.1 144.2 72.8 153.8 

C3' 73.5 154.2 67.9 144.2 

C4' 85.3 151.3 82.1 150.4 

C5' 64.5 155.4/150.4 65.0 150.6/144.6 

Base carbons     

C2 152.7  153.2  

C4 152.5  148.9  

C5 114.0  115.0  

C6 159.7  159.7  

C8 137.6 209.1 133.9 214.1 

 

 It is also known that stereochemical assignment of the H5' and H5'' signals can 

be achieved using the literature definition where the two observed 1
J(C5', H5) couplings are 
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assigned to belong to H5' (with the larger 1
J  value) and H5'' (with the smaller 1

J value), 

respectively.79 Using the results obtained from the above HSQC experiment, the final H5' 

and H5'' chemical shifts are assigned to be 3.63/3.98 ppm (C2'-endo) and 3.99/4.15 ppm 

(C3'-endo), respectively. This result is consistent with the listing of stereo-specificity of 

H5' and H5'' protons in Table 2-5 and Table 2-7.  

2.3.3.4 Connectivity between H8 and H1' signals 

 As discussed in the previous section, H8 and ribose sugar signals in the DOSY-

NOESY spectrum are used in determining both the χ angle and puckering. However, 

DOSY-NOESY data cannot be used to determine if these H8-ribose interactions are intra 

or inter-molecular. In order to connect the H8 signals to the ribose resonances of the same 

molecule, we need to perform experiments that utilize J couplings. This could be 

achieved using a COSY experiment except that the size of 4
J(H8,H1') is too weak to be 

detected. Another approach would be heteronuclear multiple-bond correlation (HMBC) 

where long-range (2 to 4-bonds) 13C-1H couplings are measured. As shown in Figure 2-

19, both H8 and H1' can be correlated through carbons C4 and C5 in the guanine ring by 

either 3
J or 4

J, and both H8-C1' and H1'-C8 couplings (3
J) are also useful in establishing 

this connectivity. A series of HMBC experiments were performed using different preset 

JCH coupling constants in order to capture the above correlations that link H8 to H1'. 

Unfortunately the coupling constants between H8 and the carbons are very different from 

those between H1' and the same carbons. Direct observation of H8-H1' was not possible 

through HMBC. To solve this problem, Phan80 suggested a combination of HMBC and 

HSQC experiments in order to establish the connectivity between H8 and H1' resonances. 
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Figure 2-20 displays the 13C-decoupled HSQC and HMBC spectra side by side of each 

other. The H8-H1' connectivity within the same molecule is achieved via H8-C8 (HSQC) 

and C8-H1' (HMBC) correlations. 

   

Figure 2-19. 
13C-1H heteronuclear couplings (3

J or 4
J) for protons H8 (blue) and H1' 

(red) that connects them to each other in the Na2(5'-GMP) molecule. 

 

 

Figure 2-20. (Left) 2D 1H-13C HSQC and (right) gradient-enhanced HMBC spectra of 

1.0 M Na2(5'-GMP) in D2O at 298 K and 14.1 T.  
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2.3.3.5 Connectivity between H8 and base exchangeable protons 

 Because H8 and the base exchangeable protons (N1H, N2HA/B) from the same 5'-

GMP molecule are too far apart to have NOE interactions, we cannot assign the latter 

protons to either set of signals (S or N). Here we used a refocused-HMBC approach to 

establish the connectivity between H8 and N1H through a common carbon atom: H8 � 

C5 � N1H (Figure 2-21).  Then the imino and amino protons are connected to each other 

using NOESY as shown in Figure 2-6. The assigned imino and amino proton chemical 

shifts are listed in Table 2-9.  

 

Figure 2-21. (Top) 13C-1H heteronuclear couplings that connects H8 and N1H through C5 

in Na2(5'-GMP). (Bottom) 2D refocused-HMBC spectrum of 1.0 M Na2(5'-GMP) in 90% 

H2O/ 10% D2O at 298 K and 14.1 T. 
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Table 2-9. Experimental chemical shifts (in ppm) of guanine exchangeable protons in 1.0 

M Na2(5'-GMP) at 298 K. 

Proton C2'-endo (S) C3'-endo (N) 

N1H 10.83 10.78 

N2HA 9.83 9.30 

N2HB 5.12 4.29 

 

2.3.3.6 Heteronuclear
 1

H-
31

P COSY and 
3
JPH coupling constants 

 Besides proton-proton coupling constants, the proton-phosphorous (3
JHP) 

relationship is also studied using the heteronuclear 2D experiment 1H-31P COSY. In this 

case, the phosphorous-31 nucleus is J-coupled to neighboring protons, such as H5', H5'', 

and sometimes H4' (4
JHP). Figure 2-22 shows the 1H-31P COSY spectrum with the 

corresponding 1D 31P and 1H spectra shown on the F1 and F2 dimension, respectively. 

We observe that the 31P signals from either C2'-endo or C3'-endo molecules have very 

different chemical shifts, possibly due to different orientations of the phosphate groups 

and the subsequent different magnetic environments in the two molecules (see next 

section). Moreover, we observe cross peaks between these two 31P signals with protons 

from the ribose sugar. The measured 3
JHP coupling constants of both C2'-endo or C3'-

endo molecules, as well as the 31P chemical shifts (in ppm) of these two types of 

molecules are listed in Table 2-10. The monomer has a 31P chemical shift of 4.5 ppm.  
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Figure 2-22. Phase sensitive, proton-detected 1H-31P COSY of 1.0 M neutral Na2(5'-

GMP) in D2O at 298 K and 14.1 T. Positive contour is colored black, and negative red. 

Correlations (3
JHP) are linked using dotted lines. Labeled boxes are expanded views of 

1H-31P COSY cross peaks used to measure “apparent J-couplings”. 
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Table 2-10. 
3
JHP coupling constants (in Hz) of 5'-GMP protons and phosphorous 

extracted from 1H-31P COSY experiment, and 31P chemical shifts from 31P NMR 

spectrum. 

3
JHP C2'-endo (S) C3'-endo (N) 

31P-H4' 2 ± 2 NA 
31P-H5' < 2 9 ± 2 
31P-H5" 7 ± 2 9 ± 2 

   

δ (31P) (ppm) 2.3 4.6 

 

 

2.3.3.7 Torsion angles ββββ, γ, and δ in C2'-endo and C3'-endo monomers 

 The torsion angles β and γ of a guanosine molecule are defined in Chapter 1. 

The well-known Karplus equation (derived by Martin Karplus)77,81 can be used to link 

dihedral angles to vicinal 3JHH coupling constants: 

Equation 2-5 
  3

JHH = A + B cosθ + C cos2θ,  

where θ = dihedral angle, and A, B, and C are constants whose values depend on the 

atoms and substituents involved on the carbon atoms where these coupling-constants are 

measured.81 The Karplus equation has been well established in carbohydrate, protein, and 

nucleic acid systems.82,83,84 As shown in Figure 2-23, the γ angle can be estimated using 

the hill-and-valley expression of the Karplus equation specific for nucleic acids. In this 

case, the γ angle is determined using the coupling constants JH4'H5' and JH4'H5'' and the final 

results are ca. 40-50º and 200-220º for C2'-endo and C3'-endo molecules, respectively. 

These angles represent a distinct C4'-C5' bond orientations for these two species: (+) 
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gauche for the C2'-endo sugar and trans for the C3'-endo sugar. By the same token, 

torsional angle β can also be deduced using the Karplus equation. As shown in Figure 

2-24, the estimated β angles are ca. -150° and -130°, for C2'-endo and C3'-endo 

molecules, respectively. 

 

Figure 2-23. The 3
JH4'H5' and 3

JH4'H5'' coupling constants calculated as a function of the 

torsion angle γ (O5'-C5'-C4'-C3') on the basis of their Karplus relations. Solid and dotted 

straight lines represent experimental coupling constants from C2'-endo and C3'-endo 

molecules, respectively.77 (Plot adopted from Ref. 75). 
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Figure 2-24. The 3
JH5'P5 and 3

JH5''P5 coupling constants calculated as a function of the 

torsion angle β (P5-O5'-C5'-C4') on the basis of their Karplus relations. Solid and dotted 

straight lines represent experimental coupling constants from C2'-endo and C3'-endo 

molecules, respectively.77
 (Plot adopted from Ref. 75). 

 

2.3.3.8 Confirmation of monomer structures using quantum chemical calculations 

 Now that we know there are two types of monomers (C2'-endo and C3'-endo) as 

building blocks of the G-quadruplex, and their bulk structural features (χ, β and γ angles) 

are determined, we can verify and refine their structures using quantum chemical 

calculations. Because chemical shifts and coupling constants observed from NMR 

experiments are primarily determined by molecular geometry, individual C2'-endo and 
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C3'-endo monomers were chosen as the basic units of calculation instead of a tetramer 

(G-quartet).  

 First, models of both C2'-endo and C3'-endo monomers were built using known 

5'-GMP crystal structures and were manually optimized to fit experimental data (e.g., 

DOSY-NOESY and NOESY).47,48,58 Since it is difficult to obtain experimental 15N and 

17O chemical shifts, as well as the infeasibility of comparing the overlapped 1H chemical 

shifts to the calculated results, we decided to perform calculations on 13C chemical shifts 

for the two conformers. The calculated 13C chemical shifts were then compared to 

experimental results. The geometries of these models may be different from the real 

structures because a vast amount of adjustable parameters exist, including bond lengths, 

angles, and torsional angles. Therefore an extensive amount of calculations were 

performed in order to obtain the most representative structure of the models.  

 Each [5'-GMP]2- molecule contains 36 atoms and all quantum chemical 

calculations were performed at the density functional theory (DFT) level using the hybrid 

B3LYP exchange functional with the 6-311++G(d,p) basis set.85,86 The gauge-including-

atomic-orbital (GIAO) approach as implemented in Gaussian 03 was used in shielding 

and coupling constant calculations.87 To make direct comparison between the calculated 

shielding and the observed chemical shift, the absolute 13C shielding scale of σref = 185.4 

ppm was used.88 As shown in Figure 2-25, the correlation (R value) for the two different 

sets of data was 0.984 and 0.992 for C2'-endo and C3'-endo monomers, respectively. This 

shows good agreements between experimental and calculated 13C chemical shifts of the 

final models. However, the large intercept (approximately 9 ppm) for both sets of data 
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suggested that there were factors preventing the calculation from agreeing with the actual 

experimental results. These factors may include basis-set limitation where the current 

basis set does not have sufficient basis functions to fully represent the molecule. In 

addition, the experimental data were obtained at room temperature while the calculation 

was performed at absolute zero with no thermal correction. The gas phase molecule is 

also not representative of the solution-state 5'-GMP sample. Moreover, the lack of 

neighboring Na+ atoms might have also contributed to the differences between the 

computation and experimental results. 

 Because of these various reasons that might have contributed to inconsistency, 

direct comparison between calculations and experimental 13C chemical shifts may not be 

very useful. Therefore, we decided to evaluate the difference in 13C chemical shifts 

between the two conformers instead. The difference in 13C chemical shifts was defined as 

(in ppm): the 13C chemical shift of a particular carbon of the C2'-endo monomer subtracts 

the 13C chemical shift of the same carbon in the C3'-endo conformation. The final 13C and 

1H chemical shift differences between these two molecules are compared with 

experimental values and are shown in Figure 2-26. The x-axis of this graph shows the 

various carbon atoms of the 5'-GMP molecules, while the y-axis shows the differences of 

the chemical shifts between the two puckering molecules of the same carbon atom. 

Proton chemical shifts are also used as complementary data. It should be noted that 

because 13C has a larger chemical shift range compared with proton, a larger difference 

between experimental and calculation result is expected. Nonetheless, the calculations are 

in good agreement with experimental values, and two final puckering molecules served 

as the building blocks of the G-quadruplex are produced. Figure 2-27 shows the 
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structures of these two monomers, and their Cartesian coordinates in protein-data-bank 

(PDB) format are listed in Appendix I.  

 

Figure 2-25. Experimental and calculated (B3LYP/6-311++G(d,p)) 13C NMR chemical 

shifts of the C2'-endo and C3'-endo 5'-GMP monomers. 

 

Figure 2-26. Differences in experimental and calculated 1H and 13C chemical shifts 

between the C2'-endo and C3'-endo conformers.  
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 All computed 1H and 13C chemical shifts and coupling constants for these 5'-

GMP molecules are listed in Table 2-11. The final pseudorotation phase angle (P), and 

puckering amplitudes (νmax) of C2'-endo and C3'-endo molecules are also calculated 

using the following equations89 and the results are summarized in Table 2-12. The 

definitions of ν0-4 are listed in Table 1-1, Chapter 1. 

Equation 2-6  
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Figure 2-27. Final models of calculated 5'-GMP molecules using B3LYP/6-

311++G(d,p). 
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Table 2-11. Computed 1H and 13C chemical shifts (in ppm) and 1
JCH coupling constants 

(in Hz) for 5'-GMP molecules in C2'-endo and C3'-endo sugar pucker conformations. The 

level of calculation is B3LYP/6-311++G(d,p).a 

 C2'-endo (S) C3'-endo (N) (13C)/(1
JCH) C2'-endo (S) C3'-endo (N) 

Non-

exchangeable   Ribose carbons   

protons      

H8 8.26 8.06 C1' 87.9 (171.6) 97.4 (173.8) 

H1' 5.44 5.55 C2' 78.5 (155.3) 77.2 (158.6) 

H2' 5.40 3.06 C3' 75.5 (170.3) 72.9 (143.3) 

H3' 4.63 3.94 C4' 93.7 (147.0) 83.3 (153.6) 

H4' 3.33 4.08 C5' 58.9 (139.7/133.3) 60.9 (138.6/131.1) 

H5' 2.62 3.27    

H5" 3.38 4.20 Base carbons   

   C2 157.6 157.7 

   C4 159.9 158.0 

   C5 126.0 126.6 

   C6 162.0 161.6 

   C8 141.4 (194.7) 140.0 (195.2) 

a Chemical shifts (δ) are converted from the calculated shielding (σ) using δ = σref - σ, 

where σref(
13C) = 185.4 ppm and σref(

1H) = 34.9 ppm. 

Table 2-12. Torsion angles, pseudorotation phase angle (P), and puckering amplitudes 

(ν) determined for the two 5'-GMP molecules. All quantities are in degrees. 

Pucker χ β δ γ ν0 ν1 ν2 ν3 ν4 P νm 

C2'-endo -60 -150 138 40 -18.8 30.2 -28.4 17.6 0.6 159.9 30.2 

C3'-endo -130 -150 83 -140 3.4 -25.7 37.3 -36.2 20.8 13.7 38.4 
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2.3.4 G-quartet arrangement 

 In Section 2.3.3.5, we have established the connection between H8 and N1H of 

the same 5'-GMP molecule using 1H-13C refocused HMBC experiment, and concluded 

that the observed H8 with N1H/N2HA
 cross peaks in NOESY were from the same quartet 

instead of inter-quartets. Moreover, the same NOESY spectrum does not show any cross 

peaks that would indicate a mixed C2'-endo/C3'-endo G-quartet formation, i.e., no H8(S)-

N1H/N2HA(N) or H8(N)-N1H/N2HA(S) cross peaks are observed; see Figure 2-28. This 

concludes that the G-quartets are all-C2'-endo (all-S) and all-C3'-endo (all-N), instead of 

adjacent-C2'-endo/C3'-endo or alternate-C2'-endo/C3'-endo. This is consistent with the 

observation discussed in session 2.3.1 about all-α and all-γ G-quartets.  

 

Figure 2-28. NOESY spectrum of a neutral 1.0 M Na2(5'-GMP) solution in 1:1 H2O/D2O 

at 278 K and 14.1 T with a mixing time of 50 ms. Expected cross peak for adjacent-C2'-

endo/C3'-endo or alternate-C2'-endo/C3'-endo G-quartet are enclosed in the boxes. (This 

spectrum is an enlarged portion of Figure 2-6). 



 71

2.3.5 G-quadruplex formation 

 Now that we have two types of G-quartets (all-S and all-N), we need to find the 

stacking pattern with which G-quartets form a G-quadruplex helix. In this regard, both 

NOESY and DOSY-NOESY can provide spatial arrangement information between 

stacking G-quartet layers. Eleven inter-quartet cross peaks including H1'(S)-

H8/H4'/H5'/H5''(N), H2'(S)-H2'/2'OH(N), H8(S)-H1'/H2'/2'OH(N), and N2HB(S)-

H2'/H3'(N) are highlighted in the NOESY spectrum (Figures 2-29 and 2-30). The H1'(S)-

H8 cross peak gives an indication that the head face of the all-S quartet is opposed to the 

tail face of an all-N quartet, i.e., head-to-tail stacking. The “head” and “tail” faces of a G-

quartet refer to the direction of the Hoogsteen hydrogen-bond from the donor to the 

acceptor (Figure 2-31). It is called a “head” face when the direction is clockwise, and it is 

called a “tail” face when the direction is counter-clockwise.  

 In this case, the head-to-tail stacking suggests alternate stacking of all-S and all-

N quartets on each other to form a G-quadruplex. This is a reasonable stacking pattern as 

either head-to-head or tail-to-tail hinders formation of long columns due to repulsion. 

Using molecular models, the NOE cross peaks H8(S)-H2'(N) and H1'(S)-H5'/H5''(N) also 

suggest that the quartets are twisted 30° relative to each other in a right-handed fashion 

with a separation of 3.4 Å between G-quartets. This is in agreement with the G-

quadruplex model suggested by Zimmerman using x-ray fiber diffraction.47 From the 

same NOESY spectrum, the chemical shifts of the hydroxyl protons are also discovered 

(in ppm): 2'-OH = 5.09 (S), 7.44 (N), and 3'-OH = 9.30 (S), 9.20 (N). It is very interesting 

to note that, three of these four hydroxyl groups are located at high frequency, suggesting 
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their involvement in hydrogen-bonding. Using this information, a G-quadruplex model is 

built using the final C2'-endo and C3'-endo models from calculations (Figure 2-32). 

 

Figure 2-29. 2D NOESY spectrum of a neutral 1.0 M Na2(5'-GMP) solution in 1:1 

H2O/D2O at 278 K and 14.1 T with a mixing time of 50 ms. The inter-quartet cross peaks 

are highlighted using arrows.  C2'-endo and C3'-endo signals are in red and blue, 

respectively. 
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Figure 2-30. Enlarged 2D NOESY spectrum showing the ribose region of a neutral 1.0 

M Na2(5'-GMP) solution in 1:1 H2O/D2O at 278 K and 14.1 T with a mixing time of 50 

ms. The inter-quartet cross peaks are highlighted using arrows. C2'-endo and C3'-endo 

signals are in red and blue, respectively. 

        

Figure 2-31. The two faces of a G-quartet. Hoogsteen hydrogen bond with a clockwise 

rotation from donor to acceptor is called the “head” face, and the “tail” face has a 

counter-clockwise rotation. 
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Figure 2-32. (Left) A full turn of the right-handed 5'-GMP G-quadruplex with Na+ ions 

(purple balls) reside in the channel site. (Right) Top view of the G-quadruplex where 

Na+-P distances are highlighted and labeled.  

 

 The final G-quadruplex model is composed of twelve layers of G-quartets in a 

full rotation of the helix (360º) with a total molecular weight of approximately 17 kDa 

(48 GMP molecules x 364 g/mol). It is of C4 symmetry with alternate C2'-endo and C3'-

endo quartets stacking onto each other in a head-to-tail fashion. The coordinates of the 

first two G-quartets (all-S and all-N) are provided in Appendix I. The following equations 

are used to generate the whole 5'-GMP G-quadruplex: 
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Equation 2-8  x' = x(cosφ) – y(sinφ) 

Equation 2-9  y' = y(cosφ) + x(sinφ) 

Equation 2-10 z' = z + 6.8 

where x, y, and z are the original coordinates from the calculated models, and φ is the 

twist angle (90°, 180°, and 270°) used in making a single all-S or all-N G-quartet. When 

building the G-quadruplex, the next all-S layer is twisted 60° and 6.8 Å away from the 

previous all-S layer because of alternating all-S and all-N stacking. The same rules also 

apply to all-N quartets when stacking. The intra-molecular, intra-quartet, and inter-

quartet distances of all protons in the 5'-GMP G-quadruplex are listed in Appendix I as 

well. 

 Upon examining this 12-layer 5'-GMP G-quadruplex model, several interesting 

observations are made. First, hydrogen bonds are observed to form between the 

phosphate group P(S)-O- and the hydroxyl group H-O3'(N) three quartets away, as shown 

in Figure 2-33. This kind of inter-quartet hydrogen-bond formation along the helix has 

never been reported, and they certainly contribute further to the stability of the G-

quadruplex structure. This reaffirms the pH dependence in G-quadruplex formation 

because phosphate group has two negatively charged oxygens for phosphate-hydroxyl 

bond only at neutral to slightly alkaline pH. Secondly, we observed that the arrangement 

of adjacent 5'-GMP molecules in the helix is almost identical to those in polynucleotides 

systems where they are linked by covalent phosphodiester bonds. This type of automatic 

self-alignment could perhaps shed a light on how mononucleotides might have arranged 

into oligomers under prebiotic conditions. 
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Figure 2-33. (Left) A partial structure of the 5'-GMP helix showing inter-quartet 

phosphate-hydroxyl hydrogen-bonds, where O…O distances are given. (Right) Schematic 

display of the hydrogen-bond linkage along the 5'-GMP helix. 

 

 As shown in Table 2-13, it is interesting to observe that only Z-DNA shares the 

property of having two types of sugar puckering in the same system with Na2(5'-GMP), 

although Z-DNA has a left-handed helix and has both types of anti and syn glycosidic 

angles. Since the C2'-endo sugar pucker of 5'-GMP is in high-anti conformation (χ = -

60°), rather than syn, this explains the right-handed helix formation in the 5'-GMP 

system. Moreover, Z-DNA is composed of both dG and dC polynucleotides while our 5'-

GMP G-quadruplex is only comprised of G mononucleotides. We believe that the right-

handed Na2(5'-GMP) G-quadruplex formed under neutral condition represent a new class 

of nucleotide structure that has not been reported before.90 
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Table 2-13. Comparison of geometric parameters of common nucleic acid helices. 

 B-DNA A-DNA Z-DNA PolyG91 Na2(5'-GMP)46 Na2(5'-GMP) 

  A-RNA   (solid-state) (this work) 

Helix sense Right Right Left Right Right Right 

Base per turn 10 11 12 11.5 12 12 

Rise per base (Å) 3.4 2.6 3.7 3.36 3.4 3.4 

Rotation per base (º) 36.0 32.7 -60 31.2 30 30 

   (per dimer)    

Glycosyl bond anti anti dC: anti anti anti anti 

   dG: syn    

Sugar pucker C2'-endo C3'-endo dC: C2'-endo C3'-endo C3'-endo C2'-endo 

   dG: C3'-endo   C3'-endo 

Exocyclic 38 47 dC: 55 68 47 40 (C2'-endo) 

C4'-C5' bond (º)   dG: -170   -140 (C3'-endo) 

Distance of P 9.0 8.7 d(CpG): 6.9 10.0 9.6 9.3 (C2'-endo) 

from axis (Å)   d(GpC): 8.0   11.8 (C3'-endo) 

 

2.3.6 Role of metal ions 

 As for metal ions, the ratio of Na+ to 5'-GMP is 2:1 in our study of Na2(5'-

GMP). Some Na+ ions are participating in G-quadruplex formation as they reside in the 

G-quadruplex channel (Figure 2-34), while the rest of the Na+ ions are believed to be 

attached to the surface sites (PO4
2-) of 5'-GMP as suggested by Detellier et al.11 In this 

case, because the distance between P(S)/P(N) and P(N)/P(S) atoms in adjacent G-quartets 

were large (6.7 Å and 7.2 Å, respectively), it is possible for Na+ to fit in between these 

phosphate groups and formed P-O-…Na+…O--P interactions. This could further stabilize 

the helix by balancing the negative charges between phosphate groups. This hypothesis 

will be tested further in Chapter 4, where a 5'-GMP derivative with a longer O5'-P5' bond 
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is examined. Such P-O-…Na+…O--P interactions seem important in G-quadruplex 

formation and stability, as replacement of Na+ ions by K+ or Rb+ will lead to formation of 

different yet known ordered structures.15  

 

Figure 2-34. Solution-state 23Na NMR of 1.0 M Na2(5'-GMP) in D2O at 298 K and 14.1 

T. Peaks assignment for phosphate-bound and channel Na+ ions are obtained using 

reference.61
 

 

2.3.7 Confirmation of stacking dimers 

 From the same NOESY spectrum mentioned in Section 2.3.1, we also observed 

a high frequency shift of N1H of the β species due to hydrogen bonding. Interestingly, the 

NOESY spectrum did not show the signature cross peak between H8 and N1H (Figure 

2-35, box). This can be explained by the formation of a centrosymmetric dimer, where 

two 5'-GMP monomers were held together by two N1H…O6=C hydrogen bonds (Figure 

2-36). The absent of N2H2 (β) resonances in the same G-quartet signature region also 

supports this conclusion. This type of dimer arrangement is named GG32 in Jeffrey and 
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Saenger’s notations.92 Moreover, the assignment of β as stacking dimers is also supported 

by the ROESY experiment, where exchange activity is observed between dimer (β) and 

monomer (γ) species (Figure 2-37). ROESY is an experiment similar to NOESY, except 

it measures NOE in the rotating frame. ROESY cross peaks are basically due to cross-

relaxation effect from spins close to each other in space, and chemical exchange. Because 

ROESY is carried out in the rotating frame, the NOE in the transverse plane (i.e., ROE) is 

always opposite phase from the diagonal. Hence, in a ROESY spectrum, when the 

diagonal has a positive phase, the ROE would have a negative phase, and the chemical 

exchange signals would have a positive phase. As shown in Figure 2-37, the same phase 

cross peaks (compared with the diagonal) between the H8 signals (β and γ) suggests that 

they are exchanging in the millisecond NMR time scale. However, exchange between 

these two species with either G-quadruplex signal (α and γ) are not observed (Figure 

2-37). This is consistent with a previous 31P magnetization-transfer NMR study of Na2(5'-

GMP).57 The presence of dimers also support the results of Wong et al., where stacking 

dimers are observed in a concentrated solution of Na2(5'-GMP) at neutral pH.66 Proton 

and carbon-13 chemical shifts and coupling constants of both monomer and dimer signals 

are extracted from COSY, NOESY and HSQC experiments, and the values are shown in 

Table 2-14. 
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Figure 2-35. NOESY spectrum of a neutral 1.0 M Na2(5'-GMP) solution in 1:1 H2O/D2O 

at 278 K and 14.1 T with a mixing time of 50 ms. Expected G-quartet cross peak between 

H8(β) and N1H(β) is shown in the box. (This spectrum is an enlarged portion of Figure 2-

6).  

 

 

Figure 2-36. The structure of a GG32 dimer according to Jeffrey and Saenger’s 

notations.92 R = 5'-phosphate ribose. 
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Figure 2-37. ROESY spectrum of a 1.0 M Na2(5'-GMP) solution in H2O/D2O at 298 K 

and 14.1 T, with a mixing time of 100 ms. The cross peaks due to chemical exchange are 

labeled. Diagonal and exchange cross peaks are in the same phase (black), while NOE 

cross peaks are in opposite phase (red). 
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Table 2-14. Proton and carbon-13 resonances (in ppm) and indirect spin-spin coupling 

constants (in Hz) for monomer and dimer aggregates in 1.0 M Na2(5'-GMP) at 278 K (m 

= monomer, d = dimer). 

 1H chemical shift   13C chemical shift 1
JCH 

Non-exchangeable protons  Ribose carbons   

H8 7.95 (m) / 7.57 (d)  C1' 86.7 165 

H1' 5.40 (m) / 5.33 (d)  C2' 73.6 153.6 

H2' NA  C3' 70 154.6 

H3' 4.11  C4' 83.6 150.7 

H4' 4.04  C5' 63.3 140.0/145.3 

H5' 3.86  Base carbons   

H5" 3.59  C2 157.4  

   C4 121  

Exchangeable protons   C5 115.5  

N1H 10.91 (d)  C6 168.8  

N2H2 5.81-6.01  

(broad, m/d) 

 C8 135.0 (m) 

136.6 (d) 

215.7 

 

2.4 Conclusion 

 In summary, we are able to determine successfully two self-assembled 

structures of Na2(5'-GMP) under neutral conditions using both NMR and computation 

methods. A GG32 dimer and a right-handed G-quadruplex helix with head-to-tail all-S on 

all-N stacking form spontaneously under neutral pH using various weak, non-covalent 

forces. The G-quadruplex is formed using hydrogen-bonds (base-base and hydroxyl-

phosphate), π-π stacking (base-base), ion-dipole interaction between the channel Na+ ions 

and the surrounding carbonyl oxygens (Na+…O6), as well as ion-phosphate interactions 
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(P-O-…Na+…O--P) as previously suggested.61 Since the G-quadruplex expressed less 

temperature dependence (from 278 to 298 K), we believe that the same structure exists in 

solid-state. It is also possible that similar structures exist in compounds form by 

guanosine derivative self-assembles, or in other nucleic acid systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 84

Chapter 3 

Structural determination of disodium guanosine 5'-monophosphate G-

quadruplex under acidic conditions 

3.1 Introduction 

 Gel formation of guanosine 5'-monophosphate (5′-GMP) under slightly acidic 

conditions (e.g., pH 5) was first discovered by Ivar Christian Bang in 1910 (Figure 1-1, 

Chapter 1).11 However, it was not until 50 years later that the structural basis of such 5'-

GMP gel was examined. In 1962, Gellert et al. used x-ray fiber diffraction data to show 

that different GMP isomers form different helical structures.12 For 3'-GMP gel, the 

helical structure is formed by successive stacking of planar hydrogen-bonded guanine 

tetramers now known as G-quartets on top of each other.12 For 5'-GMP gel formed at pH 

5, in contrast, the planar (disc-like) G-quartet is broken at one side forming a continuous 

helix using hydrogen bonds between 5'-GMP bases in a lock-washer fashion (Figure 

3-1).12 The authors suggested that the helix formed by such linear aggregation using 

hydrogen-bonds and van der Waals attractions should form a cylinder (now known as G-

quadruplex) where there is enough room in the channel for water molecules to reside. 

They also stated the specific types of inter-molecular hydrogen-bonds form between 

phosphate and i) amino (i.e., NH…O=P) from the layer above, ii) neighboring phosphates, 

and iii) a 2'-hydroxyl of a neighboring ribose. Together with electrostatic repulsions 

between phosphate groups, these forces contribute to the stability of the G-quadruplex. 

Based on their x-ray data and the subsequently built model, acidic Na2(5'-GMP) gel 

adopts a left-handed helical structure.12  
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Figure 3-1. Illustration of planar G-quartet (left) as in neutral Na2(5'-GMP) solution and 

acidic Na2(3'-GMP) gel; (right) open-ended G-quartet as in acidic Na2(5'-GMP) gel. Red 

= O, blue = N, and gray = C. Ribose rings and hydrogen atoms are omitted for clarity. 

 

 In 1964, Miles and Frazier studied 3'-GMP and 5'-GMP gels using solution-state 

IR, UV rotatory dispersion, and optical rotatory dispersion (ORD).13 Although the Cotton 

effect from UV cannot distinguish the handedness of helical structures, they found that 

Na2(5'-GMP) gel has a similar ORD profile as poly-inosine (poly-I) fibers, that were 

known to have right-handed helix conformation.93 The possibility of acidic Na2(5'-GMP) 

gel having a right-handed helical conformation was later supported by Homer and Mason 

(1966) when they observed a positive, parallel-polarized CD band at 244 nm for acidic 5'-

GMP gel.94  

 Within the next ten years, Chantot et al. (1971) found that a large negative 

Cotton effect at around 260 nm is associated with an anti conformation of G residues.14 

They documented that Na2(5'-GMP) forms gel between pH 2.2 and 5.8 only, and the 

atoms N7, O6, N1, and one hydrogen of the amino group are essential in forming a gel. 
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In 1972, Chantot took a different approach and quantified the thermodynamics properties 

of the self-associating 5'-GMP gel system, for which he found that 20.9 kJ/mol (5 

kcal/mol) is involved in hydrogen-bonded base-base interactions, and 14.6-16.7 kJ/mol 

(3.5-4 kcal/mol) for stacking interactions. These results support the importance of the 

“vertical” hydrogen-bonds between G-quartets and other van der Waals interactions in 

forming a stable G-quadruplex structure.95 In 1975, Sasisekharan and colleagues 

proposed a continuous, left-handed 15/4 helix (i.e., 15 monomers in 4 turns) for acidic 

Na2(5'-GMP) gels using x-ray fiber diffraction.46 Since then, it is commonly believed that 

this helix is left-handed and is composed of 5'-GMP monomers all in the C2'-endo sugar 

pucker conformation.46 However, in their original paper, although the authors were quite 

certain with the continuous helix model, they were not sure about the sugar puckering 

and helical handedness.46 Because the 5'-GMP helix is not constrained by covalent 

phosphodiester bonds, it is possible to have either right or left-handed helices. In this 

case, the helix was “arbitrarily assigned” as left-handed, assuming that monomers are of 

C2'-endo puckering. According to the same authors, it is also possible to have a right-

handed helix if the sugar pucker conformation is C3'-endo. It is also clear from the study 

of Sasisekharan et al. that whether the acidic 5'-GMP helix is left-handed or right-handed 

depends critically on the sugar pucker conformation. Clearly the x-ray fiber diffraction 

data cannot provide enough information to distinguish between these two models. 

Furthermore, the authors noticed that the quality of the x-ray diffraction data 

“dramatically” improved after the salt concentration was reduced in the sample. This 

seems to suggest that this continuous helix is quite different from the G-quadruplex helix 

where salt ions were required.46  
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 Since there is no one consistent and absolute structure proposed for acidic 

Na2(5'-GMP) gel, we decided to further investigate this system using the knowledge 

gained from  our studies of neutral 5'-GMP as described in Chapter 2. It is important to 

note that, 5'-GMP (pKa2 = 7.5) is doubly charged under neutral to slightly alkaline 

condition such as pH 8 while it is singly charged under acidic conditions (i.e., pH 5). The 

difference in the phosphate charge and the potential state for ion coordination are 

drastically different between neutral and acidic Na2(5'-GMP) systems as evidenced by 

their physical states (see Figure 1-12, Chapter 1). In this chapter, we use solid-state 13C 

NMR and FT-IR results to deduce the true helical structure of acidic Na2(5'-GMP) gel. 

3.2 Experimental 

3.2.1 Sample preparation 

 The Na2(5'-GMP) gel sample was prepared by acidifying 0.5 M Na2(5'-GMP) 

aqueous solution to pH 5 using concentrated HCl(aq) or acetic acid. The pH is measured at 

room temperature using a calibrated Fisher Scientific Accumet Basic pH probe. 

3.2.2 Solid-state 1D NMR 

 Solid-state 13C NMR experiments were performed by Dr. Gang Wu on a Bruker 

Avance-600 spectrometer operating at 159.91 MHz for 13C with the following 

parameters: sample spinning frequency, 11 kHz; cross polarization mixing time, 2 ms; 1H 

decoupling, 80 kHz, recycle time, 10 s; 4866 transients. All 13C chemical shifts were 

referenced to that of TMS.  Solid-state 23Na NMR experiments were performed on a 

Bruker Avance-500 spectrometer operating at 132.72 MHz for 23Na nuclei with the 
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following parameters: sample spinning, 10 kHz, 1H decoupling, 65 kHz; recycle time, 10 

s; 64 transients. All 23Na chemical shifts were referenced to that of 1.0 M NaCl(aq).  

3.2.3 Solid-state 2D NMR 

 23Na{31P} rotational-echo double-resonance spectroscopy (REDOR) 

experiments were performed by Dr. Zhimin Yan and Dr. Yining Huang of the University 

of Western Ontario (London, ON). Using the original version of the pulse sequence,96 

this 2D solid-state experiment was performed on a Varian/Chemagnetics Infinity-plus 

400 WB spectrometer operating at a magnetic field strength of 9.4 T. The 31P and 23Na 

resonance frequencies at this field strength are 161.72 and 105.67 MHz, respectively. All 

MAS spectra were acquired using a Varian/Chemagnetics T3 4-mm triple-tuned MAS 

probe. Typical RF power levels corresponded to 180° pulse lengths of 7.0 and 7.8 µs for 

23Na and 31P nuclei, respectively. A total of 512 transients were accumulated for each 

REDOR measurement. The sample spinning rate was kept constant at 10,000 ± 2 Hz. The 

recycle delay was 0.2 s. The curve fitting was performed using the Simulation Package 

for Solid-state NMR Spectroscopy (SIMPSON, version 1.1.0) program.97  

 2D back-to-back double-quantum magic-angle-spinning experiments (BABA 

DQ-MAS) were performed by Dr. Eric Ye (National Ultrahigh Field NMR Facility for 

Solids, Ottawa, ON) on the Na2(5'-GMP)/acetic acid gel at 21.1 T. The MAS experiment 

was performed using a 1.3 mm rotor spinning at an ultra-fast spinning rate (62.5 kHz) 

and the pulse program ggba.st2d. The 1H NMR data were collected using a pulse of 1.5 

µs (13.0 dB) and a relaxation delay of 8 s with 48 scans collected. The spectral width is 
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63,000 Hz on F1 dimension (DQ), and 50,000 Hz on F2 dimension (SQ). The final data 

matrix is 1024 (F2) vs. 160 (F1). 

 31P{1H} heteronuclear correlation spectroscopy (HETCOR) experiments were 

also performed by Dr. Eric Ye at the 900 MHz solid-state facility in Ottawa. The sample 

Na2(5'-GMP)/acetic acid gel was spinning at a rate of 33 kHz in a 2.5 mm rotor. The 

pulse program used is ggcphet.ye.2d, and the operating frequencies of 31P and 1H are 

900.1 MHz and 364.4 MHz, respectively. The 180º pulses for 31P are 2 µs (8.5 dB) and 

2.5 µs (12 dB) for 1H. A total of 128 scans were collected with a relaxation delay of 5 s. 

The spectrum dimension is 2048 (F2, 31P) x 90 (F1, 1H). 

3.2.4 FT-IR 

 All FT-IR spectra were obtained from a Scimitar 1000 FT-IR (Varian) as KBr 

pellets with a resolution of 4 cm-1 from wavenumber 500 to 3000 cm-1. A total of 10 

scans were accumulated for each spectrum with a sensitivity of 1 cm-1.  

3.3 Results and Discussion 

3.3.1 Determination of helix-orientation using 
13

C NMR and FT-IR 

 Since fiber x-ray crystallographic data did not yield the information about the 

helical orientation of acidic Na2(5'-GMP) gel, we decided to use solid-state 13C NMR. 

From solid-state 13C NMR spectra, it is relatively easy to obtain 13C chemical shifts for 

the sugar carbons. As shown in Figure 3-2, the solid-state 13C NMR spectrum is very 

simple, suggesting that the gel system is well ordered. The observed 13C chemical shifts 
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for sugar carbons C1', C2', C3', C4', and C5' are 87.9, 76.3, 69.3, 82.2, and 62.8 ppm, 

respectively. These chemical shifts are similar to those obtained for the neutral Na2(5'-

GMP) sample. Harbison and coworkers recently established a general procedure in 

linking 13C chemical shifts to sugar pucker conformation.98 In particular, they studied 

solid-state 13C NMR spectra of 25 nucleotides and nucleosides with known crystal 

structures from x-ray crystallography. The authors paired up the chemical shifts of the 

sugar carbons and noticed the distribution of two distinct groups when the 13C chemical 

shifts were plotted against each other. They observed that these two groups correspond to 

either N or S puckering conformation. Furthermore, a plot of C1' versus C5' chemical 

shifts separates the N group into two clusters corresponding to the gg and gt 

configurations. To verify that the distribution of these distinct clusters was not due to 

chance, the researchers performed some canonical discrimination calculations, using 

linear combinations of variables that maximize the statistical discrimination between two 

populations (e.g., N or S, gg or gt). In this case, the authors found out that it is possible to 

use canonical calculations to verify chemical shift-structure relationship in terms of 

puckering and exocyclic angle γ, but not the glycosidic angle χ. This method was further 

verified by Ohlenschlager and colleagues who performed the same canonical 

discrimination calculations on approximately 400 RNA residues with complete sugar and 

backbone carbon data.99 Two values were calculated using empirically derived constants 

and chemical shifts of the sugar carbon atoms (Equations 3-1, 3-2), and they were plotted 

against each other. The location of the residue’s coordinate in this plot along with a preset 

limit for these values from experimental data allowed the prediction of sugar puckering 



 91

and exocyclic torsion angle to be obtained with 93-94% accuracy.99 The authors also 

pointed out that different limits must be used for on purine and pyrimidine residues. 

  

Figure 3-2. Solid-state 13C CP-MAS spectrum of acidic Na2(5'-GMP)/HCl gel at 14.1 T 

and spinning at 11 kHz.  

 

Equation 3-1  can1 = 0.179δC1′ - 0.225δC4′ - 0.0585δC5′   

Equation 3-2  can2 = -0.0605δ(C2′+C3′) - 0.0556δC4′ - 0.0524δC5′   

 

 To test the validity of this approach for 5'-GMP compounds, we first examine 

Na2(5'-GMP) heptahydrate, for which the sugar is known to adopt only C2'-endo 

conformation100, and the Na2(5'-GMP) sample at neutral pH for which both C2'-endo and 

C3'-endo conformations are present. The final can1 and can2 values for Na2(5'-

GMP).7H2O are –7.7 and –17.5, respectively. As seen in Figure 3-3, these values clearly 

reside in the C2'-endo region. The can1 and can2 values for neutral Na2(5'-GMP) are –
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8.0 and –17.1 (C2'-endo) and –6.0 and –16.5 (C3'-endo), respectively. They also 

correspond to the correct puckering regions in the same plot. In general, we conclude that 

13C chemical shifts allow a reliable determination of the sugar puckering in RNA 

systems. Using the same equations, the can1 and can2 values for acidic Na2(5'-GMP) gel 

are –6.6 and –16.8, respectively, and this reveals that Na2(5'-GMP) at low pH indeed has 

a C3'-endo puckering instead of C2'-endo which was suggested by Sasisekharan et al.46 

Moreover, the fact that can1 > −6.77 and can2 > −16.82 for acidic Na2(5'-GMP) gel 

strongly suggests that the sugar pucker conformation is C3'-endo with the exocyclic γ-

torsion angle being in gg conformation.99  

 Another piece of evidence comes from the FT-IR spectrum. Tajmir-Riahi101 

established that the IR signature bands for C3'-endo and C2'-endo sugars appear at ranges 

800-806 and 817-824 cm-1, respectively. As shown in Figure 3-4, the FT-IR spectrum of 

acidic Na2(5'-GMP) gel contains a signature band at 800 cm-1. Therefore, contrary to the 

long-believed model, this finding leads to the conclusion that the continuous helix of 

acidic Na2(5'-GMP) gel is composed entirely of C3'-endo monomers and is indeed right-

handed instead of left-handed. Combining this new structural feature with the helical 

parameters of Sasisekharan et al.,46 we were able to build a right-handed 15/4 helix model 

as illustrated in Figure 3-5. (Atomic coordinates are listed in Appendix II).   
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Figure 3-3. Canonical coordinate prediction plot for RNA ribose C2'/C3'-endo puckering 

adopted from Olenschlager et al.99 The white and black dots represent RNA residues with 

known C3'-endo and C2'-endo structures, respectively. The dashed vertical line is the 

threshold proposed for pyrimidine, and the solid line for purines. The horizontal line 

separates the gg and gt conformations. (Plot adopted from Ref. 97). 

  

Figure 3-4. FT-IR spectra of Na2(5'-GMP) monomers and dried Na2(5'-GMP)/HCl acidic 

gel using KBr disc. 
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Figure 3-5. Continuous right-handed helix model of acidic Na2(5'-GMP) G-quadruplex 

constructed using x-ray fiber diffraction data.46
 Red = O, blue = N, gray = C. Ribose 

rings and hydrogen atoms are omitted for clarity. 

3.3.2 A unique G-quadruplex feature: absence of channel ions 

 Once the helix orientation is determined, the next step is to examine the weak 

forces that drive 5'-GMP self-aggregation. Being the most crucial component in G-

quadruplex formation, ion-carbonyl interaction at the channel site and ion-phosphate 

binding at the surface site might behave differently in acidic Na2(5'-GMP) gels compared 

to those observed in neutral Na2(5'-GMP) solution. To further investigate how Na+ ions 

are bound in the acidic 5'-GMP structure, we recorded solid-state 23Na NMR spectra for 

the acidic Na2(5'-GMP) gel. As seen from Figure 3-6, only two 23Na NMR signals are 

observed for acidic Na2(5'-GMP) gel. The sharp signal at 7.2 ppm is due to excessive 

NaCl in the sample. The other signal is centered at −5.0 ppm, typical of phosphate-bound 

Na+ ions.61 Indeed, this signal is very similar to that of the phosphate-bound Na+ ions 

observed for a solid 5'-GMP sample prepared from neutral solution as described in 

Chapter 2.  
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Figure 3-6. Solid-state 23Na NMR spectra of (top) acidic and (bottom) neutral Na2(5'-

GMP). 

 According to the x-ray model, where phosphate groups are 5.2 Å apart (P-P 

distance),46 it is possible that a Na+ ion bridges the phosphate groups to reduce repulsion.  

To determine if the solid-state 23Na signal at –5 ppm in acidic GMP is due to phosphate-

bound Na+ ions, a 23Na{31P} rotational-echo double resonance (REDOR) experiment was 

performed. REDOR, first introduced by Gullion and Schaefer on nuclei 1H and 31C,102 is 

a high resolution solid-state NMR experiment for measurement of inter-nuclear distances 

between heteronuclei (i.e., 23Na and 31P in this case). Typically, a normalized REDOR 

difference signal is plotted versus the rotor periods or dephasing time. Then the inter-

atomic distance is extracted from the slope using a theoretical curve. A steep slope 

indicates a short distance between the two heteronuclei. Figure 3-7 shows the 

23Na{31P}REDOR plot obtained for both neutral and acidic dried Na2(5'-GMP) systems, 

as well as a reference sample, the A-form DNA from calf thymus. In A-form DNA, the 
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only possible binding site for Na+ is on the singly charged phosphate group. As shown in 

Figure 3-7, the slopes at the small dephasing times are similar among the three systems. 

Assuming that the 23Na and 31P nuclei can be treated as an isolated two-spin system, the 

calculated inter-nuclear distance obtained from REDOR for dried acidic Na2(5'-GMP) gel 

is 3.5 Å. This short 23Na-31P distance indicates that they are in the first-coordination shell 

of each other, hence confirming the direct binding of 23Na ions at –5 ppm to the 

phosphate sites in acidic Na2(5'-GMP). The binding of 23Na to 31P is only observable in 

the solid phase in this case because Na+ ions undergo rapid exchange in solution, hence it 

is not possible to detect the direct binding of 23Na to 31P in liquid phase. 

    

Figure 3-7. 
23Na{31P} REDOR results of the reference (A-form DNA) and the two types 

of Na2(5'-GMP) aggregates at various pH conditions.  
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 The 23Na NMR spectrum of acidic Na2(5'-GMP) gel shown in Figure 3-6 also 

reveals that the established spectral signature for Na+ ions residing inside a G-quadruplex 

channel at −18 ppm is missing.61,103 This observation immediately suggests that there are 

no Na+ ions inside the central channel of the continuous helix formed by 5'-GMP under 

slightly acidic conditions. This aspect of the helix is totally unexpected, because there are 

very few G-quadruplex systems without a channel cation. However we can try to 

understand it using a structural model. As shown in Figure 3-8, when a disc-like G4 is 

twisted into a washer-like G4, the size of the central cavity surrounded by carbonyl 

oxygen atoms is significantly reduced. As a result, a Na+ ion can no longer fit into this 

cavity. 

 

Figure 3-8. Na2(5'-GMP) G-quadruplexes formed under different pH conditions. A 

planar, tetrameric stacking under neutral pH (bottom), and a continuous, lock-washer-like 

helix under acidic pH (top). Helix senses are both right-handed (RH). 
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3.3.3 Phosphate-amino hydrogen-bonds 

 At this point, it is worth comparing the acidic 5'-GMP helix with that 

determined for 5'-GMP under neutral or slightly basic conditions (Chapter 2).90 Since the 

phosphate group of 5'-GMP has a pKa2 of 7.5, it is doubly charged at pH 8 but only singly 

charged at pH 5. As we mentioned in Chapter 2, phosphate groups in the 5'-GMP helix 

formed at pH 8 are possibly bridged by Na+ ions. For the 5'-GMP helix formed at pH 5, 

singly charged phosphate groups form a continuous hydrogen-bonded chain along the 

helical “strand” (i.e., ···HO−P−O−···HO−P−O−···). Because the repulsion between singly 

charged phosphate groups is much weaker than that between doubly charged phosphates, 

the P···P distance is significantly shorter in the acidic 5'-GMP helix (5.2 Å) than in the 

neutral 5'-GMP helix (6.7 and 7.2 Å). 

 Another unique feature in the acidic 5'-GMP helix is the formation of a 

phosphate-base hydrogen bond. In particular, as Sasisekharan et al.46 also noted, the ith 

phosphate group can be hydrogen-boned to the exocyclic amino group of the (i+3)th 

guanine base (i.e., N−H···O=P, Figure 3-9). In our model, the N···O distance is ca. 2.82 

Å. We postulate that the weaker repulsing forces between singly charged phosphate 

groups and the formation of this hydrogen bond are largely responsible for the helical 

formation of 5′-GMP at pH 5. To verify if these hydrogen-bonds are consistent with a 

right-handed helix model, we performed 2D solid-state back-to-back double-quantum 

magic-angle-spinning (BABA DQ-MAS) 1H NMR and 31P{1H} HETCOR NMR 

experiments. 
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Figure 3-9. Scheme of the phosphate-base hydrogen bond between phosphate (i) and 

N2HB (i+3) three monomers away in the right-handed, continuous helix model of acidic 

Na2(5'-GMP). 

 

 The 2D BABA DQ-MAS experiment is often used in determining hydrogen 

bonding networks, such as self-assembling C^G rosette nanotubes.104 The experiment 

utilizes the creation of the 1H-1H double quantum coherence via the homonuclear dipole-

dipole couplings. As a result, DQ signals can be used directly to infer spatial distances 

between two protons. Like spins (AA) give rise to the so-called “diagonal” spins located 

at [νA, (νA + νA)], while unlike spins (AX) have “cross peaks” at both [νA, (νA + νX)] and 

[νX, (νA + νX)] locations. The unique feature of BABA DQ spectra is that the resonance 

frequency on the DQ dimension is the sum of two single-quantum frequencies of the two 

spins involved, as illustrated in Figure 3-10. Hence, a 2D BABA spectrum can be read as 

a regular NOESY spectrum except the appearance of “cross peaks” is slightly different.  
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Figure 3-10. A 2D double-quantum spectrum. Protons A and X have different frequency 

values and the identity peaks are located at (νA + νA) and (νX + νX), respectively. Cross 

peaks between them are located at (νA + νX).  

 

 The 1D proton MAS spectrum of Na2(5'-GMP)/acetic acid gel spinning at 62.5 

kHz and 21.14 T is shown in Figure 3-11. The 1D 1H spectrum exhibits reasonably high 

resolution to allow detection of several key proton signals. From the 2D BABA 

experiment, also shown in Figure 3-11, several 1H-1H dipolar interactions can be 

deduced. First, intra-molecular interactions N2HA-N1H and H8-ribose are observed (blue 

bars). The high frequency locations of both N2HA and N1H suggest their involvement in 

hydrogen-bonding. The H8-ribose cross peak also indicates that the 5'-GMP molecules 

are in anti conformation because H8 would not have any strong dipole interactions with 

the ribose protons if the sugars were in a syn conformation. Secondly, the signature inter-

molecular cross peak between N2HA and H8 (red bar) confirms the G-quartet formation 

(Figure 3-11, inset).  
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 As mentioned earlier, N2HA and N2HB from the same amino group have very 

strong dipole interaction, and thus a very intense cross peak is observed in the BABA 

spectrum. Using this relationship, N2HB is assigned at 8.3 ppm on the single-quantum 

axis, and it has a larger chemical shift than expected. For example, in Chapter 2 we 

learned that the non-hydrogen bonded N2HB signal appears near the region of 4-5 ppm. 

The unusual high frequency shift of the N2HB signal indicates that it is now involved in a 

hydrogen bond environment, possibly in the N−H···O=P hydrogen bond as first proposed 

by Sasisekharan et al.46 Unfortunately, the resolution of the 2D BABA spectrum is not 

high enough to allow a direct observation of the hydrogen bonds between the phosphate 

group and the same amino proton (N2-HB
…O=P-OH) three monomers away in the helix. 

The dipole interaction between these two protons could be too small for detection since 

the distance between them is 4.2 Å, while the distances between the above proton pairs 

that give strong cross peaks range from 1.6 to 3.8 Å. In this case, we turn to another 

experiment, 31P{1H} HETCOR, where we can observe the direct dipolar coupling of 

proton and phosphorous nuclei in the phosphate group. 
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Figure 3-11. 2D BABA DQ-MAS spectrum of dried acidic Na2(5'-GMP)/acetic acid gel 

21.1 T and very fast spinning (62.5 kHz) at room temperature. The blue bars represent 

intra-molecular dipole interactions, and the red bar represents inter-molecular dipolar 

interactions. The scheme of these dipolar couplings between two 5'-GMP molecules in a 

G-quartet is shown in the insert. 

 

 31P{1H} HETCOR is a 2D heteronuclear NMR experiment similar to HMQC 

where direct interaction via dipolar-coupling are detected. However, unlike HMQC, 

direct detection is used in HETCOR since 31P has a natural abundance of 100%. As 

shown in Figure 3-12, the relatively sharp signal at 2 ppm on the F2 dimension (31P) 
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represents the single 31P environment from the phosphate group. In the F1 dimension 

(1H), we observe cross peaks forming at 4.7, 8.3, and 10.5 ppm, and their assignments are 

shown in Table 3-1. 

 Similar to other experiments that detect dipolar coupling, the time allowed for 

the two nuclei to “communicate” is crucial for observation of such relationship. In this 

case, a contact time of 2 ms used in the HETCOR experiment allowed us to observe 

several intra and inter-molecular 31P-1H bonds. First of all, the strong cross peak at 4.7 

ppm (F2 dimension) represent the intra-molecular P/H5' and P/H5'' bonds. The next 

intramolecular interaction would be at 10.5 ppm on the F1 dimension where 31P of the 

phosphate is binding to its own proton. Most importantly, the cross peak at 8.3 ppm 

(N2HB) confirmed the N−H(i+3)···O=P(i) bonding suggested by Sasisekharan46 but was not 

observed directly before (Figure 3-9).  
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Figure 3-12. 2D 31P{1H} HETCOR spectrum of dried Na2(5'-GMP)/acetic acid gel in a 

2.5 mm MAS probe, and spinning at 33 kHz and a contact time of 2 ms.  

Table 3-1. 
31P{1H} HETCOR spectrum analysis. The 31P-1H distances are obtained from 

the right-handed model built using x-ray data from Sasisekharan et al.46
  

Cross peak on 1H 

dimension (ppm) 
Proton assignment 31P-1H distance (Å) Intra/Inter-molecule 

10.5 P-OH 2.00 intra 

4.7 H5' * 2.75 intra 

4.7 H5" * 2.71 intra 

8.3 N2HB(i+3) 3.16 inter 

* stereospecific assignment of proS, proR protons is not performed. 
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3.4 Conclusion 

We have used modern 1D/2D solid-state NMR experiments, as well as FT-IR, and 

canonical calculations to prove that the acidic Na2(5'-GMP) gel forms a right-handed 

helical structure composed of only C3'-endo monomers. This is in contrast to the long-

believed C2'-endo/left-handed model in the literature. We also observed the absence of 

Na+ ions inside the channel site due to a smaller cavity in the lock-washer-like helix as 

opposed to the planar, stacking tetramer model. The major forces that contribute to the 

acidic Na2(5'-GMP) self-assembly include base-base hydrogen-bonds, Na+-phosphate 

binding, and hydrogen-bonds between amino and phosphate groups among layers of 

tilted G-quartets. The gel formation of Na2(5'-GMP) under the acidic condition can be 

attributed to these forces accentuated four times around the helix, as well as smaller 

repulsion forces between phosphate groups. This part of the Na2(5'-GMP) study provides 

information on nucleic acid self-assembly under acidic pH and low salt conditions, which 

could be useful in designing other supramolecular structures under similar conditions. 
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Chapter 4 

Self-assembled G-quadruplex structures of disodium guanosine 5'-

thiomonophosphate: the role of cation bridging 

4.1 Introduction 

 Guanosine 5'-thiomonophosphate, or 5'-GSMP, differs from 5'-GMP by 

substituting the oxygen atom at the 5' position with a sulfur atom (Figure 4-1). This 

molecule has a longer O-P-S5'-C5' bond compared to the O-P-O5'-C5' bond in 5'-GMP 

(Figure 4-1), and this causes the phosphate group to extend away from the nucleoside. 

Because there are no other structural differences at the guanine base and ribose ring, 5'-

GSMP is expected to form G-quadruplexes in the presence of Na+ ions, in a similar 

fashion as 5'-GMP.105 If this is true, the elongated -O-P-S5'-C5' bond will allow 

additional flexibility that will enable them to optimize their relative locations as the 

doubly charged phosphate groups exhibit strong repulsion to each other. (Figure 4-2). 

This repulsion force can often be offset by a positively charged cation, such as Na+. This 

kind of cation-bridging system between two phosphate groups and a cation is identical to 

that discussed in the 5'-GMP G-quadruplex system (Chapter 2). It was documented in 

Chapter 3 that cations binding to the phosphate groups are discovered using both solution 

and solid-state 23Na-NMR in G-quadruplexes systems.53,55,61,63,103,105,106,107 There is also 

evidence that different ions can compete for the phosphate-binding site (Figure 4-2). 

However, there are no direct studies on the phosphate groups regarding cation-bridging 

from 5'-GMP’s point of view. Fortunately, the molecule 5'-GSMP provides the 

opportunity to study this site directly. In this chapter, we investigate the self-assembly of 
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5'-GSMP using both solution- and solid-state NMR experiments, quantum calculations, 

and other methods. 

  

Figure 4-1. Structures of (left) 5'-GMP and 5'-GSMP molecules, and (right) the different 

bond lengths shown in detail. 

 

Figure 4-2. Illustration of short distances between phosphate groups in 5'-GMP G-

quadruplex.  
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4.2 Experimental 

4.2.1 Synthesis and solution sample preparation 

 Disodium 5'-deoxy-5'-thioguanosine 5'-monophosphate, Na2(5'-GSMP), 

C10N5O7SPNa2H12 (molecular weight 423.247 g/mol) was a gift from Dr. David Hodgson 

(Durham University, United Kingdom) and was synthesized using a modified method 

from the literature procedure.108 To prepare a 0.17 M Na2(5'-GSMP) solution for NMR 

experiments, 70.6 mg was dissolved in 1.0 mL D2O. Because a small amount of NaOH 

was used in the synthesis of 5'-GSMP, the pH of the solution was initially ~10.5. The 

solution was brought to neutral pH 8.0 using a minute amount of concentrated HCl(aq). A 

clear viscous solution was observed, which turns to a gel upon standing at room 

temperature for several hours. Solution-state 1H NMR experiments were performed at 

various temperatures on these wet gel samples.  The pKa value of the thiophosphoryl 

group was determined using solution-state 31P NMR. A series of diluted solutions were 

also prepared including 10 mM, 25 mM, 50 mM, and 100 mM for aggregation process 

studies.   

4.2.2 Solution-state NMR  

 All solution-state NMR spectra were recorded on a Bruker Avance 600 MHz 

spectrometer (14.1 T), including both 1D and 2D experiments. All chemical shifts were 

reported in parts per million (ppm). For 1H experiments, the 1H 90° and 180° pulse 

widths at a pulse power of 0.0 dB were 13.0 and 26.0 µs, respectively. The 31P 180°  

pulse was 50 µs at 0.0 dB, and 85% H3PO4(aq) was used as an external 31P chemical shift 
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reference. All pulse sequences were available in the program Bruker Xwin NMR Version 

3.5. Experimental temperatures were carefully controlled with a Bruker BT-3000 unit. 

Diffusion NMR experiments were carried out for 50 mM Na2(5'-GSMP) in D2O at 298 K. 

The pulse sequence of longitudinal eddy current delay with bipolar-gradient pulse 

(LEDBPGP2s) was employed. The pulse field gradient duration (δ) was 1.5 ms, and the 

variable gradient strength (G) was 5.655 mT/m. The diffusion period (∆) was 75 ms, and 

a total of 8192 experiments with 8 scans were collected for each of the 16 increment steps 

with a recycle delay of 5.0 s. The eddy current delay (tw) employed was 5 ms, and the 

gradient recovery delay was set at 9.2 ms. Calibration of the field gradient strength was 

performed by measuring the value of translational diffusion coefficient (Dt) for the 

residual 1H signal in D2O (99.99% 2H atom), where Dt = 1.90 x 10-9 m2/s.68 The total 

spectral width was 6009.6 Hz and a line-broadening of 2 Hz was employed in data 

processing. 

4.2.3 Solid-state NMR  

 The same 0.17 M gel was dried under N2(g) environment for solid-state 13C , 

23Na, 31P NMR experiments, as well as FT-IR and powder x-ray analyses. Solid-state 

NMR experiments were performed by Dr. Gang Wu on Bruker Avance-500 and Avance-

600 NMR spectrometers. Chemical shifts for 13C, 23Na, 31P were referenced to the signals 

of TMS, 1.0 M Na+
(aq), and 85% H3PO4(aq), respectively. The detail sample spinning rates 

in Magic Angle Spinning (MAS) experiments are listed in figure captions.  
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4.2.4 FT-IR and powder x-ray diffraction 

 All FT-IR spectra were obtained from a Scimitar 1000 FT-IR (Varian) as KBr 

pellets with a resolution of 4 cm-1 from wavenumber 500 to 3000 cm-1. A total of 10 

scans were accumulated for each spectrum with a sensitivity (digital resolution) of 1 cm-1. 

All XRD spectra were obtained on a Philips X'Pert Pro Multi Purpose Diffractometer 

(2002) using Ni-filtered Cu Kα 1,2 radiation (λ1 = 1.5406 Å, λ2 = 1.5444 Å), a fixed 

divergence slit width of 0.5°, 0.02 Radian soller slit, 15 mm mask, 2 s revolution and 40 s 

count time. Samples were prepared on flat borosilicate glass discs and the diffraction data 

were collected from 10° to 70° using an X'pert X'celerator high speed detector for a total 

scan time per sample of approximately 20 min. Data were processed on a Pentium PC 

using PanAlytical X'pert HighScore for Windows XP. 

4.2.5 Quantum chemical calculations  

 Quantum chemical calculations were performed using Gaussian 03 suite of 

programs87 on a SunFire 6800 symmetric multiprocessor system. Each of the four nodes 

is equipped with 24 × 1.05 GHz (8 MB E-Cache) UltraSPARC-III processor and 96 GB 

of RAM. Shielding calculations were performed using the GIAO method as implemented 

in Gaussian 03. Basis sets of cc-pVTZ and 6-31G(d) were used for Na and other atoms, 

respectively. The computed absolute shielding constant (σ) was converted to the 

chemical shift scale (δ) using δ = σref − σ, where σref is the absolute shielding constant for 

the reference sample. In this study, σref(
13C) = 185.4 ppm, σref(

23Na) = 574.6 ppm and 

σref(
31P) = 317.0 ppm were used. 
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4.2.6 Scanning Electron Microscopy (SEM)  

 A GSMP sample with a concentration of 10 mM(aq) was freshly prepared and 

transported to an aluminum stud using a Pasteur pipette and the droplet of solution was 

left to dry in a closed environment for one day prior to experimentation. The aluminum 

stud was then placed in a vacuum environment (purged twice with Ar) at 25 mTorr, and 

was plated with gold at 10 mAmp for 6 min using a Technics Hummer V voltage 

generator. The sample was then analyzed immediately with a Hitachi S-2300 SEM unit at 

20 kV and images were captured using the computer program URSA200.  

4.3 Results and Discussion 

4.3.1 Solution-state experiments 

 First a very diluted Na2(5'-GSMP) sample was prepared and studied using 

solution-state 1H NMR. Figure 4-3 shows a 25 mM Na2(5'-GSMP) solution at pH 10.5 

where only monomeric 5'-GSMP molecules are present (the pKa1 of guanine at N1H is 

~9.0,109 and N1H is required in Hoogsteen hydrogen-bonding of a G-quartet, hence G-

quartets do not form at pH > 9.0). The proton NMR signal assignments for 5'-GSMP 

monomers are shown in Figure 4-3, and the small amount of impurities (below 3 ppm) 

are thiol groups from decomposition. Next, the pH of the 5'-GMSP sample was brought 

down from 10.5 to a slightly basic 8.0 using a minute amount of hydrochloric acid, and 

the titration process was monitored using 31P NMR. Since phosphorus-31 has a natural 

abundance of 100% and receptivity is ~38 times more sensitive compared to 13C-NMR, 

31P-NMR is a good candidate in directly measuring the phosphate group compared to C5'. 

As shown in Figure 4-4, the 31P chemical shifts are plotted against the acidity of the 25 
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mM 5'-GSMP solution from pH 10.5 to 2.0. These 31P chemical shift data points were 

then fitted using a sigmoid curve with the following equation:  

Equation 4-1  X = [Xb + Xa(10n(pKa-pH))]/[1 + 10n(pKa-pH)]  

        

where X = observed chemical shift, Xb = chemical shift of base, Xa = chemical shift of 

acid, n = 1, pKa = fitting parameter, and pH = range of pH observed. The midpoint 

between the protonation states, i.e., pH 5.1 ± 0.2, is determined to be the pKa2 of 5'-

GSMP. Therefore, 5'-GSMP carries a doubly negative charge between pH 5.1 and 9.0, 

and any pH within this range would give 5'-GSMP the same protonation state on the 

phosphate group as 5'-GMP at pH 8 when the latter forms G-quadruplex.   

 Figure 4-5 shows a comparison of the proton NMR spectra of Na2(5'-GMP) and 

Na2(5'-GSMP), both at 0.1 M concentration and pH 8.0. It is clear that 5'-GSMP 

monomers have smaller intensities compared with 5'-GMP monomer signals due to 

aggregate formation. Therefore, we know that 5'-GSMP molecules are forming large 

aggregates that give broad signals beyond detection due to slow tumbling even at such a 

low concentration. 

 

Figure 4-3. Proton NMR of 25 mM Na2(5'-GSMP) in D2O at pH 10.5 and 298 K. The 

impurities are marked with asterisks.  
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Figure 4-4. 
31P NMR titration curve of a diluted Na2(5'-GSMP) solution at 298 K.  

 

 

Figure 4-5. Proton NMR spectra of Na2(5'-GMP) and Na2(5'-GSMP) at pH 8.0 and 298 

K in D2O. Both solutions have a concentration of 0.1 M. Monomer signals are shown 

while aggregate signals are too broad to be detected. 



 114

 With this information in hand, we decided to study neutral 5'-GSMP at a lower 

concentration (below 0.1 M) using 1H-NMR, hoping that we can catch a glimpse of the 

aggregate formation, such as the four H8 signals unique to the 5'-GMP G-quadruplex. In 

this case, we have samples of 25, 50 mM at various temperatures, and 100 mM is used as 

a reference of aggregate formation. As shown in Figure 4-6, there are no G-quartet H8 

signals observed in the 1H NMR spectrum, but only the monomer signals at various 

concentrations and temperatures. Signal intensities increase as concentration increases, 

and the monomer signal intensities decrease as the temperature decreases. This can be 

attributed to the formation of large-size aggregates at lower temperatures. However, it is 

interesting to note that at 278 K, proton signals from various concentrations share the 

same intensity. This suggests that there is an equilibrium between monomers and 

aggregates at this temperature. Interestingly, there is a small signal to the right of H8 (~8 

ppm) that could represent a different set of monomer or dimer signals. To understand this 

small signal, a 2D DOSY experiment was performed on the 50 mM sample at 298 K, and 

the result indicates that this small peak next to H8 has a similar size as the monomer 

stacks (Figure 4-7). The two signals have a Dt value of ~3.98 x 10-10 m2/s. At this point, 

we can only conclude that solution-state NMR provided clues that aggregation, possibly 

G-quadruplexes, occurs in solution. 



 115

 

 

 

Figure 4-6. Proton NMR spectra of various concentrations of Na2(5'-GSMP) at different 

temperatures and pH 8.0. Concentrations of samples are labeled in the spectra. 
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Figure 4-7. Diffusion 1H NMR of 50 mM 5'-GSMP at pH 8, 14.1 T, in D2O and 298 K. 

 

4.3.2 Solid-state experiments 

 Figure 4-8 shows that upon sitting on the bench for several hours, Na2(5'-

GSMP) at pH 8 forms a clear and transparent gel at a concentration of 0.17 M. We also 

noted that concentrations > 0.17 M caused precipitation. The gelation gives strong 

evidence that G-quadruplex formation occurs in Na2(5'-GSMP) similar to acidic Na2(5'-

GMP). This conclusion is supported by the powder x-ray diffraction study of dried 

Na2(5'-GSMP) gel, which gives the characteristic signal that corresponds to a separation 

of 3.25 Å between stacking G-quartets (Figure 4-9). Moreover, the ability of 5'-GSMP to 

form a gel at a concentration of 0.17 M is remarkable, because 5'-GMP does not form any 

aggregates at such a low concentration at all (Chapter 2). This observation shows that G-

quadruplex is formed with greater tendency in Na2(5'-GSMP) compared to Na2(5'-GMP). 
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Figure 4-8. Physical states of (a) 1.7 M Na2(5'-GMP) and (b) 0.17 M Na2(5'-GSMP). 

Both are aqueous solutions at pH 8.0. 

 

 

Figure 4-9. Powder x-ray diffraction patterns for Na2(5'-GSMP), Na2(5'-GMP), and 

NaCl. 
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 To learn more about the molecular structure of the Na2(5'-GSMP) gel, we 

recorded 13C solid-state NMR spectra of a dried gel sample. Figure 4-10 shows that the 

13C CP-MAS NMR spectrum of GSMP is very similar to that of GMP except carbon C5', 

as it is now shifted to low frequency due to shielding from the presence of a sulfur atom. 

This experiment confirms that the Na2(5'-GSMP) gel contains a G-quadruplex structure 

similar to that in dried Na2(5'-GMP). Moreover, FT-IR experiment of the dried Na2(5'-

GSMP) gel shows that  both C2'-endo and C3'-endo conformations identical to the signals 

observed in Na2(5'-GMP) G-quadruplex are present (Figure 4-11). Since the presence of 

both ribose puckering is a unique feature of the Na2(5'-GMP) G-quadruplex system, it 

further confirms the formation of G-quadruplex in Na2(5'-GSMP). 

 

Figure 4-10. Solid-state 13C CP-MAS spectra of dried Na2(5'-GMP) and Na2(5'-GSMP). 

All spinning sidebands are marked with an asterisk. The spinning rate for Na2(5'-GSMP) 

is 10 kHz.  
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Figure 4-11. Solid-state FT-IR spectra of Na2(5'-GMP) and Na2(5'-GSMP) samples using 

KBr discs.  

 

 The next piece of evidence that confirms G-quadruplex formation for Na2(5'-

GSMP) comes from the solid-state 23Na MAS experiments. As shown in Figure 4-12, 

there are three 23Na signals observed for the dried Na2(5'-GSMP) gel. The largest 23Na 

signal arises from free NaCl and the 23Na signal at -18 ppm is due to “channel” Na+ ions. 

Interestingly, the phosphate-bound Na+ ions in Na2(5'-GSMP) has a slightly larger 

chemical shift (ca. +5 ppm) than that observed in Na2(5'-GMP) G-quadruplex. This 

observation suggests that the surface Na+ ions are now in a more deshielded environment 

(i.e., more electronegativity in the environment), possibly arising from a closer contact 

between negatively charged phosphate oxygens and Na+ ion. A similar phenomenon was 
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also observed in the solid-state 31P CP-MAS spectrum of dried Na2(5'-GSMP) gel. As 

seen from Figure 4-13, the 31P chemical shift of the phosphate group is now at 19.3 ppm 

compared to 17.6 ppm in monomers (Figure 4-4). This deshielding effect may come from 

the same source as observed for 23Na chemical shifts. In order to learn if smaller P-O-

…Na+…-O-P distances in 5'-GSMP G-quadruplex contribute to the observed changes in 

chemical shifts, we performed quantum chemical calculations. 

 

Figure 4-12. Solid-state 23Na MAS NMR spectra obtained at 14.1 T. The sample’s 

spinning rate was 10 kHz. High power 1H decoupling is applied and 64 transients were 

collected with a recycle delay of 5 s. 
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Figure 4-13. Solid-state 31P CP-MAS spectrum of dried 0.17 M Na2(5'-GSMP) gel at 

14.1 T. The sample’s spinning rate was 10 kHz. 

 

 For calculations, first a [PO3-S-CH3]
2- model was generated and optimized at the 

B3LYP/6-31G(d) level. Then a Na+ ion was placed between two of these optimized 

phosphate molecules, along with four waters surrounding the Na+ atom to form an 

octahedral coordination shell (Figure 4-14). Table 4-1 shows the details of geometry of 

the final cluster: [CH3-S-PO3
…Na(H2O)4

…O3P-S-CH3]
3-. In this case, the variable is the 

distance between Na+ and the closest oxygen from the phosphate group (i.e., Na-O) and 

calculations are performed on these models.  
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Figure 4-14. The cluster model [CH3-S-PO3
…Na(H2O)4

…O3P-S-CH3]
3- used in ab initio 

calculations. The dotted lines indicate the variable (Na-O distance) in the calculations. 
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Table 4-1. Structural details of the cluster model used in quantum chemical calculations 

(using a Na-O distance of 3.2 Å). 

Bond distances (Å) Bond angles (º) 

    

Na-O1 3.20 Na-P1-S1 132 

Na-O2 4.22 P1-S1-CH3 101 

Na-O3 4.08 O1-P1-O2 119 

Na-Ow1-4 2.48 O1-P1-O3 114 

  O2-P1-O3 100 

P1-O1 1.48 O1-P1-S1 113 

P1-O2 1.61 P1-Na-Ow1-4 84-97 

P1-O3 1.63   

P1-S1 2.10   

    

S1-C 1.84   

Ow1-Ow2 3.45   

Ow1-Ow3 4.96   

Ow1-Ow4 3.51   

    
CH3-S-PO3

2- [1] and CH3-S-PO3
2- [2] are related by an inversion center. 

The plane of symmetry contains Na+ and the four waters (square planar). 

The two CH3-S-PO3
2- molecules and Na+ are related by the following parameters: 

    
Bond distances (Å) Na-P2 same as Na-P1  

 Na-O4 same as Na-O1  

Bond angles (º) P1-Na-P2 180  

 P1-Na-S2 164  

Dihedral angle (º) P1-O1-O4-P2 180  
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 The computational results are summarized in Figure 4-15, from which several 

observations were made. First, the 23Na chemical shift appears to be more sensitive to the 

changing Na-O distance than does the 31P chemical shift. Second, the calculated 23Na 

chemical shifts are insensitive to the nature of the phosphate groups, as [CH3-S-

PO3
…Na(H2O)4

…O3P-S-CH3]
3- and [CH3-O-PO3

…Na(H2O)4
…O3P-O-CH3]

3- systems give 

virtually identical results. Therefore, it is the Na-O distance rather than the presence of 

O5' or S5' atom that determines the 23Na chemical shifts. Since the cluster model shown 

in Figure 4-14 may not represent the exact Na2(5'-GSMP) G-quadruplex environment, 

only the trends instead of the absolute values are considered. In this regard, the 

calculations suggest that, as the Na-O distance decreases, both 23Na and 31P chemical 

shifts should increase. 

 As seen from Figure 4-15, an increase of 5 ppm in the 23Na signal between 5'-

GSMP and 5'-GMP corresponds to a shortening of the Na-O distance by about 0.1 Å. The 

same amount of distance reduction would yield an increase of the 31P chemical shift by 

ca. 1 ppm, which is in accordance with the observed 31P chemical shift increase of 1.7 

ppm between monomers and G-quadruplex. Therefore, the calculations strongly support 

the hypothesis that enhanced cation bridging between phosphate groups in Na2(5'-GSMP) 

is responsible for its gelation at only 0.17 M.    

 Figure 4-16 illustrates the arrangement of cation-bridging where it occurs along 

the helical axis of the G-quadruplex. The Na+ ions are positioned between the phosphate 

groups linking to a C2'-endo(i) molecule and a C3'-endo(i+1) molecule.110 As discussed in 

Chapter 2, the P-P distance between these two G-quartets is smaller in 5'-GMP (6.7 Å) 
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than that between C3'-endo(i+1) and C2'-endo(i+2) G-quartets (7.2 Å). Hence a Na+ ion 

would most likely fit in and bridge the two phosphate groups in a fashion shown in 

Figure 4-16. It should also be noted that the enhanced cation-bridging in 5'-GSMP has a 

fourfold amplification around the helix. Moreover, the gelation observed in 5'-GSMP has 

a similar self-assembling mechanism compared with acidic GMP, where the longer -O-P-

S-C5' bond lengths compensate for the shorter P-P distance caused by smaller repulsion 

in the singly-charged phosphate groups in acidic 5'-GMP. As mentioned in Chapter 3, 

cation-bridging may play an important role in different G-quadruplex systems. For 

example, K+, Rb+, and NH4
+ have been known to facilitate different, yet known 5'-GMP 

G-quadruplexes.15,60,111 

 

Figure 4-15. Computed results of 23Na (closed circles) and 31P (open circles) chemical 

shifts for the [CH3-S-PO3
…Na(H2O)4

…O3P-S-CH3]
3- cluster model with various Na-O 

distances at B3LYP/6-31G(d)/cc-pVTZ(Na+) level. The calculations of 23Na chemical 

shifts using the [CH3-O-PO3
…Na(H2O)4

…O3P-O-CH3]
3- cluster model are shown in 

triangles.  
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Figure 4-16. Scheme of cation-bridging between phosphate groups along the self-

assembled 5'-GMP and 5'-GSMP G-quadruplex helices. The horizontal bar represents a 

G-quartet made of either C2'-endo or C3'-endo monomers, and only one of four 

phosphate groups is shown on each G-quartet. 

 

 Lastly, it is also interesting to observe physical evidence of right-handed Na2(5'-

GSMP) helices in SEM images (Figure 4-17). These short, rod-like structures measure 

500-800 nm long with 200-500 nm diameters are clusters of G-quadruplexes. Striation is 

clearly observed on the sides of the rods and suggests that many parallel G-quadruplex 

systems combine to form one single column as documented in a SEM study of 5'-

GMP.111 A different view of these rods shows hair-like structures on the ends and 

suggests direction of growth of 5'-GSMP G-quadruplexes. 
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Figure 4-17. SEM images of dried, neutral pH, 50 mM Na2(5'-GSMP). (a) Columns of 

Na2(5'-GSMP) G-quadruplexes with obvious striations, (b) right-handed helices are 

highlighted with arrows, (c) hair-like extensions on the edge, and (d) increased 

magnification of a section in part c. 

 

4.4 Conclusions 

 We have demonstrated that Na2(5'-GSMP) forms a G-quadruplex similar to that 

of Na2(5'-GMP). However, the longer phosphate bond in 5'-GSMP allows the 

neighboring phosphate groups to become closer, thus enhancing P-O-…Na+…-O-P 

interactions. This enhanced cation bridging capability of Na2(5'-GSMP) is responsible for 
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its ability to form gels at low concentrations under neutral conditions. Under the same 

conditions, Na2(5'-GMP) remains to be a liquid even at high concentrations. This study 

represents an example that a single atom modification can lead to quite different self-

assembly properties.  
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Chapter 5 

G-quartet formation of 2', 3', 5'-O-triacetylguanosine promoted by 

divalent and trivalent cations  

5.1 Introduction 

 In the past decade, G-quartet has attracted considerable attention in various 

areas of research ranging from molecular biology to nanotechnology.41,112 Most previous 

studies on G self-assembly were carried out in water.41 This is because many G 

derivatives are insoluble in organic solvents. In addition, base-stacking is weakened in 

organic solvents. However, Davis and Gottarelli et al. discovered that a lipophilic G 

nucleoside, 3',5'-didecanoyl-2'-dG, can form G-octamers in the presence of K+ in 

CDCl3.
113 Moreover, Spada et al. reported a series of deoxyguanosine derivatives that can 

extract alkali metal salts into organic solvents.114 These studies show that formation of 

lipophilic G-quartets is clearly achievable in organic solvents. Lipophilic G derivatives 

can also form high-ordered aggregates that resemble transmembrane ion channels. The 

environment around K+ ions in the selectivity filter of K+-channel proteins is very similar 

to that inside of a G-quadruplex channel.27 In both cases, each cation is surrounded by 

eight carbonyl groups in an antipyrimidal or cubic fashion.27 Therefore, many lipophilic 

G-quadruplexes were made to mimic protein ion channels as artificial ion channels.41 

With only a few exceptions,115,116,117 G-quartet formation generally requires the presence 

of metal ions. To date, only monovalent (Na+, K+, Rb+, NH4
+, Tl+) and divalent (Sr2+, 

Ba2+, Pb2+) cations have been found to assist G-quartet formation.118 To our knowledge, 

trivalent cations have not been shown to induce G-quartet formation. In this chapter, we 
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report the first example of G-quartet formation of a simple lipophilic guanosine 

derivative (2',3',5'-O-triacetylguanosine, TAG; Figure 5-1) promoted by trivalent 

lanthanide metal ions (La3+, Eu3+, Tb3+, Dy3+, Tm3+).119  

 The second part of this chapter describes our attempt to form G-quadruplex 

using TAG and Ca2+ cations. Being one of the most abundant elements in human bodies, 

Ca2+ also plays a huge role in signal transduction as a second messenger in biological 

systems. Studies in G-quadruplex formation between DNA sequences and Ca2+ 

cations,120,121 including a recently revealed crystallographic structure of [d(TG4T)]4-G-

quadruplex in the presence of Ca2+ cations,122 show the potential of incorporating Ca2+ 

ions into G-quadruplex systems. We believe that our TAG/Ca2+ self-assembly can help in 

understanding the calcium binding site, as well as synthetic calcium channel studies. 

Lipophilic G derivative was previously observed to form a G-quadruplex ionophore with 

Ca2+ ions,123 and our group was able to prepare discrete octamers using TAG and other 

divalent cations (i.e., Sr2+, Ba2+) in organic solvent.124 We used NMR and ESI-MS 

methods to study [TAG]Ca2+ complexes, and 43Ca NMR and quantum chemical 

calculation are also used to study the Ca2+ binding site within the G-quadruplex.125 

 

Figure 5-1. Scheme of 2',3',5'-O-triacetylguanosine (TAG). 
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5.2 Experimental 

5.2.1 Sample preparation  

 [TAG]M
3+

 complexes. 2',3',5'-O-Triacetylguanosine (98% purity) was purchased 

from Sigma-Aldrich and used without further purification. [TAG]M3+ complexes were 

prepared using a solid-liquid extraction method in CHCl3. Metal chlorides were used as 

the source of metal ions. After 24 hours of extraction, the organic phase became clear and 

was collected and subsequently dried under vacuum. The extraction ratio TAG:M3+ for 

extraction is 1:1 unless otherwise stated.  

 Picrate salts. Picrate salt (i.e., Ca-picrate2) was synthesized by neutralizing 

picric acid (Aldrich, 99+%; WARNING: Explosive) with calcium hydroxide, Ca(OH)2, 

in aqueous environment. Picrate salts were collected after crystallization.  

 [TAG]Ca
2+

 complexes. [TAG]Ca2+ complexes were prepared using a solvent-

solvent extraction method: to one mole of TAG suspended in CHCl3, one mole of picrate 

salt (Ca-picrate2) dissolved in H2O was added drop-wise to the stirring solution. The two-

phase solution was stirred until the organic phase became visually clear. The aqueous 

phase was then removed, and solid TAG-Ca2+ complexes were obtained after the organic 

phase was dried in air. 

5.2.2 Solution-state NMR  

 All solution-state NMR spectra were recorded on a Bruker Avance 600 MHz 

spectrometer and in CDCl3 at 268.2 K and 298.2 K. For 1H NMR experiments, a pi-pulse 
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of 20 µs at a power level of 0 dB was used. Temperatures were achieved and maintained 

carefully by a Bruker BT-3000 unit.  

 DOSY. 1H diffusion experiments were carried out using the pulse sequence of 

longitudinal eddy current delay with bipolar-gradient pulses: LEDBPGP2s (Bruker 

XWinNMR Version 3.5) on 1.0 mM samples in CDCl3. The pulse field gradient duration 

(δ) ranged from 1.0 to 2.0 ms, and the variable gradient strength (G) was changed from 

5.75 to 5.8 mT/m. The diffusion period (∆) was 50 ms. A total of 16 scans were collected 

for each of the 16 increment steps with a recycle delay of 5 s. The eddy current delay (te) 

was 5 ms, and the gradient recovery delay was 0.2 ms. All diffusion experiments were 

performed at 298.2 K. Calibration of the field gradient strength was performed by 

measuring the value of translational diffusion coefficient (Dt) for the residual 1H signal in 

D2O (99.99% 2H atom), where Dt = 1.90 x 10-9 m2/s.68 All diffusion coefficients were 

acquired using integration of the proton peaks to a single exponential decay, using the 

Simfit software (Bruker XWinNMR Version 3.5).   

 NOESY. NOESY spectra for [TAG]M3+ were recorded using the pulse program 

NOESYGPPH (Bruker XWinNMR Version 3.5) with a mixing time (τmix) of 400 ms on a 

1:2 (M3+:TAG) mixing ratio at 268K CDCl3. The experiments were performed using the 

phase-sensitive TPPI mode. The data were collected using a 90° pulse of 10.0 µs at 0 dB, 

and a relaxation delay of 2.0 s. Spectral width of 13,227 Hz in each dimension was 

employed. A total of 2 scans were collected for each time increment. Final data matrix 

was 2048 (F2) x 1024 (F1). The 2D NOESY spectrum for [TAG]Ca2+ was performed 

with a mixing time (τmix) of 400 ms and the phase-sensitive TPPI mode. The data were 
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collected using a 90° pulse of 10.0 µs and a relaxation delay of 3.0 s. A total of 8 scans 

were collected for each time increment. Final data matrix was 2048 (F2) x 1024 (F1). 

 43
Ca NMR. All solution 43Ca NMR experiments were performed by Dr. Alan 

Wong on a Chemagnetics-Varian Infinity 600 (14.1 T) spectrometer operating at 40.386 

MHz for 43Ca nuclei at the University of Warwick, UK. A Varian T3 rotor (9.5 mm 

diameter) was used to increase the NMR sensitivity. The strength of the radio-frequency 

field was approximately 14 kHz. A spectral window of 50 kHz was used. All 43Ca 

chemical shifts are referenced to the signal from 1.0 M CaCl2(aq), δ(43Ca) = 0 ppm. 

5.2.3 Mass Spectrometry  

 ESI-MS spectra were recorded with an Applied Biosystems QSTAR XL 

quadrupole time-of-flight (QqTOF) mass spectrometer in positive mode. ESI-MS data 

were acquired using Analyst QS 1.1 software. Samples were dissolved in anhydrous 

nitromethane (CH3NO2) and injected with a syringe pump at a flow rate of 5.0 µL min-1. 

The mass range of single MS measurements was set at m/z 300 to 6000. To observe 

[TAGn + M]3+ complexes, the declustering potential (DP) was set to 20 V during the MS 

experiment. Subsequent tandem mass spectrometry (MS/MS) measurements were 

performed using nitrogen as the collision gas. A collision induced dissociation (CID) 

energy of 35 eV was applied to break down the TAG dodecamers and TAG octamers. 

The mass range of MS/MS measurements was set at m/z 100 to 4000. For spectral 

assignment, theoretical MS peaks were generated using Data Explorer v. 4.0.0.0 (Applied 

Biosystems, 1997– 2000).  
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5.2.4 Fluorescence  

 Excitation and emission spectra were recorded on a Photon Technology 

International (PTI) QuantaMaster model C-60 spectrometer at room temperature using 

the software FeliX (v. 1.4, 1999) supplied by PTI. 

5.2.5 Quantum chemical calculations  

 Quantum chemical calculations were performed using the Gaussian 03 suite of 

programs87 on a SunFire 6800 symmetric multiprocessor system. Each of the four nodes 

is equipped with a 2461.05 GHz (8MB E-Cache) UltraSPARC-III processor and 96 GB 

of RAM. For the central Ca atom, we chose three different all-electron basis sets: 6-

311++G(d,p), cc-pVTZ and Sadlej pVTZ.126 A 6-31G(d) basis set was used for all other 

non-metal atoms. Each octamer model consists of 129 atoms. Chemical shielding 

calculations were performed at both Hartree–Fock (HF) and density-functional theory 

(DFT) levels using the GIAO method as implemented in Gaussian 03. The computed 

absolute shielding constant was converted to the chemical shift scale (δ) using δ = σref -σ, 

where σref is the absolute shielding constant for the reference sample, a fully hydrated 

cluster, [Ca(H2O)8]
2+ (MP2/6-311++G(d,p) fully optimized geometry: Ca–O: 2.480 Å). 
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5.3 Results and discussion  

5.3.1 [TAG]M
3+

 G-quadruplexes 

5.3.1.1 Mixture of large G-quadruplexes  

 Figure 5-2 shows the 1H NMR spectrum of TAG in DMSO where TAG remains 

monomeric. When preparing the TAG/M3+ complex in chloroform, a clear organic phase 

is used as an indication of successful M3+ extraction since TAG is not soluble in the 

weakly polar solvent by itself. Upon formation of G-quadruplexes, the hydrogen-bond 

donors and acceptors on the guanine bases of TAG are no longer available (due to 

Hoogsteen hydrogen-bonds in G-quartets), hence the polarity of the aggregates will 

decrease in general and allows them to be soluble in chloroform.  

 

Figure 5-2. Proton-NMR spectrum of TAG in DMSO at 298.2 K. 

 

 It can be seen that upon adding metal cations, the 1H NMR spectra exhibit very 

different features compared with the monomers (Figure 5-3). The heavily overlapped 
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signals are similar to those observed in [TAG]M+,127 which suggests formation of 

different types of aggregates with various sizes. It is also observed that the chemical shift 

range is very large (e.g., ~50 ppm in [TAG]Tb3+) due to the paramagnetic nature of the 

lanthanide cations. Although the resolution of the spectra are relatively low, the 

approximate regions containing resonances of H8 and N1H/N2HA can still be observed at 

the low frequency region. 

 

Figure 5-3. 
1H NMR spectra of [TAG]M3+ species in CDCl3 at 14.1 T and 298 K. 
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 Moreover, Figure 5-4 shows the NOESY spectra of both [TAG]La3+ and 

[TAG]Eu3+ complexes with signature G-quartet cross peaks and confirmed the presence 

of G-quadruplex in [TAG]M3+ systems. Broad 1H signals are observed in [TAG]Eu3+ due 

to the paramagnetic nature of the lanthanide ion. The G-quartet signature NOE peaks 

were not identified for Tb3+, Dy3+, and Tm3+ systems due to the lack of proper H8 and 

N1H/N2HA signals assignment in the 1D proton spectra. Nonetheless, the TAG solutions 

were also clear upon extraction of these metal cations and suggested the possibility of G-

quartet formation. 

 Another proof of aggregate formation was provided by the DOSY diffusion 

experiment. As shown in Table 5-1, the average translational diffusion coefficient (Dt) 

value of [TAG]M3+ species is the smallest compared to those of both monovalent and 

divalent cation complexes. Since Dt is inversely proportional to aggregate size, the 

DOSY data suggest that [TAG]M3+ aggregates are larger than those formed in the 

presence of M+ and M2+ ions. It is previously known that M2+ promotes only octamers 

formation, and M+ can assist the formation of octamers, dodecamers, and 

hexadecamers.124,127 Because Dt is an averaged value in solution state, it is believed that 

the small Dt of [TAG]M3+ complexes could indicate that very large aggregates are 

present (i.e., larger than hexadecamer), or the majority of the aggregates present are large 

aggregates (i.e., dodecamer, hexadecamer). This is supported by the complex 1H NMR 

spectra similar to that observed in [TAG]M+ complexes where a mixture of aggregates 

are present.127 
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Figure 5-4. A portion of the 2D NOESY spectrum of the [TAG]La3+ (top) and 

[TAG]Eu3+ (bottom) complexes at 268 K. G-quartet signature cross peaks formed 

between N2HA and H8 were highlighted in the solid box while those formed between 

N1H and H8 were enclosed in the dashed box. Estimated cross peaks formed between 

N1H/N2HA and H8 were highlighted in the solid box for the [TAG]Eu3+ complex. 
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Table 5-1. Summary of experimental diffusion coefficients (Dt) of various TAG-cation 

complexes determined at different 1D proton chemical shifts at 298.2 K and 1.0 

mM.124,127
 

Species 
Average Dt  

(x 10-10 m2/s) 

No. of data 

points 
Aggregate size 

[TAG]M+ 

M+ = Na+, K+, Rb+ 

 

4.35 ± 0.69 85 
Hexadecamers, dodecamers, 

and octamers 

[TAG]M2+ 

M2+ = Sr2+, Ba2+ 

 

4.96 ± 0.36 41 Octamers 

[TAG]M3+ 

M3+ = La3+, Eu3+ 

 

3.35 ± 0.21 31 Mixed large aggregates 

 

5.3.1.2 Ion-size dependent [TAG]M
3+

 aggregate formation 

 Since [TAG]M3+ could contain very large G-quadruplexes not previously 

observed, we decided to use mass-spectrometry to further examine [TAG]M3+ 

aggregations. Figure 5-5 shows the high-resolution electrospray ionization mass-

spectrometry (ESI-MS) spectra of various [TAG]M3+ species (M3+ = La3+, Eu3+, Tb3+, 

Dy3+, and Tm3+) obtained at the positive mode. All spectra were obtained under the same 

condition. For the La3+ and Eu3+ complexes, the predominant species is a TAG 

dodecamer containing only one metal ion, [TAG12 + M]3+, whereas for the Tb3+, Dy3+ and 

Tm3+ complexes, both dodecamer and octamer formations have large relative 

abundances. In each case, clusters corresponding to [TAGn + M]3+ (n = 9, 10, 11, 13, 14) 

are also present, but mostly with much weaker abundances (< 10%). There is also no 
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observation of any aggregates smaller than octamers, which suggests that the [TAG8 + 

M]3+ complexes are very stable. We also noted that some peaks arose from aggregates 

formed with a trace amount of Na+ and K+ present in the solvent (Table 5-2). For 

example, in the ESI-MS spectrum of the Eu3+ complex, an additional peak was observed 

between the signals for [TAG11 + Eu]3+ (m/z 1551.418) and [TAG12 + Eu]3+ (m/z 

1686.809). This peak (m/z 1656.995) was assigned to [TAG8 + K + H]2+. However, these 

monovalent species do not constitute a significant portion of the aggregate population. 

The signal assignments and relative intensities of each [TAGn + M]3+ species after 

fragmentation are also shown in Table 5-2. 

 To further investigate whether the observed [TAG8 + M]3+ and [TAG12 + M]3+ 

clusters were indeed related to G-quartet formation, we subsequently performed tandem 

ESI-MS/MS experiments. Figure 5-6 shows the ESI-MS/MS spectra of [TAG12 + Tb]3+ 

(m/z 1689.476) and [TAG8 + Tb]3+ (m/z 1143.964) as two examples. Collision-induced 

dissociation of the TAG dodecamer at a low energy led to fragments of 11-mer, 10-mer, 

9-mer and 8-mer, whereas a further breakdown of the TAG octamer gave rise to 7-mer, 

6-mer, 5-mer and 4-mer (i.e., G-quartet). These observations are consistent with the 

expectation that a G-quartet is the basic unit of these clusters. The ESI-MS/MS spectra of 

the other complexes and their relative abundances are shown in Appendices III. 
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Figure 5-5. High-resolution ESI-MS(+) spectra of various [TAG]M3+ complexes.  
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Table 5-2. Different species of [TAG]n(MCl3)n analyzed from ESI-MS(+) spectra. M = 

monomeric TAG with 409.36 a.m.u. 

[TAG]nLa3+
n m/z Rel. intensity  [TAG]nDy3+

n m/z Rel. intensity 
       
[M2]+ 819.3 2.9  [M8+Dy]3+ 1145.6 100.0 
[M8+La]3+ 1137.9 3.5  [M9+Dy]3+ 1282.4 9.7 
[M11+La]3+ 1547.1 5.1  [M10+Dy]3+ 1419 4.9 
[M12+La]3+ 1683.1 100.0  [M11+Dy]3+ 1555.1 5.7 
[M13+La]3+ 1820.5 6.0  [M12+Dy]3+ 1691.5 49.8 
[M14+La]3+ 1956..8 3.5  [M8-H+Dy]2+ 1717.9 2.0 
[M12+Na+K]3+ 2485.3 3.1  [M9-H+Dy]2+ 1922.5 5.1 
    [M10-3H+K+Dy]2+ 2146.1 3.0 
    [M12+2K]2+ 2494.3 3.1 
       
[TAG]nEu3+

n m/z Rel. intensity  [TAG]nTm3+n m/z Rel. intensity 
       
[M2]+ 819.3 2.4  [M8+Tm]3+ 1147.6 100.0 
[M8+Eu]3+ 1142.3 3.0  [M9+Tm]3+ 1284.3 5.6 
[M9+Eu]3+ 1278.7 3.0  [M10+Tm]3+ 1420.7 3.8 
[M10+Eu]3+ 1415.1 12.6  [M11+Tm]3+ 1557.1 4.5 
[M11+Eu]3+ 1551.4 45.3  [M12+Tm]3+ 1693.5 39.8 
[M12+Eu]3+ 1687.8 100.0  [M8+K+H]2+ 1656.9 7.9 
[M13+Eu]3+ 1824.4 5.4  [M10-H+Tm+HCl]2+ 2148.6 5.4 
[M14+Eu]3+ 1961.2 4.2  [M11-H+Tm+HCl]2+ 2353.6 3.0 
[M15+Eu]3+ 2098.2 2.4  [M12+K+Na]2+ 2486.7 5.6 
[M8+K]2+ 1656.9 33.0  [M14-H+La+Na+K+CH3NO2H]3+ 1997.2 7.8 
[M12+K+Na]2+ 2486.7 7.8  [M15+La+Na+CH3NO2H2]

3+ 2121.6 6.3 
       
[TAG]nTb3+

n m/z Rel. intensity     
       
[M8+Tb]3+ 1144.3 94.6     
[M9+Tb]3+ 1280.7 10.6     
[M10+Tb]3+ 1417.4 7.2     
[M11+Tb]3+ 1553.7 12.8     
[M12+Tb]3+ 1689.8 100.0     
[M13+Tb]3+ 1826.5 7.6     
[M12+Eu]3+ 1687.8 12.2     
[M13+La]3+ 1820.2 10.9     
[M9-H+Tb]2+ 1920.9 6.4     
[M12+K+Na]2+ 2487.1 3.6     
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Figure 5-6. ESI-MS/MS(+) spectra of two Tb3+ complexes: [TAG12 + Tb]3+ (top) and 

[TAG8 + Tb]3+ (bottom). The parent ion is marked by an asterisk (*). 

 

 After G-quartet formation was confirmed using NMR and ESI-MS techniques, it 

was interesting to us to understand the structure of the [TAG]M3+ complex structure as 

the 12:1 ratio of ligand to metal ion has never been observed before (i.e., dodecamer with 

one M3+). It has been known that monovalent and divalent cations in G-quadruplexes are 

sandwiched between G-quartets at the channel sites, and sodium ion is the only metal 

cation reported to be able to bind in the “in-plane” fashion.128,129,130 Our ESI-MS data not 

only provide evidence that lanthanide metal cations facilitate formation of G-

quadruplexes, but also suggest a new mode of ion-binding in G-quartet structures which 

is the triple-decker (dodecamer) model, as illustrated in Figure 5-7. We believe this 



 144

triple-decker model represents the most stable form of a dodecamer due to very strong 

ion dipole interactions between trivalent cations and all the O6 carbonyl oxygens atoms 

from the guanine bases. It is also possible that the G-quartets in an octamer and a 

dodecamer containing trivalent cations are more closely stacked than those in the 

octamers containing monovalent and divalent cations. This would further enhance the 

stability of the stacking G-quartets in the former complexes due to slightly stronger π-π 

interactions between stacking guanine bases.  

 

 

Figure 5-7. Illustrations of the various ion-binding modes in G-quartet systems. The bar 

represents a G-quartet plane. 

 

 We also observed that there is a correlation between the relative abundance of 

dodecamers and octamers, and the ionic radius of the metal ion.  Figure 5-8 shows the 

relative abundance of dodecamers and octamers of different [TAG]M3+ species and the 

respective ionic radius of the trivalent cations. The abundance of dodecamer decreases as 

the ionic radius of the metal ion decreases from La3+ to Tm3+. This suggests that 

compared with other lanthanide ions, La3+ has an optimal size to fit into the G-quartet 
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plane to form a very stable ion-filled G-quartet. This is not surprising because with an 

ionic radius of 1.16 Å (for a coordination number of 8), La3+ has an almost identical ionic 

radius as Na+ ions (1.18 Å).131  Hence La3+ can also adopt the in-plane position and form 

a stable dodecamer. Since Na+ has a smaller charge than La3+, the weaker ion-carbonyl 

interaction explains why a G dodecamer containing a single Na+ ion has never been 

observed.  

 Since all ESI-MS spectra were obtained under the same condition, we may also 

use the fragmentation pattern as an indicator of TAG-quadruplex stability. For example, 

in the MS spectrum of the La3+ complex, only G dodecamer signal is observed, which 

indicates very little fragmentation and the structure of the dodecamer is very stable. 

However, in the MS spectrum of the Tb3+ complex, the signals from the dodecamers and 

octamers have almost equal intensities, suggesting that the TAG dodecamer containing a 

Tb3+ ion is not as stable as its La3+ analog. Using the relative intensities of each 

aggregate, the stability of TAG dodecamer formation is in the following order: La3+ > 

Eu3+ > Tb3+ > Dy3+ > Tm3+, and that the stability of octamer formation is in the reverse 

order (Figure 5-8). This observation correlates with the ionic radii of the lanthanide ions 

and the stability of the octamer or dodecamer formed using these ions. 

5.3.1.3 Fluorescence properties of [TAG]M
3+

 G-quadruplexes 

 Figure 5-9 displays the sensitized luminescence excitation spectrum of Tb3+ 

complex in CHCl3, which exhibits characteristic peaks at 492 (5D4 � 7F6), 545 (5D4 � 

7F5) and 584 (5D4 � 7F4) nm, giving rise to a green hue under the UV light. Both TAG 

monomers and TbCl3 in CHCl3 do not enhance Tb3+ fluorescence.132 Thus formation of a 
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complex between TAG and Tb3+ leads to TAG � Tb3+ energy transfer.  This indirect 

transfer of energy from the ligand to Tb3+ confirmed the formation of a [TAG]Tb3+ 

complex. 

 

Figure 5-8. Relationship between the relative abundance of TAG dodecamers and TAG 

octamers observed in ESI-MS(+) spectra, and the ionic radius of the metal ion. All ionic 

radii correspond to a coordination number of 8.131
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Figure 5-9. Excitation and emission spectra of the sparingly soluble TbCl3 (top), TAG 

(middle) and the clear TAG-Tb solution (bottom) in CHCl3 at room temperature. 
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5.3.2 [TAG]Ca
2+

 G-quadruplex  

5.3.2.1 Formation of discrete octamers  

 Figure 5-10 shows the 1H NMR spectra of monomeric TAG in DMSO and 

[TAG]Ca2+ complex in CDCl3 at different temperatures. Compared to [TAG]M3+ 

complexes discussed earlier, [TAG]Ca2+ exhibits a much simpler proton NMR spectrum 

in which two sets of peaks in 1:1 ratio are observed. This kind of spectral appearance is 

likely due to the presence of both syn and anti TAG monomers in equal amounts based 

on examples reported in the literature.113 As seem from Figure 5-10, the imino proton 

N1H and one of the amino protons N2HA are deshielded (9.5-11.5 ppm), suggesting their 

participation in hydrogen-bonding. All of these observations suggest G-quartet formation. 

Moreover, according to the 4:1 signal integrations between TAG and the counter-ion 

picrate (with two protons), we conclude that an octamer is formed with eight TAG 

monomers and one Ca2+ ion. The formation of TAG octamers with M2+ cations such as 

Sr2+ and Ba2+ was previously observed,124 and the 8:1 ratio is independent of the picrate 

concentration in the aqueous phase during the extraction process. This suggests that the 

[TAG8]Ca2+ octamer is a very stable aggregate in organic phase. Signature intra-quartet 

cross-peaks (N2HA/H8 and N1H/H8) are observed in the NOESY spectrum of 

[TAG8]Ca2+, as shown in Figure 5-11. The size of the octamer species is also confirmed 

using DOSY experiment, where the average Dt value is of the same magnitude as other 

octameric species including [TAG8]Sr2+, [TAG8]Ba2+, and another similar G derivative 

reported by Davis (Table 5-3).133 
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Figure 5-10. 
1H NMR spectra of TAG in DMSO and TAG-Ca2+ in chloroform. 

 

 Moreover, ESI-MS and tandem-MS/MS experiments were performed for the 

TAG-Ca2+ complex (see Appendix IV for detail analysis). As seen from Figure 5-12 and 

Table 5-4, the octamer peak (m/z 1656.424) is predominant. This also provides evidence 

that the octamer is composed of two G-quartets and one Ca2+. Because the ionic radius of 

Ca2+ (1.12 Å for a coordination number of 8) is similar to those of Na+ (1.18 Å), K+ (1.33 

Å) and Sr2+ (1.26 Å),131 it is not surprising that a Ca2+ ion can fit into the central cavity 

between two G-quartets. 
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Figure 5-11. NOESY spectrum of the [TAG]Ca-pic2 complex in CDCl3 at 268 K. Cross 

peaks formed between N2HA and H8 were highlighted in the solid box while those 

formed between N1H and H8 were enclosed in the dashed box. 

Table 5-3. Translational diffusion coefficients of various G octamers in the presence of 

metal cations. 

Octamers 

(solvent: CDCl3) 

Concentration 

(mM) 

Temp. (K) 

 

Average Dt  

(x10-10 m2/s) 

Ref. 

 

[TAG8]Sr2+ 1.875 298.2 4.02 124 

[TAG8]Ba2+ 1.875 298.2 3.68 124 

[TAG8]Ca2+ 1.875 298.2 3.47 this work 

[(5′-O-acetyl-2′,3′- 

O-isopropylidene)8]2Na.2Pic 
1.713 294.2 4.06 ± 0.10 133 
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Figure 5-12. Positive mode of high resolution ESI-MS spectra of the [TAG]Ca2+ 

complex (top) and the tandem-MS/MS spectrum of [TAG8]Ca2+ octamer at 1656.424 m/z 

(bottom). The parent ion is marked by an *. G = monomeric TAG with 409.360 a.m.u. 

 



 152

Table 5-4. Relative intensity of the tandem-MS/MS fragments of [TAG8]Ca2+ at 

1656.424 m/z.  

 

5.3.2.2 Direct detection of Ca
2+

 by calcium-43 NMR 

 After confirming the G-quartet formation, we studied the calcium cation inside 

the octamer using 43Ca NMR. 43Ca is one of the low-γ quadrupole nuclei (spin = 7/2, 

natural abundance 0.145 %, Q = -40.8 x 10-31 m2, υ0 = 40.4 MHz at 14.1 T) that are 

difficult to study by NMR spectroscopy.134 Bryant reported the first 43Ca NMR study in 

1969 on measuring the relaxation time of Ca-ATP.135 Many 43Ca NMR studies were 

performed in the last 40 years on compounds such as organic molecules136, biological 

molecules137, metalloproteins138, salts139, cement140, glass141, superconductors142, 

(hydroxyl)apatite143, nucleic acids124,144, and inorganics145. Several reviews are excellent 

sources of information on 43Ca NMR techniques mainly in biological applications.146 

Sugimoto et al. have discovered that calcium concentration lead to polymorphism in G-

quadruplex formed by DNA d(G4T4G4).
121a-c This study would be useful in examining the 

different Ca2+ ion sites between the polymorphs. However, for large G-quadruplexes, 

43Ca enrichment of the sample is almost necessary in order to increase NMR sensitivity.  

[TAG]nCa
2+

n m/z Rel. intensity 

[G3+Ca]2+ 633.673 10.6 

[G4+Ca]2+ 838.242 100.0 

[G5+Ca]2+ 1042.804 73.4 

[G6+Ca]2+ 1247.362 58.0 

[G7+Ca]2+ 1451.940 3.5 

[G8+Ca]2+ 1656.504 53.1 
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A new approach using magic-angle coil spinning (MACS) detector could also be 

employed as a low-cost strategy for future 43Ca solid-state NMR spectroscopy.147 

Recently, Bryce presented a comprehensive review with a focus on solid-state 43Ca NMR 

in both organic and inorganic systems.148 Figure 5-13 shows the natural abundance 43Ca  

NMR signals obtained for CaCl2(aq), CaPic2(aq), and TAG-Ca2+ in CDCl3 at 14.1 T. The 

[TAG8]Ca2+ octamer has a distinctive 43Ca signal at -43 ppm.  

 

Figure 5-13. Natural abundance 43Ca NMR spectra of (a) CaCl2(aq) (400 transients, 0.25 s 

recycle delay), (b) CaPic2(aq) (3757 transients, 0.25 s recycle delay), and (c) TAG-Ca2+ 

complex in CDCl3 (approximately 60 mM, 544,890 transients, 0.25 s recycle delay) at 

14.1 T. All 43Ca chemical shifts are referenced to CaCl2(aq) at δ = 0 ppm.  
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5.3.2.3 Quantum chemical calculations 

 To determine the relationship between the observed 43Ca chemical shift and ion 

coordination geometry, quantum chemical calculations were performed using four 

different types of octamer models. The first model (Model I) is based on the crystal 

structure of 5′-silyl-2′,3′-O-isopropylidene guanosine with one Sr2+ ion, except the Sr2+ 

ion is now replaced by a Ca2+ ion.149 Model II is the truncated 43Ca site (Ca55) in 

Neidle’s new crystal structure of a G-quadruplex formed from the DNA strand, 

d(TG4T).122 Model III is the crystal structure of 5′-silyl-2′,3′-O-isopropylidene guanosine 

with one Na+ ion, except Na+ is replaced by a Ca2+ in the model. The last model (Model 

IV) is an octamer composed of geometrically optimized G-quartets (optimization 

performed at B3LYP/6-311G(d,p)) that are 3.32 Å apart with a Ca2+ ion located at the 

central channel site. All of these four models have one Ca2+ ion coordinating to eight 

guanine O6 atoms in a bipyramidal antiprism fashion as illustrated in Figure 5-14. From 

the perspective of the Ca2+ cation, the main difference between these models is the Ca2+-

O6 distance. Table 5-5 shows the calculated 43Ca chemical shifts from these models.  

              

Figure 5-14. [TAG8]Ca2+ octamers model used in quantum chemical calculations. Color 

scheme: green = Ca2+, red = O6, black = C, blue = N, and gray = H. 
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 Figure 5-15 shows that a correlation exists between the calculated chemical shift 

and the average Ca-O6 distances. In fact, this strong correlation can be used to determine 

Ca-O6 distances as demonstrated by previous researchers in organic and inorganic 

systems.136d,137a,145b/c/h As seen from Figure 5-15, the calculated 43Ca chemical shifts from 

all method and basis set combinations of each model lie within a range of 10 ppm. This is 

much smaller than the entire 43Ca chemical shift range, i.e., 200 ppm.134 Therefore the 

calculated chemical shifts can yield reliable and accurate results. The estimated Ca-O6 

distance of the TAG-Ca2+ complex is 2.70 ± 0.05 Å. The estimation is reasonable 

compared to the Ca55 site in d(TG4T) with a Ca-O6 distance of 2.76 Å.122  

Table 5-5. Calculated and experimental 43Ca chemical shifts (in ppm) for four models, 

each contains two G-quartets and a central Ca2+ ion. Atoms besides Ca2+ are calculated 

using the same method and basis set 6-31G(d). 

Method/basis set (43Ca) Model I Model II Model III Model IV 

HF/6-311++G(d,p) -38.1 -62.8 -75.0 -63.9 

HF/cc-pVTZ -28.8 -50.8 -63.8 -53.4 

HF/Sadlej pVTZ -34.5 -55.6 -66.8 -57.4 

B3LYP/6-311++G(d,p) -37.2 -63.0 -74.1 -62.9 

B3LYP/cc-pVTZ -26.4 -50.2 -63.5 -52.2 

B3LYP/Sadlej pVTZ -37.9 -61.3 -73.5 -63.4 

     

Experimental -43 ± 2    

 

 

 Besides chemical shifts, electric field gradient (EFG) of all Ca2+ sites in the four 

models were also calculated. The calculated EFG’s of 43Ca sites are also consistent with 
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the small magnitude of the 43Ca nuclear quadrupole coupling constants (CQ). Because CQ 

is proportional to line width, it explains the narrow line width (ca. 600 Hz or 15 ppm) 

observed in the 43Ca spectrum of [TAG8]Ca2+. 

 

Figure 5-15. Relationship between computed 43Ca chemical shifts and average Ca-O6 

distances of four octamers models (see text for model descriptions). 

 

5.4  Conclusion 

 In this chapter, we have studied a lipophilic G derivative, TAG, and discovered 

for the first time that trivalent lanthanide metal ions can facilitate G-quartet formation. A 

new mode of metal ion binding in G-quartet structures, i.e., a triple-decker G dodecamer 

containing a single metal ion in the central G-quartet is reported.  Our findings open up 
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new possibilities in regard to designing the electronic, magnetic and photonic properties 

of guanosine-based materials for nanotechnology. Moreover, we report the first 1H and 

43Ca NMR characterization of Ca2+-templated G-quartet formation. The 43Ca NMR 

signature observed for Ca2+ ions residing in the channel site provides a benchmark for 

future studies of Ca2+ ion binding in DNA G-quadruplex systems. Because calcium is 

ubiquitous in biological systems, its role in DNA G-quadruplexes or protein sites should 

be further investigated. 
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Chapter 6 

Concluding remarks 

 This thesis documents the study of several G derivatives in forming self-

assemblies called G-quadruplexes under various conditions (e.g., pH, cation, 

concentration, aqueous and lipophilic, etc). We have employed a wide range of 

spectroscopic techniques such as NMR, ESI-MS, FT-IR, as well as quantum chemical 

calculations to obtain structural information at the atomic level for these G-quadruplexes 

when x-ray crystallography is not applicable to our samples. The combination of the 

above methods enhances the accuracy of structural elucidation compared with previous 

studies of similar systems for which only bulk structural features were obtained.  

 As there are not many studies reported in the literature that examine G-

quadruplexes formed from mononucleotides such as those discussed in this thesis, our 

research has produced a significant amount of new information. It is important to note 

that the greater degree of flexibility of mononucleotides (e.g., sugar pucker, glycosidic 

bond, exocyclic torsion angle, and the charge of the phosphate group, etc) provides an 

extra layer of complexity in studying the monomers and the subsequently formed G-

quadruplexes compared to polynucleotides with rigid backbones. Moreover, G-

quadruplexes with different sizes can also coexist. The presence of four sets of proton 

signals in neutral Na2(5'-GMP) and the various distribution of octamers and dodecamers 

in [TAG]M3+ are excellent examples. These conformational changes and wide 

distribution of sizes often lead to multiple signals that are often too complicated to study. 

To resolve this problem, we have used a 2D NMR approach called DOSY-NOESY, to 
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selectively detect signals arising only from G-quadruplex molecules. This method allows 

us to study coexisting species separately provided that their transitional diffusion rates are 

considerably different.  

 We are especially delighted to have solved the structure of Na2(5'-GMP) G-

quadruplex formed under neutral conditions as this structure has been puzzling the 

scientific world for over 60 years. We also report for the first time the observation of a 

GG32 dimer. Our data confirms the alternate structure of a long-believed model of the 

acidic Na2(5'-GMP) G-quadruplex, which also has a hollow channel site. This made 

acidic Na2(5'-GMP) one of the few examples where channel cations are not required to 

form a G-quadruplex. The study of Na2(5'-GSMP) allows us to recognize the power of 

self-assembly when modifying one single atom could lead to dramatic aggregation 

abilities between molecules. The introduction of trivalent and Ca2+ cations to TAG in 

organic solvent opens up doors for nanotechnology and ion-channel studies in biological 

systems, respectively, where these metal cations are often employed. We also discovered 

a new binding mode for trivalent cations where La3+, with a suitable ionic radius, can sit 

in-plane in a [TAG12]La3+ dodecamer molecule. 

 In the future, several experiments can be performed to complement our G-

quadruplex study. First, we can solve the puckering of 5'-GMP molecules present in 

dimer and its stacking helix. The chemical shift of the H8β signal sits between the 100% 

C2'-endo (H8α) and 100% C3'-endo (H8δ) resonances. It would be interesting to know if 

dimers undergo conformational change between these two forms or a new type of 

puckering is present. Secondly, a 15N-labeled guanosine sample can be used in the 



 160

15N{1H} HETCOR experiment where hydrogen bonding between the phosphate group 

and N2HB can be confirmed in the acidic Na(5'-GMP) sample. Second, our group has 

published the results in studying the movement of ions (Na+, K+, and NH4
+) in G-

quadruplexes DNA channels using computational methods.150 We can also perform 

similar calculations on the release rate of channel Na+ ions when changing the pH of 

Na2(5'-GMP) from neutral to acidic condition, where the channel Na+ ion is no longer 

present. The stability and population of the Na2(5'-GMP) G-quadruplexes can also be 

enhanced by introducing stabilizing agents. The amine groups (-NH3
+) on the ends of the 

polyamine can bind to surface sites (-PO4
2-) of the G-quadruplex, while the long carbon 

chain can stabilize the structure similar to a “clamp”. An ideal size of polyamine is yet to 

be determined because the amine groups must bind onto phosphate groups of the G-

quadruplex that are separated with a specific distance. Moreover, we can also introduce 

other types of cation to 5'-GMP, such as M2+ or M3+, with appropriate ionic radii that can 

fit into the channel site. G-quadruplex formation can be observed using techniques 

described in this thesis, and exotic nuclei NMR experiments of these ions can add onto 

our knowledge of ion channels formed using G-quadruplexes.  
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Appendix I: (Chapter 2)  

 
Coordinates of the all-S and all-N G-quartets and channel Na+ ions used in building the 

final Na2(5'-GMP) G-quadruplex. Table 1 lists all proton-proton distances in the G-

quadruplex including those observed in DOSY-NOESY and NOESY. 

 

The following equations are used to build the 5'-GMP G-quadruplex: 

  x' = x(cosφ) – y(sinφ) 

  y' = y(cosφ) + x(sinφ) 

  z' = z + 6.8, 

where x, y are the original coordinates from the calculated models, and φ is the twist 

angle (90°, 180°, and 270°) used in making a single all-S or all-N G-quartet. When 

building the stacking G-quadruplex, the next all-S layer is twisted 60° and 6.8 Å away 

from the previous all-S layer because of alternating all-S and all-N stacking. The same 

rules also apply to all-N quartets when stacking. 

 
All-S (C2'-endo) quartet 
 
HETATM 1 N 1 -2.194 -2.888 -19.843 N 

HETATM 2 H 1 -2.460 -1.893 -19.843 H 

HETATM 3 C 1 -3.216 -3.824 -19.843 C 

HETATM 4 N 1 -4.453 -3.323 -19.843 N 

HETATM 5 H 1 -4.594 -2.303 -19.843 H 

HETATM 6 H 1 -5.265 -3.956 -19.843 H 

HETATM 7 N 1 -3.010 -5.140 -19.843 N 

HETATM 8 C 1 -1.677 -5.436 -19.843 C 

HETATM 9 C 1 -0.608 -4.589 -19.843 C 

HETATM 10 C 1 -0.827 -3.193 -19.843 C 

HETATM 11 O 1 0.000 -2.280 -19.843 O 

HETATM 12 N 1 0.591 -5.307 -19.843 N 

HETATM 13 C 1 0.199 -6.557 -19.843 C 

HETATM 14 H 1 0.814 -7.293 -19.843 H 

HETATM 15 N 1 -1.170 -6.728 -19.843 N 

HETATM 16 H 1 -3.219 -11.099 -19.569 H 

HETATM 17 O 1 -2.185 -11.216 -19.562 O 

HETATM 18 C 1 -1.600 -10.187 -18.776 C 

HETATM 19 C 1 -2.567 -9.288 -17.969 C 

HETATM 20 C 1 -0.902 -9.118 -19.633 C 
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HETATM 21 H 1 -0.937 -10.560 -18.189 H 

HETATM 22 C 1 -2.013 -9.032 -16.575 C 

HETATM 23 O 1 -2.689 -8.016 -18.634 O 

HETATM 24 H 1 -3.429 -9.707 -17.926 H 

HETATM 25 C 1 -1.912 -7.976 -19.811 C 

HETATM 26 O 1 -0.494 -9.728 -20.846 O 

HETATM 27 H 1 -0.137 -8.776 -19.165 H 

HETATM 28 O 1 -0.595 -8.807 -16.623 O 

HETATM 29 H 1 -2.446 -8.264 -16.195 H 

HETATM 30 H 1 -2.199 -9.788 -16.013 H 

HETATM 31 H 1 -2.474 -8.083 -20.582 H 

HETATM 32 H 1 0.376 -9.340 -21.171 H 

HETATM 33 P 1 0.249 -9.258 -15.306 P 

HETATM 34 O 1 1.127 -8.109 -14.869 O 

HETATM 35 O 1 1.123 -10.458 -15.577 O 

HETATM 36 O 1 -0.645 -9.666 -14.134 O 

        

HETATM 37 N 1 2.888 -2.194 -19.843 N 

HETATM 38 H 1 1.893 -2.460 -19.843 H 

HETATM 39 C 1 3.824 -3.216 -19.843 C 

HETATM 40 N 1 3.323 -4.453 -19.843 N 

HETATM 41 H 1 2.303 -4.594 -19.843 H 

HETATM 42 H 1 3.956 -5.265 -19.843 H 

HETATM 43 N 1 5.140 -3.010 -19.843 N 

HETATM 44 C 1 5.436 -1.677 -19.843 C 

HETATM 45 C 1 4.589 -0.608 -19.843 C 

HETATM 46 C 1 3.193 -0.827 -19.843 C 

HETATM 47 O 1 2.280 0.000 -19.843 O 

HETATM 48 N 1 5.307 0.591 -19.843 N 

HETATM 49 C 1 6.557 0.199 -19.843 C 

HETATM 50 H 1 7.293 0.814 -19.843 H 

HETATM 51 N 1 6.728 -1.170 -19.843 N 

HETATM 52 H 1 11.099 -3.219 -19.569 H 

HETATM 53 O 1 11.216 -2.185 -19.562 O 

HETATM 54 C 1 10.187 -1.600 -18.776 C 

HETATM 55 C 1 9.288 -2.567 -17.969 C 

HETATM 56 C 1 9.118 -0.902 -19.633 C 

HETATM 57 H 1 10.560 -0.937 -18.189 H 

HETATM 58 C 1 9.032 -2.013 -16.575 C 

HETATM 59 O 1 8.016 -2.689 -18.634 O 

HETATM 60 H 1 9.707 -3.429 -17.926 H 

HETATM 61 C 1 7.976 -1.912 -19.811 C 

HETATM 62 O 1 9.728 -0.494 -20.846 O 

HETATM 63 H 1 8.776 -0.137 -19.165 H 

HETATM 64 O 1 8.807 -0.595 -16.623 O 

HETATM 65 H 1 8.264 -2.446 -16.195 H 

HETATM 66 H 1 9.788 -2.199 -16.013 H 
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HETATM 67 H 1 8.083 -2.474 -20.582 H 

HETATM 68 H 1 9.340 0.376 -21.171 H 

HETATM 69 P 1 9.258 0.249 -15.306 P 

HETATM 70 O 1 8.109 1.127 -14.869 O 

HETATM 71 O 1 10.458 1.123 -15.577 O 

HETATM 72 O 1 9.666 -0.645 -14.134 O 

        

HETATM 73 N 1 2.194 2.888 -19.843 N 

HETATM 74 H 1 2.460 1.893 -19.843 H 

HETATM 75 C 1 3.216 3.824 -19.843 C 

HETATM 76 N 1 4.453 3.323 -19.843 N 

HETATM 77 H 1 4.594 2.303 -19.843 H 

HETATM 78 H 1 5.265 3.956 -19.843 H 

HETATM 79 N 1 3.010 5.140 -19.843 N 

HETATM 80 C 1 1.677 5.436 -19.843 C 

HETATM 81 C 1 0.608 4.589 -19.843 C 

HETATM 82 C 1 0.827 3.193 -19.843 C 

HETATM 83 O 1 0.000 2.280 -19.843 O 

HETATM 84 N 1 -0.591 5.307 -19.843 N 

HETATM 85 C 1 -0.199 6.557 -19.843 C 

HETATM 86 H 1 -0.814 7.293 -19.843 H 

HETATM 87 N 1 1.170 6.728 -19.843 N 

HETATM 88 H 1 3.219 11.099 -19.569 H 

HETATM 89 O 1 2.185 11.216 -19.562 O 

HETATM 90 C 1 1.600 10.187 -18.776 C 

HETATM 91 C 1 2.567 9.288 -17.969 C 

HETATM 92 C 1 0.902 9.118 -19.633 C 

HETATM 93 H 1 0.937 10.560 -18.189 H 

HETATM 94 C 1 2.013 9.032 -16.575 C 

HETATM 95 O 1 2.689 8.016 -18.634 O 

HETATM 96 H 1 3.429 9.707 -17.926 H 

HETATM 97 C 1 1.912 7.976 -19.811 C 

HETATM 98 O 1 0.494 9.728 -20.846 O 

HETATM 99 H 1 0.137 8.776 -19.165 H 

HETATM 100 O 1 0.595 8.807 -16.623 O 

HETATM 101 H 1 2.446 8.264 -16.195 H 

HETATM 102 H 1 2.199 9.788 -16.013 H 

HETATM 103 H 1 2.474 8.083 -20.582 H 

HETATM 104 H 1 -0.376 9.340 -21.171 H 

HETATM 105 P 1 -0.249 9.258 -15.306 P 

HETATM 106 O 1 -1.127 8.109 -14.869 O 

HETATM 107 O 1 -1.123 10.458 -15.577 O 

HETATM 108 O 1 0.645 9.666 -14.134 O 

        

HETATM 109 N 1 -2.888 2.194 -19.843 N 

HETATM 110 H 1 -1.893 2.460 -19.843 H 

HETATM 111 C 1 -3.824 3.216 -19.843 C 



 183

HETATM 112 N 1 -3.323 4.453 -19.843 N 

HETATM 113 H 1 -2.303 4.594 -19.843 H 

HETATM 114 H 1 -3.956 5.265 -19.843 H 

HETATM 115 N 1 -5.140 3.010 -19.843 N 

HETATM 116 C 1 -5.436 1.677 -19.843 C 

HETATM 117 C 1 -4.589 0.608 -19.843 C 

HETATM 118 C 1 -3.193 0.827 -19.843 C 

HETATM 119 O 1 -2.280 0.000 -19.843 O 

HETATM 120 N 1 -5.307 -0.591 -19.843 N 

HETATM 121 C 1 -6.557 -0.199 -19.843 C 

HETATM 122 H 1 -7.293 -0.814 -19.843 H 

HETATM 123 N 1 -6.728 1.170 -19.843 N 

HETATM 124 H 1 -11.099 3.219 -19.569 H 

HETATM 125 O 1 -11.216 2.185 -19.562 O 

HETATM 126 C 1 -10.187 1.600 -18.776 C 

HETATM 127 C 1 -9.288 2.567 -17.969 C 

HETATM 128 C 1 -9.118 0.902 -19.633 C 

HETATM 129 H 1 -10.560 0.937 -18.189 H 

HETATM 130 C 1 -9.032 2.013 -16.575 C 

HETATM 131 O 1 -8.016 2.689 -18.634 O 

HETATM 132 H 1 -9.707 3.429 -17.926 H 

HETATM 133 C 1 -7.976 1.912 -19.811 C 

HETATM 134 O 1 -9.728 0.494 -20.846 O 

HETATM 135 H 1 -8.776 0.137 -19.165 H 

HETATM 136 O 1 -8.807 0.595 -16.623 O 

HETATM 137 H 1 -8.264 2.446 -16.195 H 

HETATM 138 H 1 -9.788 2.199 -16.013 H 

HETATM 139 H 1 -8.083 2.474 -20.582 H 

HETATM 140 H 1 -9.340 -0.376 -21.171 H 

HETATM 141 P 1 -9.258 -0.249 -15.306 P 

HETATM 142 O 1 -8.109 -1.127 -14.869 O 

HETATM 143 O 1 -10.458 -1.123 -15.577 O 

HETATM 144 O 1 -9.666 0.645 -14.134 O 

 
All-N (C3'-endo) quartet 
 
HETATM 145 N 1 -0.453 -3.603 -16.443 N 

HETATM 146 H 1 -1.183 -2.876 -16.443 H 

HETATM 147 C 1 -0.865 -4.926 -16.443 C 

HETATM 148 N 1 -2.186 -5.115 -16.443 N 

HETATM 149 H 1 -2.821 -4.305 -16.443 H 

HETATM 150 H 1 -2.569 -6.071 -16.443 H 

HETATM 151 N 1 -0.026 -5.961 -16.443 N 

HETATM 152 C 1 1.265 -5.569 -16.443 C 

HETATM 153 C 1 1.774 -4.276 -16.443 C 

HETATM 154 C 1 0.883 -3.180 -16.443 C 

HETATM 155 O 1 1.139 -1.974 -16.443 O 
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HETATM 156 N 1 3.172 -4.294 -16.443 N 

HETATM 157 C 1 3.462 -5.571 -16.443 C 

HETATM 158 H 1 4.365 -5.898 -16.443 H 

HETATM 159 N 1 2.365 -6.407 -16.443 N 

HETATM 160 C 1 2.297 -7.916 -16.433 C 

HETATM 161 H 1 1.396 -8.192 -16.254 H 

HETATM 162 C 1 2.782 -8.566 -17.728 C 

HETATM 163 H 1 2.675 -7.988 -18.486 H 

HETATM 164 C 1 4.249 -8.840 -17.417 C 

HETATM 165 H 1 4.754 -8.029 -17.511 H 

HETATM 166 C 1 4.193 -9.236 -15.961 C 

HETATM 167 H 1 3.931 -10.157 -15.890 H 

HETATM 168 C 1 5.484 -9.008 -15.163 C 

HETATM 169 H 1 5.416 -8.191 -14.665 H 

HETATM 170 H 1 6.226 -8.930 -15.767 H 

HETATM 171 O 1 3.158 -8.395 -15.389 O 

HETATM 172 O 1 2.067 -9.782 -17.878 O 

HETATM 173 H 1 1.685 -10.081 -16.947 H 

HETATM 174 O 1 4.822 -9.862 -18.233 O 

HETATM 175 H 1 4.734 -9.595 -19.235 H 

HETATM 176 O 1 5.703 -10.107 -14.266 O 

HETATM 177 O 1 7.975 -9.954 -13.108 O 

HETATM 178 O 1 6.264 -8.390 -12.435 O 

HETATM 179 O 1 6.115 -10.872 -11.855 O 

HETATM 180 P 1 6.490 -9.819 -12.872 P 

        

HETATM 181 N 1 -3.603 0.453 -16.443 N 

HETATM 182 H 1 -2.876 1.183 -16.443 H 

HETATM 183 C 1 -4.926 0.865 -16.443 C 

HETATM 184 N 1 -5.115 2.186 -16.443 N 

HETATM 185 H 1 -4.305 2.821 -16.443 H 

HETATM 186 H 1 -6.071 2.569 -16.443 H 

HETATM 187 N 1 -5.961 0.026 -16.443 N 

HETATM 188 C 1 -5.569 -1.265 -16.443 C 

HETATM 189 C 1 -4.276 -1.774 -16.443 C 

HETATM 190 C 1 -3.180 -0.883 -16.443 C 

HETATM 191 O 1 -1.974 -1.139 -16.443 O 

HETATM 192 N 1 -4.294 -3.172 -16.443 N 

HETATM 193 C 1 -5.571 -3.462 -16.443 C 

HETATM 194 H 1 -5.898 -4.365 -16.443 H 

HETATM 195 N 1 -6.407 -2.365 -16.443 N 

HETATM 196 C 1 -7.916 -2.297 -16.433 C 

HETATM 197 H 1 -8.192 -1.396 -16.254 H 

HETATM 198 C 1 -8.566 -2.782 -17.728 C 

HETATM 199 H 1 -7.988 -2.675 -18.486 H 

HETATM 200 C 1 -8.840 -4.249 -17.417 C 

HETATM 201 H 1 -8.029 -4.754 -17.511 H 
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HETATM 202 C 1 -9.236 -4.193 -15.961 C 

HETATM 203 H 1 -10.157 -3.931 -15.890 H 

HETATM 204 C 1 -9.008 -5.484 -15.163 C 

HETATM 205 H 1 -8.191 -5.416 -14.665 H 

HETATM 206 H 1 -8.930 -6.226 -15.767 H 

HETATM 207 O 1 -8.395 -3.158 -15.389 O 

HETATM 208 O 1 -9.782 -2.067 -17.878 O 

HETATM 209 H 1 -10.081 -1.685 -16.947 H 

HETATM 210 O 1 -9.862 -4.822 -18.233 O 

HETATM 211 H 1 -9.595 -4.734 -19.235 H 

HETATM 212 O 1 -10.107 -5.703 -14.266 O 

HETATM 213 O 1 -9.954 -7.975 -13.108 O 

HETATM 214 O 1 -8.390 -6.265 -12.435 O 

HETATM 215 O 1 -10.872 -6.115 -11.855 O 

HETATM 216 P 1 -9.819 -6.490 -12.872 P 

        

HETATM 217 N 1 0.453 3.603 -16.443 N 

HETATM 218 H 1 1.183 2.876 -16.443 H 

HETATM 219 C 1 0.865 4.926 -16.443 C 

HETATM 220 N 1 2.186 5.115 -16.443 N 

HETATM 221 H 1 2.821 4.305 -16.443 H 

HETATM 222 H 1 2.569 6.071 -16.443 H 

HETATM 223 N 1 0.026 5.961 -16.443 N 

HETATM 224 C 1 -1.265 5.569 -16.443 C 

HETATM 225 C 1 -1.774 4.276 -16.443 C 

HETATM 226 C 1 -0.883 3.180 -16.443 C 

HETATM 227 O 1 -1.139 1.974 -16.443 O 

HETATM 228 N 1 -3.172 4.294 -16.443 N 

HETATM 229 C 1 -3.462 5.571 -16.443 C 

HETATM 230 H 1 -4.365 5.898 -16.443 H 

HETATM 231 N 1 -2.365 6.407 -16.443 N 

HETATM 232 C 1 -2.297 7.916 -16.433 C 

HETATM 233 H 1 -1.396 8.192 -16.254 H 

HETATM 234 C 1 -2.782 8.566 -17.728 C 

HETATM 235 H 1 -2.675 7.988 -18.486 H 

HETATM 236 C 1 -4.249 8.840 -17.417 C 

HETATM 237 H 1 -4.754 8.029 -17.511 H 

HETATM 238 C 1 -4.193 9.236 -15.961 C 

HETATM 239 H 1 -3.931 10.157 -15.890 H 

HETATM 240 C 1 -5.484 9.008 -15.163 C 

HETATM 241 H 1 -5.416 8.190 -14.665 H 

HETATM 242 H 1 -6.226 8.930 -15.767 H 

HETATM 243 O 1 -3.158 8.395 -15.389 O 

HETATM 244 O 1 -2.067 9.782 -17.878 O 

HETATM 245 H 1 -1.685 10.081 -16.947 H 

HETATM 246 O 1 -4.822 9.862 -18.233 O 

HETATM 247 H 1 -4.734 9.595 -19.235 H 
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HETATM 248 O 1 -5.703 10.107 -14.266 O 

HETATM 249 O 1 -7.975 9.954 -13.108 O 

HETATM 250 O 1 -6.264 8.390 -12.435 O 

HETATM 251 O 1 -6.115 10.872 -11.855 O 

HETATM 252 P 1 -6.490 9.819 -12.872 P 

        

HETATM 253 N 1 3.603 -0.453 -16.443 N 

HETATM 254 H 1 2.876 -1.183 -16.443 H 

HETATM 255 C 1 4.926 -0.865 -16.443 C 

HETATM 256 N 1 5.115 -2.186 -16.443 N 

HETATM 257 H 1 4.305 -2.821 -16.443 H 

HETATM 258 H 1 6.071 -2.569 -16.443 H 

HETATM 259 N 1 5.961 -0.026 -16.443 N 

HETATM 260 C 1 5.569 1.265 -16.443 C 

HETATM 261 C 1 4.276 1.774 -16.443 C 

HETATM 262 C 1 3.180 0.883 -16.443 C 

HETATM 263 O 1 1.974 1.139 -16.443 O 

HETATM 264 N 1 4.294 3.172 -16.443 N 

HETATM 265 C 1 5.571 3.462 -16.443 C 

HETATM 266 H 1 5.898 4.365 -16.443 H 

HETATM 267 N 1 6.407 2.365 -16.443 N 

HETATM 268 C 1 7.916 2.297 -16.433 C 

HETATM 269 H 1 8.192 1.396 -16.254 H 

HETATM 270 C 1 8.566 2.782 -17.728 C 

HETATM 271 H 1 7.988 2.675 -18.486 H 

HETATM 272 C 1 8.840 4.249 -17.417 C 

HETATM 273 H 1 8.029 4.754 -17.511 H 

HETATM 274 C 1 9.236 4.193 -15.961 C 

HETATM 275 H 1 10.157 3.931 -15.890 H 

HETATM 276 C 1 9.008 5.484 -15.163 C 

HETATM 277 H 1 8.191 5.415 -14.665 H 

HETATM 278 H 1 8.930 6.226 -15.767 H 

HETATM 279 O 1 8.395 3.158 -15.389 O 

HETATM 280 O 1 9.782 2.067 -17.878 O 

HETATM 281 H 1 10.081 1.685 -16.947 H 

HETATM 282 O 1 9.862 4.822 -18.233 O 

HETATM 283 H 1 9.595 4.734 -19.235 H 

HETATM 284 O 1 10.107 5.703 -14.266 O 

HETATM 285 O 1 9.954 7.975 -13.108 O 

HETATM 286 O 1 8.390 6.264 -12.435 O 

HETATM 287 O 1 10.872 6.115 -11.855 O 

HETATM 288 P 1 9.819 6.490 -12.872 P 

 
Channel Na+ ions 
 
HETATM 1729 Na 1 0.000 0.000 -18.143 Na 

HETATM 1730 Na 1 0.000 0.000 -14.743 Na 
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Table A1. Intra-molecule, intra-quartet, and inter-quartet distances between hydrogens in 
the right-handed 5'-GMP G-quadruplex model. 

Intra-molecule            

C2'-endo N1H N2HA N2HB H8 H1' H2' H3' H4' H5' H5'' 2'OH 3'OH 

N1H  2.17 3.48           

N2HA 2.17  1.78           

N2HB 3.48 1.78            

H8              

H1'    3.46       3.16   

H2'    1.86 2.88      2.16 3.95 

H3'    4.06 3.77 2.21     2.21 2.72 

H4'    5.25 3.26 3.65 2.65     2.16 

H5'    5.05 4.42 3.77 3.40 2.43  1.55  4.46 

H5''    5.44 4.88 3.81 2.58 2.30 1.55   3.91 

2'-OH    2.25 3.16 2.16 3.54 5.06 5.81 5.74  4.45 

3'OH       5.55 3.27 3.95 2.72 2.16 4.46 3.91     

             

C3'-endo N1H N2HA N2HB H8 H1' H2' H3' H4' H5' H5'' 2'OH 3'OH 

N1H  2.17 3.48           

N2HA 2.17  1.78           

N2HB 3.48 1.78            

H8              

H1'    3.76       2.03   

H2'    3.38 2.58      2.78 3.65 

H3'    2.42 3.59 2.30     3.73 2.18 

H4'    4.32 3.23 3.61 2.80    2.48 3.07 

H5'    2.92 4.37 4.58 2.71 2.81  1.56 4.80 3.73 

H5''    3.90 4.99 4.69 2.63 2.50 1.56  4.80 2.62 

2'-OH    4.99 2.03 2.78 3.73 2.48 4.80 4.80  4.38 

3'OH       4.51 5.13 3.65 2.18 3.07 3.73 2.62 4.38   
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Table A1. (continued) 
 

Intra-quartet           

C2'-endo N1H N2HA N2HB H8 H1' H2' H3' H4' H5' H5'' 2'OH 3'OH 

N1H    4.94          

N2HA    3.07          

N2HB    3.73          

H8              

H1'              

H2'  4.82 5.37           

H3'              

H4'              

H5'              

H5''              

2'-OH  5.03            

3'OH                         

             

C3'-endo N1H N2HA N2HB H8 H1' H2' H3' H4' H5' H5'' 2'OH 3'OH 

N1H    4.95          

N2HA    3.08          

N2HB    3.74          

H8              

H1'              

H2'              

H3'              

H4'              

H5'              

H5''              

2'-OH              

3'OH                         



 189

Table A1. (continued) 
 

Inter-quartet            
C2'-endo � 
C3'-endo ↓ N1H N2HA N2HB H8 H1' H2' H3' H4' H5' H5'' 2'OH 3'OH 

N1H 3.76 4.17            

N2HA 4.84, 4.19 4.31  4.17     4.02     

N2HB  4.19 4.80 3.48    4.01 2.25, 4.86*     

H8  4.19   3.02    3.53* 4.37* 4.66   

H1'    3.75  3.23 3.84  3.89 3.89    

H2'   3.30 2.41  2.93 4.44  4.44*  3.61   

H3'   3.71 4.64          

H4'     4.86      4.02*   

H5'   4.86* 4.37* 2.23 4.44*  3.97   2.50*, 4.37 3.26 

H5''    3.53* 3.64 4.99*  4.81 2.50*  3.15* 3.54 

2'-OH    4.12  3.10 2.94  4.61 3.94, 3.15* 4.44   

3'OH                         

Legend:  * = two quartets away (i.e., C2'-endo to C2'-endo) 
Underline = from the quartet below (non-underline = quartet above) 
Grey box = cross peaks observed in DOSY-NOESY and NOESY 
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Appendix II: (Chapter 3) 

 
Coordinates of the acidic, right-handed Na2(5'-GMP) G-quadruplex model. 
 
HETATM 1 N 1 1.665 2.907 -4.000 N 

HETATM 2 H 1 0.788 2.775 -3.848 H 

HETATM 3 C 1 2.140 4.218 -3.900 C 

HETATM 4 N 1 3.500 4.512 -3.940 N 

HETATM 5 C 1 4.197 3.398 -4.200 C 

HETATM 6 C 1 3.893 2.114 -4.340 C 

HETATM 7 C 1 2.421 1.805 -4.310 C 

HETATM 8 N 1 4.949 1.234 -4.550 N 

HETATM 9 C 1 5.963 2.065 -4.600 C 

HETATM 10 H 1 6.854 1.780 -4.815 H 

HETATM 11 N 1 5.639 3.429 -4.310 N 

HETATM 12 O 1 1.930 0.661 -4.340 O 

HETATM 13 N 1 1.274 5.186 -3.520 N 

HETATM 14 H 1 0.417 4.977 -3.339 H 

HETATM 15 H 1 1.554 6.038 -3.448 H 

HETATM 16 C 1 6.602 4.623 -4.150 C 

HETATM 17 H 1 6.182 5.377 -4.571 H 

HETATM 18 C 1 7.897 4.359 -4.910 C 

HETATM 19 H 1 8.129 3.429 -4.870 H 

HETATM 20 C 1 8.901 5.222 -4.050 C 

HETATM 21 H 1 9.742 4.763 -3.990 H 

HETATM 22 C 1 8.273 5.291 -2.680 C 

HETATM 23 H 1 8.376 6.181 -2.335 H 

HETATM 24 C 1 8.913 4.309 -1.710 C 

HETATM 25 H 1 9.864 4.312 -1.839 H 

HETATM 26 H 1 8.737 4.593 -0.810 H 

HETATM 27 O 1 6.893 5.008 -2.810 O 

HETATM 28 O 1 7.810 4.786 -6.230 O 

HETATM 29 H 1 7.260 4.294 -6.652 H 

HETATM 30 O 1 9.087 6.410 -4.650 O 

HETATM 31 H 1 9.627 6.878 -4.190 H 

HETATM 32 O 1 8.414 2.963 -1.890 O 

HETATM 33 P 1 9.009 1.866 -1.050 P 

HETATM 34 O 1 9.129 2.242 0.390 O 

HETATM 35 H 1 9.632 2.923 0.464 H 

HETATM 36 O 1 10.359 1.585 -1.750 O 

HETATM 37 H 1 10.850 2.278 -1.706 H 

HETATM 38 O 1 8.058 0.592 -1.110 O 

HETATM 39 H 1 8.387 0.018 -1.644 H 

HETATM 40 N 1 2.717 -1.960 -4.883 N 

HETATM 41 H 1 2.677 -1.073 -4.731 H 

HETATM 42 C 1 3.971 -2.569 -4.783 C 

HETATM 43 N 1 4.121 -3.952 -4.823 N 
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HETATM 44 C 1 2.941 -4.529 -5.083 C 

HETATM 45 C 1 1.695 -4.093 -5.223 C 

HETATM 46 C 1 1.542 -2.597 -5.193 C 

HETATM 47 N 1 0.710 -5.050 -5.433 N 

HETATM 48 C 1 1.430 -6.146 -5.483 C 

HETATM 49 H 1 1.053 -7.002 -5.698 H 

HETATM 50 N 1 2.821 -5.967 -5.193 N 

HETATM 51 O 1 0.455 -1.989 -5.223 O 

HETATM 52 N 1 5.024 -1.809 -4.403 N 

HETATM 53 H 1 4.906 -0.935 -4.222 H 

HETATM 54 H 1 5.842 -2.177 -4.331 H 

HETATM 55 C 1 3.908 -7.049 -5.033 C 

HETATM 56 H 1 4.701 -6.710 -5.454 H 

HETATM 57 C 1 3.510 -8.309 -5.793 C 

HETATM 58 H 1 2.560 -8.443 -5.753 H 

HETATM 59 C 1 4.263 -9.398 -4.933 C 

HETATM 60 H 1 3.719 -10.187 -4.873 H 

HETATM 61 C 1 4.397 -8.781 -3.563 C 

HETATM 62 H 1 5.271 -8.977 -3.218 H 

HETATM 63 C 1 3.354 -9.315 -2.593 C 

HETATM 64 H 1 3.258 -10.261 -2.722 H 

HETATM 65 H 1 3.655 -9.169 -1.693 H 

HETATM 66 O 1 4.260 -7.379 -3.693 O 

HETATM 67 O 1 3.943 -8.268 -7.113 O 

HETATM 68 H 1 3.511 -7.669 -7.535 H 

HETATM 69 O 1 5.425 -9.707 -5.533 O 

HETATM 70 H 1 5.834 -10.293 -5.073 H 

HETATM 71 O 1 2.067 -8.677 -2.773 O 

HETATM 72 P 1 0.914 -9.155 -1.933 P 

HETATM 73 O 1 1.276 -9.313 -0.493 O 

HETATM 74 H 1 1.900 -9.885 -0.419 H 

HETATM 75 O 1 0.494 -10.468 -2.633 O 

HETATM 76 H 1 1.131 -11.029 -2.589 H 

HETATM 77 O 1 -0.254 -8.076 -1.993 O 

HETATM 78 H 1 -0.859 -8.343 -2.527 H 

HETATM 79 N 1 -2.233 -2.497 -5.766 N 

HETATM 80 H 1 -1.347 -2.550 -5.614 H 

HETATM 81 C 1 -2.970 -3.681 -5.666 C 

HETATM 82 N 1 -4.361 -3.686 -5.706 N 

HETATM 83 C 1 -4.811 -2.452 -5.966 C 

HETATM 84 C 1 -4.248 -1.258 -6.106 C 

HETATM 85 C 1 -2.744 -1.262 -6.076 C 

HETATM 86 N 1 -5.097 -0.178 -6.316 N 

HETATM 87 C 1 -6.262 -0.780 -6.366 C 

HETATM 88 H 1 -7.074 -0.316 -6.581 H 

HETATM 89 N 1 -6.229 -2.181 -6.076 N 

HETATM 90 O 1 -2.025 -0.245 -6.106 O 
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HETATM 91 N 1 -2.324 -4.808 -5.286 N 

HETATM 92 H 1 -1.443 -4.782 -5.105 H 

HETATM 93 H 1 -2.776 -5.583 -5.214 H 

HETATM 94 C 1 -7.419 -3.149 -5.916 C 

HETATM 95 H 1 -7.165 -3.974 -6.337 H 

HETATM 96 C 1 -8.630 -2.622 -6.676 C 

HETATM 97 H 1 -8.665 -1.664 -6.636 H 

HETATM 98 C 1 -9.792 -3.258 -5.816 C 

HETATM 99 H 1 -10.519 -2.634 -5.756 H 

HETATM 100 C 1 -9.192 -3.455 -4.446 C 

HETATM 101 H 1 -9.478 -4.304 -4.101 H 

HETATM 102 C 1 -9.614 -2.361 -3.476 C 

HETATM 103 H 1 -10.545 -2.167 -3.605 H 

HETATM 104 H 1 -9.501 -2.677 -2.576 H 

HETATM 105 O 1 -7.783 -3.465 -4.576 O 

HETATM 106 O 1 -8.635 -3.058 -7.996 O 

HETATM 107 H 1 -7.994 -2.690 -8.418 H 

HETATM 108 O 1 -10.221 -4.381 -6.416 O 

HETATM 109 H 1 -10.847 -4.726 -5.956 H 

HETATM 110 O 1 -8.846 -1.149 -3.656 O 

HETATM 111 P 1 -9.200 0.048 -2.816 P 

HETATM 112 O 1 -9.395 -0.295 -1.376 O 

HETATM 113 H 1 -10.029 -0.857 -1.302 H 

HETATM 114 O 1 -10.463 0.603 -3.516 O 

HETATM 115 H 1 -11.087 0.028 -3.472 H 

HETATM 116 O 1 -8.005 1.097 -2.876 O 

HETATM 117 H 1 -8.208 1.726 -3.410 H 

HETATM 118 N 1 -2.250 2.482 -6.649 N 

HETATM 119 H 1 -2.395 1.607 -6.497 H 

HETATM 120 C 1 -3.350 3.339 -6.549 C 

HETATM 121 N 1 -3.210 4.723 -6.589 N 

HETATM 122 C 1 -1.935 5.041 -6.849 C 

HETATM 123 C 1 -0.807 4.356 -6.989 C 

HETATM 124 C 1 -0.968 2.861 -6.959 C 

HETATM 125 N 1 0.356 5.088 -7.199 N 

HETATM 126 C 1 -0.121 6.309 -7.249 C 

HETATM 127 H 1 0.425 7.068 -7.464 H 

HETATM 128 N 1 -1.518 6.423 -6.959 N 

HETATM 129 O 1 -0.032 2.040 -6.989 O 

HETATM 130 N 1 -4.538 2.814 -6.169 N 

HETATM 131 H 1 -4.605 1.935 -5.988 H 

HETATM 132 H 1 -5.262 3.344 -6.097 H 

HETATM 133 C 1 -2.357 7.708 -6.799 C 

HETATM 134 H 1 -3.203 7.541 -7.220 H 

HETATM 135 C 1 -1.706 8.857 -7.559 C 

HETATM 136 H 1 -0.749 8.791 -7.519 H 

HETATM 137 C 1 -2.216 10.079 -6.699 C 
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HETATM 138 H 1 -1.519 10.737 -6.639 H 

HETATM 139 C 1 -2.475 9.503 -5.329 C 

HETATM 140 H 1 -3.290 9.876 -4.984 H 

HETATM 141 C 1 -1.344 9.808 -4.359 C 

HETATM 142 H 1 -1.053 10.714 -4.488 H 

HETATM 143 H 1 -1.669 9.728 -3.459 H 

HETATM 144 O 1 -2.633 8.103 -5.459 O 

HETATM 145 O 1 -2.138 8.907 -8.879 O 

HETATM 146 H 1 -1.840 8.232 -9.301 H 

HETATM 147 O 1 -3.288 10.623 -7.299 O 

HETATM 148 H 1 -3.567 11.281 -6.839 H 

HETATM 149 O 1 -0.218 8.917 -4.539 O 

HETATM 150 P 1 1.010 9.144 -3.699 P 

HETATM 151 O 1 0.688 9.375 -2.259 O 

HETATM 152 H 1 0.196 10.064 -2.185 H 

HETATM 153 O 1 1.694 10.342 -4.399 O 

HETATM 154 H 1 1.187 11.023 -4.355 H 

HETATM 155 O 1 1.927 7.847 -3.759 O 

HETATM 156 H 1 2.575 7.982 -4.293 H 

HETATM 157 N 1 2.703 1.979 -7.532 N 

HETATM 158 H 1 1.848 2.214 -7.380 H 

HETATM 159 C 1 3.671 2.983 -7.432 C 

HETATM 160 N 1 5.032 2.698 -7.472 N 

HETATM 161 C 1 5.216 1.398 -7.732 C 

HETATM 162 C 1 4.416 0.348 -7.872 C 

HETATM 163 C 1 2.946 0.664 -7.842 C 

HETATM 164 N 1 5.023 -0.886 -8.082 N 

HETATM 165 C 1 6.287 -0.539 -8.132 C 

HETATM 166 H 1 6.985 -1.162 -8.347 H 

HETATM 167 N 1 6.547 0.839 -7.842 N 

HETATM 168 O 1 2.032 -0.181 -7.872 O 

HETATM 169 N 1 3.273 4.219 -7.052 N 

HETATM 170 H 1 2.406 4.377 -6.871 H 

HETATM 171 H 1 3.876 4.884 -6.980 H 

HETATM 172 C 1 7.912 1.538 -7.682 C 

HETATM 173 H 1 7.835 2.397 -8.103 H 

HETATM 174 C 1 8.987 0.770 -8.442 C 

HETATM 175 H 1 8.821 -0.174 -8.402 H 

HETATM 176 C 1 10.256 1.150 -7.582 C 

HETATM 177 H 1 10.837 0.389 -7.522 H 

HETATM 178 C 1 9.710 1.468 -6.212 C 

HETATM 179 H 1 10.166 2.239 -5.867 H 

HETATM 180 C 1 9.895 0.311 -5.242 C 

HETATM 181 H 1 10.766 -0.073 -5.371 H 

HETATM 182 H 1 9.850 0.643 -4.342 H 

HETATM 183 O 1 8.334 1.771 -6.342 O 

HETATM 184 O 1 9.082 1.196 -9.762 O 
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HETATM 185 H 1 8.379 0.970 -10.184 H 

HETATM 186 O 1 10.908 2.160 -8.182 O 

HETATM 187 H 1 11.592 2.368 -7.722 H 

HETATM 188 O 1 8.891 -0.715 -5.422 O 

HETATM 189 P 1 8.989 -1.960 -4.582 P 

HETATM 190 O 1 9.251 -1.665 -3.142 O 

HETATM 191 H 1 8.777 -1.003 -2.897 H 

HETATM 192 O 1 10.109 -2.765 -5.282 O 

HETATM 193 H 1 10.839 -2.333 -5.238 H 

HETATM 194 O 1 7.602 -2.737 -4.642 O 

HETATM 195 H 1 7.669 -3.395 -5.176 H 

HETATM 196 N 1 1.685 -2.895 -8.415 N 

HETATM 197 H 1 2.009 -2.069 -8.263 H 

HETATM 198 C 1 2.583 -3.962 -8.315 C 

HETATM 199 N 1 2.157 -5.287 -8.355 N 

HETATM 200 C 1 0.845 -5.334 -8.615 C 

HETATM 201 C 1 -0.116 -4.428 -8.755 C 

HETATM 202 C 1 0.352 -2.999 -8.725 C 

HETATM 203 N 1 -1.406 -4.902 -8.965 N 

HETATM 204 C 1 -1.193 -6.196 -9.015 C 

HETATM 205 H 1 -1.886 -6.825 -9.230 H 

HETATM 206 N 1 0.150 -6.598 -8.725 N 

HETATM 207 O 1 -0.393 -2.002 -8.755 O 

HETATM 208 N 1 3.854 -3.696 -7.935 N 

HETATM 209 H 1 4.102 -2.850 -7.754 H 

HETATM 210 H 1 4.452 -4.365 -7.863 H 

HETATM 211 C 1 0.702 -8.029 -8.565 C 

HETATM 212 H 1 1.565 -8.042 -8.986 H 

HETATM 213 C 1 -0.173 -9.018 -9.325 C 

HETATM 214 H 1 -1.095 -8.755 -9.285 H 

HETATM 215 C 1 0.072 -10.320 -8.465 C 

HETATM 216 H 1 -0.746 -10.818 -8.405 H 

HETATM 217 C 1 0.445 -9.810 -7.095 C 

HETATM 218 H 1 1.164 -10.345 -6.750 H 

HETATM 219 C 1 -0.725 -9.873 -6.125 C 

HETATM 220 H 1 -1.198 -10.699 -6.254 H 

HETATM 221 H 1 -0.390 -9.863 -5.225 H 

HETATM 222 O 1 0.891 -8.473 -7.225 O 

HETATM 223 O 1 0.240 -9.157 -10.645 O 

HETATM 224 H 1 0.088 -8.434 -11.067 H 

HETATM 225 O 1 1.008 -11.074 -9.065 O 

HETATM 226 H 1 1.143 -11.776 -8.605 H 

HETATM 227 O 1 -1.641 -8.768 -6.305 O 

HETATM 228 P 1 -2.889 -8.735 -5.465 P 

HETATM 229 O 1 -2.623 -9.027 -4.025 O 

HETATM 230 H 1 -1.915 -8.624 -3.780 H 

HETATM 231 O 1 -3.807 -9.764 -6.165 O 
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HETATM 232 H 1 -3.453 -10.536 -6.121 H 

HETATM 233 O 1 -3.517 -7.275 -5.525 O 

HETATM 234 H 1 -4.178 -7.272 -6.059 H 

HETATM 235 N 1 -3.056 -1.373 -9.298 N 

HETATM 236 H 1 -2.268 -1.782 -9.146 H 

HETATM 237 C 1 -4.211 -2.155 -9.198 C 

HETATM 238 N 1 -5.483 -1.593 -9.238 N 

HETATM 239 C 1 -5.393 -0.283 -9.498 C 

HETATM 240 C 1 -4.392 0.578 -9.638 C 

HETATM 241 C 1 -3.020 -0.037 -9.608 C 

HETATM 242 N 1 -4.729 1.910 -9.848 N 

HETATM 243 C 1 -6.037 1.834 -9.898 C 

HETATM 244 H 1 -6.591 2.589 -10.113 H 

HETATM 245 N 1 -6.578 0.541 -9.608 N 

HETATM 246 O 1 -1.950 0.600 -9.638 O 

HETATM 247 N 1 -4.079 -3.447 -8.818 N 

HETATM 248 H 1 -3.263 -3.782 -8.637 H 

HETATM 249 H 1 -4.806 -3.971 -8.746 H 

HETATM 250 C 1 -8.059 0.141 -9.448 C 

HETATM 251 H 1 -8.162 -0.716 -9.869 H 

HETATM 252 C 1 -8.951 1.115 -10.208 C 

HETATM 253 H 1 -8.592 2.004 -10.168 H 

HETATM 254 C 1 -10.271 1.007 -9.348 C 

HETATM 255 H 1 -10.681 1.873 -9.288 H 

HETATM 256 C 1 -9.803 0.582 -7.978 C 

HETATM 257 H 1 -10.410 -0.077 -7.633 H 

HETATM 258 C 1 -9.744 1.753 -7.008 C 

HETATM 259 H 1 -10.515 2.309 -7.137 H 

HETATM 260 H 1 -9.768 1.419 -6.108 H 

HETATM 261 O 1 -8.520 0.000 -8.108 O 

HETATM 262 O 1 -9.132 0.719 -11.528 O 

HETATM 263 H 1 -8.397 0.794 -11.950 H 

HETATM 264 O 1 -11.119 0.155 -9.948 O 

HETATM 265 H 1 -11.831 0.094 -9.488 H 

HETATM 266 O 1 -8.548 2.548 -7.188 O 

HETATM 267 P 1 -8.385 3.786 -6.348 P 

HETATM 268 O 1 -8.703 3.552 -4.908 O 

HETATM 269 H 1 -8.376 2.806 -4.663 H 

HETATM 270 O 1 -9.313 4.807 -7.048 O 

HETATM 271 H 1 -10.117 4.535 -7.004 H 

HETATM 272 O 1 -6.867 4.258 -6.408 O 

HETATM 273 H 1 -6.796 4.915 -6.942 H 

HETATM 274 N 1 -1.046 3.182 -10.181 N 

HETATM 275 H 1 -1.535 2.442 -10.029 H 

HETATM 276 C 1 -1.703 4.413 -10.081 C 

HETATM 277 N 1 -1.011 5.620 -10.121 N 

HETATM 278 C 1 0.283 5.393 -10.381 C 
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HETATM 279 C 1 1.034 4.308 -10.521 C 

HETATM 280 C 1 0.279 3.007 -10.491 C 

HETATM 281 N 1 2.394 4.503 -10.731 N 

HETATM 282 C 1 2.455 5.813 -10.781 C 

HETATM 283 H 1 3.264 6.284 -10.996 H 

HETATM 284 N 1 1.225 6.485 -10.491 N 

HETATM 285 O 1 0.800 1.876 -10.521 O 

HETATM 286 N 1 -3.002 4.417 -9.701 N 

HETATM 287 H 1 -3.420 3.640 -9.520 H 

HETATM 288 H 1 -3.447 5.195 -9.629 H 

HETATM 289 C 1 0.982 8.000 -10.331 C 

HETATM 290 H 1 0.141 8.192 -10.752 H 

HETATM 291 C 1 2.044 8.785 -11.091 C 

HETATM 292 H 1 2.892 8.336 -11.051 H 

HETATM 293 C 1 2.075 10.109 -10.231 C 

HETATM 294 H 1 2.979 10.427 -10.171 H 

HETATM 295 C 1 1.604 9.688 -8.861 C 

HETATM 296 H 1 1.012 10.361 -8.516 H 

HETATM 297 C 1 2.762 9.507 -7.891 C 

HETATM 298 H 1 3.396 10.216 -8.020 H 

HETATM 299 H 1 2.432 9.566 -6.991 H 

HETATM 300 O 1 0.891 8.473 -8.991 O 

HETATM 301 O 1 1.669 9.007 -12.411 O 

HETATM 302 H 1 1.667 8.269 -12.833 H 

HETATM 303 O 1 1.317 11.042 -10.831 O 

HETATM 304 H 1 1.330 11.757 -10.371 H 

HETATM 305 O 1 3.428 8.235 -8.071 O 

HETATM 306 P 1 4.642 7.943 -7.231 P 

HETATM 307 O 1 4.442 8.284 -5.791 O 

HETATM 308 H 1 3.666 8.037 -5.546 H 

HETATM 309 O 1 5.754 8.759 -7.931 O 

HETATM 310 H 1 5.568 9.588 -7.887 H 

HETATM 311 O 1 4.952 6.384 -7.291 O 

HETATM 312 H 1 5.599 6.245 -7.825 H 

HETATM 313 N 1 3.274 0.708 -11.064 N 

HETATM 314 H 1 2.589 1.271 -10.912 H 

HETATM 315 C 1 4.567 1.232 -10.964 C 

HETATM 316 N 1 5.695 0.418 -11.004 N 

HETATM 317 C 1 5.334 -0.845 -11.264 C 

HETATM 318 C 1 4.176 -1.479 -11.404 C 

HETATM 319 C 1 2.961 -0.592 -11.374 C 

HETATM 320 N 1 4.228 -2.852 -11.614 N 

HETATM 321 C 1 5.524 -3.050 -11.664 C 

HETATM 322 H 1 5.909 -3.903 -11.879 H 

HETATM 323 N 1 6.322 -1.897 -11.374 N 

HETATM 324 O 1 1.783 -0.992 -11.404 O 

HETATM 325 N 1 4.706 2.523 -10.584 N 
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HETATM 326 H 1 3.978 3.021 -10.403 H 

HETATM 327 H 1 5.527 2.885 -10.512 H 

HETATM 328 C 1 7.853 -1.813 -11.214 C 

HETATM 329 H 1 8.132 -0.996 -11.635 H 

HETATM 330 C 1 8.523 -2.952 -11.974 C 

HETATM 331 H 1 7.988 -3.747 -11.934 H 

HETATM 332 C 1 9.837 -3.120 -11.114 C 

HETATM 333 H 1 10.058 -4.053 -11.054 H 

HETATM 334 C 1 9.467 -2.608 -9.744 C 

HETATM 335 H 1 10.198 -2.089 -9.399 H 

HETATM 336 C 1 9.166 -3.741 -8.774 C 

HETATM 337 H 1 9.805 -4.445 -8.903 H 

HETATM 338 H 1 9.259 -3.419 -7.874 H 

HETATM 339 O 1 8.334 -1.771 -9.874 O 

HETATM 340 O 1 8.783 -2.602 -13.294 O 

HETATM 341 H 1 8.049 -2.522 -13.716 H 

HETATM 342 O 1 10.844 -2.464 -11.714 O 

HETATM 343 H 1 11.553 -2.552 -11.254 H 

HETATM 344 O 1 7.832 -4.270 -8.954 O 

HETATM 345 P 1 7.415 -5.447 -8.114 P 

HETATM 346 O 1 7.775 -5.284 -6.674 O 

HETATM 347 H 1 7.610 -4.486 -6.429 H 

HETATM 348 O 1 8.110 -6.638 -8.814 O 

HETATM 349 H 1 8.953 -6.539 -8.770 H 

HETATM 350 O 1 5.832 -5.593 -8.174 O 

HETATM 351 H 1 5.625 -6.221 -8.708 H 

HETATM 352 N 1 0.362 -3.330 -11.947 N 

HETATM 353 H 1 0.994 -2.708 -11.795 H 

HETATM 354 C 1 0.748 -4.670 -11.847 C 

HETATM 355 N 1 -0.179 -5.707 -11.887 N 

HETATM 356 C 1 -1.398 -5.216 -12.147 C 

HETATM 357 C 1 -1.907 -3.998 -12.287 C 

HETATM 358 C 1 -0.898 -2.883 -12.257 C 

HETATM 359 N 1 -3.278 -3.907 -12.497 N 

HETATM 360 C 1 -3.610 -5.175 -12.547 C 

HETATM 361 H 1 -4.499 -5.468 -12.762 H 

HETATM 362 N 1 -2.547 -6.089 -12.257 N 

HETATM 363 O 1 -1.173 -1.669 -12.287 O 

HETATM 364 N 1 2.018 -4.944 -11.467 N 

HETATM 365 H 1 2.588 -4.272 -11.286 H 

HETATM 366 H 1 2.292 -5.798 -11.395 H 

HETATM 367 C 1 -2.624 -7.621 -12.097 C 

HETATM 368 H 1 -1.841 -7.984 -12.518 H 

HETATM 369 C 1 -3.826 -8.168 -12.857 C 

HETATM 370 H 1 -4.561 -7.552 -12.817 H 

HETATM 371 C 1 -4.132 -9.457 -11.997 C 

HETATM 372 H 1 -5.082 -9.580 -11.937 H 
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HETATM 373 C 1 -3.583 -9.143 -10.627 C 

HETATM 374 H 1 -3.144 -9.924 -10.282 H 

HETATM 375 C 1 -4.678 -8.725 -9.657 C 

HETATM 376 H 1 -5.446 -9.287 -9.786 H 

HETATM 377 H 1 -4.368 -8.851 -8.757 H 

HETATM 378 O 1 -2.633 -8.103 -10.757 O 

HETATM 379 O 1 -3.505 -8.463 -14.177 O 

HETATM 380 H 1 -3.350 -7.741 -14.599 H 

HETATM 381 O 1 -3.584 -10.527 -12.597 O 

HETATM 382 H 1 -3.745 -11.223 -12.137 H 

HETATM 383 O 1 -5.065 -7.342 -9.837 O 

HETATM 384 P 1 -6.192 -6.805 -8.997 P 

HETATM 385 O 1 -6.067 -7.180 -7.557 O 

HETATM 386 H 1 -5.257 -7.099 -7.312 H 

HETATM 387 O 1 -7.449 -7.372 -9.697 O 

HETATM 388 H 1 -7.439 -8.220 -9.653 H 

HETATM 389 O 1 -6.171 -5.215 -9.057 O 

HETATM 390 H 1 -6.775 -4.944 -9.591 H 

HETATM 391 N 1 -3.350 -0.012 -12.830 N 

HETATM 392 H 1 -2.797 -0.705 -12.678 H 

HETATM 393 C 1 -4.723 -0.256 -12.730 C 

HETATM 394 N 1 -5.657 0.775 -12.770 N 

HETATM 395 C 1 -5.041 1.935 -13.030 C 

HETATM 396 C 1 -3.777 2.315 -13.170 C 

HETATM 397 C 1 -2.774 1.195 -13.140 C 

HETATM 398 N 1 -3.543 3.669 -13.380 N 

HETATM 399 C 1 -4.769 4.131 -13.430 C 

HETATM 400 H 1 -4.968 5.046 -13.645 H 

HETATM 401 N 1 -5.789 3.169 -13.140 N 

HETATM 402 O 1 -1.537 1.341 -13.170 O 

HETATM 403 N 1 -5.128 -1.490 -12.350 N 

HETATM 404 H 1 -4.519 -2.127 -12.169 H 

HETATM 405 H 1 -6.006 -1.673 -12.278 H 

HETATM 406 C 1 -7.305 3.406 -12.980 C 

HETATM 407 H 1 -7.748 2.666 -13.401 H 

HETATM 408 C 1 -7.724 4.659 -13.740 C 

HETATM 409 H 1 -7.034 5.326 -13.700 H 

HETATM 410 C 1 -8.973 5.097 -12.880 C 

HETATM 411 H 1 -8.996 6.055 -12.820 H 

HETATM 412 C 1 -8.718 4.519 -11.510 C 

HETATM 413 H 1 -9.541 4.164 -11.165 H 

HETATM 414 C 1 -8.188 5.565 -10.540 C 

HETATM 415 H 1 -8.667 6.387 -10.669 H 

HETATM 416 H 1 -8.346 5.269 -9.640 H 

HETATM 417 O 1 -7.783 3.465 -11.640 O 

HETATM 418 O 1 -8.050 4.371 -15.060 O 

HETATM 419 H 1 -7.349 4.141 -15.482 H 



 199

HETATM 420 O 1 -10.094 4.664 -13.480 O 

HETATM 421 H 1 -10.770 4.898 -13.020 H 

HETATM 422 O 1 -6.773 5.805 -10.720 O 

HETATM 423 P 1 -6.120 6.869 -9.880 P 

HETATM 424 O 1 -6.506 6.785 -8.440 O 

HETATM 425 H 1 -6.511 5.971 -8.195 H 

HETATM 426 O 1 -6.553 8.179 -10.580 O 

HETATM 427 H 1 -7.398 8.258 -10.536 H 

HETATM 428 O 1 -4.542 6.683 -9.940 O 

HETATM 429 H 1 -4.209 7.255 -10.474 H 

HETATM 430 N 1 0.339 3.333 -13.713 N 

HETATM 431 H 1 -0.409 2.855 -13.561 H 

HETATM 432 C 1 0.239 4.724 -13.613 C 

HETATM 433 N 1 1.362 5.545 -13.653 N 

HETATM 434 C 1 2.452 4.811 -13.913 C 

HETATM 435 C 1 2.697 3.515 -14.053 C 

HETATM 436 C 1 1.478 2.634 -14.023 C 

HETATM 437 N 1 4.019 3.140 -14.263 N 

HETATM 438 C 1 4.607 4.311 -14.313 C 

HETATM 439 H 1 5.537 4.413 -14.528 H 

HETATM 440 N 1 3.757 5.426 -14.023 N 

HETATM 441 O 1 1.494 1.389 -14.053 O 

HETATM 442 N 1 -0.946 5.256 -13.233 N 

HETATM 443 H 1 -1.643 4.717 -13.052 H 

HETATM 444 H 1 -1.036 6.148 -13.161 H 

HETATM 445 C 1 4.151 6.909 -13.863 C 

HETATM 446 H 1 3.461 7.426 -14.284 H 

HETATM 447 C 1 5.441 7.194 -14.623 C 

HETATM 448 H 1 6.032 6.439 -14.583 H 

HETATM 449 C 1 6.008 8.391 -13.763 C 

HETATM 450 H 1 6.963 8.314 -13.703 H 

HETATM 451 C 1 5.406 8.198 -12.393 C 

HETATM 452 H 1 5.138 9.053 -12.048 H 

HETATM 453 C 1 6.390 7.562 -11.423 C 

HETATM 454 H 1 7.258 7.952 -11.552 H 

HETATM 455 H 1 6.113 7.750 -10.523 H 

HETATM 456 O 1 4.260 7.379 -12.523 O 

HETATM 457 O 1 5.188 7.549 -15.943 O 

HETATM 458 H 1 4.886 6.876 -16.365 H 

HETATM 459 O 1 5.694 9.552 -14.363 O 

HETATM 460 H 1 5.997 10.199 -13.903 H 

HETATM 461 O 1 6.481 6.129 -11.603 O 

HETATM 462 P 1 7.471 5.369 -10.763 P 

HETATM 463 O 1 7.427 5.761 -9.323 O 

HETATM 464 H 1 6.618 5.851 -9.078 H 

HETATM 465 O 1 8.819 5.662 -11.463 O 

HETATM 466 H 1 8.986 6.494 -11.419 H 
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HETATM 467 O 1 7.121 3.818 -10.823 O 

HETATM 468 H 1 6.378 3.680 -10.433 H 

HETATM 469 N 1 3.279 -0.685 -14.596 N 

HETATM 470 H 1 2.882 0.108 -14.444 H 

HETATM 471 C 1 4.673 -0.732 -14.496 C 

HETATM 472 N 1 5.372 -1.934 -14.536 N 

HETATM 473 C 1 4.529 -2.941 -14.796 C 

HETATM 474 C 1 3.213 -3.049 -14.936 C 

HETATM 475 C 1 2.465 -1.745 -14.906 C 

HETATM 476 N 1 2.703 -4.325 -15.146 N 

HETATM 477 C 1 3.806 -5.033 -15.196 C 

HETATM 478 H 1 3.810 -5.968 -15.411 H 

HETATM 479 N 1 5.004 -4.304 -14.906 N 

HETATM 480 O 1 1.225 -1.631 -14.936 O 

HETATM 481 N 1 5.326 0.391 -14.116 N 

HETATM 482 H 1 4.863 1.141 -13.935 H 

HETATM 483 H 1 6.223 0.388 -14.044 H 

HETATM 484 C 1 6.437 -4.851 -14.746 C 

HETATM 485 H 1 7.024 -4.218 -15.167 H 

HETATM 486 C 1 6.586 -6.163 -15.506 C 

HETATM 487 H 1 5.773 -6.672 -15.466 H 

HETATM 488 C 1 7.717 -6.852 -14.646 C 

HETATM 489 H 1 7.540 -7.793 -14.586 H 

HETATM 490 C 1 7.588 -6.233 -13.276 C 

HETATM 491 H 1 8.467 -6.057 -12.931 H 

HETATM 492 C 1 6.852 -7.145 -12.306 C 

HETATM 493 H 1 7.150 -8.049 -12.435 H 

HETATM 494 H 1 7.068 -6.890 -11.406 H 

HETATM 495 O 1 6.893 -5.008 -13.406 O 

HETATM 496 O 1 6.965 -5.949 -16.826 O 

HETATM 497 H 1 6.327 -5.578 -17.248 H 

HETATM 498 O 1 8.904 -6.661 -15.246 O 

HETATM 499 H 1 9.516 -7.030 -14.786 H 

HETATM 500 O 1 5.418 -7.086 -12.486 O 

HETATM 501 P 1 4.558 -7.991 -11.646 P 

HETATM 502 O 1 4.953 -7.989 -10.206 O 

HETATM 503 H 1 5.127 -7.194 -9.961 H 

HETATM 504 O 1 4.709 -9.363 -12.346 O 

HETATM 505 H 1 5.519 -9.616 -12.302 H 

HETATM 506 O 1 3.053 -7.481 -11.706 O 

HETATM 507 H 1 2.993 -6.728 -11.316 H 

HETATM 508 N 1 -1.024 -3.190 -15.479 N 

HETATM 509 H 1 -0.194 -2.878 -15.327 H 

HETATM 510 C 1 -1.216 -4.571 -15.379 C 

HETATM 511 N 1 -2.485 -5.141 -15.419 N 

HETATM 512 C 1 -3.398 -4.197 -15.679 C 

HETATM 513 C 1 -3.369 -2.877 -15.819 C 
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HETATM 514 C 1 -1.993 -2.269 -15.789 C 

HETATM 515 N 1 -4.584 -2.236 -16.029 N 

HETATM 516 C 1 -5.403 -3.259 -16.079 C 

HETATM 517 H 1 -6.334 -3.166 -16.294 H 

HETATM 518 N 1 -4.803 -4.526 -15.789 N 

HETATM 519 O 1 -1.750 -1.048 -15.819 O 

HETATM 520 N 1 -0.168 -5.337 -14.999 N 

HETATM 521 H 1 0.627 -4.955 -14.818 H 

HETATM 522 H 1 -0.265 -6.229 -14.927 H 

HETATM 523 C 1 -5.497 -5.895 -15.629 C 

HETATM 524 H 1 -4.929 -6.545 -16.050 H 

HETATM 525 C 1 -6.818 -5.906 -16.389 C 

HETATM 526 H 1 -7.239 -5.044 -16.349 H 

HETATM 527 C 1 -7.621 -6.959 -15.529 C 

HETATM 528 H 1 -8.539 -6.684 -15.469 H 

HETATM 529 C 1 -6.992 -6.895 -14.159 C 

HETATM 530 H 1 -6.908 -7.787 -13.814 H 

HETATM 531 C 1 -7.823 -6.068 -13.189 C 

HETATM 532 H 1 -8.752 -6.269 -13.318 H 

HETATM 533 H 1 -7.591 -6.309 -12.289 H 

HETATM 534 O 1 -5.701 -6.332 -14.289 O 

HETATM 535 O 1 -6.644 -6.305 -17.709 O 

HETATM 536 H 1 -6.209 -5.709 -18.131 H 

HETATM 537 O 1 -7.555 -8.159 -16.129 O 

HETATM 538 H 1 -7.987 -8.729 -15.669 H 

HETATM 539 O 1 -7.614 -4.647 -13.369 O 

HETATM 540 P 1 -8.424 -3.698 -12.529 P 

HETATM 541 O 1 -8.463 -4.091 -11.089 O 

HETATM 542 H 1 -7.690 -4.347 -10.844 H 

HETATM 543 O 1 -9.803 -3.704 -13.229 O 

HETATM 544 H 1 -10.140 -4.484 -13.185 H 

HETATM 545 O 1 -7.759 -2.254 -12.589 O 

HETATM 546 H 1 -7.004 -2.274 -12.199 H 

HETATM 547 N 1 -3.065 1.352 -16.362 N 

HETATM 548 H 1 -2.842 0.493 -16.210 H 

HETATM 549 C 1 -4.419 1.687 -16.262 C 

HETATM 550 N 1 -4.853 3.009 -16.302 N 

HETATM 551 C 1 -3.818 3.818 -16.562 C 

HETATM 552 C 1 -2.509 3.651 -16.702 C 

HETATM 553 C 1 -2.048 2.219 -16.672 C 

HETATM 554 N 1 -1.744 4.792 -16.912 N 

HETATM 555 C 1 -2.677 5.714 -16.962 C 

HETATM 556 H 1 -2.486 6.630 -17.177 H 

HETATM 557 N 1 -4.000 5.250 -16.672 N 

HETATM 558 O 1 -0.859 1.850 -16.702 O 

HETATM 559 N 1 -5.291 0.725 -15.882 N 

HETATM 560 H 1 -4.994 -0.105 -15.701 H 
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HETATM 561 H 1 -6.167 0.915 -15.810 H 

HETATM 562 C 1 -5.288 6.083 -16.512 C 

HETATM 563 H 1 -5.994 5.586 -16.933 H 

HETATM 564 C 1 -5.161 7.398 -17.272 C 

HETATM 565 H 1 -4.260 7.726 -17.232 H 

HETATM 566 C 1 -6.124 8.307 -16.412 C 

HETATM 567 H 1 -5.755 9.191 -16.352 H 

HETATM 568 C 1 -6.127 7.675 -15.042 C 

HETATM 569 H 1 -7.022 7.685 -14.697 H 

HETATM 570 C 1 -5.217 8.414 -14.072 C 

HETATM 571 H 1 -5.320 9.360 -14.201 H 

HETATM 572 H 1 -5.481 8.209 -13.172 H 

HETATM 573 O 1 -5.701 6.332 -15.172 O 

HETATM 574 O 1 -5.576 7.267 -18.592 O 

HETATM 575 H 1 -5.029 6.772 -19.014 H 

HETATM 576 O 1 -7.325 8.367 -17.012 O 

HETATM 577 H 1 -7.847 8.855 -16.552 H 

HETATM 578 O 1 -3.826 8.058 -14.252 O 

HETATM 579 P 1 -2.797 8.764 -13.412 P 

HETATM 580 O 1 -3.184 8.844 -11.972 O 

HETATM 581 H 1 -3.519 8.103 -11.727 H 

HETATM 582 O 1 -2.659 10.137 -14.112 O 

HETATM 583 H 1 -3.399 10.553 -14.068 H 

HETATM 584 O 1 -1.431 7.952 -13.472 O 

HETATM 585 H 1 -1.529 7.203 -13.082 H 
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Appendix III: (Chapter 5) 

Supplementary data for ESI-MS spectral analyses. G = monomeric TAG with 409.35 

a.m.u. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. ESI-MS/MS spectra of the [TAG]La3+ complex: [TAG12 + La]

3+ (top) and 

[TAG8 + La]
3+ (bottom). The parent ion is marked by an asterisk *.
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Figure 2. ESI-MS/MS spectra of the [TAG]Eu3+ complex: : [TAG12 + Eu]

3+. The parent 

ion is marked by an asterisk *. 
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Figure 3. ESI-MS/MS spectra of the [TAG]Dy3+ complex: [TAG12 + Dy]

3+ (top) and 

[TAG8 + Dy]
3+ (bottom). The parent ion is marked by an asterisk *. 
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Figure 4. ESI-MS/MS spectra of the [TAG]Tm3+ complex: [TAG12 + Tm]

3+ (top) and 

[TAG8 + Tm]
3+ (bottom). The parent ion is marked by an asterisk *.
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Table 1a. TANDEM MS of [M12+La]3+ (1683.1 m/z) at DP80. G = monomeric TAG 

with 409.36 a.m.u. 

 

[TAG]nLa
3+
n m/z Rel. intensity  

   

[G+H]+ 410.1 15.8 

[G2+H]+ 819.2 8.2 

[G8+La]3+ 1137.3 100.0 

[G9+La]3+ 1273.7 51.3 

[G10+La]3+ 1410.1 81.8 

[G11+La]3+ 1546.4 86.9 

[G12+La]3+ 1683.1 48.5 

 
Table 1b. TANDEM MS of [M8+La]3+ (1137.7 m/z) at DP80. G = monomeric TAG with 

409.36 a.m.u. 

 

[TAG]nLa
3+
n m/z Rel. intensity  

   
monoacetyl sugar 139.0 43.3 
guanine 152.0 24.5 
triacetyl sugar 250.1 76.3 
[G+H]+ 410.1 100.0 
[G3-3H+La+Eu]2+ 758.2 6.9 
[G4-H+La]2+ 887.2 44.6 
[G5-H+La]2+ 1091.8 30.1 
[G8+La]3+ 1137.7 14.2 
[G6-H+La]2+ 1296.9 8.2 
[G3-2H+La]+ 1364.3 6.2 

 
Table 2. TANDEM MS of [M12+Eu]3+ (1687.8 m/z) at DP80. G = monomeric TAG with 

409.36 a.m.u. 

 
[TAG]nEu

3+
n m/z Rel. intensity  

   
[G+H]+ 410.1 5.8 
[G8+Eu]3+ 1142.3 51.8 
[G9+Eu]3+ 1278.7 21.9 
[G10+Eu]3+ 1415.1 35.5 
[G11+Eu]3+ 1551.7 100.0 
[G12+Eu]3+ 1687.8 50.9 
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Table 3a. TANDEM MS of [M12+Tb]3+ (1689.4 m/z) at DP80. G = monomeric TAG 

with 409.36 a.m.u. 

 

[TAG]nTb
3+
n m/z Rel. intensity  

   
[G+H]+ 410.2 0.9 
[G8+Tb]3+ 1144.3 33.4 
[G9+Tb]3+ 1280.7 24.8 
[G10+Tb]3+ 1417.4 36.8 
[G11+Tb]3+ 1553.4 100.0 
[G12+Tb]3+ 1689.4 77.5 

 
Table 3b. TANDEM MS of [M8+Tb]3+ (1143.9 m/z) at DP80. G = monomeric TAG with 

409.36 a.m.u. 

 

[TAG]nTb
3+
n m/z Rel. intensity  

   
guanine 152.1 12.9 
triacetyl sugar 259.1 48.1 
[G+H]+ 410.1 100.0 
[G2+H]+ 819.3 1.6 
[G4-H+Tb]2+ 897.7 3.7 
[G5-H+Tb]2+ 1101.8 27.1 
[G6-H+Tb]2+ 1306.8 26.5 
[G7-H+Tb]2+ 1511.4 32.4 
[G8+Tb]3+ 1143.9 60.6 

 
Table 4a. TANDEM MS of [M12+Dy]3+ (1691.4 m/z) at DP80. G = monomeric TAG 

with 409.36 a.m.u. 

 

[TAG]nDy
3+
n m/z Rel. intensity  

   

[G+H]+ 410.1 10.4 

[G2+H]+ 819.7 2.3 

[G8+Dy]3+ 1145.6 108.5 

[G9+Dy]3+ 1282.0 83.9 

[G10+Dy]3+ 1418.7 97.0 

[G11+Dy]3+ 1555.1 100.0 

[G12+Dy]3+ 1691.4 7.7 

[G5-H+Dy]2+ 1104.3 2.4 

[G6-H+Dy]2+ 1308.9 2.4 

[G7-H+Dy]2+ 1513.4 5.7 
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[G8-H+Dy]2+ 1718.0 1.3 

 
Table 4b. TANDEM MS of [M8+Dy]3+ (1144.6 m/z) at DP80. G = monomeric TAG 

with 409.36 a.m.u. 

[TAG]nDy
3+
n m/z Rel. intensity  

   
guanine 152 12.9 
triacetyl sugar 259 31.0 

[G+H]+ 410.1 100.0 

[G2+H]+ 819.3 2.8 

[G4-H+Dy]2+ 899.2 2.7 

[G5-H+Dy]2+ 1103.8 19.6 

[G6-H+Dy]2+ 1308.3 24.4 

[G7-H+Dy]2+ 1512.9 32.5 

[G8+Dy]3+ 1144.6 46.4 

 

Table 5a. TANDEM MS of [M12+Tm]3+ (1692.8 m/z) at DP80. G = monomeric TAG 

with 409.36 a.m.u. 

[TAG]nTm
3+
n m/z Rel. intensity  

   

[G+H]+ 410.1 8.5 

[G2+H]+ 819.3 3.1 

[G5-H+Tm]2+ 1106.8 1.6 

[G6-H+Tm]2+ 1311.4 1.8 

[G7-H+Tm]2+ 1516.4 4.8 

[G8-H+Tm]2+ 1720.9 0.9 

[G8+Tm]3+ 1147.7 64.4 

[G9+Tm]3+ 1284.0 62.2 

[G10+Tm]3+ 1420.4 83.7 

[G11+Tm]3+ 1556.8 100 

[G12+Tm]3+ 1692.8 21.1 
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Table 5b. TANDEM MS of [M8+Tm]3+ (1147.3 m/z) at DP80. G = monomeric TAG 

with 409.36 amu. 

[TAG]nTm
3+
n m/z Rel. intensity  

   
guanine 152.1 6 
triacetyl sugar 259.1 17.1 

[G+H]+ 410.1 100.0 

[G5-H+Tm]2+ 1106.8 11.4 

[G6-H+Tm]2+ 1311.9 20.5 

[G7-H+Tm]2+ 1516.4 24.8 

[G8+Tm]3+ 1147.3 31.3 
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ESI-MS spectra of both theoretical and experimental data of [TAG]n-(cation-picrate)n 

species. TAG = monomeric 2′,3′-5′-O-triacetylguanosine with 409.35 a.m.u. 
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Appendix IX: (Chapter 5) 

ESI-MS spectra of both theoretical and experimental data of [TAG]n-(Ca
2+picrate)n 

species. TAG = monomeric 2′,3′-5′-O-triacetylguanosine with 409.35 a.m.u. 
 

 
 
 



 228

 


