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Abstract

Guanine-rich lengths of DNA are capable of self-assembly into higher order structures 

known as G-quadruplexes. Guanine rich DNA sequences from a range o f biologically 

relevant regions in the human genome, most notably telomeric DNA, have been observed to 

form such structures. To date a wide variety o f quadruplex structures have been 

experimentally determined.

This thesis is primarily concerned with the characterisation of a G-rich region of DNA from 

the c-kit oncogene promoter region. This work investigates the ability o f this sequence, 

d(AGGGAGGGCGCTGGGAGGAGGG) (known as c-kit 7), to form quadruplex structures 

using a range of biophysical techniques, principally nuclear magnetic resonance, UV melting 

studies and CD spectroscopy. The structural and thermodynamic properties o f a quadruplex 

forming from this sequence are comprehensively examined. G-quadruplexes are known to 

be sensitive to small mutations in their loop regions and a series of three mutated sequences 

was created with the aim of elucidating the effects of mutations on the quadruplex forming 

ability of this region of G-rich DNA. The effect of each mutation was examined using the 

biophysical methods outlined above.

Molecular dynamics simulations have also been performed to investigate three different 

quadruplex topologies that this sequence may adopt in the solution phase. Free-energy 

calculations were undertaken to investigate the relative stabilities o f the possible folds. The 

molecular dynamics simulations also provide an insight into the behaviour of the loop 

regions for a range of possible loop topologies. Ligand interaction with a model o f the 

parallel c-kit 1 quadruplex was also studied by molecular dynamics in order to provide a 

structural rationale for ligand binding. A range of acridine-based ligands were studied and 

the model was validated by comparison with experimentally observed binding affinities. 

Modelling studies were also undertaken to examine the relative behaviour of two human 

telomeric quadruplex structures.

Results show that the c-kit 1 sequence is capable of forming a single quadruplex species with 

a novel parallel motif. The sequence is highly sensitive to mutation; modified sequences do 

not show any quadruplex forming ability. Modelling studies on the human telomeric 

quadruplex folds reveal that base pairing contributes significantly to the overall stability of 

the 3-1-1 fold. The availability of these bases to participate in pairing interactions in vivo may 

determine the viability of the mixed fold in a cellular environment.
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Chapter 1 

Introduction

1.1 Guanine quadruplexes

Guanine rich nucleic acid sequences may fold into non-duplex higher order structures, which 

are characterised by the formation of guanine quartets. A guanine quartet (or tetrad) is 

formed when four guanine bases associate through hydrogen bonding via their Watson-Crick 

and Hoogsteen faces around a central metal ion, as shown in Figure 1.1. Guanine 

quadruplexes are formed by k-k stacking between successive guanine quartets.

A tetrad structure was first proposed in 1962 (Gellert et a l,  1962) based on fibre diffraction 

patterns from guanine monophosphate (GMP) gels; it was noted that no proposed G-G dimer 

arrangement would account for the exceptional stability of the observed structures. The 

tetrad arrangement shown in Figure 1.1 was therefore proposed with hydrogen bonding 

between the N1 and 0 6  and N2 and N7 atoms on adjacent guanine bases and with stacking 

o f adjacent tetrads on top of each other, 3.25 Â apart. This proposed structure would result 

in a central channel down the middle of the tetrads. X-ray fibre diffraction studies on 

poly(inosine) in the 1970’s (Amott et a l,  1974) confirmed a four stranded tetrad structure, 

with the hypoxanthine bases in an anti configuration. Hydrogen bonding was observed 

between the N1 and 0 6  atoms, and existence o f the central channel was confirmed. A 

poly (guanine) sequence could have a structure isogeometrical to that proposed for poly (I), 

with additional hydrogen bonding between the N2 and N7 guanine atoms as proposed by 

Gellert and co-workers. This extensive hydrogen bonding between guanine bases in the 

tetrad would account for their exceptional stability. Quadruplex formation within a 

biologically relevant context was initially reported by Sen and Gilbert in 1988 (Sen and 

Gilbert, 1988) and Sundquist and Klug in 1989 (Sundquist and Klug, 1989). Sen and Gilbert 

observed tetrad formation in oligonucleotides from the immunoglobulin switch regions and 

Sundquist and Klug reported antiparallel quadruplex formation from G-rich telomeric 

overhang regions. High resolution structures for guanine quadruplexes were first reported in 

1992. The sequence d(G4 T4 G4 ) was solved by both NMR (Smith and Feigon, 1992) and by 

X-ray crystallography (Kang et a l ,  1992), although the latter structure was re-determined by 

Haider and co-workers (Haider et a l, 2002).
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In recent years an ever-increasing range o f quadruplex structures have been reported. The 

guanine quartet hydrogen bonding network is the key to quadruplex stability, with the 

phosphodiester backbone accommodating the precise arrangement o f guanine bases in the 

tetrad configuration. The 0 6  atoms o f the guanine bases result in a region o f strong negative 

electrostatic potential down the central channel o f a quadruplex structure. G-quadruplex 

formation and stability is dependent on the presence of metal cations in this channel and K 

or Na" are the most commonly observed species. These metal cations stabilise G-quadruplex 

structures by fonning ionic interactions with 0 6  atoms in guanine bases. Metal ions can 

occupy different sites within this channel depending on ionic radii. K ' and ions sit

between consecutive tetrad planes and the ion is then co-ordinated to eight 0 6  atoms. Na^ 

ions, however, can reside in the tetrad plane or midway between tetrads, depending on the 

location o f the tetrad within the quadruplex structure (Keniry, 2000; Phillips et a l ,  1997).

N

HN

H
►=0'

N 1

H N H,

P:H /
HN(:

Figure 1.1 G uanine quartets. Hydrogen bonding is shown as dotted lines. Left: Hydrogen bonds 

shown between spécifié atoms, right, ribose rings are also shown and guanine bases are shown in blue; 

metal ion in green.
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1.1.1 Tetra-, bi- and unimolecular quadruplexes

Various quadruplex structures may be formed depending on the guanine content of a given 

sequence o f G-rich DNA. These structures may be subdivided into three distinct types: tetra- 

, bi- and unimolecular quadruplexes. Tetramolecular quadruplexes are formed from four 

short separate strands of G-rich DNA which each contain a single run of guanine bases, for 

example d(TG 4 T). (Aboul-ela et a l, 1992; Aboul-ela et a l,  1994; Laughlan et a l, 1994; 

Phillips et a l ,  1997). Each strand contributes one guanine base to each tetrad. Such 

structures are normally referred to as parallel stranded quadruplexes as all strands have the 

same 5’-3’ orientation. Longer sequences with two guanine repeat regions (or tracts) may 

form bimolecular quadruplexes. Each quartet in a bimolecular quadruplex contains two 

bases from each separate strand. Bimolecular quadruplexes may be either parallel or 

antiparallel; an antiparallel quadruplex has different 5 ’-3’ orientations for the runs of guanine 

bases which make up the G-tetrad stacks. Whereas the guanine bases in parallel 

quadruplexes all have anti glycosidic angles, bimolecular quadruplexes display a mix of syn 

and anti glycosidic angles for tetrad guanines. For these sequences the guanine tracts are 

separated from each other by a series of bases which form the loop region. Sequences which 

consist of at least four guanine tracts (the guanine tracts again separated by loop regions) 

may form unimolecular quadruplexes which comprises the most interesting category of 

quadruplex structures. In unimolecular quadruplexes all the guanine bases involved in tetrad 

formation come from a single strand of DNA. Unimolecular quadruplexes may be parallel 

{e.g. the sequence d[AG3 (TTAG])3 ] in solution (Parkinson et a l,  2002)), antiparallel 

(d[AG3TTAG3 )3 ] in Na"̂  solution (Wang and Patel, 1994)) or exist as a mixed 

parallel/antiparallel structure (the BCL-2 quadruplex (Dai et a l, 2006)). Many topologies 

are potentially available for a unimolecular quadruplex and the limited number of topologies 

observed to date does not imply that other topologies may not form.

The loop regions seen in bi- and unimolecular quadruplexes are at least one base long; to 

date the longest loop determined in a structure is a seven base sequence, d(TTAAGGA), 

present in the BCL-2 quadruplex (Dai et a l ,  2006)^ . The upper limit o f loop length is not 

yet known. Loop regions involved in tetrad formation may adopt one of several 

conformations. When two adjacent antiparallel runs o f guanines are joined by a loop, it is

 ̂ A nine-base loop has been proposed, on the basis o f chemical footprinting data, for the G 

rich region in the KRAS promoter (Cogoi and Xodo, 2006). It has not yet been validated by 

a structural method.
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termed an edge, or lateral, type loop. Two diagonally opposite antiparallel guanine runs are 

joined by diagonal type loops and two adjacent parallel guanine runs are joined by propeller 

type loops. Propeller type parallel loops may also be referred to as double-chain reversal 

loops. The three loop types are illustrated in Figure 1.2.

A general m otif for sequences capable of fomaing unimolecular quadruplexes may be 

described as follows:

^ 3 - 5 ^ ^ - 7  ^ 3 - 5 1 - 7  ^ 3 - 5 ^ ^ 1 - 7  ^ 3 - f Equation 1.1

where four runs o f guanine bases between three and five bases long ( G 3 . 5 )  are separated by 

three loop regions {Ln) between one and seven bases long. Loops may be identical to each 

other, as is the case for telomeric quadruplexes, or they may differ in sequence and length 

considerably (for example non-telomeric quadruplex forming sequences, such as the c-kit 

sequences described in this work).

Figure 1.2 Loop types in G-quadruplex structures. From left to right, edge, diagonal and propeller 

type loops.

Species Repeating sequence

H. sapiens d(GGGTTA)
q q q q r r T T

Oxytricha d(6eG T T T T )
4 4 A ATT

Tetrahymena d(GGGTT)

Table 1.1 Selected telomeric repeat units.



1.2 Telomeric G-quadruplexes

Telomeric DNA is to date the best studied source o f quadruplex forming nucleic acids. 

Quadruplex formation was identified in telomeric regions o f DNA by Sundquist and Klug in 

1989 (Sundquist and Klug, 1989). Telomeres are nucleoprotein complexes at the end of 

eukaryotic chromosomes. They contain repeats of G-rich non-coding DNA with regular 

repetitive sequences. Protection by telomeres is essential to avoid activation o f DNA 

damage repair pathways that signal cell cycle arrest, senescence and apoptosis. Such 

protection will also prevent telomere fusions between chromosomes. Telomeric DNA is 

characterised by its regular repeating sequence and the repeating unit for a range of species is 

shown in Table 1.1. The extreme 3’ end of telomeres consists o f a single stranded DNA 

overhang of the G-rich strand; in humans this single strand region is typically between 100 

and 200 bases long. Overall telomere length varies significantly depending on the cell type; 

somatic cells have telomeres around 6-8 kilo base pairs (kbp) in length, whilst germ line 

cells have much longer telomeres which are around 20 kbp long (Henderson and Blackburn, 

1989). The cell is prevented from recognising telomeres as damaged DNA by extensive 

protein-DNA binding in the telomeric region; these protein-DNA interactions are also 

responsible for the maintenance of telomere integrity. The protein complex shelterin is 

primarily responsible for association with the TTAGGG repeats and for telomere protection. 

This complex is also associated with determining telomeric structure and controlling 

telomeric DNA synthesis by telomerase (de Lange, 2005). Shelterin consists of six telomere 

specific proteins: TRFl, TRF2, PO Tl, TIN2, TPPl and Rapl. Telomere repeat binding 

factor 1 (TRFl) binds specifically to the telomeric duplex TTAGGG repeat array and, in 

conjunction with human protection of telomeres 1 (hPOTl) which binds to the single strand 

overhang, ensures that telomeres are appropriately maintained (Smogorzewska and deLange, 

2004). In combination with the other shelterin-complex proteins, these proteins act to 

protect against DNA damage in the telomeric region and recruit other proteins to counter 

abnormalities detected along the telomere length.

For cell replication to occur, the entire genome (including the non-coding end regions) must 

be exactly replicated. However, DNA polymerase template-based mechanisms in normal 

somatic cells are unable to reproduce to the final base in the 5’-3’ lagging strand of a 

replication fork (Lingner and Cech, 1998; Lingner et a l, 1995; Olovnikov, 1973). This 

results in a loss of around 50 to 150 bp from the end of telomeres during each round of 

replication. This gradual telomere shortening leads to cells ceasing to replicate and entering 

senescence as they reach what is known as the Hayflick limit (Hayflick, 1965). However,
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around 70% of cancer cells do not follow the above behaviour o f entering senescence upon 

reaching the Hayflick limit. In this case the reverse transcriptase enzyme telomerase is 

frequently responsible for maintaining telomere length and therefore facilitating uninhibited 

cell replication (Wright and Shay, 1992). Reverse transcriptase enzymes create single 

stranded DNA using an RNA template. Telomerase consists of the reverse transcriptase 

enzyme, human telomerase reverse transcriptase (hTERT), and the RNA template, human 

telomerase RNA (hTR). By using the hTR template, hTERT adds on a hexanucleotide 

repeating sequence d(TTAGGG) to the single strand DNA overhang at the ends of 

chromosomes. Telomeres are therefore prevented from reaching critically short lengths and 

normal senescence mechanisms are not activated. Inhibition of telomerase action is 

therefore an attractive target for potential therapeutic gain. One method of inhibiting 

telomerase action would be to induce the formation o f quadruplexes in the single stranded G- 

rich telomere overhang region. As the single stranded end is required for hybridisation to 

hTR, it is proposed that quadruplex formation within the single stranded region would inhibit 

the binding of telomerase and therefore prevent maintenance of telomere length, allowing 

cancer cells to senesce (Kelland, 2005). It has also recently been shown that G-quadruplexes 

are poor substrates for telomerase, and that the protein hPOTl is involved in their disruption 

to enable telomerase activity (Zaug et al., 2005). It is this potential therapeutic interest that 

has led the drive to understand quadruplex structure and function in telomeric DNA.

1.2.1 Structure o f  telomeric quadruplexes

A wide range o f telomeric DNA quadruplex (and telomere-like repeating DNA sequences) 

structures have been determined by NMR and X-ray crystallography and a brief summary of 

NMR and X-ray structures is given in Table 1.2. Despite the relatively simple repeating 

sequences of telomeric overhangs, they may exist in a wide range o f topologies.

The simplest quadruplexes studied to date at high resolution are the tetramolecular 

quadruplexes, such as d(TG4 T) for which there exists X-ray (Laughlan et a l ,  1994; Phillips 

et a l, 1997) and NMR structures (Aboul-ela et a l, 1992; Aboul-ela et a l, 1994; Phillips et 

a l, 1997). This tetramolecular quadruplex is parallel stranded in both Na^-containing 

solution and crystalline environments. Many key features o f quadruplex structure are clearly 

shown in the crystalline form which was solved to a resolution of 0.95 Â (Phillips et a l, 

1997). A well resolved right handed helix is observed along with the tetrads of co-planar 

guanines. Guanine bases involved in tetrad formation all have anti glycosidic angles 

(consistent with A and B form duplex DNA); this is true for all parallel stranded 

quadruplexes observed to date. Na"̂  ions are found in a range o f positions in this structure,
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including positions equidistant between two tetrads and in the plane of a tetrad. The thymine 

bases are not well resolved in the NMR structures but are involved in lattice stacking 

interactions within the crystal structure. The grooves between the phosphodiester backbone 

range in width between 2.3 and 3.3 Â and are able to maintain an extensive hydration 

network. Water molecules may form hydrogen bonding interactions with themselves and 

with the NH 2 and N3 atoms. The backbone region is similar in character to that of duplex 

DNA and the sugar conformations are similar to those seen in B form duplex DNA.

The Oxytricha telomeric repeating sequence d(G4 T4 G4 ) 2  has also been extensively studied by 

NMR and X-ray crystallography. However, the first X-ray analysis by Kang et al. (Kang et 

a l, 1992) was later shown to be incorrect by a more recent structure by Haider and co

workers (Haider et a l, 2002). This quadruplex has also been crystallised in association with 

the Oxytricha nova telomeric end binding protein, TEBP (Horvath and Schultz, 2001). The 

NMR structures (Schultze et a l, 1999; Smith and Feigon, 1992) show bimolecular 

quadruplexes containing four G-tetrads with diagonal loops in both Na^ and K^ 

environments. The two most recent crystal structures exhibit the same overall fold as the 

solution phase experiments, however the thymine loop bases are much better resolved. The 

crystal structure by Haider and co-workers shows extensive interactions between the loop 

bases and the tetrad which are unresolved in the NMR structures; the first thymine in the 3’- 

5’ direction stacks on top of the tetrad core and forms a hydrogen bond with the third 

thymine base, which is also stacked above a guanine base. Each quartet has a syn-syn-anti- 

anti pattern of glycosidic angles, which means that there are alternating syn-anti glycosidic 

angles along the guanine strand. The syn glycosidic angles are a result of the steric 

constraints introduced in formation of the antiparallel structure and are presumably 

compensated for by favourable loop-loop and loop-tetrad interactions. The diagonal 

topology results in varying groove widths for the quadruplex in the crystalline environment. 

Two medium grooves are formed between the parallel strands; a wide and a narrow groove 

are found between antiparallel strands. This is in agreement with the NMR structure 

presented by Smith and Feigon (Smith and Feigon, 1992). Each guanine base is hydrogen 

bonded only to guanines from the other strand. As the diagonal looped structures are not 

simple dimers of hairpins, formation must occur via a pathway other than the association of 

two such hairpins. The diagonal dimer nature of this structure also contributes to the overall 

stability; in order for the structure to melt, all 32 hydrogen bonds involved in tetrad 

formation must be disrupted. A dimer o f hairpins would only require the breaking of 16 

hydrogen bonds to destroy the G-tetrad planes. Similar sequences, for example d(G4 T4 G] ) 2  

also exist as a bimolecular quadruplex with diagonal loops (Cmugelj et a l, 2003). However,

subtle changes to sequences such as the previous example do not always have such minor
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effects on quadruplex structure; Cmugelj and co-workers report an antiparallel stmcture 

containing both edge and diagonal loops for the sequence d(G3T4 G4 )2 . The related sequence 

d(G 3T4 G]) (Smith et a l, 1994) forms an asymmetric dimer which is similar to that reported 

for d(G4 T4 G4 ) but consists of only three tetrad planes. The removal of this tetrad removes 

the twofold symmetry axis present in the d(G4 T4 G4 ) stmcture.

Quadmplexes based on the Tetrahymena telomeric repeat sequence have also been reported. 

Like the Oxytricha telomeric sequences, antiparallel stmctures predominate. Sundquist and 

Klug observed the formation of antiparallel tetrads from Tetrahymena telomeric overhangs 

using chemical footprinting experiments (Sundquist and Klug, 1989). They also reported the 

co-existence of two distinct quadmplex species which was later confirmed by Phan and co

workers (Phan et a l,  2004b). This study also showed that the presence o f the two thymine 

bases promoted dimérisation and enabled the sequence to fold back into the hairpins 

necessary for quadmplex formation. The NMR experiments conducted by Phan et a l  on the 

sequence d(TG4 T]G4 T ) 2  in Na^ rich solution confirmed the presence of two dimeric 

stmctures; a head-to-head (both loops on the same tetrad face) and a head-to-tail (each loop 

on an opposite tetrad face) were both observed. Interconversion between the two species is 

seen on an NMR timescale. Each stmcture shows asymmetric dimeric quadmplex 

formation, with four tetrads exhibiting syn-syn-anti-anti glycosidic angles around the tetrad. 

Alternating syn-anti-syn-anti glycosidic angle configurations are observed along the guanine 

tracts. Both quadmplex stmctures are stable under identical conditions and co-exist in 

similar proportions. The stmcture observed for the longer sequence d(T2 G4 ) 4  is somewhat 

different; although two lateral loops are seen, this stmcture also provided experimental 

evidence for a propeller type loop (Wang and Patel, 1994). Although the sequence could 

form four G-tetrads, only three are observed here. Guanine bases are present in the loop 

regions; the first loop is a GTTG edge loop, the second is a TTG edge loop. The final loop 

consists of two thymine bases and spans three tetrad planes in a propeller type loop. The 

middle and bottom tetrad have identical glycosidic angles around the tetrad {anti-syn-anti- 

anti) whilst the top tetrad has syn-syn-syn-anti glycosidic angles.
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Origin Sequence Conditions and topology Reference

H. sapiens d[AG3(l2AG3)3] Na"̂  antiparallel Wang 1993

d(T2AG3) parallel Wang 1992

d[G3(TzAG3)2T] Na"̂  asymmetric dimer Zhang 2005

d[AG3(TzAG3)3] parallel Parkinson 2002

d(TAG3TTAG3l) parallel Parkinson 2002

d(TAG3lTAG3T) parallel and antiparallel Phan 2003

d[TTGGG(TTAGGG)3A] mixed Phan 2006

Tetrahymena d(T2G4)4 Na"̂  antiparallel Wang 1992

d(l2G4) parallel Wang 1992

d(TG4T2G4T)
Na^ head-to-head and head-to- 

head dimers
Phan 2004

Oxytricha d(G4T4G4) antiparallel 

antiparallel 

Na"̂  antiparallel

Haider 2002 

Schultze 1999 

Smith 1992

d(G4l4G3) Na^ antiparallel Cmugelj 2002

d(G3l4G3) Na^ antiparallel Smith 1994

d(G3l4G4) Na"̂ , antiparallel Cmugelj 2003

Table 1.2 Selected telomeric sequences and their quadruplex topologies.
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The conformational plurality shown by d(TG4 T2 G4 T) is also seen in a sequence closely 

related to the Oxytricha and Tetrahymena telomeric repeats, d(G4 T3 G4 ). This sequence may 

exist as one of two antiparallel quadmplex dimers; either head-to-head or head-to-tail (Hazel 

et al., 2006b). Crystallisation o f d(G4 ®^UTTG4 ) and d(G4 T3 G4 ) resulted in head-to-head and 

head-to-tail dimers (seen within the same asymmetric unit) for the brominated derivative and 

a head-to-tail dimer for the unmodified sequence. All loops in the stmctures were of the 

edge type and four tetrads are present in each dimer. The coexistence o f both dimers within 

one crystal suggests that both forms are very similar in energy, which is consistent with the 

NMR results for the interconverting Tetrahymena sequence d(TG4 T%G4 T). Unlike the 

Oxytricha antiparallel dimeric stmcture, no ions were found in the loop regions. Two major 

loop conformers were found in these crystal stmctures. In one conformer, the 5’ thymine is 

folded down into the groove and the remaining two thymines stack on top o f the terminal G- 

tetrad. The second loop conformer shows only the 5’ thymine stacking with the G-tetrad and 

the remaining two thymines involved in stacking interactions between themselves. It is 

thought that the shorter loop length o f this sequence accounts for these quadmplexes 

adopting edge type loops, as opposed to the diagonal loops shown by the Oxytricha 

sequence.

O f particular importance are the human telomeric X-ray crystal stmctures for the sequences

d(TAG3TTAG3 T) and d[A(G3TTA)3 GGG] in rich environments (Parkinson et ah, 2002).

The 22mer stmcture is particularly relevant for the design of quadmplex-stabilising ligands

for use as telomerase inhibitors. Despite their similarity to other telomeric repeats (the

human repeat differs from that of Tetrahymena by a single G to A substitution), stmctures of

these sequences are not similar to other telomeric quadmplexes; in K^-rich crystalline

environments both sequences form similar parallel stranded quadmplexes with propeller type

loops. The loop bases stack neatly with each other; the A base intercalates with the two T

bases. All guanine bases are in the anti configuration, and a consequence o f the parallel

stmcture is that all the groove widths are equal. The crystal stmcture of the longer human

telomeric sequence differs from previous NMR stmctures o f the same sequence in Na^ rich

environments, which illustrate an antiparallel quadmplex fold (Wang and Patel, 1993). In

Na^ solution three tetrads joined by two edge loops and a central diagonal loop are seen. The

adenine bases present stack on the tetrad faces; the thymine bases are not well defined and

may sample multiple conformations. The shorter human telomeric sequence exhibits

conformational plurality similar to that shown by the Tetrahymena dimers (Phan and Patel,

2003). The modified sequence d(TAGGGUTAGGGT) forms a parallel stranded quadmplex

with propeller type loops in solution, similar to that reported in the X-ray crystal

stmcture, whilst the sequence d(TAGGGT^'^UAGGGT) prefers to form an antiparallel head-
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to-tail dimeric structure with edge loops. Recently, the NMR structure o f two related 

sequencegbased on the human telomeric sequence has been published (Ambrus et a l, 2006; 

Luu et a l,  2006). The first sequence (the structure o f which was published by Ambrus and 

co-workers), d[AAAGGG(TTAG])]AA], forms a mixed parallel/antiparallel structure with a 

propeller type loop followed by two edge type loops. As flanking bases are known to have a 

significant impact on quadruplex stability and topology, it is not clear whether this structure 

is of biological significance. This structure, with its edge type loops would also restrict the 

stacking of consecutive quadruplex units. The same topology has been identified for the 

sequence d[TTGGG(TTAGGG)]A] (Luu et a l,  2006). This quadruplex also contains one 

propeller type loop (the first loop sequence) and two edge loops and is very similar to the 

structure reported by Ambrus and co-workers. Both o f these structures have two medium 

grooves adjacent to each other, and a wide and narrow groove, also adjacent to each other. 

One tetrad has an anti-syn-syn-syn arrangement o f glycosidic angles, whilst the remaining 

two exhibit syn-anti-anti-anti glycosidic angles. The existence o f multiple quadruplex forms 

for the human telomeric sequence has lead to intense debate in the literature as to which 

quadruplex form, if any, predominates in vivo.

The diverse nature o f quadruplex topology is illustrated by the wide range of folds observed 

for the relatively similar telomere repeat sequences. It is apparent that all possible folding 

and loop conformations have not yet been observed experimentally; this does not imply that 

they cannot form and new topologies are continually emerging. The conformational 

plurality exhibited by many quadruplex forming sequences (in particular the shorter 

sequences around 12 bases in length) may significantly hinder structural solution as no single 

species exists in solution. However, the existence o f multiple quadruplex forms is usually 

due to small differences in loop arrangements (such as the co-existence o f head-to-tail and 

head-to-head dimers) rather than significantly different structural motifs. The plurality 

problem is further exacerbated in non-telomeric sequences with their non-identical loop 

regions; this is further discussed within the context o f the c-myc promoter region in Chapter 

2. O f particular interest is the wide range of behaviours exhibited by the loop regions, which 

contribute to the stability of the overall quadruplex fold. It is clear that loop bases are multi

functional and can adopt any one of a range o f stabilising interactions, such as loop-tetrad 

stacking and loop base intercalation. They may also sample a range o f conformations and 

therefore remain undefined, especially in solution phase environments.

25



1.3 Factors affecting quadruplex stability and topology

The overall fold, or folds, of a quadruplex dictates how they may interact with other 

biomolecules and ligands. An understanding of the determinants o f quadruplex folds is 

therefore essential for work investigating the biological relevance of quadruplex structures. 

Despite the significant effort directed towards understanding factors determining quadruplex 

formation and topologies there are few rules governing quadruplex formation. Several 

factors are now known to play important roles but the extent to which each factor can 

influence quadruplex properties is not always fully understood. Critical variables which can 

influence quadruplex stability and formation are discussed in detail below.

1.3.1 Nature o f  the metal ion

The presence of monovalent metal ions is essential for quadruplex formation and stability; 

quadruplex formation is associated with an uptake i f  ions and a net release o f water 

molecules (Olsen et al. 2006). The thermodynamic analysis by Olsen and co-workers also 

revealed that although the favourable formation of a G-tetrad stack is enthalpy driven, it is 

accompanied by a corresponding entropie cost which is consistent with cation 

immobilisation. Early studies of quadruplex behaviour revealed that the nature of the 

monovalent metal ion co-ordinated in the centre of a quadruplex is critical in determining 

quadruplex fold properties (Williamson et al., 1989). Not only can the choice o f metal ion 

influence the topology o f the resulting quadruplex {e.g. the human telomeric sequence which 

forms an antiparallel quadruplex in Na^ solution but a parallel structure in rich 

environments (Parkinson et al., 2002; Phan and Patel, 2003; Wang and Patel, 1993)), it may 

also determine whether or not a quadruplex can form at all.

The majority of recent structural studies of G-quadruplexes -ere conducted in a K rich 

environment, as ions provide a high level of stabilisation to quadruplex structures at 

concentrations comparable to those found in vivo. Sodium and lithium ions may also be 

found in G-quadruplex structures, and in particular a wide range o f structures in a Na"̂  rich 

environment have been reported (see Table 1.2). However, Na"̂  ions exert a lesser degree of 

stabilisation on quadruplex structures when compared to ions, with Li^ ions exerting an 

even weaker stabilising effect. The smaller ionic size o f the Na^ and Li^ ions allows them to 

move relatively easily through the channel formed by successive quartets; the larger ions 

encounter a much larger energy barrier as they try to move along this channel, with steric 

hindrance contributing to the high energy barrier (van Mourik and Dingley, 2005). The 

central channel is o f ideal dimensions for octacoordinate chelation; the average K -0  bond
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distance as determined from fibre diffraction studies is 2.80 À (Zimmerman et al. 1975) 

which is consistent with K-O bond lengths in other octacoordinate polyether complexes. 

The core is less suited to Na"*" - O chelation; typical N a-0  bond lengths are around 2.40 Â. 

In addition to altering the overall fold, ions may exert a more subtle effect on loop regions. 

This is seen for sequence d(G4 T4 G4 ) which has different loop conformations in Na^ and 

environments, despite having the same overall dimeric antiparallel topology (Schultze et al.,

1999).

1.3.2 Sequence effects

The nucleic acid sequence used to form a quadruplex can influence the number o f G-quartets 

that can form and therefore it may affect the topology o f any resulting quadruplex. By 

determining how many G-quartets are able to form, the length of the repeating guanine runs 

in a sequence can affect the overall quadruplex stability. Sequences with short runs of 

guanines such as the Fragile X syndrome sequence d(GGC)„ result in quadruplexes which 

are reluctant to form and exhibit poor stability once formed when compared with sequences 

with longer repeating guanine runs. This is a direct consequence of sequences with fewer 

guanine bases being able to form fewer G-tetrad structures which can be stabilised by 7i 

stacking effects (Fojtik et al., 2004). However, despite its ability to potentially form four G- 

tetrads, the sequence d(T]G4 ) 4  forms only three G-tetrads and four guanine bases are in loop 

regions (Wang and Patel, 1994). Therefore sequences are not always driven to form the 

maximum number o f G-tetrads during quadruplex formation.

The number of guanine runs present can influence the number o f quadruplex species that 

may form. Sequences which contain four runs of guanines, such as the c-kit oncogene 

promoter region studied in this work and the human telomeric repeating sequence are 

generally limited to forming one particular quadruplex topology for a given solution 

environment. Where larger numbers of guanine runs are present, such as in the c-myc 

promoter sequence, several quadruplex species may form. This polymorphism results from 

the increased number of ways in which it is possible to fold a longer sequence (which may 

have more than four guanine tracts and/or more than three bases in each run of guanines) 

into a quadruplex structure. Shorter sequences may also exhibit polymorphism; the human 

telomeric sequence containing two runs o f guanines may exist in several forms (Parkinson 

et a l ,  2002; Phan and Patel, 2003), which is a consequence of the number o f ways two short 

strands may join together to form a quadruplex. The energetic similarity between the head- 

to-head and head-to-tail dimers studied to date contributes towards their tendency to co-exist 

in solution.
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The glycosidic angles of guanine bases involved in tetrad formation also impact on 

quadruplex structure. The antiparallel fold of the thrombin binding aptamer can be changed 

into a parallel fold by substitution of dG bases for rO bases (Tang and Shafer, 2006). RNA 

nucleotides display a strong preference for the anti conformation (due to steric hindrance 

caused by the extra OH group on the sugar ring) which in turn forces a parallel quadruplex 

fold to be adopted to accommodate the rO bases in an anti conformation. Therefore 

antiparallel loops can introduce strain into the G-tetrad by forcing some guanine bases to 

adopt syn glycosidic angles; this must be compensated for in other ways, most likely by the 

formation of stabilising interactions involving loop bases.

1.3.3 Loop lengths and sequences

Loop lengths and sequences play key roles in determining the nature o f quadruplex folding 

and stability. However, despite increasing structural and biophysical data on a range of loop 

sequences and lengths, no hard and fast rules (or even guidelines) exist for predicting which 

loop types may form from a given quadruplex forming sequence. Loops may stabilise 

quadruplexes by stacking on terminal tetrad faces and by the formation of stabilising 

intraloop and loop-tetrad interactions. A recent study where loop bases were replaced with 

non-nucleosidic linkers highlighted the contribution o f loop-quadruplex and loop-loop 

interactions to quadruplex stability (Risitano and Fox, 2004). Although no clear relationship 

between loop lengths and quadruplex stability has been proposed. Risitano and co-workers 

found that shorter loop sequences may destabilise quadruplexes; this same study also found 

that sequence effects were important, with a TTA to AAA mutation within the human 

telomeric sequence decreasing the overall stability (Risitano and Fox, 2003). However, 

studies on the thrombin binding aptamer revealed that both shorter and longer loop 

sequences rendered structures less stable than the native sequence (Smirnov and Shafer,

2000). The lengths of loop sequences can also play an important role in determining 

quadruplex topology. Circular dichroism experiments on d(G4 T„G4 ) 2  structures 

(Balagurumoorthy et al., 1992) revealed that d(G4 TG4 )% forms a parallel stranded quadruplex 

whereas longer sequences for «=3 or n=4 show hairpin dimer formation (i.e. bimolecular 

quadruplex formation with edge type loops). For n=2, the sequence is thought to exist in a 

mixture of parallel and antiparallel topologies. Therefore the length o f the loop imposes 

constraints on the types of loops that can form. The effects of loop sequence on quadruplex 

topology have been shown by Keniry et al. (Keniry et al., 1997), where sequential T to C 

mutations for the sequence d(G]T4 G3 ) 2  resulted in changes to the circular dichroism 

spectrum. NMR experiments on the same sequences also revealed evidence of significant 

structural changes, however the overall quadruplex folds were not determined and it is
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therefore not possible to pinpoint the exact structural changes responsible for the changes in 

stability. Recent structures have shown a tendency for two and three base loops to exist as 

edge type loops, with the four base loops existing as diagonal loops (Hazel et ah, 2006a; 

Hazel et al., 2006b).

Thermodynamic analysis of quadruplex stability reveals that loop regions contribute 

favourably to the enthalpy o f formation by forming loop-loop and loop-tetrad stacking 

interactions (Olsen et al. 2006). Diagonal loops contribute less favourably to the enthalpy 

than the equivalent edge loop; this is most likely due to the strain a short loop encounters as 

it bridges the longer distance associated with a diagonal loop. This same study also revealed 

that the loop regions o f the human telomeric sequence contribute relatively little to overall 

quadruplex stability. This is due to their decreased loop-tetrad stacking. In general, loops 

may decrease tetrad stacking but they favourably contribute to overall quadruplex stability 

by the stacking of loop bases and extra flanking bases onto the tetrad bases.

For high-resolution quadruplex structures reported to date, thymine is the most common base 

found in quadruplex loop regions. This is a consequence of their frequent occurrence in 

telomeric repeat sequences. Their small size allows several residues to fit in the space 

available to loops (Haider et al., 2002) and for them to interact with groove regions (Hazel et 

al., 2006b). Cytosine bases are much less common in loop sequences; this is perhaps due to 

Watson -  Crick hydrogen bonding competing with guanine bases that would otherwise be 

involved in tetrad formation (conversely this would also be true for i-motif formation in the 

C-rich complementary strands). Guanine bases are again uncommon in loop regions, 

however adenine bases in loops are seen for both telomeric quadruplexes and in the c-myc 

non-telomeric quadruplex structures. As only a tiny fraction o f the proposed 375 000 

distinct potential quadruplex forming species from the human genome have been studied 

(Todd et al., 2005), it is expected that this distribution of bases in loops will change as more 

sequences are studied for quadruplex formation.

Diagonal and edge loops allow for greater formation o f loop-tetrad interactions, as they place 

the loop bases in greater proximity to the G-tetrad faces. The lack o f experimental evidence 

for single base loops existing in any configuration other than a parallel propeller-type loop 

suggests that this arrangement is preferred over edge and diagonal loops. Therefore it is 

assumed that when single base loops occur in quadruplex forming sequences they form 

parallel propeller type loops.
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The overall contribution of all the loops is important to quadruplex stability. More 

stabilising loops can compensate for the destabilising effects of a less favourable loop 

sequence within the same quadruplex. This is evidenced by the minimal effect on 

quadruplex stability seen when a single loop base is altered (Hazel et al., 2004). This same 

study suggested that longer loops tend to favour antiparallel quadruplex structures due to 

increased opportunity for tetrad-loop interactions offered by edge and diagonal loop types; 

however the longest loop seen experimentally to date is a parallel-stranded seven base loop 

(Dai et ah, 2006).

Thus a combination of several factors determines

• whether a given G-rich sequence can form quadruplexes

• the presence of polymorphic G-quadruplex structures

• the relative stability o f any quadruplex structure

• the topology of any quadruplex structure.

It is perhaps because quadruplexes rely on several disparate variables for their existence that 

no reliable rules have been established to govern their formation. If nothing else, it is clear 

that quadruplex formation is a complex process governed by several different factors, all of 

which must be favourable if quadruplex formation is to occur.
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Chapter 2 

Non-telomeric quadruplexes and the c-kit oucogeue

2.1 Non telomeric quadruplexes in biology

In recent years a significant number of non-telomeric G-rich sequences which are capable of 

forming quadruplexes have been identified. Quadruplex structures are now increasingly 

suspected of playing key roles in biological processes, for example in gene regulation 

(Simonsson et a l,  1998; Yafe et a l  2005) and in telomere protection (Paeschke et a l  

2005). Quadruplex forming sequences within oncogene promoter regions are of particular 

interest, and a list o f genes for which quadruplex formation has been identified within 

promoter regions is presented in Table 2.1. In particular the c-myc nuclease hypersensitivity 

element Ilfi (NHE III]) G-rich region has been extensively studied and a brief overview of 

work is given in this chapter. Non-telomeric quadruplex structures tend to be more complex 

than those formed from the simple repeating sequences of telomeric DNA, exhibiting longer 

loops and more unusual topologies.

Gene Number o f  G tracts Reference

c-myc 5 Siddiqui-Jain et a l, 2002

H IF -la 5 DeArmond et a l, 2005

BCL-2 6 Dai et a l, 2006

KRAS 6 Cogoi and Xodo, 2006

c-kit 1 4 Rankin et a l, 2005

c-kit 2 4 Fernando et a l, 2006

VEGF 5 Sun et a l ,  2005

Table 2.1 Non-telomeric quadruplex forming sequences. G tracts are defined as having 3 or more 

guanine bases.
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Two recent studies have investigated the occurrence o f possible quadruplex forming 

sequences in the human genome (Huppert and Balasubramanian, 2005; Todd et a i,  2005). 

Despite significantly different statistical methods being used in the two studies, results were 

similar; there exists around 5 713 900 possible quadruplex forming sequences in the human 

genome, of which around 375 000 are non-overlapping and distinct. Sequences were found 

in exons, introns and untranslated regions as well as in promoter regions. The majority of 

potential quadruplex forming sequences may be capable of folding into more than one 

quadruplex. This is due to the existence o f more than four runs of guanine bases (as is the 

case for the Pu27 sequence from the c-myc promoter region) or ambiguity in the loop regions 

{i.e., it is not immediately clear if  a guanine nucleotide will form part o f a tetrad or loop 

assembly). The two studies above identified a large number of potential quadruplex 

forming sequences gene promoter regions, which are naturally G rich. Small single base 

loops are the most common (such as the single A base loop in the c-kit 1 sequence), with A 

being the most common nucleotide. Longer loops occur less frequently.

2.2 G-quadruplexes in the c-myc oncogene

Research into non-telomeric quadruplexes has mainly been driven by work on the NHE III, 

element. It is hoped that the decision to study quadruplex formation in the c-kit promoter 

region may be understood by briefly describing the current work on quadruplex formation 

within the c-myc promoter region.

The c-myc oncogene encodes for a 65 kDa nuclear phosphoro-protein which plays a key role 

in cell growth. The oncogenic properties of c-myc arise from, for example, gene 

amplification (Alitalo et a i,  1983), chromosomal translocation and retroviral transduction 

(Collins et a l, 1990). Overexpression o f the c-myc protein is associated with cell 

proliferation and inhibition o f differentiation. Such overexpression has been linked to a wide 

range o f human cancers, including myeloid leukaemia and glioblastomas (Seenisamy et a l,

2004). The pivotal role played by c-myc in cell growth and proliferation has led to attempts 

to control c-myc transcription as a potential anticancer therapeutic strategy.

It is this potential therapeutic benefit that has led to extensive study o f quadruplex formation 

within the c-myc promoter regions, c-myc utilises four promoters, however the major control 

element of human c-myc, NHE III,, is located -115 to -142 bases upstream of the c-myc PI 

promoter. This element accounts for 75-85% of the total transcriptional activity o f c-myc 

(Berberich and Postel, 1995; Davis et a l  1989). This region is very G-rich and contains an 

almost perfect homopurine tract, known as Pu27. Simonsson and co-workers showed from
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chemical probing data that K^-dependent DNA synthesis arrest was occurring at the NHE, 

and attributed this to formation o f a potassium-dependent DNA structure. The G-rich nature 

of the NHE combined with the dependence of DNA synthesis arrest led the authors to 

conclude that G-quadruplex formation was occurring within this region (Simonsson et a l, 

1998). Further chemical probing and NMR studies on the NHE IIIi element revealed the 

formation o f several quadruplex forms within Pu27 (Phan et a l,  2004a; Siddiqui-Jain et a l, 

2002). The study by Siddiqui-Jain and co-workers proposed that quadruplex formation was 

acting as a repressor element for the NHE, and demonstrated that mutations which decrease 

the number o f tetrads which may form from Pu27 (and therefore decrease overall quadruplex 

stability) resulted in an increase of transcriptional activity of c-myc. By using a Taq 

polymerase stop assay, this study also showed that stabilisation o f a quadruplex fold leads to 

repression of c-myc, addition o f the cationic porphyrin TMPyP4  stabilised the quadruplex 

arrest site and produced increased levels o f polymerase arrest. A similar effect has also been 

observed in cell lines. The Ramos cell line, which retains the NHE III] element, shows 

decreased levels o f c-myc transcription upon addition of TMPyP4 , whereas the CA46 cell 

line loses the NHE III] element during translocation and displays no such change in levels of 

c-myc transcription in the presence of TMPyP4 .

To date this G-rich region is the best studied source o f non-telomeric G-quadruplexes with 

several high-resolution NMR structures and significant biophysical data reported in the 

literature (Ambrus et a l, 2005; Phan et a l ,  2005; Phan et a l,  2004a). Study of the Pu27 

region, however, is hampered by its ability to form more than one quadruplex species in 

solution. To date it has not been possible to identify the exact quadruplex folds occurring 

from this region and significant effort has been directed to constructing a series o f related 

sequences which fold into a single quadruplex species in solution. Figure 2.1 details the 

significant quadruplex forming sequences studied to date from the Pu27 region.
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Pu27 T G G G G A G G G T G G G G A G G G T G G G G A A G G
1 5  10 15 20 25

Myc-2345 T G A G G G T G G G G A G G G T G G G G A A

Myc-1245 T G G G G A G G G T T T T T A G G G T G G G G A

Myc22-G14T/G23T T G A G G G T G G G T A G G G T G G G T A A

Pu24l T G A G G G T G G  I G A G G G T G G G G A A G G

Figure 2.1 G-rich sequences from the NHE HI; region of the c-myc prom oter and derivative 

sequences for which structural data has been obtained. Pu27 i s  t h e  n a t i v e  2 7 - n t  s e q u e n c e ,  M y c -  

2 3 4 5 ,  M y c - 1 2 4 5  a n d  P u 2 4 I  a r e  m o d i f i e d  s e q u e n c e s  s t u d i e d  b y  t h e  P a t e l  l a b o r a t o r y  ( P h a n  et a i ,  2 0 0 5 ;  

P h a n  et a i,  2 0 0 4 a )  a n d  M y c 2 2 - G 1 4 T / G 2 3 T  w a s  s t u d i e d  b y  A m b r u s  a n d  c o - w o r k e r s  ( A m b r u s  et al., 

2 0 0 5 ) .

2.2.1 Structure o f  the c-inyc quadruplexes

To date four quadruplex structures from sequences related to Pu27 have been reported 

(Ambrus et a i,  2005; Phan et al., 2005; Phan et a l, 2004a). The Pu27 sequence consists of 

five guanine tracts and several possible loop regions; it is therefore not surprising that 

structural polymorphism for this sequence is evident in K ' solution (Phan et a l, 2004a). 

Early chemical probing studies on the Pu27 sequence suggested that the native sequence 

could fonn two antiparallel quadruplex species (Siddiqui-Jain et a l,  2002).

In order to establish the exact quadruplex species were fonning in solution, Phan and co

workers eliminated certain G-tracts from the Pu27 sequence to give only four G-rich regions 

in each sequence, thereby limiting the number o f potential quadruplex species that may be 

fonned. NMR experiments (Phan et a l, 2004a) revealed that the modified sequences myc- 

2345 and myc-1245 form parallel propeller type quadruplexes in solution and not the 

antiparallel type structures first proposed. Three stacked G-quartets are present in each, and 

loop sizes range from one to six bases in length; these structures are illustrated in Figure 2.2. 

A similar structure has been reported for the MYC22-G14T/G23T (where bases G 14 and 

G23 are mutated to thymines) (Ambrus et a l,  2005). Again a parallel stranded quadruplex 

with all propeller type loops is observed. For the M YC22-GI4T/G23T structure, the top of 

the tetrad is further stabilised by stacking interactions between the tetrad and the 3 ’-flanking 

bases. The 3 ’-Ranking bases, TAA, fold back so that the thymine and final adenine base 

stack on top of two guanine bases involved in tetrad formation. A similar effect is seen for
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the 5 ’-flanking sequence TGA. The 5 ’-adenine base in particular is neatly stacked over the 

bottom G-tetrad. The emergence o f several different quadruplex structures which may form 

from A/27-related sequences has led to considerable debate about which structure, if any, is 

o f biological relevance.

G 22
G5 G 18

G9
G21

0 4 G17i
G8G20,

6 3 G 16

Figure 2.2 Topologies o f myc-2345  (left) and myc-1245  (right). R e p r o d u c e d  f r o m  ( P h a n  et al. 

2 0 0 4 a )

The Pu24I structure reveals yet another quadruplex topology associated with the Pu27 

sequence (Phan et a i ,  2005). This structure is unusual in that four loop regions are 

observed. Two o f these are single base parallel propeller type loops (fonned from bases T7 

and T16) which bridge three G-tetrad layers, another parallel propeller loop consists o f bases 

IlO-Gl 1-A12 and spans two G-tetrad layers. A diagonal loop formed from bases G20-A21- 

A22-G23 is stabilised by formation o f a G.(A-G) triad which stacks on the tetrad face. This 

strand reversal enables the final base, G24, to be involved in tetrad fonnation. G24 has a syti 

glycosidic angle unlike other guanine bases involved in tetrad fonnation, which are all anti. 

The same study also reported the structure o f a Pu24I - TMPyP4 complex. This is the first 

high-resolution structure o f a ligand binding to a human unimolecular quadruplex species; 

previous structures containing ligands have been limited to short Oxytticha  sequences 

(Haider et a!., 2003) or tetramolecular quadruplexes (Clark et al. 2003). As expected, the 

flat porphyrin ligand stacks on the planar surface offered by the G-quadruplex. Further 

stabilisation is obtained by a mechanism similar to the “capping” o f the tetrad observed in 

the MYC22-G14T/G23T structure. The TM PyP4 ligand sits over the top tetrad and is capped 

by thymine and guanine bases from the 5 ’-flanking sequence. Positive charges on the ligand 

are in close contact with the negatively charged phosphates on the DNA backbone, 

highlighting the contribution o f electrostatic interactions to quadruplex-ligand binding.
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The emergence of myc-2345 and myc-1245 as parallel stranded quadruplexes, much like the 

human telomeric 22mer, suggested that the parallel m otif was a preferred topology for longer 

(4 guanine repeats or more) G-rich sequences. However, the recent BCL-2 topology (Dai et ^

a i,  2006) which is the first example o f a human mixed parallel/antiparallel topology, and the 

Pw24/-TMPyP4 structure which shows non-continuous guanine bases adjacent in tetrad 

stacks suggests that a much wider range o f structural motifs are available to non-telomeric 

sequences. To date single base loops have always been found in a parallel configuration but 

efforts at topology prediction are limited by the range o f folding patterns available to longer 

loops. A common feature o f human non-telomeric quadruplex forming sequences is the 

ability of flanking bases to stabilise tetrad formation by stacking on the top and bottom faces 

o f the tetrad; this (as in the case of Pu24I) may result in other secondary structure motif 

formation, such as triads. Increasingly quadruplex motifs more complicated than the 

traditional parallel or antiparallel quadruplex structures are emerging; the recent structural 

evidence for the “plugging in” of non-continuous bases into tetrads means that there are very 

few sequences (if any) for which quadruplex formation and topology may be predicted with 

confidence.

2.3 Formation of G-quadruplex structures in vivo.

G-rich regions capable o f forming quadruplexes are found throughout the genome. In 

addition to the telomeric regions and gene promoter regions, quadruplex formation has been 

identified within immunoglobulin switch regions (Sen and Gilbert, 1988), fragile X 

syndrome repeats (Fry and Loeb, 1994) and within the promoter region of several muscle- 

specific genes (Yafe et al. 2005). Any therapeutic benefit, whether by targeting telomeres 

or non-telomeric G rich regions, relies on quadruplex formation in vivo; yet it remains 

uncertain whether G quadruplex DNA structures may form in human cellular environments. 

Despite lack of direct evidence, there are several encouraging experimental results which 

point towards the functional relevance o f quadruplexes. For instance, several quadruplex 

binding proteins are known to exist: Oxytricha telomere binding protein (TBP) (Fang and 

Cech, 1993a; Fang and Cech, 1993b) and the yeast RAPl protein (Giraldo and Rhodes, 

1994). Such proteins may also facilitate the formation o f telomeric quadruplexes. 

Mechanisms exist within the cell to unwind G-quadruplex DNA; RecQ helicases, for 

example W erner’s and Bloom’s syndrome helicases (WRN and BLM respectively), can 

unwind quadruplex structures (Fry and Loeb, 1999; Sun et a l,  1998). Patients with 

Werner’s and Bloom’s syndromes (who lack the respective helicase) display multiple signs 

of premature ageing, and cells exhibit accelerated rates of telomere shortening and genomic 

instability. It is thought that the ability of the RecQ helicases to unwind quadruplex structure
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is necessary for telomere replication, as the absence o f WRN results in S-phase-dependent 

telomere loss. Inhibition of WRN affects only lagging strand DNA synthesis at the telomere 

(Bai et ah, 2003; Crabbe et al., 2004). As this involves copying o f the G-rich strand it may 

obviously be affected by quadruplex formation, and WRN may therefore be essential for 

efficient replication of G-rich DNA due to its quadruplex-resolving abilities. Recently, 

evidence has emerged for telomere end binding proteins promoting the formation of 

antiparallel G-quadruplexes within the ciliate protozoan Stylonychia lemnae (Paeschke et al.

2005). It is therefore probable that G-quadruplex DNA may be involved in telomere 

protection, and that G-quadruplexes must be forming in a controlled manner in telomeric 

regions within the cell.

Telomeric and non-telomeric G-rich regions are found in different environments and the case 

for quadruplex formation from genomic DNA is not quite so clear cut. Telomeric DNA 

exists as a single-stranded overhang present at the ends of chromosomes, whereas non- 

telomeric DNA exists as a nucleosome packaged double stranded helix at most points during 

the cell cycle. This will therefore constrain its ability to form quadruplex structures in vivo. 

Although single stranded telomeric DNA exists in a region of extensive protein -  DNA 

binding, quadruplex formation within single-stranded telomeric overhangs does not have to 

compete with a complementary C-rich strand which would favour duplex formation, nor do 

the kinetics of unwinding o f duplex DNA need to be considered during quadruplex 

formation. Opportunities for quadruplex formation in non-telomeric sequences may 

therefore only occur during transcription and replication when duplex DNA is melted into its 

single strands. Some sequences (including the c-myc NHE III] sequence) preferentially form 

quadruplex DNA in rich environments, even in the presence o f an excess of the C-rich 

complementary strand (Risitano and Fox, 2003), which suggests the kinetics o f quadruplex 

formation would be favourable in vivo. Several issues must still be addressed, however, 

including the state o f the C-rich complementary strand during quadruplex formation and 

whether steric conflict with replication machinery limits space available for quadruplex 

formation.

2.4 Quadruplex -  interacting ligands

Quadruplex stabilisation by ligand binding is an attractive potential therapeutic target. Such

stabilisation has been proposed for inhibition o f telomerase and to decrease levels o f c-myc

expression {vide supra). However, with the increasing number of quadruplexes that are

suspected of forming in vivo, rational design strategies must develop compounds which can

not only bind preferentially to quadruplex DNA over duplex DNA, but which display
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selectivity between individual quadruplex structures. These strategies rely on high- 

resolution structural data, and this need has driven the search for new quadruplex structures.

2.4.1 Ligands interacting with telomeric quadruplex DNA

Extensive reviews of G-quadruplex DNA as a target for small molecules are available 

(Cuesta et a l,  2003; Han and Hurley, 2000; Kelland, 2005; Neidle and Parkinson, 2002). In 

all cases reported to date, ligand interaction with the G-tetrad face is crucial for successful 

ligand binding. Quadruplex binding activity has been reported for several classes of 

compounds; these include (but are not limited to) porphyrins (Shi et al. 2001), acridines 

(Harrison et a l ,  2004; Read et a l,  2001), ethidium derivatives (Koeppel et al. 2001) and 

anthraquinones (which provided the first example of telomerase inhibition by a quadruplex 

stabilising agent) (Sun et al. 1997). Some examples of quadruplex binding ligands are 

shown in Figure 2.3.

Despite the chemical diversity o f current quadruplex binding ligands, they have a number of 

common features which are responsible for their binding. The major features are well 

illustrated in the crystal structure of a disubstituted aminoalkylamido acridine, BSU-6039, to 

the Oxytricha d(G4 T4 G4 ) antiparallel quadruplex (Haider et a l,  2003), in addition to the 

Pw24/-TMPyP4 NMR structure mentioned previously. In the Oxy/nc/ia-BSU-6039 crystal 

structure the ligand is firmly bound between a G-tetrad face and the diagonal loop; stacking 

interactions between the ligand chromophore and a thymine loop base are seen as well as k-k 

stacking between the chromophore and the G-tetrad plane. Hydrogen bonding between loop 

bases and the ligand is also evident.
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Figure 2.3 Exam ples o f quadruplex stabilising ligands.

The polyaromatic region which tc stacks with the G-tetrad may take the form of a single 

chromophore region (for example the 3,6,9-trisubstituted acridines) or it may be a region of 

linked aromatic groups (for example the TMPyP4  porphyrin). These polyaromatic planar 

compounds may also be more familiar in their role as intercalators (for example ethidium 

bromide), however such compounds do not intercalate between G-tetrads and prefer to “cap” 

the outermost tetrads of a quadruplex (c /  the Pu24I-JM?yV/^ structure). The central 

aromatic scaffold ideally offers points o f attachment for substituents, modification of which 

offers excellent opportunities for “tuning” ligands to interact with various quadruplexes. The 

substituents may be of varying length and character and often contain amine groups which 

may be protonated (or other positively charged groups) which contribute to binding affinity 

via electrostatic ligand-DNA interactions. As all quadruplexes offer similar tetrad core 

surfaces for binding, the key to designing ligands which can discriminate between different 

quadruplex species lies in the nature of the ligand’s interactions with the loops or grooves. 

This also implies that a common scaffold can be targeted at different quadruplexes by careful 

selection of the sidechain substituents.

39



Several problems must be overcome to achieve quadruplex-selective compounds. A ligand 

must show a preference for binding to quadruplex DNA over duplex DNA; this has been 

shown for a wide range o f current quadruplex stabilising ligands (e.g. trisubstituted acridines 

(Moore et a l, 2006), berberine derivatives (Franceschin et a l,  2006), telomestatin and 

TMPyP4 ( Kim et a l  2003)). Furthermore, selectivity between G-rich DNA and quadruplex 

forming DNA must also be achieved. With the increasing numbers o f genomic quadruplex 

forming sequences being reported in the literature, it is important that ligands can also 

discriminate between different quadruplex species, otherwise a degree o f uncertainty may 

exist over the exact mechanism behind any observed biological effects. Although novel 

quadruplex binding compounds are routinely examined for their quadruplex/duplex 

selectivity, assays examining selective quadruplex binding are less common. This is in part 

due to the relative paucity o f non-telomeric quadruplex structures. Compounds that bind to 

telomeric quadruplexes have also been shown to bind to the c-myc quadruplex forming 

region, with varying degrees o f selectivity (Lemarteleur et a l  2004). This study showed a 

range of ligand binding behaviours using a polymerase stop assay. For example, telomestatin 

shows a very small preference for telomeric quadruplexes over c-myc whereas BR-ACO-19 

exhibits significant preference for the human telomeric quadruplex over the c-myc 

quadruplexes.

It has also been proposed that ligands can alter quadruplex structure in addition to stabilising 

it. Addition o f TMPyP4 to the c-myc quadruplex forming region can induce formation o f a 

single mixed parallel/antiparallel quadruplex species from the polymorphic mixture Pu27 

displays in the absence o f ligand (Seenisamy et a l , 2004). This quadruplex-altering 

behaviour is not unique; it has also been reported for the human telomeric sequence with 

telomestatin and diselenosapphyrin (Rezler et a l  2005). These results have interesting 

implications for ligand design; it is possible that polymorphism within quadruplex forming 

species may be overcome by ligand binding. It would therefore be possible to observe which 

quadruplex topology is the preferred form after ligand binding and to selectively design 

compounds for this quadruplex species.

2.5 The c-kit oncogene

With such promising results for quadruplex formation in the c-myc promoter region and the

possibility of exploiting this for therapeutic use, potential quadruplex forming regions in

other oncogenic promoters have been identified (see Table 2.1 for a list). This led to

investigation o f the quadruplex forming ability of G-rich regions from the BCL-^(Dai et a l,

2006), VEGF (Sun et a l, 2005) and H IF -la  (DeArmond et a l,  2005) genes, as well as the c-
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kit I sequence described in this work. However, before any biological evaluation may be 

carried out, it is essential that a full understanding o f quadruplex behaviour from a given 

sequence is obtained. A brief background to the c-kit oncogene is given below in order to 

establish why this oncogene is suitable for investigating quadruplex fonnation within its 

promoter region.

2.5.1 Protein kinases

Protein kinases play a crucial role in cell signalling events. As a class, protein kinases add 

phosphate groups to amino acids in target proteins, the phosphate being provided through 

o f ATP to ADP. Protein kinases may be grouped into one o f two categories; 

those that phosphorylate serine or threonine amino acids and those that phosphorylate 

tyrosine amino acids on the target protein. Protein kinases may be further classified by 

where they are to be found; either in the cell cytoplasm, or in the case o f the receptor protein 

kinases, in the membrane o f the cell. Kinase-catalysed phosphorylation o f protein substrates 

is a mechanism by which crucial intra- and extracellular signals are transmitted through the 

cell and to the nucleus. The c-kit protein is a m em brane-bound receptor tyrosine kinase and 

the background information given here will concentrate on the activity o f this class of 

kinases.

The proto-oncogene c-kit encodes for a 145-160 kDa membrane bound glycoprotein. Its 

corresponding ligand is stem cell factor (SCF) (Mol et a l ,  2003). The c-kit gene is located 

on the ql l-q l2  region o f human chromosome 4 and spans more than 34 kb o f DNA. The c- 

kit proto-oncogene is virtually homologous to the FMS  gene which is located on 

chromosome 5. The c-kit protein belongs to a family o f growth factor receptors with 

tyrosine kinase activity (Yarden et a l ,  1987) which regulate signal transduction cascades in 

order to control cell growth and proliferation. It is primarily expressed in cell lines derived 

from the neural crest, the bone marrow and germ cells. Although the mechanism o f receptor 

tyrosine kinases is well known, the X-ray crystal structure o f the c-kit product complex (Mol 

et a l ,  2003) provided valuable insights into the specific activity o f the c-kit protein. A brief 

diagrammatic overview is shown in Figure 2.4.

The structure o f the c-kit protein and others like it is key to its function as a growth factor 

receptor. The c-kit protein consists o f five extracellular immunoglobulin domains, a 

transmembrane region, an inhibitory cytoplasmic juxtamembrane domain and a split 

cytoplasmic kinase domain separated by a kinase segment. Binding o f SCF to the 

extracellular immunoglobulin domains results in dimérisation o f the receptors. This
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dimérisation results in a conformational change at the cytoplasmic domains, causing 

autophosphorylation as the kinase activity of each monomer phosphorylates residues in the 

other monomer. Autophosphorylation has a twofold effect. Firstly, structural changes reveal 

the catalytic centre which is essential for kinase activity; secondly, phosphorylation of 

tyrosines in other regions o f the cytoplasmic domain allows specific target proteins to bind to 

the receptor. Thus ligand binding is responsible for stimulation of kinase activity and 

creation of tyrosine-phosphorylated receptors that mediate the specific binding o f other 

intracellular signalling proteins which are often themselves protein kinases. By this 

mechanism, receptor tyrosine kinases (RTKs) can initiate a signalling cascade at the cell 

membrane in response to an external stimulus (in this case, binding o f growth factors). In 

particular, stem cell factor and its interaction with the c-kit receptor is responsible for control 

o f normal haematopoiesis and the development o f melanocytes, germ cells (Park et a l,  

1998) and the interstitial cells o f Cajal (Kitamura et a l ,  2001).

As the c-kit receptor tyrosine kinase (RTK) plays such a critical role in establishing normal 

cell growth it is easy to imagine a scenario whereby mutations in structurally important 

regions of the protein result in impaired protein function. This may lead to oncogenic 

transformation o f the cell. Mutations may cause either an increase or a decrease (or absence 

altogether) of the tyrosine kinase ability o f c-kit. One such impairment o f function results 

from constitutive activation of the protein, where mutations result in a constant kinase 

activity, rather than activity which is in response to the external stimulus o f SCF binding. 

Such gain-of-flmction mutations are found in several highly malignant human cancers. 

Human gastrointestinal stromal tumours have been associated with mutations around the two 

main autophosphorylation sites in the juxtamembrane region (Hirota et a l,  1998), whilst 

kinase domain mutations are found in myeloid leukemias (Kitamura et a l,  2001) and human 

germ cell tumours (Tian et a l,  1999). These oncogenic mutations result in increased dimer 

formation by bringing together two c-kit kinases into close proximity which facilitates 

autophosphorylation. Autophosphorylation, therefore, no longer relies on extracellular 

ligand binding, c-kit and SCF are also coexpressed in a number o f solid tumours, including 

over 70% of small-cell lung cancers, breast tumours, neuroblastomas and gynaecological 

tumours (Park et a l,  1998). Therefore, alteration of c-kit expression levels is potentially an 

attractive therapeutic approach.
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Figure 2.4 Overview of the role and structure o f c-AiL R e p r o d u c e d  f r o m  M o l  ef. a i, 2 0 0 3 .

2.5.2 The c-kit promoter region

The postulated mechanism for reduction in c-myc expression levels relies on quadruplex 

formation within the promoter region o f the gene. Therefore a good understanding o f the c- 

kit oncogene promoter region is essential to decide whether quadruplex formation within this 

region may have an effect on levels o f gene expression. Fortunately the c-kit promoter 

region has been extensively studied (Giebel et al., 1992; Park et a!., 1998; Ratajczak et al., 

1998; Vandenbark et al. 1996; Yamamoto et al., 1993). The c-kit gene is a TATA-box-less 

promoter and the 5 ’ region has a relatively high GC content. Functional promoter analysis 

reveals the region -180 to -22 bases upstream o f the translational start site to be especially 

important for promoter activity. This region has around 80% GC content and contains 

putative binding sites for S p l, AP-2, helix-loop-helix and Ets-domain proteins. These 

transcription factors are all likely to play roles in c-kit gene regulation; in particular Ets- 

related proteins PU.l and Spi-B are expressed in haematopoietic cells. Binding motifs for 

the aforementioned transcription factors are conserved between humans and mice; overall 

there is a high level o f conservation (around 75%) between the c-kit promoter regions o f the 

two species. There are two major transcription start sites which are 62 and 58 bp upstream 

o f the translational start site respectively. As with other TATA-box-less genes, binding of 

the transcription factor Spl is responsible for maximum promoter activity. Although four 

putative Spl binding sites are present in the c-kit promoter region, Spl binding to a GC 

region 10 bp upstream o f the 5 ’ end o f the c-kit 1 sequence studied in this work {vide infra)
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is responsible for a high percentage of promoter activity. The c-kit promoter region does 

have some similarity with the c-myc promoter region (for example multiple Spl binding sites 

and TATA box-less character) however to date the effects of transcription factor binding to 

the c-kit promoter region are not as well characterised as those for c-myc.

Recently, a second G-rich sequence in close proximity to the principal Spl binding site has 

been examined for quadruplex forming properties (Fernando et a l,  2006). This sequence is 

shown as c-kit 21 in Figure 2.4. The native c-kit 21 sequence does not form a single species 

in environments; however mutations o f the final guanine base to a thymine base results in 

formation of a single quadruplex species. This behaviour is similar to that seen for the c-myc 

sequences, where mutations must be made in order to obtain single quadruplex forming 

species which are suitable for further structural work. Despite this limitation, the c-kit 21 

sequence is of particular interest as it is found in a region upstream of the transcriptional 

initiation site which is essential for promoter activity (Park et a l ,  1998). However to date no 

studies investigating whether quadruplex formation within this region can affect levels o f c- 

kit expression, as per c-myc, have been reported.

2.5.3 The c-kit G-rich sequences and scope o f  this work

Analysis of the c-kit gene sequence reveals that the promoter region contains two sequences 

which conform to the commonly accepted template o f quadruplex formation (Equation 1.1) 

and these are shown in Figure 2.5. The sequence closest to the transcription start site was 

chosen for further study. This sequence is henceforth referred to as c-kit 1. This sequence 

contains two G-rich elements which are putative binding sites for PU. 1 and other Ets-domain 

proteins -  these (G/A)GGAG(G/A) regions are conserved between mice and humans 

(Yamamoto et a l ,  1993; Yasuda et a l ,  1993). However, no further investigation of 

transcription factor binding to this region has been reported in the literature.
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1 5  10 15 20

C-kit 1 A G G G A G G G C G C T G G G A G G A G G G

mod 1 A G G G A G G G C G C T G G G C G C T G G G

mod 2 A G G G A G G G A G G A G G G A G G A G G G

mod 3 A G G G A G G G C G C T  G G G C G G C G G G

c-kit 21 G G G C G G G C G C G A G G G G A G G G G

Figure 2.5 c-kit sequences studied in this work. P u t a t i v e  l o o p  r e g i o n s  a r e  s h o w n  i n  b l a c k ;  g u a n i n e s  

s u s p e c t e d  o f  b e i n g  i n v o l v e d  i n  t e t r a d  f o r m a t i o n  a r e  h i g h l i g h t e d  i n  r e d .

It was also decided to construct a series o f similar sequences in order to investigate how the 

loop regions affected quadruplex formation and stability. The three modified sequences 

studied in this work are labelled mod I, m od 2 and m od 3. For the modified sequences, the 

first single base loop remained unchanged in order to give some measure o f consistency to 

the modified sequences when compared to the native c-kit I sequence. In sequences mod I 

and mod 2 the third and second loops were replaced by the second and third loops o f the 

native sequence respectively; it was hoped that this would illustrate whether quadruplexes 

were sensitive to the position o f loops within the G-rich sequence as a whole as well as to 

their sequences. Only loop sequences from the native sequence were used to investigate the 

specific effects o f these loop sequences.

The aim of this work is to establish quadruplex formation within the c-kit promoter region. 

In particular, quadruplex formation was investigated within the c-kit I sequence. 

Furthermore, this work aims to characterise any quadruplex formation within this G-rich 

region and to obtain high-resolution structural data on such quadruplexes using a range of 

biophysical techniques. The modified sequences will also be studied for quadruplex 

fonnation in order to investigate the effects the loop regions have on quadruplex stability. A 

modelling study will also be undertaken in order to further understanding o f loop behaviour.

Unlike the c-myc quadruplex, little work has been published on the subtleties o f transcription 

factor binding to the c-kit promoter region and their effects on transcription. However, the c- 

kit promoter region in mice has been shown to contain a DNA hypersensitive element within 

300 bases o f the transcription initiation site, which would encompass the c-kit sequence 

studied here (Cairns et a i,  2003). A detailed investigation o f quadruplex fonnation within 

this region and its effects on gene expression levels, however, has not yet been carried out
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and they are beyond the scope of this work. However, the work presented here is an 

essential prerequisite to further biochemical studies. Structural studies on quadruplexes 

forming from the native c-kit 1 and modified sequences will also help to further 

understanding of quadruplex loop preferences and folding behaviour within a biologically 

relevant context. Success in characterising these quadruplexes will pave the way for further 

biological evaluation which may reveal that quadruplex formation within the c-kit oncogene 

promoter region is a valid target for anticancer therapeutics.
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Chapter 3 

Establishing quadruplex formation within the c-kit oncogene 

promoter region

3.1 Background

Acquiring high resolution data which is necessary to solve biological structures is often a 

difficult and time-consuming process. Obtaining crystals for X-ray diffraction experiments 

can be time consuming and NMR studies require synthesis of costly isotopically labelled 

sequences at relatively high concentrations. Therefore it is sensible to confirm quadruplex 

formation using a range of more rapid techniques before or in conjunction with high- 

resolution studies. It is also advantageous if  such rapid characterising methods can provide 

useful experimental data in their own right, in addition to confirming quadruplex formation. 

This is indeed the case for the UV melting and circular dichroism (CD) studies described in 

this chapter. Such experiments are quick and simple to perform, and can provide valuable 

biophysical and thermodynamic information about potential quadruplex forming sequences.

3.2 UV melting point experiments

UV melting point experiments utilise changes in the absorbance spectra o f nucleic acids with 

temperature to obtain information about the thermodynamic properties of a structure. The 

recording of DNA absorbances at a fixed wavelength with increasing temperature produces 

characteristic melting curves which are associated with a particular DNA structure. Thus, 

UV melting experiments can be used for monitoring structural change in a range o f nucleic 

acid structures. UV absorption spectra characteristics are primarily governed by the 

interaction of the aromatic bases in nucleic acids with incoming UV radiation and therefore 

how the bases are arranged within a higher order structure will have a significant effect on 

absorbance spectra. Pioneering work by Mergny and co-workers established UV melting 

point experiments as a reliable method for establishing quadruplex formation (Mergny et a l, 

1998). The G-quartet stacks in quadruplexes show the greatest change in absorbance with 

temperature at 295 nm and when absorbance data is collected at this wavelength a 

characteristic quadruplex UV melting curve is seen. Duplex DNA melting behaviour is
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commonly observed at 260 nm and therefore G-quartet formation may be reliably monitored 

at 295 nm without interference from the formation o f other structures. At 295 nm, a clear net 

hyperchromism is observed between 90 °C and 1 °C upon G-quartet formation. Figure 3.1 

illustrates two dénaturation curves for the human telomeric quadruplex forming sequence at 

260 nm and 295 nm. The characteristic decrease in absorbance upon heating for a 

quadruplex species at 295 nm is immediately clear.
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Figure 3.1 Dénaturation profiles at two different wavelengths for the human telomeric 

quadruplex. S e q u e n c e  d [ A ( G 3 T T A b G G G ]  a t  p H  7 . 0 .  L e f t  v e r t i c a l  a x i s :  a b s o r b a n c e  v a l u e s  a t  2 6 0  

n m ;  a b s o r b a n c e  v a l u e s  a t  2 9 5  n m  a r e  g i v e n  o n  t h e  r i g h t  v e r t i c a l  a x i s .  B o t h  h e a t i n g  a n d  c o o l i n g  c u r v e s  

a r e  g i v e n .  R e p r o d u c e d  f r o m  M e r g n y  et. al, 1 9 9 8 .

UV dénaturation curves have several advantages for studying quadruplex fonnation. The 

results can provide quick and reliable evidence to establish whether a given sequence is 

capable o f G-tetrad formation and, by choice o f a suitable wavelength for a given 

experiment, discriminate between quadruplex and other higher-order forms o f DNA (Mergny 

ef a l ,  2005). The sensitivity o f modem spectrophotometers means that relatively small 

sample concentrations are required (pM concentrations are generally sufficient) and the 

dilute nature o f experimental solutions means that the effects o f intramolecular interactions 

(or other non-specific interactions such as aggregation) on results are negligible. As only 

very dilute solutions are required, UV melting curves are well suited to economic initial 

characterisation o f quadruplexes. The solution-phase nature o f the technique enables a wide 

range o f environments to be studied; for example the effects o f metal ion and buffer 

concentrations may be quickly studied.
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The shape of the resulting dénaturation curves can in itself provide infonnation about the 

kinetics of quadruplex formation. As shown in Figure 3.1, curves produced from UV 

melting and folding are sigmoidal in shape. Reversible formation o f a single quadruplex 

species may be assumed if the UV dénaturation and renaturation curves are identical with 

little evidence o f hysteresis. Intermolecular quadruplex formation may be discounted during 

UV melting experiments due to their extremely slow kinetics (Wyatt et al. 1996).

Themiodynamic parameters, such as the entropy and enthalpy o f quadruplex formation may 

be calculated using data obtained from UV melting experiments. This is perhaps the greatest 

benefit in performing this type o f experiment. The classical thermodynamic relationship in 

Equation 3.1 may be used to calculate the entropy and enthalpy o f quadruplex fonnation:

AG° = - R T \ n { K )  = A H ° -  TAS^ Equation 3.1

where A G \ AH° and AS° are the changes in free energy, enthalpy and entropy upon 

quadruplex fonnation respectively, T is the temperature in degrees Kelvin, K  is the rftfe 

constant for intramolecular quadruplex folding and R is the gas constant. Rearrangement 

gives:

\n{K) = -
1 1

) T I R J
Equation 3.2

f  A H °  ̂
A plot o f \n(K) against should produce a linear graph with slope -  -------  and y-

\ R J

intercept of . The constant K  may be expressed as a fraction â  o f folded
RV /

oligonucleotide:

K  =
Û

\ - â
Equation 3.3

Û may be easily determined from the UV melting curves if it is assumed that 100 % o f the 

oligonucleotide in solution is completely denatured at the lowest absorbance value recorded 

and that it is completely folded into a unimolecular quadruplex at the highest absorbance 

values. The themiodynamic values obtained from such experiments are extremely valuable
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and comparable with values obtained from more rigorous analysis (Smirnov and Shafer, 

2000).

3.3 Circular dichroism methods

A detailed examination of the theory behind circular dichroism (CD) is beyond the scope of 

this work; however a complete guide may be obtained from Berova et. al. (Berova et a i, 

2001). Circular dichroism relies on a material’s ability to differentially absorb left and right- 

handed circularly polarised light. The circular dichroism (or molar ellipticity) at a given 

wavelength is therefore the difference in absorption between left- and right-handed circularly 

polarised light of a substance. Circular dichroism experiments require the subject matter to 

be optically active, which o f course is true o f DNA.

As with the UV melting experiments described above, CD experiments can produce 

characteristic spectra for quadruplex DNA. The main attraction o f CD spectroscopy is its 

potential to discriminate between parallel and antiparallel quadruplex topologies, and 

therefore it provides a useful rapid method for establishing an overall fold. However, it is 

not entirely clear as to why CD can distinguish between parallel and antiparallel 

quadruplexes. It is currently thought that characteristic quadruplex CD spectra arise due to 

particular combinations of glycosidic angles for guanine bases which are involved in tetrad 

formation; this lack o f theory to adequately describe CD results is one the most significant 

problems that must be overcome with CD methods. As with UV melting experiments, this 

method requires very little sample (pM concentrations are sufficient) and is also suited to 

examining a wide range of solution conditions and their influence on quadruplex formation. 

The method is, however, more sensitive than UV melting experiments to the buffer 

composition. Phosphate, acetate, sulphate and carbonate buffers should be avoided due to 

their strong absorbances at wavelengths commonly used for CD experiments.

Many quadruplex -  forming sequences have been studied using this technique and the 

majority o f spectra obtained conform to one o f two characteristic spectral forms. Parallel 

and antiparallel quadruplexes show similarly shaped traces with maxima at higher 

wavelengths and minima at lower wavelengths. For parallel stranded quadruplexes, a 

maximum is seen at around 260 nm and a minimum at around 240 nm; the maximum and 

minimum for an antiparallel quadruplex exist at around 290 nm and 260 nm respectively. 

Until recently CD methods had predominantly been used to examine telomeric and telomere

like sequences {i.e., sequences with regular repeating loop regions). As more complex non-

telomeric sequences are examined, it is becoming clear that assigning topology based on the
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appearance o f a spectrum compared to the CD signature of parallel/antiparallel quadruplexes 

is not always reliable or even possible when new CD spectra are significantly different from 

previously published spectra. However, the utility of CD as a method for determining the 

folding pattern of a quadruplex is increasing in line with the number of quadruplex structures 

determined. As structural work reveals novel folds, CD signatures for each fold need to be 

obtained and referred to when studying a new quadruplex species. Despite their limitations 

when observing quadruplex folds, CD experiments have resulted in valuable information 

about quadruplex forming sequences. Several comprehensive studies of quadruplex 

structures by CD exist (for examples see Dapic et a l, 2003; Hazel et a l, 2004; Krafft et a l, 

2002; Risitano and Fox, 2004), from which much has been learnt including the influence of 

loop base sequence and length.

3.3.1 Scope o f  work in this chapter

The biophysical experiments presented in this chapter aim to establish quadruplex formation 

within the c-kit 1 sequence and to investigate the thermodynamic properties of any 

quadruplex species that forms. A range o f solution environments are studied by varying the 

potassium ion and oligonucleotide concentrations. As mentioned previously in this work, 

only a basic idea o f how loops influence quadruplex formation and stability is currently 

available. To this end, the modified sequences mod 1, mod 2 and mod 3 were also studied 

using UV and CD methods in order to provide information about how the loops present in 

the c-kit 1 sequence influence quadruplex formation and stability.

3.4 Materials and methods

3.4.1 DNA synthesis and preparation

The native and modified c-kit sequences were synthesised on Applied Biosystems DNA 

synthesizer using solid-phase P-cyanoethylphosphoramidite chemistry. The 

oligodeoxyribonucleotides were deprotected and cleaved from the solid resin support by 

immersing the resin in concentrated degassed ammonia solution at 60°C overnight. The 

crude oligonucleotides were purified using HPLC on a BioCAD Workstation with an Oligo 

R3 column (PerSeptive Biosystems, Inc.). The sequences were then lyophilised and dialysed 

against double-distilled water and lyophilised again to produce the final purified 

oligonucleotide. Concentration measurements of stock solutions were performed using 

samples dissolved in distilled water. Samples were initially prepared at 100 pM 

concentration in distilled water. Further dilutions were performed with the relevant buffer.
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3.4.2 UV melting absorbance spectra

The method first reported by Mergny (Mergny et a l,  1998) has been broadly followed. For 

the c-kit 1 native sequence, three solutions with a range o f oligonucleotide, sodium 

cacodylate pH 7.0 buffer and KCL concentrations were prepared as per Table 3.1. Solutions 

1 and 2 only were prepared for the three modified sequences.

Solution number [ oligonucleotide]/pM [NaCaCo p H  7.0]/mM [K C ij/m M

1 40 10 100

2 40 10 10

3 20 10 100

Table 3.1 Composition of solutions for UV melting studies.

1.5 ml of solution was transferred to a quartz cell with a path length o f 1cm which was then 

sealed. No annealing was performed prior to melting curve experiments. UV melting profiles 

were conducted on a Varian Bio-300 UV/visible spectrophotometer with a Varian 

temperature controller. Samples were first heated to 95 °C with a temperature gradient of 10 

°C/min and held at 95 °C for 2 minutes without data collection before being cooled to 15 °C 

with a temperature gradient o f 0.5 °C/min, during which absorbance data was recorded. 

Samples were then returned to 95 °C with an identical temperature gradient, again with data 

collection. The experiment was repeated three times and the data normalised, smoothed and 

averaged. Melting temperatures were calculated using the first derivative method. The 

entropy and enthalpy of quadruplex formation were calculated from data taken from linear

regions of the \n(K) vs. curve. In   vs. T'* plots for each o f the three conditions are

supplied as supplementary material and may be found in Appendix A.

3.4.3 Circular dichroism spectra

Solutions were prepared at 20 pM concentrations with appropriate KCl concentration. 

Experiments were conducted on a Jasco J-810 spectrapolarpmeter at the University of 

Cambridge Chemistry Laboratory using the manufacturer’s software. Samples were 

annealed by heating to 85 °C for 10 minutes followed by cooling to room temperature 

overnight. Samples were allowed to equilibrate in the spectrapolarjfimeter for 10 minutes at 

25 °C before experiments were conducted. 400 pL of each sample was placed in a quartz
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cell with path length 1 cm. Circular dichroism scans were performed at 25 °C in the range 

220 -  320 nm with a constant flow of dried nitrogen applied to the sample. Results 

presented here are the average of five scans; a blank dataset from the salt solution alone was 

also recorded and subtracted from the original data. Data was then smoothed using a 10 

point FFT algorithm in Origin v7.0 (OriginLab Corp., Northampton, MA, USA) and zero- 

corrected at 320 nm.

3.5 Results

3.5.1 UV Melting curves o f  the native sequence

UV melting curves for the three solutions (Table 3.1) are presented in Figure 3.2 The 

corresponding melting temperatures calculated using the first derivative method (dA/dT) are 

presented in Table 3.2. Under all three conditions examined, the change in recorded 

absorbance at 295 nm due to the melting of a higher-order structure resulted in a clearly 

defined, single step melting point transition. A decrease in absorbance upon temperature 

increase was observed under all three conditions, in common with other quadruplex forming 

sequences. Average melting curves for solutions 1 and 3 (40 pM and 20 pM strand 

concentration respectively) are almost identical. The melting curve obtained at 10 mM KCl 

concentration (solution 2) is identical in shape to that obtained at 100 mM KCl 

concentrations (solutions 1 and 3). However its inflection point occurs at a significantly 

lower temperature and some hysteresis is seen at higher temperatures. This is in contrast to 

the melting curves at 100 mM KC& where no hysteresis is seen. Rapid folding kinetics on 

the experimental timescale is confirmed by the superimposable nature o f the heating and 

cooling curves. A single-step formation process is also confirmed by the linear nature of the

In   vs. T ' curves (supplementary data; see Appendix A). Melting temperatures o f the
1 -

c-kit 1 quadruplex in 100 mM KCl solution are independent of strand concentration; a 

difference of less than 1 °C in melting temperature is seen between solutions 1 and 3. As one 

would expect for quadruplex formation, the stability of this structure is heavily dependent on 

potassium ion concentration; an order of magnitude decrease in KCl concentration results in 

a decrease in melting temperature of 18.6 °C.

The average A //°  and AS® values obtained for each o f the three solutions are presented in 

Table 3.3. As expected given their similar melting temperatures, solutions 1 and 3 produce 

very similar values for changes in enthalpy and entropy during quadruplex formation. For 

all solutions investigated, the entropie contribution is far outweighed by the enthalpic
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contribution. (It is worth noting that A //°  is given in kl.mol ' and A S°  is given in J.mol 

'.K  '). When the potassium ion concentration is reduced, more negative values for A H °  and 

A S°  are produced, along with a decrease in melting temperature.
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Figure 3.2 UV melting curves for the c-kit I oligonucleotide under three conditions. F i l l e d  

t r i a n g l e s  i n d i c a t e  c o o l i n g  c u r v e s ;  e m p t y  t r i a n g l e s  r e p r e s e n t  h e a t i n g  c u r v e s .

Solution number [oligonucleotide]/{.iM [K C lJ/m M r y e a

1 40 100 50.6 0.70

2 40 10 32.0 1.23

3 20 100 49.8 0.86

Table 3.2 Average melting tem peratures for the c-kit 1 oligonucleotide sequence under the three 

conditions examined.
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Sample number T/77
IcS

(k ^ .m o l- l) ^  (çefî.mol-lK-l)

1 50.6 -87.99 -258.4

2 32.0 -62.30 -189.3

3 49.8 -87.54 -256.8

Human 21mer 65.0 -253.13 -748.9

Table 3 . 3 .  Average A / / °  a n d  values for the three experimental conditions. F o r

c o m p a r i s o n ,  v a l u e s  f o r  t h e  h u m a n  t e l o m e r i c  2 1 m e r  a r e  g i v e n  ( c o n v e r t e d  f r o m  k C a l . m o f ' . K  ' ,  ( M e r g n y  

f / ü r / . ,  1 9 9 8 ) ) .

cx
Figure 3 . 3  CD spectrum for the c-kit 1 quadruplex form ing sequence.
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3.5.2 Circular dichroism results fo r  the native sequence

The circular dichroism spectra for the native sequence at 100 mM KCl and 1 M KCl are 

shown in Figure 3.3. At 100 mM KCl, a maximum is seen at 301 nm and a minimum occurs 

at 284 nm, although this minimum is not well defined. The spectra are not similar to 

previously reported CD spectra of parallel or antiparallel quadruplexes but do bear a broad 

resemblance to an antiparallel type spectrum; the maximum occurs at a point similar to that 

seen for antiparallel quadruplexes (around 295 nm). The lower wavelength regions (below 

around 260 nm) of the spectrum are rather featureless; here, signal strength is weaker and 

there is no defined shape to the spectrum. The spectrum obtained in 1 M KCl solution also 

displays this featureless region; however it commences from around 290 nm. The minimum 

point for the 1 M KCl solution is defined more poorly than that in the 100 mM KCl solution 

and this point occurs around 279 nm. The peak at around 300 nm is the only feature of this 

CD spectrum and like the minimum point it is poorly defined; a broad peak is seen which 

extends for around 20 nm. This is in contrast with the sharp maximum peak observed in 100 

mM KCl solution and in previously reported quadruplex CD spectra. The broadness o f this 

maximum region makes it difficult to assign a maximum signal wavelength for this solution.

3.5.3 UV melting curves and CD spectra fo r  the modified sequences

The UV melting curves for the modified sequences are presented in Figure 3.5. In 

comparison with Figure 3.2, the UV melting profiles are surprisingly different. None of the 

modified sequences produced a melting curve characteristic of quadruplex formation. All 

three sequences show an increase in absorbance upon heating, as opposed to a decrease 

shown by the native sequence. Hysteresis is also evident, particularly for sequence mod 2 at 

10 mM KCl concentration and for sequence mod 3 at 100 mM KCl concentration. The 

magnitude of changes in absorbance is significantly smaller than that seen for the native 

sequence; typically increases o f 0.1 a.u. are seen for the modified sequences, in contrast to 

the decrease of over 0.25 a.u. seen in the native sequence melting curves. A change in the 

potassium ion concentration by an order o f magnitude, which resulted in a significant shift of 

the melting curve for the native sequence, produced very little effect for all three modified 

sequences. No thermodynamic analysis was performed on these sequences as the UV 

melting curves did not correspond to those expected for quadruplex formation.

Circular dichroism results for the modified sequences are presented in Figure 3.4. The CD 

spectra are in agreement with the UV melting results. No evidence o f secondary structure 

formation is seen in any of the CD spectra recorded; intensities are lower and the traces are 

not similar to those shown by quadruplex or duplex DNA. Sequences mod 1 and mod 2
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display small maxima at around 300 nm before descending into a featureless signal after 280 

nm, this small maxima is absent for sequence mod 3. The CD signal returns to a zero mdeg 

value by 220 nm for sequences mod 2 and 3; that for mod 1 remains at around -2 mdeg.
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Figure 3.4 CD spectra for the modified sequences in 100 mM KCl solution.
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Figure 3.5 UV melting curves for the three modified sequences. Filled triangles indicate cooling 

curves; empty triangles represent heating curves.
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3.6 Discussion

3.6.1 Melting curves, temperatures and thermodynamic analysis

UV melting curves for the c-kit 1 sequence are very similar in shape to those obtained for 

known quadruplex forming species (Mergny et a l ,  1998). Melting temperatures under 

various conditions reveal that secondary structure formation within the c-kit 1 sequence 

occurs independently o f the oligonucleotide strand concentration but is heavily dependent on 

potassium ion concentration. Such behaviour bears all the hallmarks o f DNA G-quadruplex 

formation. It is therefore highly likely that the native sequence is forming a G-quadruplex 

structure under all three conditions studied here.

The melting temperature o f 50 °C reported here for the c-kit 1 quadruplex is lower than the 

65 °C reported for the human telomeric 21mer under similar KCl concentrations and 

significantly lower than the melting temperatures reported for sequences myc-1245 and myc- 

2345 (Phan et a l,  2004a). The exceptional stability of the c-myc sequences is in part due to 

the flanking bases stacking on the top and bottom tetrad faces; as only bases suspected of 

direct involvement in tetrads or loops were included in the c-kit sequences, such stabilisation 

is impossible for the c-kit 1 sequence studied here. This may therefore account for the lower 

melting temperature of the c-kit 1 quadruplex under similar conditions. A lower melting 

temperature is, however, encouraging for ligand binding to the c-kit 1 quadruplex. As 

potential therapeutic strategies rely on quadruplex stabilisation by ligand binding, a lower 

for the native sequence will allow greater scope for stabilisation of the structure by ligand 

binding. It is difficult to imagine an increase in quadruplex stability by ligand binding for 

the reported c-myc sequences, which melt at over 70 °C.

The unimolecular quadruplex formation which is observed in these experiments is 

encouraging and it suggests that the c-kit 1 sequence is only capable o f folding into a single 

quadruplex species. This should facilitate structure solution by NMR or crystallographic 

methods as it is not necessary to obtain mutated sequences which form single quadruplex 

species. Again, this is an encouraging result for ligand design as well; a single quadruplex 

species will be much easier to design quadruplex selective compounds for.

The thermodynamic values ÊsH° and AiS° are comparable to those established for the 

human telomeric sequences o f similar length (Mergny et a l,  1998). Enthalpies of formation 

for the c-kit 1 quadruplex are consistently higher {i.e., less negative) than those reported for 

the human telomeric sequences, which is consistent with the c-kit 1 quadruplex having a
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melting temperature approximately 15 °C lower. However, this is offset by the much less 

negative values for the entropy o f quadruplex formation displayed by the c-kit 1 quadruplex. 

Thermodynamic values obtained at lower KCl concentrations are consistent with the 

decrease in melting temperature observed; at 10 mM KCl is less negative and

therefore quadruplex formation is less favourable under lower KCl conditions. 

increases {i.e., becomes less negative) at 10 mM KCl which should favour quadruplex 

formation; however this increase is not enough to offset the increase in A H ° . Currently no 

enthalpies or entropies of formation for the c-myc quadmplex forming sequences have been 

reported; it would be interesting to compare the c-kit 1 quadmplex values against other non- 

telomeric sequences.

The lower melting temperature o f the c-kit 1 quadmplex compared to other telomeric and 

non-telomeric quadmplexes must have its basis in stmcture. Initially it was thought that the 

c-kit 1 quadmplex was less stable due to its longer loop regions, and that the two four base 

loops contributed to the lower melting temperature as they might be unable to form 

stabilising interactions in a parallel stranded quadmplex. However, the myc-1245 

quadmplex contains a six base loop and has a higher melting temperature under similar 

conditions (Phan et a l,  2004a). Its sister sequence, myc-2345, has an even higher melting 

temperature but contains only short loops (two single base loops and a two base loop). It is 

therefore probable that loop-loop or loop-tetrad interactions contribute significantly to the 

overall stability o f the c-myc sequences.

3.6.2 Circular dichroism o f  the native sequence

Circular dichroism experiments were not able to confirm the topology of the c-kit 1 

quadmplex, as the spectra obtained were not consistent with previously reported quadmplex 

spectra. This result was unexpected given that the UV melting curves exhibited such typical 

quadmplex behaviour. It would therefore be impmdent to draw any significant conclusions 

about the c-kit 1 quadmplex stmcture or topology from the CD results. As more non- 

telomeric quadmplex forming sequences are found and studied, it is becoming clear that 

quadmplexes can produce a much broader variety o f CD spectra than originally thought 

(Dapic et a l,  2003). It is ^ t  thought that the unusual CD spectmm here indicates that no 

quadmplex formation is occurring; rather that the CD spectra reflect the subtleties o f the 

particular arrangement o f bases within a quadmplex fold and that the unusual CD spectra 

result from the unique base composition o f the loop sequences in this quadmplex.
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Recently extensive work on CD spectra of the human telomeric sequence 

d[AGGG(TTAGGG)3 ] and modified sequences has been reported by Xu and co-workers (Xu 

et a l,  2006). This study used sequences in which guanine bases had been selectively 

replaced by ®'̂ G, which adopts a syn conformation. Two of the sequences used in this study, 

ODN9 and ODNIO produce CD spectra which are similar in shape to that presented here for 

the c-kit 1 quadmplex. Xu and co-workers propose that ODN 9, which contains three ®'̂ G 

bases, contains a syn-syn-syn-anti tetrad similar to that seen for the d(T2 G4 ) 4  NMR stmcture. 

The sequence ODN 10 which contains a further two bases is proposed to not only have a 

syn-syn-syn-anti tetrad but also that the third guanine mn exists in a syn-syn-anti 

configuration. This is indicative of a mixed parallel-antiparallel quadmplex with a first 

propeller type loop followed by two edge loops. This would be equivalent to the first single 

base loop of the c-kit 1 quadmplex existing as a propeller loop and the longer second and 

third loops forming edge type loops. Mixed stmctures are found with increasing frequency; 

for example the BCL-2 quadmplex (Dai et a l,  2006) and variations on the human telomeric 

sequence (Ambms et a l ,  2006). The BCL-2 quadmplex, however, has two edge loops 

followed by a propeller loop. This reversal of loop patterns between the BCL-2 stmcture 

and the proposed topologies o f ODN 9 and ODN 10 is reflected in their different CD spectra. 

The CD spectra presented by Xu and co-workers for ODN 9 and ODN 10 is the most similar 

to the c-kit 1 quadmplexes reported in the literature. It may therefore be possible to 

tentatively assign the c-kit 1 quadmplex folds as follows: a first single base propeller loop 

followed by two edge loops. There would be two anti-anti-anti-syn tetrads and a single syn- 

syn-syn-anti tetrad. The low resolution nature o f CD experiments means that this hypothesis 

requires further examination by NMR or crystallographic methods; however it is 

encouraging that CD spectra similar to that presented here for c-kit 1 has been obtained for 

other sequences, which suggests a common fold between the oligonucleotides.

3.6.3 Biophysics o f  modified sequences

It was expected that the modified sequences would fold into quadmplexes with different 

thermodynamic properties to the native quadmplex. The possible exception to this was 

sequence mod 2, as this sequence is very G-rich and has extensive opportunities for 

polymorphism or hairpin formation. It was expected that all three sequences would form at 

least one quadmplex species, or perhaps exhibit polymorphism similar to that shown by the 

c-myc native sequence. This was not found to be the case. All three modified sequences 

failed to show behaviour consistent with G-quadmplex formation, and differ significantly in 

their behaviour when compared to the native sequence. Melting curves show opposite 

behaviour to that o f G-quadmplexes (an increase in A 2 9 5 nm rather than the expected
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decrease). Crucially, melting behaviour displays very little dependence on concentration. 

It is therefore clear that these modified sequences are incapable o f forming stable G- 

quadruplexes under the conditions described here. CD spectra also show very little evidence 

o f any structure formation and are not consistent with spectra obtained for DNA higher- 

ordered structures.

It is not immediately clear why relatively conservative changes in loop sequences should 

produce such a drastic change in behaviour. The native sequence may be forming an 

exceptionally stable quadmplex species, or the loop modifications may remove bases which 

are essential for stabilising the native quadmplex fold; it is not possible to draw definitive 

conclusions until the stmcture o f the native quadmplex has been established. However, the 

biophysical results here highlight the essential role that loop sequences play in maintaining 

quadmplex stmcture and overall stability.

Initial biophysical characterisation o f the c-kit 1 native sequence was successful; 

experimental observations presented in this chapter correspond to those recorded for other 

G-quadmplex stmctures. Thermodynamic behaviour equivalent to formation of a single 

quadmplex species is observed for the c-kit 1 sequence. However, the low-resolution 

methods employed in this chapter give very limited stmctural data about this quadmplex, 

and therefore further work in this thesis will concentrate on elucidation and characterisation 

o f this stmcture. The biophysical experiments in this chapter have also shown that 

quadmplex formation within this region o f the c-kit promoter is sensitive to loop base 

modifications. None of the modified sequences show behaviour equivalent to G-quadmplex 

formation. It is therefore difficult to identify the exact reasons behind the destabilisation 

introduced into the stmcture by the modified sequences.
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Chapter 4

Modelling studies on c-kit 1 quadruplex folds

The significant increase in computational power available to scientists in recent years has 

greatly increased the scope of simulation experiments. In particular, the evolution of 

classical mechanics methods based around potential energy functions has been responsible 

for the large increase in the number of computational studies on biomolecules reported in the 

literature. A detailed description of force field methods is beyond the scope of this work, 

however a brief overview of potential energy function methods and factors which affect their 

success is given below. A more in depth discussion o f force field methods may be found in 

Molecular Modelling: Principles and Applications by Leach (Leach, 2001). In the absence 

of significant quantities of high resolution structural data for quadmplexes (which is in part a 

testament to the difficulty o f X-ray and NMR experiments required for high-resolution 

stmctural data), computational approaches provide a useful and successful method to further 

understand quadmplex stmcture and dynamics. Simulation experiments are o f particular 

value when examining NMR quadmplex stmctures. In such stmctures loop regions are often 

poorly defined and computational experiments are ideally suited to probing the behaviour of 

loop regions.

4.1 Background

The early 1990s saw considerable advances in computational simulations o f proteins in 

explicit solvents, and by 1995 such simulations were reliable and robust representations of 

experimental situations. The study of nucleic acid systems was not as successful as methods 

of the time were unable to cope adequately with highly charged molecules. In particular, 

methods failed to suitably model long-range electrostatic interactions which are cmcial for 

an accurate representation o f a highly charged system such as DNA. Considerable advances 

have since been made in the field of nucleic acid simulations; in particular the development 

of empirical potential functions (force fields) to adequately describe DNA atom types and 

the introduction o f particle mesh Ewald (PME) methods to treat long-range electrostatic 

interactions have improved the quality of results from simulation experiments.
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4.1.1 Empirical force fields

The scale and complexity of biological systems limits the range of computational methods 

available to scientists. Although quantum mechanical methods have advanced significantly 

in recent years and are now capable of providing an excellent insight into small molecule 

structure and reaction dynamics, the computationally demanding and time consuming nature 

o f these calculations renders them impractical for the study o f (much larger) biological 

systems. Quantum mechanical calculations are based on electronic positions, and even semi- 

empirical models which consider only a limited number of electrons within the system must 

consider a vast number o f particles. Force field methods calculate energies based on nuclear 

positions only.

As the size of the system becomes larger, it is increasingly necessary to calculate system 

energies based on nuclear positions and to ignore electronic motions associated with atoms 

in a molecule, as per the Bom-Oppenheimer approximation. Such empirical and semi- 

empirical methods can give comprehensive representations o f a system in its entirety at the 

expense of describing atomic properties which result from electronic distribution. 

Surprisingly simple modelling o f behaviour within a classical mechanical context can give 

acceptable results. In contrast to quantum mechanical methods which require only atomic 

co-ordinates and elements, force field^ methods rely on sets of parameters containing 

information about each atom type. Atoms in very similar environments are assigned the 

same atom type; for example, all phosphate atoms in a DNA backbone would be assigned 

the same atom type and therefore properties. Each atom type and pair of atom types is 

assigned values for certain parameters (such as the equilibrium bond length and angle); these 

parameters are usually empirically determined. Energy penalties are associated with 

deviations of bonds and angles away from their equilibrium values. Forces associated with 

bond stretching, rotation and torsions are described, as well as those due to non-bonded 

interactions. Analytical potential energy surfaces may be obtained from observing changes

 ̂ The term “force field” refers to a potential energy function used to describe the intra- and 

intermolecular forces of a system. However, it may also be used to describe the parameter 

sets which describe a system, such as the parm99 force field based on work by Cornell and 

co-workers (Cornell et a l,  1995)
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in such models over time, and this approach is used successfully today in a wide range of 

biological contexts.

4.1.2 Force fie ld  approaches to date

Analysis of the performance o f first generation force fields over the years has produced 

refinements and improvements in parameterisation. This has resulted in a set o f force fields 

which have been subject to rigorous evaluation. The current generation o f force fields is 

therefore well suited to reliable and accurate study of a wide range o f systems. However, 

different force fields are parameterised to reproduce different properties and the choice of 

force field to study a particular problem must be carefully made in accordance with the 

properties to be investigated. It is essential that a given force field is transferable so that it 

can produce reliable results on similar molecules from outside its training set. As force 

fields are empirical there is no “correct” form and a compromise between computational 

efficiency and accurate modelling of the system must be reached when parameter sets are 

created and chosen for use. Computational tractability is a particularly important 

consideration when designing force fields; molecular dynamics and minimisation methods 

require calculation o f the first and second energy derivatives with respect to atomic co

ordinates. Therefore the mathematical expression used to represent these terms must enable 

energy derivatives to be rapidly and efficiently calculated.

Perhaps the most important application o f force field methods today is the examination of 

non-covalent binding interaction energies, such as protein-ligand, DNA-ligand and protein- 

protein interactions (Beveridge and McConnell, 2000; Cheatham et a l ,  2004; Kollman, 

2000). Notable successes of force field methods with respect to DNA include understanding 

ion interactions with the grooves of DNA, DNA bending, the environment-dependent 

transition of A-DNA to B-DNA and the ability to tackle various non-canonical forms of 

DNA. In recent years all atom MD simulations in explicit solvent have been successfully 

used to characterise a wide range o f nucleic acid structures including a range o f non- 

canonical DNA structures, for example i-DNA and zipper DNA (for reviews see (Beveridge 

and McConnell, 2000; Cheatham and Kollman, 2000; Cheatham and Young, 2000)
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4.2 Force fields used in this work

4.2.1 The AMBER force fie ld

The AMBER (Assisted Model Building and Energy Refinement) force field (Case et al. 

2005; Cornell et a l,  1995) refers both to the parameter sets employed to describe atoms 

within the system and to the potential energy function used during calculations. The 

potential energy function consists of a set of defined functions which are combined to 

describe the component parts of the system. AMBER uses a pairwise potential function, 

which is shown in Equation 4.1

Z  F . [ l - c o s W - r ) ] +  Z
bonds angles ^  dihedrals nonbondedpairs J

Equation 4.1

The potential energy function describes the following:

Bond and angle behaviour. This is described by the first two terms in Equation 4.1. hr is the 

equilibrium bond length constant and k  is the equilibrium bond angle constant, both of which 

are derived from experimental data on vibrational frequencies. A harmonic potential is used 

to describe energies relating to bond stretching and angle bending; the energy o f both 

properties increases with deviation away from the equilibrium value. Equilibrium bond and 

angle distances, ro and respectively, are derived from X-ray structure data.

Torsional energy. A periodic trigonometric function is used which describes torsional 

energy as a function of rotation angle, y, around a given bond defined by four atoms 

connected in a series. V„ is a qualitative indication o f the relative barrier height to rotation; y 

is the phase factor. In addition to describing rotation about bonds, improper torsions are also 

included to enforce planarity. Much of the variation in relative energies o f structures is due 

to complex interactions between torsional and non-bonded contributions to the potential 

energy functions. Dihedral terms are frequently defined using only two atoms; this general 

approach allows the force field to be applied to a wider range o f situations before 

reparameterisation is necessary.

Non-bonded interactions. The fourth term represents the non-bonded interactions and is

calculated between all atom pairs (/ and j )  that are in different molecules or are at least three

bonds apart within the same molecule; closer non-bonded interactions are assumed to be
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incorporated in the bond distance and angle terms. This term may be further subdivided into 

a Van der Waals component and an electrostatic component, described by a Lennard-Jones 

potential and a Coulomb potential respectively. Van der Waals parameters are derived from 

Monte Carlo simulations of small systems; values are adjusted to reproduce the density and 

vapourisation enthalpy of liquids. The electrostatic terms included in the Coulombic term 

are calculated using a two-step restrained electrostatic potential method (RESP) (Bayly et 

a l ,  1993; Cornell et a l,  1993). The quantum mechanical calculations necessary for this 

charge fitting process are conducted at the Hartree-Fock level o f theory using a 6-3IG* basis 

set.

The AMBER force field and parm99 parameter set (Wang et a l,  2000) used in this work 

was designed with the study of biomolecules in mind. Therefore all necessary parameters 

for common amino acids and nucleotides are readily available. It is also easy to 

parameterise new molecules and incorporate them into simulations within the AMBER 

framework; ligand charges may be easily calculated using the RESP approach. Combined 

with the biomolecule-specific nature of the AMBER forcefield, it is an ideal choice for the 

study of quadmplex DNA systems. The AMBER forcefield compares favourably with other 

commonly used force fields for the study of quadmplex DNA systems (Hobza et a l  1997).

4.2.2 The General Atom Force Field

As the original AMBER force field was originally designed for the study of proteins and 

nucleic acids, it had only limited parameters available for use with organic molecules. This 

lack of parameters initially prevented it from being widely adopted to study ligand-protein or 

ligand-DNA interactions within a pharmaceutical context. Preferred force fields for 

examining ligand behaviour include MMFF94 (Halgren , 1996), CHARMm (Brooks et al. 

1983) and OPLS (Jorgensen and Tiradorives, 1988). To address this gap in the AMBER 

philosophy, a General Atom Force Field (GAFF) has recently been developed (Wang et a l 

2004). The philosophy behind parameterisation is similar to that behind AMBER, with van 

der Waals interactions taken from the AMBER force field and partial charges determined 

using the same RESP approach. Equilibrium bond lengths and angles are taken from 

experimental values and high-level ab initio calculations (using the same levels of theory 

used for the parm99 dataset); force constants are optimised to reproduce experimental 

vibrational frequencies.
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A comprehensive coverage o f drug -  like compounds is provided within GAFF; 33 basic and 

22 special atom types are used to describe H, C, N, O, S, P, F, Cl, Br and I atoms. All the 

bond lengths, angles and torsional parameters are available or rapidly calculable from 

empirical rules. More complex chemical environments such as conjugated systems are 

described by special atom types. An added advantage o f GAFF is that the parameters are 

based on the bonding topology and geometry -  this approach, combined with the wide 

variety of atom types, facilitates the parameterisation o f a wide range of organic compounds. 

The General Atom Force Field is a relatively recent development and whether it will replace 

other commonly used force fields for ligand binding studies remains to be seen. However, it 

has been shown to offer some improvement over the MMFF 94 and CHARMm force fields 

when observing deviations o f molecular dynamics structures from the original crystal 

structure (Wang et al. 2004). The major disadvantage of using a combined GAFF/RESP 

approach is the time-consuming nature of the quantum mechanical calculations required for 

the RESP charge fitting process. It is possible that this has delayed a wide adoption o f this 

method for ligand binding studies.

4.3 MM-PBSA and MM-GBSA methods for calculation of free energies

A brief overview of the method behind free energy calculations employed in this work is 

given below. This is o f primary interest for the ligand binding studies which are examined in 

the following chapter; however the theory is also applicable for the calculation of the free 

energies of the models studied in this chapter.

Several methods are currently available for calculating free energy values. Free energy

perturbation (FEP) and thermodynamic integration (TI) may be used to calculate binding

free energies, however both these methods are time consuming due to the large amount of

statistical sampling they require for accurate model results. In recent years, the advent of

molecular mechanics based methods, such as MM-PBSA (Srinivasan et al. 1998) and MM-

GBSA (Tsui et al. 2000) (molecular mechanics-Poisson Boltzmann surface area and

molecular mechanics-Generalized Bom surface area respectively) has enabled relatively

rapid calculation o f free energy values. These methods allow evaluation o f absolute free

energies and free energies o f binding from a molecular dynamics trajectory. Free energies

are calculated from a subset o f conformations sampled by the receptor, ligand and complex

(or just the receptor when no ligand binding is studied) during equilibrium MD simulations.

In part, these methods are so useful due to their implicit treatment o f solvent atoms which

reduces their computational cost. A large number o f water molecules surrounding a

biomolecule are responsible for the cumulative effects o f solvent and to calculate pairwise
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non-bonded potentials for all these interactions would be extremely computationally 

intensive. PBSA and GBSA methods replace the explicit description o f high-dielectric 

solvent molecule behaviour with a continuum electrostatic model. The solvent is therefore 

acting as a perturbation on the gas-phase behaviour of the system. Solvation energies are 

now included in the total energy of the system. The PBSA and GBSA approaches differ in 

their treatment o f the solute-solvent electrostatic polarisation term, . Free energies

o f binding {AGbi„din  ̂ are calculated for binding between a ligand A and a receptor B  as per 

the scheme in Figure 4.1. Free energy calculations for a receptor or ligand alone uses a 

similar process, with removal o f the contribution from component B.

A G

Ag a s + B
gas

g a s AB

§

1

e?
V f  1 r

g a s

^ ^ so lva tion (^ ^ )

A so lv + B so lv
^binding

so lv

Figure 4.1 Energy cycle used during calculation o f free energies.

Each component o f may be calculated by subtracting the sum of the reactant free

energies (Ga and Gb) from the complex average free energy (Gab) according to Equation 4 . 1  :

Equation 4.1

Free energies may be broken down further into the molecular mechanical energy, Emm, the 

electrostatic and non-polar contributions to the free energy o f solvation, Gsohauon and the 

entropie contribution o f the solute to the system at temperature T, TS. This is shown in 

Equation 6.2.

G binding -  E mm ^  -  TS Equation 4.2
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Gas phase molecular mechanical energies are calculated using the MM forcefield. Bond, 

angle, torsional, van der Waals and electrostatic terms are all included with no cutoff. The 

solvation free energy is derived from the electrostatic and non-polar solvation energies;

Gsohatior, = G polar +  EquatiOfl 4.3

It is in their calculation o f Gpohr that the Poisson-Boltzmaim and Generalized Bom methods 

differ; the PB method uses numerical solutions to the Poisson Boltzmann equation whilst the 

GB method uses the Generalized Bom approach to calculate the electrostatic contributions to 

solvation free energies. Both methods essentially calculate the electrostatic contributions for 

a set of charges within a defined volume of low dielectric constant medium surrounded by a 

dielectric continuum representing the solvent. As explicit solvent effects from the MD 

simulations are removed prior to the MM-PBSA and MM-GBSA experiments, the choice of 

the solvent model can have a significant impact on the outcome of free energy analysis. 

Historically PB methods were preferred due to their increased accuracy; however the 

development of novel GB methods which closely reproduce PB results has resulted in a shift 

towards the use of GB methods, which are less computationally expensive.

One o f the major influences o f the success o f the MM-PBSA and MM-GBSA methods is the 

sizes assigned to atomic radii. The Gsoivanon component relies on the solvent accessible 

surface area o f the solute which is determined by atomic radii. This parameter will also 

affect solute-solvent and solute-solute interactions via their Van der Waals terms. Parallel 

quadmplex stmctures have a greater solvent accessible surface area and are therefore 

particularly sensitive to atomic radii size.

4.4 Simulations of quadruplex nucleic acid structure

Significant effort has been directed to computational modelling o f DNA G-tetrad stmctures. 

Antiparallel quadmplexes in particular have been well studied (Fadma et a l ,  2004; Hazel et 

a l,  2004; Hazel et a l,  2006b; Stefl et a l, 2003; Stefi et a l,  2001; Strahan et a l ,  1994) with 

simulations being used to analyse conformational space available to loop regions and to 

study how the behaviour of the loop regions affects the tetrads. Simulations reported to date 

generally produce results which are independent of starting stmctures; however in one case 

MD simulations produced a stmcture for d(G4 T4 G4 ) 2  in which the loop topology differs from 

that found in the crystal stmcture (Fadma et a l ,  2004). This work also reported instabilities
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in MD simulations of the experimental loop conformations. Early MD simulations of 

quadmplexes were hampered by their instability over long timescales and the limitations of 

computational power available, however they were able to show differences in stacking 

energies between syn-syn, anti-anti, syn-anti and anti-syn tetrad stacks for the d(G3T4 G3 ) 2  

stmcture (Strahan et a l,  1994). The advent of PME methods led to simulations of 

bimolecular quadmplexes that are stable on the nanosecond timescale (Spackova et a l, 

1999); however similar simulations o f a d(G4 ) 4  quadmplex reported in the same work 

resulted in Hoogsteen hydrogen bonding being replaced with bifurcated hydrogen bonds in 

the central tetrads. Simulations described in the literature have also highlighted the rigid 

nature of the G-quartet regions and the flexibility of the loop regions.

The behaviour o f loop regions and their impact on quadmplex behaviour have been 

extensively studied by molecular dynamics simulations (Hazel et a l ,  2004). Simulations 

show that different combinations of loop length and sequence may result in either 

stabilisation or destabilisation of a resulting quadmplex species. More flexible systems {i.e. 

those with longer loop sequences) require longer simulations to explore the wider range of 

conformational space available to these loops and therefore energy calculations (which rely 

on a good ensemble of stmctures) are approximate. New methods, such as locally enhanced 

sampling (LES;(Cui and Simmerling, 2002)) are being adopted to overcome this limitation 

o f conventional MD simulations. Differences between quadmplex topologies and loop 

conformations have been studied by calculation of free energies, in particular using the MM- 

PBSA approach (Fadma et a l ,  2004; Hazel et a l ,  2006a). The study by Fadma and co

workers on the d(G4 T4 G4 ) 2  sequence was not entirely successful as the combination o f LES 

and MM-PBSA methods produce a favoured loop stmcture which is different to that found 

experimentally. Furthermore, MM-PBSA methods may not be able to distinguish between 

loop conformations which are very similar in energy (Hazel et a l ,  2006a) and to date the 

method is not sufficiently advanced to identify the contributions o f individual loop regions to 

quadmplex stability. Work by Hazel and co-workers using a combined molecular mechanics 

and free energy approach produced several loop conformations similar in energy for both the 

d(G4 T3 G4 ) and d(G4 T2 G4 ) sequences. Although NMR and crystal stmctures reveal a 

preference of d(G4 T3 G4 ) for lateral loops, the simulations produced several stable diagonal 

loop conformations (which are not observed experimentally) with similar energies to the 

experimental lateral loops. Overall, molecular dynamics simulations have highlighted the 

energy similarities between different quadmplex topologies, which may account for the 

polymorphism often seen in solution phase. Therefore differences between crystal stmcture 

topologies and preferred topologies in simulations do not necessarily mean that the

simulation results are incorrect; rather that the differing topologies may be very similar in
72



energy. Crystallisation o f one form may be the result of experimental factors rather than 

stability of the experimentally observed conformation,

4.5 Challenges and limitations for force field methods

Molecular dynamics methods must reach a compromise between an acceptable 

computational cost and the accuracy of the result. This playoff introduces some limitations 

which must be considered when choosing an appropriate force field and analysing force field 

simulation results.

The timestep of most current molecular dynamics simulations is usually set between 1 and 2 

fs. The large number of timesteps that a simulation therefore requires means that with 

current computer hardware, simulations are limited in length to a scale o f hundreds of 

nanoseconds. However, biological processes generally occur on a much longer timescale 

and therefore molecular dynamics experiments are limited in what they may reproduce. It is 

currently possible, for example, to study unfolded and folded states o f systems, however the 

simulation o f the transition between them generally remains unfeasible. Although 

microsecond-scale simulations have been recently reported on the villin headpiece 

(Jayachandran et a l,  2006), they currently remain outside o f the capabilities o f most 

laboratories. However, proteins with folding dynamics on the sub-100 microsecond 

timescale may now be studied with molecular dynamics methods. The timescale limitation 

also limits the extent of conformational sampling that a simulation can perform. This is the 

case where there are many available degrees of freedom to be sampled (for example, in 

simulating the behaviour of long quadmplex loops). As the energies o f the different 

conformations a molecule can adopt contribute to the overall free energy, this sampling 

limitation can have a direct effect on free energy simulations which rely on an average 

stmcture taken from a production dynamics trajectory. The accuracy of free energy 

calculations is therefore compromised if conformational space is not adequately sampled. 

Conformational sampling limitations are being overcome by more modem methods such as 

locally enhanced sampling (LES) which creates multiple copies o f the system to be studied.

One o f the most serious limitations of the AMBER force field with respect to DNA

quadmplexes is its treatment o f ionic interactions. The pairwise force field fixes the

electrostatic potentials of each atom at the start of the simulation; therefore if the atomic

environment changes in a way that affects the charge, the charge assigned to an atom is

unable to change to reflect this new environment and therefore becomes less correct.

Molecular dynamics simulations are unable to replicate ions found in the loop regions for
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the (1 (0 4 X4 0 4 ) 2  crystal structure; placed initially in the loop regions diffuse into solution 

during the simulation (Fadma et a l,  2004). Free energy calculations have also been unable 

to reproduce the preference of quadmplexes for over Na"̂  ions (Ross and Hardin, 1994). 

It is hoped that the development of modem polarisable force fields (which allow for changes 

in charges over the course o f a simulation) coupled with improved parameterisation for metal 

ions will improve the treatment o f ionic interactions in simulations.

Despite these limitations, previously cited works in this chapter clearly illustrate that 

molecular simulation methods, and in particular molecular dynamics, are powerful tools for 

the study of G-quadmplexes. Stmctural behaviour during simulations may therefore be 

attributed to real phenomena and is not expected to be an artefact o f the force field used.

4.6 Scope of modelling work presented in this chapter

NMR and crystal stmctures reported in the literature provide the ideal starting point for high- 

quality molecular dynamics simulations which can provide insight into the dynamics of 

quadmplex stmcture. Whilst the NMR experimental timescale is longer than the duration of 

molecular dynamics simulations currently possible, MD experiments will provide insight 

into the exact nature o f dynamic interactions in the quadmplex stmcture. Modelling 

techniques also allow investigation of theoretical stmctures. This is particularly useful for 

quadmplex stmctures where several folds may be possible. Therefore these models were 

created to investigate the behaviour of other possible topologies for the c-kit 1 sequence. It 

is hoped that the modelling studies presented here will illustrate stabilising interactions 

which are specific to the stmcture formed in solution phase and that investigation of 

stmctures which do not form will highlight the lack of stabilising interactions present in 

these folds. Molecular dynamics simulations are especially valuable for studying the 

behaviour of loop regions, which are poorly defined in NMR stmctures due to their dynamic 

nature. This work was conducted in advance of the NMR work described in Chapter 6 , and 

therefore models independent o f the NMR results were created.

Simulations will use a range o f minimisation and molecular dynamics techniques, using 

software in the AMBER suite o f programs. Stmcture behaviour will be examined by looking 

at the root mean square (RMS) deviations and energetics of the averaged system. Further 

energetic analysis which will enable the comparison of different quadmplex models will be 

performed with MM-PBSA and MM-GBSA methods.
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4.7 Materials and methods

The human telomeric 21mer X-ray crystal structure was the basis for the c-kit 1 parallel 

quadruplex model (PDBID IK Fl; (Parkinson et a l,  2002). The antiparallel quadruplex 

model was based on the NMR solution o f the same sequence in Na"̂  solution (PDBID 143D; 

(Wang and Patel, 1993). The mixed parallel model was based on the d(T2 G4 ) 4  structure 

(PDBID 186D; (Wang and Patel, 1994). Co-ordinates were obtained from the Protein Data 

Bank. Initial modification of the loop regions and structure preparation was performed 

within the SYBYL v7.1 molecular modelling suite (Tripos, Inc, St Louis, USA). Two 

ions were added between the tetrad planes. The first TTA loop in the 5’-3’ direction was 

modified as follows: the second T base was mutated to an A base and the remaining two 

bases were excised. The backbone and new A base were minimised using the Powell 

minimisation algorithm (Powell, 1977) with the Tripos force field. An 8  Â non-bonded 

cutoff was used with a distance dependent dielectric function. The minimisation was 

terminated when the minimisation gradient reached 0.05 kcal.mofVA '. The second loop 

was treated as follows: TTA bases were replaced by CGT and a C base was inserted 

between the G and T loop bases. The newly modified loop region was then minimised as 

before. The third loop was created in a similar fashion, with the TTA bases replaced by 

AGA bases and a G base inserted between the middle guanine and final adenine bases.

The structure was then written to a pdb file and parameterised for minimisation and 

dynamics using the AMBER force field and suite of programs (Case et a l, 2004* ). All 

further minimisation and dynamics were performed using the parm99 version of the Cornell 

et a l  force field. To avoid over-reliance on the starting structure, a 50-step simulated 

annealing process was performed as follows: the tetrad regions were held fixed and the 

system was heated up to 500 K over 15 ps, held at 500 K for 5 ps, then cooled back down to 

300 K over 5 ps and the resulting structure written to file. The lowest energy structure after 

50 simulated annealing processes was then used for further simulation. The lowest energy 

unsolvated structures for the parallel, antiparallel and mixed models were minimised over 

5000 steps, of which the first 2500 steps used the steepest descent algorithm and the final 

2500 steps were conducted using a conjugate gradient method.

After minimisation, the structures were neutralised by adding potassium counterions (using

potassium parameters as described in the Cornell et a l  force field) and the system was then

solvated in a TIP3P water box (Jorgensen, 1982) which extended to at least 10 Â from any

solute atom. The minimised solvated structure was then equilibrated as follows, using the

Sander module o f AMBER v8.0: The system was heated from lOOK to 300 K over 12.5ps
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under constant volume conditions. Restraints were placed on the DNA of 25 kcal.mol '.Â'^. 

A 10 À nonbonded cutoff was applied for this and future dynamics simulations. SHAKE 

was used to constrain bond lengths for bonds involving hydrogen, again this was applied to 

all future dynamics simulations. Bonds involving hydrogen atoms were omitted from the 

force evaluations. Temperature regulation was performed using a weak-coupling algorithm. 

The system was then allowed to equilibrate under constant pressure conditions for lOOps. 

Temperature scaling was conducted using Langevian dynamics. The reference pressure was 

1 bar and all restraints were removed before this equilibration procedure.

Equilibration and production dynamics were performed as follows, again using sander. No

restraints were applied to the system and Langevian dynamics were again used for

temperature scaling. The reference pressure was 1 bar and a timestep of 2 fs was used.

Isotropic pressure scaling was used. The simulation was allowed to continue for at least a

further 3 ns. During production dynamics, system co-ordinates were written to file once

every ps. The final 200 ps o f co-ordinates from the production run were used for obtaining

an average structure using the AMBER v8.0 moduleptraj. Water molecules and counterions

were stripped from this average structure which was then minimised over 5000 steps, the

first 2500 of which were conducted using a steepest descent method before switching to a

conjugate gradient approach for the final 2500 steps. RMSd values were calculated using the

AMBER ptraj module and were taken with respect to the starting structure. The mm_pbsa.pl

script supplied with AMBER v8.0 was used for all free energy calculations. MM-

PBSA/MM-GBSA calculations were conducted on structure snapshots taken from the final

200 ps o f simulation. One structure was taken every other ps and this set of 100 structures

was then used for MM-PBSA/MM-GBSA calculations. The Poisson-Boltzmann (PB)

method (Sharp and Honig, 1990) was implemented using the Delphi II program (Rocchia et

a l ,  2001; Rocchia et a l,  2002). The Generalized Bom method was conducted as described

by Tsui and Case (Tsui and Case, 2001) using the sander module o f AMBER v8.0. For both

PB and GB methods, the PARSE radii set was used (Sitkoff et a l ,  1994) and solute and

solvent dielectric constants were set at 1 and 80 respectively. Atomic charges were identical

to those used during the molecular dynamics simulation. ions in the central quadmplex

channel were explicitly included in the calculations and were assigned a radius o f 2.0. The

PBSA method used a grid spacing of 0.5 Â and 1000 iterations o f the linear PB equation

were conducted to ensure convergence. A solvent probe radius o f 1.4 A was used and the

solute occupied 50% of the grid box. Remaining parameters were set at the default values

supplied with the mm jjb sa .p l  scripts within AMBER v8.0. Solute entropies were calculated

using the nmode module within AMBER v8.0. The default values supplied with the module

were used except for the following: a maximum of 1 0 0  0 0 0  cycles were used for
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minimisation with a convergence criterion for the energy gradient of 0.0001. Figures were 

created with VMD (Humphrey et a l,  1996).

4.8 Results from MD simulations

Simulation results were judged primarily on the root mean square deviations (RMSd) and 

through visual analysis of the trajectory. Although RMS deviations are not an indicator of 

the energetics o f a system, they provide an excellent means of identifying major and sudden 

changes in the conformation o f a system. In addition to calculating RMS deviations for each 

structure as a whole, RMSd values were also calculated for all heavy atoms, the G-tetrad 

core, the bases o f individual tetrads, the bases o f loop regions, the bases of individual loops 

and the DNA backbone. Identification of specific bases responsible for structural deviation 

is therefore possible. During all simulations, the ions in the central channel remained 

sandwiched between the tetrad planes.

4.8.1 The parallel quadruplex model

All three loops in the parallel quadruplex are in the propeller configuration. All guanine 

based involved in tetrad formation have anti glycosidic angles. All grooves are of medium 

width and therefore all loops span grooves of equal width. From visual analysis o f the 

trajectory and the RMSd values for the entire structure, it is clear that this model represents a 

stable quadruplex species. Variations in the total energy of the system over time also 

indicated that an equilibrium state had been reached; this is illustrated in Figure 4.2. 

Equilibrium values in energy are reached rapidly (within the first 500 ps). RMSd variations 

for the system and its components are shown in Figures 4.3, 4.4 and 4.5. These figures show 

that the greatest increase in RMS deviation occurs within the first nanosecond of simulation 

after which the rate o f variation is much less. The RMSd of all base heavy atoms (Figure 

4.4a) remains at around 5 during the final 2 ns o f simulation, which may appear high when 

compared with simulations from crystal structures. However, given that the models 

presented here are only partly based on experimental structures and that the initial loop 

structures are not based on experimental co-ordinates, the RMSd value is reasonable and 

represents a relaxation o f the system into its final equilibrium structure. This is further 

validated by the very low RMS deviation of the tetrad regions (based on experimental co

ordinates) when compared to the loop regions. The RMS deviation of all base heavy atoms 

closely follows that of the loop regions and therefore the majority of structural change is due
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to loop region movements; this is corroborated by the minimal deviation shown by the tetrad 

regions during the course of the simulations.

Examination o f RMSd values allows identification o f the component structural parts 

responsible for significant perturbations away from the starting structure. Figure 4.4a shows 

that the tetrad regions are exceptionally stable, with an RMSd value of around 1 for the 

whole simulation. This is in accordance with a stable quadruplex structure being maintained 

throughout the simulation. Further analysis (Figure 4.4b) reveals that the middle and bottom 

tetrads (comprising bases G3-G7-G14-G21 and G2-G6-G13-G20 respectively) deviate the 

least from X-ray structure co-ordinates during simulation. The reason for this lack of 

deviation is obvious for the middle tetrad; it is sandwiched between the top and bottom 

tetrads and therefore has little opportunity for distortion without adversely affecting the 

stability o f the neighbouring tetrads. The middle tetrad is also insulated from distortion 

effects potentially introduced to the top and bottom tetrad by loop movement. The top tetrad 

shows the largest RMS deviation over the course o f the simulation; visual analysis reveals 

that loop bases A16 and G17 stack on top o f this tetrad in the latter half o f the simulation. 

This suggests that some tetrad movement must occur to accommodate these stacking 

interactions and that any destabilisation of the tetrad is compensated for by the favourable 

nature of the stacking interactions. Although the magnitude of these effects is not fully 

investigated here, it is unlikely that they are large given the small nature of the RMS 

deviation for the top tetrad. The loop-tetrad base stacking interactions are seen extensively 

in NMR and crystal structures (for example the NMR structures o f the c-myc quadruplexes) 

and it is therefore interesting that the molecular dynamics simulations are capable of 

identifying and maintaining such interactions, which were not present in the starting 

structure. The bottom tetrad face is mostly exposed to solvent during the course o f the 

simulation and displays small RMSd values comparable to the middle tetrad. These small 

RMSd values reflect the paucity of interactions that this tetrad is able to form and therefore 

the lack of perturbation to this tetrad as a result o f loop influence. Stacking only occurs with 

base A l. The stacking of the 5 ’ flanking adenine base is similar to behaviour seen in the 

NMR structure o f the c-myc sequence MYC22-G14T/G22T.

The RMSd values for the first loop, a single base adenine residue (A5), reveal little

significant deviation from the initial co-ordinates. Movement of this loop base is constrained

by the short length of the backbone (a direct result of the short loop length) which must span

three G-tetrad planes -  a vertical height o f around 7 A. This loop therefore has a negligible

impact on the overall loop RMSd values. The adenine base is exposed to solvent and points

above the G4-G8-G15-G22 tetrad in the final averaged structure. The short length of single
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base loops means that in a propeller type configuration they are unable to form stacking 

interactions with G-tetrad bases. Such interactions may be possible in edge or diagonal 

single base loops and a single base edge loop is modelled in the antiparallel structure {vide 

infra). However a diagonal single base loop was not studied in this work and has previously 

been shown to be unstable (Hazel et a l,  2004). The RMS deviation o f this single base loop 

nucleotide from the final average structure is greater than that shown by the base atoms 

alone; this reveals that backbone movement away from the starting structure over the course 

of the simulation is primarily responsible for this residue’s RMS deviation. This is most 

likely due to the backbone moving to find the most favourable conformation which 

accommodates the three-tetrad stretch. Indeed, all loop bases show less deviation from the 

starting structure than the backbone region from the equivalent residue.

Unlike shorter loops, parallel loops longer than around three bases may potentially form both 

loop-loop and loop-tetrad interactions as their increased backbone length gives them a 

greater degree of flexibility and the ability to reach G-tetrad surfaces. The behaviour o f the 

AGGA parallel loop is somewhat different to the parallel TTA loop seen in the X-ray crystal 

structure o f d[AG3(TTAG3 )3 ], which shows only loop-loop interactions. The behaviour 

shown by the AGGA loops in this model is more akin to the folding back of 5’ and 3’ 

flanking bases seen for the c-myc sequences Pu24I and MYC22-G14T/G23T. However no 

identifiable loop-tetrad or loop-loop interactions were reported in this case and it is probable 

that a seven base loop is too flexible to maintain long-term stabilising interactions on the 

NMR timescale. A four base loop, such as this AGGA loop, appears to have sufficient 

flexibility to accommodate both loop-loop and loop-tetrad interactions, but is short enough to 

facilitate base-base interactions which are rendered difficult by longer, more flexible loops. 

In the simulation of the parallel c-kit 1 model, stacking interactions are observed between 

A16 and G17 with tetrad bases G15 and G22 respectively; however these interactions are not 

first observed until around 1.5 ns. They are then maintained for the duration o f the 

simulation. The structural rearrangements of this loop region are responsible for the 

majority o f the overall RMS deviation o f the loop regions; the RMS deviation for all the loop 

bases closely follows that of this loop region. In the final averaged structure, base stacking 

is also observed between G18 and A 19, although this interaction only occurs in the final 

nanosecond of simulation. This AGGA loop clearly illustrates the ability of longer 

propeller-type loops to form stable, long-timescale loop-loop and loop-tetrad interactions.

Loop 2 is less well defined during simulation. At the end of the simulation, base GIO is

tucked into the groove region. This folding in occurs early on in the simulation and the base

then retains this configuration for the remainder o f the simulation. This interesting
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configuration is somewhat akin to the positioning of thymine bases in grooves seen in the 

(1(0 4 X3 0 4 ) crystal structure (Hazel et a l, 2006b) and reduces the exposure of this base to 

solvent. Bases 09  and T12 are exposed to the solvent and form no long-term stabilising 

interactions over the course of the simulation. Cl 1 is positioned above the 02 -06 -013 -020  

tetrad face, however the base is tilted away from the plane o f the tetrad and stacking 

interactions are unlikely to occur. This interaction, however, may develop more fully over a 

longer simulation. Hydrogen bonding between loop bases occurs only transiently during the 

course o f the simulation. As with the AOOA loop, individual loop bases make only small 

contributions to the overall RMS deviation and the backbone region is therefore undergoing 

significant transition away from the starting structure. This is immediately clear from the 

overlay of the start and finish structures shown in Figure 4.8, where significant differences 

between the initial and final backbone positions are obvious. Despite having the same length 

and topology as the AGGA loop, as well as spanning grooves o f similar width, the sequence 

of the CGCT loop appears enough to disfavour the formation o f durable stabilising 

interactions.

The individual RMS deviations for each residue in the final averaged structure are presented 

in Figure 4.6. The guanine bases involved in tetrad formation do not immediately stand out 

however the RMS deviations for the tetrad bases are generally lower than the deviations seen 

for loop bases. The CGCT residues in the second loop display very similar RMSd values 

whilst the guanine bases in the third loops display a significantly greater RMSd value than 

the adenine bases. This is a consequence o f the guanine bases moving to stack with a tetrad 

guanine (in the case of G 17) and with the loop adenine (base G 18). As the adenine bases are 

adjacent to guanine bases involved in tetrad formation, their movement is limited in order to 

maintain tetrad integrity. The effects of backbone movement on the RMS deviations of 

guanine tetrad bases are also apparent. RMS deviations o f the tetrad bases are low; however 

once the backbone atoms are included, the RMSd of each residue increases. Backbone 

movement may help maintain optimal tetrad hydrogen bonding.
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Figure 4.3 RMS deviation for the DNA backbone during the parallel model simulation.
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Figure 4.7 Side on view of average c-kit I quadruplex parallel model during the final ns of
a U A . ' M . A t  C -u f> b 't> U

dynam ics. L o o p s  a r e  c o l o u r e d  a c c o r d i n g  t o  r e s i d u e  t y p e :  a d c m r r c ,  y e l l o w ;  g u a n m e , g r e e n ;  e ÿ t e s m e .  

r e d  a n d  t h y n w n e  b l u e .  P o t a s s i u m  i o n s  a r e  s h o w n  a s  g r e e n  s p h e r e s  i n  t h e  c e n t r a l  t e t r a d  c h a n n e l ,  

g u a n i n e  h a s e s  i n v o l v e d  i n  t e t r a d  f o r m a t i o n  a r e  d r a w n  a s  g r e y  l i n e s .

Figure 4.8 Comparison of the starting and averaged final structure of the c-kit I parallel model.

T h e  s t a r t i n g  s t r u c t u r e  i s  p r e s e n t e d  i n  g r e y  a n d  t h e  f i n a l  s t r u c t u r e  i n  b l u e .  L o o p  b a s e s  o m i t t e d  f o r  

c l a r i t y ;  b a c k b o n e  s h o w n  a s  r i b b o n .
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4.8.2 The antiparallel quadruplex model

The antiparallel structure consists of two edge loops separated by a diagonal loop. As a 

consequence of its antiparallel nature, this model has grooves o f varying width. Two 

medium grooves (between bases G2-G8 and G13-G22), one narrow groove (between bases 

G8-G22) and one wide groove (between bases G2-G13) are present. The medium grooves 

are spanned by the two edge loops. Guanine bases involved in tetrad regions have different 

glycosidic angles; G3, G 6 , G 8 , G 14, G20 and G22 all have syn glycosidic angles whilst the 

remaining guanines have anti glycosidic angles. This produces tetrads with an anti-anti-syn- 

syn arrangement o f glycosidic angles.

The simulation was stable as judged by energetic and visual analysis o f the trajectories. By 

the end o f the simulation an equilibrium state appears to have been reached with respect to 

the RMSd values and the total energy o f the system. As with the parallel model, equilibrium 

energy values are reached early on in the simulation. However, RMSd values take longer to 

stabilise. The total system energy during the course of the simulation is presented in Figure 

4.9; RMSd plots for the various elements o f the antiparallel quadruplex structure are shown 

in Figure 4.10, 4.11 and 4.12. The RMS deviations for all heavy atoms are similar in 

magnitude to those of the other two quadruplex models, as are the RMS deviations for the 

loop bases. The RMS deviation for all heavy atoms shows very similar trends to that of the 

loop regions, suggesting that motions in the loop regions are responsible for the majority of 

structural change. This is consistent with the parallel model. However RMSd values for the 

tetrad atoms are not insignificant and are slightly higher than those for the parallel and mixed 

quadruplex models. This is confirmed by further analysis of individual tetrad regions, shown 

in Figure 4.1 lb. Visual analysis o f the trajectory reveals that tetrad integrity is not retained 

throughout the simulation for the bottom tetrad; this is further discussed below. This is in 

contrast to the parallel and mixed models, which both retain tetrad integrity throughout the 

simulation.

Comparison of Figure 4.11b and 4.4b reveals major differences in behaviour between the 

tetrad planes in the antiparallel and parallel models. The RMS deviations for individual 

tetrad planes are noticeably higher than those for the parallel structure; in particular the 

bottom tetrad (bases G4-G6-G15-G20) shows significant perturbation away from the starting 

structure during the first nanosecond of simulation. This disturbance is propagated through 

the structure, as seen by the slightly elevated RMS deviation for the middle tetrad when 

compared with the parallel model. Significant deviation of the tetrad regions is seen during 

the first nanosecond of simulation. Although the tetrad regions stabilise somewhat after the
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first nanosecond, the final configurations are only reached in the last 500 ps of simulation. 

The tetrads show RMSd values between 0.5 and 1, whereas the parallel structure shows 

RMSd values of around 0.5 for these tetrads. The cause o f the disturbance is immediately 

obvious from visual analysis of the trajectory and o f the final structure, which is shown in 

Figure 4.14. Tetrad base G4 is significantly distorted out of plane and the integrity of the 

bottom tetrad is therefore compromised. This is in common with experimental structures 

such as that o f d[AG3 (T2AG3 )3 ] (Wang and Patel, 1993). Despite the distortion o f the 

guanine base, the backbone region of this residue deviates only slightly when compared to 

the backbone deviation for other loop regions (Figure 4.15) which therefore accounts for the 

surprisingly low average RMSd value seen for G4 in Figure 4.13. Figure 4.15 further 

highlights the differences of the final structure when compared with the starting structure. 

Most guanine bases involved in tetrad formation exhibit some deviation away from planarity 

(this is especially clear when Figure 4.15 is compared with Figure 4.8, the equivalent 

diagram for the parallel structure). Despite the significant deviations of the tetrads away 

from the starting structure, on the whole tetrad integrity is maintained for the middle and top 

tetrads. The top tetrad is pulled out of shape by the movement o f the CGCT loop backbone; 

the distortion o f the middle tetrad is most likely caused by the knock on effects o f deviation 

from planarity o f the top and bottom tetrad. The planar top and bottom tetrads in the parallel 

model can restrain the middle tetrad and keep deviation from planarity o f the middle tetrad to 

a minimum; conversely, the “bent” nature of the top and bottom tetrads in the antiparallel 

model force the middle tetrad to deviate away from planarity.

The single loop base A5 is in close proximity to the AGGA loop as both edge loops occur on 

the bottom tetrad face. The A5 base is intercalated between loop bases G17 and G 18. 

Positioning of A5 between the two guanine bases is responsible for moving G4 out of 

position and the stacking interactions between G 17, A5 and G18 may compensate for the 

disruption of the G-tetrad plane. The loop base A19 stacks neatly on top of tetrad base G 15, 

however base A16 is exposed to solvent. These interactions occur relatively quickly and are 

in place after the first nanosecond of simulation; however their effects on tetrad stability take 

longer to equilibrate. The interaction o f the two edge loops and the subsequent distortion of 

the bottom tetrad are the key structural features o f this model. Such interaction is only 

possible for this topology which brings the two edge loops into close proximity with each 

other and therefore enables the intercalating behaviour shown here to occur.

At the end of the simulation, the diagonal loop, consisting of bases C9-G10-C11-T12, is not

as well defined as the edge loops. In the final structure, loop base C l 1 is pointing down into

the wide groove; this behaviour is similar to that reported for a range of edge and diagonal
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loop sequences (Hazel et a l ,  2006a; Hazel et a l,  2006b) and is also seen for base GIO in the 

parallel model. Bases C9 and GIO are exposed to solvent and form few long lasting 

interactions. T12 stacks above tetrad bases G13 and G22. Figure 4.11c illustrates that the 

diagonal loop shows the most significant deviation away from the starting structure; this is 

also clear when the starting and finishing backbone structures presented in Figure 4.t2T are 

compared. It is somewhat surprising that this four base diagonal loop does not establish a 

more well-defined structure over the course o f the simulation. Literature reports o f diagonal 

four base loops (for example T4  present in the Oxytricha crystal structures) show significant 

stacking between loop and tetrad bases; this is only seen for base T12 in this model. The 

exposure of C9 and GIO to solvent is also surprising; however a longer simulation may result 

in stacking interactions between these two bases, similar to that observed between G18 and 

A19 in the parallel stranded model. However the top tetrad is much less distorted than the 

bottom tetrad and it may be that the lack of structure in the diagonal loop region provides 

backbone flexibility to maintain the planar nature o f the top tetrad face. Furthermore, this 

diagonal loop has a significantly longer distance to span than the edge loops therefore loop 

movement may be restricted in order for the backbone to accommodate the long stretch 

between tetrad bases G 8  and G13. Given that experimental structures show high levels of 

structure in diagonal loops, it is possible that the CGCT sequence is not suited to forming 

stabilising interactions in quadruplex loops.

The RMSd values of each residue in the final averaged structure are shown in Figure 4.KJ. 

Unlike the parallel model, tetrad and loop bases are clearly distinguishable. Despite the low 

RMS deviation for the A5 base, the RMS deviation o f this residue is slightly higher, due to 

backbone motion. This backbone movement is a result o f the G4 base being distorted out of 

the tetrad and it enables intercalation o f the A5 base between G17 and G 18. Residues GIO 

and T12 display high RMS deviations compared to the nucleobases in these residues; again 

this is due to backbone movement within this loop region.
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Figure 4.10 RMS deviation for the DNA backbone during the antiparallel model simulation.
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Figure 4.14 Side on view of average c-kii I quadruplex antiparallel model during the final ns of

dynamics. L o o p s  a r e  c o l o u r e d  a c c o r d i n g  t o  r e s i d u e  t y p e :  a d e n i n e ,  y e l l o w ,  g u a n i n e ,  g r e e n ,  c y t e m n e ,  

r e d  a n d  b l u e .  P o t a s s i u m  i o n s  a r e  s h o w n  a s  g r e e n  s p h e r e s  i n  t h e  c e n t r a l  t e t r a d  c h a n n e l ,

g u a n i n e  b a s e s  i n v o l v e d  i n  t e t r a d  f o r m a t i o n  a r e  d r a w n  a s  g r e y  l i n e s .  T e t r a d  b a s e  G 4 ,  w h i c h  i s  h e a v i l y  

d i s t o r t e d ,  i s  s h o w n  i n  b l a c k .

Figure 4.15 Comparison of the starting and averaged final structure of the c-kit 1 antiparallel 

model. T h e  s t a r t i n g  s t r u c t u r e  i s  p r e s e n t e d  i n  g r e y  a n d  t h e  f i n a l  s t r u c t u r e  i n  b l u e .  L o o p  b a s e s  o m i t t e d  

f o r  c l a r i t y ;  b a c k b o n e  s h o w n  a s  r i b b o n .
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4.8.3 The mixed parallel model

The mixed model has the following loop topology: the first loop is a propeller loop, followed 

by two edge loops. Therefore this structure has one wide groove (between tetrad bases G 6 - 

G15), one narrow groove (between G15-G20) and two medium grooves (between bases G2- 

G20 and G2-G6). The wide groove is spanned by the CGCT edge loop, one medium groove 

is spanned by the A propeller loop and the narrow groove is spanned by the AGGA edge 

loop. As with the antiparallel structures, both anti and syn glycosidic angles are seen in the 

tetrads. G2, G 6 , G 13, G14 and G20 all have syn glycosidic angles whilst the remainder of 

guanines involved in tetrad formation have anti glycosidic angles.

The variation o f the system’s total energy is presented in Figure 4.16; the total energy of the 

system stabilised within the first ns and the system was therefore judged to have reached 

equilibrium. RMSd values are shown in Figures 4.17, 4.18 and 4.19. The RMS deviations 

take longer to stabilise than either the parallel or antiparallel model. Few sudden or sharp 

changes occur after the first nanosecond of simulation, however the general trend of the 

RMSd values is upwards even at the end of the simulation. This is in contrast to the parallel 

and antiparallel simulations. To ensure a structural equilibrium has truly been reached, this 

simulation should ideally be extended for a further few nanoseconds. The large RMS 

deviation of the loop regions is again responsible for the majority of the system’s movement 

away from the starting structure. Further analysis o f the RMS deviations for the component 

parts of the tetrad structure reveal that again loops two and three are responsible for the most 

deviation and appear to contribute equally. Tetrad behaviour is slightly different from the 

parallel and antiparallel models; each tetrad displays a surprisingly similar deviation which 

shows minimal change after the first ns o f simulation. The stability of the tetrad regions in 

this model is also shown by Figure 4.20, where the RMS deviations of the tetrad nucleotides 

is in general lower deviations that the loop regions. Examination of the final averaged 

structure reveals that the tetrad regions show minimal deviation away from planarity. The 

RMSd values for the tetrad regions are comparable to the parallel model; however the final 

mixed structure shows more planar tetrad regions.

In common with the previous two models, individual loop bases display small RMS 

deviations (Figure 4.19) and therefore the backbone in these regions is responsible for the 

majority of the movement away from the initial structure. This is clearly shown in Figure 

4.22. In particular, the backbone region in loop 2 kinks significantly during the course of the 

simulation. The single base A loop is again exposed to solvent, as per the parallel model. 

Only small backbone deviations are seen for this loop; the backbone here is translated
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slightly upwards. The A5 nucleotide has a higher RMS deviation than the antiparallel 

structure (where movement o f this base is limited by its inclusion in intercalating interactions 

with G17 and G 18) but the RMS deviation is slightly lower than that seen for the parallel 

structure where the loop is in an identical conformation.

As with the parallel and antiparallel models, the CGCT loop forms fewer stacking 

interactions than the AGGA loop. Both C residues remain exposed to solvent throughout the 

simulation, however the guanine base GIO moves to stack on top o f tetrad base G 8 . This 

accounts for the kink in the backbone seen in the final structure (Figure 4.22). The thymine 

base is approaching planarity with the bottom tetrad; a more lengthy simulation is required to 

establish whether a T12-G13 stacking interaction is stable on a longer timescale. The C 

bases in this loop move relatively little from their starting position; most movement occurs 

as the guanine and thymine base move to form their stacking interactions on the bottom 

tetrad face. This results in larger RMS deviations for the G and T nucleotides (Figure 4.20).

In the final averaged structure, stacking interactions between bases G17 and G18 are clear 

and both adenine residues are in close proximity to this G-G stack. In particular A19 is 

stacked on top of G18 by the end o f the simulation. Although A16 is parallel to the G17- 

G18-A19 stack, it is further away and remains exposed to solvent. The stacking is similar to 

that seen in the edge AGGA antiparallel loop, however all bases come from the same loop 

sequence. No interaction occurs between the loop and tetrad bases during the timescale of 

the simulation. This is somewhat surprising given that the nature o f the edge loop allows 

bases to sit in close proximity to the tetrad face. This is seen for base A19 in the antiparallel 

model and for base GIO in this model. However, in this model the AGGA loop spans a 

narrow groove. The shorter distance between two tetrad guanines that has to be bridged by 

the DNA backbone could force the AGGA bases to flip out away from the tetrad face in 

order to accommodate the backbone loop. This would minimise the potential for any loop- 

tetrad base interactions, which are seen for the parallel and antiparallel AGGA loops, both of 

which bridge medium grooves.
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Figure 4.21 Side on view of average c-kit I quadruplex mixed model during the final ns of 

dynamics. L o o p s  a r e  c o l o u r e d  a c c o r d i n g  t o  r e s i d u e  t y p e :  a d e n i n e ,  y e l l o w ,  g u a n i n e ,  g r e e n ,  c y t o s i n e ,  

r e d  a n d  t h y m i n e  b l u e .  P o t a s s i u m  i o n s  a r e  s h o w n  a s  g r e e n  s p h e r e s  i n  t h e  c e n t r a l  t e t r a d  c h a n n e l ,  

g u a n i n e  b a s e s  i n v o l v e d  i n  t e t r a d  f o r m a t i o n  a r e  d r a w n  a s  g r e y  l i n e s .

Figure 4.22 Comparison of the starting and averaged final structure o f the c-kit 1 mixed model.

T h e  s t a r t i n g  s t r u c t u r e  i s  p r e s e n t e d  i n  g r e y  a n d  t h e  f i n a l  s t r u c t u r e  i n  b l u e .  L o o p  b a s e s  o m i t t e d  f o r  

c l a r i t y ;  b a c k b o n e  s h o w n  a s  r i b b o n .
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4.8.4 Free energy calculations for the three models

The free energy values calculated by the MM-PBSA/MM-GBSA methodologies may be 

used to rank the quadruplex models in order o f their stability. Models with lower free energy 

values are expected to be more stable than models with a higher free energy values. 

Calculated absolute free energy values for each model are presented in Table 4.1. Previous 

studies investigating different conformations o f a given loop type have performed separate 

free energy calculations on the tetrad core and loop regions (Fadma et a l,  2004) however 

this approach was not adopted here due to the very different m anner natures of the propeller, 

edge and diagonal loop types. The solute entropie contribution, -TS, is the least reliable 

component due to the calculation method and is therefore included separately in Table 4.1. 

The G/otai value includes the solute entropie contribution, however, as it may alter the overall 

rankings o f the models’ stabilities. The solvent entropie contribution is implicit in the 

solvation energy term. It should be noted that the free energies reported here are better 

considered as relative values for comparison o f structures rather than absolute values which 

could be compared with experimentally calculated values.

Model G(kcal.mol^) ste -TS(kcal.mol‘) ste Gtotai(kcal.mor^)

parallel -4913.07 2.19 -596.31 0.65 -5509.38
g 1

1

iS
antiparallel

mixed

-4896.95

-4925.57

2 . 1 1

1.76

-592.85

-589.05

0.50

0.71

-5489.80

-5514.62

parallel -4611.17 1.95 -596.31 0.65 -5207.481
g 1antiparallel -4618.58 1.63 -592.85 0.50 -5211.43

mixed -4633.02 1.83 -589.05 0.71 -5222.07

Table 4.1 Calculated free energy values for each model. Standard errors of the mean (ste) are also 

included. G does not include the solute entropie contribution whereas G,otai does.

Considering the differences in topology, the free energy values for all models are remarkably 

similar. When the entropie contribution is not included, both the PB and GB methods 

suggest that the mixed model is the most stable. The PB method ranks the parallel structure 

more stable than the antiparallel structure, whilst the GB method ranks the antiparallel 

structure more stable than the parallel structure. This difference in rank order is due to the 

GB method calculating a greater difference in Gsohauor, values between the parallel and

98



antiparallel models. However, when the entropy is included, the difference between the 

mixed and parallel models when the PB method is used narrows to only 5.24 kcal.mol \  

Given the error in the calculations, the PB model is unable to distinguish between the 

parallel and mixed models^ relative stabilities whenever the entropie values are included. The 

difference between both parallel/mixed models and the antiparallel model is much greater 

and beyond the margins o f error; therefore the PB method clearly ranks the antiparallel 

model as the least stable. A similar problem occurs with the GB model when the antiparallel 

and parallel models are compared; once entropy is included the difference in stability of 

these two models is within the error of the calculations. However, the parallel model is only 

slightly less favourable than the antiparallel model when the GB method is used. This small 

difference (3.95 kcal.m of’when entropie contributions are included) between the antiparallel 

and parallel free energies is surprising given the significant structural differences between 

the two models. Given the size of the standard error, it is sensible to conclude that the GB 

method is unable to differentiate between the parallel and antiparallel models in terms of 

stability whenever the entropie cost is included. However the mixed model is clearly the 

most stable and is clearly separated from the parallel and antiparallel models whether the 

entropie contribution is included or not.

Further analysis o f the breakdown of the free energy values (shown in Table 4.2) reveals a 

more complicated situation. The free energy o f solvation (which is calculated using the PB 

or GB method) is lower for the antiparallel methods than for the other two methods. This 

implies that, if the free energy of solvation alone were to be used as a measure of stability, 

the antiparallel structure would be the most stable (this is true for both the GB and PB 

calculations). The antiparallel model, however, has greater {i.e. less favourable) electrostatic 

contributions, Emm- This offsets the more favourable Gsoivauon value so that the overall free 

energy for the antiparallel model is greater than the free energy for the mixed and parallel 

models when the PB method is used, and similar to the free energy of the parallel model 

whenever the GB method is used. The Emm values are the result o f standard molecular 

dynamics calculations rather than calculations which rely on the GB or PB methods. 

Therefore the poor performance of the antiparallel model in the free energy calculation is 

primarily due to unfavourable electrostatic interactions which are calculated using standard 

molecular dynamics protocols, rather than the MM-PBSA/GBSA methodology.

The results of the free energy calculations must have their basis in the model structures. By

examining the antiparallel structure, the reason for its good performance in the G solvation
component of the calculations becomes apparent. The antiparallel structure offers a

molecular surface that is more amenable to solvation; whilst this model has some
99



nucleobases exposed to solvent, this is minimised due to the intercalation of A5 with G17 

and G18, as well as the C l 1 position within the groove region. Stacking o f T12 against the 

tetrad face also minimises the exposure to solvent. However, the disruption of the terminal 

G-tetrad (due in part to base A5 intercalating with the AGGA loop) will be, in part, 

responsible for the higher (less favourable) value. This is due to two factors; firstly, the 

disruption o f 7i-7i tetrad stacking and secondly, the disruption of the tetrad hydrogen bonding 

network. Base stacking interactions are reproduced in the Amber forcefields by the use of 

atom-centred point charges and van der Waals parameters; therefore energetic penalties 

associated with decreased base stacking will be reflected in the Eelec and E mm values. The 

loss of hydrogen bonds in a structure will also be reflected in the Æ'ma/value. Intercalation of 

the single A loop with the AGGA loop may help offset the decrease in Emm values due to the 

disruption o f tetrad 7t-7C stacking.. In the case o f the antiparallel structure, the high Emm 

value is offset by the low Gsohation value so that the final G value is within 20 kcal.m of’ of 

the parallel structure.

The parallel and mixed models display similar values for both E mm and Gsohation- This is a 

reflection of the similarity of the two models -  both have single propeller loops and maintain 

tetrad integrity throughout the simulation. Maintenance of tetrad integrity is in part 

responsible for the lower Emm values seen for these two models when compared with the 

antiparallel model. The less negative Gsohation value for the parallel quadruplex model is 

most likely due to the exposure o f the single A loop and CGCT loop bases exposure to 

solvent, as well as greater exposure o f the tetrad surfaces to solvent. The final averaged 

structure for the mixed model also has a single base loop exposed to solvent, whilst the 

majority of the CGCT loop also remains exposed to solvent (the G base is involved with 

stacking interactions over the tetrad face). The AGGA loop in the mixed structure is capable 

o f minimising the base exposure to solvent as it forms the AGG stack, however the position 

o f this arrangement over the tetrad groove leaves the top tetrad face entirely exposed to 

solvent. The conformation o f the AGGA loop backbone means that the AGG stack is also 

exposed to solvent. Both the parallel and mixed structures have similar tetrad surface areas 

exposed to solvent and the majority o f the difference in Gsohation values between the 

antiparallel and the mixed/parallel models is primarily due to the increased surface area of 

the G-tetrads which remain exposed to solvent during the simulation.

Although the parallel and mixed models share some structural characteristics, both the PB 

and GB methods produce very similar free energies at the level o f the Gsohation calculations. 

One might expect a greater differentiation between the Gsohation values due to the differing
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loop behaviours. The similarity in Gsohation values may be due to inadequacies in the GB 

method’s treatment o f atomic radii, in particular that of ions. The Generalized Bom method 

is known to be deficient in its treatment of buried ions (when compared to the PB method), 

where it tends to underestimate the effective radius (Onufiiev et al. 2002). As ions (such as 

the ions in the central tetrad channel) are very sensitive to solvation effects (and their 

radii in aqueous environments are notoriously difficult to estimate), GB methods which have 

been optimised for low salt concentration environments may stmggle to produce accurate 

results.(Onufriev et al. 2002). However, the environment of the ions during the 

simulation is very similar for all models examined here and therefore this inadequacy o f the 

GB method is not thought to account for the poor differentiation between stmctures.

Use of atomic radii parameters that are even slightly away from the ideal can therefore result 

in calculations which are unable to distinguish between the subtle effects o f ions (and atoms) 

in different models. Parameters that deviate slightly away from the ideal will also result in 

surface area calculations that fail to adequately distinguish between the three models. The 

calculations should be repeated with alternative radius parameters in an attempt to 

differentiate between the models. Free energy calculations may be further improved by 

including bound waters in the calculations (Spackova et al. 2003); however this is easiest 

done on crystal structures where bound water molecules may be easily identified. Although 

the MM-PBSA/GBSA methodology used here suggests that the mixed model is the most 

stable and therefore more likely to exist in solution, the exact experimental topology may not 

be represented here and therefore it would be unwise to use this as a basis to predict the 

experimental topology. It should also be noted that the difference between the calculated 

free energies for the models is in several cases very small and within the margins o f error for 

the free energy calculations.

Parallel Antiparallel Mixed
kcal.mol' ste kcal.mol' ste kcal.mol' ste

^  ELEC -454.27 2.65 -291.88 2.49 -476.30 2.23

^  M M 395.2 2.86 517.15 2.87 379.47 2.74

G  n o n p o l a r (PB) 21.27 0.03 19.81 0.03 22.02 0.02

^  solvation (PB) -5308.27 2.77 -5414.92 1.99 -5305.04 1.74

G  MM-vSOLVATION (PB) -4913.07 2.19 -4896.95 2.11 -4925.57 1.76

G  n o n p o u r (GB) 30.62 0.05 28.53 0.04 31.71 0.03

^  solvation (GB) -5006.37 2.19 -5135.73 1.99 -5012.50 1.79

( r  M M vSO LVATlO N (GB) -4611.17 1.95 -4618.58 1.63 -4633.02 1.83
-TS -596.31 0.65 -592.85 0.50 -589.05 0.71

^  binding (PB) -5509.38 2.84 -5489.8 2.61 -5514.62 2.47

^  binding (GB) -5207.48 2.60 -5211.43 2.13 -5222.07 2.54

Table 4.2. Breakdown of calculated free energy values for the c-kit 1 quadruplex models.
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4.9 Discussion

The modelling work described here was conducted in advance o f the NMR experiments 

(which are presented in Chapter 6 ) to determine the overall quadruplex fold. The 

simulations presented here are therefore an exercise in investigating possible quadruplex 

behaviour rather than reproducing experimentally observed dynamics. Although the free 

energy calculations may be capable o f ranking the topologies examined here according to 

their stability, prediction of solution phase quadruplex topologies relies on the simulation of 

every possible quadruplex fold. As this would be extremely time-consuming, the 

simulations here were restricted to three o f the more commonly observed topologies. The 

dynamics simulations, however, do provide excellent insight into the behaviour of the loops 

particular to the c-kit 1 sequence, and can identify possible reasons why a particular loop 

topology may not occur in solution phase. In light o f new experimental data, the models 

may of course be revised to more accurately represent the experimental fold. However it is 

encouraging that the simulations presented here are capable o f reproducing observed 

experimental phenomena, for example the positioning o f bases in groove regions.

This section has attempted to investigate the effects of different quadruplex folds for the c-kit

1 sequence. By modelling parallel, antiparallel and mixed quadruplexes, the behaviour of a

range of different loop types has been examined. Both loop-loop and loop-tetrad interactions

are observed over the course o f the simulations. The MD simulations presented here are

capable of identifying and maintaining experimentally observed interactions, such as loop-

tetrad base stacking. All the models constructed here were stable over the course o f the

simulation {i.e. no unfolding o f the quadruplex occurred). Potassium ions remain stable in

the central tetrad channel throughout all the simulations; tetrad integrity is maintained

throughout except in the case o f the bottom antiparallel tetrad. This result highlights the

potential for polymorphism in G-quadruplex structures; loops 2 and 3 o f the c-kit 1 sequence

are flexible enough to adopt a variety o f different folds. Although the NMR results

presented in Chapter 6  clearly show formation o f only one quadruplex species, the free

energy calculations suggest that some topologies have similar stabilities. They may not

coexist in solution for a number o f reasons. The simulations presented here only model the

already-formed tetrad structure. The experimentally observed structure may rely on the

formation of specific intermediates during quadruplex folding, and therefore the barrier to a

range of folds existing for the c-kit 1 quadruplex sequence may be due to difficulties in their

formation, rather than in the stability o f the fold. The simulations conducted in this chapter

are very short on an experimental timescale and it is unlikely that they are long enough to

observe unfolding o f an unstable quadruplex species. Therefore they should be extended by
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several nanoseconds to ensure that the quadruplex folds modelled here do not unfold 

spontaneously. It is also possible that none o f the models created here reflects the exact 

topology of the c-kit 1 quadruplex in solution. If none o f the models here accurately reflects 

the experimental topology o f the c-kit 1 quadruplex in solution, the similar free energy 

values reported here for the models may not be a problem, as the experimental topology 

would be expected to have free energy values below those calculated for the three models 

presented here.

Loop 1, the single adenine base loop, displays low RMS deviations for all simulations 

undertaken in this work. Both edge and propeller type loops were stable in simulations 

presented here; however, single base loops in X-ray and NMR structures to date have only 

been found in a propeller configuration. Previous MD studies o f single base loops in a 

diagonal configuration resulted in break up of the G-tetrads (Hazel et a l, 2004) and they 

were therefore not considered within this study. It is thought that the propeller single base 

loop configuration produces the least strain on the tetrad structure, hence its predominance in 

experimental structures. Indeed, simulations o f the parallel and mixed structures here (which 

both contain propeller single base loops) show minimal distortion of neighbouring tetrad 

bases and high levels of tetrad planarity. The simulation of an edge single base loop in this 

work (the antiparallel model, where the single base loop spans a medium groove) strains the 

top tetrad and eventually disrupts it by movement o f the 0 4  base. However, this disruption 

o f tetrad integrity cannot be wholly attributed to the nature of the edge single base loop; 

some of the strain may result from intercalation of A5 between 017 and 018  and these loops 

may then be stabilised at the expense o f tetrad integrity. The short backbone length o f a 

single base loop limits the amount of movement that can occur before an impact on the 

neighbouring bases is seen; the short loop length is also responsible for the low RMS 

deviations seen for this base. One consequence o f the short loop is that this adenine base has 

no way of forming tetrad-loop (or loop-loop) interactions when it is found in a propeller 

configuration and is therefore exposed to solvent. However, in the antiparallel structure, the 

edge-diagonal-edge loop pattern places this single A base in close proximity to the AOOA 

loop. Here it is able to intercalate with the two loop guanine bases (017 and 018). 

Removing the A5 base from exposure to solvent by intercalation must therefore compensate 

for the destabilisation caused by the resulting tetrad distortion as the overall fold remains 

stable on the timescale o f this simulation. Indeed, the parallel and mixed structures where 

this single A loop is exposed to solvent are penalised by the MM-PBSA approach to 

calculation of Gsohation values as the single base loop in a propeller configuration presents a 

much greater solvent accessible surface area than the edge single base loop examined here.
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The second loop, consisting o f CGCT bases, is capable o f forming only a limited number of 

interactions with itself and the tetrad region. Although it was studied in propeller, edge and 

diagonal loop conformations, simulations here failed to establish a preferred topology (as 

judged by the formation and maintenance of loop-loop or loop-tetrad interactions) for any of 

the loop types. Some stacking interactions were observed in all models during the course of 

the simulations, however the majority o f the loop bases remain exposed to solvent. As the 

CGCT loop is of equal length to the AGGA loop (which was shown to form a number of 

loop-loop and loop-tetrad interactions in both propeller and edge configurations), this lack of 

structure may be due to sequence effects. Loops o f identical length have been reported to 

form diagonal loops with clearly defined interactions (for example the Oxytricha telomeric 

sequence d(G]T4 G3 )) and therefore a four base loop is long enough to comfortably span a 

tetrad in a diagonal fashion. It should also be noted that there are relatively few 

experimental structures o f G-quadruplexes which contain cytosine bases in the loop regions; 

it is possible that C-rich loop regions are particularly poor at forming stabilising interactions 

in the context of quadruplex loops and therefore negatively impact on quadruplex stability. 

However, the edge and diagonal CGCT loops modelled here (in the mixed and antiparallel 

structures respectively) are on opposite sides of the tetrad to the other two loops in the 

structures and are therefore prevented from forming interloop interactions which could 

stabilise the overall fold. Simulations should be conducted over a longer timescale and also 

employing LES methods to ensure a more complete coverage of conformational space before 

a definitive conclusion is reached about the inability o f the CGCT loop to form long duration 

stabilising interactions. The reluctance of the CGCT loop to adopt a preferred conformation 

may also be responsible for the unique nature o f the c-kit 1 sequence to form only a single 

quadruplex species. This suggests that only one arrangement of loops 1 and 3 can 

sufficiently stabilise the quadruplex structure to accommodate the flexibility o f the CGCT 

loop.

The AGGA loop has been shown here to be capable o f forming a wide range of loop-loop 

and loop -  tetrad interactions. In all three models, stacking between loop bases is seen. The 

parallel model shows that this loop is capable of forming both loop-loop and loop-tetrad 

interactions simultaneously, with bases G18 and A19 stacking together whilst A16 and G17 

stack over tetrad guanine bases. The interaction between the single A loop and the AGGA 

loop in the antiparallel structure shows clearly the advantages that may be gained in forming 

an antiparallel structure. This arrangement places two loops on one side o f the tetrad face, 

providing ample opportunities for interloop interaction as well as providing maximum 

coverage of the G-tetrad face.
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Due to the nature o f propeller loops, the parallel stranded model offers loops the least 

opportunity to interact with the tetrad bases. It was therefore thought that stabilising 

interactions would primarily arise from loop-loop interactions. However, the parallel model 

presented here suggests that a four base AGGA loop is long enough to enable formation of 

loop-tetrad interactions as well; both adenine and guanine bases are observed forming 

durable stacking interactions with tetrad guanine bases. Therefore it appears that longer 

loops in propeller configurations can form stabilising loop-tetrad interactions and that the 

backbone region is flexible enough to move to accommodate these interactions. This is 

exemplified by the stacking o f bases A16 and G17 over the tetrad face in the parallel model. 

The presence o f edge loops in the mixed and antiparallel structure should maximise the 

formation o f tetrad-loop interactions. However the mixed model only shows limited loop 

tetrad interaction (between GIO and the tetrad face), with most loop bases being removed 

from the tetrad face. This is also true for the antiparallel structure, which shows extensive 

loop-loop interactions at the expense o f tetrad planarity. The MD simulations suggest that 

stabilising loop interactions at the expense o f tetrad stability does not always have a 

detrimental effect on the stability of the overall quadruplex fold.

The performance of the MM-PBSA and MM-GBSA calculations is not entirely satisfactory 

and although the mixed model is thought to be slightly more stable than the other two folds it 

would be unwise to use the free energy values here to predict experimental quadruplex 

topologies. Successful prediction of the experimental topology would rely on the inclusion 

of the experimental fold in the modelling calculations; it should also be noted that the 

differences between some free energy values presented here is very slight and within the 

margin o f error. It is clear from the NMR experiments discussed in Chapter 6  that the c-kit 1 

sequence exhibits a very clear preference for a single quadruplex species; yet the MM-PBSA 

calculations in this chapter produce similar free energies for the mixed and parallel structures 

when entropy is included. The PB and GB methods do not produce the same ranking order 

for the stabilities o f the three models; the difficulty in comparing the performance of the two 

models is compounded by the very similar free energy values calculated for some models. 

Performance o f the free energy calculations may be improved by one o f several methods. 

The ionic radius parameters may be modified as outlined above. The MD simulations should 

also be extended to enable a more complete coverage of conformational space and to ensure 

that the structures used for energy calculation are accurate representations of how the loops 

behave in solution. A longer simulation (around 10 or 20 ns) should be performed in order 

to allow the models to better sample conformational space; in addition methods such as LES 

should be used to provide a better ensemble o f structures for energy calculation.
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Chapter 5

Computational studies of ligand binding to the c-kit 1 quadruplex

5.1 Background

The recent surge o f interest in G-quadruplex structures has mainly been driven by the desire 

for therapeutic gain, as discussed in Chapter 2, Possible therapeutic benefits outlined in the 

literature all rely on stabilisation o f quadruplex structures in vivo by binding o f quadruplex- 

selective ligands. Therefore there has been considerable interest in designing ligands which 

can achieve selectivity for quadruplex DNA over duplex DNA. With the increasing number 

of quadruplexes suspected of being formed in vivo, ligands must also be capable o f targeting 

a specific quadruplex.

Current successful rational ligand design strategies rely heavily on a structure-based 

approach. However, as detailed in Chapter 2, only a limited number o f ligand-quadruplex 

structures have been reported in the literature. The cationic porphyrin TmPyP4  has been 

shown bound to the c-myc quadruplex (Phan et a l ,  2005) and a crystal structure of a 

disubstituted acridine bound to the Oxytricha telomere repeat sequence has been reported 

(Haider et a l,  2003). Daunomycin has also been crystallised with the sequence d(TG4 T) 

(Clark et a l 2003). All structural studies reported to date show that ligand binding occurs 

between the G-tetrad surface and aromatic regions of the ligand, and not through 

intercalation. This is expected given the energetic penalty associated with unfolding that is 

required for intercalation to occur. The majority o f ligand binding data exists for parallel 

quadruplex topologies. This is primarily a result o f sequences with the greatest therapeutic 

potential (the c-myc and human telomeric sequences) forming parallel quadruplex structures.

Given that structural data on quadruplex-ligand binding is difficult to obtain, in silico 

experiments are an attractive method for studying ligand binding. Effective design of 

quadruplex-selective ligands requires in-depth knowledge of the quadruplex target, and 

previous work in this thesis has shown that obtaining this data is by no means 

straightforward. Studies reported in the literature (described elsewhere in this work) and the 

modelling results in the previous chapter have also shown that quadruplex structures, in 

particular the loop regions, can be highly flexible. Therefore ligand interaction with loop 

regions provides a potentially powerful method of stabilising quadruplex structures, as well
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as providing a method of discriminating between different quadruplexes. However, the 

flexibility and dynamic nature of the loop regions also means that correct choice of a starting 

structure for ligand binding models is crucial and that the starting structure will have a 

significant impact the quality o f the results. Therefore in the absence of high-resolution 

structural data, several approximations must be made when modelling approaches are 

employed. The use of modified sequence structure data for ligand design is one such 

approximation; choice of binding site on the quadruplex face is another.

5.2 Scope of this work

The modelling studies presented in the previous chapter are an ideal starting point for a 

theoretical investigation of ligand binding to the c-kit 1 quadruplex. The ligand binding 

studies in this chapter firstly aim to identify a suitable binding site for ligands on the parallel 

c-kit 1 quadruplex. The trisubstituted acridine BR-ACO-19 (shown in Figure 2.3) was 

chosen as a test molecule to investigate potential ligand binding sites. In order to validate 

the choice of ligand binding site, a series o f five acridine derivative compounds with a range 

of affinities for the c-kit 1 quadruplex were then modelled bound to the c-kit 1 parallel 

quadruplex model in the chosen binding site. The five acridine derivatives are shown in 

Figure 5.1. The binding affinities calculated using a MM-PBSA or MM-GBSA approach 

may then be compared with experimental FRET data for the compounds. The concentration 

of each ligand required to stabilise the c-kit 1 quadruplex and increase its melting 

temperature by 10 °C is shown in Table 5.1. The quality of the ligand binding models may 

then be judged by how accurately they are able to reproduce experimental trends. Although 

the structure used for computational studies used in this work is a model, it is hoped that by 

reproducing trends seen in experimental results this model and the methods employed here 

may be further validated.

As both the ligand and quadruplex are highly charged species, correct and accurate 

modelling o f the electrostatic interactions upon binding is crucial for an accurate estimation 

of ligand binding energy. This is accomplished by the use of the RES? methodology to 

calculate appropriate charges for the ligands to ensure accurate parameterisation.
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Ligand ÂTmlO r  (juM)

BR-ACO-19 0.17

CM-ACI-2 0 . 1 2

CM-ACI-32 1.28

CM-ACI-40 2.08

BG-ACI-67 0.38

SB-ACI-17 \2 1

Table 5.1 Concentration o f ligand required to increase c-kit 1 m elting tem perature by 10 °C, as 

calculated by FRET experim ents. Experiments conducted by Tony Rezska.
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5.3 M aterials and methods

5.3.1 Identification o f  ligand binding sites

The parallel stranded model presented in the previous chapter was used as a receptor 

structure. This structure offers a large tetrad surface for ligand binding, without the need to 

significantly displace loop regions for ligand binding to occur. The flexibility of quadruplex 

structure, combined with the paucity of experimental information available for ligand 

binding makes establishing a preferred binding site challenging. Previous experimental 

work in the literature has established that the chromophore moiety stacks above guanine 

bases in the top G-tetrad when such compounds bind to a G-quadruplex. The side chain 

regions are then free to interact with either the loop regions or the groove regions formed 

from the outside of the tetrad between loop regions. As the c-kit 1 sequence is not 

symmetrical (unlike the human telomeric sequence), four potential binding sites where the 

chromophore may stack upon a G-tetrad and the sidechains may interact with the groove 

regions are available on each G-tetrad face. This results in a similar ligand placement on the 

tetrad face to that shown by the disubstituted acridine bound to the bimolecular Oxytricha 

quadruplex (Haider et a l,  2003). Therefore a total o f eight such groove binding positions 

exist, four on each tetrad face.

A wide range o f docking algorithms, are currently available to enable modelling of ligand- 

receptor interactions. However, in this work it was decided not to rely on such algorithms 

for ligand positioning for two reasons:

A systematic examination o f  ligand placement was required. As no structural information 

currently exists to guide ligand placement, a systematic approach was required to fully 

investigate all possible binding sites. This was achieved by manual placement of each ligand 

in the required site. Current docking algorithms would not allow such a detailed level of 

targeting.

Docking algorithms are not ideally suited to targeting quadruplex surfaces. Conventional 

docking algorithms have been designed to study ligand-protein interactions from (usually) 

crystal structure data. They are ideally suited for use with structures that have a well defined 

binding pocket. Quadruplexes exhibit a relatively flat and featureless surface which has not 

currently been successfully studied using docking protocols.
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The eight groove binding sites initially identified are shown in Figure 5,2, Each of these 

binding sites allowed the chromophore region to stack on guanine tetrad bases and for side 

chains to interact with groove regions, BR-ACO-19 was manually docked into each o f the 

model positions using Insight II (Accelrys, Inc,, San Diego, USA), Molecular dynamics 

simulations and free energy calculations were then performed for each o f the binding sites as 

detailed below. Where loop-tetrad stacking interactions were present in the initial tetrad 

structure, BR-ACO-19 was inserted between the tetrad and loop regions, as per the 

Pw2^//TmPyP4 structure. Once a favoured binding site had been established this was then 

used for “docking” the five remaining compounds,

5.3.2 Ligand preparation

Ligand structures were created in ChemDraw v8,0 and minimised in Chem3D Pro 

(CambridgeSoft Corp,, Cambridge, MA, USA), A truncated Newton minimisation algorithm 

was used to a minimum RMS gradient of 0,1, Parameters were assigned according to the 

MM2 forcefield. Resulting ligand structures were then read into SYBYL v7,l (Tripos, Inc) 

where a genetic algorithm search was performed about all rotatable bonds. The lowest 

energy conformer was chosen for further work and was subject to quantum mechanical 

minimisation and charge calculation. Geometry optimization was carried out using the 

GAMESS quantum mechanics package (Schmidt et a l ,  1993); Pople’s 6-3IG* split valence 

basis set was used for restricted Hartree-Fock calculations, A single point calculation was 

then carried out on the optimized structure to calculate charges; the RHF 6-3IG* basis set 

was used to calculate charges at points determined by the Connelly algorithm. Ligands were 

then parameterised for use with the AMBER suite of packages using the RESP procedure as 

implemented in AMBER 8,0, Parameter files for use during MD simulations were prepared 

using the antechamber module in AMBER v8,0; atom types were assigned using the General 

Atom Force Field, Ligand charges as calculated by the above method are detailed in 

Appendix C,

The minimisation and molecular dynamics protocol for all ligand-quadruplex models is as 

follows: Structures were read into the xleap module o f AMBER v8,0, DNA atoms were 

parameterised according to the parm99.dat dataset whist ligands were parameterised 

according to the GAFF forcefield with charges generated as described above. Complexes 

were first minimised with 500 kcal mol 'Â  ' restraints on the DNA and potassium ions for 

2500 steps steepest descent followed by 2500 steps conjugate gradient minimisation. 

Complexes were then read back into xleap and neutralised by the addition of potassium ions. 

Neutral complexes were then solvated with TIP3 water molecules to a distance o f at least 10
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À from any solvent atom. The solvated complex was initially subject to 2500 steps of 

steepest descent minimisation followed by 2500 steps conjugate gradient minimisation with 

500 kcal.mol ' restraints on the DNA, ligand and two central K+ ions. An identical 

minimisation was then performed with no restraints on the DNA, central ions or the 

ligand molecule. All dynamics simulations were then conducted as per the dynamics runs 

for the models described in Chapter 5. RMSd analysis was conducted using the AMBER 

v 8 . 0  moduleptraj.

5.3.3 MM-PBSA/MM-GBSA methodology

Free energy calculations were conducted as per Chapter 5. In this case, the complex was 

defined as the DNA quadruplex, the two central ions and the ligand. The receptor and 

ligand were defined as the quadruplex with the two central ions and the drug molecule 

respectively.
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Figure 5.2 Initial placement sites for ligand binding. The long axis represents the chromophore 

and 3,6-position sidechains; the shorter axis represents the 9-position sidechain. The labels in red 

indicate the topmost base in a given loop.
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5.4 Results

5.4.1 Identification o f  a preferred ligand binding site.

All MD simulations for the possible binding sites resulted in stable trajectories during which 

the ligand remained in close association with the quadruplex surface. Little interaction was 

seen between the quadruplex loop bases and ligand. No interconversion between binding 

sites was observed. values for BR-ACO-19 to the c-kit 1 parallel quadruplex in

each of the identified binding sites are presented in Figure 5.3. A more thorough breakdown 

of the results may be found in Appendix B. Binding sites 2 and 3 are immediately 

identifiable as preferred binding sites using the Generalised Bom method; binding site 3 is 

also the second most favourable site when the PB method is used. The overall trend of 

Î Gbinding values differs between the PB and GB methods; the PB method established binding 

site 6  as the most preferred whilst the GB method prefers binding site 2.

The starting and finishing positions of the ligands are shown in Figure 5.4. Models 3 and 6  

show little movement between the starting and finishing stmctures; the remaining models 

show greater displacement o f the ligand during the course of the simulation. Strong 

interaction between the sidechains and the groove regions in the initial stmcture will 

discourage ligand motion. For the models that show significant movement away from the 

starting stmcture, the motion tends to encourage interaction of the side chains with the 

groove region at the expense o f chromophore -  tetrad stacking. For example, in position 5 

the chromophore region is initially placed over two guanine bases involved in tetrad 

formation. This is due to the positive charge on the ligand sidechains interacting with the 

negatively charged DNA backbone. By the end of the simulation, the ligand has moved so 

that the chromophore stacks over only one tetrad base. However, the 9- and 6 -position 

sidechains are closely positioned within groove regions by the end of the simulation; the 3- 

position sidechain is positioned over the tetrad surface. Stacking interactions between the 

tetrad and chromophore regions are maintained throughout all models except for model 1 ; 

the deviation o f the BR-ACO-19 chromophore away from planarity results in a poor binding 

free energy when the PB method is used.

For further ligand binding studies, model 3 was chosen as a preferred binding site. This 

model shows little deviation o f the ligand away from the initial placement site and has a high 

favourable free energy of binding in relation to the other models for both the PB and GB 

methods. Both PBSA and GBSA methods rank this position as the second most favourable 

for BR-ACO-19 binding. Model 2 was mled out as the 9-position sidechain occupied a
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pocket between the loop and tetrad regions; it was thought that this pocket would make it 

very difficult to examine ligand binding for ligands with different 9 substituents. Despite 

this model’s very favourable binding free energy when the GB method is used, it is only the 

fourth most favourable binding site when the PB method is used to calculate binding free 

energies.
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Figure 5.4 Starting and finishing positions for BR-ACO-19 ligand binding site investigation.

S t a r t i n g  p o s i t i o n s  a r e  s h o w n  i n  c y a n ;  f i n a l  p o s i t i o n s  s h o w n  i n  l i m e  g r e e n .  T h e  s t a r t i n g  p o s i t i o n  i s  

a f t e r  m i n i m i s a t i o n  b u t  b e f o r e  m o l e c u l a r  d y n a m i c s  s i m u l a t i o n s  h a v e  s t a r t e d .  T h e  m o l e c u l a r  s u r f a c e  i s  

g e n e r a t e d  f r o m  t h e  s t a r t i n g  q u a d r u p l e x  s t r u c t u r e .
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5.4.2 Ligand binding o f  a range o f  substituted acridine compounds.

Simulations of all five compounds in Figure 5.1 resulted in stable binding to the c-kit 1 

parallel quadruplex surface. The behaviour of each ligand during the course of the 

simulations is briefly outlined below. Starting and finishing positions for each ligand are 

shown in Figure 5.5 and the RMS deviation o f each ligand with respect to the starting 

structure is shown in Figure 5.6. Minimal tetrad distortion was seen in the simulations for all 

ligand-quadruplex complexes.

BR-ACO-19

The ligand chromophore does not show a large degree o f movement over the course of the 

simulation. However, some rotation o f the acridine is seen. Once an equilibrium state is 

reached (after 1 ns), the RMS deviation o f the ligand remains between 2 and 3. The ligand 

remains in a position similar to the starting position throughout the simulation (i.e. there is 

no interconversion between the model 3 position adopted here and any other possible 

binding site described above). By the end o f the simulation, the chromophore primarily 

stacks over tetrad base G 13. This rotation o f the chromophore results in a more favourable 

positioning of the 9-position substituent. By the end of the simulation, the 9-position 

sidechain is located over the groove region between the A5 and CGCT loops. However, the 

rigidity of the benzene ring does not enable this substituent to further interact with this 

groove region. The 3- and 6-position sidechains remain in their original conformations 

about the CH2 -CH2 bond. The positively charged 3-position sidechain pyrrolidine is 

displaced towards the negatively charged AGGA backbone region during the simulation. 

This ring sits above this region in the final averaged structure. The sidechain is also 

displaced slightly upwards and away from the tetrad face during the simulation. The 6- 

position sidechain moves significantly during simulation and the final structure shows the 

carbonyl oxygen pointing down the central channel. The pyrrolidine ring belonging to 

the 6-position sidechain is displaced during the simulation towards the groove between the 

A1 and A5 loops. It remains positioned above this groove region at the end o f the 

simulation.

CM-ACI-2

At the end of the simulation, significant rotation o f the chromophore has occurred. As with 

BR-ACO-19, the chromophore primarily stacks over tetrad base G13. The flexible and 

charged 9-position sidechain undergoes a conformational change which allows it to sit neatly 

in the quadruplex groove between tetrad bases G2 and G6; this region of negative charge is 

particularly attractive to the charged pyrrolidine sidechain. Some conformational change in
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the 9-position alkyl chain occurs over the course of the simulation. The 3- and 6- position 

sidechains also display a more “curved” appearance at the end of the simulation. This is due 

to rotation about the CH2 -CH2 bond. This conformational change also moves the 6-position 

sidechain (which shows considerable deviation from the starting structure) up and away from 

the tetrad face. It is therefore unable to interact with the quadruplex structure. Rotation 

about the CH2 -CH2 bond occurs several times during the simulation and the ligand is present 

in its final form for only the final 500 ps o f the simulation. It is probable that the 

conformations explored around this bond are very similar in energy, which would account 

for their interconversion on the timescale o f the simulation. The 3-position pyrrolidine ring 

moves little during the simulation, despite the rotation about the CH2 -CH2  bond. At the end 

of the simulation, this ring remains tucked into the groove between the second and third 

loops. The RMS deviation for the ligand is similar to that for BR-ACO-19.

CM-ACI-32

This ligand shows the smallest deviation away from the starting structure. Movement of the 

ligand is restricted to rotation around the tetrad face. As with the previous two ligands, the 

chromophore region moves over the face o f the tetrad during the simulation. Unlike the 

previous two compounds, the rotation is towards tetrad base G2 rather than tetrad base G13. 

By the end of the simulation, the chromophore region is stacking over tetrad bases G2 and 

G6. The 9-position sidechain is displaced towards the single A loop over the course of the 

simulation. This sidechain is too short and rigid to sit within a groove region and it therefore 

may be easily displaced during the simulation. It is uncharged and therefore unable to form 

significant electrostatic interactions which would anchor it in place. The 3- and 6-position 

sidechains have not displayed conformational change about their CH2 -CH2bonds (as 

observed for CM-ACI-2), and the 9-position sidechain is also very rigid. This may account 

for the smooth nature of the RMS deviation seen for this ligand in Figure 5.6. The 6-position 

sidechain is primarily exposed to solvent; the final position of the chromophore means that 

this sidechain extends out the side of the quadruplex, and is therefore too long to interact 

with the loop regions. However this sidechain is flexible and should allow for some 

interaction to occur between the pyrrolidine ring and the groove region. Rotation of the 

chromophore during the course o f the simulation means that the 3-position sidechain is also 

forced to move. It finishes the simulation on the top face o f the tetrad, adjacent to base C9.

CM-ACI-40

The RMS deviation from the starting structure is comparable with other ligands studied here.

The chromophore slides over the tetrad face so that by the end o f the simulation it is stacking

primarily over tetrad base G6. The 3- and 6-position sidechains again display rotation about
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the CH2 -CH2 bond which results in a curved shape. In the final structure, the 9-position 

substituent is placed in close proximity to loop base C9, over the G6-G13 groove region. 

However the sidechain appears to be too short and inflexible to further interact with the 

groove region, in common with behaviour displayed by the CM-ACI-32 9-position 

sidechain. The 3 position sidechain moves little during the course of the simulation; the 6- 

position is displaced to above the G2-G6 groove. Despite the charge on the 3 and 6 position 

piperidine groups, this ring is too bulky to allow more complete insertion into the groove. 

Positioning of the chromophore region also prohibits the sidechain from reaching further into 

the groove.

BG-ACI-67

This ligand displays the largest RMS deviation during the course of the simulation. Small 

chromophore shifts occur during the course of the simulation, and in the final structure the 

chromophore region is stacked primarily above G6. The CH2 -CH2 group o f the 6-position 

sidechain undergoes conformational change during the simulation however the pyrrolidine 

group remains strongly anchored into the G2-G6 groove region. The 3-position sidechain 

displays rotation about the CH2 -CH2 bond and although the pyrrolidine group remains over 

the G13-G20 groove region throughout the simulation, it is displaced towards the AGGA 

loop and downwards into the groove. The very long 9-position sidechain samples multiple 

configurations which accounts for the rough nature and the larger magnitudes o f the RMS 

deviations in Figure 5.6. At the end o f the simulation, the 9-position sidechain is pointing up 

and away from the tetrad face. Few interactions of long duration with the quadruplex are 

seen for this sidechain.

SB-ACI-17

As with the previous ligands, rotation of the chromophore is again seen during the course of

the simulation. In the final averaged structure, the chromophore stacks over tetrad base G13,

in common with BR-ACO-19 and CM-ACI-2. The 2,6,9 positions o f the sidechains (as

opposed to the 3,6,9 substituent pattern in all other ligands) forces the chromophore to lie

along a diagonal line joining tetrad bases G13 and G2, in contrast to the other ligand-

quadruplex structures presented here. The 2-position sidechain clashes with the CGCT loop

and eventually ends up sitting above this loop region. The 6-position sidechain pyrrolidine

group is fixed in place due to electrostatic interactions between the nitrogen ring and the

DNA backbone; however the, amide-CH2 -CH2 linker connecting the pyrrolidine ring to the

chromophore changes conformation during the simulation. This linker region is finally

positioned through the centre o f the tetrad, rather than around the edges o f the tetrad. The

final position of the chromophore group combined with the short and rigid nature of the 9-
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position substituent means that the 9-position sidechain is unable to reach the groove regions 

between loops 1 and 2.

Stacking interactions between the chromophore region o f the ligands and the tetrad face are 

clearly seen in the simulations above. Movement of the chromophore around the surface can 

improve charge-charge interactions between the sidechains and the groove regions. This 

movement has relatively little effect on the stacking interactions between the chromophore 

and the ligand, due to the large surface area available on the tetrad face. Conversely, 

interactions between the sidechains and the groove regions can prevent movement o f the 

chromophore. Although the trisubstituted acridine compounds were designed in order to 

provide three points o f interaction with a G-quadruplex structure, frequently one o f the three 

substituents is unable to form significant interactions with the quadruplex structure, or 

remains exposed to solvent (primarily the 6-position sidechain). Ligand-quadruplex 

interactions are therefore limited to chromophore-tetrad stacking and groove-sidechain 

interactions for two out o f three substituents. The 3- and 6-position substituents may be 

divided into two separate parts; the charged pyrrolidine or piperidine ring system, and the 

amide-aliphatic linker that separates the chromophore and nitrogen ring system. The linker 

region is ripe for further development to enhance quadruplex-ligand binding and selectivity, 

as the flexibility o f this region can be both a help and a hindrance. Conformational change 

in this region allows insertion o f the end ring system into a groove region (as is the case for 

the 3-position sidechain in BG-ACI-67) and also allows for chromophore movement without 

disturbing the end group from a favourable interaction with the DNA backbone (as is the 

case o f SB-ACI-17 and CM-ACI-2). Conformational change about the CH 2-CH2 bond 

generally resulted in a more crescent shaped molecule where the 3- and 6-position sidechains 

were directed more towards loop regions than groove regions. Flexibility and length o f the 9 

sidechain appears to be a key requirement for strong ligand binding to the c-kit 1 parallel 

quadruplex model. The flexible nature o f the 9-position substituent o f CM-ACI-2 allows it 

to sit fully within a groove region; the more rigid and shorter 9-position sidechains in CM- 

ACI-32 and CM-ACI-40 are unable to do so.
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Figure 5.5 Starting and finishing positions for the ligands studied here. S t a r t i n g  s t r u c t u r e s  a r e  

s h o w n  i n  c y a n ;  f i n i s h i n g  s t r u c t u r e s  a r e  s h o w n  i n  l i m e  g r e e n .  T h e  m o l e c u l a r  s u r f a c e  s h o w n  i s  t h a t  o f  

t h e  s t a r t i n g  q u a d r u p l e x  s t r u c t u r e .  T o p  r o w  ( l - r ) ;  B R - A C O - 1 9 ,  C M - A C I - 2 ,  M i d d l e  r o w  ( l - r ) ;  C M - A C I -  

3 2 ,  C M - A C I - 4 0 ,  B o t t o m  r o w  ( l - r ) :  B G - A C I - 6 7 ,  S B - A C I - 1 7

.22



1
0

I  ?

5il
<*

‘X.- i .  1

--------B K -A C O  19

J < ! < i I 1

—  (  i v t - A n  .2

1 1 i i ■ i

^ , 1 ■ 1 i !

—  n , i - A ‘n ~ w

.  1 ,  1 . 1

------- B G . X n . 6 7

. 1

------- S B - .A C M  7

i .  1 . 1

lUW 2000 
Time (ps)

3000 0 1000 2000 3000
I imc (ps)

Figure 5.6 RMS deviations for each ligand during the simulation.

C M -A C I

W -10.00

.= -15.00

B (;-A C I-6 7  S B -A C I-17  B R A ( ( ) - I 9

o
<  - 20.00

-25.00

-30.00

I Poisson Boltzm ann  

I G eneralised Born

Figure 5.7 Mean binding free energies for the six com pounds studied in the M ODEL 3 position.

T h e  e r r o r  b a r s  i n d i c a t e  t h e  s t a n d a r d  e r r o r .

123



5.4.3 Calculation o f binding free energies.

Mean free binding energies for the six compounds studied here are presented in Figure 5.7 

and a further breakdown of the calculated values is presented in Table 5.2. The PB and GB 

methods for calculating the free energy of binding produced significantly different results for 

the six compounds studied here. This was expected given the performance of these methods 

in the previous chapter. The PB method identifies CM-ACI-2 as the best binder to the c-kit 1 

quadruplex species, in agreement with the experimental FRET data. The PB method also 

gives very similar binding free energies for compounds CM-ACI-32 and SB-ACI-17 (-3.28 

and -3.37 kcal.mol"' respectively) which is again consistent with the FRET experimental 

data. However, BG-ACI-67 which is ranked highly in the FRET experiments, performs 

poorly in the MM-PBSA binding energy calculations, with a small positive change in free 

energy upon binding {i.e. binding is unfavourable). The reason behind this poor 

performance is obvious from observation o f the final structure. The molecular dynamics 

procedure is unable to identify and maintain interactions between the long 9-position 

sidechain and the quadruplex structure. The binding energy of BR-ACO-19 is also 

underestimated (relative to the other compounds) by the MM-PBSA method. This 

compound exerts the second greatest stabilising influence on the c-kit 1 quadruplex, however 

the MM-PBSA mean free energy of binding calculations places it fourth, behind CM-ACI-2, 

CM-ACI32 and SB-ACI-17. The MM-PBSA method correctly ranks the CM series of 

trisubstituted acridines; CM-ACI-2 is the strongest binder, followed by CM-ACI-32 and
*tO

finally CM-ACI-32. The MM-PBSA calculations also provide good separation between the 

free energies of binding between these three compounds.

Overall, the changes in free energy upon ligand binding were greater using the GB method 

than the PB method. Since the non-polar contributions varied by only a few kcal.mol"‘ 

between the two methods (a full breakdown of the free energy components is presented in 

Table 5.2), the majority of the difference may be attributed to different modelling of the 

electrostatic component. The average difference between Î Gmm+solvation values for the PB 

and GB methods is 15.84 kcal.mol"'. The GB method again places the CM-ACI-2 ligand 

highest, however all other ligands are ranked differently when compared to the PB method. 

The GB model ranks the CM series of compounds correctly. However, there is very little 

difference between AG^wmg values CM-ACI-2, CM-ACI-32 and SB-ACI-17. Given the 

margin of standard error in the GBSA calculations it appears that CM-ACI-32 and CM-ACI- 

2 exert very similar stabilising effects on the c-kit 1 quadruplex, which is inconsistent with 

the FRET results. From the breakdown of the free energy values provided in Table 5.2, it is 

clear that CM-ACI-2 has a much higher àOsoivation value than CM-ACI-32. However, this is
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offset by the favourable molecular mechanics electrostatic contribution, which is much 

more negative for CM-ACI-2 than CM-ACI-32 by virtue o f CM-ACI-2’s higher charge. The 

more favourable tsE uu  value for CM-ACI-2 is cancelled out by the higher ^Gsohauon value 

and the net result is very similar AGbinding values for the two compounds. The GB method 

does, however, provide a clear difference in AGbinding values between CM-ACI-2 and CM- 

ACI-40 (and also between CM-ACI-32 and CM-ACI-40, despite their identical formal 

charges), in agreement with the FRET results. CM-ACI-32 and SB-ACI-17 also produce 

very similar mean free energies of binding, as per the experimental FRET results. BR-ACO- 

19 is again underestimated and ranked fourth overall, in common with the PB method. The 

stabilising effect of BG-ACI-67 is also underestimated by the GB calculations. Unlike the 

PB model which shows an unfavourable binding energy for BG-ACI-67, the GB model 

predicts favourable binding for all compounds studied here.

All compounds studied resulted in very similar non-polar contributions to the free energy of 

binding for both the PB SA and GBSA methods; these differed by less than 2 kcal.m ol' over 

the range of compounds studied. The entropie contribution for each of the compounds is 

similar; although BG-ACI-67 displays an elevated entropie contribution when compared to 

the other compounds. The difference in binding energies may therefore primarily be 

attributed to differences in the components of binding energy which are dependent on 

electrostatic effects. A good indicator of the accuracy o f the c-kit 1 starting model will lie in 

how the different methods treat ligands with identical formal charges. Given that CM-ACI-2 

and BG-ACI-67 have a formal charge of +4 (all other ligands studies have formal charges of 

+3), one would expect the PBSA and GBSA methods to rank these two models higher. CM- 

ACI-2 is indeed ranked highly and produces the strongest mean binding free energy using 

both models. This compound produces the highest AGsohation values, which is then reflected 

in the mean binding free energies. BG-ACI-67 also displays high AGsohation values however 

as the 9-position substituent remains exposed to solvent, the overall mean binding free 

energy is lower. The entropie contribution o f this ligand to the free energy o f binding is also 

much larger (due to the long alkyl chains); it is this component that is primarily responsible 

for the poor binding energies seen for this compound. The molecular dynamics simulations 

for this compound therefore fail to adequately describe the behaviour o f this lengthy 

sidechain. For the remaining ligands, the AGsohation values display significant differences, in 

spite o f the identical formal charges. If the size of the formal charge was the dominant factor 

in calculating mean free energies of ligand binding, one would expect very similar energies 

for compounds with identical formal charges. Therefore the effects o f conformation and 

ligand binding positions on the binding affinity are accounted for to some degree by the 

simulations.
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CM-ACI-2 CM-ACI-32 CM-ACI-40 BG-ACI-67 SB-ACI-17 BR-ACO-19
ste ste ste ste ste ste

^  ELEC -1757.83 3.47 -1300.98 2.21 -1241.44 2.19 -1572.30 5.20 -1228.80 2.63 -1411.84 1.65

^  MM -1811.26 3.65 -1352.94 2.27 -1286.77 2.46 -1616.73 5.43 -1273.85 3.05 -1467.06 1.83

^  G NONPOLAR (PB) -3.88 0.02 -4.07 0.04 -3.64 0.03 -3.39 0.03 -3.25 0.03 -4.64 0.03

^ ŝolvation (PB) 1772.49 3.65 1320.24 2.16 1254.31 2.34 1582.88 5.23 1245.69 2.84 1433.56 1.79

 ̂̂  MM+SOLVATION (PB) -38.76 0.32 -32.70 0.49 -32.46 0.39 -33.85 0.45 -28.16 0.42 -33.50 0.46

 ̂ NONPOLAR (GB) -5.59 0.03 -5.86 0.05 -5.24 0.05 -4.88 0.04 -4.68 0.05 -6.69 0.05

^ ŝolvation (GB) 1756.46 3.43 1298.51 2.03 1244.97 2.21 1568.80 5.27 1224.86 2.75 1420.52 1.68

 ̂̂  MM+SOL VA TION (GB) -54.79 0.30 -54.43 0.50 -41.80 0.45 -47.93 0.41 -49.00 0.43 -46.54 0.54
T ^ S -29.61 0.48 -29.42 0.49 -30.86 0.29 -34.20 0.55 -24.79 0.31 -25.03 0.36
^  ^  binding (PB) -9.15 0.58 -3.28 0.69 -1.60 0.48 0.35 0.69 -3.37 0.52 -8.47 0.58

^  ^  binding (GB) -25.18 0.57 -25.01 0.70 -10.94 0.53 -13.73 0.76 -24.21 0.53 -21.51 0.65

Table 5.2 Breakdown of values for ligand-quadruplex compounds. Standard error is included.
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5.5 Discussion

Although the parallel model used to study ligand binding is not an exact replica of the 

experimental fold presented in Chapter 6, the tetrad surface available for ligand binding is 

similar for both the parallel model used here and the experimental topology. The different 

arrangements of the loop regions between this model and the experimental structure may 

account for some deficiencies o f the ligand binding model.

The differences in calculated mean free energies of ligand binding may be rationalised in 

structural terms. The poor performance o f both methods when applied to BG-ACI-67 is 

obvious and has been dealt with above. The effects of the 9-position sidechain may be seen 

by comparing the mean free binding energies for the CM series of compounds. CM-ACI-2 

has a charged 9-position sidechain which results in favourable charge-charge interactions 

between the negatively charged quadruplex groove region and the positive pyrrolidine ring. 

The alkyl chain linking the pyrrolidine ring also provides a large degree of flexibility. This 

means that movement in the rest o f the ligand {i.e. chromophore displacement) need not alter 

the binding between the 9-position pyrrolidine ring and the groove region, allowing 

formation and maintenance o f electrostatic interactions between the ligand sidechains and 

the quadruplex. When behaviour of the 9-position sidechain is compared to CM-ACI-32, 

which has identical 3,6-position sidechains, the effect o f the 9-position substituent is clear. 

CM-ACI-32 has a much shorter, uncharged methylbenzene substituent. The inflexibility of 

this sidechain means that movement of the chromophore must be accompanied by movement 

o f the 9-position. Movement of the 9-position sidechain is also facilitated by its uncharged 

nature; it is not capable of forming electrostatic interactions with the groove region in the 

same manner as the 9-position sidechain o f CM-ACI-2. The behaviour o f the 9-position 

sidechains of BR-AC0-19and CM-ACI-40 are similar to that of CM-ACI-32. Therefore the 

9-position sidechain requires a combination of charge and flexibility for optimal binding 

according to the models described here.

BR-ACO-19 is identical to CM-ACI-40 except for the charged groups on the 3,6-position 

sidechains; BR-ACO-19 has a pyrrolidine group whilst CM-ACI-40 has a piperidine group. 

Therefore the differences in binding free energies must be due to the differences between 

these ring systems. The models display some evidence that the differences in binding free 

energies are dependent on these rings. For BR-ACO-19, the 3-position sidechain is placed 

over the groove region, and therefore charge-charge interactions between the ligand and 

groove region are expected to occur. However, the added bulk o f the piperidine ring in CM-
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ACI-40 prevents this sidechain from approaching the groove region as closely as the 

pyrrolidine ring in BR-ACO-19. As electrostatic effects are distance dependent, a small 

increase in distance between the piperidine ring and the backbone can result in a noticeable 

change in binding free energies.

Although CM-ACI-32 and SB-ACI-17 have different sidechain substitution patterns, their 

interactions with the parallel quadruplex model are similar. In the average structures, both 

have one sidechain exposed to solvent (the 2-position sidechain for SB-ACI-67 and the 6- 

position for CM-ACI-32) and the 9-positions show similar non-specific interactions. The 

similarity in their mode of binding results in similar calculated mean free energies of 

binding, for both the PBSA and GBSA methods.

Charged components of the ligands (for example pyrrolidine and piperidine rings) appear to 

be responsible for a significant degree of ligand-quadruplex binding. The nature of the 

linking group between the rings and the chromophore does not appear to have a significant 

effect (although this cannot be fully investigated using the ligand set studied here as each 

ligand uses a very similar alkyl chain). Its role is to deliver the charged groups to an 

appropriate area where they may favourably interact with the negatively charged groove 

regions. Therefore it needs to be flexible enough to allow the charged group to continue to 

interact with the groove region whilst the chromophore region may move. However, if the 

sidechain is too long (and therefore too flexible), it is difficult for the models to form and 

maintain these electrostatic interactions (as is the case for the 9-position substituent on BG- 

ACI-17). This results in poor performance o f the MM-PBSA/GBSA calculations. By 

stacking with guanine bases involved in G-tetrad formation, the chromophore acts to anchor 

the ligand on the quadruplex surface. However simulations reveal that the chromophore 

region is quite mobile and may move around to enable sidechain-quadruplex interactions. 

The mobility o f all compounds is enhanced when sidechains fail to form interactions with 

the quadruplex grooves. Both the MM-PBSA method and MM-GBSA methods are capable 

o f producing similar free energy values for compounds that give similar experimental results, 

as is the case for CM-ACI-32 and SB-ACI-17. However, BR-ACO-19 and CM-ACI-2 

display very similar FRET results and the PBSA and GBSA methods produce different mean 

free energies o f binding. BR-ACO-19 carries less overall charge than CM-ACI-2 and 

identical formal charge to CM-ACI-32; therefore the models used for calculations

are unable to account for some non-electrostatic interactions which contribute significantly 

towards binding o f BR-ACO-19 to the c-kit 1 quadruplex.
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A major assumption in this binding free energy study is that all the ligands studied here bind 

to the same site on the quadruplex surface (in this case, in the position outlined by model 3 in 

Figure 5.2). This may not be the case. As demonstrated by the study o f BR-ACO-19 

binding positions, changing the binding site can significantly alter the binding free energy 

result. However, it is reasonable to assume that very similar ligands (such as CM-ACI-2, 

CM-ACI-32 and CM-ACI-40) all bind to the same regions on the quadruplex face. This 

would also account for the PB method’s ability to reproduce the FRET trends for these 

ligands, as well as its ability to distinguish clearly between their binding capabilities. The 

different stabilising effects of these compounds on different quadruplex structures must be 

due to the differences in loop sequences between structures, and the c-kit 1 quadruplex offers 

grooves with different characters due to its non-symmetrical nature. The role of loop 

sequences is not fully investigated by the modelling study presented here and given that the 

selectivity compounds exhibit between different quadruplexes must be heavily dependent on 

the particular loop sequence, it is probable that some of the inadequacies o f the models are 

due to their failure to adequately describe loop-ligand interactions. However, the models 

used in this work to describe quadruplex-ligand interactions rely heavily on groove-ligand 

interactions, and the nature of the groove regions is, in part, determined by loop behaviour. 

It is therefore expected that the models used here can indirectly {via the nature o f the groove 

region) reproduce some of the effects induced by the different loop sequences.

The behaviour o f the MM-PBSA/GBSA methods is inconsistent; neither method is capable

of exactly reproducing the experimental FRET trends. However, when considering the mean

free energies o f binding the MM-PBSA method is able to reproduce some of the

experimental trends. It is particularly adept at reproducing experimental differences between

the three (very similar) CM compounds. Calculation of free energies for systems such as

nucleic acids is difficult, not least because such systems may have many minimum energy

configurations which are separated by low energy barriers. Further work should be

undertaken to ensure that the snapshots used for the MM-PBSA/GBSA calculations are an

adequate representation of conformational space. This may be done by using longer

simulation times or employing LES methods. The ligands studied in this work were chosen

to give a range o f FRET values in order to ascertain whether the model could account for a

range in different binding affinities. A further, more systematic approach should also be

undertaken using similar ligands (for example, other members o f the CM family, with

different alkyl chain lengths and substituents) in order to evaluate whether the c-kit 1

quadruplex model used here can further rationalise the different binding abilities of similar

compounds. Further advances in developing c-kit 1 selective ligands may be obtained by

asymmetric ligands; with the exception o f SB-ACI-17, all the ligands studied here display a
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high degree of symmetry. Synthesis of asymmetric ligands which are capable of exploiting 

the differences in groove character which arise due to the different loop sequences may lead 

to ligands with greater selectivity for the c-kit I  quadruplex over other quadruplex forms.
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Chapter 6

Structural studies on the c-kit 1 quadruplex

6.1 Background

The advent of reliable solid phase oligonucleotide synthesis methods has led to a large 

increase in the number o f nucleic acid sequences available for study. NMR experiments 

have taken advantage of this and, to date, they have been a highly productive and successful 

method for DNA structure solution. It is a highly flexible method which enables 

investigation of quadruplex behaviour in different solution environments. NMR experiments 

are also capable of investigating structural dynamics in real time. Trials o f crystal growth 

for X-ray analysis are time consuming with no guarantee of success whereas initial NMR 

experiments to confirm quadruplex formation and structure can be performed within days.

Numerous quadruplex structures have been obtained by NMR and a brief overview of some 

reported structures is given Chapters 1 and 2. NMR experiments have enabled several 

quadruplex properties to be further understood, in particular the sequence and metal ion 

dependence of quadruplex DNA (Phan and Patel, 2003; Wang and Patel, 1993). Stability of 

quadruplexes (as judged by melting temperatures) may also be investigated by NMR 

experiments. Results obtained by NMR methods are in agreement with melting temperatures 

produced by other methods such as UV melting curves and circular dichroism (Phan et a l,  

2004a). Ligand-quadruplex binding interactions have been studied by NMR and confirm the 

expected stacking of the tetrad with aromatic regions o f ligands (Fedoroff et al. 1998; Phan 

et ah, 2005). The study of TMPyP4 binding to the c-myc quadruplex Pu241 by Phan and co

workers (Phan et al., 2005) resulted in the first unimolecular quadruplex-ligand structure. 

NMR experiments are capable of producing a wide range o f information on quadruplexes, 

from initial confirmation o f quadruplex formation, melting temperatures and stochiometry to 

detailed, high-resolution structures. However NMR methods rely on formation of a single 

quadruplex species for a given set of experimental conditions to give good quality spectra. 

This is not always the case for native sequences, as studies on c-myc and the human 

telomeric sequence have shown. It is therefore common practice to devote significant effort 

to identifying mutated versions o f the native sequence which are capable o f giving good 

NMR spectra before structural determination can take place.

131



The most serious difficulty currently encountered during NMR structure solution is peak 

assignment, i.e. identification of the nucleus responsible for a given NMR signal. Although 

imino protons involved in tetrad formation produce clear and characteristic NMR signals, it 

is frequently impossible to make assignments based on unmodified sequence data alone. 

Chemical shifts may o f course be used to identify the nuclear type (for example, imino 

proton, H r  proton) however structure solution requires more detailed identification. This 

identification problem has largely been overcome by judicious use o f sample labelling. The 

introduction o f '^N and '^C labelling techniques by Phan and co-workers (Phan et a l ,  2001; 

Phan and Patel, 2002b) has revolutionised structure solution o f DNA quadruplexes. By 

using ''N  (or '^N, '^C) labelled guanine phosphoramidite during solid phase synthesis it is 

possible to sequentially label each guanine base suspected o f involvement in tetrad 

fondation. Simple ID '^N-filtered proton NMR spectra may then be used to identify imino 

proton resonances from the enriched base. As the chemical shift o f imino protons in an 

enriched guanine base is almost identical to that o f the original unmodified oligonucleotide 

resonances may therefore be assigned in the original spectrum. Once imino proton 

resonances have been unambiguously assigned, amino and H8 protons on the guanine bases 

may be assigned using heteronuclear correlation experiments. Heteronuclear experiments 

are used to identify coupling interactions between proton and heavy atom nuclei (H-X 

interactions). The utility o f heteronuclear correlation experiments lies in their ability to 

transfer assignments between coupled nuclei for which only one nwelri has been previously 

assigned. Heteronuclear correlation methods also allow resolution o f crowded spectral 

regions; the proton resonances are spread out according to the chemical shift o f the X 

nucleus to which they are coupled. Quadruplex structure solution relies primarily on two- 

dimensional heteronuclear multiple-bond correlation (HMBC, (Bax and Summers, 1986) and 

heteronuclear single quantum coherence (HSQC, (Bodenhausen and Ruben, 1980; Sklenar et 

al., 1994) experiments. In the case o f guanine nucleobases, these experiments allow 

identification o f the non-exchangeable H8 proton from the imino proton assignments via 

coupling with the '^C5 nucleus as shown in Figure 6.1; signals from imino and H8 protons 

are therefore identifiable in 2D spectra by their almost identical '^C5 chemical shift. Such 

experiments can be performed at natural levels o f '^C and therefore no enrichment is 

required at the time o f synthesis.
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Figure 6.1 Coherence transfer pathways (indicated by arrows) used to assign the non

exchangeable H8 proton in guanine bases Coupling constants between protons and the C5 nucleus 

are shown above arrows.

6.1.1 Solvent suppression

Structural studies o f oligonucleotides frequently require identification o f exchangeable 

protons and therefore treatment o f water {i.e. solvent) NMR signals must be carefully 

considered if good quality spectra are to be obtained. Solvent protons are obviously much 

more numerous than oligonucleotide protons; the molarity o f protons in water is 110 M 

compared to the oligonucleotide concentration o f around 0.5 to 2 mM. That any signal at all 

is observed from the oligonucleotide is due to modem effective solvent suppression methods. 

Two approaches are currently in use; selective excitation o f water resonances with a series of 

pulses or pre-saturation with a low-power frequency-selective continuous wave 

radiofrequency pulse. The latter method is commonly used in protein NMR studies, despite 

elimination o f weak cross-peaks near the solvent signal. It is however unsuited to the study 

o f DNA. The fast exchange of DNA exchangeable protons with solvent water leads to a 

partial saturation o f the exchangeable proton resonances by transfer o f saturation from the 

water resonance.

Variations o f the selective excitation method are used in this work. In particular the “jump 

and return" (JR) is particularly suited to NMR studies o f oligonucleotides and this pulse 

sequence has been combined with NOESY, HMBC and HSQC experiments to provide 

excellent solvent suppression during NMR experiments (Phan et a i ,  2001). The Jump-and- 

retum method is ideally suited to biomolecule studies as it is compatible with a short mixing 

time, avoids saturation o f the water proton magnetisation and avoids radiation damping due
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to its rapid mode o f operation. The JR method also minimises baseline roll due to the 

absence of phase shift and consists of a simple pulse sequence (usually o f two 90° hard 

opposing phase pulses at the water frequency).

6.1.2 NOESY experiments

One of the most common and useful NMR techniques that has been applied to quadruplex 

DNA is nuclear Overhauser spectroscopy (NOESY). A complete analysis of the theory 

behind NOESY is beyond the scope of this work, however salient points are given below 

(Evans, 2004; Hore, 1995; Roberts, 2002). The nuclear Overhauser effect (NOE) is the 

transfer of spin polarisation between two spin populations. It arises when the nuclear 

magnetic dipole at one nucleus is affected by the presence of a magnetic dipole on a 

neighbouring nucleus {i.e., it is due to the dipolar coupling between nuclei). The NMR 

signal for a nucleus is therefore affected by this change in the magnetic environment. It is a 

through space phenomenon, the signal strength of which is dependent on the distance 

between nuclei. This is in contrast to the through bond nature of scalar coupling. As NOE 

signals are dependent on the distance between the two nuclei involved, an estimation of the 

distance between two nuclei interacting via an NOE may be made. If a series of NOE 

experiments are performed for a range of mixing times, Xm, regions of linear NOE signal 

build up may be determined. This allows a library of distance restraints between nuclei to be 

obtained, which can then be used to construct a model o f the biological system. The true 

value of NOE signals is that they allow identification of residues which are in close 

proximity to each other in the structure, although in sequence terms they may be many 

residues apart. The NOE effect can be used to obtain distance information between protons 

which are up to 5 Â apart, which leads to three categories of NOE restraints: 1.8 -  2.7 A, 1.8 

-  3.3 A and 1.8 -  5.0 A corresponding to strong, medium and weak NOE signals. Local 

motion effects may seriously reduce the strength of an NOE signal even for atoms which are 

close in space, therefore the shorter distance boundary for each NOE class is constant at 1.8 

A. Strong NOE signals appear as intense cross peaks even when short mixing times are 

used; weaker signals are usually only present when longer mixing times are used.

6.1.3 Characteristics o f  quadruplex NMR spectra

G-quadruplex structures display several key features in NMR experiments which are detailed 

below:

Imino protons involved in tetrad H-bonding display characteristic resonances. Such protons 

resonate between 10 and 12.5 ppm. This may be used as a diagnostic signal for tetrad
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formation and is also indicative of the quality o f the quadruplex structure forming. 

Sequences such as the c-myc promoter region, which are capable of forming several 

quadruplex species in solution, display crowded imino proton regions in which individual 

imino proton signals are difficult to distinguish (Phan et a l,  2004a). A sequence which is 

capable of forming a single quadruplex species produces a well resolved region (Rankin et 

a l,  2005). The well-resolved nature of the imino proton signals results from the stable 

nature o f the G-tetrads Amino protons for guanines involved in tetrad formation are 

commonly observed between 7.0 and 9.0 ppm; signals observed between 1.0 and 7.0 ppm 

are usually attributed to the sugar protons.

Loop regions are rarely well defined in NMR experiments. Thymine (frequently present in 

loops) imino protons show rapid interconversion with solvent (Wang and Patel, 1993). 

Consequently there are few opportunities for H-bonded stabilised alignments. This is in 

contrast to some crystal structures, which show extensive interactions (including hydrogen 

bonding) between antiparallel loop thymine bases (Haider et a l,  2002). Exceptions to this 

are stacking interactions between end base sequences and the top and bottom tetrad faces. 

For example, in the c-myc Pu24 structure, stacking interactions between a G(A.G) triad and 

the bottom G-tetrad are clearly seen (Phan et a l ,  2005)

Guanine imino protons show slow exchange with solvent. Imino protons from guanines 

involved in G tetrad formation are unable to exchange rapidly with solvent (Wang and Patel, 

1992)

6.1.4 Limitations o f  NMR spectra

NMR spectroscopy is now a mature and reliable technique for biomolecule structure 

solution. The advent o f solid-phase oligonucleotide synthesis has enabled rapid production 

o f oligonucleotide structures for study by NMR, removing one o f the key bottlenecks. 

However, NMR suffers from size limitations which are much more constraining than those 

for X-ray crystallography; there is currently a size limit o f around 30 kDa for the molecule of 

interest and it is unlikely that this will be surpassed. However this barrier is o f little 

importance when studying small, synthetically prepared DNA sequences. Previous issues 

such as chemical shift overlap have largely been overcome by innovative labelling 

techniques; however such techniques remain expensive. Solution phase NMR experiments 

can provide little information on quadruplex loop structure; these bases are rarely identified 

by NMR spectroscopy due to their mobile nature in solution. In contrast. X-ray
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crystallography has given several high-resolution descriptions o f loop bases, along with their 

interactions with tetrads, ions and other loop bases. Obtaining structure from diffraction data 

may prove difficult due to the phase problem; however use o f heavy atoms and 

derivatives to overcome this problem is commonplace and relatively inexpensive.

The bottleneck now lies in the synthesis o f the isotopically labelled oligonucleotide as 

enriched phosphoramidite required for labelling is costly, and synthesis o f the 15 or 20 

enriched sequences required for complete structure solution is time consuming. However 

current spectrometer sensitivities and pulse sequences allows detection o f signals using ' ‘N 

enrichment levels as low as 2%, meaning that isotopic labelling is an efficient way o f 

determining quadruplex topologies.

6.2 Determining quadruplex structure by NMR

Quadruplex structure solution by NMR requires spectra with well resolved imino proton 

peaks; broad imino proton regions such as that displayed by Pu27 present little opportunity 

for further structural characterisation. Typical imino proton peak widths o f around 2-3 Hz 

are observed for unimolecular quadruplex species. The first step in structure solution by 

NMR methods requires assignment o f relevant peaks, which means identifying imino proton 

peaks for quadruplex NMR spectra. Identification and assignment o f imino protons in 

quadruplex NMR work has mainly relied on a site-specific low-enrichment approach 

mentioned above (Phan and Patel, 2002a; Phan and Patel, 2002b). Isotopic enrichment 

methods have the advantage o f not altering the structure under study. Identification o f other 

base protons is made by correlating protons to the '^C5 nuclei as described above.

•NH,

NH

H

Figure 6.2 NOE connectivities around a G -tetrad Atom numbering is illustrated for guanine 

Ga- Intratetrad NOEs are illustrated in blue; H1-H8 NOEs are in red.
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The alignment of G-tetrads within a quadruplex structure can be derived on the basis of 

specific imino (HI) -  H8 NOE interactions. Such interactions are illustrated in Figure 6.2. 

Examination o f NOESY imino -  H8 connectivities can determine the position o f each 

guanine base within a tetrad. For example in Figure 6.2 guanine Ga is connected through its 

imino proton to H8 on Gp and to G5 by its H8 proton. NOESY connectivities allow 

alignments o f G-tetrads and their orientation {i.e. the donor-acceptor directionality) to be 

determined. This approach is only practicable once initial assignments have been made for 

the imino and non-exchangeable protons.

From the core tetrad structure which can be constructed using imino-H8 NOESY 

connectivities, loop regions may be added based on sequence information. Further analysis 

o f NOE signals may yield information on stacking interactions between loop bases and 

tetrads. Glycosidic angles for bases may be determined from H l ’-H8 NOE interactions; a 

syn conformation gives a strong NOE signal whilst a base in the anti configuration will 

produce only a weak NOE signal. Given the weak nature of the NOEs generated by imino- 

H8 interactions for anti guanines, they are not always present in the appropriate spectral 

region. Bases in the anti configuration may be further confirmed through their H8 to 5’- 

flanking H I ’ sugar proton; for anti bases this corresponds to a distance o f around 3.6 Â 

which produces a medium or weak NOE. The same protons in syn bases are separated by 

more than 5.0 Â and therefore do not generate an NOE signal.

6.2.1 Scope o f  this work

Work in the previous chapter had established that the c-kit 1 sequence showed characteristic 

G-quadruplex behaviour in biophysical experiments. Experiments reported in this chapter 

aim to produce definitive evidence that quadruplex formation occurs within the G-rich 

sequence c-kit 1 and to obtain structural data on any quadruplex species that occurs. 

Furthermore, the modified sequences are also examined using NMR techniques to establish 

whether they are capable o f quadruplex formation.

ID NMR spectra were conducted conducted at the School o f Pharmacy, University of 

London using a Bruker 500 MHz Avance spectrometer. Labelled oligonucleotide spectra 

and D 2 O exchange spectra were conducted in collaboration with Anh Tuan Phan at the 

Sloan-Kettering Memorial Cancer Center, New York using 600 MHz Varian spectrometers. 

Experimental results are labelled with the location of data collection to avoid confusion.
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6.3 M aterials and methods

6.3.1 Ciystallographic approaches

X-ray crystallography has been shown elsewhere in this work to be a powerful tool for 

quadruplex structure determination. Crystallisation trials were attempted for a range of 

sequences related to the c-kit 1 sequence, which are outlined in Appendix C. Despite a range 

of sequences and screens (both commercial and screens developed within the Cancer 

Research UK Bimolecular Structure Group), no crystals suitable for X-ray analysis were 

obtained. Ligand co-crystallisation was also attempted. In particular, successful co

crystallisation occurred for sequence c-kit_G2T and ligand FCACO 8 (see Appendix C for 

sequence details and ligand structure) using a 1:1 ratio of ligand to DNA was used, with both 

ligand and DNA at ImM. Screen solution C l2 form the MPD Suite screen by Nextal 

Biotech was used; this contains 0.2 M disodium tartrate and 40% (v/v) MPD. Under oil 

conditions were used with a 1:1 silicomparaffin oil mix, and drops were incubated at 20 °C. 

Preliminary X-ray diffraction results which were characteristic o f quadruplex structure were 

obtained; however the crystal was lost and has not to date been reproduced.

6.3.2 ID  NMR sample preparation and spectra

Samples for the preliminary ID and temperature dependence experiments were made up 

from the stock oligonucleotide solutions synthesized as described in Chapter 3 to give a 1 

mM concentration in 600 pi 100 mM KCl with 20 mM potassium phosphate buffer at pH 7.0 

solution. Samples for NMR were annealed by heating to 90 °C and cooling to 20 °C at a rate 

of 1 °C every 20 minutes. After reaching 20 °C, 60 pi D2 O was then added and the sample 

was placed in an NMR tube and flushed with argon gas. Samples were stored at room 

temperature to avoid aggregation. ID H NMR spectra were conducted on a Bruker Avance 

500 instrument with 1024 scans and water suppression with post-processing carried out 

using the Mestre-Rc (Mestrelab Research, A Coruna, Spain) or Bruker Top Spin (Bruker 

BioSpin GmbH) programs. 2D spectra were processed with Sparky (UCSF). Temperature 

dependence experiments were carried out on the same instrument with 512 scans and water 

suppression. The sample temperature was heated in 5 K increments with 512 scans obtained 

at every new temperature after 30 minutes’ equilibration time at each new temperature. 

After the maximum sample temperature had been reached, the sample was returned to the 

starting temperature of 298 K

'^N enriched oligonucleotides were synthesized using solid phase (3-cyanoethyl 

phophoramidite chemistry and purified by HPLC as described previously by Phan and Patel
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(Phan and Patel, 2002a; Phan and Patel, 2002b; Phan and Patel, 2003). 2 ^  preparations 

were made for all sequences. The labelled sequences synthesized are shown in Table 

6.1. Labelled bases were enriched with 2% phosphoramidite. All guanine bases were 

enriched with the exception o f the terminal 3 ’ guanine, which is not synthesized but rather is 

included on the resin on which the synthesis is performed. The purified DNA was 

lyophilised and dissolved in a buffer solution o f 20 mM potassium phosphate pH 7.0 and 70 

mM KCl.

For the ID assignment spectra a sample volume o f 250 pL was used. Sample CK5 was then 

lyophilised and 250 pL D ]0  was added for the D2O exchange experiments. ID spectra were 

conducted immediately and at 15 minute intervals.

Spectra obtained at the School o f Pharmacy were collected on a Bruker Avance 500 MHz 

instrument, whilst spectra obtained at the Memorial Sloan-Kettering Cancer Center were 

conducted on a 600 MHz Varian spectrometer. Jump-retum solvent suppression methods 

were used. 2D processing was carried out either with Sparky (UCSF) or with the 

m anufacturers’ software supplied with the spectrometers.

Modelling studies were conducted using the protocol described in Chapter 4. The human 

telomeric 22mer quadruplex crystal structure (PDBID: IKFl ,  Parkinson et a i, 2002) was 

used as a starting point for model building.
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Name Enrichment Sequence base modified

CK2 AGO GAG GGC GCT GGG AGG AGG* G 21

CK3 AGG GAG GGC GCT GGG AGG AG*G G 20

CK4 AGG GAG GGC GCT GGG AGG* AGG G 18

CK5 AGG GAG GGC GCT GGG AG*G AGG G 17

CK6 AGG GAG GGC GCT GGG* AGG AGG G 15

CK7 AGG GAG GGC GCT GG*G AGG AGG G 14

CK8 AGG GAG GGC GCT G*GG AGG AGG G 13

CK9 AGG GAG GGC G*CT GGG AGG AGG G 10

CKIO AGG GAG GG*C GCT GGG AGG AGG G 8

CK ll AGG GAG G*GC GCT GGG AGG AGG G 7

CK12 AGG GAG* GGC GCT GGG AGG AGG G 6

CK13 AGG G*AG GGC GCT GGG AGG AGG G 4

CK14 AGG* GAG GGC GCT GGG AGG AGG G 3

CK15 AG*G GAG GGC GCT GGG AGG AGG G 2

Table 6.1 enriched sequences synthesized for NMR experiments. Enriched bases are denoted 

by G*.
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6.4 Results

6.4.1 c-kit 1 ID 'H NMR

In solution, the c-kit 1 sequence produced a well-resolved ID 'H NMR spectrum with 

characteristics o f G-quadruplex folded structure. The ID spectrum is shown in Figure 6.3. 

The imino and amino proton regions are presented in Figure 6.4; an expanded view of the 

imino proton region is shown in Figure 6.5. In particular, the region between 12.0 and 10.5 

ppm displays particularly well-resolved peaks which are characteristic of those imino 

protons involved in G-quartet formation. Only ten peaks are present in this ID spectrum; 

two peaks correspond to two imino protons each (marked by asterisks in Figure 6.5). 

Improved resolution of the peaks between 11.0 and 11.4 ppm was obtained at 293 K {vide 

infra). This brings the total number of protons represented in the imino proton region to 

twelve, consistent with the presence o f three G-tetrads. The D2 O exchange and 

experiments detailed below also enable resolution of the two larger peaks. A single methyl 

peak at 0.95 ppm corresponds to the C H 3 group present in the only thymine group in the 

sequence. Despite the well-resolved peaks throughout the spectrum, it is difficult to 

definitively assign peaks other than the previously mentioned methyl peak. Spectral widths 

of the imino protons are around 3 Hz, which corresponds to that expected for unimolecular 

quadruplex formation.
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Figure 6.3. ID *H NMR spectrum for sequence c-kit 1. Data collected at the School of Pharmacy.
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Figure 6.5 Imino proton region of the c-kit I quadruplex at 298 K. Peaks corresponding to two 

signals are marked by asterisks. Data collected at the School of Phannacy.
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6.4.2 Temperature dependence o f  the quadruplex

The imino proton region o f the ID NMR spectra o f the c-kit 1 sequence at various 

temperatures is shown in Figure 6.6. An increase in temperature leads to a decrease in the 

quality o f the imino proton signals - both line broadening and decreased signal intensity are 

observed. By 315 K the imino proton signals are greatly reduced in intensity. The three 

most downfield imino proton signals are most sensitive to temperature variations; this 

suggests they belong to a terminal tetrad which is one o f the first structural components to 

unfold during melting. The most upfield imino proton peak also exhibits temperature 

sensitive behaviour, again suggesting that it belongs to a terminal tetrad. The central imino 

proton peak grouping is the least sensitive to temperature variation, as seen by comparing the 

ID spectra at 315 K and 298 K. This implies that the guanine bases represented by these 

imino protons are involved in fonuation o f the central tetrad which would be the last 

structural component to u n '^ n d and therefore this quartet would retain its integrity for longer 

when compared with the terminal tetrad faces. A significant chemical shift also occurs for 

the imino protons upon heating; the most downfield peak has a chemical shift o f 11.96 ppm 

at 298 K; this increases to around 12.2 ppm at 315 K. Line broadening is also seen for all 

imino proton peaks upon heating. Reversible quadruplex fonnation is demonstrated by the 

immediate return o f the original spectrum upon returning to room temperature.

The spectrum taken at 293 K is particularly well resolved and shows twelve clearly resolved 

peaks, unlike spectra taken at 298 K where the region between 11.1 and 11.4 ppm is crowded 

and not as clearly resolved.
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Figure 6.6 Imino proton region of the c-kit /  quadruplex ID NMR spectrum at various 

tem peratures. Data collected at the School of Phannacy.
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6.4. s  D 2O exchange and filtered ID  NMR experiments

The D 2 O exchange spectra for the c-kit 1 quadruplex are shown in Figure 6.7. This 

experiment provides a low-resolution method for identifying which guanines are involved in 

which tetrads. As the imino protons involved in G-tetrad formation exchange with 

deuterium from the solvent, their NMR signal strength decreases. It is rational to assume 

that the central tetrad which is most shielded from the bulk solvent medium will exchange 

slowly, whilst the imino protons from the top and bottom tetrad faces will exchange 

relatively quickly due to their proximity to the deuterated solvent. By observing the rates at 

which individual imino proton signals decrease over time, it is possible to assign each proton 

to one of three tetrads. This gradual change in NMR signal is similar to that seen for the 

imino protons during quadruplex melting.

The central tetrad, which should be most shielded from D2 O exchange, is very easy to 

identify and is labelled as tetrad 1 in Figure 6.7. After 2 hours, only imino proton signals 

from this tetrad remain; imino protons from the top and bottom tetrads have all exchanged 

with deuterium. One tetrad (labelled tetrad 3 in Figure 6.7) shows very rapid imino proton 

exchange. The two most downfield peaks exchange very rapidly with solvent and must 

belong to a terminal tetrad. The peak at around 11.2 ppm, which represents two imino 

protons, also exchanges rapidly with solvent. However, one proton in this region exchanges 

more rapidly than the other. As the protons in this peak are not assigned to the central tetrad, 

this peak therefore represents two imino protons from the two separate terminal tetrads. One 

terminal tetrad (labelled in Figure 6.7 as tetrad 3), which comprises the two most downfield 

protons and one o f the protons around 1 1 . 2  ppm therefore exchanges more rapidly with 

solvent than the other terminal tetrad (labelled as tetrad 2 ), suggesting that tetrad 2  is more 

protected from solvent than tetrad 3. The second most upfield peak is also assigned to tetrad 

2 due to its slightly slower rate o f exchange. The imino peak at 11.57 ppm is assigned as the 

final guanine involved in the formation o f tetrad 3, despite its slower rate of exchange when 

compared to the other tetrad 3 peaks. This is confirmed by the ’^N labelling experiments 

which identify this peak as the first guanine in the sequence. The slow rate o f exchange is 

most likely due to base stacking o f the A1 residue on 02 . The final guanine assigned to 

tetrad 2 is therefore represented by the peak at 11.3 ppm. This peak is shown to represent 

two imino protons, one o f which has already been assigned as belonging to the central tetrad.

The imino proton regions for *̂ N filtered spectra for each c-kit 1 labelled sequence are 

shown in Figure 6 .8 . It is immediately clear that base G 10 (from the CGCT loop) is 

participating in quadruplex formation, and that base G20 (from the final run of three
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guanines) is not present in a G-tetrad. By combining the D 2 O exchange data with the 

chemical shift values from the '^N filtered spectra, the guanines in each tetrad may be 

identified. The top tetrad consists of bases 02 , 06 , OlO and 013, the middle tetrad is 

composed of bases 03 , 07 , 021 and 014  and the bottom tetrad is composed of bases 04 , 

08 , 022  and 015. Based on previous quadruplex structures, it is reasonable to assume that 

the 0 2 -0 4  and 0 6 -0 8  runs o f guanines are joined by a single propeller loop consisting of 

the base A5. The guanine runs 0 2 -0 4  and 0 6 -0 8  must therefore be parallel. Identification 

o f the loops joining the rest of the guanines is not so straightforward and more than one 

possibility may exist. The top tetrad is joined to the bottom tetrad by the 09  base which 

connects 0 8  and OlO. It is reasonable to assume that this C base forms a single base 

propeller loop joining two adjacent strands. This is the first example of a single C base 

propeller loop. The short length of this requires that the strands containing 0 8  and OlO are 

adjacent to each other -  it is highly unlikely that a single base loop may stretch to join two 

diagonally opposite strands. The D2 O exchange data suggests that 0 8  and OlO are involved 

in different 0-tetrads, therefore a propeller C loop joining these two bases is the only option.

At this point the topology of the quadruplex deviates away from the traditional three-loop 

parallel topology. Bases OlO and 013 form part of the same tetrad and are separated by two 

bases. C l 1 and T12. As the other two guanines involved in the bottom tetrad, 0 2  and 0 6  are 

adjacent to each other, OlO and 013 must also be adjacent to each other. Bases Cl 1 and 

T12 therefore form an edge loop which joins two adjacent tetrad bases, OlO and 013. 013, 

014  and 015 continue in the manner expected of a parallel quadruplex. However the 

inclusion of base OlO (which was initially thought to be a loop base) in a terminal O tetrad 

must mean that a guanine base which was initially thought to be involved in tetrad formation 

is actually part o f a loop. The labelled spectra reveal that base 020  is not involved in 

tetrad formation. 021 and 022, however, are involved in tetrad formation. Therefore, there 

is a five base loop which joins 015 to 021. This must be a propeller type loop as the only 

tetrad bases which have not yet been assigned are those above OlO. This five base loop, 

consisting of bases A16, 017, 018, A19 and 020, is a propeller type loop that only spans 

two 0-tetrads. As the 022  imino proton exchanges more quickly with D2 O than the 021 

imino proton, the five base loop must position 0 2 1  in the central tetrad and 0 2 2  in the 

terminal tetrad. This would also allow for the DNA sequence to be extended with minimal 

impact on the quadruplex topology. The five base loop proceeds in the opposite direction to 

the previous two propeller loops, and reverses the direction of the DNA strand across the 

quadruplex.
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Figure 6.7 D2O exchange spectra. Spectra were recorded every 15 minutes. Labels 1,2 and 3 

correspond to the middle, bottom and top tetrads respectively. Data collected at the Memorial Sloan- 

Kettering Cancer Center.
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Figure 6.8 '^N-filtered ID spectra for the labelled c-kit I sequences. Guanines are labelled 

according to Table 6.1. Data collected at the Memorial Sloan-Kettering Cancer Center.
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6.4.4 2D NMR experiments

The topology proposed on the basis of D 2 O exchange and '^N labelling experiments requires 

further conformatiop. This is achieved by NOE experiments. The imino proton region from 

a 250 ms.-mixing time NOE experiment is shown in Figure 6.10. In common with other 

quadruplex NOE spectra reported in the literature, not all expected imino-imino crosspeaks 

are seen. In particular the region between 11.0 and 11.4 ppm is very crowded and it is not 

possible to resolve some of the peaks which are expected to appear in this region.

Sequential NOEs are clearly seen. The chain may be followed from G2-G4, G 6 -G 8  and 

from G10-G22. The NOE between G13 and G14 is visible, however the spectrum region 

between G 14 and G15 is very crowded and it is difficult to exactly pinpoint the G14-G15 

NOE. The G10-G21 NOE is essential to confirming the topology outlined above as it 

confirms that G 8  and GIO are on opposite tetrad faces and must therefore be joined by a C9 

propeller loop rather than a C9 edge loop. The G10-G21-G22 NOEs also confirm that the 

five base AGGAG loop is a propeller type loop spanning two tetrads rather than an edge 

loop which would reverse the positioning of bases G21 and G22.

The intratetrad resonances are not as clear as the sequential NOEs. Due to the distance 

separating imino protons, it is common to have some intratetrad NOE interactions missing in 

2D NMR spectra; the published spectra for both the BCL-2 (Dai et a l, 2006) and the human 

telomeric 3+1 quadruplexes (Ambrus et a l, 2006) do not show all intratetrad interactions. In 

the case of c-kit 1 this is in part due to the crowded spectra regions between 1 1 . 0  ppm and

11.4 ppm. For the top tetrad, NOEs are seen between G2 and G6 , as well as G13-G2, which 

confirms the location of the G 13-15 stack as being adjacent to the G2-G4 stack. Further 

evidence of the G21-G22 bases plugging into the structure is obtained through the G21-G14 

NOE. The G3-G7 NOE for the middle tetrad is also seen. The bottom tetrad gives rise to 

the least number o f identifiable NOE interactions, however the G8-G22 NOE is observed, 

which is crucial for confirming the suspected topology.

These assignments are further supported by the H1-H8 NOE spectral region presented 

below.
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6.4.5 HSQC experiments

Results from an HSQC experiment are presented in Figure 6.10. From this spectra, the 

through bond correlation between the H 8  and HI (imino) protons on a given guanine tetrad 

base are immediately clear. This allows the identification of H1-H8 through space NOE 

connectivities (which are illustrated in Figure 6.2). In conjunction with a 200 ms NOESY 

spectrum, which is presented in Figure 6 .11, it is now possible to confirm the arrangement of 

guanine bases in the quadruplex structure.

Although some guanine base positions had been confirmed by the imino-imino NOE spectra 

presented in Figure 6.9, the H8-H1 region o f the NOE spectrum presented in Figure 6.11 

provides positioning evidence for every guanine base involved in tetrad formation. In 

particular, the crowded spectral region around the resonances o f G14 and G15 are much 

more clearly resolved. The tetrad assignments initially made with the D2 O exchange and '^N 

spectral data are now conclusively proven.

The overall topology o f the c-kit 1 quadruplex is illustrated in Figure 6.12.
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Figure 6.11 200ms NOESY spectra showing H1-H8 through space NOE correlations. Each 

tetrad is labelled in a separate colour. Data collected at the Memorial Sloan-Kettering Cancer Center.
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Figure 6.12 Topology of the c-kit 1 quadruplex. Tetrads are coloured differently for ease of 

visualisation; loop bases are not shown.
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6.4.6 ID  ̂H  spectra fo r the mutated sequences

The imino and amino proton regions from the ID ’H NMR spectra for the three modified 

sequences are presented in Figure 6.13. The contrast between the equivalent spectrum for 

the native sequence is immediately clear. For all three modified sequences, no imino proton 

peaks are seen. At best, a broad envelope is seen in the imino proton chemical shift region 

(as for sequence mod 3); at worst very little evidence o f NMR signal is present (sequence 

mod ]). The amino proton region for all the modified sequences consists of broad, poorly 

resolved envelopes for which some individual peaks are seen. Neither the imino or amino 

regions are in any way indicative of secondary structure formation.
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6.4.7 Modelling and free energy calculations o f the c-kit 1 quadruplex

The loop regions are as follows: loop 1 is a single residue A propeller loop, loop 2 is a single 

residue C propeller loop, loop 3 is a two-base CT edge loop and loop 4 is a five base 

AGGAG loop. The NMR model structure has four grooves of equal width; this remains true 

only whilst all guanines involved in tetrad formation are assumed to have anti glycosidic 

angles.

The total energy o f the system equilibrated rapidly, as shown in Figure 6.14. However, the 

RMS deviations, presented in Figure 6.15 take longer to equilibrate. By around 1.5 ns the 

RMS deviations have stabilised. As with the other models presented in this work, change in 

the RMS deviation o f all heavy atoms is primarily driven by movement of the loop regions. 

The tetrad regions do contribute significantly to the overall RMS deviation, unlike other 

models. Examination o f the tetrad RMS deviation over the course of the simulation 

(presented in Figure 6.16b) reveals that all tetrads have deviations between 0.5 and 1 Â over 

the course o f the simulation. This is especially surprising for the middle tetrad which has 

shown minimal deviation away from the starting structure in the other quadruplex models 

presented in this work. Visual analysis of the trajectory reveals the cause of these 

disturbances. The bottom tetrad in the model (G4-G8-G22-G15) quickly reaches its final 

position and remains there throughout the simulation. The larger deviation away from the 

starting conformation of this tetrad is due to tilting o f the G22 base which reduces the 

planarity of the tetrad. This motion happens within the first 100 ps of dynamics; the final 

tilted position of this base is highlighted in Figure 6.18. The increased deviation of the other 

tetrads may in part be due to the knock on effects of this initial deviation of base G22. The 

middle tetrad undergoes significant structural change at around 1 . 1  ns, however by 2  ns the 

tetrad has returned to nearer its original position. Visual analysis of the trajectory reveals 

that the deviation is due to base G21 tilting in the same manner as G22; however the 

perturbation is not long lasting. About 500 ps after the initial deviation o f G21 from 

planarity, tetrad base GIO in the top tetrad (G2-G6-G10-G13) undergoes similar tilting; this 

supports the idea that the disturbance o f tetrad G22 is propagated through the structure. 

Tetrad base GIO in particular would be relatively easy to perturb as it is not physically 

bonded to any other tetrad base. Like G21, perturbation of GIO is not long lasting and 

before 3 ns of the simulation is completed GIO has returned to its original configuration in 

which tetrad planarity is maintained. The dynamics simulations have highlighted possible 

instabilities in the G10-G21-G22 tetrad stack, which are a reflection o f the unconnected 

nature of these bases. GIO is not physically restrained by bonding to other tetrad bases and 

G22 is the terminal tetrad base; unlike the first tetrad base, there is no stacking with a
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flanking base to help stabilise and maintain tetrad integrity (in the averaged final model, loop 

base G18 stacks with G22 which may improve stability but tetrad integrity is not 

maintained). This may contribute significantly to the lower melting temperature observed 

for the c-kit 1 quadruplex when compared with other non-telomeric quadruplexes.

The two sibgle base loop A5 behaves in a similar manner to other single base loops modelled 

in the^previous chapters. The C9 loop, however, shows a greater RMS deviation than 

expected for a single base loop. This may be due to the less restrained nature of the GIO 

loop allowing this base greater scope for movement.

RMS deviations for loop bases C l l  and T12 are shown in Figure 6.17. By the end o f the 

simulation, bases C l 1 and T12 have stacked together in a manner similar to that seen for the 

AGGA loop in the mixed model. They sit away from the tetrad face and therefore offer little 

protection to the top tetrad face. Although the loop bases show little individual deviation. 

Figure 6.19 shows movement of the backbone region upwards and outwards, which results in 

these bases not stacking over the tetrad face.

The AGGAG loop is responsible for the majority of the loop heavy atom RMS deviation, 

and therefore the majority of the overall deviation away from the initial structure. It may be 

thought o f as several discrete regions rather than as a single entity. At the end o f the 

simulation, base G I7 is tucked into the groove region between tetrad bases G15 and G22. 

A16 remains exposed to solvent throughout the simulation. G20 and A19 stack neatly from 

early on in the simulation; this interaction is maintained throughout the simulation. In the 

final average structure, base G18 is stacked upon the tilted tetrad base G22; however this 

interaction only occurs after the first nanosecond of simulation. From looking at the 

backbone movement over the course of the simulation (shown clearly in Figure 6.19), it is 

clear that this loop region has swung down underneath the tetrad from its starting position 

adjacent to the tetrad.
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Figure 6.15 RMS deviation for the DNA backbone during the NMR model sim ulation.
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centre) tetrad regions, (c, bottom) loop regions.
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Figure 6.18 Side on view of average c-kit I quadruplex NMR model during the final ns of 

dynamics. L o o p s  a r e  c o l o u r e d  a c c o r d i n g  t o  r e s i d u e  t y p e :  a d e n i n e , y e l l o w ;  g u a m tw , g r e e n ;  e y t a T d r t r ,  

r e d  a n d  t-h y n d o e  b l u e .  P o t a s s i u m  i o n s  a r e  s h o w n  a s  g r e e n  s p h e r e s  i n  t h e  c e n t r a l  t e t r a d  c h a n n e l ,  

g u a n i n e  b a s e s  i n v o l v e d  i n  t e t r a d  f o n n a t i o n  a r e  d r a w n  a s  g r e y  l i n e s .  T e t r a d  b a s e  G 2 2  h a s  b e e n  

d a r k e n e d  t o  i m p r o v e  v i s i b i l i t y .

Figure 6.19 Comparison of the starting and averaged final structure o f the c-kit 1 NMR model.

T h e  s t a r t i n g  s t r u c t u r e  i s  p r e s e n t e d  i n  g r e y  a n d  t h e  f i n a l  s t r u c t u r e  i n  b l u e .  L o o p  b a s e s  o m i t t e d  f o r  

c l a r i t y ;  b a c k b o n e  s h o w n  a s  r i b b o n .
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6.4.8 Free energy calculations on the NMR model

Results from the free energy calculations on the NMR model of the c-kit 1 quadruplex are 

presented in Table 6.2. They may be compared with the free energy calculations for the 

three previously constructed models which are presented in Table 4.1 on page 99. The 

overall free energy values are very similar to those reported for the three models. When the 

PB method is employed, the NMR model is ranked third. Once the entropie contribution is 

included, the calculated free energy is very similar to that of the parallel model. Given the 

margin of error, it is not possible to distinguish between these two models. The GB method 

again ranks the NMR model third, and the NMR model is only slightly less stable than the 

antiparallel model. The error between the calculated free energy values for these two models 

is very small and once the entropie cost is factored in, the NMR model is more stable than 

the antiparallel model, however the error values mean that it is difficult to definitively 

separate these two models.

As with all the free energy calculations, the results may be rationalised in terms o f structure. 

Both the PB and GB methods result in very favourable Gsoimuon values for the NMR model 

(more favourable than any of the models presented in Chapter 4). This may primarily be 

attributed to high levels of base stacking in the loop regions. Although the single base loops 

are prevented from forming such interactions by virtue o f their short backbone length, bases 

C l 1 and T12 are stacked on top o f each other at the end of the simulation. However, they 

are not stacked on top of the tetrad and the top tetrad face (G2-G6-G10-G13) is mostly 

exposed to solvent. In the five base AGGAG loop, only base A16 remains exposed to 

solvent by the end o f the simulation. G17 is tucked into the groove region between G15 and 

G22 and bases A19 and G20 stack on top o f each other. Base G18 stacks underneath tetrad 

base G22. The overall effect o f this large and bulky loop is to shield some of the bottom 

tetrad face, reducing its exposure to solvent and therefore lowering the calculated Gsohaiion 

value.

In common with the antiparallel model described in Chapter 4, tetrad integrity of the bottom 

tetrad is compromised towards the end of the simulation. This manifests itself in more 

positive and Emm values due to the decreased levels o f hydrogen bonding between G22 

and the neighbouring tetrad bases G15 and G 8 . The decreased level o f 7i-7t stacking between 

G22 and G21 as a result of the tetrad distortion will also result in a more positive value 

for the NMR model; however this will be offset in part by the new stacking interactions 

between G18 and G22.
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NMR
kcal.moT^ ste

^  ELEC -211.95 2.84

ki MM 649.67 3.03

G NONPOLAR (PB) 21.70 0.03

G solvation -5558.64 2.16

G MM+SOLVATION -4908.97 1.87

G nonpolar rcp ; 31.24 0.04

G solvation rcp ; -5266.52 2.20

G MM+SOLVATION rcp ; -4616.85 1.84
-TS -597.63 0.74

G binding (pp; -5506.60 2.60

G binding -5214.48 2.57

Table 6.2 Calculated free energy values for the NMR-based c-kit 1 model.

6.5 Discussion

6.5.1 The c-kit 1 quadruplex is difficult to crystallise

Despite a comprehensive program of crystal growth trials (detailed in Appendix C), 

crystallisation o f the c-kit 1 quadruplex was not successful. As the NMR results are clearly 

indicative o f quadruplex formation, the structure must not, therefore, be amenable to 

ordering in a crystal. It is most likely the flexibility of the long AGGAG loop which hinders 

the formation o f crystal packing forces. Therefore, ligand co-crystallisations were attempted 

as it was hoped that ligand binding would restrict the movement o f the loop regions and 

render the structure more amenable to crystallisation. This was partly successful and a 

crystal of sequence c-kit_G2T with FCACO - 8  was obtained. However reproduction of these 

crystals in order to successfully collect data has proved difficult.

6.5.2 Confirmation o f  quadruplex formation

The ID NMR spectrum for the c-kit I sequence is unlike any previously reported for a native 

quadruplex-forming species. This spectrum is clear evidence of unimolecular quadruplex 

formation by the c-kit 1 sequence. It confirms the previous biophysical experiments 

presented in Chapter 3 which show this sequence behaving in a manner suggestive o f G- 

quadruplex formation. Unlike all genomic quadruplexes reported in the literature, the c-kit 1 

sequence requires no mutations to produce a single quadruplex species. The preference for a 

single quadruplex fold suggests that the experimental topology is significantly more stable 

than other possible folds which may form from the c-kit 1 sequence.
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Variable temperature NMR experiments show the gradual unfolding o f the quadruplex as the 

experimental temperature is increased. This study also clearly shows reversible quadruplex 

formation of the same species, as the spectra taken at 298 K after heating to 315 K is 

identical to that at the start of the temperature dependence studies. Preliminary indications 

of the overall fold may also be obtained from the variable temperature experiments; the 

tetrad groupings may be identified by both the variable temperature and D2 O exchange 

experiments. Line broadening and possible aggregation problems associated with NMR 

experiments at high temperatures means that UV melting experiments, such as those 

described in Chapter 3, are a more reliable method of obtaining melting temperatures. The 

UV melting curves also have the advantage o f producing thermodynamic parameters such as 

the enthalpy and entropy o f quadruplex formation.

6.5.3 Topology o f  the c-kit 1 quadruplex

It is important to note that the evidence presented in this chapter is not sufficient to 

determine the exact structure of the c-kit 1 quadruplex to a level o f resolution that would 

allow deposition of co-ordinate sets in the FOB; rather it may be used to determine the 

overall fold. The molecular dynamics studies are an effort to investigate the behaviour of 

this particular fold in the absence of further NMR data. The topology presented here should 

always be considered with this caveat in mind. In particular, the nature of the glycosidic 

angles for the guanine bases involved in tetrad formation is not clear from the data presented 

here. Given the parallel nature o f the strands, it is presumed that they all adopt an anti 

configuration and this assumption was used in the modelling experiments. A detailed 

analysis of the H1-H8 crosspeaks from the NOE spectra is necessary to determine the exact 

configuration of the glycosidic angles. However, other parallel structures in the literature 

which exhibit a folding back o f terminal bases into the quadruplex structure (for example the 

Pw24/-TMPyP4 structure by Phan et a l, 2005) maintain all anti glycosidic angles and it is 

therefore not unreasonable to assume that the guanines involved in tetrad formation in the c- 

kit 1 quadruplex display similar behaviour.

The proposed topology for the c-kit 1 quadruplex is highly unusual and unexpected for a 

parallel stranded quadruplex. It is immediately clear that the assumptions about loop regions 

used to build the models in Chapter 4 are incorrect. Instead o f having well-defined loop and 

tetrad regions, guanines which were originally thought to be in loop regions are involved in 

tetrad formation and a guanine base originally thought to be involved in tetrad formation is 

actually part of a loop. Although the tetrad itself is parallel stranded, the loops are not all 

arranged in the simple propeller format that one would expect for an all-parallel structure.
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Four loop regions are observed in contrast to the three observed for most unimolecular 

quadruplex structures. The first two loops (from the 5’ direction) are single base propeller 

loops. An edge loop joins bases GIO and 013 which are found adjacent to each other in the 

top G-tetrad. A five base propeller loop then spans two G-tetrad planes so that the final two 

guanine bases in the sequence can “plug in” to complete the quadruplex structure. Unlike 

other parallel structures, the runs of guanine bases are not adjacent to each other in the 

structure; the CT edge loop places the G13-G15 run o f guanine bases diagonally opposite to 

the G6 -G 8  run o f guanine bases. The c-kit 1 quadruplex topology is a unique example of a 

parallel quadruplex* where adjacent runs of guanine bases are separated in the structure; 

this behaviour is made possible by the formation of the CT edge loop. The c-kit 1 topology 

also demonstrates that parallel stranded quadruplexes may encompass a much wider range of 

structures than the traditional three propeller loop model. Efforts at quadruplex topology 

prediction must now consider more complicated topologies (such as that displayed by the c- 

kit 1 sequence) if they are to achieve success.

The unusual topology also provides a structural rationale for the biophysical results 

presented in Chapter 3. As the topology is not similar to previously reported quadruplexes 

for which CD data is available, it is not entirely surprising that the CD spectra do not 

correspond to the archetypal signals. The low melting point of the quadruplex may in part be 

attributed to the lack of flanking bases which may lend additional stabilisation. It is also 

possible that the unique nature of the GIO base contributes to the low melting point when the 

c-kit 1 quadruplex is compared with other genomic quadruplexes. Base GIO is only held in 

the guanine tetrad by the hydrogen bonding network and by n-n  stacking with base G21. 

This is in contrast to other tetrad bases which are joined through the DNA backbone to at 

least one other guanine involved in tetrad formation, in addition to the H-bonding networks 

and 71-71 stacking. Base GIO may be more sensitive to distortion introduced by movement o f 

the CT and C loops and therefore it may be comparatively easy to remove from its tetrad.

Further work has been undertaken in collaboration with the Patel group of the Memorial 

Sloan-Kettering Cancer Center to ascertain the full NMR structure of the quadruplex for 

deposition in the PDB. Identifying the conformation o f glycosidic angles for guanines 

involved in tetrad formation is of particular importance.

6.5.4 Modified sequences are incapable o f  forming quadruplexes under identical conditions

Both the biophysical results in Chapter 3 and the NMR results presented in this chapter 

clearly show that the modified sequences are incapable o f forming quadruplexes under the
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conditions examined. The c-kit 1 quadruplex relies on the exact sequence and positioning of 

the CGCT and AGGAG loops for overall fold stability; therefore any mutation which alters 

(for example) the positioning of GIO in the tetrad core will adversely affect quadruplex 

formation. For the modified sequence mod 1, where the AGGA region is replaced by 

CGCT, the nature o f the AGGAG loop which spans two tetrads will be significantly altered. 

The AGGAG loop may rely on stacking interactions between the guanine and adenine bases 

to increase the overall stability; by removing the adenine bases entirely from this loop region 

the stability of the loop would be compromised. Sequence mod 2 (in which the CGCT 

region is replaced by AGGA) would in theory allow for base GIO to remain in a G-tetrad; 

however this would fundamentally alter the CT edge loop which links GIO and G13 as the 

small CT loop would be replaced with a larger GA loop. It is also possible that the second G 

in this loop could introduce plurality into the structure, as both the first or second guanines 

would be capable of involvement in quadruplex formation. It is also possible that base T12 

is involved in base pairing interactions with A 1 (similar to those seen in the recent 3 + 1  

NMR structures o f modified human telomeric sequences), both of which are located on the 

same tetrad face. Although it is not possible to identify such interactions from the data 

presented here, swapping the CGCT region for AGGA would eliminate this base pairing 

interaction and therefore decrease the stability of the overall fold. For sequence mod 3 

where the AGGA region is replaced by CGGC, determining why this sequence is incapable 

of forming a quadruplex is not so straightforward. It is possible that this modification has a 

similar effect to mod 1, in which the removal of the adenine bases destroys loop-loop or 

loop-tetrad interactions which contribute significantly to overall quadruplex stability.

The inability o f the modified sequences to form quadruplex structures highlights the 

importance of loop region behaviour to overall quadruplex stability. In all mutated 

sequences, base GIO is present to participate in a G-tetrad and therefore the sequence of 

guanines involved in tetrad formation may remain unchanged. However the nature of each 

loop region is significantly altered by the mutations, and therefore it is reasonable to assume 

that the loop regions in the native sequence are involved in as yet unidentified loop-loop or 

loop-tetrad stabilising interactions that are essential to overall quadruplex stability.

6.5.5 Modelling o f  the NMR topology and comparison with the c-kit 1 models

The assumption that the c-kit 1 quadruplex would conform to the more traditional 

quadruplex topologies {i.e. three loop regions where any parallel loop would span three 

tetrads) means that none of the three models created in Chapter 4 adequately represent the 

overall experimental fold. The parallel model comes closest to describing the overall
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topology however it does not include the edge loop and the order o f the guanine runs is 

incorrect. As the experimental topology is not correctly represented by any o f the models in 

Chapter 4, the MM-PBSA/MM-GBSA calculations are therefore strictly a theoretical 

investigation into the stability o f possible topologies, and would not be expected to 

corroborate any NMR experimental results.

The behaviour o f the loop regions in the MD simulations presented in Chapter 4 does, 

however, tit with the NMR experimental data. The CGCT loop showed little in the way o f 

loop-loop and loop-tetrad interactions which suggested that its existence as a parallel, edge 

or diagonal loop was not especially favourable (due to its inability to form stabilising 

stacking or base pairing interactions). This appears to be the case; a CGCT loop does not 

exist experimentally; instead it is split into a single base C loop and a two base CT edge 

loop. Previous experimental results have shown that two base loops prefer to form edge 

loops; their short length prevents them from forming diagonal loops. Therefore the CGCT 

loop (which the modelling results suggest is incapable o f fonning stabilising loop-loop or 

loop-tetrad interactions) is stabilised by splitting it apart to form two separate loops, with the 

guanine residue being involved in tetrad fonnation. The two new loops both &ëàpt 

topologies which have been shown to be favoured for their loop length (a single propeller 

loop and a two-base edge loop) which stabilises the overall quadruplex topology.

In contrast, the AGGA loop was shown by the modelling studies in Chapter 4 to be capable 

of forming both loop-loop and loop-tetrad stacking interactions. This may, in part, be due to 

the larger aromatic surface area offered by the purine nucleobases over their pyrimidine 

counterparts. Therefore the inclusion o f an extra guanine base (G20) into the AGGA loop 

may be stabilised in the same way that the AGGA parallel loop is stabilised; either by loop- 

loop stacking or by loop-tetrad stacking. Further NMR experiments would identify such 

interactions and confirm or refute this hypothesis.

The model o f the proposed NMR topology highlights some interesting structural features. In

particular the model identifies the G10-G21-G22 stack to be less restrained than other tetrad

stacks, both within the NMR model and when compared with the other model topologies.

This is an unavoidable consequence o f the plugging in o f the final two bases; this tetrad

stack must rely heavily on non-bonded interactions for stability. Combined with increased

flexibility of the C9 single base loop, which may arise due to the less restrained nature of

GIO, the model provides a possible structural rationale behind the lower melting point o f the

c-kif I quadruplex, when compared with other non-telomeric quadruplexes. The behaviour

of the long AGGAG loop region is also explored by the molecular dynamics model and
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provides a possible explanation for the stability of long loops. The dynamics simulation of 

the AGGAG loop reveals that it may be divided into a collection of discrete interactions with 

the tetrad and loop bases; two loop bases are stabilised by stacking with each other, another 

base forms a stacking interaction with a tetrad guanine and yet another base is tucked into 

the groove region. Therefore the quadruplex structure provides ample stabilisation of loop 

bases in smaller groups, rather than accommodating the loop as a single entity.

The free energy calculations do not suggest that the NMR topology is significantly more 

stable than the other three proposed models. This may be either due to flaws in the 

modelling protocol or an incomplete representation o f the NMR structure in the NMR 

model. The latter is the more likely explanation due to the sensitivity of the MM- 

PBSA/GBSA method to the ensemble of structures used. The model created here resulted in 

no interactions between loop regions which have been documented extensively in previous 

NMR structures (for example the human telomeric quadruplex structure by Luu and co

workers (Luu et a l, 2006) and the Pu24I c-myc structures by Phan and co-workers (Phan et 

a l, 2006)). The inability of the three mutated sequences to form quadruplexes suggests that 

such interactions contribute significantly to the overall stability o f the quadruplex. Their 

absence from the NMR model will decrease its performance in the free energy calculations. 

Further refinement o f the NMR model once more data has been obtained will allow for 

inclusion of (for example) base stacking and pairing interactions which should improve the 

stability of the NMR model as judged by the free energy calculations.

6.5.6 Comparison with other quadruplex structures

Despite its overall parallel character, the c-kit 1 quadruplex is unique. It conforms to 

previous theories relating loop length and sequence; the two single base loops in the 

topology both adopt propeller loops, the unexpected two base CT loop forms an edge loop, 

whilst the longer AGGAG loop forms a propeller type loop. The proposed fold has two 

unusual features which one might not traditionally associate with parallel unimolecular 

quadruplexes. Firstly, the fold proposed on the basis o f NMR data has four loops instead of 

the more commonly observed three loops. This is a consequence o f the CGCT region 

splitting into two loops and a tetrad base. The inclusion of GIO in tetrad formation allows 

the two terminal guanines to plug into the structure and complete the tetrad core. This is not 

the first instance o f a four-loop parallel quadruplex; the c-myc Pu24I structure (Phan et a l, 

2005) also has four loops as the terminal guanine folds back to complete the final tetrad. 

Secondly, the c-kit 1 quadruplex structure has an unusual arrangement of the guanine runs 

involved in tetrad formation. In a traditional parallel quadruplex, one would expect the
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guanine runs adjacent to each other in the sequence to be adjacent to each other in the 

quadruplex. However in the c-kit 1 quadruplex, the G13-G15 run of guanine bases is not 

adjacent to the G 6 -G 8  run of guanine bases, but rather sits between the G2-G4 and GIO- 

G21-G22 stacks. This is due to a combination of the CT loop and AGGAG loops; the CT 

loops moves the G13-G15 stack away from its expected position, whilst the directional 

reversal of the AGGAG loop allows bases G21 and G22 to return to complete the quadruplex 

core. The unique nature of the c-kit 1 quadruplex fold should facilitate the design of ligands 

which exclusively target the c-kit 1 quadruplex fold, as to date this type of fold is unique. It 

is worth bearing in mind that only a tiny fraction o f the possible quadruplex forming 

sequences present in the human genome have been studied and although the c-kit 1 

quadruplex is the first example o f this particular topology, it may not remain the only 

example.

The c-kit 1 topology also challenges the assumption that quadruplexes may only form from 

four discreet guanine runs. The idea o f a quadruplex forming sequence as described in 

Equation 1.1 must be revised in favour o f a less restrictive formula which allows for single 

guanine bases which are not part o f a longer run of guanine sequences to be involved in 

tetrad formation.
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Chapter 7

Modelling of the human telomeric unimolecular quadruplexes

7.1 Human telomeric quadruplex structures

In recent years there has been intense debate over which of the quadruplexes that may form 

from the human telomeric repeating sequence, d(G3 TTA)„, is of biological relevance. 

Determination of the biologically relevant quadruplex form is essential for accurate ligand 

design as well as for a more complete understanding of the biological effects of quadruplex 

formation in the telomeric region. This debate arises due to the polymorphism shown by the 

human telomeric sequence and its relatives in structural studies. To date, two folds have 

been determined for unimolecular quadruplexes based on the human telomeric sequences in 

solution. The all-parallel, propeller loop crystal structure (Parkinson et a l, 2002) was 

determined in advance o f the recent propeller-edge-edge folds that have been determined by 

NMR methods recently (Ambrus et a l,  2006; Luu et a l ,  2006). An antiparallel structure has 

been reported in Na^ solution (Wang and Patel, 1993) however it is thought to be of little 

biological importance due to the high levels of found in cellular environments.

The quadruplex formed by a repeating region of human telomeric DNA (and the degree to 

which it exhibits polymorphism) is heavily dependent on the exact sequence chosen for 

study. It is important to note that the two recent studies by Ambrus and Luu both use 

mutated sequences to obtain a clean NMR spectrum which is suitable for further study; Luu 

and co-workers used the sequence d[TTGGG(TTAGGG)]A] and Ambrus and co-workers 

used the sequence d[AAAGGG(TTAGGG)gAA]. The original NMR structure in Na"̂  by 

Wang and Patel (Wang and Patel, 1993) and the crystal structure by Parkinson and co

workers (Parkinson et a l,  2002) both used the shorter 22-nucleotide sequence, 

d[AGGG(TTAGGG)]]. Structural work in the literature (described elsewhere in this work) 

has revealed that the flanking sequences may heavily influence the formation and topology 

o f quadruplexes due to possible stabilising effects. The sequence used by Luu and co

workers, however, does share ID NMR spectral characteristics with the native sequence; the 

mixed (or 3+1) scaffold formed from the sequence d [TTGGG(TTAGGG3)A] is thought to 

account for around 60-70% of folded oligonucleotide o f the native sequence in solution (Luu 

et a l, 2006). Although the modified sequences described above are suitable for NMR 

structural studies, it is not possible to say how the differences between these sequences and
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the native sequence will affect quadruplex formation in vivo. Therefore further biochemical 

investigation is required to establish whether the mixed structure may form in vivo from the 

native sequence.

Both the all-parallel and mixed structures have the 5’ and 3 ’ ends on opposite tetrad faces, 

which would facilitate continuous stacking of quadruplexes. However only the loop 

arrangement of the all-parallel model allows the tetrad face to remain completely 

unobstructed by loop bases, which is presumably essential for efficient stacking of 

quadruplexes and to a certain extent efficient ligand binding of the current generation of 

quadruplex stabilising compounds. Structured loop regions are observed for both the parallel 

and mixed structures. In the all-parallel structure, each A loop base intercalates between the 

two thymine bases; in the mixed structure described by Luu et. al. Watson Crick (between 

bases T1 and A20) and reverse Watson Crick (between bases T13 and A24) base parings are 

observed on either side of the tetrad face.

7.1.1 Scope o f  this work

Although the Tetrahymena telomeric bimolecular quadruplexes have been extensively 

studied using molecular dynamics methods (see Chapter 4 for a brief overview of work), the 

human telomeric sequence has not yet been comprehensively studied by such methods. This 

is surprising given the importance of understanding the behaviour o f these structures. To 

date the majority of modelling studies on the human telomeric quadruplexes have 

concentrated on ligand binding studies (for examples see (Franceschin et a l,  2006; 2003; 

Harrison et a l,  2004; Moore et al., 2006), with minimal consideration o f the quadruplex 

structure and dynamics independent of ligand binding. The work in this chapter aims to 

correct this oversight.

The modelling studies presented in this chapter aim to investigate the relative stabilities of 

the two topologies proposed for the human telomeric sequence in solution to date. This 

will be accomplished using the same MM-PBSA/GBSA methodology as described in 

Chapter 4. NMR results suggest that several species may coexist in solution (Ambrus et a l, 

2006; Luu et a l,  2006; Phan and Patel, 2003) and the relative stabilities of the crystal and 

solution phase structures have not yet been comprehensively investigated by a computational 

approach. It is hoped that the dynamics simulations will provide an insight into the 

behaviour of the mixed and all-parallel quadruplex forms. The mixed topology is modelled 

in two forms; one using the experimental co-ordinates reported by Luu and co-workers, and 

a second model where only the core tetrad unit is used.
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7.2 Materials and methods

The all-parallel model was created from the human telomeric 22mer crystal structure, 

PDBID IK Fl (Parkinson et a l, 2002). Water molecules and ions (except the three ions 

involved in the central tetrad channel) were stripped and the structure was used without any 

further modification. The mixed model was created using an identical process to the c-kit 1 

mixed model, and compared against the structural data published by Luu and co-workers 

(Luu et a l, 2006). Flanking bases were removed so only bases present in both structures 

were used during the MD simulations and the last thymine before the initial guanine 

involved in tetrad formation was mutated to an adenine. These changes will also help 

investigate the stability of a mixed fold that may form from the native sequence (rather than 

the mutated sequence used in the NMR studies). Therefore the sequence used in the parallel 

and mixed models was d [AGGG(TTAGGG)]]. A further mixed topology model was created 

from the Luu et a l  structure using the PDB co-ordinates 2GKU. Minimisation, solvation, 

equilibration and production dynamics were conducted for both the all-parallel and mixed 

model as described in Chapter 4. Free energy calculations were conducted as per the c-kit 1 

model structures.

7.3 Results

The models were analysed in a similar manner to the models for the c-kit 1 topologies, as 

described in Chapter 4. All starting structures resulted in stable long-timescale simulations 

during which the overall initial structure remained complete.

7.3.1 The all-parallel structure

As with the previous molecular dynamics studies presented in this work, the overall stability 

of the system was judged by the total energy over time and by visual analysis o f the 

trajectory. The behaviour o f the system may be further studied by investigating the RMS 

deviation of the model over the course o f the simulation. The total system energy for the 

parallel model is presented in Figure 7.1. An equilibrium state is reached rapidly (within the 

first 200 ps) and after this the system energy changes little. Visual analysis of the trajectory 

also revealed that the parallel model was stable over the course of the simulation, with tetrad 

integrity maintained throughout.

All three loops in the parallel model are in the propeller configuration. This results in four 

grooves of equal (medium) width. At the beginning of the simulation, each adenine loop 

base is intercalated between the two thymine bases from the same loop. The tetrad regions
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display behaviour consistent with other molecular dynamics simulations reported in this 

work; they are especially stable and show minimal deviation away from the starting 

structure. For this model, the exceptional tetrad stability may in part be due to the initial 

structure deriving from X-ray structure data which is already minimised before deposition in 

the Protein Data Bank. The magnitude o f backbone movement (shown in Figure 7.2) is 

comparable with that shown by the parallel c-kit 1 model described in Chapter 4.

RMS deviations for various components o f the model are shown in Figure 7.3. In common 

with the other quadruplex simulations described in this work, the loop regions are 

responsible for the majority of the heavy atom deviation away from the starting structure; the 

tetrad region displays little movement away from the starting structure. The middle tetrad 

displays the least movement due to constraints imposed by the top and bottom tetrads. 

Comparison o f the deviation of the top and bottom tetrads during the simulation reveals that 

they behave almost identically.

The loop behaviour shown in Figure 7.3c is unlike previous loop behaviour described in this 

work. Clear changes in conformation are observed for both loop 1 and loop 2; significant 

changes are observed after 1.5 ns for loop 1 and after 3 ns for loop 2. The conformational 

change of the individual loops impacts not only on the overall loop RMS deviation but also 

on the overall RMS deviation of the entire structure, which is shown in Figure 7.3a. Loop 3 

displays little change during the course of the simulation. Visual analysis o f the trajectory 

reveals the exact cause of the deviations for loops 1 and 2. For loop 1, base T5 moves away 

from its initial position above loop residue A7 and moves to point inwards towards the 

tetrads, sitting in the groove region. After a few hundred picoseconds pointing in towards 

the groove, base T5 returns to stack on top o f the adenine base. T6 and A7 remain stacked' 

throughout the simulation. The stacking interaction between bases T5 and A7 never returns 

entirely to the close association shown in the initial structure, and movement of the T5 base 

would be expected to occur again if the simulation was extended. Visual analysis of the 

trajectory reveals that significant movement of the backbone occurs to accommodate this 

movement; the actual base moves relatively little, as shown by Figure 7.4. Backbone 

movement is also evident when comparing the final averaged structure with the starting 

structure, as shown in Figure 7.6.

Loop 2 only exhibits significant change near the end o f the trajectory, and the RMSd values

are still undergoing significant change at the end of the simulation. It would be advisable to

continue with this simulation for an extra few nanoseconds to ensure the final loop structure

is an equilibrium state, or whether this loop exhibits dynamic behaviour rather than a
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preference for a fixed conformation. The behaviour o f loop 2 differs somewhat from the 

behaviour of loops 1 and 3, although the intercalation of the three loop bases is disturbed in a 

similar manner (by removal of one thymine from the TAT stack). In the average final 

structure, loop base T12 has flipped out from the TAT stack present in the initial structure. 

This base remains exposed to solvent, pointing away from the tetrad, unlike T5 and T17 

which move to sit in the groove region, facing the tetrad stack. For loop 2, some stacking 

interactions are maintained between bases T i l  and A 13, however visual analysis o f the 

trajectory suggests that the distance between these two bases is greater than for the TA stacks 

that remain in the other two loops. Figure 7.6 clearly shows significant backbone movement 

over the course o f the simulation for loop 2.

Loop 3 displays similar behaviour to that shown by loop 1, and in the final averaged 

structure base T17 is sitting in the groove region and stacking between base T18 and A19 is 

maintained. The first base in the sequence, A l, remains stacked over the tetrad surface 

throughout the simulation.

All three loops maintain some of the base stacking interactions which are present in the 

starting structure. Movement o f a thymine base is seen for all loops, however loop 2 

displays different behaviour to loops 1 and 3. It is not possible to examine whether thymine 

flipping out and remaining exposed to solvent (seen for loop 2) is more favourable than the 

thymine moving to sit in the groove region (seen for loops 1 and 3). Further simulation is 

required to investigate whether the new conformations found here are stable over a long 

timescale; this is especially important as the flipping out of T12 in loop 2 only occurred in 

the last 500 ps of simulation.
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Figure 7 . 5  Side on view of average all-parallel model during the final ns of dynamics. L o o p s  a r e

OucUv>0 6 > \
c o l o u r e d  a c c o r d i n g  t o  r e s i d u e  t y p e ;  a d e n i n e ;  y e l l o w  a n d  t h y m i n e  b l u e .  P o t a s s i u m  i o n s  a r e  s h o w n  a s  

g r e e n  s p h e r e s  i n  t h e  c e n t r a l  t e t r a d  c h a n n e l ,  g u a n i n e  b a s e s  i n v o l v e d  i n  t e t r a d  f o r m a t i o n  a r e  d r a w n  a s  

g r e y  l i n e s .

Figure 7 . 6  Comparison of the starting and averaged final structure of the all-parallel model.

T h e  s t a r t i n g  s t r u c t u r e  i s  p r e s e n t e d  i n  g r e y  a n d  t h e  f i n a l  s t r u c t u r e  i n  b l u e .  L o o p  b a s e s  o m i t t e d  f o r  

c l a r i t y ;  b a c k b o n e  s h o w n  a s  r i b b o n .
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7.3.2 The mixed structure

Although the NMR structure re v e a l  several stabilising interactions forming between bases, 

it is not possible to reproduce these in the model used here. In order to render the MM- 

PBSA/GBSA results directly comparable, the first and last bases were removed and the new 

first base, thymine, was mutated to adenine. However, this renders impossible the two 

Watson-Crick base pairs present in the experimental NMR structure. The behaviour of the 

model described below, therefore, is completely dependent on the characteristics o f the 

quadruplex itself, and is not reliant or influenced in any way by flanking sequences.

The total energy of the model system over time is presented in Figure 7.7. As with previous 

simulations, an equilibrium state with regards to the total system energy is reached extremely 

rapidly, within the first few hundred picoseconds o f the simulation. Visual analysis o f the 

trajectory revealed little tetrad deviation, and the integrity of the structure was preserved 

throughout the simulation. Unlike the above parallel model, which is based on X-ray crystal 

diffraction data, this model is based on an NMR structure where the positions o f the loop 

bases are not well defined. Therefore the loops may be less constrained during this 

simulation as they are not involved in stabilising interactions at the start o f the simulation. 

Loop 1 forms a propeller loop whilst loops 2 and 3 both form edge type loops. This leads to 

grooves of varying widths; two medium grooves are found adjacent to each other (between 

G8-G2 and G2-G20) and a narrow groove (between G20-G16) is adjacent to a wide groove 

(between G8-G16).

The RMS deviations for the system and its component parts are illustrated in Figure 7.9. 

Unlike the parallel telomeric model, the deviation of all heavy atoms away from their initial 

positions progresses smoothly over time. The majority of the deviation away from the 

starting structure occurs within the first 500 ps o f simulation, and again the loop regions are 

responsible for the majority of structural change. Unlike the parallel telomeric model, the 

loops display no sudden changes in conformation during the course o f the simulation. The 

tetrad regions show deviations that are slightly larger in magnitude than those seen for the all 

parallel model. Unlike previous models, there is very little difference between the deviations 

for the middle tetrad and those for the top and bottom tetrad. Comparison o f the initial and 

final averaged structures (shown in Figure 7.12) reveals that some distortion occurs to the 

top tetrad during the simulation.

Despite the first loop forming a propeller type loop in both structures, the behaviour o f this 

loop in both models is not similar. By the end o f the mixed simulation, base A7 is sat in the
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medium groove regions, with bases T5 and T6 exposed to solvent. From Figure 7.11 it is 

clear that the two thymines are too far apart to form any stabilising interactions, either with 

other loop bases or the tetrad region. The shorter loop length when compared with the four 

base c-kit 1 loops appears to prevent the parallel TTA loop bases from interacting with the 

tetrad surfaces. Individual base movement (shown in Figure 7.10) is small, however 

comparison of the initial and final structures (shown in Figure 7.12) reveals significant 

backbone movement in this loop region during the course of the simulation.

Loops 2 and 3 are edge type loops and therefore may interact in a stabilising manner with the 

tetrad surface. Base T12 stacks on the bottom face o f the tetrad, primarily interacting with 

base G 14. The remaining bases in this loop are on the whole exposed to solvent; however in 

the final averaged structure base T i l l s  tilting towards the tetrad surface and may eventually 

stack with tetrad base GIO if the simulation is allowed to continue. Again, the magnitude of 

base deviations is relatively small (loop base movements are shown in Figure 7.10) whilst 

the backbone moves significantly during the course o f the simulation, as shown in Figure 

7.12 where the initial and averaged final structures are compared. The large degree to which 

the loop bases in loops 1 and 2 are exposed to solvent will adversely affect their performance 

in the MM-PBSA/GBSA free energy calculations.

Loop 3 is capable of forming some very interesting stacking interactions which are of a long 

duration. Base A19 moves to stack over tetrad base G20 early on in the simulation and 

remains in this position for the rest of the simulation. The thymine bases T17 and T18 are 

flipped out away from the tetrad face and stack on top o f each other, each having one face 

exposed to solvent. This behaviour is similar to that seen for the AGGA loop in the mixed c- 

kit 1 model; it is clear that the narrow groove width forces the bases to flip out away from the 

tetrad face so the backbone may accommodate the narrower groove width with minimal 

strain.
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U A o ^ -c
Figure 7.11 Side on view of average mixed model, during the final ns of dynamics. L o o p s  a r e  

c o l o u r e d  a c c o r d i n g  t o  r e s i d u e  t y p e :  a d e r m c ,  y e l l o w  a n d  t h y m in e  b l u e .  P o t a s s i u m  i o n s  a r e  s h o w n  a s  

g r e e n  s p h e r e s  i n  t h e  c e n t r a l  t e t r a d  c h a n n e l ,  g u a n i n e  b a s e s  i n v o l v e d  i n  t e t r a d  f o r m a t i o n  a r e  d r a w n  a s  

g r e y  l i n e s .

Figure 7.12 Comparison of the starting and averaged final structure of the mixed model. T h e

s t a r t i n g  s t r u c t u r e  i s  p r e s e n t e d  i n  g r e y  a n d  t h e  f i n a l  s t r u c t u r e  i n  b l u e .  L o o p  b a s e s  o m i t t e d  f o r  c l a r i t y ;  

b a c k b o n e  s h o w n  a s  r i b b o n .
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7.3.3 The 2GKU structure

In order to investigate the full effects of the flanking bases, the experimental co-ordinates 

from the Luu et al structure were used to create a model for molecular dynamics simulations 

(Luu et a l, 2006). The structure has two medium grooves (between G9-G3 and G3-G21), a 

wide groove (between G17-G9) and a narrow groove (between G21-G17).

The total energy of the system is presented in Figure 7.13. As with other models, the overall 

system energy equilibrates very rapidly; the small downwards spike at around 2900 ps is due 

to a model restart. The backbone RMS deviation over the course o f the simulation is shown 

in Figure 7.14; deviation is o f a similar magnitude to that o f the crystal structure model 

backbone, and considerably less than the deviation o f the mixed model backbone. This may 

be attributed to the fact that experimental co-ordinates will deviate less during the course of 

the simulation.

Visual analysis of the trajectory reveals that the Watson-Crick base pairing between T1-A20 

and T13-A24 are maintained throughout the simulation. The RMS deviations for various 

regions are shown in Figure 7.15. Again, the movement of the loop regions is responsible 

for the majority o f the structure’s deviation over the course o f the simulation. Tetrad 

behaviour is similar to that described for other models in this work; in particular the bottom 

tetrad (comprising o f G3-G9-G17-G21) shows very little deviation. Deviation of the loop 

regions is primarily driven by movement o f loop 1 which is the propeller type TTA loop. 

This loop samples multiple conformations throughout the simulation, in agreement with the 

experimental NMR structure which describes this loop as less well defined than the other 

loop regions. This is concurrent with this loop forming no long term stabilising interactions, 

unlike loops 2 and 3 which are involved in Watson-Crick base pairing, leading to reduced 

movement. In the final averaged structure, bases T6 and T7 are stacked on top of each other 

and positioned within the groove region, whilst A8 remains exposed to solvent. Loop 3 

displays minimal movement over the course o f the simulation which is unlike any other non

single base loop described in this work. This minimal motion may be ascribed to the 

hydrogen bonding that loop bases are involved in; A20 is involved in a Watson-Crick base 

pair whilst T19 hydrogen bonds to A2 early on in the simulation. This position is then 

maintained throughout the simulation. Base T19 is found stacked under A20 in the final 

averaged structure. Although loop 2 is involved in hydrogen bonding interactions (through 

T 13), A 14 stacks on top o f T13 and T12 is exposed to solvent, leading to an RMS deviation 

between that seen for loops 1 and 3. T12 remains exposed to solvent. O f the flanking bases, 

T l is stacked under tetrad base G9, whilst T2 sits beside T l and underneath G3. The tilted
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nature of the base means that no G3-T2 stacking interactions are observed. The final 

residue, A24 is found stacked over G23 in the final averaged structure.

The RMS deviation of individual loop bases is shown in Figure 7.16. As with previous 

models, the deviation o f individual bases is quite low. Backbone movement, therefore, 

accounts for a significant proportion of the overall motion. A comparison o f the starting 

{i.e., the experimental co-ordinates) and averaged final structures is shown in Figure 7.18. 

Backbone movement in the loop regions is clear, in particular for loops 1 and 2. Despite the 

low overall RMS deviation seen for loop 3, the backbone region displays some rotation when 

the final averaged structure is compared to the starting structure.
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Figure 7.17 Side on view of average 2GKII model during the final ns of dynamics. L o o p s  a r e  

c o l o u r e d  a c c o r d i n g  t o  r e s i d u e  t y p e :  a d e n i n e ,  y e l l o w  a n d  t - h y m i n e - b i u e .  P o t a s s i u m  i o n s  a r e  s h o w n  a s  

g r e e n  s p h e r e s  i n  t h e  c e n t r a l  t e t r a d  c h a n n e l ,  g u a n i n e  b a s e s  i n v o l v e d  i n  t e t r a d  f o r m a t i o n  a r e  d r a w n  a s  

g r e y  l i n e s .  H y d r o g e n  b o n d s  a r e  s h o w n  b y  r e d  d a s h e d  l i n e s .

Figure 7.18 Comparison of the starting and averaged final structure of the mixed model. T h e

s t a r t i n g  s t r u c t u r e  i s  p r e s e n t e d  i n  g r e y  a n d  t h e  f i n a l  s t r u c t u r e  i n  b l u e .  L o o p  b a s e s  o m i t t e d  f o r  c l a r i t y ;  

b a c k b o n e  s h o w n  a s  r i b b o n .
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7.3.4 Free energy calculations for the telomeric quadruplex models

The results of the free energy calculations are presented in Table 7.1. Both the PB and GB 

method establish that the parallel structure is more stable than the mixed structure, whilst the 

2GKU structure is significantly more stable than either o f the previous two models. The GB 

method produces a greater differentiation between the parallel and mixed structures. This is 

comparable with the differences observed between the parallel/antiparallel and mixed c-kit 1 

models using the same method. Given the significantly differing loop behaviour it is not 

entirely surprising that such significant differences exist.

Despite being ranked less favourably overall (both before and after inclusion o f the entropie 

component), the mixed model has a considerably more favourable Gsohanon value when 

compared with the parallel model. This is independent o f the method used to calculate the 

free energy. The lower Gsohauon value for the parallel model is due to the increased area of 

tetrad that is exposed to solvent. This is a direct consequence of a three base propeller loop 

being too short to engage in significant loop-tetrad interactions. In the mixed model, bases 

A l, T12 and A19 all stack over the tetrad surfaces whilst in the parallel model only base A l 

is able to stack over the tetrad face.

It is the increased base stacking o f the loop regions which results in the parallel model 

producing lower free energy values than the mixed model. Although the propeller TTA loop 

remain exposed to solvent, the loop-loop stacking interactions (which are not present for the 

mixed model) contribute favourably to the E e l e c  and E m m  values. Despite tetrad-loop 

stacking for some loop bases in the mixed model, the relatively unordered nature of the first 

and second loops adversely impacts on the mixed model’s £"^1/ value. The more favourable 

Emm value for the parallel model is more than enough to offset the more favourable Gsohauon 

value seen for the mixed structure.

The impact o f the Watson-Crick base pairing on the overall stability o f the mixed model is 

immediately clear. The 2GKU structure is significantly more stable than the parallel 

structure. However it must be remembered that this model has an extra two bases and 

therefore a more negative charge. This impacts on the E e l e c  and E m m  values, which are 

significantly more positive then the parallel model, despite the Watson-Crick base pairing. 

However, the significantly more favourable Gsohation values cancel out the negative effects of 

the positive value. The solvation free energy is considerably more favourable than that 

for the parallel model, and again this result must have its basis in structure. In the final 

averaged structure, only two bases (A8 and T12) are exposed to solvent to a significant
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degree. The remaining bases are all involved in stacking or base pairing interactions, with 

the exception o f T6 and T7 which are also protected from solvent by their positioning within 

the groove region. Both tetrad faces are almost entirely protected from solvent, and the 

charged backbone regions are easily accessible for solvation. Therefore the unique 

interactions o f the flanking bases with the loop bases (made possible by the Watson-Crick 

base pairing) results in a topology with minimal unfavourable exposure to solvent, and 

therefore a very favourable free energy value is obtained with the MM-PBSA/GBSA 

calculations.

Parallel Mixed 2GKU
ste ste ste

E  ELEC - 248.50 2.39 - 3.10 2.75 507.96 2.20

E  MM 634.84 2.63 882.65 2.54 1408.73 2.94

( r  n o n p o l a r (PB) 22.42 0.02 23.23 0.03 21.50 0.02

solvation (PB) - 5057.38 2.98 - 5281.80 2.16 - 6137.28 1.95

( r  m M+SOLVATION (PB) - 4422.54 2.45 - 4399.15 1.56 - 4728.54 2.05

NONPOLAR (GB) 32.29 0.03 33.46 0.04 30.96 0.03

solvation (GB) - 4754.37 2.00 - 4968.16 2.21 - 5806.13 1.86

MM+SOLVATION (GB) - 4119.52 1.88 - 4085.51 1.68 - 4397.40 1.96
T S 581.57 0.28 582.12 0.19 631.31 0.15
^  binding (PB) - 5004.11 2.72 - 4981.27 1.76 - 5359.85 2.20

^  binding (GB) - 4701.09 2.15 - 4667.63 1.87 - 5028.71 2.10

Table 7.1 Free energy values for the telomeric quadruplex models. Standard error (ste) is 

included; all values are in kcal.mol '.

7.4 Discussion

The MD simulations described above are capable of reproducing a number o f experimentally 

observed loop-loop interactions which contribute towards quadruplex stability. The MM- 

PBSA/GBSA calculations clearly show that the 2GKU structure is more stable under the 

simulation conditions used, and this is primarily due to the Watson-Crick base pairing. The 

Watson-Crick base pairing interactions produce a structure that has minimal exposure o f the 

bases to solvent, which results in very favourable Gsohation values. By comparing the free 

energy calculation results for the 2GKU and mixed models, the magnitude of the stabilising 

effect is immediately clear. The 2GKU structure has a significantly lower free energy value, 

despite carrying extra charge (due to its increased length) which will render the Emm 

component of the free energy calculations less favourable. The mixed model showed, by 

eliminating the flanking bases and mutating them to the native sequence, that the 3+1 

quadruplex motif is not as stable as the all-parallel quadruplex form, and that significant
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stabilisation o f the experimental structure must be obtained by loop-loop interactions. When 

comparing the mixed and parallel model, however, it is important to remember that the 

parallel model is based entirely on a crystal structure which will improve the initial quality of 

the model and may favourably affect the results of the MM-PBSA/GBSA calculations. In 

particular the well-defined nature of the loop-loop interactions in the crystal structure will 

improve the model’s performance. Given that the MM-PBSA/GBSA results suggest that the 

parallel structure is noticeably more stable than the mixed structure, it is obvious that the 

Watson-Crick base pairs seen in the 2GKU structure are responsible for a large component 

of overall quadruplex stability. Whether or not these flanking bases are available in vivo to 

form stabilising interactions may determine whether this mixed quadruplex scaffold may 

form in a cellular environment; however some of the stabilising interactions seen in the 

NMR structures rely on bases mutated away from the native sequence. Further simulations 

based on the experimental co-ordinates and with the mutated bases returned to the native 

sequence should be undertaken to investigate the full magnitude of the flanking bases’ 

stabilising effects. The results of the free energy calculations also highlight the importance 

o f a good-quality ensemble o f structures for the MM-PBSA/GBSA methodologies.

It is also possible that the flanking base interactions seen in the 2GKU model can offset 

some of the destabilisation introduced to the tetrad by incorporation of guanines with syn 

glycosidic angles. Sy« bases in quadruplex structures have been shown to be less stable than 

anti bases (Strahan et a l, 1994), therefore the base pairing interactions in the 2GKU 

structure may compensate for instability introduced by the syn conformation. The loops 

simulated here in the mixed structure show few stabilising interactions which further 

confirms that significant additional stabilisation may arise from flanking base interactions. 

The inability of the molecular dynamics protocol used here to replicate experimental loop 

stacking interactions may also account for the poor performance of the mixed structure 

during the free energy calculations. However as the protocol is capable of identifying loop- 

loop interactions and maintaining the experimentally derived structures over the course o f a 

simulation, it is more likely that the instability o f the mixed model is due to an inability of 

the native sequence to form the Watson-Crick base pairs which are responsible for a 

significant degree o f stabilisation within the 2GKU structure.

The results are not necessarily an indication of which structure predominates in vivo. In

addition to the overall stability of the structures (as judged by their calculated free enefgy

values), several additional factors need to be considered when determining which structure

may form in a cellular environment. The principal factor which is not examined by the

dynamics simulations presented here is the barriers to formation o f a particular quadruplex
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structure. Current simulation methods are not sufficiently advanced to examine the folding 

and unfolding o f quadruplexes and it may be that a particular structure is prevented from 

forming in vivo due to unfavourable kinetics o f folding. It is possible that biological effects 

(such as protein-DNA interactions) are responsible for determining the quadruplex topology 

of the human repeat sequence in vivo. It is, of course, not possible to replicate such 

biological effects in the simulations above.

It is important to consider the methods used to obtain the experimental structures which were 

used as the basis for this modelling study. Although crystal structures have been accepted 

for many years as the definitive method for obtaining biological structures, they do not 

always accurately represent solution phase environments, and the crystallisation process may 

select low-energy structures which are particularly suited to crystal formation from a 

population of topologies. Conversely, the mutated sequences which are required for NMR 

structure solution are precisely that -  mutated, and they have been chosen for the ease with 

which they may be studied in a solution phase environment, rather than for their biological 

interest. Despite its greater stability, it is not possible to conclude that the 2GKU structure 

would predominate in vivo, as the Watson-Crick base pairing which is essential for its 

increase stability relies on bases mutated away from the native sequence. Further NMR and 

dynamics studies on the sequence d[TAGGG(TTAGGG3 )T], for example, should be carried 

out to investigate the topology o f any quadruplexes that form from an extended native 

sequence. Despite the polymorphism exhibited in solution by the unmodified human 

telomeric repeat sequence, it is unlikely that this polymorphism occurs in vivo. Further 

biochemical experiments in cellular environments must be undertaken before a definitive 

identification of the biologically relevant quadruplex fold may be made.
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Chapter 8 

Conclusion

Increasing numbers of G-rich DNA sequences from promoter regions of oncogenes are being 

investigated for their quadruplex forming ability. Controlling oncogene expression by 

quadruplex formation in its promoter regions is potentially an attractive mechanism for 

anticancer therapeutics. However, selective ligand targeting of these G-rich regions for a 

therapeutic effect relies on extensive knowledge of the structure and behaviour of the 

quadruplex target.

In this work, the ability o f the G-rich sequence c-kit 1 to form quadruplex structures has been 

investigated using a combination of experimental and theoretical approaches. Results 

presented in this thesis show that not only is the c-kit 1 sequence capable o f forming a 

quadruplex, it is also unique amongst non-telomeric sequences studied to date in that the 

native sequence forms a single quadruplex species in solution. Furthermore, the c-kit 1 

quadruplex structure is highly sensitive to mutations in particular regions o f the sequence. In 

retrospect, the sensitivity of this quadruplex to mutation and its unique ability to form only a 

single quadruplex species in is suggestive of the unique structure in which bases initially 

thought to be in loop regions participate in tetrad formation. Previously reported quadruplex 

forming sequences have relied on mutations to stabilise a single quadruplex species; such 

mutations reduce the quadruplex forming ability of the c-kit 1 sequence to the point where it 

may no longer form tertiary structures. Despite this unique sequence-specific behaviour of 

the c-kit 1 sequence in solution, in other respects it exhibits behaviour typical of quadruplex 

forming species. The melting temperature o f the quadruplex formed is dependent on 

concentration and independent of strand concentration in a fashion that is typical of G- 

quadruplex structures. However, unlike other non-telomeric quadruplex forming sequences, 

the CD spectra reported here for the c-kit 1 sequence do not display the characteristic peaks 

and troughs at certain wavelengths that are associated with quadruplex formation. As the 

number of published quadruplexes increases, it is clear that circular dichroism of G- 

quadruplexes is more complicated than previously thought and that it is currently not 

possible to rely upon CD spectra alone for topology assignment.

Modelling studies reveal that the loop regions are flexible and can form a range of loop-loop

and loop-tetrad interactions. Modelling of a CGCT loop revealed that it generally samples
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multiple conformations, whilst the simulations revealed a range of loop-loop and loop-tetrad 

interactions for the AGGA loop. The free energy calculations are capable o f reproducing 

some experimental trends in ligand binding, however current free energy calculation 

methods were shown to be incapable of correctly determining experimental topologies. This 

is in part due to the experimental structure not being included in the initial modelling study 

of quadruplex topology which is a testament to the highly unusual fold which the c-kit 1 

quadruplex displays. The development o f better sampling methods and polarisable force 

fields will help improve the performance of both the MM-PBSA and MM-GBSA methods. 

This work has also shown that the MM-PBSA/GBSA method relies heavily on an accurate 

ensemble of structures; the development and application of locally enhanced sampling 

methods should also improve the performance of the free energy calculations. Despite being 

based on a model that is only partially correct, the ligand binding studies are promising and 

provide an outline of a structure-activity relationship for ligand binding to the c-kit 1 

quadruplex structure. The definitive topology for the quadruplex established by the NMR 

work described in Chapter 6 should enable significant improvements in ligand selectivity 

and binding to be obtained by rational ligand design strategies.

The modelling studies on the human telomeric quadruplexes highlight the contributions of 

flanking regions to the overall stability of the system. For the telomeric quadruplexes, the 

modelling methodology proved to be broadly satisfactory, and serves to confirm that some 

issues surrounding the c-kit 1 topology modelling may be due to the lack o f experimental 

structural data which decreases the accuracy o f the model, rather than any inherent problem 

with the methodology chosen. The modelling studies on the human telomeric quadruplexes 

highlights the stability of the parallel quadruplex core and also illustrates that the stability of 

the mixed quadruplex is heavily dependent on flanking base interactions.

The c-kit 1 sequence has been shown in this work by NMR experiments to form a unique

parallel stranded quadruplex. Unlike the majority of reported unimolecular quadruplexes to

date, four loops are observed. The loops consist o f (in the 5’-3’ direction) an A propeller

loop, a C propeller loop, a CT edge loop and an AGGAG propeller loop. The unusual

behaviour of the CGCT region (which is split into a C propeller loop, a G base which is

involved in tetrad formation and an edge type CT loop) is most likely responsible for the c-

kit 1 sequence only forming a single quadruplex species in solution, and provides a structural

basis to rationalise the sensitivity o f the sequence to mutation. The modelling studies

revealed that a CGCT loop was not capable o f forming long-duration stabilising interactions;

therefore one should not be too surprised to find that a CGCT loop is not, in fact, present in

the experimental structure. The AGGAG loop is unusual in that it spans only two tetrad
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planes in a direction opposite to that o f the previous two propeller loops; it also returns the 

terminal two guanine bases to the middle o f a tetrad stack. Here, the modelling studies 

predicted that an AGGA loop would be capable o f forming several loop-loop and loop-tetrad 

stabilising interactions; MD simulations o f the NMR model produced both loop-loop and 

loop-tetrad stacking interactions. Further NMR experiments are currently underway to 

identify specific loop-loop or loop-tetrad interactions, which may then be incorporated into a 

refined NMR model. It is hoped that this will also improve the performance o f the free 

energy calculations when applied to the NMR model. It should be noted, however, that 

similar long propeller loops in the literature rarely show loop-loop or loop-tetrad interactions 

which may be detected by NMR.

The c-kit 1 topology has far-reaching and significant implications for the study o f quadruplex 

forming sequences. Previously, it was thought that continuous runs o f guanine bases were 

essential for quadruplex fondation. The c-kit 1 overall fold shows that an isolated guanine 

base (from the CGCT loop) can participate in quadruplex formation in preference to a 

guanine base from a guanine tract. Bioinformatics studies investigating putative quadruplex 

forming sequences throughout the genome must therefore be revised and it is expected that 

the number o f regions in the genome identified as putative quadruplex forming sequences 

will increase. However, it is clear that four runs o f guanine bases in a sequence is no 

guarantee o f quadruplex forming ability, as demonstrated by the reluctance o f the modified 

sequences to form quadruplex structures. The number o f putative quadruplex forming 

sequences which are actually capable o f folding into quadruplex structures may therefore be 

much lower than expected.

The structure and experimental results presented within this work provides an optimal 

starting point for biochemical characterisation o f the c-kit 1 quadruplex. With the discovery 

o f increasing numbers o f genomic quadruplexes, ligand design must now increasingly focus 

on obtaining compounds which demonstrate selectivity between quadruplexes. The c-kit 1 

quadruplex is a highly attractive target; unlike all other genomic quadruplexes reported in the 

literature, there can be no debate about which quadruplex species is biologically relevant. 

The detennination o f the c-kit 1 quadruplex topology is an essential prerequisite to future 

work, which must concentrate on detennining whether this quadruplex forms in vivo and 

evaluating its biological significance.
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Appendix A

Calculation of enthalpy and entropy of quadruplex formation

Graphs o f In
\ - â

vs. T  for each o f the three conditions as described in Table A .l are

shown below. The linear fit curve with its appropriate equation is also given; these values

were used for calculation o f —
R

and
R

as described in Chapter 3. In all graphs

presented below, cooling curves are shown in black and heating curves are shown in red. 

Equations are placed adjaeent to the trend lines they describe.

y =  1214ÛX- 35.93,

y = 9948 .9% -29 .152

O  4

CD

0.0025 0.0035 0.00370.0027 0.0029 0.0031 0.0033

r ‘(K'‘)

Û
Figure A.l In   vs. T ' curves for Solution 1.

\ - â
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o  4

OD y = 8315 x - 25.34'

y =  6 6 7 l .9 x - 20.188

0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

t Vk-'

Û
Figure A.2 In   vs. T ‘ curves for Solution 2.

\ - Û

y = 11009X-32 .229

y = 10050X -29.495
S  4

<x>

0.0026 0.0028 0.003 0.0032 0.0034 0.0036 0.0038

r ’/K'*

In
û

Figure A.3  ̂ ^  vs. T* curves for Solution 3.
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Appendix B

BR-ACO-19 binding energy breakdown and ligand charges

The breakdown of the free energy values for BR-ACO-19 at each o f the possible binding 

sites is presented below in Table B. 1.
MODEL

a a (J (T

ELEC -1 2 4 7 .0 5 4 2 .4 2 -1 4 7 2 .8 0 20.01 -1 4 1 1 .8 4 16.46 -1 0 3 1 .8 1 5 9 .35

M M -1 2 8 9 .0 7 4 2 .7 3 -1 5 3 2 .5 2 2 1 .1 4 -1 4 6 7 .0 6 18.30 -1 0 6 0 .3 8 6 1 .1 7

f^o N P O U R (PB) -3 .6 8 0 .2 8 -4 .5 3 0 .1 7 -4 .6 4 0 .3 2 -2 .3 6 0 .2 6

SO LV A TIO N (PB) 12 6 2 .5 2 3 9 .4 0 1 5 0 1 .2 6 19.51 143 3 .5 6 17.91 1039 .02 6 0 .5 9

^  M M *SO LVA T!O N (PB) -2 6 .5 5 5.01 -3 1 .2 6 3 .8 9 -3 3 .5 0 4 .5 7 -2 1 .3 6 3 .4 8

n o n p o u r (GB) -5 .3 0 0.41 -6 .5 3 0 .2 4 -6 .6 9 0 .4 6 -3 .4 0 0 .3 8

SO LV A TIO N (GB) 1 249 .43 4 0 .1 3 1 4 7 9 .77 19.44 142 0 .5 2 16.77 1 0 3 5 .1 0 5 9 .2 3

mM +SO LVA tion (GB) -3 9 .6 4 4 .1 0 -5 2 .7 6 3 .6 0 -4 6 .5 4 5 .3 8 -2 5 .2 8 3 .1 5

TAS -2 8 .8 6 8 .93 -2 8 .6 9 3.01 -2 5 .0 3 3 .5 7 -2 7 .3 4 4 .7 8

^ G  b in d i n g (PB) 1.73 6 .7 7 -2.57 4 .9 2 -8.47 5 .8 0 5.98 5.91

^ G  b in d i n g (GB) -11.36 6.1 3 -24.07 4 .6 9 -21.51 6 .4 6 2.06 5 .7 2

5 6 7 8
o a a a

E IB C -1 3 6 4 .3 0 23.61 -1 2 6 0 .7 1 3 5 .7 0 -1 2 8 7 .1 8 2 6 .8 8 -1 1 7 4 .8 1 3 9 .3 8

SIM -1 4 0 7 .4 8 2 5 .3 7 -1 3 1 2 .8 8 3 8 .0 0 -1 3 2 8 .5 8 2 9 .1 0 -1 2 2 0 .7 0 4 1 .7 4

^ G  n o n p o u r (PB) -3 .5 8 0 .2 8 -3 .9 4 0.21 -3 .3 4 0 .1 6 -3 .6 6 0 .2 5

G SO LV A TIO N (PB) 13 8 9 .0 4 2 4 .9 0 127 3 .5 3 3 6 .6 3 1300 .78 28.91 1185.41 4 0 .0 8

^ G MM+SOL VA TION (PB) -1 8 .4 4 3 .53 -3 9 .3 5 3 .6 9 -2 7 .8 0 4 .0 8 -3 5 .2 9 4 .0 4

^G  fJO NP O U R (GB) -5 .1 5 0.41 -5 .6 7 0.31 -4 .81 0 .2 3 -5 .2 7 0 .3 6

^  G SO LV A TIO N (GB) 1 370 .35 23.81 1273.81 3 5 .5 7 12 9 4 .5 0 2 7 .0 4 1186.51 4 0 .4 0

^ G  sisn -SO L V A  TION (GB) -3 7 .1 3 3 .2 9 -3 9 .0 7 3 .5 2 -3 4 .0 8 3 .3 5 -3 4 .1 9 3 .5 2

TA S -2 9 .7 8 4.01 -2 8 .2 6 4.01 -2 9 .0 3 3 .7 2 -3 0 .5 0 10.93

^G b in d i n g (PB) 11J4 5 .3 4 -10.84 5.45 2.77 5 .5 2 -4.79 5 .4 3

^ G  b in d i n g (GB) -7.35 5 .1 9 -10.56 5 .3 4 -3.51 5.01 -3.69 5 .2 9

Table B.l Breakdown of free energy of binding values for BR-ACO-19 bound to each of the 

eight possible binding sites. The standard deviations, a, are also included.

The charges on the ligand atoms, calculated as outlined in Chapter 5, are detailed below. 

Hydrogens are adjacent to the heavy atom they are joined to; unless otherwise stated all 

hydrogens on the same heavy atom are equivalent.
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BR-ACO-19 Total charge+3

19

22 :
15

27

46

47

:
25

33

Figure B.l BR-ACO-19 atom numbering.

N1 -0.310 C28 0.018 H 0.034

C2 -0.009 H 0.028 C29 0.037 H 0.068

C3 0.057 N30 0.134 H 0.230

C4 0.008 H 0.030 C31 0.034 H 0.068

C5 -0.019 H 0.027 C32 -0.018 H 0.030

C6 0.023 C33 -0.018 H 0.030

C7 0.060 C34 0.034 H 0.068

C8 0.063 N35 -0.311 H 0.123

C9 0.023 C36 0.054

CIO 0.060 C37 -0.008 H 0.028

c n 0.008 H 0.030 C38 -0.008 H 0.028

C12 0.057 C39 0.056

C13 -0.009 H 0.028 C40 -0.008 H 0.028

CM -0.019 H 0.027 C41 -0.008 H 0.028

N15 -0.289 H 0.125 N42 -0.306

C16 0.186 C43 -0.013 H 0.039

C17 0.018 H 0.034 C44 -0.013 H 0.039

C18 0.037 H 0.068

01 9 -0.166

N20 0.134 H 0.230

C21 0.034 H 0.068

C22 -0.018 H 0.030

C23 -0.018 H 0.030

C24 0.034 H 0.068

N25 -0.289 H 0.125

C26 0.186

027 -0.166

Table B.2 BR-ACO-19 atom charges.
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CM-ACI-2 Total charge +4

4 3

22
2 3

48
4 5  H

4 7

40

3 4

4 4 32

Figure B.2 CM-ACI-2 atom numbering.

Cl -0.009 H 0.028 C26 0.186

C2 0.057 0 27 -0.166

C3 0.008 H 0.030 C28 0.018 H 0.034

C4 -0.019 H 0.027 C29 0.037 H 0.068

C5 0.023 N30 0.134 H 0.230

C6 0.060 C31 0.034 H 0.068

N7 -0.310 H 0.123 C32 -0.018 H 0.030

C8 0.063 C33 -0.018 H 0.030

C9 0.023 C34 0.034 H 0.068

CIO 0.060 N35 -0.313 H 0.122

C11 0.008 H 0.030 C36 -0.001 H 0.043

C12 0.057 C37 -0.009 H 0.032

C13 -0.009 H 0.028 C47 0.035 H 0.068

0 4 -0.019 H 0.027 N38 0.133 H 0.230

N15 -0.289 H 0.125 C39 0.034 H 0.068

0 6 0.186 C40 -0.018 H 0.030

0 7 0.018 H 0.034 C41 -0.018 H 0.030

0 8 0.037 H 0.068 C42 0.034 H 0.068

0 1 9 -0.166

N20 0.134 H 0.230

C21 0.034 H 0.068

C22 -0.018 H 0.030

C23 -0.018 H 0.030

C24 0.034 H 0.068

N25 -0.289 H 0.125

Table B.3 CM-ACI-2 atom charges.
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CM-ACI-32 Total charge +3

44
H

4 3

42

:
21

H
37

45

40 41
38

Figure B.3 CM -ACI-32 atom num bering.

Cl -0.009 H 0.028 N26 -0.311 H 0.123

C2 0.057 C27 0.054

C3 0.008 H 0.030 N29 0.134 H 0.230

C4 -0.019 H 0.027 C30 -0.009 H 0.028

C5 0.023 C31 -0.025 H 0.027

C6 0.060 C32 -0.024 H 0.027

N7 -0.310 H 0.123 C33 -0.013

C8 0.063 C34 -0.007 H 0.029

C9 0.023 C35 -0.062 H 0.023

CIO 0.060 C36 0.034 H 0.068

C ll 0.008 H 0.030 C37 -0.018 H 0.030

C12 0.057 C38 -0.018 H 0.030

C13 -0.009 H 0.028 C39 0.034 H 0.068

CM -0.019 H 0.027 C40 0.034 H 0.068

N15 -0.289 H 0.125 C41 -0.018 H 0.030

C16 0.186 C42 -0.018 H 0.030

C17 0.018 H 0.034 C43 0.034 H 0.068

CIS 0.037 H 0.068

019 -0.166

N20 0.134 H 0.230

N21 -0.289 H 0.125

C22 0.186

023 -0.166

C24 0.018 H 0.034

C25 0.037 H 0.068

Table B.4 CM-ACI-32 atom charges.
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CM-ACI-40 Total charge +3

19
o

30

:
15

28

38

atom numbering.

Cl -0.009 H 0.028 C27 0.054

C2 0.057 C29 0.033 H 0.068

C3 0.008 H 0.030 C30 -0.022 H 0.030

C4 -0.019 H 0.027 C31 -0.047 H 0.027

C5 0.023 C32 -0.022 H 0.030

C6 0.060 C33 0.033 H 0.068

N7 -0.310 H 0.123 N34 0.134 H 0.230

C8 0.063 C35 0.033 H 0.068

C9 0.023 C36 -0.022 H 0.030

CIO 0.060 C37 -0.047 H 0.027

C ll 0.008 H 0.030 C38 -0.022 H 0.030

C12 0.057 C39 0.033 H 0.068

C13 -0.009 H 0.028 C40 -0.008 H 0.028

C14 -0.019 H 0.027 C41 -0.008 H 0.028

N15 -0.289 H 0.125 C42 0.056

C16 0.186 C43 -0.008 H 0.028

C17 0.018 H 0.034 C44 -0.008 H 0.028

CIS 0.037 H 0.068 N45 -0.306

019 -0.166 C46 -0.013 H 0.039

N20 0.134 H 0.230 C47 -0.013 H 0.039

N21 -0.289 H 0.125

C22 0.186

023 -0.166

C24 0.018 H 0.034

C25 0.037 H 0.068

N26 -0.311 H 0.123

Table B.5 CM-ACI-40 atom charges.
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BG-ACI-67 Total charge +4

HN NH

NH
NH

a to m n u m b e r in g

Cl -0.009 H 0.028 C33 -0.034 H 0.027

C2 0.057 C34 0.031 H 0.068

C3 0.008 H 0.030 C35 -0.034 H 0.027

C4 0.060 N36 -0.289 H 0.125

C5 0.023 C37 0.186

C6 -0.019 H 0.027 038 -0.166

N7 -0.310 H 0.123 C39 0.018 H 0.034

C8 0.060 C40 0.037 H 0.068

C9 0.023 N41 0.134 H 0.230

CIO 0.065 C42 0.034 H 0.068

C ll 0.008 H 0.030 C43 -0.018 H 0.030

C12 0.057 C44 0.034 H 0.068

C13 -0.009 H 0.028 C45 -0.018 H 0.030

CM -0.019 H 0.027 N46 -0.289 H 0.125

N15 -0.289 H 0.125 C47 0.186

C16 0.182 048 -0.166

017 -0.166 C49 0.018 H 0.034

CIS -0.013 H 0.031 C50 0.037 H 0.068

C19 -0.049 H 0.027 N51 0.134 H 0.230

C20 -0.049 H 0.027 C52 0.034 H 0.068

C21 -0.013 H 0.031 C53 -0.018 H 0.030

C22 0.182 C54 0.034 H 0.068

023 -0.166 C55 -0.018 H 0.030

N24 -0292 H 0.125

C25 0.002 H 0.043

C26 -0.041 H 0.028

C27 -0.052 H 0.027

C28 -0.050 H 0.027

C29 -0.022 H 0.030

C30 0.033 H 0.068

N31 0.133 H 0.230

C32 0.031 H 0.068

Table B.6 BG-ACI-67 atom charges.
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SB-ACI-67 Total charge +3

37

35
NH;

40

23

NH

a to m  n u m b e r in g

Cl -0.009 H 0.028 C27 0.055

C2 0.057 C30 -0.009 H 0.028

C3 0.008 H 0.030 C31 -0.024 H 0.027

C4 -0.019 H 0.027 C32 -0.010 H 0.028

C5 0.023 C33 0.052

C6 0.060 C34 0.007 H 0.030

N7 -0.310 N35 -0.328 H 0.119

C8 0.063 C36 0.034 H 0.068

C9 0.023 C37 -0.018 H 0.030

CIO 0.060 C38 -0.018 H 0.030

C ll 0.008 H 0.030 C39 0.034 H 0.068

C12 -0.008 H 0.028 C40 0.034 H 0.068

C13 0.056 C41 -0.018 H 0.030

C14 -0.019 H 0.027 C42 -0.018 H 0.030

N15 -0.289 H 0.125 C43 0.034 H 0.068

C16 0.186

C17 0.018 H 0.034

CIS 0.037 H 0.068

019 -0.166

N20 0.134 H 0.230

N21 -0.289 H 0.125

C22 0.186

023 -0.166

C24 0.018 H 0.034

C25 0.037 H 0.068

N29 0.134 H 0.230

N26 -0.310 H 0.123

Table B.7 SB-ACI-17 atom charges.
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Appendix C

Crystallisation trials on the c-kit 1 sequence

The following sequences were used for crystal growth trials. As NMR studies were clearly 

indicative o f single species quadruplex formation, no changes were made to the core native 

sequence. Bases were added to the 5’ and 3’ ends in an attempt to improve crystal packing 

interactions.

Sequence name Sequence

c-kit 1 AGGGAGGGCGCTGGGAGGAGGG

c-kit_T AGGGAGGGCGCTGGGAGGAGGGT

T c-kit TAGGGAGGGCGCTGGGAGGAGGGT

c-kit_2T TGGGAGGGCGCTGGGAGGAGGGT

c-kit_G2T TGGGAGGGCGCTGGGAGGAGGGGT

Table C .l Sequences used for crystal growth trials.

Ligand co-crystallisation was attempted for a range of acridine and acridone ligands, shown 

in Figures C.l and C.2. For each ligand-sequence pair, and for the sequences by themselves, 

the commercial screens detailed in Table C.2 were used.

A range of DNA concentrations, from 0.5 mM to 3 mM was used. DNA was annealed in 

cacodylate (sodium or potassium) or potassium phosphate buffer at a range of KCl 

concentrations before drops were set up. A range of hanging drop, sitting drop and under oil 

techniques were used. Under oil screens were conducted using paraffin or silicon oils, or a 

mixture of the two. Drops were incubated at 4, 12 and 20 °C.

Small crystals o f c-kit_2T were initially grown from (insert conditions here). However, these 

crystals were too small to allow adequate data collection and further attempts at optimising 

crystal growth were unsuccessful. A single crystal of c-kit_G2T was grown from the Nextal 

Research MPD screen solutions C l2 (insert conditions here). The initial diffraction 

confirmed G-quadruplex structure, however the crystal was lost before further data 

collection could occur and attempts at reproducing crystals were unsuccessful.
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Hampton Research, Inc Natrix

Nucleic Acid Mini Screen (with and without spermine) 

Crystal Screen 

Crystal Screen 2 

Crystal Screen Cryo 

Nextal Biotechnologies Classics

Classics Lite 

MPD Suite 

Am S04 Suite 

Anions Suite 

Cations Suite 

Molecular Dimensions L td  Additive Screen

Table C.2. Com m ercial screens used in crystallography trials.
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HN

O
_+H

BR-ACO-19

ÇH3

FCACOl
NH NH

NH HN.

HN

NH

TMPyP4

CH3
o

NH FCAC08NH

HN,

FCAC09

NH NH

NH HN.

FCACO-10NH NH

HN.N. NH

Figure C .l A cridine and acridone ligands used in co-crystallisation trials.

BSU-6035 R=  N BSU-6037 R=  N'J
V

BSU-6036 R=  N
/̂

 BSU-6038 R= ------

Figure C.2 Disubstituted acridines used in ligand co-crystallisations.
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