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ABSTRACT

The majority of cancer cells are innately proficient at maintaining the length of 

telomeric DNA sequence present at the ends of their linear chromosomes. 

Telomerase, in its capping and illegitimate activation of its catalytic function, is 

central to this. Small molecules may interact with telomeric DNA sequences, 

inducing and/or stabilising the formation of four-stranded DNA quadruplex 

structures, which thus inhibit telomerase.

Detailed structural description of G-quadruplexes in their native and complex forms, 

enables the application of rational drug design approaches by developing small 

molecules that have high specificity for their unique structural features. This may 

lead to selective and differential targeting of the various forms of G-quadruplexes. 

The work in this thesis describes the detailed molecular structures of several 

quadruplex-small molecule complexes, of relevance to rational drug design.

The crystal structure is reported of a complex between the bimolecular human 

telomeric quadruplex formed by the sequence d[TAGGGTTAGGGT]2  and the 

experimental anticancer drug BRAC019, to a resolution of 2.5 Â. This has revealed 

an intricate binding site, whereby BRAC019 is sandwiched between two 

consecutively-stacked parallel-stranded quadruplexes at the dimeric 5' - 3' 

interface; stacking onto a G-tetrad at the S' face and a TATA-tetrad at the 5' face.

The co-crystal structures of the Oxytricha nova telomeric sequence 

d[GGGGTTTTGGGG]2  in complex with a series of six 3,6-disubstituted 

aminoalkylamido acridine compounds are reported. All the structures are 

homologous with a published crystal structure in complex with a closely related 

ligand whereby the ligands are stacking between a G-tetrad and a diagonal T4 loop 

albeit revealing a unique adaptation in the position of the 3- and 6- cyclic-amine 

end groups affected by their size and ortho/para substitutions.



Computational methods have been used, comprising molecular dynamics 

simulations and free energy calculations, enabling in silico comparison of ligand- 

quadruplex interactions where crystallisation experiments have not been attempted.
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INTRODUCTION - CHAPTER 1

1 INTRODUCTION

1.1 Chromosome maintenance and replication

As eukaryotic cells switched to linear chromosomes during evolution, they faced 

two main problems. The first was the "end-replication-problem" (Olovnikov, 1973), 

where the ability of DNA polymerase to build DNA (deoxyribonucleic acid) solely in 

the 5' to 3' direction, by extending existing polynucleotide chains, presented a 

difficulty in the replication of the 3' to 5' daughter strand called the "lagging strand". 

This was overcome by the use of small RNA primers which were employed to 

initiate the synthesis of small DNA pieces and then digested. Their places were 

filled by the DNA replication machinery, thus enabling the joining up of all the 

pieces. This mechanism nevertheless left a problem; the removal of the terminal 

primer at the 5’ end which could not be replaced produced a slightly shorter 

daughter strand, resulting in progressive reduction of chromosomal DNA at the 3' 

ends during multiple cell cycles. The second problem was the need to distinguish 

healthy chromosome ends from DNA damage sites in need of intervention by the 

DNA repair machinery (McClintock, 1939; McClintock, 1941).

Both of these problems were solved in eukaryotes with the evolution of special 

structures at the extreme ends of chromosomes called "telomeres" which acted as 

a finite buffer against DNA loss due to replication. Telomeres enable cells to 

distinguish between natural chromosome ends and damaged DNA (de Lange, 

2002). Also mechanisms evolved that compensated for the loss of DNA via the 

activation of a reverse-transcriptase enzyme called "telomerase" (Zahler & Prescott, 

1988; Greider & Blackburn, 1985)
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1.2 Telomeres

Telomeres are specialised DNA-protein structures (Blackburn, 2005; de Lange, 

2005; De Boeck et al., 2009; de Lange, 2002) found at the end of linear 

chromosomes in eukaryotic cells and some prokaryotes, for example the bacteria 

species Streptomyces (Bendich & Driica, 2000). Telomeres protect chromosome 

ends from recombination by serving to distinguish natural linear chromosome ends 

from damaged chromosome ends, and from degradation, by acting as a buffer to 

the shortening of chromosomes due to the end-replication-problem (Blackburn, 

2005; Pisano et al., 2008; Verdun & Karlseder, 2007). The telomeres in eukaryotes 

and especially of mammalian origin have been extensively studied due to their role 

in cell senescence (Greider, 1998), genomic instability and cancer (Cosme-Blanco 

& Chang, 2008).

1.3 Telomere structure, function and status

The structure of the telomere comprises a DNA component and a protein 

component (Blackburn, 2005; de Lange, 2002; De Boeck et al., 2009). The DNA 

component directs the formation of both a T loop (telomere loop) and a D loop 

(displacement loop). The protein component directs the formation of the shelterin 

complex (Grandin & Charbonneau, 2008; Greider, 1999; Griffith et al., 1999; de 

Lange, 2005; Raynaud et al., 2008).

1.3.1 The DNA component -  structure, sequence and length

The DNA component comprises two parts:

•  A double-stranded part

•  A single-stranded part at the 3' end of chromosomes also known as 

the 3' overhang (Henderson & Blackburn, 1989; Klobutcher et al., 

1981).

The overhang is a conserved feature of telomeres (Henderson & 

Blackburn, 1989) and is formed of one G-rich strand that is longer
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than its complementary cytosine-rich (C-rich) strand. Consequently, 

the 3' overhang extends beyond the double-stranded part and 

protrudes at each end of the chromosome (Klobutcher et al., 1981).

Structure: T loop and D loop

The telomeric DNA loop backs on itself forming a large terminal loop called a T 

loop. The S' single-stranded overhang invades the double-stranded telomeric 

DNA forming a D loop. T loops were visualised using electron microscopy in telo

meric DNA isolated from human and mouse cells (Figure 1.1) (Greider, 1999; 

Griffith et al., 1999).

(a) (b)

folding

I  strand invasion

t-loop

Figure 1.1: Structure of the telomere, (a) Schematic diagram of T loop and D loop (adapted from de 
Lange, 2005). (b) Visualisation of mammalian T loop and the junction where D loop is believed to form 
using electron microscopy (adapted from Griffith et ai., 1999).

Sequence

The single-stranded DNA component is formed of a guanine-rich (G-rich) repetit

ive sequence. The sequence varies between species. For example, the se

quence repeat TTAGGG forms telomeres in humans (Moyzis et al., 1988), 

TTGGGG in Tetrahymena thermophila (Blackburn & Gall, 1978) and TTTTGGGG 

in Oxytricha nova (Klobutcher et al., 1981).
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Length

Length of telomeric DNA is affected by the following factors:

•  Species effects

The length of telomeric DNA is species specific (Klobutcher et al.,

1981 : Moyzis et al., 1988; Starling et al., 1990), varying for overall te

lomere length between 28 bp in the protozoan ciliate Euplotes ae- 

diculatus (Klobutcher et al., 1981), to 3 to 12 kbp in human chromo

somes (Moyzis et al., 1988) and as high as 50 to 150 kbp in mice 

(Starling et al., 1990). Similarly, the length of the 3' overhang also de

pends on species; from 14 nt in the protozoan ciliate Euplotes aedicu- 

latus (Klobutcher et al., 1981), to around 200 nt in human telomeres 

(Wright et al., 1997). The size of the overhang is directly proportional 

to the rate of telomere shortening; from 150 nt in cells that lose 50 bp 

per cell division to 300 nt in cells that lose 100 bp per cell division 

(Huffman et al., 2000).

•  Cell type effects

Similarly, length of overall telomeric DNA varies with cell type, within a 

cell population and between chromosomes. For overall telomere 

length, sperm telomeres are 10 to 14 kbp long whilst telomeres in so

matic cells are heterogeneous and several kbp shorter (Shiue et al., 

1990).

•  A broad range in the length of telomeric overhang exists in human 

cells as found in a study of 56 human cancerous cell types and five 

normal cell lines and a positive correlation exists between overhang 

length and telomere length (Lee et al., 2008), suggesting a dynamic 

regulation of overhang length. A study of 63 clinical endometrial can

cer samples at different stages of cancer progression, demonstrated 

a significantly shortened overhang compared to normal endometrial 

tissue suggesting that erosion of 3' overhang length induces impaired
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telomeric integrity and genomic instability. It also showed that the 

most aggressive subtypes of endometrial cancers have a significantly 

longer overhang than non-aggressive subtypes suggesting that can

cer cells with long 3' overhang have a growth advantage due to stabil

ised telomere ends (Hashimoto et al., 2005).

1.3.2 The protein component

The protein component comprises a set of six telomere-specific proteins known 

as the shelterin complex. Not all proteins existing at chromosome ends form 

part of shelterin. The following criteria distinguish the shelterin complex proteins 

from non-shelterin proteins: shelterin proteins exist abundantly at telomeres 

only, they remain present at the telomere for the whole of the cell cycle and their 

known function is limited to telomeres (de Lange, 2005). Due to the complexity 

of proteins that generally associate with telomeres (Figure 1.2), the following 

discussion will concentrate on the shelterin complex components.

Shelterin complex

The term shelterin refers to the six core-proteins of the telomere protection com

plex (de Lange, 2005). The term telosome preferably refers to all protein com

ponents found at the telomere such as KU70, KU86, Tankyrasel and 

Tankyrase2 (Grandin & Charbonneau, 2008). The shelterin complex is formed 

of six subunits (Figure 1.2): TRF1 (Telomeric-Repeat-binding Factor 1), TRF2, 

POT 1 (Protection Of Telomeres 1), Rapi (Repressor/activator protein 1), TPP1 

(formerly called TINT1/PT0P/PIP1) and TIN2 (TRF1-Interacting Nuclear Factor 

2) (de Lange, 2005; Verdun & Karlseder, 2007). Three shelterin subunits: TRF1, 

TRF2 and P0T1, recognise the telomeric repeat TTAGGG. TRF1 and TRF2 

bind to the double-stranded telomeric repeat TAGGGTT as shown by NMR and 

high-resolution crystal structures (Court et al., 2005; Hanaoka et al., 2005). 

P0T1 binds the single-stranded telomeric repeat TTAGGG (Lei et al., 2004; 

Loayza et al., 2004). The remaining three subunits: Rapi, TPP1 and TIN2 inter

connect the former three (de Lange, 2005).
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The shelterin complex gives shape to the telomere enabling cells to distinguish 

healthy telomeres from DNA damage sites (de Lange, 2005). This protects the 

telomeres from inappropriate repair. Dysfunctional telomeres are subject to DNA 

repair by NHEJ (Non-Homologous End Joining) or homologous recombination 

(Verdun & Karlseder, 2007). P0T1 and TRF2 protect telomeres from end-to-end 

chromosomal fusion and NHEJ (He et al., 2006). TRF1 and TRF2 are involved 

in the regulation of telomere length (Smogorzewska et al., 2000).

The apparent overlapping of functions of individual members of the shelterin 

complex indicates that the summation of the components forms its architectural 

functional unit (Verdun & Karlseder, 2007).
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Figure 1.2: Protein components of the telomere. A schematic diagram of the T  loop Including the 
shelterin complex and a complex array of other associated proteins (taken from Raynaud et al. 2008).

1.3.3 Telomere status

The three states of the telomere are capped, uncapped and open and are dis

cussed below (De Cian et al., 2008; de Lange, 2005; Verdun & Karlseder, 2007):

1. Capped: the shelterin complex forms a cap on the telomere protecting it 

from recognition and inappropriate repair by DNA repair machinery and by
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telomerase for telomere elongation.

2. Uncapped: a dysfunctional telomere state where it is exposed to recogni

tion as DNA damage site.

3. Open: the shelterin complex is intact but leaves the single-stranded 3' over

hang accessible to telomerase for telomere elongation. DNA repair ma

chinery does not recognise the 3' end as a DNA damage site.

1.4 Telomerase structure and function

Telomerase, an enzyme, is a ribonucleoprotein reverse transcriptase.

Normally, transcription involves the synthesis of DNA using RNA as template. 

Reverse transcription, as performed by telomerase, involves transcribing RNA into 

DNA. Telomerase, using its own RNA as a template, synthesises single-stranded 

DNA at the 3' overhang of telomeric ends (Figure 1.3) (Blackburn, 2005; Raynaud 

et al., 2008).

hTERT

AGGGTTAGGGnAGGGTI 
TCCCAATCCC

GGGTTAG 
AATCC

nucleotides
G ^

hTERC

Figure 1.3: A schematic representation of teiomerase structure and function. Telomerase, formed of 
hTERT and hTERC, uses its RNA component i.e. hTERC as a template to add telomeric repeats to 
the S' overhang at the end of chromosomes (taken from Raynaud et al., 2008).

1.4.1 Telomerase components

Telomerase is formed of two parts: a protein part and an RNA part (Blackburn, 

2005; Harrington et al., 1997).
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1. The protein component

The protein part is the catalytic subunit human telomerase reverse 

transcriptase (hTERT). hTERT is evolutionary conserved (Lingner et al., 

1997; Nakamura et al., 1997; Harrington et al., 1997).

2. The RNA component

The RNA part is termed human telomerase RNA component (hTERC) (also 

known as hTR or TER). The sequence of the template part of the RNA 

component is S'-CUAACCCUAAC and is complementary to the telomeric 3' 

overhang repeat TTAGGG. hTERC allows telomerase to add telomeric 

repeats directly to the 3' telomeric ends of chromosomes by serving as a 

template that simultaneously binds to the 3' single-stranded overhang, using 

it as a primer, and also acts as a reading template for single-stranded 

telomeric DNA synthesis (Feng et al., 1995; Blackburn, 2005).

The general view now is that both hTERT and hTERC are essential for the function 

of human telomerase and telomere maintenance (Cairney & Keith, 2008) which 

plays a critical role in the long-term proliferation of immortal cancer cells.

1.4.2 Telomerase and the end-replicatlon-problem

Human cells lose 100 - 200 nucleotides of TTAGGG repeats per cell division 

(Counter et al., 1992; Harley et al., 1990). After a defined number of cell divisions, 

the end-replication-problem (Olovnikov, 1973), combined with the processing that 

occurs to create the 3' overhang (Dionne & Wellinger, 1996; Verdun & Karlseder, 

2007; Wellinger et al., 1996), results in critical telomere shortening, which leads to 

cell senescence (Shay et al., 1991 ; Hara et al., 1991 ; Smogorzewska & de Lange, 

2002; Deng & Chang, 2007) thus preventing the proliferation of ageing cells which 

are prone to replicative errors. The critical length of telomeres, termed the Hayflick 

limit (Hayflick, 1965) is dependent on the initial length of the shortest telomeres 

rather than mean telomere length (Hemann et al., 2001) and the rate of telomere 

shortening (Huffman et al., 2000).
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However, where present (see below), telomerase synthesises DNA at the 3' 

telomeric ends compensating for the loss of DNA in replicating cells.

1.4.3 Telomerase expression

Telomerase is expressed in human germ and stem cells (Wright et al., 1996; Yui et 

al., 1998). Telomerase is not generally expressed in normal human non-replicating 

cells although small amounts have been detected for example in presenescent 

human fibroblasts (Masutomi et al., 2003). In normal somatic cells, the level of 

telomerase is either undetectable or barely detectable, and is insufficient to 

completely prevent telomere shortening. The function of telomerase in these cells is 

not completely understood but may be related to non-telomere-lengthening 

functions.

In contrast, 85% of cancer cells overexpress telomerase (Kim et al., 1994; Shay & 

Bacchetti, 1997; Hiyama & Hiyama, 2003). In normal cells, where telomerase is not 

expressed, the end-replication-problem causes the telomeric ends to shorten 

progressively and continuously with each replicative cycle. Once telomere length 

reaches a critical length, biochemical pathways in the cell, for example p53, are 

activated causing the cells to go into senescence. In contrast, at this critical stage 

in cancer cells, telomerase is activated, and as a result, telomeres are maintained 

at a suitable length and the cells become immortal. Immortality is one of the six 

hallmarks of cancer as defined by Hanahan and Weinberg (Hanahan & Weinberg, 

2000).

1.4.4 Telomerase-independenttelonfiere maintenance

Besides telomerase, other mechanisms exist to protect against chromosome 

degradation at telomeres such as chromosome circularisation, retrotransposition 

(where mobile genetic elements copy themselves in another position in the genome 

by first being transcribed to RNA, then transcribed back to DNA by a reverse 

transcriptase, and then being inserted at another position in the genome (Babushok 

et al., 2007)) and recombination (also known as ALT or alternative lengthening of
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telomeres) (Grandin & Charbonneau, 2008).

ALT is the subject of much attention at the moment because about 10% of cancer 

ceils enlist this teiomerase-independent method (Bryan et ai., 1995), to maintain 

their telomeres (Cesare & Reddei, 2008). ALT involves homologous recombination- 

dependent replication mechanism of telomeric DNA (Bollmann, 2007; Cesare & 

Reddei, 2008).

It is not clear whether a correlation exists between ALT and tumour aggressiveness 

(Bollmann, 2007).

1.5 Dual role of telomere/telomerase In the Initiation and 

suppression of tumorigenesis

1.5.1 Cancer cell transformation

Carcinogenesis is a multistep process, defined by stepwise accumulation of genetic 

abnormalities that drive the progressive transformation of normal cells into cancer 

cells (Hanahan & Weinberg, 2000).

Cell immortality is one of the hallmarks of cancer and involves telomere 

maintenance, either through the stabilisation of telomere length by telomerase 

(Bodnar et al., 1998), expressed in about 85% of cancer cells (Kim et al., 1994; 

Hiyama & Hiyama, 2003; Shay & Bacchetti, 1997), or through teiomerase- 

independent pathway such as the ALT mechanism, involving homologous 

recombination, activated in about 10% of cancer cells (Bryan et al., 1995).

Immortality is achieved in human cells in which both telomerase is expressed and 

the pathways responsible for triggering non-replicative senescence as a response 

to short telomeres or loss of capping function are disabled (Counter et al., 1992; 

Shay & Wright, 2005; Deng & Chang, 2007; Bodnar et al., 1998). For example, 

virally transformed human cells that solely eliminate p53 function escape crisis 

(also known as the M2 stage) at extremely low frequencies (Shay et al., 1993). 

Crisis is a stage in replicative senescence where loss of cell cycle checkpoints
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leads to an extended life span accompanied by continued telomere shortening and 

characterized by genomic instabilities (Shay & Wright, 2005).

The process of cancer cell transformation involves the emergence of a sub

population that has overcome the senescence barrier normally induced by critically 

short telomeres.

When cells continue to proliferate beyond their normal replicative limit, they lose the 

telomeric protective effect and enter a stage termed crisis. Crisis is characterised by 

genomic instability and cell death. Eventually transformed cells emerge from the 

crisis stage. Most transformed cells have an upregulated telomerase activity, which 

maintains telomeres at a functional length, and inactivated p53- and RB1 (Retino

blastoma 1 )-dependent senescence pathways which act as checkpoints for monit

oring telomere function in human cells. This allows cells with critically short te

lomeres to maintain their telomeres at a functional length allowing genomically un

stable and immortal cancer cells to be established (Londoho-Vallejo, 2008; Verdun 

& Karlseder, 2007; Cosme-Blanco & Chang, 2008; Raynaud et al., 2008; Deng & 

Chang, 2007; Masutomi & Hahn, 2003; Dong et al., 2005; Shay & Wright, 2005).

1.5.2 Telomere shortening, genomic instability, senescence and tumorigen

esis

Telomeres preserve the integrity of the genome. Telomeres of a suitable length are 

essential for a functional telomere structure. Cells with the shortest telomeres reach 

the point of critically short telomeres first, followed by cells of longer telomeres 

(Figure 1.4). Critically short telomeres cause a loss of telomere function and are 

associated with chromosome instability (Londoho-Vallejo, 2008; Raynaud et al., 

2008; Cosme-Blanco & Chang, 2008).

The effects of critically short telomeres on the structural integrity of telomeres and 

how this induces replicative senescence pathways are not yet clear. An overhang of 

a suitable length may be necessary for T loop formation. It may be that critically 

short telomeres are no longer capable of participating in T loop structures leading 

to the loss of T loops and their telomeric protective function. However, due to the
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difficulty of visualising T loops through electron microscopy, the answer is unclear 

(Cesare & Reddei, 2008).

Change in the protected status of shortened telomeres rather than the complete 

loss of telomeric DNA induces senescence (Karlseder et al., 2002). This study 

showed that overexpression of TRF2, a telomeric DNA binding protein, reduced the 

senescence setpoint - defined as telomere length at senescence - from 7 to 4 

kilobases i.e. the exact length at which telomeres become critically short is not

predefined.

Single telomere length distribution within cells 
(relative values)
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C j C.6 0.7 O.e 0.9 1 M  1.2 1.3 1.4 1.5 1.7

Short Middle Long

Telomerase ♦

Genorne stability
threshold

Population doublings Crisis
Figure 1.4: Telomere shortening and genomic instability. Critical telomere shortening occurs in celis 
proliferating beyond the senescence point i.e. telomere length is maintained below the threshold 
ensuring stability. Length of telomeres in a ceii population follows a normal distribution resulting in 
cells with the shortest telomeres being first to become genomically unstable followed by the cells with 
the longer telomeres (taken from Londoho-Vallejo 2008).

Structural changes at the telomere caused by critically short telomeres lead to the 

induction of p53- and pfG/retinoblastoma protein (p76/pRB)-dependent replicative 

senescence pathways (Shay et al., 1991 ; Hara et al., 1991 ; Smogorzewska & de 

Lange, 2 0 0 2 ; Deng & Chang, 2007). This acts as a tumour suppressor mechanism 

(de Lange & Jacks, 1999) by preventing the proliferation of ageing cells which are 

prone to replicative errors.
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Cells that stochastically lose p53 function can very rarely escape the senescence 

checkpoints, thus enjoying an extended life span where they continue to proliferate 

and their telomeres continue to shorten, entering a stage of uncontrolled 

chromosomal instability called crisis, defined by chromosomal fusions (Counter et 

al., 1992). If accumulation of genomic instabilities also activates a telomere length 

maintenance mechanism, for example through telomerase expression, then the 

cells become immortal (Shay & Wright, 2005; Deng & Chang, 2007).

Telomere/telomerase hence have a dual role. If telomerase is activated before cells 

enter crisis, telomere length will be maintained enabling the cells to avoid critical 

telomere shortening and its consequent genomic instability, thus acting as a tumour 

suppressor. On the other hand, if telomerase is activated during crisis, then 

telomerase enables the proliferation of genomically unstable cells i.e. cancer cells 

(Figure 1.5) (Cosme-Blanco & Chang 2008; Masutomi & Hahn 2003).

Telomere shortening may be seen as a tumour suppressing mechanism whilst 

telomerase activation is a tumour promoting mechanism.

Lim its lifespan

Im m ortality
C h ro m o s o m e  

stability ^

(O ther functions'

TumorTumor

P ro m o tes  g en o m ic  
instability ^

Telomere
Shortening

Telomerase
Activation

(Telomere stabilization)

Suppression Promotion
Figure 1.5: Dual role of telomerase and telomeres In tumorigenesis. Telomere and telomerase function 
as a mechanism for tumour suppression as well as playing an Important part In tumorigenesis (taken 
from Masutomi & Hahn 2003).
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1.5.3 The common biology of cancer and ageing

Telomere and teiomerase dynamics play a critical role in both ageing and cancer.

During chronological ageing of stem and somatic cells, telomere shortening at chro

mosomal ends, oxidative stress and UV (ultraviolet) radiation induces accumulation 

of DNA damage leading to genomic instability. In the majority of ageing cells, this 

results in senescence or in apoptosis (programmed cell death), however, in a small 

minority, it produces pre-cancerous cells which proliferate rapidly, accumulating 

more genomic instabilities, hence more cells become senescent. Normally, only 

very few cells will eventually accumulate genomic changes that enable them to by

pass senescence, favouring tumour progression to full malignancy (Figure 1 .6 ) 

(Mimeault & Batra, 2008; Finkel et al., 2007).

stem  cells
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C an ce r defence

Figure 1.6: Common biology of cancer and ageing (taken from Finkel et al. 2007).

1.6 Telomere/telomerase as targets in cancer therapy

Targeting the telomere/telomerase system as anticancer therapeutics is based on 

two main observations:

1 . Telomerase is expressed in about 85% of cancer cells (Hiyama & Hiyama 

2003; Kim et al. 1994; Shay & Bacchetti 1997), with undetectable or very low
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levels in normal cells (Kolquist et al., 1998) which are insufficient to maintain 

telomere length (Pan et al., 1997).

2. Telomeres are shorter in cancer cells than they are in normal somatic, germ 

and stem cells (Hashimoto et al., 2005; Lee et al., 2008; de Lange et al.,

1990) making cancer cells significantly more sensitive to telomerase 

inhibition (Feldser & Greider, 2007).

These observations indicate that the telomere/telomerase system presents an ideal 

target for anti-cancer therapy where only cancer cells should be affected, sparing 

normal healthy cells.

The many approaches attempted in targeting the telomere/telomerase system 

stand as evidence to the attractiveness of this target (Table 1.1). Direct approaches 

involve targeting the components of telomerase. On the other hand, indirect 

approaches include telomerase inhibition, telomere disrupting agents, active 

immunotherapy and suicide gene therapy (Harley, 2008; Zimmermann & Martens, 

2007; Phatak & Burger, 2007).

Table 1.1 : Approaches to targeting the telomere/telomerase system (Harley, 2008; Zimmermann and 
Martens, 2007).

Approach Mechanism Examples

Telomerase inhibition (slow) 

#  direct Inhibition of telomere elongation by inhibiting 
substrate-template recognition by interfering with 
the

substrate 
by making 3‘ overhang inaccessible

or the

template 
by making hTERC unavailable

G-quadruplex targeting ligands e.g. 
BRAC019, RHPS4

Oligonucleotide template antagonist e.g. 
GRN163L (a lipid -nucleotide conjugate with 
sequence TAGGGTTAGACAA)

•  indirect By blocking telomerase expression at the 
translational or transcriptional level

si RNA (small interfering RNA) targeting 
hTERT mRNA or hTERC

Telomere targeting (fast) Disruption of telomere integrity by uncapping G-quadruplex targeting ligands 
e.g. BRAC019

Active immunotherapy By using hTERT as a tumour-associated antigen hTERT peptide p540-548

Suicide gene therapy By using hTERT promoter as an instrument to 
guide the expression of therapeutic genes in 
cancer cells

Herpes simplex thymidine kinase (HSTK) 
expression

G-quadruplex (Guanine-quadruplex) targeting agents, which are relevant to this 

study, act by causing the loss of telomere function resulting from either alteration in
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telomere capping function, or from progressive loss of telomeric repeats necessary 

to maintain proper telomeric structure (Figure 1.7). Dysfunctional telomeres initiate 

p53-dependent cellular senescence or apoptosis to suppress tumorigenesis 

(Phatak & Burger, 2007; Deng & Chang, 2007).

The dual mechanism of G-quadruplex targeting agents overcomes the lag time 

encountered with pure telomerase inhibitors which require sufficient time to allow 

several cycles of cell proliferation to take place, leading to progressive telomere 

shortening, before reaching the critical length necessary for initiating senescence or 

apoptosis (Phatak & Burger, 2007). The two mechanisms are (Figure 1.7):

1. Direct inhibition of telomerase (also known as pure/slow telomerase 

inhibition) by causing the 3' single-stranded overhang fold into a G- 

quadruplex, making it inaccessible for recognition by the RNA template of 

telomerase (normally requiring an unfolded overhang) and inhibiting 

telomerase (Zahler et al., 1991 ; Sun et al., 1997). This results in shortened 

telomeres leading to senescence and cancer cell death (van Steensel et al., 

1998).

2. Telomere targeting/disruption of telomere integrity by uncapping (fast).

Normally, telomeres cap the ends of chromosomes and protect them from 

degradation and genomic instability. Telomeric proteins such as TRF2 and 

P0T1 assemble less efficiently when the G-strand overhang is in the form of 

a G-quadruplex (which can be initiated/stabilised by G-quadruplex targeting 

agents) (Yanez et al., 2005) possibly interfering with T loop formation, which 

normally involves the insertion of 3’ single-stranded telomeric overhang into 

double-stranded DNA (Pedroso et al., 2009). Losing the telomeric caps 

causes chromosomal end-to-end fusions making chromosomes unable to 

separate correctly during mitosis. This triggers DNA damage checkpoints 

and causes genomic instability (van Steensel et al., 1998; Yanez et al., 

2005).

It could be suggested that all cells, regardless of telomerase activation i.e. 

both healthy and cancer cells, will become uncapped upon exposure to
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Figure 1.7: The two mechanisms of action for telomere targeting agents. Telomerase enzyme inhibition 
(slow-telomere length dependent) versus telomere targeting (fast-telomere capping dependent) 
(adapted from Phatak and Burger, 2007).

telomere targeting agents and consequently suffer the devastating effects of 

genomic instability brought on by chromosomal end-to-end fusion. However, 

recruitment of DNA repair proteins is not affected by G-quadruplexes, 

making it possible to overcome this obstacle in healthy cells (Yanez et al.,

2005).

1.6.1 Advantages of targeting telomere/telomerase system

1. Increased sensitivity in cancer cells

As normal cells have longer telomeres than cancer cells, more rounds of 

proliferation are required for their telomeres to shorten critically (Feldser & 

Greider, 2007), making cancer cells significantly sensitive to telomerase 

inhibition (Figure 1.8) and should provide tumour specificity resulting in 

telomerase-targeting drugs having a broad therapeutic window (Harley, 

2008).
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2. Universal targeting of cancer cells

Telomerase is expressed in the majority of tumours from all cancer cell 

types (Hiyama & Hiyama, 2003; Shay & Bacchetti, 1997; Kim et al., 1994), 

and maybe considered as the first common tumour antigen (Cortez- 

Gonzalez & Zanetti, 2007), making it possible, at least in theory, to 

contemplate targeting almost all types of cancer with one drug.

Germline cells 
(Telomerase + + ♦)

Stem cells 
Telomerase +)

Somatic cells 
(Telomerase -)

Tumor cells 
(Telomerase + + +)

M l M2

Replicative aging (cell divisions)
Figure 1.8: Telomerase targeting in teiomerase-positive healthy normal cells versus cancer cells. Since 
cancer cells have shorter telomeres, telomerase inhibition for an adequate period of time (red bar) 
could selectively kill cancer cells (blue bar) whilst sparing normal teiomerase-positive stem and germ  
cells (taken from Zimmermann and Martens 2007).

1.6.2 Resistance to telomere/telomerase-targeted anti-cancer therapy

ALT-dependent telomere length maintenance is unique in that it is independent of 

telomerase activation (Bryan et al., 1995) and consequently cancer types where 

ALT is activated, inherently or as a consequence of exposure to pure telomerase 

inhibitors, will be resistant this family of agents (Muntoni & Reddei, 2005). As noted 

earlier, only 1 0 % of cancer cells are in this category.

1.7 G-quadruplex structures

G-quadruplex structures are higher order nucleic acid structures formed by four 

strands of G-rich (Guanine-rich) nucleic acid sequences present in the DNA of the
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genome or its RNA-transcript (Patel et a!., 2007; Neidle & Parkinson, 2008; Phan et 

a!., 2006).

G-rich G-quadruplex-forming sequences are found in the DNA telomeric ends of 

chromosomes and its RNA-transcript, in the DNA promoter regions of proto

oncogenes and in the S'-UTRs (5’-untranslated regions) of their mRNA (messenger 

RNA) product. Thus, G-quadruplex structure formation influences key biological 

processes involving telomere/telomerase integrity and function, expression and 

regulation of proto-oncogenes (normal gene that can become an oncogene due to 

mutations or increased expression) at the transcriptional level and at the 

translational level, respectively.

Targeting G-quadruplex structures with ligands that influence their formation is 

potentially key to influencing cancer prognosis, making G-quadruplex structures an 

attractive anti-cancer therapeutic target.

1.7.1 General background

The first description of the structural motif for G-quadruplex structures appeared in 

1962 (Gellert et al., 1962). A G-quadruplex is a higher order four-stranded nucleic 

acid structure. Each of the four strands contributes one guanine to a central square 

planar arrangement called a Guanine-quartet (G-quartet and also known as a G- 

tetrad) (Figure 1.9). Each guanine is placed at a corner of the square. In this 

arrangement, each guanine forms hydrogen bonds with each of its two 

neighbouring guanines. The large planar surfaces of the G-quartets provide a large 

area i o r n - K  stacking interactions. The G-quartets stack on top of each other and 

a hole is formed in the centre. The walls of the hole are formed of the oxygen atoms 

(06) belonging to the carbonyl in the guanines. The oxygen atoms give the central 

hole a negative charge. The shape and charge of the hole allows placing positively 

charged ions inside it. The positively charged ions counteract the negative charge 

of the oxygen atoms. The eight hydrogen bonds per G-quartet, the stacking 

interactions of the G-quartets and the positively charged ions contribute to the 

stability of G-quadruplex structures (Figure 1.9) (Burge et al., 2006; Patel et al..
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2007; Neidle & Parkinson, 2008; Phan et al., 2006).

Despite the advances in X-ray crystallography and nuclear magnetic resonance 

spectroscopy (NMR), only a limited number of G-quadruplex structures are 

available (Burge et al., 2006; Neidle & Parkinson, 2008; Phan et al., 2006). These 

are discussed in detail elsewhere in this chapter.

H - - - Î O
•A’

/
H - N  H

stack

Figure 1.9: A schematic representation of a G-quadrupiex structure. A G-quartet showing hydrogen 
bonds (ideal length equals 2.9 Â) (black dashed lines) and a central positively charged ion (blue circle) 
- (far left). Several G-quartets (middle) stack to form a G-quadruplex (far right). The G-quadruplex 
shown (far right) Is an Imaginary one containing all known loop types; red = V-shaped, green = 
diagonal, yellow^edgewlse (or lateral) and dark blue = propeller (or double-chain reversal loop).

1.7.2 Prevalence in the genome

Experimental studies

G-quadruplex architecture is adopted in four key biological contexts and G- 

quadruplex forming sequences can be categorised as follows:

1. DNA telomeric ends of chromosomes (Chang et al., 2004; Schaffitzel et al., 

2001). This interferes with telomerase function and telomere structure (Patel 

et al., 2007; De Cian et al., 2008; Kelland, 2005).

2. DNA purine-rich strands at the promoter elements of oncogenes (part of 

the double-stranded non-telomeric sequences). These G-rich strands can 

potentially form G-quadruplex structures when transient destabilisation of 

the duplex form takes place, a step associated with transcription and 

replication. Two recent reviews (Patel et al., 2007; Qin & Hurley,

2008) discuss some examples: c-myc, c-k/fand bc/-2 sequences. This
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interferes with gene regulation (Verma et al., 2009; Rawal et al., 2006; Eddy 

& Maizels, 2006) at the transcriptional level (Du et al., 2008; Qin & Hurley, 

2008).

3. Within RNA 5'-untranslated regions (UTRs) (Huppert et al., 2008; Patel et 

al., 2007; Kumari et al., 2007). A bioinformatic search (Huppert et al.,

2008) of the human genome revealed an excess of G-quadruplex motifs in 

the 5'-ends of the 5' UTRs. This puts G-quadruplex motifs in close proximity 

to translation start sites suggesting that S'-UTRs are linked to translational 

control. Indeed, a study showed that an RNA G-quadruplex (as monitored 

by circular dichroism) in the S'-UTR of the NRAS proto-oncogene modulates 

translation (Kumari et al., 2007). This provides the possibility of S'-UTRs as 

therapeutic targets and the potential of designing small molecules that 

stabilise S'-UTR G-quadruplex formation, thereby influencing the translation 

of oncogenes. This interferes with gene expression at the translational level 

(Huppert et al., 2008; Kumari et al., 2007).

4. RNA telomeric transcript: Recent studies showed that mammalian telomeres 

were transcribed into telomeric-repeat containing RNA (Schoeftner &

Blasco, 2008; Azzalin & Lingner, 2008). Telomeric RNA molecules ranging 

between 100 to 9000 nucleotides in length and containing the telomeric 

repeat UUAGGG were found in nuclear fractions (Azzalin et al., 2007). A 

very recent study using NMR (Martadinata & Phan, 2009) revealed a 

parallel topology adopted by the RNA-containing telomeric sequence 

UAGGGUUAGGGU. This interferes with RNA-mediated mechanisms 

involved in telomere architecture and integrity (Azzalin & Lingner, 2008; 

Azzalin et al., 2007; Schoeftner & Blasco, 2008), although much of the 

biology of telomeric RNA remains to be discovered.

Bioinformatics and in siiico studies

in siiico studies and bioinformatic searches for G-rich tracts in the human genome 

showed that putative G-quadruplex-forming sequences are prevalent in the human 

genome. Two independent studies predicted that the genome contains approxim-
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ately 370 000 G-quadruplex forming sequences (Huppert & Balasubramanian,

2005; Todd et al., 2005).

Putative G-quadruplex-forming sequences are predicted in promoter regions of 

genes in humans (Huppert & Balasubramanian, 2007) and prokaryotes (Rawal et 

al., 2006), implicating them in gene regulation and expression (Huppert et al., 2008; 

Todd & Neidle, 2008; Du et al., 2008; Rawal et al., 2006).

A positive correlation exists between putative G-quadruplex-forming sequences and 

proto-oncogenes (a normal gene that can become an oncogene due to mutations 

or increased expression) (Eddy & Maizels, 2006) implicating a link to cancer.

1.7.3 Structural features

G-quadruplex structures have unique structural features that may be targeted with 

ligands that exhibit complementary features (Phan et al., 2006; Ou et al., 2008; 

Neidle & Parkinson, 2008).

G-quadruplex structures have the following structural features:

1. A G-quartet which forms a large flat aromatic core capable of participating in 

n-n stacking interactions (with a ligand for example).

2. Loops which comprise nucleotides formed of nucleic acid bases and a 

negatively charged nucleic acid backbone. Thus loops are capable of 

participating in n-n stacking interactions and hydrogen bonding.

3. Grooves which have floors formed of the edges of guanine bases and walls 

formed of the negative nucleic acid backbone. The grooves have the 

following potential binding interactions:

•  N2 and N3 (N=nitrogen) from the edges of guanine bases can 

participate in hydrogen bonds with a suitable ligand.

•  0P1, 0P2 and 04' (O=oxygen and P=phosphorus) from the negative 

nucleic acid backbone can participate in electrostatic interactions 

with positively charged ligands.
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Types o f loops: Propeller, Diagonal, Edge, V-shaped

Four types of loops are reported (Figure 1.9) (Patel et al., 2007; Phan et al., 2006; 

Burge et al., 2006) and are summarised below with examples listed in tables 1.2 

and 1.3):

1. Propeller (also called a double-chain-reversal-loop): the term "propeller" 

loop was originally used to describe the visual effect produced by the 

particular arrangement of loops and G-quartets observed in the first 

reported crystal structure of the human telomere (Parkinson et al., 2002). 

This arrangement resembled a propeller when viewed facing the flat surface 

of the quartets.

The term double-chain-reversal-loop describes the reversal of direction in 

the G-runs connected by the loop from anti-parallel to parallel i.e. both G- 

runs are oriented in the same 5' to S' direction i.e. parallel.

This loop straddles the quadruplex groove and connects a guanine 

nucleotide from a top G-quartet to a guanine in a bottom quartet so as the 

two connected G-runs are oriented in the same 5' to S' directions.

2. Diagonal: this describes a loop that connects two guanines on opposite 

corners of the same G-quartet. This reverses the polarity of the connected 

G-runs so as one G-run is oriented 5' to S' and the connected G-run is 

oriented S' to 5' i.e. anti-parallel.

S. Edge (or lateral): this describes a loop that connects two adjacent G-runs in 

a quadruplex by linking guanine residues belonging to adjacent corners in 

the same G-quartet. This reverses the polarity of the connected strands as 

in the diagonal loop i.e. anti-parallel.

4. V-shaped: in a similar manner to the propeller loop, a V-shaped loop

connects two adjacent runs of guanines, straddling the groove in the middle, 

and reversing the polarity of the linked strands. The only difference is that in 

a V-shaped loop a guanine from a top tetrad is connected to a guanine in a 

central G-quartet i.e. a quartet that is not external to the quadruplex.
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Conformation about the glycosidic bond 

The conformation about the glycosidic bond can be either syn or anti.

The conformation is described as syn when H8  and H I’ are closer to each other 

(2.5 Â) compared to a longer distance (3.75 Â) in the anf/conformation, a feature 

that can be monitored with NMR methods (Figure 1.10) (Patel et al., 1982).

0P2

06
0P1 0 5 ’ C5

C5i
02 '

0 4 '

C3'

03'

0P2

DPI
,05'

05'

04'

03'

03'

Figure 1.10: Conformation about the glycosidic bond. The glycosidic bond is indicated with an arrow, 
(a) anti and (b) syn conformations.

G-quadruplex topology

The overall topology of G-quadruplex structures is determined by the following three 

principal factors:

1 . Polarity of the strands of the G-runs relative to each other.

2 . Type of loops connecting the G-quartets.

3. Nature of the counter ion.

Various combination of these three factors result in a wide variety of quadruplex 

topologies. Topologies which have been encountered experimentally are:

1. Parallel (Table 1 .2 ): for example the crystal structures of the native 

bimolecular (PDB ID 1K8 P) and unimolecular (PDB ID 1KF1 ) human 

telomeric quadruplexes (Parkinson et al., 2002) and in complex with ligands;
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with porphyrin (PDB ID 2HRI) (Parkinson et a!., 2007) and with a 

naphthalene diimide (PDB IDs 3CCO and 3CDM) (Parkinson et al., 2008).

Table 1.2: X-ray crystal structures of the human telomeric sequence.

PDB ID Topology Salt content Sequence Length Type Native or
ligand-
complex

Reference

1K8P

parallel

50mM NaCI 
50mM KCI 
50mM LizSCM
50mM potassium cacodylate

Annealing buffer=50mM potassium 
cacodyiate with 30mM KCt

d[U*AG3U*TAG3Tl2
U*=5-bromouridine

12 mer bimolecular native Parkinson 
et al. 2002

1KF1

parallel

300mM Kl
50mM potassium cacodylate

Annealing buffer=50mM potassium 
cacodyiate with 30mM KCt

d[AG3(TjAG3)3] 22 mer unimolecular native Parkinson 
et al. 2002

2HRI

parallel

80mM U2SO4 
80mM NaCI
20mM potassium cacodylate

Annealing lMffer=20mM potassium 
cacodylate with 50mM KCt

d[TAG3T 2AG3]2 11 mer bimolecular complex Parkinson 
et al. 2007

3CC0

parallel

150mM NaCI
50mM sodium cacodylate

Annealing tXJtfer=20mM potassium 
cacodyiate with SOmM KCt

d[TAG3T 2AG3T]; 12 mer bimolecular complex Parkinson 
et al. 2008

3CDM

parallel

5mM MgCI2 
25mM NaCI 
25mM KCI
50mM potassium cacodylate

Annealing t>uffer=20mM potassium 
cacodyiate with SOmM KCt

d[TAG3(T 2AG3)3) 23 mer unimolecular complex Parkinson 
et al. 2008

Also, more recently, the structure of the bimolecular form of the RNA 

transcript of the human telomeric sequence was studied using NMR 

methods. This also revealed a parallel structure (PDB ID 2KBP) 

(Martadinata & Phan, 2009).

2. Anti-parallel (Table 1.3): in contrast to the crystal structures of the human 

telomeric sequence, those studied using NMR methods exhibit different 

topologies. Four topologies were reported for a variety of modified human 

telomeric sequences suggesting a sensitivity to the nature of flanking 

nucleotides. These topologies are:

a. all anti-parallel with edge-diagonal-edge loops; containing three
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G-quartets (PDB ID 143D) (Wang & Patel, 1993) and containing 

two G-quartets (PDB IDs 2KF7 and 2KF8) (Urn et al., 2009).

b. mixed parallel/anti-parallel (also known as 3+1 which describes 

the polarity of the strands where three are oriented in the same 

5' to 3' direction whilst the fourth is oriented in the opposite 

direction i.e. 3' to 5'). This category is further divided into two 

subtypes based on the order of loops when traced in the 5' to 3' 

direction.

o edge-edge-propeller (PDB IDs 2GKU (Luu et al.,

2006) 2HY9 (Dai et al., 2007), 2JSL and 2JSQ 

(Phan et al., 2007) and 2JPZ (Dai et al., 2007)).

o propeller-edge-edge (PDB IDs 2JSM, 2JSK (Phan 

et al., 2007) and 2E4I (Matsugami et al., 2007)).
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Table 1.3: NMR structures of DNA and RNA human telomeric sequences.

PDB ID Topology Sequence Length Type Native or complex References

143D
Na* solution

anti-parallel
(basket)

d[AG3(T2AG3)3) 22 mer unimolecular native

\y  edge-diagonal-

Wang & Patel 
1993

2AQY
solution

^  anti-parallel 
(mixed)

d[GIG(T;AG3)2T]
+d[TAG3Ül
l=inosine, U=uridine

16 mer 
+6 mer

bimolecular native

?-edge-edge

Zhang et al. 
2005

2GKU
K*solution

anti-parallel
-.(mixed)

d[T2G3(TjAG3)3A) 24 mer unimolecular native

edge-edge-
propeller

Luu et al. 2006

2HY9
K*solutlon

anti-parallel 
^̂ ^̂ (mixed)

d[A3G 3(T zAG3) sAj] 26 mer unimolecular native

edge-edge-
propeller

Dai et al. 2007 
a

2JSL
solution a anti-parallel

^(mlxed)

edge-edge-
propeller

d[TAG3(T jAG3)3T j] 25 mer unimolecular native Phan et al. 
2007

2JSQ 
K* solution

/ • > anti-parallel 
^  Z Z L .(m ix e d )

r  Y '  edge-edge- 
propeller

d[TA(G3T2A)3G'GGT;AG
3T2I
G*=8-bromoguanosine

25 mer unimolecular native Phan et al. 
2007

2JPZ 
K* solution

anti-parallel 
^  Z Z  --.(mixed)

d[T2AG3(TîAG3)3T2] 26 mer unimolecular native

edge-edge- 
^  propeller

Dai et al. 2007 
b

2JSM
K*solution

^  anti-parallel 
(mixed)

d[TAG3(T jAG3)3] 23 mer unimolecular native

r r t / '
propel ler-edge-

Phan et al. 
2007

2JSK
K*solution

^  anti-parallel 
(mixed)

propel ler-edge-

d[TAG3T3AG3T;AGG'G
T3AG3]
G*=8-bromoguanosine

23 mer unimolecular native Phan et al. 
2007

2E4I
solution

anti-parallel
(mixed)

dlAĜGzTzAG'G-JjAG*
G'GTgAG'Gj
G*=8-bromoguanosine

22 mer unimolecular native

'  propeller-edge- 
edge

Matsugami et 
al 2007

2KF7
K*solution

/ 3  anti-parallel 
(basket)

d[G3T2AG*GG(T3AG3)2T]
G*=8-bromoguanosine

22 mer unimolecular native

^  edge-diagonal-

Lim et al 2009

2KF8
K*solution

/2 \  anti-parallel 
(basket)

d[G3(T2AG3)3T) 22 mer unimolecular native

edge-diagonal-

Um et al 2009

2KBP* 
*=RNA 
K* solution

parallel

yropeller-?-
propeller

[UAG3Ü2AG3Ü12 12 mer bimolecular native Martadinata & 
Phan 2009
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Groove types

In a G-quadruplex structure, the floor of the grooves is formed of the edges of 

guanine bases and the walls are formed of the nucleic acid negatively charged 

backbone. Groove types are defined, based on the width of the grooves, as narrow, 

medium and wide as shown in figure 1.11.

(a) (b) (c)

G9G3

Medium

X
G21G15

Narrow

Medium

G3 G9

Medium

G21

G4 GIO

Medium

G16G22

NMR. Na‘ X-ray, K* NMR. K*

Figure 1.11: Groove types: wide, medium and narrow, (a+c) G-quadrupiex structure of the human 
telomeric sequence as solved by NM R and (b) in the crystal (taken from Campbell & Parkinson 2007). 
For clarity, only the middle quartet is shown. Grey guanines are in anti conformation and pink 
guanines are in syn conformation. Surfaces are in purple (taken from Campbell and Parkinson, 2007).

G-quadruplex topology: effects of ions, methodology and sequence

Ion type, type of method used whether NMR or X-ray crystallography and nature of 

human telomeric sequence influence G-quadruplex topology.

Crystal structures of the human telomeric sequence consistently revealed a parallel 

topology, irrespective of ion content and flanking nucleotides. Crystallisation 

conditions contained a variety of monocations such as sodium, lithium and 

potassium, as well as dications such as magnesium (Table 1.2).

When studied using NMR methods, structures of the human telomeric sequence 

revealed a more complex nature and appear to be influenced by both; flanking 

nucleotides and ion type (Table 1.3).

Flanking nucleotides are nucleotides that can be added/mutated/deleted at the 5’ 

and 3' tails of the parent human telomeric sequence to produce a sufficient 

population of a stable species resulting in interpretable NMR spectra or in crystal 

formation. Indeed flanking nucleotides are seen in structures determined in solution
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and in the crystal. Adenine and thymine nucleotides are commonly used with 

various examples shown in tables 1.2 and 1.3.

Examples of the effect of ion type, method used and flanking nucleotide on 

quadruplex topology are discussed below in more detail. This is done by grouping 

identical sequences then comparing and contrasting the various topologies 

reported within each group in the context of experimental salt conditions and 

method used in the study i.e. X-ray crystallographic or NMR methods.

The reported quadruplex structures formed by identical human telomeric 

sequences, including identical flanking nucleotides, varied according to ion content 

even when the same method was used. For example, the solution structure 

reported by NMR methods for the sequence d[AG3 (T2AG3)3] was an anti-parallel 

quadruplex with a basket subtype in sodium-containing conditions (Table 1.4) (PDB 

ID 143D (Wang & Patel, 1993)) and a mixed parallel/anti-parallel quadruplex in 

conditions containing potassium (PDB ID 2E4I (Matsugami et al., 2007)). An 

identical sequence studied by X-ray crystallographic methods, and in conditions 

containing potassium, revealed an all parallel topology (PDB ID 1KF1 (Parkinson et 

al., 2002)).

Another example is the sequence d[TAG3(T2AG3)3]. In this instance, conditions 

containing potassium were common to both topologies, however, each topology 

was obtained by a different method. The X-ray crystallographic method reported a 

parallel structure (PDB ID 3CC0 (Parkinson et al., 2008)) and the NMR solution 

structure revealed an anti-parallel fold with a mixed parallel/anti-parallel (PDB IDs 

2JSM and 2JSK (Phan et al., 2007)).

Current data shows that G-quadruplex structures in solution are sensitive to 

flanking nucleotides whilst those in the crystal structure are not. This seems to be 

related to the edge loop which is found in quadruplexes in solution but does not 

exist in the crystal structures. Flanking nucleotides can form base pairs and/or 

hydrogen bond interactions and/or t z - k  stacking interactions with edge-type loops, 

adding overall stability. In table 1.4, general observations of currently available 

solution structures, albeit still very limited in number, enable topologies to be
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categorised in the context of the flanking nucleotides added to the parent 

sequence. However, until a sufficient number of structures becomes available and 

data are corroborated by other methods of study, trends can not be firmly 

established and must be viewed with caution. The three general categories are:

1. Sequences with flanking nucleotides at the 3' tail only, or the 5' tail only 

combined with sodium-containing conditions, exhibit an anti-parallel 

topology with basket subtype e.g. structures having PDB IDs 143D, 2KF7 

and 2KF8.

2. Sequences with flanking nucleotides at both the 5' and 3' tails exhibit a 

mixed anti-parallel topology with loop order edge-edge-propeller e.g. 

structures with PDB IDs 2GKU, 2HY9, 2JSL, 2JSQ and 2JPZ.

3. Sequences with flanking nucleotides solely at the 5' tail combined with 

potassium-containing conditions exhibit a mixed anti-parallel topology with 

loop order propeller-edge-edge e.g. structures having PDB IDs 2JSM, 2JSK 

and 2E4I.

Table 1.4: Topologies of the human telomehc G-quadruplex structures as studied by NMR (in 
potassium-containing conditions unless indicated otherwise).

Topology PDB IDs Sequence Length References
143D*
*=sodium solution

d[AG3{T2AG3)3]

anti-parallel (basket) 
edge-diagonal-edge

2KF7

2KF8

d[G3TgAG*GG(T 2AG3)zT] 
G*=8-bromoguanosine
d[G3(T2AG3)3T]

22 mer Wang & Patel 1993

22 mer Urn et al 2009

22 mer üm  et al 2009

2GKU

2HY9

anti-parallel (mixed) 
edge-edge-propeller

2JSL

2JSQ

2JPZ

d[T2G3(T 2AG3)3A]

d[A3G3(T2AG3)3A2]

d[TAG3(T2AG3)3T2]

d[TA(G3T2A)2G*GGT2AG3T2]
G*=8-bromoguanosine
d[T2AG3(T2AG3)3T2]

24 mer Luu et al. 2006

26 mer Dai et al. 2007 a

25 mer Phan et al. 2007

25 mer Phan et al. 2007

26 mer Dai et al. 2007 b

2JSM

anti-parallel (mixed) 
propeller-edge-edge

2JSK

2E4I

d[TAG 3(T2 AG 3) 3]

d[TAG3T2AG3T2AGG*G T2AG3] 
G*=8-bromoguanosine

23 mer Phan et al. 2007

23 mer Phan et al. 2007

d[AG*G2T2AG*G2T2AG*G*GT2AG*G2]
G*=8-bromoguanosine

22 mer Matsugami et al 
2007
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The size of the cation determines its position in the central channel of the 

quadruplex. For example, sodium, due to its smaller size has more freedom of 

movement and can be found either in the plane of the G-quartet or in between two 

consecutive G-quartet planes (PDB ID 204F) (Creze et al., 2007). Potassium on 

the other hand, a larger cation, encounters a higher energy barrier to its movement 

in the central channel with steric hindrance contributing to the high energy barrier 

(van Mourik & Dingley, 2005).

1.7.4 Structures of G-quadruplex-ligand complexes

The number of available structures for quadruplex-ligand complexes is limited. All 

complexes are listed in table 1.5 and are discussed further below.

All of the reported structures for complexes containing the human telomehc 

quadruplex reveal a parallel topology. These comprise:

1. The X-ray crystal structure of the bimolecular human telomeric quadruplex 

in complex with porphyrin (TMPyP4) (PDB ID 2HRI (Parkinson et al., 2007)).

2. The X-ray crystal structures of the unimolecular and bimolecular human 

telomeric quadruplexes in complex with a naphthalene diimide ligand (PDB 

IDs 3CDM and 3CC0 respectively (Parkinson et al., 2008)).

3. The solution structure solved by NMR of the tetramolecular quadruplex in 

complex with the ligand RHPS4 (PDB ID 1NZM ((Gavathiotis et al., 2003))).

An X-ray crystal structure was reported for a complex containing a tetramolecular 

quadruplex formed of the sequence d[TG4T] which also revealed a parallel topology. 

Here, three molecules of the ligand daunomycin were observed stacking onto the 5' 

face of the quadruplex (PDB ID 1O0K (Clark et al., 2003).

A quadruplex-ligand complex is also reported for the anti-parallel telomeric 

quadruplex of the ciliated protozoan Oxytricha nova complexated with a 

disubstituted acridine ligand (PDB ID 1L1H (Haider et al., 2003)).

Moreover, the parallel quadruplex formed of the non-telomeric sequence of the 

human c-myc promoter gene was reported in complex with porphyrin (TMPyP4)
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(PDB ID 2A5R (Phan et al. 2005)).

As shown in table 1.5 (below) the ligands in the complexes have a variety of 

chemical scaffolds. However, these scaffolds represent only a small number of 

current G-quadruplex-targeting-ligands (discussed elsewhere).

Table 1.5: Current structures of G-quadruplex-ligand complexes. Arrows indicate strand polarity. Yellow 
blob represents one ligand except in the complex with daunomycin (PDB ID 1O0K) where it represents 
three ligands.

PDB ID Quadruplex stacking Sequence Ligand References

2HRI
K*

d[TAG3TjAG3]2 
11 mer 

bimolecular

Z1

/  ♦

Parkinson et al. 
2007

parallel
3’ to 3' or end-to-end stacking

Porphyrin

3 0 0 0
K*

parallel
5' to 5’ or face-to-face stacking

dlTAĜT̂AGsT]? 
12 mer 

bimolecular

Naphthalene diimide

Parkinson et al. 
2008

H.

30DM
K*

d[TAG3(T;AG3)3 

23 mer 

unimolecular

Z |

parallel
5' to 5' or face-to-face stacking

Naphthalene diimide

Parkinson et al. 
2008

continued
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PDB ID Quadruplex stacking 

1O0K

1NZM*

*=NMR

2A5R-

*=NMR

1L1H

Sequence

d[TG4T]4 
6 mer

tetramolecular

Ligand

OH G

HO

,0 OH 0

HO

Daunomycin

Parallel
5' to 5' or face-to-face stacking

Parallel

Parallel

A

d[TAG3T]4

X , X , 6 mer

tetramolecular

X X
CM,

RHPS4

d[TGAGGGTGG
IGAGGGTGGG
GAAGG]
(l=lnosine
nucleotide)

Porptiyrin

a.

References 

Clark et al.. 2003

Gavattiiotis et al., 
2003

Phan et al., 2005

Haider et al , 2003

Anti-parallel BSU6039

1.8 G-quadruplexes are attractive targets for anti-cancer therapy

G-quadruplex structures emerged as attractive targets for anti-cancer therapy 

because of their connection to telomeres and telomerase. The role of telomere and 

telomerase in cancer was discussed earlier in this chapter in sections 1.4 and 1.5.

G-quadruplex structures are attractive targets for anti-cancer therapy for the 

following reasons:

1. The unfolded form of a telomeric G-quadruplex forming sequence is the 

substrate of telomerase. Folding of telomeric G-rich sequences into G-

53



INTRODUCTION - CHAPTER 1

quadruplexes inhibits telomere elongation by telomerase (Zahler et al.,

1991).

Suitable small molecules, such as the first reported 2,6- 

diamidoanthraquinone compound (Figure 1.12), inhibit telomerase activity 

through interaction with G-quadruplex structures (Sun et al., 1997).

CH2OH
Mê  y

N
X  I

HOH 2C H O
Figure 1.12: First compound shown to inhibit telomerase activity tyy binding to and stabilising G- 
quadruplex formation.

2. Telomerase is expressed in the majority of tumours from almost all cancer 

cell types (Shay & Bacchetti 1997; Hiyama & Hiyama 2003; Kim et al. 1994).

3. Activation of telomerase is required in essentially all tumours for the 

immortalisation of a subset of cells and transforming them into cancer cells 

(Masutomi & Hahn, 2003; Cosme-Blanco & Chang, 2008; Shay & Wright, 

2005; Deng & Chang, 2007; Verdun & Karlseder, 2007; Raynaud et al., 

2008).

4. The unique structural features of G-quadruplexes make it possible to target 

them with suitable ligands (Phan et al., 2006; Ou et al., 2008; Patel et al., 

2007; Neidie & Parkinson, 2008).

1.8.1 Physiological role of G-quadruplex structures

Despite the readiness with which G-rich sequences form G-quadruplex structures 

in vitro (Gellert et al., 1962), evidence for G-quadruplex formation in vivo and their 

physiological relevance has only started to accumulate recently. As discussed 

earlier, G-rich sequences are abundant in a variety of functional parts of the 

genome which suggests that G-quadruplex formation could be a means for

54



INTRODUCTION - CHAPTER 1

telomere regulation, gene function, transcription, replication and translation 

(Paeschke et al., 2005; Paeschke et al., 2008; Duquette et al., 2004; Schaffitzel et 

al., 2001 ; Granotier et al., 2005; Lipps & Rhodes, 2009; Oganesian & Bryan, 2007; 

Maizels, 2006; Eddy & Maizels, 2006; RawaI et al., 2006; Verma et al., 2009).

Recently, the formation of a G-quadruplex structure in a 16-base pair G-rich 

sequence in the antigenically variable pilin locus of the human pathogen Neisseria 

gonorrhoeae^as found to be necessary for recombination to take place. This site 

is involved in initiating recombination to direct gene conversion to a specific 

chromosomal locus. Introducing individual mutations that inhibit quadruplex 

formation prevented the formation of nicks on the G-rich strand resulting in loss of 

antigenic variability (Gaboon & Seifert, 2009).

Some of the prominent studies supporting G-quadruplex formation in vivo are 

discussed further below:

1. The discovery of telomere end-binding proteins that control the formation of 

G-quadruplex structures in vivo (Paeschke et al., 2005; Paeschke et al., 

2008),as well as specific proteins that unwind G-quadruplex structures such 

as helicases from the RecQ family; for example BLM in humans (BLM is a 

gene that encodes a protein that belongs to the RecQ family of helicases 

and is defective in Bloom's Syndrome) (Sun et al., 1998).

2. Detection of G-quadruplex structures by direct visualisation of specific G- 

quadruplex-binding moieties bound to telomeric ends of chromosomes.

e A study used a DNA-binding fluorescent carbazole derivative 

with preference to binding to G-quadruplex structures to detect 

the presence of G-quadruplex structures in chromosomal DMA 

extracted from human cells. The fluorescent emissions upon 

binding of the carbazole derivative to quadruplex DNA is 

characterized around 575 nm and at 545 upon binding to duplex 

DNA. The study showed binding at telomeric ends and also to 

other places in the chromosome. The latter suggested the 

formation of quadruplexes in promoter regions (Chang et al..
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2004).

•  In another study, in vitro generated antibodies specific for G- 

quadruplex structures were shown to react specifically with G- 

quadruplex containing macronuclei of Stylonychia lemnae and 

sparing the G-quadruplex free micronuclei (Schaffitzel et al., 

2001).

•  A specific G-quadruplex ligand was shown to interact 

preferentially with the terminal ends of human chromosomes in 

cells cultured with the ligand (Granotier et al., 2005).

3. Visualisation of G-loops using electron microscopy. G-loops are novel DNA 

structures formed by G-rich sequences in double-stranded DNA during 

intracellular transcription. Duplex DNA is transiently denatured during 

transcription when the G-rich strand can form G-quadruplex structures and 

the C-rich (cytosine-rich) strand can form a DNA-RNA hybrid (Duquette et 

al., 2004). DNA supercoiling is also implicated in facilitating the formation of 

secondary DNA structures in both the G-rich and C-rich strands (Sun & 

Hurley, 2009).

1.8.2 Targeting G-quadruplex structures

Polymorphism

As discussed earlier, NMR and X-ray crystallographic studies revealed that the 

human telomeric sequence can adopt different topologies depending on the nature 

of flanking nucleotides, method used in the study and ion content. This makes the 

process of designing a suitable ligand to target the human telomeric quadruplex for 

therapeutic purposes a challenge.

Various suggestions have been made in the context of long quadruplex multimers 

whereby ligand-induced conformational changes in quadruplex folding result in 

changes in multimer compaction (De Gian et al., 2008). This is based on the 

observation that suitable ligands that bind to preformed quadruplexes, do in
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addition act as molecular chaperones for G-quadruplex formation (De Gian & 

Mergny, 2007). This suggests that it maybe possible to use structural information of 

one conformation to design suitable ligands assuming that ligand binding will 

induce a conformational change towards that targeted G-quadruplex structure. 

However, it is not possible to verify this yet as there is no experimental structural 

data for G-quadruplex multimers (Neidie & Parkinson, 2008).

It is of note that some sequences on the other hand, for example the c-kit 

sequence, adopt only one topology in solution, producing interpretable spectra in 

NMR studies without the need for any mutations/deletions of the wild type 

sequence. Interestingly, the structure of the c-k/Ysequence exhibits an 

unprecedented G-quadruplex scaffold where an isolated guanine is involved in G- 

quartet formation, despite the presence of four three-guanine tracts (Phan et al.,

2007). It is not clear yet or possible to anticipate the tendency to form polymorphic 

topologies for any given G-quadruplex-forming sequence.

G-quadruplex structures and molecular crowding conditions

The term molecular crowding in biological systems, also known as the excluded 

volume effect, describes the non-specific effect resulting from pure steric repulsion 

due to the very high concentration of macromolecules in the cell so that a 

substantial volume is physically occupied (Chebotareva et al., 2004; Ellis, 2001). 

Adding PEG (polyethylene glycol), ethanol or increasing the concentration of the 

solute in the experimental conditions are methods regularly used to mimic 

molecular crowding in the intracellular environment where approximately 40% of the 

total volume is occupied by intracellular macromolecules. Studying G-quadruplexes 

(and biomolecules in general) in conditions that mimic the in vivo environment can 

reveal information with regards to their behaviour and structure in the crowded 

environment in the cell (Miyoshi & Sugimoto, 2008).

The effect of molecular crowding is generally underappreciated and most often 

ignored in in vitro studies which are usually conducted in dilute conditions.

However, studies of the structure and behaviour of G-quadruplex structures in 

general, and more specifically for the human telomeric sequence are starting to
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accumulate using conditions that mimic intracellular conditions. Under molecular 

crowding conditions i.e. containing 40% PEG 200, the human telomeric G- 

quadruplex: adopted the parallel-stranded conformation (Xue et al., 2007), formed 

from duplex preferentially at 37“ (Zhou et al., 2009), was induced to form under 

salt-deficient conditions (Kan et al., 2006) and with the complementary strand in 

close vicinity (Kan et al., 2007). In molecular crowding conditions simulated by 

adding ethanol (at 37° in 50% ethanol) or by increasing the concentration of the 

DNA, a transition in the human telomeric quadruplex to the parallel form has been 

demonstrated (Renciuk et al., 2009).

Crystals contain concentrated amounts of G-quadruplex molecules (closer to condi

tions of molecular crowding) whilst NMR solutions contain dilute concentrations of 

about 0.5 to 5mM (Zhang et al., 2005; Phan et al., 2005; Lim et al., 2009).

The physiologically relevant conformation of the human telomeric sequence 

remains the subject of ongoing debate (Patel et al., 2007; Neidie & Parkinson,

2008; Phan et al., 2006; Dai et al., 2008).

The parallel-stranded form of human telomeric G-quadruplex

The relevance of the parallel-stranded form of the human telomeric G-quadruplex to 

ligand targeting is supported by the following factors:

1. All reported structures of the human telomeric G-quadruplex in complex with 

various ligands exhibit a parallel fold in all the available crystal structures, as 

well as, in the one available solution structure (PDB ID 1NZM). All native 

forms of the crystal structures are also parallel.

2. The human telomeric sequence forms a parallel-stranded G-quadruplex 

structure under solution conditions containing potassium and 40% (w/v)

PEG 200 (Kan et al., 2007). Adding PEG to the experimental conditions 

imitates the In v/Vo state in the cell by simulating intracellular molecular 

crowding conditions.

3. A recent study revealed the parallel-stranded structure of RNA human 

telomeric G-quadruplex in potassium solution in a study using NMR
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methods. The sequence is identical to the one used in X-ray crystallographic 

studies i.e. UAGGGUUAGGGU (Martadinata & Phan, 2009). This is in 

agreement with a previous study in sodium solution, which used a 

combination of NMR, circular dichroism (CD), mass spectrometry and gel 

electrophoresis to demonstrate a parallel RNA telomeric G-quadruplex (Xu 

et al., 2008). This is also in accordance with the crystal structures for its 

DNA counterpart and with previous NMR studies of a fragment of the 

human telomeric sequence dfTTAGGGT] in potassium solution (Wang & 

Patel, 1992). The discovery that human telomeric DNA is not 

transcriptionally silent is a recent concept and the physiological relevance of 

RNA telomeric transcript remains to be determined. It may be involved in 

telomere architecture.

1.9 G-quadruplex targeting agents

Background

G-quadruplex targeting agents potentially initiate/stabilise the formation of G- 

quadruplex structures at any G-quadruplex-forming sequence in the genome.

At first, the idea of targeting G-quadruplex structures with suitable ligands was 

conceived - and remained restricted to - G-quadruplex formation at telomeric ends 

(Zahler et al., 1991 ; Sun et al., 1997).

The unanticipated discovery that the G-quadruplex scaffold is more widely 

biologically relevant i.e. promoters, S'-UTRs, telomeric RNA transcript, resulted in 

rapid growth in the study of G-quadruplex structures, but it also presents new 

challenges. Previously, targeting G-quadruplex structures consisted of designing 

suitable ligands that bind to G-quadruplex structures over duplex DNA. Now, it 

involved targeting one unique G-quadruplex structure over other G-quadruplex 

structures (Neidie & Parkinson, 2008; Tan et al., 2008). This is important as the 

non-selective targeting of G-quadruplex structures is likely to result in uncontrolled 

or unpredictable overlapping of quadruplex targeting leading to complications in
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application in the clinic.

General features

G-quadruplex targeting agents share general features which reflect their common 

target.

A G-quadruplex contains G-quartets, loops and grooves. The G-quartet is a large 

planar aromatic feature, providing an ideal platform for n-n stacking interactions 

with a complementary ligand. The negatively charged backbone forming the walls 

of the grooves and in the loops, where it connects the bases, provides opportunities 

for hydrogen bond interactions with positively charged moieties suitably positioned 

in a complementary ligand. The bases in the loops are also available for stacking 

interactions.

G-quadruplex targeting ligands are designed to reflect these features. They contain 

a large aromatic core and invariably positive charges which are sometimes part of 

flexible side chains. Indeed, structural data shows that ligands stack on the G- 

quartet face and some, namely porphyrin (PDB ID 2HRI) (Parkinson et al.,

2007) and a naphthalene diimide (PDB IDs 3CC0 and 3CDM) (Parkinson et al.,

2008), interact with the loops by means of aromatic stacking (Table 1.5).

Compounds of Interest In the literature

There is currently a wide variety of G-quadruplex-targeting-agents covering a wide 

range of scaffolds including diamidoanthraquinones (Figure 1.12) (Sun et al., 1997), 

cationic porphyrins such as TMPyP4 (Wheelhouse et al., 1998), trisubstituted 

acridines such as BRAG019 (Read et al., 2001), the natural compound telomestatin 

(Shin-ya et al., 2001), triazines such as 12459 (Riou et al., 2002) and pentacyclic 

acridines such as RHPS4 (Gowan et al., 2001) (Figure 1.13). First generation G- 

quadruplex targeting agents, such as disubstituted acridines, were generally lacking 

in selectivity for G-quadruplex structures versus duplex DNA and exhibited similar 

inhibitory and toxicity values (Harrison et al., 2003).

The ability of G-quadruplex ligands to inhibit telomerase in vitro is measured directly
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using methods such as FRET (fluorescence resonance energy transfer), 

competition dialysis and (SPR) surface plasmon resonance (Tan et al., 2008). The 

TRAP (telomere repeat amplification protocol) method measures I C 5 0  

(concentration of ligand required to produce 50% inhibition in enzyme activity) in 

cell culture studies (De Gian et al., 2008). The more recent TRAP-LIG, is a modified 

form of the TRAP method where an extra step is added to remove the ligand which 

otherwise interferes with the PGR (polymerase chain reaction) step of the assay 

resulting in an overestimation of ligand activity (Reed et al., 2008).

BRAG019 and a series of disubstituted acridines are used in this work and will be 

discussed in more detail in the chapters 2 and 3.

NH HN

—N"
EDL3S

PIPER

HNNH

TM PyP4

NH;

N'
H H

12459

NH

O

oB R A C 019 Telom estatinRHPS4

Figure 1.13: Chemical formulae of some G-quadruplex targeting agents. Variable types of chemical 
scaffolds are shown (adapted from De Gian et al. 2008).
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2 X-RAY STUDIES OF A HUMAN TELOMERIC QUADRUPLEX-

BRAC019 COMPLEX

2.1 Background

BRAC019 (Figure 2.1), a 9-[4-(N,N-dimethylamino)ph0nylamjno]-3,6-bis(3- 

pyrrolodinopropionamido) acridine (Read et al., 2001), is a G-quadruplex binding 

agent. It exhibits anticancer activity in vitro in cancer cell culture (Gunaratnam et al., 

2007; Incles et al., 2004; Read et al., 2001 ; Harrison et al., 2003; Schultes et al., 

2004; Moore et al., 2006) and in vivo in tumour xenografts (Gowan et al., 2002; 

Burger et al., 2005) through telomerase inhibition and telomere uncapping 

consistent with telomere shortening associated with G-quadruplex formation 

(Burger et al., 2005; Gowan et al., 2002; Gunaratnam et al., 2007; Incles et al., 

2004).

BRAC019 is a lead compound for a “second-generation” family of quadruplex- 

binding ligands. Initially, molecular modelling studies were employed to develop 

disubstituted amidoanthracene-9,10-dione (also known as anthraquinone) and 3,6- 

disubstituted acridine chromophore families to investigate whether compounds 

possessing a planar aromatic chromophore may indeed inhibit telomerase activity 

via stabilisation and binding to a folded G-quadruplex structure. The study predicted 

that the acridine chromophore was comparable to the anthraquinone family in terms 

of G-quadruplex binding affinity (Read et al., 1999). Additionally, it contains a 

heterocyclic central nitrogen atom that has the ability to be protonated at 

physiological pH, enabling it to act as as pseudocation thus complementing the ion 

channel that runs in the centre of quadruplex structures. Protonation of this nitrogen 

would increase electron deficiency through the chromophore, enabling enhanced 

7C-7C stacking interactions with the G-quartet platform and improved quadruplex 

binding affinity as well as improving water solubility in comparison to
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anthraquinones (Harrison et al., 1999).

The initial studies were pursued further and the 3,6,9-trisubstituted acridine family 

was designed (of which BRAC019 is a member) using the same approach, but with 

the added assumption that a ligand containing an extra substitution would possess 

improved quadruplex affinity over and above duplex DNA as each of the three 

substituents occupied a groove in a G-quadruplex (Read et al., 2001).

NH NH

Figure 2.1: BRAC019 (a) chemical structure and (b) space-filling representation - extracted from the 
crystal structure PDB ID 3CE5 (oxygen in red, nitrogen in blue and carbon in grey). This colour scheme 
is used throughout this chapter unless stated otherwise.

A variety of regioisomers of the trisubstituted acridine family (Figure 2.2) were 

investigated using molecular modelling, surface plasmon resonance, in vitro 

telomerase inhibition and cytotoxicity studies (Read et al., 2001 ; Harrison et al., 

2003). The 3,6,9-trisubstituted compounds were the most potent telomerase
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inhibitors (50% inhibitory concentration ranging from 20 to 115 nM) with modest 

acute cytotoxicity (50% inhibitory concentration ranging from 0.1 to 15.8 |xM) 

(Harrison et al., 2003).

BRAC019, a promising candidate, was put forward for in vivo antitumour activity 

studies, it combines potent cell-free inhibition of human telomerase (50% inhibitory 

concentration of 115 nM (Harrison et al., 2003)) with approximately a 90-fold 

differential to concentration causing non-specific acute cytotoxicity (mean 50% 

inhibitory concentration for acute cell kill across seven human tumour cell lines of 

10.610.M (Gowan et al., 2002)).

NHR

2,6,9-trl-substituted

o

NHR

2,7,9-trl-substituted

o
Figure 2.2: Trisubstituted acridine regioisomers.

NHR
O

BRAC019 showed significant antitumour activity in vivo both in combination with 

the antitumour agent paclitaxel (commercially known as TaxoKB) in human tumour
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xenografts in mice (Gowan et a!., 2002) and as a single agent (Burger et a!., 2005).

BRAC019 produced cancer cell senescence (Incles et al., 2004; Gunaratnam et al., 

2007) and end-to-end chromosomal fusions (Incles et al., 2004) linked to telomere 

uncapping and telomere shortening (Incles et al., 2004; Gunaratnam et al., 2007). 

BRAC019 and a fluorinated-derivative were chosen as potential candidates for 

clinical studies in human cancer (Moore et al., 2006; Martins et al., 2007).

A mechanistic in wfro study by Gunaratnam et al. (Gunaratnam et al.,

2007) demonstrated that BRAC019 produced cell growth arrest in a variety of 

cancer cell lines following long-term exposure at sub-cytotoxic concentrations. This 

was concurrent with time-dependent decrease in telomerase activity which agrees 

with previous single-time point observations (Read et al., 2001 ; Harrison et al.,

2003; Moore et al., 2006). This supports the idea that BRAG019 binds to the 

telomeric single-stranded overhang, consistent with quadruplex formation. 

Furthermore, it showed that telomerase inhibition is only partial and coincides with 

the partial displacement of the protein hPOTI from the overhang. This is in 

agreement with previous observations by Zaug et al. (Zaug et al., 2005) which 

showed that hPOTI binding to the single-stranded DNA is detrimental to 

quadruplex formation and similarly associated with partial displacement of hPOTI.

Having a minimal length of telomeric DNA repeat tract appears necessary to serve 

as a molecular scaffold capable of nucleating a higher-order DNA-protein complex 

that can protect the telomere (discussed elsewhere). It was therefore expected that 

BRAC019 will result in the disruption of the functionality of the telomeric complex 

through telomere shortening as a result of direct telomerase inhibition associated 

with quadruplex formation. This was tested in cancer cell culture. However results 

did not meet the expectation that senescence would occur after several growth 

cycles comprising several failed telomere lengthening cycles sufficient to critically 

shorten the overhang which then initiates cell growth arrest. Instead, BRAC019 

(Incles et al., 2004) and indeed many other quadruplex-targeting agents (Riou et 

al., 2002; Pennarun et al., 2005; Cookson et al., 2005; Rodriguez et al., 2008; 

Brassart et al., 2007; Phatak et al., 2007; Gomez et al., 2006) induce senescence 

after an apparently “insufficient” short-term exposure (one week for BRAG019).
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This was discovered to be associated with telomere uncapping.

Biophysical and biochemical data collected from qualitative structure-activity 

correlation studies on the effect of 3,6- and 9-end substituent size and side chain 

length in trisubstituted acridine on telomerase inhibition activity and cancer cell kill 

can be summarised as follows (Moore et al., 2006):

1. Extending an uncharged substituent at the 9-position side chain to comprise 

more than two or three carbons has highly deleterious effects on quadruplex 

binding and telomerase potency respectively.

2. Extension of a positively charged 9-substituent does not have a major effect 

on telomerase inhibition but can counterbalance the adverse effects of 

extended 3- and 6-side chains.

A biopharmaceutical study of BRAC019 appeared to show that it has good 

solubility at 2mg/ml in water and physiological buffers with very poor permeability 

across biological barriers. This would require suitable formulation for efficient 

delivery in potential future clinical evaluation (Taetz et al., 2006). Similarly, 

BRAC019 has been reported to decompose at physiological pH and temperature, 

with products possessing decreased activity, suggesting that stability will have an 

important influence on potential future dosage form preparation (Taetz et al., 2008). 

However, these findings are at variance with many of the studies outlined above.

2.2 Aims

The aim of the structural work presented here was to attempt to gain insight at the 

atomic level to the intricate structural features of quadruplex-ligand binding. This 

was done through the study of a particularly promising ligand (BRAC019) which 

possesses significant specificity and binding affinity for quadruplex over duplex 

DNA coupled with in vivo activity. This is significant especially in view of the very 

small number of structures reported for quadruplex complexes.
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2.3 Materials and methods

2.3.1 Crystallisation

Oligonucleotide synthesis, purification and annealing

The Eurogentec RP (reverse phase)-cartridge-purified human telomeric deoxyribo- 

oligonucleotide sequence d[TAGGGTTAGGGT] was purchased from Eurogentec 

Ltd and used without further purification. The oligonucleotide was annealed at 3 

mM (quadruplex concentration where one quadruplex is formed of two strands of 

DNA) before use by incubation in a heating block at 80“ C for 15 minutes in 20 mM 

potassium cacodylate buffer at pH 6.5 and left overnight to cool gradually to room 

temperature.

The ligand BRAC019 synthesis and purification

The ligand BRAC019 was synthesised in-house by Anthony Reszka in the 

laboratory of the Biomolecular Structure Group at the School of Pharmacy, 

University of London, using previously published procedures (Harrison et al.,

2003) and purified by reverse phase HPLC. The final sample, as the free base, was 

analytically pure (> 95%). A 20 mM stock solution was prepared in 100% DMSO 

(dimethyl sulfoxide) and divided into 20 pi aliquots and kept at -20 °C. Repetitive 

freezing/thawing of the sample was avoided by thawing the required amount at 

room temperature immediately prior to setting up crystallisation drops.

Complex preparation

Immediately prior to setting up the crystallisation experiment, the complex was 

prepared by the addition of ligand solution to the annealed quadruplex solution to 

make a solution of the complex at 2mM quadruplex and 2mM ligand. The reagent 

solution was then added to the complex to produce the initial crystallisation 

conditions mentioned in the following crystallisation step.

68



_____________ X-RAY STUDIES OF A HUMAN TELOMERIC QUADRUPLEX-BRACQ19 COMPLEX - CHAPTER 2

Preparation o f library file for ligand

The ligand was constructed In the SYBYL 7.3 suite (Tripos, Inc., St. Louis, USA), 

with charges and atom types applied using the MMFF94 method (Halgren, 1996; 

Halgren, 1996). Stepwise minimisations using the MMFF94s force field (Halgren, 

1996) were subsequently carried out to a convergence of 0.02 kcal.mol VÂ over 

5000 steps using the Powell method (Powell, 1977) with a cutoff of 11 Â.

The final coordinates of the ligand were saved in PDB format and used as input for 

the Dundee PR0DRG2 server (Schuettelkopf & van Aalten, 2004). The output file 

(in GIF format (Brown & McMahon, 2002)) was checked and modified based on the 

relevant crystal structure parameters for m-AMSA, also known as amsacrine, (4'-(9- 

acridinylamino)methanesulphon-/77-anisidide) (Cambridge Structural Database, 

OSD, ref. Code ACRAMS) and /V-(2-Carboxybenzoyl)-L-leucine methyl ester 

(Cambridge Structural Database, CSD, ref. Code CIBPEI).

Crystallisation conditions

The hanging-drop vapour-diffusion method was used. The 24-well VDX plates and 

22 mm circular siliconised glass cover slips (Hampton Research Corporation) were 

used in the setup.

Initial crystallisation conditions in the 5 pi drop were: 1.6 mM quadruplex DNA, 1.6 

mM BRAC019, 200 mM ammonium sulphate, 20 mM sodium chloride, 20 mM 

potassium chloride, 20 mM lithium sulphate and 36 mM potassium cacodylate 

buffer at pH 6.5. This was equilibrated against a reservoir well solution containing 

600 pi of 1.6 M ammonium sulphate. Crystals grew as yellow square cuboids after 3 

months at 12®C (285.15 K). The dimensions of the crystal used for data collection 

were approximately 0.1 x 0.1 x 0.2 mm (Figure 2.3).

Mounting the crystal

Prior to data collection, the crystal was briefly soaked in a cryoprotectant solution 

containing mother liquor and 25% glycerol then mounted on a fibre loop and flash- 

frozen in a dry nitrogen stream at 105 K. Glycerol-containing solution acts as a
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cryoprotectant and is designed to vitrify preventing the formation of crystalline ice

i.e. no ordered ice formation; instead a vitreous glass is formed which does not 

disrupt crystal order or interfere with the diffraction. Water contained within the 

crystal would otherwise expand during freezing, resulting in a range of adverse 

effects that can compromise data collection from cracked crystals to crystal 

dissolution (Garman, 1999; Carman, 2003; Carman & Owen, 2006; Carman & 

Schneider, 1997).

I

Figure 2.3: Crystals of the human telomeric bimolecular quadruplex In complex with BRAC019 (circled).

2.3.2 Data collection and processing

Data were collected in-house using a Rigaku R-AXIS IV image plate detector at 

wavelength 1.5418 Â (CuKa radiation). A single crystal was used and diffraction 

extended to 2.5 Â (Figure 2.4). Indexing and data processing were carried out using 

the d*TREK (Pfiugrath, 1999) part of the CrystalClear software package (Rigaku 

Corporation© 1997-2002) The space group was determined as 14 with cell 

dimensions of a = 70.34 = b = 70.34, c = 34.29 Â and a = (3 = y= 90.00°. Values 

for crystallographic data are shown (Table 2.2).
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2.3.3 Structure solution and verification

The program Phaser (McCoy et al., 2007) from the GCP4 package (Collaborative 

Computational Project, 1994) was used to solve the structure by molecular 

replacement (MR). MR is defined by Philip Evans and Airlie McCoy as a term which 

describes “the use of a known model to solve the unknown crystal structure of a 

related molecule” where it "... enables the solution of the crystallographic phase 

problem by providing initial estimates of the phases of the new structure from a 

previously known structure” (Evans & McCoy, 2008).

Figure 2.4: Diffraction image for the complex formed between the human telomeric quadruplex and 
BRAC019.
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The crystal structure of the native bimolecular human telomere quadruplex formed 

of 12 nucleotides d[TAGGGTTAGGGT] 2  and determined to 2.4 Â (PDB ID 1K8P 

(Parkinson et al., 2002)) was used as a search model. Prior to use, the starting 

model was stripped of flanking thymine and adenine residues, ions and waters.

Phaser (McCoy et al., 2007) was run with the default settings. Two solutions were 

produced with the following similar scores (a score is the number of standard 

deviations above the LLG [Log Likelihood Gain] value) for RFZ (rotation function z- 

score) of 4.3, TFZ (translation function z-score) of 6.2 and LLG of 68 for the first 

solution and 4.7, 8.0 and 68 for the second solution, respectively. Visualisation of 

the two solutions showed that they displayed identical orientation and were 

translated by approximately 6.8 Â. In the 14 space group, the position of the model 

relative to the z axis is arbitrary. The first solution was selected for model building 

and refinement.

The unit cell contains eight asymmetric units. Each asymmetric unit contained one 

quadruplex bound to one BRAC019 molecule.

Solution verification

The solution was verified by checking the foliowing in accordance with guidelines in 

Eleanor Dodson's paper (Dodson, 2008):

1. that the model makes chemical sense:

The electron density maps were calculated using Refmac version 5.2.0019 

(Murshudov et al., 1997) and visual inspection with Coot version 0.5 

(Emsley & Cowtan, 2004) confirmed the position of the G-quartets, propeller 

TTA loops and two central ions in the quadruplex channel. It also showed 

that no clashes were present between symmetry copies.

2. that the model can be refined confirming that the solution generates 

amplitudes which agree with the observed ones:

As model building progressed by adding the ligand, the remodelled loop, the 

flanking nucleotides and finally the water molecules, the and R̂^̂^
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decreased stepwise with every new addition, starting from the initial 

and R. values of 40.5% and 44.4% and decreased to 18.4% and 21.3% in
free

the final model (Table 2.1).

3. if the electron density maps show features that are not part of the model:

This was verified by the appearance of electron density volume comparable 

in shape and size to missing or omitted parts of the structure such as: the 

omitted flanking thymines and adenines, the ligand BRAC019 stacked onto 

the 3’ G-quartet and the ions in the central quadruplex channel.

Table 2.1: and decrease with model building.

step R,J%)

starting model 40.5 44.4

Fitting the potassium ions 35.8 39.9

Fitting the ligand 34.2 37.2

Fitting remodelled loop 26.0 30.4

Fitting flanking nucleotides 23.5 27.4

Fitting waters 18.4 21.3

2.3.4 Model building and structure refinement

Cycles of model building and structure refinement were carried out using Coot 

version 0.5 (Emsley & Cowtan, 2004) for visualisation and Refmac for refinement 

(Murshudov et al., 1997) programs. The default Refmac restraints dictionary was 

used for the standard residues (Taylor & Kennard, 1982; Saenger, 1983; Vagin et 

al., 2004). Two potassium ions were visible in the electron density map and were 

fitted into the central channel in the quadruplex.

In BRAC019, bond angle values (=128®) for the C(acridine core)-N-C(phenyl) 

junction at the 9^ position and the C(acridine)-N(amide)-C(amide) at the 3- and 6- 

positions were derived from the crystal structure of m-AMSA (Cambridge Structural 

Database, CSD, ref. Code ACRAMS) and A/-(2-Carboxybenzoyl)-L-leucine methyl 

ester (Cambridge Structural Database, CSD, ref. Code CIBPEI).

The maps revealed a significant electron density volume stacking on the 3' face of
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the quadruplex, which corresponded in shape and size to a single BRAC019 

molecule. The maps also showed the remodelled positions of the nucleotides in 

one of the TTA loops and were re-fitted. The flanking nucleotides forming the TATA 

quartet (T = thymine, A = adenine) were visible and fitted. Water molecules were 

initially placed automatically using the "Find Waters facility" in Coot version 0.5 

(Emsley & Cowtan, 2004) using the default settings, while in later stages solvent 

molecules were added and removed manually. Criteria for keeping and/or adding 

water molecules were: the electron density volume was of spherical shape, water

sized, presented no clashes with neighbouring atoms and formed hydrogen- 

bonding interactions with nucleic acid atoms, ligand or water networks. The model 

was refined with all solvent molecules included, using all the data in the range 35.17 

- 2.50 A, to R, ^ and R, values of 18.3% and 21.3%.
factor free

Crystallographic data are shown in table 2.2.

2.3.5 Deposition in the Protein Data Bank Database

The structure solved in this work was deposited in the Protein Data Bank Database 

on 28th February 2008 and can be accessed using PDB ID 3CE5.

Visualisation and Image production

Coot version 0.5 (Emsley & Cowtan, 2004), Chimera version 1.3 (Pettersen et al.,

2004) and PyMOL version 0.99rc6 (DeLano, 2008) were used in model 

visualisation and image production in this thesis.
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Table 2.2: Crystallographic data.

Crystal

Data collection
Number of reflections 8677
Number of unique reflections 2994 (291)**
Space group 14
Cell dimensions

a, b, c (Â) 70.34, 70.34, 34.29

a, A /  (1 90.00, 90.00, 90.00
Resolution (Â) 35.17-2.50 (2 .59-2.50)**
Rm erge 0.065 (0.310)**
11(5 9.8 (2.4)**
Completeness (%) 99.7 % (100.0%)**
Redundancy 2.9 (2.8)**
Refinement
Resolution (Â) 35.18-2.50
Number of reflections (observed) 2992
Number of reflections 140
R / R

factor trea
18.3% /21.3%

Number of quadruplexes per asymmetric unit 1
Number of ligands in asymmetric unit 1
Number of asymmetric units in unit-cell 8
Number of asymmetric units in biological unit 2
Number of atoms
Total number of atoms 605

DNA 505
Ligand 44
Ions 2
Water 54

Average B-factor values (A )̂
DNA 22.85
G-quartets 19.98
Loops 27.55
Ligand 16.04
Ions 32.97
Water 32.2

RMSD
Bond lengths (A) 0.024
Bond angles (°) 2.813

PDB ID 3CE5

*One crystal was used. **Values in parentheses are for highest-resolution shell 2.59 - 2.50 Â.

2.4 Experimental results

2.4.1 Quality of the model

The agreement of the model with the data is shown by the low crystallographic R

values (R , =18.3 %  and R, = 21.3 %).
'  factor free '
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The electron density map ( 2 F o - F c )  is continuous and contains the model in its 

entirety and no unexplained electron density is seen (Figure 2.5). A stereo view of 

the complex is shown (Figure 2.6).

5CW

>

Figure 2.5: Two consecutive asymmetric units fitted into the 2Fo -  Fc electron density map 
calculated at 1.5 sigma. Ligand is in yellow. Potassium ions are represented as pink spheres.

The DNA is described by a total of 505 atoms, of which 499 atoms are fully 

occupied, the remaining six atoms form three pairs (each atom in a pair has an 

occupancy of 0.5) of a phosphate group connecting the first nucleotide (thymine) of 

the first chain (chain A) to an adenine.
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i

Figure 2.6: Stereo view of the bimoiecular quadruplex-BRAC019 compiex. The ligand is shown in 
yellow.

All of the ligand atoms (44 atoms), ions (2 atoms) and waters (54 atoms) are fully 

occupied. Average B-factor values for the DNA, G-quartets, loops, ligand, ions and 

waters are 22.85, 19.98, 27.55, 16.04, 32.97 and 32.2 respectively (Table 2.2). 

As expected, B-factor values for the G-quartets and ligand are low indicating their 

static nature and average B-factor values for the loops are higher denoting their 

dynamic nature (Figure 2.7).
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B-factors (A )

16

Figure 2.7: B-factor values for the complex formed loetween the human telomeric quadruplex and the 
ligand BRAC019. These are low for the G-quartets and ligand (shown In blue and yellow), Increasing 
for the loop nucleotides (orange) and highest for some water molecules (red).

2.4.2 Overall structure description

The asymmetric unit is formed of one bimoiecular quadruplex bound to one ligand. 

The quadruplex is formed of a dimer of the sequence d[TAGGGTTAGGGT] in a 

parallel-stranded conformation and propeller loops. Each DNA strand follows a 

right-handed helical trajectory.

Asymmetric units stack longitudinally forming quadruplex chains that extend 

throughout the crystal (Figure 2.8).
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There are two loops, each formed of the sequence TTA, that project laterally in a 

propeller-type shape (also known as double-chain-reversal-loops) and interact with 

nearby loops throughout the crystal.

Longitudinal quadruplex stacking and lateral loop interactions comprise crystal 

packing interactions (discussed elsewhere in detail) (Figure 2.8).

L
Figure 2.8: The continuous chains of quadruplexes in the crystal I 
Ligand is shown in yellow. Lateral crystal packing interactions are 
green and blue).

In the crystal lattice. G-quartets are shown in pink, 
iteractions are formed between the loops (shown in

r i y u f ^  ^ . o .  I f  1^1

Ligand is shown 
green and blue)

The biological unit

The biological unit is formed of two parallel quadruplexes assembling in a dimer by 

stacking 5' to 3' i.e. the 5' face of one quadruplex stacks onto the 3’ face of another, 

sandwiching one molecule of BRAC019 at the interface where it (as part of a 

coplane containing a thymine base) stacks directly onto a 3' G-quartet on one side 

and onto a 5' TATA-quartet on the other (Figure 2.9).

The quadruplexes in the biological unit are non-coaxially stacked resulting in the 3' 

G-quartet and 5’ TATA-quartet at the interface being offset with regards to each 

other and are inclined by ca. 30° (Figure 2.10).
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Figure 2.9: The biological unit of the complex formed between the human telomeric quadruplex and the 
ligand BRAC019. This Is formed of two stacking 5' to 3' quadruplex structures sandwiching one 
BRAC019 molecule a t the interface. BR AC019 (shown In surface representation In yellow) stacks 
directly onto a S' G-quartet (shown In green In the black box above the ligand) and onto a 5' TATA- 
quartet on the other side (shown In blue and red In the black box below the ligand). Water molecules are 
omitted for clarity. Guanine = green, adenine = red and thymine = blue. Potassium Ions are shown as 
pink spheres.
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Figure 2.10: The two quadruplexes in the asymmetric unit are non-coaxially stacked. The 3' G-quartet 
and the 5 ’ TATA-quartet are offset with respect to each other and inclined by ca. 30 ° (axes represented 
in orange cylinders). The ligand (in surface representation in yellow) and a flanking thymine (shown in 
blue sticks) from the 3 ’ quadruplex face (black box) form a coplane stacked at the interface between the 
two quadruplexes.
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Loops

One of the loops is identical in conformation to the loop structure observed in the 

native human telomere G-quadruplex crystal structure {PDB IDs 1K8P and 1KF1 

(Parkinson et al., 2002)) and will be referred to henceforth as "traditional". The 

other loop assumes a "remodelled" conformation (Figure 2.11).

Each remodelled loop interacts with a traditional loop forming lateral crystal packing 

interactions perpendicular to the axis of the central channel of quadruplex chains 

throughout the crystal lattice (Figure 2.8 and Figure 2.13).

m

Figure 2.11: The remodelled loop. The aligned structures of 3C E5 (blue) and 1K8P (green) showing the 
perfectly superposed traditional loop structure (right) and the new conformation of the remodelled loop 
shown In green (left).

Loop 1 or the traditional loop:

The adenine (A8) swings back into position between the two thymines (T6 and T7) 

(Figure 2.12). The first thymine (T6) and adenine (A8) adopt the C2'-endo sugar 

pucker, whereas the second thymine (T7) adopts a 03'-endo sugar pucker. This 

loop interacts laterally with the remodelled loop of a symmetry-related quadruplex 

contributing to crystal packing interactions.
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Loop 2 or the remodelled loop:

The first thymine (118) flips out to stack onto the second thymine (17) from the 

traditional loop (Figure 2.12). The adenine (A20) stacks onto the adenine (AS) 

which in turn stacks onto the thymine (T6) from the traditional loop.

Figure 2.12: Stereo view of crystal packing interactions via quadruplex loops. The traditional loop 
formed of nucleotides 76, 77  and A8 (blue) and the remodelled loop formed of 718, 719 and A20 
(green).

Crystal packing

Stacking asymmetric units pile up forming a continuous column of 5' to 3' stacked 

quadruplex chains repeating along the crystal lattice (Figure 2.8).

The flanking 5' and 3' thymine and adenine residues along with the ligand mediate 

longitudinal crystallographic contacts whilst the TTA loop nucleotides contribute to 

the lateral ones (Figure 2.8).

Throughout the crystal lattice each quadruplex interacts laterally with a symmetry- 

related quadruplex via each of its two loops, in an arrangement where each 

traditional loop interacts with a remodelled loop. The remodelled loop 

accommodates the new crystal packing arrangement described here (Figure 2.12 

and Figure 2.13), whereas in the native human telomere quadruplex (PDB ID 

1KF1 (Parkinson et al., 2002)), the traditional loops interact with the G-quartet face
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of a symmetry-related quadruplex.

Figure 2.13: The 4-fold symmetry Is shown In a projection down the c axis. Four quadruplexes Interact 
via their lateral loops forming essential crystal packing Interactions. Key: Guanine = pink, traditional loop 
= blue, remodelled loop = green and potassium Ions = cyan spheres.

The flanking thymine and adenine residues along with the ligand contribute to 

longitudinal packing interactions. The ligand and one thymine (from the 3' 

quadruplex face) form a coplane (Figure 2.10) which stacks directly onto the 3' G- 

quartet on one side and onto a 5’ TATA-quartet on the other.

Backbone nucleic acid torsion angles

The values for the backbone torsion angles alpha (ct), beta ((3), gamma (y), delta 

(5), epsilon (e), zeta (Q and the glycosidic angle chi (%) (Figure 2.14) (Schneider et 

al., 1997) were calculated using the programme 3DNA (Lu & Olson, 2003) (Table 

2.3).
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0 1 P -

Pyrimidine

X +  1 /
C T ----------------- N9 Purine

a 03' - P - 05' - C5' 
p P - 0 5 '- C5'- C4' 
y 0 5 '-  C5* - C4* - C3'
5 C5'- C4'- C3'■ 03' 
e C4'- C3'- 0 3 '-  P 
Ç C3'- 0 3 '-  P - 05'
X 04’ -C1'-N1/N9-C2/C4

0 2  P

Figure 2.14: Backbone torsion angles (adapted from Schneider et a!., 1997).

Throughout the discussion in this section, comparisons are made between the 

bimoiecular quadruplex-BRAC019 complex (PDB ID 3CE5) reported in this work 

and both of; the native bimoiecular (PDB ID 1K8P) and unimolecular (PDB ID 

1KF1) quadruplexes (Parkinson et al., 2002). Also comparisons are made with the 

bimoiecular quadruplex in complex with porphyrin (PDB ID 2HRI (Parkinson et al.,

2007)) and in complex with a naphthalene diimide (PDB ID 2CC0 (Parkinson et al.,

2008)). Also, the unimolecular quadruplex -  naphthalene diimide complex is 

included in the comparisons (PDB ID 3CDM (Parkinson et al., 2008)). To allow for 

easy and unambiguous comparisons, the non-common flanking nucleotides and 

the second loop in the unimolecular structure were not considered in the 

comparisons of backbone torsion angles. The three sequences were aligned and 

renumbered (Table 2.4).
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Table 2.3: Backbone torsion angles for the bimoiecular quadruplex-BRACOW complex calculated using 
the 3DNA software (Lu & Olson, 2003), esds estimated at 2-4

DB ID 3CE5 Backbone torsion anales in decrees 1°)
Sequence Aligned Alpha (a) Beta (P) Oamma (y) Delta (5) Epsilon (e) Ze ta (Q Chi (X)

1 T T-2 n/a n/a 151 140 -46 85 -143
2 A A-1 150 113 155 126 -57 125 -69
3 G 01 -112 170 39 152 -180 -119 -94
4 0 0 2 -37 -170 21 140 176 -114 -101
5 0 0 3 -23 -177 14 140 -140 67 -104
6 T T4 70 -173 -169 123 -115 -69 -110
7 T T5 -130 153 6 82 -156 -56 -164
8 A AS -76 -161 63 146 -93 -81 -130
9 0 0 7 -115 -154 -21 127 -177 -102 -111
10 0 0 8 -61 -179 37 132 -168 -107 -113
11 0 0 9 -68 -172 19 97 -154 -73 -135
12 T T10 -57 -145 48 126 n/a n/a -95
13 T T i l n/a n/a 11 145 -133 148 -85
14 A T12 103 -155 158 144 -161 -87 -161
15 0 01 3 119 -176 -173 105 -177 -76 -151
16 0 01 4 -75 -161 55 136 -173 -102 -124
17 0 01 5 -53 -169 29 149 -122 72 -102
18 T T ie 84 154 34 148 -123 138 -131
19 T T17 -75 169 50 144 -95 58 -124
20 A T18 151 -176 140 144 -51 -133 90
21 0 01 9 42 -131 58 142 166 -97 -105
22 0 0 2 0 -36 -170 20 142 180 -108 -97
23 0 021 -70 -174 46 139 -176 -96 -107
24 T T+1 -24 -179 -16 89 n/a n/a -128
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Table 2.4: Alignment and renumt>erlng of residues in quadruplex structures.

PDB ID Residue name and number as per PDB files downloaded from the PDB website: http://www.rcsb.org

1K8P 1BRU 2A 3 0 4 0 5 0 6BRU 7T 8A 9 0 100 110 12T 13BRU* 14A* 150* 160* 170* 18BRU* 19T* 20A* 210* 220* 23 0* 24T*

1KF1 1A 2 0 3 0 4 0 5T 6T 7A 8 0 9 0 ICO 11T 12T 13A 140 150 160 17T 18T 19A 2 0 0 21 0 22 0

3CE5 1T 2A 3 0 4 0 5 0 6T 7T 8A 9 0 ICO 110 12T 13T* 14A* 150* 160* 170* 18T* 19T* 20A* 210* 22 0* 23 0* 24T*

2HRI 1T 2A 3 0 4 0 5 0 6T 7T 8A 9 0 ICO 110 12T* 13A* 140* 150* 16T* ITT* 18 A* 190* 200* 210*

3C C 0 1T 2A 3 0 4 0 5 0 6T 7T 8A 9 0 ICO 110 12T IT * 2A* 30 * 40 * 50 * 6T* 7T* 8A* 9 0 * 10O* 110* 12T*

3CDM 1T 2A 3 0 4 0 5 0 6T 7T 8A 9 0 ICO 110 12T 13T 14A 150 160 170 18T 19T 20A 2 1 0 2 2 0 2 3 0 24T

Aligned

T-2 A-1 01 0 2 0 3 T4 T5 AS 0 7 0 8 0 9 TIG T i l A12 013 01 4 01 5 T16 T17 T18 0 1 9 0 2 0 021 T+1
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The guanines participating in the G-quartets adopt rigid geometries due to the eight 

Watson-Crick and Hoogsteen hydrogen bonds. This is evident in the low variation 

observed in the measured values for the glycosidic backbone torsional angle chi (%) 

(Figure 2.15). The crystal structure of the native unimolecular human telomeric 

quadruplex have a mean glycosidic angle for the G-quartets of -120±15° (Neidle & 

Parkinson, 2008). The mean for the complex is closely related at -112±17°. This is 

also close to the mean for a native tetramolecular quadruplex (PDB ID 1S47 

(Caceres et al., 2004)) which is not subject to the restraining effects of loops 

connecting the G-quartets at -117±20° (Neidle & Parkinson, 2008).

Glycosidic backbone torsion angle 
DNA Strand A

0
.20 0 -1K 8P  ♦ I K F I  V  3CE5

-40 
S -60

S’ 80
H - -100

05 -120
§  -140
I  -160 
^  -180 

-200

-V ■V
cP>

■V -V -V -V

Position in backbone

-V -V

Glycosidic backbone torsion angle 
DNA strand B

200
# 1 K 8 P  ♦ I K F I  V  3CE5

150

I ™
^  50

!  0 
,2 -50

I  -100 p,
i
g -200 '  
y T

Position in backbone

The value for the glycosidic angle for A18 in the complex (yellow line - Figure 2.15) 

displays a large peak which reflects the adopted syn conformation for this
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nucleotide in comparison to the anf/conformation present in the unimolecular 

quadruplex and also coincides with the remodelled loop (formed of T16, T17 and 

A18) in the complex. The same figure also shows a peak for G19 in the native 

bimoiecular quadruplex (blue line). However, as the occupancies for the atoms 

forming the loop connected to G19 in the native bimoiecular quadruplex (PDB ID 

1K8P) equal zero (Parkinson et al., 2002) and the observation that the geometry of 

the guanines directly connected to the loop nucleotides is affected by the loop 

conformation (Neidle & Parkinson, 2008), it is not possible to comment on this.

The backbone dihedral angles trends in the complex generally follow those 

observed in the native crystal structures for the strand containing the traditional 

loop (Figure 2.16). However, the backbone torsion angle values for the remodelled 

loop deviate from those of the native crystal structures for the loop forming 

nucleotides i.e. TIB, T17 and A18 (Figure 2.17) and also for G19 which is directly 

connected to this loop. This effect on G19 is due to the local strain imposed by the 

changes in backbone conformation in the remodelled loop.

Comparisons were made between the values for the glycosidic angle chi (%) for the 

loop structure of the BRAC019-quadruplex complex and those for the loops in the 

native (PDB ID IKFI) and in other ligand-quadruplex listed below (Table 2.5).

Table 2.5: PDB IDs of structures used in comparisons.

PDB ID Quadruplex Ligand Reference

IKFI Unimolecular n/a Parkinson et al., 2003
2HRI Bimoiecular Porphyrin Parkinson et al., 2007
3CCO Bimoiecular Naphthalene diimide Parkinson et al., 2008
3Œ)M Unimolecular Naphthalene diimide

Comparison of chi angle values revealed that the glycosidic angle for the first and 

second thymine in the loops (traditional and remodelled) in the BRAC019- 

qiadruplex complex at -131 ±1 “ and -124±1 respectively, are closely related to 

those of the compared structures (range of -174 to -84® for T1 and -169 to -99® for 

T2). In contrast to the chi value for the third nucleotide in the remodelled loop (an 

acenine: A3). At 90®, it lies outside the range for the equivalent nucleotide in
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compared crystal structures (-147 to -108°). This shows that the conformation of 

the first, second and third nucleotides in the loops of the compared structures have 

closely related chi angle values reflecting similar conformations. Only one 

nucleotide, A3 in the remodelled loop shows significant changes. This nucleotide 

adopts the syn conformation in contrast to the anf/conformation adopted in all other 

loops (Figure 2.18).
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</)O)
OJ(U•a
O)
cQ(/)
o

Backbone torsion angles 

DNA strand A
•  1K8P ♦ I K F I  V  3C E 5

V *

Position in b a c k b o n e

Figure 2.16: Comparison of backbone torsion angles for strand A. This strand contains the traditional loop and this is reflected in the closely related values for the torsion angles 
measure for the bimoiecular quadruplex-BRACOIQ complex (3CE5 shown in yellow) and for tx)th of the native bimoiecular and unimolecular quadruplex sequences (1K8P  
shown in blue and IK F I shown in red, respectively) for strand A.
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IO)0)■O

O)
§
c
.Q(fl

Backbone torsion angles 

DNA strand B
# 1 K 8 P  ♦ I K F I  V  3 0 E5

Position in b a c k b o n e

Figure 2.17: Comparison of torsion angle values for strand B. This strand contains the remodelled loop and this is reflected in the deviation of torsion angle values (yellow) from 
those for the same loop in the native structures (blue and red). This is especially evident for the three nucleotides forming the loop (T 16, T 17 and A 18) and for the immediate 
nucleotide G 19. G 19 displays the expected deviation from the native structures due to the strains imposed by the change in the geometry of the remodelled loop.
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Figure 2.18: Comparison of the values for the glycosidic angle chi (x) for the loop structure of the BFlACOW-quadruplex complex and those for the loops in the native (Parkinson 
et al, 2003)(1KF1 shown in red ) and in other ligand-quadruplex complexes; a bimoiecular quadruplex in complex with porphyrin (Parkinson et a i,  2007) (light green for loopl 
and dark green for loop2), with one type of a naphthalene diimide ligand (dark red) and for another (Parkinson et a i,  2008) in complex with a unimolecular quadruplex (magenta, 
light and dark blue). Chi for the third nucleotide A3 is 90  ° compared to a mean of -122 °±15 for other complexes). A3 adopts the syn conformation in contrast to the anti 
conformation adopted in the native quadruplex and its ligand-compiexes.
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2.4.3 The G-quartets

A stack of eight G-quartets interspersed by one TATA-quartet and one ligand- 

thymine coplane constitute the framework of the biological unit. In each G-quartet, 

guanine bases assemble via Hoogsteen and Watson-Crick hydrogen bonds, are in 

the anti conformation and roughly follow a four-fold rotation symmetry along the 

helix axis (Figure 2.19).

Standard base-pair geometry descriptors can be determined for quadruplex 

structures such as quartet-quartet helical twist and helical rise using the 

programme 3DNA (Lu & Olson, 2003).

The guanine quartets have quartet-quartet helical twist angles of 26* and 28® for 

the first and second G-quartet steps in the 5' to 3' direction. This is in accordance 

with the reported values of approximately 28-30® (Neidle & Parkinson, 2008). The 

helical rise values are 3.1 and 3.2 Â, respectively. This is closely related to the 

reported values of 3.2 to 3.3 Â (Neidle & Parkinson, 2008).

This structure provides the first instance of a quadruplex crystal structure where 5' 

to 3' quadruplex stacking is observed, providing a working framework for long 

quadruplex chains i.e. more than one quadruplex in tandem, by carefully 

connecting the adjacent DNA strands.

Also, it is possible to examine other quartet step parameters. For example, the top 

quadruplex shifts by approximately 7 Â relative to the bottom quadruplex as the two 

quadruplexes incline relative to each other by about 30* effectively creating a one 

sided opening where the ligand fits.

The range for hydrogen bond distances present in the G-quartets is 2.4 Â to 3.2 Â 

(Figure 2.19).
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Figure 2.19: Top view showing the distances for hydrogen bonds (represented with biack dashed lines) 
for the 5' top quartet (a), middle quartet (b) and 3' bottom quartet (a ) . The twist of the quartets are 
shown relative to each other.

2.4.4 The TATA-quartet

The ligand-thymine coplane and the TATA-quartet plane form a two step transition 

at the interface connecting the 3' face of one quadruplex in the biological unit to the
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5' face of the other quadruplex, resulting in uninterrupted planar stacking between 

the two quadruplexes. The TATA-quartet is formed of nucleotides belonging to both 

quadruplexes as follows:

1. a thymine and an adenine base belonging to the same strand from the 5’ 

face of one quadruplex.

2. an adenine base belonging to the other DNA strand of the same 5' 

quadruplex face.

3. a thymine from the 3’ quadruplex face.

Each thymine and adenine nucleotide forms one reverse Watson-Crick base pair 

(Figure 2.20).

0P1.B

,0P2.A

Figure 2.20: The TATA-quartet showing two reverse Watson-Crick T*A base pairs. Hydrogen bonds 
shown in black dashes and bond distances in Angstroms. Atom names are shown. Nucleotides from 
the same 5' DNA strand are shown in light blue. The adenine from the other DNA strand belonging to 
the same 5' face quadruplex is shown in navy. The thymine belonging to the 3 ' face quadruplex in 
shown in pink.
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2.4.5 Groove types

Grooves can be divided into: wide, medium and narrow. Grooves can be also 

defined according to whether a particular groove is straddled by a loop or not. This 

gives two types of grooves: loop-bound and loop-free. The structure presented here 

contains two loop-bound grooves and two loop-free grooves.

A loop-bound groove describes a groove where a TTA loop connecting a guanine in 

the bottom G-quartet to a guanine in the top G-quartet. A loop-free groove 

describes a groove that does not contain such a loop and thus is open to the 

solvent.

Grooves are medium in size compared to grooves in the anti-parallel structure 

(PDB ID 143D) (Figure 2.21). The groove widths show little variation ranging 

between 9.7 to 10.9 Â (Figure 2.22). Groove width is measured as the shortest

(a) (b)

Medium
Groove

Medium
Groove

Wide
Groove

Medium Medium . Medium
Groove Groove Groove

Narrow
Medium Groove
Groove

Figure 2.21: Comparison of groove widths. The equivalent four grooves in the BRAC019-quadrupiex 
compiex (a) compared to the narrow and wide grooves (b) seen in the anti-parailei quadruplex (PDB ID 
143D (Wang & Patel, 1993)).

distance between backbone phosphate atoms that form the walls of grooves 

(Figure 2.22 and Figure 2.23).

The loop-free grooves are defined by three boundaries: two walls and one floor. Its
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Figure 2.22: Groove types. Loop-free (a) and loop-bound grooves (b). The surface representation 
shows nitrogen atoms forming the floor of the grooves (blue) and backbone phosphate and oxygen 
atoms forming the walls (orange and red respectively). The loop in (b) is clipped for clarity. The groove 
width measurements are shown in dashed lines.

walls are formed of negatively charged DNA backbone (phosphate OP1, 0P2 and 

sugar 04') and its floor of positively charged edges of the G-quartet-forming 

guanine bases (N2, N3 and N7) (Figure 2.22). The loop-bound grooves are defined 

by four boundaries: two walls, a floor and a boundary composed of the straddling 

loop. The straddling loop forms a relatively flexible boundary that caps the groove.
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Figure 2.23: Stereo view of the complex showing the groove widths for ail four grooves.
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2.4.6 The asymmetry of the binding site

The binding site is formed at the 5'-3' dimeric interface of the stacked 5' TATA 

quartet, one BRAC019 molecule plus a thymine base, and the 3' G-quartet 

consecutively (Figure 2.24).

Figure 2.24: A schematic representation of the components of the binding site (grey Idox). Tw o  

quadruplexes (green rectangles) stack 5 ’ to 3', sandwiching one ligand molecule at the interface (yellow 
oblong). The ligand forms a coplane (orange rectangle) with a thymine base (dark blue rectangle), 
which in turn stacks directly onto a S' G-quartet on one side and onto a 5 ’ TATA-quartet on the other.

The ligand is sandwiched asymmetrically between two quadruplexes that are non- 

coaxially stacked and inclined by ca. 30° resulting in the apparent discontinuity of 

the central potassium channel between consecutively stacked quadruplexes and a 

shift in the position of the G-quartet relative to the TATA-quartet at the binding site 

interface.

The effect of this shift is apparent in the differential positioning of the ligand relative 

to the flanking quartets, so as the 3- and 6- substitutions are placed at opposite 

edges of the 3' G-quartet onto which it stacks directly. At the same time, the same 

substitutions are placed towards neighbouring edges of the 5' TATA quartet. As a 

result, overall n-n  stacking of the acridine core of BRACO-19 is onto two guanine
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bases on one side and a reverse Watson-Crick A T base pair on the other.

This also affects the position of the 3-, 6- and 9-substituents in BRAC019 relative to 

the grooves of the two quadruplexes. The terminal 3- and 6-pyrrolidino end hetero 

rings stacking onto the 3' face are placed towards the propeller loops (and their 

loop-bound grooves). At the same time, the 9-substituent is positioned near a loop- 

free groove (Figure 2.25). In contrast, at the 5' face G-quartet, one of the pyrrolidine 

rings is placed near a loop-free groove and the 9-substituent is placed above the 

TATA-quartet. The 9-substituent is at an angle (approximately 48") to the plane of 

the triacridine ring pointing away from the plane of the TATA-quartet (Figure 2.25).

Figure 2.25: The asymmetry of the binding site. The ligand (shown in purple) is stacking onto two 
guanines (green) belonging to the 3 ’ quadruplex face, and onto a T*A (red and blue, respectively) base 
pair on the 5' quadruplex face (bases of the TATA-quartet are shown in transparent yellow surface 
representation). The 3- and 6-substituents point towards a loop-bound groove and a loop-free groove 
straddling two adjacent sides of the TATA-quartet. At the same time, the same substituents point 
towards two loop-bound grooves relative to the 5 ' G-quartet (green).

The full extent of the available binding site “potential binding site”

In order to fully assess the extent of the volume and shape of the binding site, the 

programme DMS, part of the DOCK suite (Moustakas et al., 2006) was used to 

create a negative image of the available binding site and was visualised using
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Chimera version 1.3 (Pettersen et al., 2004).

This showed that the ligand is indeed occupying a volume identified by DOCK as a 

binding site (Figure 2.26). However, it also showed that the ligand can extend 

further into the grooves where binding opportunities are still unexploited. For 

example, the 9-position substituent can extend further into a narrow and deep 

groove. The walls of this groove are formed of the negatively charged DNA 

backbone (in parallel orientation) and the floors of which are made of the edges of 

guanine bases. The presence of a water network molecules in this narrow groove 

emphasises the possibility of exploiting these interactions with the DNA backbone 

using a suitable longer substituent.

Figure 2.26: A volume representation (in grey) showing all three grooves available for additional 
potential binding.

As for the 3- and 6- position substituent, they also reside within the binding site as 

defined by DOCK, however, it also shows that the pyrrolidine groups have reached 

the edge of the potential binding volume and if any more interactions are to be 

probed, it would be in a downward direction into the shallow and wide grooves of 

the loops. This would increase the size of the ligand possibly making it less soluble.
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2.4.7 Overall ligand description

The ligand has a unique orientation for the amido moieties at its 3- and 6- 

substituent positions so as the oxygen atoms belonging to each of the carbonyl 

groups face opposite directions as shown in figures 2.27 and 2.28. This flexibility in 

the side chains capitalises on the hydrogen bonding pattern of donors and 

acceptors in the binding site by accommodating as many of the complementary 

pairs as possible.

Of the eight donor-acceptor substituents in BRAC019, seven participate in 

hydrogen bonding in the binding site and are subdivided as follows (Figure 2.27 and 

Figure 2.28):

1. One direct hydrogen bond connecting the nitrogen in the amide group 

belonging to the 6-position side chain to 04 of the coplanar thymine.

NH

NH NH NH NH

Figure 2.27: Structure of BRAC019. Arrows indicate directionality of hydrogen bonds found in the 
crystal structure reported here.

2. Two indirect (bridged through water) hydrogen bonds connecting BRAG019 

to the coplanar thymine: one connecting the central nitrogen in the acridine 

core to N3 of the thymine base. The other connecting the oxygen of the 

carbonyl moiety in the amide group in the 3-position side chain to 02 of the 

thymine base.

3. One hydrogen bond connecting the nitrogen (N19) in the phenylamino
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moiety at the 9-position substitution to a water molecule. However, the water 

molecules in the immediate neighbouring area are not well resolved.

4. Two hydrogen bonds with each one linking one of the positively charged 

nitrogens in the pyrrolidine rings at the ends of side chains to a network of 

water molecules that extend into the shallow wide grooves of the loops. 

These waters in turn make contact with the negatively charged backbone of

\
Figure 2.28: BRAC019 (in yeilow) and a thymine base from the 3' quadruplex face form a copiane 
interacting through direct (3.0 Â) and water-bridged hydrogen bonds (2.7, 2.9, 3.0 and 3.3 Â) (hydrogen 
bond are represented with dashed black lines). Water molecules are shown as cyan spheres. 
BR AC019 is shown laid onto the 5 ' TATA quartet.

the DNA.

5. One hydrogen bond between the nitrogen of the amide group at the 3- 

position side chain and a network of water molecules that extend into the 

wide shallow groove of the loop ending up contacting the DNA backbone.

The ligand: 3,6,9- substitutions

The positively charged pyrrolidine rings at the ends of the side chains at the 3,6- 

positions and the phenylamino substitution at the 9- position form hydrogen bonds 

with suitable donors/acceptors in the binding site and are as follows:
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1. The 3-position: the pyrrolidine ring is placed so that its positively charged 

nitrogen atom participates through hydrogen bonding in a water network 

that extends above and below into the loop-bound grooves of both

(a)

(b)

(c)

Figure 2.29: Hydrogen-bonding pattern for the 3,6,9-substituents, (a) The aniline moiety at the 9^ 
position is positioned near a groove filled with a network of weii-resoived water molecules, (b+c) The 
nitrogen atoms part of the terminal pyrrolidine rings at the 3"̂  and  6"’ positions participate directly in 
hydrogen bonding with the water network in their respective grooves. Water molecules are shown in 
cyan spheres, carbon in grey, oxygen in red and nitrogen in blue. Surface representation is shown for 
the DNA and colouration reflects nature of atoms.

quadruplexes in the biological unit. The water network bridges the ligand 

through hydrogen bonding to contact the negatively charged backbone of
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the DNA. No direct contact between this substituent and the DNA is 

observed (Figure 2.29 (b)).

2. The 6-position: similar to the 3-position, the pyrrolidine ring at the 9-position 

also is placed so that it participates in a network of waters. However, here 

the water network extends only upwards towards the loop-bound groove of 

one of the quadruplexes i.e. S' face finally contacting the DNA backbone 

(Figure 2.29 (a)).

3. The 9-position: The aniline moiety is almost perpendicular to the acridine 

plane and inclined so as to fit tightly into a binding pocket where it stacks

/  0 5 '

HOH54

3.3 A .

onto the 5' thymine of the neighbouring quadruplex (Figure 2.29 (a)). The 

05' atom of the mentioned thymine hydrogen bonds to a water molecule 

(3.3 Â) that in turn hydrogen bonds (2.8 Â) to the linker nitrogen atom in 

BRAC019 (linking the aniline moiety to the acridine core) (Figure 2.30). This 

water is in-line with the potassium ion channel of the quadruplex and 

separated from it by the TATA-quartet (discussed elsewhere). The nearby 

binding pocket extends further into the quadruplex into a narrow and deep
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loop-free groove. Several well-resolved water molecules are present in the 

hydrophilic part of this groove.

3 ' quadruplex face

BRAC019 stacks directly onto the G-quartet at the 3' quadruplex face. Both of the 

two 3' terminal thymines contribute directly to the binding site, each belonging to 

one of the DNA strands. One thymine extends down and away from the last G- 

quartet plane, effectively stepping down one plane, becoming coplanar with the 

ligand. This is reminiscent of the Oxytricha nova-ligand complex (PDB ID 1L1H). 

The thymine forms one direct hydrogen bond with the nitrogen atom, part of the 

amide bond in the side chain of the ligand, whereas the remaining two bonds are 

bridged through water to the central nitrogen in the acridine ring and to the oxygen 

atom in the carbonyl group belonging to the amide bond in the other long side 

chain.

The second thymine extends further down, effectively taking another step down the 

planes thus taking part in forming the TATA-quartet plane on the 5' face of the 

adjacent quadruplex in the asymmetric unit.

5 ' quadruplex face

This face is formed of the TATA-quartet formed of both quadruplexes in the 

asymmetric unit. As mentioned earlier, one thymine, extending from the former 3' 

face, forms part of the quartet. The remaining ATA comprise the 5' flanking 

nucleotides, one A belonging to one strand and TA to another.

2.4.8 Water structure

An extensive network of water molecules is observed and mostly belong to the first 

shell of hydration. This restriction to the first shell can be attributed to the relatively 

low resolution of the structure i.e. 2.5 Â. The water molecules satisfy different 

functions such as: forming bridging hydrogen bonding interactions between the 

ligand and the DNA, between the long side chains of the ligand (3- and 6- 

substituents) and the DNA backbone and filling the narrow grooves thus shielding
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the negative charge of the atoms of the DNA backbone that forms the walls of the 

grooves.

The structure of the asymmetric unit i.e. one quadruplex bound to one BRAC019 

molecule contains fifty-four fully occupied molecules of water occupying the four 

grooves of the quadruplex; two loop-free grooves and two loop-bound grooves.

The grooves contain a varied number of waters. The two loop-free grooves and the 

groove bounded by the remodelled loop (Figure 2.31) contain a similar number of 

waters (6 to 8 molecules of water each) whereas the groove bound by the 

traditional loop (loop 2 shown on the right in Figure 2.31 ) contains 21 molecules of 

water.

Groove 2 (loop-lree)

Groove bounded by loopi Groove 1 (loop-free)

roove bounded by Ioop2

Figure 2.31: Water content of the grooves of the quadruplex. Groove 2  (loop-free) Is on the far side of 
the quadruplex and Is not visible to the viewer In this view. The remodelled loop (loopi) straddles the 
groove on the left while the traditional loop (loop2) straddles the groove on the right.

In the former group, the waters in groove 1 (loop-free) form mostly direct hydrogen 

bonding contacts with the DNA backbone (03% 0P1, 0P2 and 04') and the edges 

of the guanine bases (N2 and N3) (Figure 2.32). The water molecules in groove 2 

(loop-free) also contact the DNA backbone and guanine bases but also contact 

nearby water molecules (Figure 2.33). The groove bounded by loop 1 (remodelled 

loop) (Figure 2.34) contacts the DNA backbone and the nearby water molecules 

equally and also reveals one water molecule forming a hydrogen bond with the
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Figure 2.32: Water structure in groove 1 (loop-free). The water molecules contact the DNA backbone 
(0P1, 0P 2 , 0 3 ' and 04 ') and the edges of the guanine bases (N3 and N2). Distances for some of the 
hydrogen bonds are shown in Â (dashed black lines). Ligand shown in yellow.

nitrogen atom in the end pyrrolidine ring in the side chain (3.0 Â).

On the other hand, the water network in the groove bound by the traditional loop is 

well-defined and reasonably structured. The groove is comparatively abundant with
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/
♦ HOH 45

—

'S  _
Figure 2.33: Water structure in groove 2  (loop-free). Water moiecuies contact the DNA backbone and 
also form part of locaiised water-water networks near the backbone atoms. The water network is 
limited and lacks definition. Ligand shown in yeilow.

water (21 molecules). The waters are comparable to the ones seen in the structure 

of the native bimolecular quadruplex (PDB ID 1K8P) and contact the DNA 

backbone, the edges of the guanine bases and also form part of an extensive 

hydrogen-bonded network of waters (Figure 2.35).
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^ HOH 42̂  HOH 43

H O H  4 4

HOH 36

Figure 2.34: Water structure In the groove bounded by loop 1. The view Is clipped Into loop 1. A water 
molecule (HO H 41) forms a hydrogen bond (3.0 Â) with the nitrogen atom (N47) In the end pyrrolidine 
ring In BRAC019. Ligand shown In yellow.
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Figure 2.35: Water structure In the groove bounded by loop 2  (traditional loop). The water network Is 
well-defined. Similar to the water structure seen In the native bimolecular quadruplex (PDB ID 1K8P) 
(Parkinson et al., 2003), a relatively extensive hydrogen-bonded network of water molecules Is 
observed. Ligand shown In yellow.
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2.5 Discussion

We have shown here a G-quadruplex binding trisubstituted acridine ligand 

BRAC019 fitting into a binding pocket at the interface between two 5' to 3' stacking 

quadruplexes. The pocket is formed of a S' G-quartet, a 5' TATA-quartet, a coplanar 

thymine and a stacking thymine. The ligand is held in place by a combination of 

steric effects, hydrogen bonds and n-n  stacking interactions.

The structure revealed that the hydrophobic 9-substituent aniline group plays a 

major role in ligand binding by fitting tightly into a narrow hydrophobic pocket 

whereas the 3- and 6- position flexible side chains extend towards the loops 

participating in a water network contacting the DNA backbone. This explained the 

key role of the 9-position aniline substituent in increasing quadruplex affinity by 10 

folds. It also provided a rationale for quadruplex binding behaviour of BRAC019 

analogues where increasing the length of the 3,6- side chains by -(CHa)- groups 

results in progressive decrease of quadruplex binding for example: the binding 

constant is 3.1 x 10̂  M'̂  for BRAC019 and it is 6 x 10® M’  ̂for BRAC019 + 3 [- 

(CHa)-] (Moore et al., 2006). In contrast, extending the 9-anilino group into a - 

(C=0)-(CHa)3-pyrrolidino moiety increases the binding constant to 7.7 x 10̂  M '\ The 

3- and 6- side chains in BRAC019 extend just enough to place the positively 

charged nitrogen in the pyrrolidine group in a position to participate in local water 

networks contacting the DNA backbone. Increasing the length of the side chains 

further would put this nitrogen out of reach of the water network abolishing these 

contacts. Additionally, it would place hydrophobic alkyl moieties in the middle of a 

water network which can result in disturbing the established structural stability.

The tight fit of the ligand into the binding site is a result of a combination of factors. 

The quadruplexes' shift, tilt and roll relative to each other create an opening where 

the ligand fits, bounded by 5' and 3' flanking thymine and adenine nucleotides that 

flip into the binding site, thus holding the ligand tightly in place. Due to the the 5' to 

3' stacking of the G-quadruplexes in this structure, the flanking nucleotides may 

belong to a loop connecting the two quadruplexes. Indeed, an in silico molecular
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modelling study showed that such a loop, formed of the sequence TTA, can equally 

contribute to the binding site, thus stabilising the ligand, without affecting the 

integrity of the tandem repeats of quadruplexes (Haider & Neidle, 2009).

The complementarity between BRAC019 and its binding site is such that the 

pattern of hydrogen bond donors and acceptors in the ligand complements that of 

the binding site, thus enabling seven out of eight potential hydrogen bonds to be 

formed by the ligand with the quadruplexes or structural waters.

Furthermore, one of the side chains of the ligand BRAC019 is rotated by 180° so 

as the carbonyl oxygen (part of the amide bond) points in the opposite direction to 

its equivalent in the other side chain. This allows the nitrogen in the amide bond to 

form a direct hydrogen bond with the coplanar thymine whilst the carbonyl oxygen 

in the other amide bond forms a water-bridged hydrogen contact with the same 

thymine. Structures of complexes formed between the anti-parallel bimolecular 

quadruplex of the Oxytricha nova telomeric sequence and a series of closely 

related disubstituted acridines showed both of the the carbonyl oxygen atoms 

pointing in the same direction.

The demonstrated flexibility of the “receptor” (G-quadruplex) and “ligand” 

(BRAC019) to fit in a tight manner is reminiscent of the induced-fit concept 

encountered in protein targeting (Valente et al., 2006; Johnson, 2008). DNA- 

induced fit also occurs in the case of DNA-ligand binding, albeit it has been shown 

for duplex DNA. For example, intercalation of ligands in between base pair steps in 

duplex DNA is attributed to induced-fit between the ligand and the DNA (Todd et al., 

1999).

The structure also shows that the features of human telomeric crystal structures 

remain conserved i.e. parallel-stranded quadruplex with propeller loops even 

though the drop conditions contained both sodium and potassium ions, whereas 

conformation seems to be ion sensitive in NMR studies (discussed elsewhere). It 

also demonstrates the flexibility of the loops as is evident by their remodelling to 

accommodate novel favourable crystal packing interactions or ligand interactions 

which is in accord with previous observations (Parkinson et al., 2008; Parkinson et
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al., 2002; Parkinson et al., 2007).

These results suggest that 9-substituent may be a good choice for optimisation to 

capitalise on contacts in the loop-free narrow deep groove. The water network in 

this groove is finite, the groove is tube-like with walls and floors that are fixed in 

their shape and charge pattern (compared to the loop-bound grooves) -  

reminiscent of the minor groove of duplex DNA. The latter is successfully targetted 

with ligands (Cai et al., 2009). In contrast, the loop-bound grooves are shallow and 

wide containing an extended and seemingly non-directional water network. 

Traditionally, a network of structural waters provides information regarding the 

pattern of hydrogen bond donors and acceptors within a binding site, which can be 

successfully mimicked by a complementary ligand. In the case of quadruplex 

structures with regards to targeting the loop-bound grooves, practical accessibility 

to interactions with the loop bases may be elusive due to the shallow and wide 

character of the grooves, the flexibility of the loops and the large extended water 

network present. All of this creates a binding site with constantly varying 

dimensions. Furthermore, the water network is widely extended and designing a 

ligand that capitalises on the correct hydrogen bonding pattern may be challenging. 

On the other hand it may be possible to design ligands that interact with the loops 

in an induced-fit manner where the flexibility of the loop-bound groove may result in 

favourable outcome.

This structure adds a new level of complexity in targeting G-quadruplex structures 

with small molecules. Previously, the binding site was simply represented by a G- 

quartet platform available for stacking interactions with a complementary 

chromophore in the ligand. The side chains of the ligand were envisaged to extend 

and/or interact with the backbone of the DNA of the loops. Now, it seems that the 

binding of ligands to quadruplex structures encompasses a fully defined tightly 

bounded binding site, the formation of which is dependent on the conformational 

flexibility on part of both the ligand and the G-quadruplex i.e. loops, to produce the 

required complementarity for tight ligand fit. However, these results may be ligand 

specific and thus it may not be possible to draw general conclusions or a set of 

rules for quadruplex-ligand binding, especially, in the absence of structural data
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regarding tandem repeats of quadruplexes.

2.6 Conclusion

The complementarity in shape and pattern of hydrogen-bond donors and acceptors 

between BRAC019 and the binding site causing the ligand to fit snuggly explains 

the experimental results and QSAR (Quantitative Structure Activity Relationship) 

data which thus far had been lacking. However, some of the binding features may 

be acridine specific e.g. the coplanar thymine and exact hydrogen bonding pattern, 

or sequence specific e.g. the formation of the TATA-quartet is flanking sequence 

dependent. At the same time, it is showing a continuous stack of quadruplexes with 

a ligand molecule bound at the interface. This indicates the possibility of a similar 

arrangement for longer sequences of DNA which are capable of forming tandem 

repeats of telomeric quadruplexes. The latter reflects the physiological conditions 

as the length (i.e. number of repeats of guanine runs) of the single-stranded G-rich 

telomeric sequence can easily accommodate several quadruplexes in tandem. This 

is especially informative since these structures are currently elusive to both X-ray 

and NMR techniques. It also displays the flexibility of the target to accommodate 

suitable ligands e.g. the coplanar thymine is a recurrent feature in the di- and tri

substituted acridines in complex with anti-parallel and parallel-stranded 

quadruplexes (Haider et al., 2003; Campbell et al., 2008) whereas it is absent in 

porphyrin and diimide containing complexes (Parkinson et al., 2007; Parkinson et 

al., 2008). In the former, the coplanar thymine extends the ligand plane to match the 

dimensions of the G-quartet whilst in the latter the ligand is large enough to do this 

sufficiently.

Overall, this structure demonstrates the 3-dimensional flexibility of the quadruplex 

and the potential of an induced fit scenario in quadruplex-ligand binding. However, 

access to structures of tandem repeats of quadruplexes is crucial to realistically 

evaluate this possibility. Structural data for multi tandem repeats of quadruplexes is 

yet to become available. The crystal structure also shows that none of the grooves 

are fully probed, this is true for the acridine family and most likely for other
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quadruplex binding agents. This means that, at least in principle, it is possible to 

selectively target a specific quadruplex over other quadruplexes through the design 

of ligands with up to four substituents, each designed to fit into a groove. However, 

the flexible nature of the loop-bound grooves combined with the chemical 

complexity involved in the design and synthesis of large aromatic multi substituted 

ligands, whilst maintaining drug-like characteristics e.g. solubility, is a challenging 

prospect.
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3 X-RAY STUDIES OF A SERIES OF SIX DISUBSTITUTED

ACRIDINE LIGANDS COMPLEXED WITH THE OXYTRICHA NOVA 

TELOMERIC QUADRUPLEX

3.1 Background

The family of 3,6-disubstitutecl acridine derivatives are G-quadruplex targeting 

agents, that were rationally designed as telomerase inhibitors, on the basis that 

inhibition of telomerase occurs by stabilising G-quadruplex structure formation in 

the single-stranded telomeric ends of chromosomes. The most potent inhibitors 

have an I C 50 against telomerase activity of between 1.3 and 8  jiM with comparable 

binding for duplex and quadruplex DNA (Read et al., 1999; Read et al., 2001 ; 

Harrison et al., 1999).

History

An amidoalkyl-functionalised anthracene-9,10-dione (also known as 9,10- 

anthraquinone) was shown, using NMR studies, to stabilise quadruplex structures 

against thermal dénaturation (Sun et al., 1997). This compound belonged to a 

family of ligands which were originally studied as duplex DNA-interactive agents 

(Agbandje et al., 1992; Collier & Neidle, 1988), with preferential binding to triplex 

DNA (Keppler et al., 1999). A series of disubstituted regioisomeric derivatives 

showed activity against telomerase between 1.3 to 17.3 pM (Perry et al., 1998; 

Perry et al., 1998). Fluorenone derivatives showed reduced activity of 8 to 12 jxM 

with decreased cellular activity, which was attributed through computational 

molecular modelling studies to the effect produced by the five-membered central 

ring which rendered the core crescent-shaped (Perry et al., 1999). Further 

molecular modelling investigations predicted that a tricyclic acridine chromophore
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would be comparable to the anthraquinone core (Read et al., 1999). Additionally, 

the nitrogen atom in the central ring, which when protonated, would increase 

electron deficiency through the core, and thus enhance %-n stacking interactions 

with the G-quartets in quadruplex structures (Harrison et al., 1999). Indeed, a series 

of 3,6-disubstituted acridine derivatives were synthesized and showed activity 

against telomerase between 1.3 and 8 pM, equivalent to their cytotoxicity in ovarian 

cancer cell lines (Harrison et al., 1999). These studies suggested that the acridine 

derivatives were suitable leads as G-quadruplex binding ligands based on a di

substituted (and chemically accessible) acridine core.

The crystal structure of the native form of the bimolecular quadruplex formed by the 

Oxytricha nova telomeric sequence d[GGGGTTTTGGGG] was reported in 2002 

(PDB IDs 1JPQ and URN (Haider et al., 2002)) and in complex with a 3,6- 

disubstituted acridine BSU6039 in 2003 (PDB ID 1 LI H (Haider et al., 2003)). The

(a) (b)

Figure 3.1: Structures of the native and iigand-bound bimolecular Oxytricha nova quadruplexes. In the 
native structure (PDB ID 1JPQ (Haider et ai., 2002)), the diagonal loop adopts a closed conformation 
(a) in contrast to the open conformation (b) in the iigand-bound form (PDB ID 1 L IH  (Haider et al., 
2003)). Thymine and guanine nucleotides are shown schematically with the backbone shown in ribbon 
representation, the nucleic acid bases in slab form and the central potassium ions in purple spheres. 
(Thymine = blue, guanine = green and ligand^yellow).
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anti-parallel quadruplex contained two diagonal TTTT (T4) loops, each loop 

Straddling the end G-quartet externally at opposite ends of the G-quartet stack. In 

the native form, the two loops were identical in conformation, with the thymine 

bases held in place via hydrogen bond interactions, stacking interactions and 

coordination to a potassium ion that formed part of the continuous central 

potassium ion channel. The structure of the complex revealed an identical 

quadruplex with one ligand molecule bound to one of the diagonal loops. The ligand 

disrupted the closed conformation of the diagonal loop by displacing two thymine 

bases and ejecting the coordinated potassium ion within. BSU6039 formed a 

coplane with one thymine base belonging to the loop, and the coplane stacked in 

turn onto the end G-quartet (Figure 3.1). This was the first crystal structure of a 

quadruplex-ligand complex and it revealed the stacking binding mode of ligands to 

quadruplex structures. Furthermore, it showed the flexibility of the loops and also 

indicated their active role in enabling ligand binding, seen in the contribution of 

loops in forming the binding site itself and direct stabilising interactions with the 

ligand i.e. coplane formation via two hydrogen bonds (shown in (a) in Figure 3.2).

Loop flexibility was also observed in the propeller loops in human telomeric 

bimolecular and unimolecular ligand-quadruplex complexes; with porphyrin (PDB ID 

2HRI (Parkinson et al., 2007)) and two naphthalene diimide complexes (PDB IDs 

3CC0 and 3CDM (Parkinson et al., 2008)). These structures revealed flexible loops 

amenable to remodelling to enable favourable novel crystal packing interactions 

and ligand binding. Additionally, the complex formed between the bimolecular 

human telomeric quadruplex and the trisubstituted acridine BRAC019 (PDB ID 

3CE5 (Campbell et al., 2008)) revealed a coplane comprising a thymine nucleotide 

and the ligand, reminiscent of the structure of the complex formed between the 

telomeric quadruplex of Oxytricha nova and the disubstituted acridine BSU6039, 

albeit via three hydrogen bonds, two of which were bridged through water (Figure 

3.2). In this instance, the thymine was a flanking nucleotide which could, due to the 

5' to 3' stacking of the quadruplexes in the structure, belong to loop nucleotides in a 

multi-quadruplex (in tandem) arrangement. Indeed, a molecular modelling study 

showed that the nucleotides belonging to the loop used to connect the two stacked
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(a)

2.7 A

(b)

<T
Figure 3.2: A coplane is formed between a thymine base and the ligand, (a) BSU6039 in complex with 
the Oxytricha nova telomeric quadruplex, (b) BRAC019 in complex with the human telomeric 
quadruplex. Hydrogen bond distances are represented in dashed black lines. Carbons in the ligands 
are in yellow and in the DNA in white. Nitrogen = blue, oxygen = red and phosphorus = orange. Waters 
are shown as cyan spheres.

quadruplexes was flexible to flip into the binding site and interact with the ligand and 

within a stable quadruplex multimer (Haider & Neidle, 2009). Additionally, 

experimental data showed loop nucleotides flipping into a stacking position onto the 

end G-quartets in the porphyrin-quadruplex complex (PDB ID 2HRI (Parkinson et 

al., 2007)).

In summary, all quadruplex-ligand complexes reported to date showed evidence of
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N9 9.6
N9

9.6 Â

9.7 A

N9
9.7 A

Figure 3.3: Dimensions of a G-quartet. A square represents the distances t>etween the N9 atoms of 
adjacent guanine bases in a G-quartet piane.

loop remodelling, whether to accommodate a ligand (either by direct binding or by 

flipping onto end G-quartets) or simply to enable novel crystal packing interactions.

Finally, the formation of a coplane is seen in instances where the ligand has a 

surface area that is too small to fully take advantage of the available stacking 

interactions with the relatively large G-quartet surface (surface area of the guanine 

bases in a G-quartet in the parallel human telomeric quadruplex is equivalent to a 

square with a side length of approximately 9.7 A (Figure 3.3)). Such is the case in 

the human telomeric BRAC019-quadruplex complex (PDB ID 3CE5 (Campbell et 

al., 2008) and in the Oxytricha nova telomeric BSU6039-quadruplex complex (PDB 

ID 1L1H (Flaider et al., 2003)). With larger ligands such as porphyrin and the 

naphthalene diimides (Parkinson et al., 2007; Parkinson et al., 2008), a similar 

arrangement is simply not necessary as these ligand are sufficiently large to 

interact fully with the G-quartet without contribution from the loop bases.
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Aim

The aim of this work is to use X-ray crystallographic structural studies to gain 

further insights into the detailed structural aspects of interaction between a series of

\©
N H -

/

N H -

Figure 3.4: Disubstituted acridine series. UBSU6038, 2=BSU6042, 3=BSU6045, 4=BSU6048, 
5=BSU6054, 6=BSU6066 and 7=BSU6039.

modified disubstituted acridines (Figure 3.4) - to which the ligand BSU6039 belongs 

(compound 7) - and the anti-parallel bimolecular quadruplex formed by the 

telomeric sequence of Oxytricha nova, with the view of developing a qualitative 

structure activity relationship between the various complexes and the activity of the 

bound ligands against telomerase.
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3.2 Materials and methods

3.2.1 Crystallisation

Oligonucleotide synthesis, purification and annealing

The Eurogentec RP (reverse phase)-cartridge-purified Oxytricha nova telomeric 

deoxyribo-oligonucleotide sequence d[GGGGi I i IGGGG] was purchased from 

Eurogentec Ltd and used without further purification. The oligonucleotide was 

annealed at 3 mM (quadruplex concentration where one quadruplex is formed of 

two strands of DNA) before use by incubation in a heating block at 90°0 for 15 

minutes in 20 mM potassium cacodylate buffer at pH 6.5 and 50 mM potassium 

chloride and left to cool gradually to room temperature overnight.

Syntheses and purification of ligands in the study

The ligands were synthesized in-house by Anthony Reszka, in the laboratory of the 

Biomolecular Structure Group at the School of Pharmacy, University of London, 

using previously published procedures (Harrison et al., 1999).

A total of six ligands in the series were used. The hydrochloride salt of five of the 

ligands was used. The free base of compound 1 (Figure 3.4) was used.

A 20 mM stock solution was prepared in 1 0 0 % DMSO (dimethyl sulfoxide) and kept 

at -20°. Immediately prior to setting up the experiment, the ligand was thawed and 

the required amount added to the DNA.

Complex preparation

Immediately prior to setting up the crystallisation experiment, the complex was 

prepared by adding ligand solution to the annealed quadruplex solution to make a 

solution of the complex at ImM quadruplex and 2mM ligand. The Reagent solution 

was then added to the complex to produce the initial crystallisation conditions.
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3.2.2 Crystallisation conditions

The hanging-drop vapour-diffusion method was used to crystallise all complexes. 

The 24-well VDX plates (Hampton Research Corporation) and 22 mm circular 

siliconised glass cover slips (Hampton Research Corporation) were used in the 

setup.

Initial crystallisation conditions in the 2 pi drop were: 0.25 mM DNA, 0.5 mM ligand, 

40 mM KCI, 5 mM MgCIa, 4.1 mM spermine and 5% v/v 2-methyl-2,4-pentanediol 

(MPD). This was equilibrated against 600 pi of 35% (v/v) MPD. The DNA:ligand 

ratio was 1 :2 .

Crystals grew as yellow cubic blocks after 1 week at 12®C. The dimensions of a 

typical crystal were approximately 0.3 x 0.3 x 0.2 mm.

Mounting the crystal

The crystals of the complexes were flash-frozen using glycerol cryoprotectant and 

were maintained at 105 K in a dry nitrogen stream using an Oxford Cryosystem 

(Oxford Cryosystems Ltd.).

3.2.3 Data collection and processing

X-ray diffraction data were collected on an in-house Rigaku R-AXIS IV image plate 

detector at wavelength 1.54 Â (CuKa radiation) emitted from a Rigaku RU200 

rotating anode generator (100 mA, 50 kV) focussed by an Osmic focussing mirror 

system (Rigaku/MSC).

Indexing and data processing were carried out using the d*TREK part of the 

CrystalClear 1.3.6 software package (Rigaku Corporation© 1997-2002) by Gary 

Parkinson in this group.

X-ray diffraction data for the crystal of the complex formed with the ligand BSU6066

i.e. compound 6  (Figure 3.4) were collected at the laboratories of Oxford Diffraction 

Ltd. in Oxford, England, using the Xcalibur Nova system. An Oxford Diffraction 

Onyx CCD detector was used and the wavelength 1.54056 Â (CuKa radiation)
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emitted from an Oxford Diffraction Nova Enhanced Ultra X-ray source (100 mA, 50 

kV). This X-ray source incorporates a micro-focus sealed tube integrated with high 

performance multi-layer optic. A diffraction image for this complex is shown (Figure

3.5).

3.2.4 Structure Solution and verification

The program Phaser (McCoy et al., 2007) part of CCP4 (Collaborative 

Computational Project, 1994) package programme suite was used to solve the 

structures by molecular replacement (MR). The structure of the isomorphous 

Oxytricha nova telomeric quadruplex in complex with a closely related disubstituted 

acridine BSU6039 (PDB ID 1L1H (Haider et al., 2003)) was used as a search 

model after it was first stripped of the ligand, ions and waters. Phaser (McCoy et al., 

2007) was run with the default settings.

One solution was produced for all complexes formed in the smaller unit cell (space 

group P2i2i2) and for example the scores for the complex formed with the ligand 

BSU6042 were: RFZ=7.3, TFZ=20 and LLG=680. The solution produced a model 

that agrees with the previously reported structures for the native quadruplex (PDB 

IDs 1 JPG and URN (Haider et al., 2002)) and in the complex with BSU6039 (PDB 

ID 1 LI H (Haider et al., 2003)). The unit cell and space group (P2i2i2) were 

identical in the complexes to the previously reported complex (PDB ID 1L1H). The 

asymmetric unit contained one ligand bound in one of the diagonal loops in the 

quadruplex. The unit cell dimensions and angles for each complex are tabulated 

(Table 3.1).

Similarly, PHASER produced one solution for the the complex formed with the 

ligand BSU6042 in the large unit cell (space group P2i2i2i) and the scores were: 

RFZ=6.0, TFZ=34.7 and LLG=1010.The asymmetric unit contained two 

quadruplexes each bound to one ligand.
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Figure 3.5: Diffraction image for the crystal of the complex formed with ligand BSU6066.

Solution verification

The solution was verified by checking the following in accordance with guidelines in 

Eleanor Dodson's paper (Dodson, 2008):

1 . that the model makes chemical sense:

The electron density maps were calculated using Refmac version 5.2.0019 

(Murshudov et al., 1997) and visual inspection with Coot version 0.5 (Emsley 

& Cowtan, 2004) confirmed a. the correct position of the quartet-forming 

guanines b. position and direction of the diagonal T4 loops c. that no clashes
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were present between symmetry copies and d. the presence of potassium 

ions in the central quadruplex channel.

2 . that the model can be refined confirming that the solution generates 

amplitudes which agree with the observed ones:

This is shown by by the refinement of the initial R. _ and R. values from
^  ^  factor free

the initial range of values of [33.9% - 26.3%] and [39.6% - 29.2%] 

(R,^ )̂, to the final range of values of [23.7% -19.7%] (R,ĝ Ĵ and [31.4% - 

24.5%] (R ,J  (Table 3.1).

Table 3.1: and R ^  decrease as model fitting progresses from the initial stage of structure solution
(only DNA) to the final fitted model (DNA, ligand and waters).

PDB ID Ligand

Initial Final

3EM2 BSU6038 28.1 30.6 20.7 29.3

3EQW BSU6042-small 33.9 39.6 22.6 31.4

3EUI BSU6042-large 31.6 35.2 23.7 28.5

3ERU BSU6045 25.1 27.9 20.1 24.9

3ES0 BSU6048 26.3 29.2 19.7 24.5

3ET8 BSU6054 26.6 32.0 21.1 27.7

3EUM BSU6066 26.4 32.9 22.4 27.0

3. if the electron density maps show features that are not part of the model:

This is verified by the appearance of a volume of electron density identical to 

the corresponding disubstituted acridine ligand in shape and size, and 

similarly for the ions in the central quadruplex channel. Additionally, with 

regards to the BSU6042-quadruplex complex in space group P2i2i2i i.e. in 

the larger unit cell, a volume of electron density revealed a new position for 

the last thymine in the ligand-bound T4 loop. In its new environment, this 

thymine is contacting the edges of a guanine base in another quadruplex via 

two hydrogen bonds (shown in (b) in Figure 3.12). This is in contrast to the 

equivalent thymine in the P2i2i2 space group which does not contact DNA 

atoms. In the new space group i.e. P2i2i2,, this thymine is flipped into a new
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position enabling the formation of novel direct crystal packing interactions.

3.2.5 Model building and structure refinement

Overall

Cycles of model building using Coot version 0.5 (Emsley & Cowtan, 2004) and 

structure refinement using Refmac version 5.2.0019 (Murshudov et al., 1997) were 

carried out. As in chapter 2, the standard nucleic acid dictionary in refmac was 

used (Vagin et al., 2004; Saenger, 1983; Taylor & Kennard, 1982).

Four potassium ions were visible in the electron density map and were fitted into 

the central channel in the quadruplex. The structure of the complex formed 

between the quadruplex and BSU6042 in space group P2i2i2i showed the last 

thymine in the ligand-containing loop to flip back into a new position and was 

refitted (discussed elsewhere). Also, the first thymine in the complex formed with 

the ligand BSU6066 flipped into a new position and was refitted.

For each ligand, the maps revealed a significant electron density volume present in 

only one of the T4 loops and stacking onto the top G-quartet. The volume matched 

the shape and volume of its corresponding ligand and was subsequently fitted. One 

ligand was bound to one quadruplex in all instances.

Water molecules were initially placed automatically with the Find Waters facility in 

Coot version 0.5 (Emsley & Cowtan, 2004) using the default sigma cut-off of 2.5. 

The 2Fo-Fc and Fo-Fc maps were generated and inspected visually to accept, delete 

or add water molecules. The added water molecules were examined and accepted 

according to the following criteria: density of spherical shape, water-sized, present 

no clashes with neighbouring atoms, form hydrogen-bonding interactions with 

suitable donor/acceptor neighbouring atoms and standard distance and geometry. 

The rejected water molecules were deleted. This cycle of building new water 

molecules and refinement followed by rejecting failed waters was repeated until no 

water molecules could be added.
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P 2 i2 i2 i

Flipped thymine In this space group, the position of the last thymine in the ligand 

containing loop was ambiguous i.e. it did not fit into the 2Fo-Fc density compared to 

the rest of the structure at the same sigma level. The Fo-Fc map confirmed the 

presence of a volume similar in shape and size to a thymine flipped into a new 

conformation. This thymine nucleotide was omitted and an omit map was 

calculated. The thymine was fitted into the omit map.

Fitting the iigand When examining any remaining unmodelled density in the maps, 

significant density for a third ligand molecule was observed. This volume of electron 

density was similar in shape and volume to a spermine molecule and was 

subsequently fitted.

3.2.6 Deposition in the Protein Data Bank Database

The structures solved in this work were deposited in the Protein Data Bank 

Database on with PDB IDs 3EM2, 3EQW, 3EUI, 3ERU, 3ES0, 3ET8 and 3EUM. 

(corresponding ligands are listed in table 3.2).

3.3 Experimental results

A total of six ligands were co-crystallised with the Oxytricha nova telomeric DNA 

sequence d[GGGGI i I IGGGG] forming a bimolecular quadruplex structure that is 

isomorphous with the native structure (PDB IDs 1JPQ and URN (Haider et al.,

2002)) and the previously reported complex with compound 7 (Figure 3.4). All the 

complexes crystallised in space group P2i2i2, (PDB ID 1L1H (Haider et al., 2003)). 

A second form of crystals were obtained with compound 2 (Figure 3.4). These 

contained two independent quadruplex complexes in the asymmetric unit. These 

two complexes are closely similar to the other complexes.

3.3.1 Quality of the models

The agreement of the models with the experimental crystallographic data is shown
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by the low crystallographic and values (Table 3.2).

Table 3.2: Crystallographic data

1 2a 2b 3 4 5 6
PDB ID 3EM2 3EQW 3EUI 3ERU 3ES0 3ET8 3EUM

Ligand BSU6038 BSU6042 
- small

BSU6042 
- large

BSU6045 BSU6048 BSU6054 BSU6066

Data collection
Total number of 
reflections collected

13302 16162 24705 17542 13641 9322 12155

Number of unique 
reflections

3093 3454 5854 4422 3549 2602 5372

Space Group P2,2,2 P2,2,2 P2,2,2, P2,2,2 P2,2,2 P2,2,2 P2,2,2
Ceil dimensions: a, b 
and c (A)

55.23
42.71
26.84

55.28
42.73
26.62

55.356
42.542
48.636

55.22
42.63
26.85

55.53
42.46
27.30

55.40
42.59
27.14

55.62
42.31
27.08

Angle (degrees)
a 90 90 90 90 90 90 90

P 90 90 90 90 90 90 90

y 90 90 90 90 90 90 90
Maximum resolution (A) 2.09 1.73 2.09 1.92 2.00 2.45 1.78
Rmero* 0.057 0.092 0.087 0.059 0.041 0.084 0.079
l/ol 6.5 9.5 7.1 12.1 15.1 8.3 15.6
Completeness (%) 96.3 79.7 92.8 90.0 99.8 99.7 81.7
Redundancy 3.71 3.31 3.61 3.77 2.91 3.58 2.3

Refinement
Resolution range used 
in refinement (A)

27.62 - 
2.30

22.59 - 
2.20

27.68 - 2.20 22.72 - 
2.00

24.50-
2.20

27.15-
2.45

24.35 -1.78

Number of unique 
reflections used in 
refinement

3000 3454 5575 4215 3549 2471 5106

Completeness (%) 97.0 99.6 94.5 95.7 99.6 99.4 81.9
20.3 22.2 23.4 19.9 19.5 20.7 22.2

29.3 31.4 28.5 24.9 24.5 27.7 27.0

Number of G  
quadruplexes per 
asymmetric unit

1 1 2 1 1 1 1

Number of ligands per 
asymmetric unit

1 1 2 1 1 1 1

Number of asymmetric 
units per unit cell

4 4 4 4 4 4 4

Number of atoms
DNA 506 506 1012 506 506 506 506

Ligand 36
n/a

40
n/a

80
14

42
n/a

38
n/a

38
n/a

38
n/a

Potassium Ions 4 4 8 4 4 4 4
Water 64 66 162 71 56 51 52
Average B-factor values ( /I')
DNA 16.11 11.72 18.73 16.06 9.86 15.58 15.04
G-quartets 15.43 11.20 17.66 15.56 9.26 14.27 13.73
Loops 17.59 12.85 21,04 17.60 11.16 18.43 17.86
Ligand
Spermine

18.02
n/a

17.19
n/a

24.08
29.70

18.73
n/a

10.52
n/a

17.27
n/a

16.68
n/a

Ions - Potassium 18.07 14.11 18.84 15.11 10.94 22.58 13.02
water 23.13 19.16 31.23 27.02 21.11 25.71 31.40

Average B-factor values for the DNA, G-quartet, loops, ligand, ions and water are 

listed (Table 3.2). As expected, B-factor values for the G-quartets are lower than 

those for the loops indicating their static nature and the loops' dynamic nature.
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For all the models, the electron density map (2Fo-Fc) is continuous and contains the 

model in its entirety and no unexplained electron density is observed. For example, 

the electron density maps are shown for the complex formed with the ligand 

BSU6048 and BSU6042 in space groups P2i2i2 and P2 i2 i2 i, respectively (Figure

3.6).

(a)

(b)

Figure 3.6: Electron density maps shown at 1.5 sigma, (a) The complex formed with ligand BSU6048. 
(b) The complex formed with ligand BSU6042 in the P2,2i2, space group.

Also, individual ligands are shown fitted into the corresponding omit maps at 1.5 

sigma (Figure 3.7).
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BSU6038

-..rxn.,..-

BSU6042 - P2^2,2, (quadruplex 1)

BSU6045

o *

BSU6042 - P2^2^2

... n n n ,

BSU6042 - P2^2^2Jquadrupl0X 2)

« •

BSU6048

... nnn -
o

BSU6066BSU6054

Figure 3.7: The ligands are shown fitted into the omit electron density map (at 1.5 a). Immediate 
hydrogen bond contacts to thymine and water molecules are identical (shown in black dashes).

All of the atoms in the structures are fully occupied. In the P2i2i2i space group, the 

DNA is described by a total of 506 atoms, the ligand by 36 to 42 atoms depending 

on the ligand used, 4 potassium ions and 51 to 71 molecules of water depending on

134



X-RAY STUDIES OF A SERIES OF SIX DISUBSTITUTED ACRIDINE LIGANDS COMPLEXED WITH THE
___________________________________________ OXYTRICHA NOVA TELOMERIC QUADRUPLEX - CHAPTER 3

Structure. In the P2i2i2 space group, the DNA is described by a total of 1012 atoms, 

the two molecules of acridine ligand by 80 atoms, one molecule of spermine 

containing 14 atoms, 8  potassium ions and 162 molecules of water.

3.3.2 Crystal forms

All six ligands in the series formed complexes that crystallised in the same space 

group (P2i2i2) in accordance with previous observations for the complex (PDB ID 

1 LI H (Haider et al., 2003).

Additionally, ligand BSU6042 (compound 2 in Figure 3.4) crystallised in a novel 

space group (P2i2,2i).

3.3.3 Overall structure description

Each asymmetric unit was formed of one quadruplex bound to one ligand present in 

one of the T4 loops. The quadruplex was bimolecular, formed of a dimer of the 

sequence d[GGGGI I 1 iGGGG] and has anti-parallel conformation. The four 

thymine nucleotides formed a diagonal loop at either end of the quadruplex 

connecting two opposite guanine nucleotides in the G-quartet arrangement in a way 

so that it straddled the end G-quartet.

The complexes crystallised in two space groups P2i2i2 and P2i2i2i.

In the P2i2i2 space group, the complex was formed of one ligand bound in the T4 

loop of the quadruplex. The other T4 loop remained ligand-free (Figure 3.8). Both of 

the T4 loops were diagonal. The asymmetric unit was formed of one complex with 

four asymmetric units in the unit cell.

In the P2i2i2i space group, the ligand BSU6042 was bound in an identical manner 

to the P2i2i2 space group. Here, two copies of the complex were found in the 

asymmetric unit. The unit cell contained four asymmetric units i.e. 8  complexes.
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Figure 3.8: Stereo view of the complex formed between the Oxytricha nova telomeric quadruplex and 
the disubstituted ligand BSU6038. Space group is P2i2,2. Carbon atoms are shown in yellow in the 
ligand and in white in the DNA. Potassium ions and waters are shown in magenta and cyan spheres, 
respectively. Same colour scheme is used for the figures in this chapter unless stated otherwise.

Figure 3.9: Stereo view of the complex formed t>etween the bimolecular anti-parallel quadruplex 
formed by the telomeric sequence of Oxytricha nova and the disubstituted ligand BSU6042. Space 
group is P2,2,2i. Carbon atoms in spermine are shown in green.
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Additionally, the structure revealed one molecule of spermine - present in the 

crystallising solution - straddling the two complexes externally (Figure 3.9). This 

molecule of spermine was not seen in the other crystal form even though it was 

present in the crystallising conditions.

Crystal packing 

P2,2,2

Three types of crystal packing interactions are observed in the P2i2i2 space group 

(Figure 3.10) and are in accordance with previous observations for the complex 

(PDB ID 1 LI H (Haider et al., 2003)):

1. The first thymine in the ligand-bound loop flips out and away from the G- 

quartet so as it becomes perpendicular to it and forms n-% stacking 

interactions with a thymine from a symmetry related quadruplex (shown 

in (a) in Figure 3.10). However, the same thymine in the complex with 

BSU6066 forms two hydrogen bonds (3.0 and 3.1 Â) with the edges of a 

guanine base in another quadruplex (shown in (b) in Figure 3.10).

The last thymine in the ligand-bound loop does not contact a symmetry 

related quadruplex.

2. The ligand-free loop (Figure 3.11): both of the second and fourth thymine 

nucleotides contribute to crystal packing arrangement by forming T-T 

base pairs with the fourth and second thymine nucleotides, respectively, 

belonging to the equivalent loop in a symmetry related quadruplex. Each 

base pair contains one hydrogen bond (2.7 Â shown in (c) in Figure 

3.10) between the 04 atom of one thymine and the N3 atom of the other. 

This arrangement is observed in both of the native forms PDB ID 1 JPG 

and URN (Haider et al., 2002), and in the ligand-free loop of the 

complexes' structures, including the complex with BSU6039 (PDB ID

1 LI H (Haider et al., 2003)).

3. The ligand itself forms a hydrogen-bond (2.7 Â) with an oxygen atom
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belonging to the DNA backbone of a symmetry related quadruplex 

{shown in (d) in Figure 3.10).

(b)

D-.
2.7  A \

Figure 3.10: Crystal packing interactions in P2i2,2space group, (a) Stacking of the first thymines 
(thymines belong to the ligand-bound loop), (b) In the complex formed with the ligand BSU6066, T 1 
(atoms N3 and 0 2 )  forms hydrogen bond interactions with the edges of a guanine base (N3 and N2, 
respectively) (c) T*T base pair. Hydrogen bond distances shown in dashed black lines. In (a+b-hc), T1 
and T2 belong to a quadruplex whereas T 1 *, T4* and G* belong to a symmetry related quadruplex, (d) 
A hydrogen bond (2 .7  Â) t^tween the nitrogen in the end hetero ring of the flexible side chain with an 
oxygen belonging to the DNA backbone in a symmetry related quadruplex.
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Figure 3.11: Crystal packing interactions t>etween the two ligand-free loops.

P 2 i2 i2 i

In this space group formed by the BSU6042-quadruplex complex:

1. The first thymine in the ligand-bound loop in both quadruplexes in the 

asymmetric unit has the same crystal packing interactions as in the 

P2i2i2 space group.

2. The last thymine in the ligand-bound loop in one of the quadruplexes in 

the asymmetric unit shows similar interactions to those observed for the 

first thymine in the complex with BSU6066 i.e. forms two hydrogen bond 

contacts with the edges of a guanine from a symmetry related 

quadruplex (shown in (b) in Figure 3.12). The equivalent thymine in the 

other quadruplex does not contact a symmetry related quadruplex 

reminiscent of the last thymine in the ligand-bound loop in space group 

P2i2i2. The conformation of these last thymines is compared to that of
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(b)

I  . p  N 3 M !
Figure 3.12: Crystal packing interactions in the complex formed with ligand B SU6042 in the P2,2i2, 
space group, (a) Aiignment of the structures of the BSU6039 (carlDon atoms in brown), quadruplex 1 
and quadruplex 2  (carbon atoms in magenta and yellow respectively) in the complex with ligand 
BSU6042 shows the conformational change undergone by the last thymine in the ligand-bound loop, (b) 
This thymine forms two hydrogen txinds (3.0 and 2 .7  Â) with the edges of a guanine base from another 
quadruplex in a manner similar to the interactions formed by the first thymine in the complex with ligand 
BSU6066.

the same thymine in the complex with the ligand BSU6039 (PDB ID 

1 LI H (Haider et al., 2003)). The thymines adopt different conformations 

(shown in (a) in Figure 3.12) to adapt to the packing constraints in the 

local environmental.

3. The interactions formed by the ligand-free loop are identical to those 

seen previously in the P2i2i2 space group (Figure 3.11).

The guanine quartet

The conformation about the glycosidic bond for guanine bases is alternating syn- 

anf/along each strand and syn-syn-anti-antimthin each G-quartet. This in 

accordance with previous observations for the complex with the ligand BSU6039 

(PDB ID 1 LI H (Haider et al., 2003)).

Rise

The programme 3DNA (Lu & Olson, 2003) was used to calculate the rise between 

consecutive G-quartets. Rise is measured by the same strand CT CT vectors
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projected onto the normal vector of the "mean plane".

The rise values for the first, second and third step in the complexes presented in 

this chapter have mean values of 3.4±0.1, 3.4±0.1 and 3.3±0 Â respectively. This is 

in agreement with observations in native crystal structures;; in complex with a 

protein (PDB ID 1JB7 (Horvath & Schultz, 2001)), or in the crystal (PDB IDs 1JPQ 

and URN (Haider et al., 2002)), as well as in the crystal of the complex ((Haider et 

al., 2003)) (mean values of 3.3±0.1, 3.4±0 and 3.3±0.1 Â, respectively).

Glycosidic torsionai angiey

The torsion angle x was also calculated using the programme 3DNA (Lu & Olson,

2003). Torsion angles are defined in terms of four atoms: 04'-C1’-N9-C4 for 

purines, and 04'-CT-N1-C2 for pyrimidines.

Along each of the DNA strand, the guanine nucleotide alternate syn and anti 

conformations whilst the thymine nucleotides in both of the loops; ligand-bound and 

ligand-free loops, have anf/conformation. This is in accordance with the native 

(PDB ID 1JPQ (Haider et al., 2002)) and ligand-bound structures (PDB ID 1L1H 

(Haider et al., 2003)).

Glycosidic torsion angle values for the DNA backbone strand A (ligand-bound loop) 

show a significant change upon ligand binding for T6  (from -95±2 to -157±3), 

whereas those for the guanine nucleotides remain unchanged (Figure 3.13).

For strand B, all the guanine and thymine nucleotides remain unchanged (Figure

3.14).

Loops

Each quadruplex contains two T4 loop, one at either end. Each T4 loop is diagonal 

and extends across the G-quartet connecting two guanine bases on opposite 

corners of the G-quartet. Only one of the T4 loops in the quadruplex contains a 

ligand which displaces the first and last thymine, forms a coplane with the second 

thymine and stacks onto the G-quartet. The fourth thymine stacks on the acridine 

core of the ligand on the other side. The other loop remains unchanged,
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maintaining an identical arrangement to that observed in the native structure. All the 

thymine bases maintain their anf/conformation with the regards to glycosidic 

torsion angles.
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Backbone glycosidic torsion angles 
strand A

■1JB7(NMR) ♦ IJ P Q  V IL IH  -A-3EM2 •►3EQW <  3EUI (quadl) •W-3EUI (quad2) ■  3ERU #-3ES0 ♦  3ET8 -V-3EUM

100
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1) ■O -50

-100

-150
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I - -200

G1 G2 G3 G4 T5 T8 G9 GIO G ll G12T6 T7

Position in b a c k b o n e

Figure 3.13: Glycosidic torsion angles for the DNA backbone strand A (ligand-bound loop) of the anti-parallel quadruplex formed by the Oxytricha nova telomeric sequence. The 
glycosidic angle values change significantly for 76 (from -95±2 to - 157±3), whereas those for the guanine nucleotides remain unchanged. All nucleotides maintain their original 
syn and anti conformations as per previous observations.
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100

G13

Backbone glycosidic torsion angles 
strand B

•1JB7(NMR) -O-UPQ V IL lH  -A-3EM2 ’►3EQW <  3EUI (quadl) -M-3EUI (quad2) ■  3ERU # 3 E S 0  ♦SETS ♦-3EUM

cn

O)
-50

O)
-100

-150

I- -200
G14 G15 G16 T17 T20 G21 G22TIB T19

Position in b a c k b o n e

Figure 3.14: Glycosidic torsion angles for the DNA backtx)ne strand B (ligand-free loop) in the Oxytricha nova telomeric quadruplex remain unchanged.

G23 G24
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Groove types

Each quadruplex has four grooves. No changes occur in the structure of the 

grooves in of the complexes. The aligned DNA of all complexes is shown (Figure

3.15).

Figure 3.15: Aligned DNA quadruplexes. The DNA for the seven complexes reported here is shown in 
black lines. The ligands have been omitted for clarity.

The walls of each groove are formed of the negatively charged DNA backbone 

(phosphate 0P1, 0P2 and sugar 04') and its floor is formed of the positively 

charged edges of the G-quartet-forming guanine bases (N2, N3 and N7). The anti

parallel topology and diagonal loops result in three types of grooves (Figure 3.16):

1. one wide groove: its walls are lined with the DNA backbone of the two anti

parallel S' strands. This results in the oxygen atoms part of the deoxyribose 

sugar pointing towards the groove in both strands.
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Figure 3.16: Grooves in the anti-paraiiei quadrupiex formed by the teiomeric Oxytricha nova. This 
quadrupiex contains one wide groove (a), two medium grooves (b+c) and one narrow groove (d). 
Surface representation of the DNA (coiours as per atom underneath) and iigand (transparent yeilow) 
are shown.

2. two medium grooves: their walls are lined with the parallel DNA backbone of 

one 5’ and one 3' strand. This results in the oxygen atoms part of the 

deoxyribose sugar in the 3’ strand only pointing into the groove.

3. one narrow groove: its walls are lined with the anti-parallel DNA backbone of 

two 3’ strands. This results in the oxygen atoms belonging to the deoxyribose 

moieties to point away from the groove and into the adjacent grooves on 

either side (each one of which is a medium groove).
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The Shape, volume and dimensions of the grooves are fixed due to the steric 

constraints on backbone and G-quartet movement.

All four grooves are highly hydrated. The water molecules tend to form networks 

that connect the phosphate backbone, the deoxyribose oxygen atoms and the 

edges of guanine bases.

The structures reveal that the 3- and 6 -substituents side chains extend towards the 

grooves but not into them; one extends towards the wide groove and the other 

towards an adjacent medium groove. No interactions are observed , whether 

directly or bridged through water molecules, between the ligand and the DNA in the 

grooves.

3.3.4 Binding site and and ligand binding mode

The binding site is formed of the G-quartet and the thymine nucleotides belonging 

to the T4 loop. The acridine core of the ligand stacks onto two guanines part of the 

G-quartet. The second thymine in the T4 loop forms a coplane with the ligand. The 

third thymine stacks onto the acridine core of the ligand. The first and fourth 

thymines flip out and away where they are available for crystal packing interactions

Figure 3.17: A schematic representation of the complex formed between a disubstltuted acridine and the 
Oxytricha nova telomeric quadruplex. The ligand (shown In yellow oblong) forms a coplane (orange 
rectangle) with a thymine (T2^blue rectangle) which stacks onto the G-quartet belonging to the 
quadruplex (green rectangle). The third thymine (T3) stacks onto the ligand. The first and last thymines 
are displaced by the ligand (T 1 and T4).

147



X-RAY STUDIES OF A SERIES OF SIX DISUBSTITUTED ACRIDINE LIIGANDS COMPLEXED WITH THE
___________________________________________OXYTRICHA NOVA TELOMERIC QUADRUPLEX - CHAPTER 3

(Figure 3.17). The side chains of the ligand extend towards the grooves but no 

direct contacts are observed with the atoms within.

All ligands belonging to the series studied here adopt an identical binding mode to 

the ligand BSU6039 (compound 7: Figure 3.4) in its complex with the Oxytricha 

nova telomeric quadruplex (PDB ID 1L1H (Haider et al., 20)03)).

A summary of the pattern of hydrogen bond contacts as formed by the ligands in 

this series is listed below:

1. The central nitrogen of the acridine core forms one hydrogen bond with the 

02 atom of the coplanar thymine (Figure 3.2).

2. The oxygen atom belonging to the carbonyl group of the amide linker of one 

of the side chain forms one hydrogen bond with the N3 atom of the coplanar 

thymine (Figure 3.2).

3. The nitrogen atom belonging to the same side chain as in (2) above forms 

one hydrogen bond to a water molecule that participates in local water 

networks ending in contacting the DNA.

4. The equivalent nitrogen atom belonging to the other side chain forms one 

hydrogen bond with a molecule of water that participates in local water 

networks that contact the DNA.

5. The protonated nitrogen in the end hetero ring forms a hydrogen bond with 

the 0P1 oxygen of the DNA backbone of the loop (Figure 3.18).

6. The other end hetero ring contains an equivalent nitrogen which contacts an 

0P1 oxygen in a symmetry related quadruplex (Figure 3.18).

148



X-RAY STUDIES OF A SERIES OF SIX DISUBSTITUTED ACRIDINE LIGANDS COMPLEXED WITH THE
OXYTRICHA NOVA TELOMERIC QUADRUPLEX - CHAPTER 3

Figure 3.18: Hydrogen bond contacts between the DNA backbone and the protonated nitrogen atoms 
in the end hetero rings. One nitrogen atom contacts an D P I oxygen in the backbone (3.2 Â) and the 
other nitrogen contacts an D P I *  in another quadruplex (3.0 Â).

Ligand binding mode

The acridine core and the amide linkers form identical patterns of hydrogen bonds 

with the coplanar thymine and immediate waters (Figure 3.7). However, the position 

of the alkyl substitution in the end hetero ring i.e. ortho, meta or para, affects the 

exact orientation of the substitution relative to the quadruplex (Figure 3.19). For 

example, the alkyl substitutions in ligands BSU6045 and BSU6042 {ortho methyl- 

and ortho ethyl-substituents, respectively) and ligand BSU6054 {meta methyl- 

substituent) have identical orientation. In contrast, BSU6048, which contains a para 

methyl substituent, has a significantly different orientation. It rotates away from the 

plane of the acridine core becoming perpendicular to it, as shown by the difference 

of ca. 60° in side chain torsion angle « 2  (Figure 3.20).
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( (c)

(b)

( d )

(e )

(f)

(g)

Figure 3.19: Ligand binding mode, (a) A side view of the ligands in the aligned complexes and a top view in (b). (a) A side view of ligands with ortho-, meta- and para- alkyl 
substituents in the aligned complexes and separately a top view in (d) BSU6045, (e) BSU6042, (f) BSU6054 and (g) BSU6048.
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Figure 3.20: Selected ligand-thymine intermolecular distances (A) and side chain torsion angles 
(degrees). Structure with PDB ID 3EUI has two quadrupiex-ligand complexes in the asymmetric unit.

In all instances, one hydrogen bond Is maintained with the 0P1 oxygen of the 

symmetry related quadruplex at a distance of 2.8 A for BSU6048 and 2.7 A for 

BSU6054 (Figure 3.21). Positioning the para substitution in this way allows for the 

methyl substituent to flip into a larger volume where it can be accommodated.

The size of the substituent also plays a role with regards to crystal packing. The 

ligand BSU6042 crystallises in a related space group P2i2i2i. The extra bulk of the 

substitution could be destabilising the original arrangement resulting in a second 

crystal form.
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2 .7  A  ,
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Figure 3.21: Effect of meta- and ortho- methyl substitutions in the end hetero ring on iigand binding 
mode. The end hetero ring (ortho-substituent) in the ligand BSU6048 (carbons shown in green) is 
rotated by approximately 60 ° (a). In contrast,the orientation of the end hetero ring in the ligand 
BSU6054 (carbons shown in cyan). Hydrogen bonds are shown in dashed black lines.

3.3.5 Water structure

The structures contain extensive water networks in accordance with previous 

observations for the native structure {PDB IDs 1JPQ and URN (Haider et a!.,

2002)) and in complex with BSU6039 (PDB ID1L1H (Haider et al., 2003)).

The water molecules form hydrogen bonds with N2 and N3 of the guanine bases 

and the 0 1 P and 0 2 P of the phosphate DMA backbone.

Water molecules vary between 51 to 71 in the P2i2i2 space group depending on 

structure (Table 3.1). There are 162 water molecules in the P2i2i2i space group 

structure.

However, with regards to the ligand, two water molecules play a significant role in 

fixing the ligand in place. Each of the water molecules contact an amido nitrogen in 

the side chains. These water molecules are seen in each of the complexes reported 

in this chapter (Figure 3.7) but are not seen in the previously solved structure for 

the complex with BSU6039. However, visualisation of the electron density maps
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shows significant density for these water molecules adjacent to the nitrogens in the 

amide groups as expected. The density is spherical in shape with standard

Figure 3.22: Visible density for two water molecules adjacent to the amide nitrogens in the side chains. 
2Fo-Fc maps are drawn in blue at 1.0 sigma and Fo-Fc maps are drawn in green at 3.00 sigma.

geometry (Figure 3.22).

3.4 Discussion

We have determined the crystal structures of six disubstituted acridine ligands in 

complex with the Oxytricha nova telomeric quadruplex and a series of 

corresponding disubstituted acridine ligands. The bimolecular quadruplex 

structures, formed by the sequence d[GGGGI 11 IGGGG], are bimolecular and 

anti-parallel in accordance with previous studies in the crystal of the native form 

(Haider et al., 2002) and in a protein-quadruplex complex (Horvath & Schultz, 

2001). It is also in agreement with the earlier ligand-bound crystal structure (Haider 

et al., 2003).

The structural changes between the complexes are minimal with an overall root- 

mean-square deviation (RMSD) of <0.2 Â. Amide and side chain conformations in
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the acridine derivatives and first-shell water environments remained unchanged.

The ligand displaces the first and last thymines, forms a coplane with the second 

thymine, which in turns stacks onto the end G-quartet on one side and onto the 

third thymine on the other side. The coplane is formed through a hydrogen bond 

between 02 in the thymine and the central ring nitrogen atom of the acridine (with a 

mean distance of 3.0±1 Â). This suggests that this nitrogen atom is protonated. A 

similar arrangement is seen in the human telomeric-BRAC019 complex crystal 

structure (PDB ID 3CE5 (Campbell et al., 2008)). In the latter, a water molecule 

bridges the hydrogen bonds between the central ring nitrogen atom and the 

thymine ring (Figure 3.2).

The flexible side chains of the ligands extend towards adjacent grooves but does 

not contact them directly. Instead, the nitrogen atom belonging to the end hetero 

ring of one of the side chain form a hydrogen bond with the DMA backbone of the 

loop. The equivalent nitrogen in the other side chain forms a similar hydrogen bond 

but with another quadruplex. The morpholino end ring in compound 1 (Figure 3.4) 

is expected to be neutral at physiological pH, whereas the ring nitrogen atom in all 

the other compounds is expected to be protonated. This is reflected in the 

consistent findings of superior quadruplex binding and biological activity of acridine- 

based and many quadruplex-binding ligands that have cationic charged side-chains 

(Monchaud & Teulade-Fichou, 2008; Ou et al., 2008; Read et al., 1999; Read et al., 

2001 ; Moore et al., 2006). However, as the structures reported in this chapter, 

including the complex formed with morpholino-containing compound 1, may 

suggest that these compounds exert their effect on ligand binding through long- 

range electrostatic interactions.

It is notable that there are no direct amine nitrogen-phosphate contacts with the 

groove in any of these structures or any indirect amine water-phosphate bridges, 

which have been observed in the human telomeric-BRAC019 complex crystal 

structure (PDB ID 3CE5 (Campbell et al., 2008)).

The conformations of the cyclic amine end groups and side chains of the acridine 

ligands all cluster together (a and b: Figure 3.19), although the alkyl groups
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attached to the hetero rings are oriented in a variety of directions (d, e, f and g: 

Figure 3.19). The ligands are divided into two distinct groups with regards to the 

binding mode of the end hetero rings. This seems to be dependent on the position 

and size of the alkyl substitution in the hetero-cycle. The ligands which have an 

ortho- or meta-, methyl- or alkyl-substituent (or no substitution), bind in an identical 

binding mode, whereby, the ring that contains the nitrogen interacting with the 

backbone of the quadruplex adopts a conformation coming away from the plane of 

the acridine core and reaches up towards the loop. The other ring, the one that 

contains the nitrogen that interacts with the DNA backbone in another quadruplex, 

remains on the same plane as the acridine ring. This is in contrast to the position of 

the same ring in the complex formed with the ligand BSU6048 (compound 4: Figure 

3.4). In this instance, the ring comes away from the plane of the acridine, whilst 

maintaining its hydrogen bond contact with the DNA backbone (a: Figure 3.21), in a 

manner similar to the ring at the other side chain (a and c: Figure 3.19). This new 

position enables the ligand to maintain its crystal packing interactions whilst 

avoiding steric clashes between the para-substituent on the ring and the nearby 

quadruplex. The ortho-eihyl substituents in BSU6042 (compound 2: Figure 3.4) are 

relatively close to backbone and sugar oxygen atoms, suggesting that a suitable 

ortho substituents such as a methylene hydroxyl group could form additional 

hydrogen bonds to 03' atoms or phosphate oxygen atoms.

Also, increasing the size of the substituent produced an effect on the crystal 

structures. The ligand BSU6042 (compound 2: Figure 3.4) with an o/tho-ethyl 

substituent on the end hetero rings in the side chains, crystallised in two space 

groups. One form crystallised in the original space group P2,2i2 i.e. identical to the 

other ligands. The other form crystallised in the space group P2i2i2i. A closely 

related ligand, BSU6045, contains an orfhomethyl substituent instead of an ethyl, 

and crystallised only in the original space group P2i2i2. The P2i2i2i space group 

contains new crystal packing interactions for the last thymine in the ligand-bound 

loop which are reminiscent of the those in the first thymine in the complex formed 

with the ligand BSU6066. BSU6066, similarly to BSU6042, contains a bulky hetero 

ring i.e. 7-membered ring. It seems that the bulky end hetero rings destabilise the
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original crystal packing interactions with regards to the first and last thymines in the 

ligand-bound loop.

The structures reported in this work show that the end substituents in the side 

chains extend towards the grooves but do not contact them. On the contrary, the 

hetero rings extend towards the solvent and away from the quadruplex. This study 

shows that the ligands in this series, or at least the ones for which a crystal 

structure is reported here, do not show significant differences in ligand binding 

mode that explain the experimental observations with regards to biological assays 

of activity against telomerase (Harrison et al., 1999). At the same time, 

observations with regards to the new crystal packing interactions caused by the 

changes to the end hetero ring substituent with regards to position i.e. ortho, meta- 

and para-substituent, or with regards to size i.e. orthome\hy\ and orfho-ethyl 

substituents, suggest that the differences between these ligands have a significant 

effect in ligand-DNA interactions, at least with regards to crystal packing 

arrangement.

The similarities in the immediate environments for the disubstituted acridine ligands 

in complex with the Oxytricha nova anti-parallel telomeric quadruplex and for the 

trisubstituted acridine ligand BRAC019 in complex with the parallel human 

telomeric quadruplex are notable. BRAC019, containing an extra substitution at the 

9*̂  position, has superior quadruplex affinity, telomerase inhibition and cell 

cytotoxicity (discussed in chapter 2).

In both cases, the acridine core forms a coplane with a thymine through a hydrogen 

bond between the central nitrogen in the acridine ring and the 02 atom 

(disubstituted acridine) or N3 atom in the thymine base (BRAC019). The thymine in 

both cases originates from a loop thymine, but whereas the thymine base in the 

diagonal loop in the Oxytricha nova quadruplex is already in place over the binding 

site, the propeller loop in the human telomeric quadruplex would have to undergo 

more significant conformational adaptations to place the thymine in-plane. This 

coplanar thymine along with the original propeller loops and the stacking 

quadruplexes create a binding pocket that surrounds the end hetero ring substituent

156



X-RAY STUDIES OF A SERIES OF SIX DISUBSTITUTED ACRIDINE LIGANDS COMPLEXED WITH THE
___________________________________________OXYTRICHA NOVA TELOMERIC QUADRUPLEX - CHAPTER 3

i.e. pyrrolidino ring of BRAC019. This pocket is bounded by the DNA backbone of 

the loops (a: Figure 3.23). By contrast, in the Oxytricha nova - ligand complexes, 

the end hetero ring substituents in the ligand are pointing towards an open space 

and towards the solvent i.e. away from the DNA (b: Figure 3.23). This is due to the 

diagonal conformation of the loop in the Oxytricha nova quadruplex. The large open 

nature of the binding site in the Oxytricha nova quadruplex enables it to 

accommodate a piperidine ring with methyl or ethyl substituents {ortho-, meta- or 

para-substituted), as well as a seven-membered ring (compound 6: Figure 3.4). In 

contrast, replacing the smaller pyrrolidino ring with a larger piperidine or a seven- 

membered ring, results in a 7-fold lower binding constant to the human telomeric 

quadruplex (a reduction from 9.72x10̂  ̂to 1.38 xIO* M ’) (Read et al., 1999).

However, a combination of a pyrrolidino ring - as 3- and 6-substituents - and a 

suitable 9-substituent such as the phenylamino present in BRAC019 (a: Figure 

3.23) results in an increase in the binding constant by an order of magnitude to 

4x10® M ’ (Read et al., 2001). The 9-substituent fits into a tight pocket bounded by 

DNA backbone atoms and a thymine base (discussed elsewhere).

Furthermore, the tight fit of the 9-substituent into a tight pocket lined by the DNA 

backbone and a thymine base, forces the acridine core to become rotated relative 

to the G-quartet it stacks on by approximately 45°. This further indicates that ligand 

binding to quadruplexes is greatly affected by loop constraints (Figure 3.24). Thus, 

in broad terms, a diagonal loop allows for a significant increase in the size of the 3- 

and 6-substituents by virtue of the loop's position, whereas, the propeller loop 

presents a more succinct binding site with severe constraints on substituent size.

These differences can be attributed to the distinct position of the loops in these two 

structures: the external placement of the propeller loop will constrain the size of the 

substituent size at the end of the side chains. In contrast, the diagonal loop is 

involved in n-n stacking with the aromatic core of the ligand. Structural studies 

suggest that diagonal loops are less prevalent among human telomeric 

quadruplexes (discussed elsewhere). Although a diagonal loop is present in the 

human c-myc promoter quadruplex in its complex with porphyrin as reported by
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Figure 3.23: Position of the side chains, (a) The side chains in BRAC019 extend towards the loops 
and the DNA (pyrrolidino ring in the red box and 9-sulJStituent in the black box), (b) The side chains in 
disubstituted acridine series extend towards solvent (red boxes).

NMR methods (Phan et al., 2005). It is notable that the porphyrin is bound in the 

loop environment where the bases originate from the propeller loops and not from 

the diagonal loop. Interestingly, the porphyrin substituents in this structure are 

exposed and do not form direct contacts with the DNA, analogous to the end 

groups in the structures presented here. Although loops in the human telomeric 

quadruplex and in the c-myc quadruplex are strictly of the propeller type i.e. 

maintain the parallel orientation of the DNA strands relative to each other, the 

actual loop structure in terms of base type and number in the c-myc structure is 

very different. The c-myc structure contains two single-base loops and one V- 

shaped 3-base loop.

We suggest that the principle of the loops constraining the shape and size of ligand 

substitutions should be useful in the future design of small molecules targeting 

individual quadruplexes, especially when the overall topology of the quadruplex and 

loop type is known.
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(a)

(b)

Figure 3.24: Ligand binding mode for the disubstituted and trisubstituted acridine famiiy. The ligands 
belonging to the disubstituted acridine series stack onto the C-quartet (in grey sticks) with a twist of 
about 45^ (b) relative to the position of the trisubstituted acridine BR AC019 (a). Surface 
representation for the DNA is shown in grey.

3.5 Conclusion

The crystal structures studied in this chapter revealed that all six ligands in the 

series bind to the Oxytricha nova bimolecular anti-parallel quadruplex in 

accordance with previously reported structures for the native and ligand-bound 

structures. The binding mode is identical for all ligands with regards to the 

triacridine core and the amido linkers. The size of the end hetero rings of the side 

chains, as well as, the size and position of the ring substituent affects the 

orientation of the ring in question. It also affects crystal packing interactions
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resulting in one of the ligands BSU6042 with ortho ethyl ring substituents 

crystallising in the original space group P2i2i2 as well as in a novel space group 

P2i2i2i. The structures also showed that the Oxytricha nova quadruplex, by virtue 

of its diagonal loop, can accommodate significant increments in the size of the 

hetero rings and ring substituents. This is due to the hetero rings in the side chains 

pointing towards an open space and towards solvent. This is in contrast to the 

human telomeric quadruplex where the propeller loops constrain the size of the end 

3- and 6-substituents as shown by the decrease in quadruplex binding constants 

upon replacing the pyrrolidino moiety with a piperidine ring or with a seven- 

membered ring.
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4 COMPUTATIONAL STUDIES AND MOLECULAR MODELLING 

4.1 General background

Molecular modelling involves studying and/or predicting the behaviour of molecules 

or molecular systems whereby a three-dimensional representation of molecules is 

built using a simplified description that is sufficient to mimic real behaviour.

Recent advances in computational power and in molecular mechanics methods (or 

empirical force field methods) have resulted in wider application of computational 

studies to large biological systems.

The application of molecular modelling can rationalise experimental results and 

provide missing pieces of information that cannot be obtained otherwise.

Computational investigations can provide a useful insight into the structure and 

dynamics of G-quadruplex nucleic acids, which is especially important in view of 

the small number of X-ray or NMR structures reported in the literature.

The detailed study of molecular modelling approaches is beyond the scope of this 

work and can be found in Molecular Modelling: Principles and Applications by 

Leach (Leach, 2001). However, an overview of empirical force field methods with 

direct impact on the system in this work is presented below. Also, a general 

discussion of molecular mechanics application to biological molecules and G- 

quadruplex structures in particular is presented.

4.1.1 Empirical force fields

By considering electrons, quantum mechanics enables the calculation of molecular 

attributes such as chemical reactions; for example the breaking and formation of 

chemical bonds. However, due to the large number of particles considered in the 

calculations, it becomes computationally expensive and time consuming, ultimately
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resulting in limiting its application to small molecules. On the other hand, semi- 

empirical methods reduce the number of particles involved in the calculations by 

considering valence electrons, resulting in less demand for resources and thus offer 

an alternative to the former. Biomolecular systems are simply too large for ab initio 

computational studies over realistic and biologically-relevant time scales making it 

impractical and beyond the capability of most laboratories.

In contrast, molecular mechanics methods simplify matters further by ignoring 

electronic motion, thus calculating the energy of a system based on nuclear 

positions. In fact, both semi-empirical and empirical methods are possible due to 

the Born-Oppenheimer approximation which assumes that electronic and nuclear 

motion in molecules can be separated. In molecular mechanics, this simplification 

works in simulating biological processes making it an ideal method for studies 

conducted over biologically-relevant time scales. However, it trades the ability to 

describe atomic properties that are dependent on electronic motion for the capacity 

to extend these methods to study large systems.

Molecular mechanics methods are successful because studies of bimolecular 

processes, for example polypeptide folding or molecular complexation (such as 

protein-protein interactions, DNA- or protein-ligand interactions) are driven by weak 

non-bonded interatomic or intermolecular interactions at room temperature in the 

condensed phase and these are described well by force field methods (van 

Gunsteren et al., 2006).

Molecular mechanics methods focus on a simplified three-dimensional 

representation of molecules using simple potential energy terms that describe inter

atomic and intra-molecular interactions so as to reproduce molecular behaviour in 

biological processes adequately, thus ultimately mimicking the behaviour of 

molecules or molecular systems.

These terms describe the bonded (covalent) (such as bond-stretching, bond-angle 

bending, improper and proper dihedral angles) and non-bonded interactions 

between atoms in different molecules or between atoms in the same molecule but 

are separated by more than two or three bonds. Bonded terms include; atom types.
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bond lengths, bond and rotational angles, and non-bonded terms include van der 

Waals (VDW) and electrostatic components.

Within the framework of classical physics, atoms are considered as balls and bonds 

as springs. For example, the potential energy of a bond varies with variations in the 

distance between the atoms it connects (as it would in a spring connecting two 

balls) and so, energy penalties are associated with deviation from optimal values.

Molecular mechanics force fields are divided into functions that pertain to each of 

the terms mentioned above. The resultant potential energy function or "force field" 

(the latter also used to refer to a set of parameters describing a system) hence 

provide a computational model of the system in question (Leach, 2001 ; van 

Gunsteren et al., 2006).

4.1.2 Force field approaches to date

An important attribute of molecular mechanics methods is transferability i.e. it 

should be possible to extend the applicability of a method to similar molecules and 

similar problems beyond its training sets with reliable results.

However, as force fields are empirically derived to reproduce different properties, 

the choice of a force field to study a particular problem in a particular system is 

essential.

Due to continuous improvements in parameterisation over the years, a set of 

reliable and rigorous force fields are available today that are suitable for the study 

of a wide range of problems.

4.1.3 Background for specific force fields

The AMBER force field

AMBER (Assisted Model Building with Energy Refinement) refers to a group of 

programs designed to work well together that are used to conduct and analyse 

molecular dynamics (MD) simulations in biomolecular systems containing proteins, 

nucleic acids or carbohydrates. "AMBER" is also used to describe the empirical
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force fields implemented in the AMBER package (Case et al., 2005; Cornell et al., 

1995).

The basic model as used in AMBER is described as follows (equation 4.1.1):

E,o,a, =  I  X  K e ( 6 - e , /  +
b o n d s  a n g le s

Z  ^[2+cos(«<p-r)]+Z
d ih e d r a ls  ^  i < j

^ i j  ^ i j

R,/' R/
equation 4.1.1

The potential energy terms describes the following:

Bond and angle behaviour and energies This is described by the first two terms 

(equation 4.1.1) represented by a harmonic potential dependent on the interatomic 

distance r, and the bond angle 9, where Kr is the equilibrium bond length constant 

and Keis the equilibrium bond angle constant, req and 0eq are equilibrium bond 

distance and angle value and are derived from X-ray structural data. The energy of 

both terms increases with deviation away from equilibrium value.

Torsional energy A periodic function describes the torsional energy as a 

function of torsion angle q>. The incorporated parameters are often specified by the 

two central atoms in the dihedral angle considered, y is the phase factor. Vn is a 

qualitative indicator of the relative barrier height to rotation. Improper torsions are 

also included to enforce planarity.

Non-bonded interactions The fourth term broadly describes the non-bonded 

interactions and is calculated between atom pairs (i and j) in different molecules or 

atoms in the same molecule that are separated by three bonds or more. This term 

includes two components; VDW energies described by a Lennard-Jones potential 

and an electrostatic component represented by a Coulomb potential. In each atom 

pair, R represents the separation between the two atoms and q represents the
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partial charge at the centres of the atoms involved. A is the repulsive component 

and B is the attractive component in the Lennard-Jones potential.

The AMBER force field and parm99SB parameter set (Cornell et al., 1995; Wang et 

al., 2000; Pérez et al., 2007) were designed for organic and biological molecules 

namely proteins and nucleic acids. This means that the parameters for common 

nucleotides and amino acids are already implemented.

The General AMBER Force Field (GAFF)

The General AMBER Force Field (GAFF) is a generic force field specific for small 

molecules supported by the AMBER suite of programs. GAFF is designed to be 

compatible with the AMBER force fields for proteins and nucleic acids (Wang et al.,

2004). Initially, the lack of parameters for small molecules in AMBER prevented its 

wide use to study nucleic acid- or protein-ligand interactions and binding energies.

In an environment where there is a demand for a quick robust method to study 

and/or rank the interactions and relative binding energies of libraries of ligands to a 

specific biomolecular target, the need for an efficient and compatible force field for 

small organic molecule i.e. binding ligands, to accompany bimolecular force fields 

becomes obvious.

Other methods are also available for examining ligand behaviour and binding when 

using the AMBER suite of programmes include using the force field MMFF94 

(Halgren, 1996).

The default charge scheme in GAFF parameterisation is the restrained electrostatic 

potential (RESP) at HP/6-31 G* level which is also the charge approach applied in 

protein and nucleic acid force fields in AMBER (Wang et al., 2004). However, RESP 

is expensive computationally as it requires running ab initio optimisation at the 

HF/6-31G* for each ligand which has prevented its wider application especially 

where the automated analysis of diverse libraries of ligands is concerned. 

Alternatively, high-quality atomic charges can be generated faster and cheaply 

using the AM1-BCC model (Jakalian et al., 2000). Using this approach, charges are 

obtained that are compatible with RESP charges. In fact, this approach is designed
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to carry out a semiempirical AM1 calculation producing Mulliken charges that are 

then corrected to produce charges that match the electrostatic potential at the 

HP/6-31 G* level. Similar to the AMBER macromolecular force fields, this force field 

also neglects the effects of polarisability in the ligand, thus affecting the 

fundamental limit to its accuracy.

AM1-BCC charges performed in calculations of hydration free energies as well as 

in instances where charges were derived from electrostatic potentials calculated at 

various levels of theory using computationally expensive and time consuming 

RESP charges (Mobley et al., 2007).

MM-PBSA and MM-GBSA methods for calculation of binding free 

energies

The method behind the calculation of relative binding energies for ligands in 

complex with a receptor presented in this chapter is presented briefly below.

Relatively fast calculations of binding energies is possible using molecular 

mechanics based methods such as the MM-GBSA (Tsui & Case, 2000) and the 

MM-PBSA (Kollman et al., 2000) methods (Molecular Mechanics-Generalised 

Born/Poisson Boltzmann Surface Area, respectively).

In MD simulations, the aim is to permit the system to evolve over time so as to allow 

it - provided adequate starting structures, parameters and simulation length are 

used - to sample a variety of conformations and energy states over the course of 

the simulation. From the data obtained at time-points over the course of the 

simulation, a trajectory representing the atomic motions of solute and solvent 

molecules is acquired and can be analysed. This provides information about 

molecular motions and the thermodynamic properties of the system.

The resultant conformations sampled by the receptor, ligand and complex at 

equilibrium are used to calculate their free energies.

In these methods, the solvent molecules are replaced with a continuum 

electrostatic model, thus omitting the need to calculate computationally expensive 

pair-wise non-bonded potentials for solvent molecules.
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Free energy of binding (AG binding) of ligand A and receptor B is calculated according 

to the following scheme (Figure 4.1):

AGgas

'gas Bgas A S gas

^^solvation ( ^ ) ^^solvation ( ^ ) solvation (A B ^

AG

*solv B
binding

solv AB solv

Figure 4.1: Energy cycle during calculations of binding energy of ligand A to receptor B to form the non- 
covalent complex AS.

The components of AG binding are obtained by subtracting the sum of the average 

free energies of the reactants (G a + G b) from the average free energy of the 

complex (G a b )  according to the following equation (equation 4.1.2):

equation 4.1.2

Free energies can be broken down further into molecular mechanical energy (E m m ) ,  

the electrostatic and non polar contributions to solvation free energy (G soiv), and the 

entropie (IS) energies of the system at temperature T. This is shown in the 

following scheme (equation 4.1.3):

equation 4.1.3

The molecular energies for the gas phase are calculated using the molecular 

mechanics force field.

The solvation free energy includes the electrostatic and non polar solvation
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energies as per the following scheme (equation 4.1.4):

^  ^  I ^

solvation polar n o n -p o la r

equation 4.1.4

Both the Poisson-Boltzmann (PB) and Generalised Born (GB) methods calculate 

the electrostatic contribution from a set of charges placed in a defined volume of 

low dielectric constant surrounded by a dielectric continuum representing the 

solvent. However, they differ in the way they calculate G poiar in the above equation 

(equation 4.1.4). The PB method uses numerical solutions to the Poisson 

Boltzmann equation while the GB method uses the Generalised Born method to 

calculate the electrostatic contributions to solvation free energies.

Limitations for force field methods

Each force field is developed with a particular system in mind whilst aiming to 

create a balance in its ability to reflect atomic properties as well as intermolecular 

interactions; such as solute-ligand interactions.

Up until recently and due to limitations in computer power and time, force fields 

assigned static averaged properties to atoms. For example, fixed partial charges 

were assigned to the centres of atoms at the offset and were not revised as the 

study progresses to reflect the ensuing changes in the local environment. In real 

terms, the force field is limited in its ability to cope with modelling essential 

intermolecular electrostatic interactions; such as solute-ligand interactions.

However, current efforts are developing polarisable force fields which should be 

able to account for effects such as induced dipole (resulting when a strongly 

charged molecule approaches a neutral one) and to reflect variations in charge 

distribution brought on by the dielectric constant of the environment that the 

molecule is placed in. AMOEBA (Atomic Multipole Optimised Energetics for 

Biomolecular Applications) (Grossfield et al., 2003) and PFF (Polarisable Force 

Field) (Maple et al., 2005) are examples of recently developed polarisable force
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fields. Furthermore, polarisable continuum electrostatics models such as PMPB 

(Polarisable Multipole Poisson-Boltzmann) are starting to emerge (Schnieders et 

al., 20C7). The performance of polarisable force fields in reproducing biological 

processes, such as folding equilibria, has yet to be reported (van Gunsteren et al., 

2006).

Furthermore, it is important to understand that computational methods such as 

dynamcs simulations deal with a single molecule with a specific starting geometry 

and its development at the picosecond (ps) time scale over the run time of the 

simulation (normally below 1 ps). Both the starting geometry and run time affect the 

ability to overcome free energy barriers. This is in contrast to experiments which 

deal with assemblies of molecules and are mostly at equilibrium.

MD simulations are closely related to X-ray crystal structures since the latter 

provides the best starting structures and can be used for validation of the methods 

applied. MD methods may not be able to predict a crystal structure but if the crystal 

structure is incorrect, then MD simulations are expected to be able to detect it.

Simulations of quadruplex nucleic acid structures

DNA and RNA structures are highly charged molecules which presents a challenge 

to MD simulations due to the effect this has on electrostatic properties and 

solvation.

However, the development of methods to treat long range electrostatics combined 

with increasing computer power, as well as the development of suitable force fields 

has resulted in a number of studies since the mid 1990s (Cheatham & Young, 2000; 

Pérez et al., 2007; Sponer & Spackovâ, 2007).

The availability of high quality X-ray crystallographic structural data for duplex 

nucleic acids has also enabled the development of MD force field methods.

MD methods were shown to reproduce the behaviour of duplex DNA in solution 

which showed that force field approaches can be used for this type of system. 

Significantly, MD methods demonstrated the transition of A-DNA to B-DNA in 

explicit solvent in conditions that favour the formation of the latter (Cheatham &

170



________________________________COMPUTATIONAL STUDIES AND MOLECULAR MODELLING - CHAPTER 4

Kollman, 1996).

These methods turned out to work really well for other forms of DNA structures 

such as G-quadruplex structures, which were not considered in the original design. 

Thus, MD simulation studies enable one to study and understand the properties 

and ligand binding energies of four-stranded nucleic acids, which is extremely 

valuable, especially in view of the limited number of high quality structures in the 

literature (discussed in chapter 1).

MD simulations reported in the literature highlight the rigidity of the G-quartet stem, 

the flexibility of the loops and capture the overall stabilising effect of cations in the 

central channel of quadruplex structures (Sponer & Spackovâ, 2007).

Also, simulations were shown to be stable for the anti-parallel quadruplex structure 

formed by the Oxytricha nova telomeric sequence d(G4T4G4) on the nanosecond 

scale (Spackova et al., 1999). However, the same study showed that the theoretical 

parallel quadruplex structure for the same sequence contained bifurcated hydrogen 

bonds for the two central G-quartets, which is not in agreement with the 

experimental data from the crystal structure.

The behaviour of the loops was also extensively studied using MD simulations. 

Hazel and co-workers showed that G-quartet stability as well as loop length and 

composition influence folding of G-quadruplex structures. Calculated free energies 

for multiple conformations were similar suggesting they are likely to coexist in 

solution (Hazel et al., 2004) even though a specific topology may be observed in 

the crystal structure (Hazel et al., 2006). A study by Fadrna and co-workers did not 

succeed in predicting the diagonal loop arrangement observed in the crystal 

structure (Fadrna et al., 2004).

The differences between crystal structure topologies and those produced by 

molecular dynamics simulation do not mean that the simulations are wrong. On the 

contrary, it suggests that more than one energetically favourable topology is 

possible and highlights the possibility that experimental factors may contribute to 

experimental observation.

More recent refinement of the AMBER force field for nucleic acids resulted in
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parmbscO (Pérez et al., 2007) which was shown by Perez and co-workers to 

produce stable trajectories and sample configurations close to the experiment for 

parallel and anti-parallel quadruplexes on a 10 - 200 nanosecond (ns) time scale. 

This force field requires further validation but is hoped to improve quadruplex, and 

nucleic acid simulations in general, and to enable, with growing computer power, 

state-of-the-art molecular dynamics simulations at the 1 microsecond (ps) time 

scale.

4.2 Scope of this work

The aim of this work is the computational analysis of ligand-quadruplex interactions 

using molecular dynamics simulations and binding affinity calculations.

Structural analyses and calculations of binding affinities were conducted on a 

subset of four closely related trisubstituted acridine derivative compounds (Figure 

4.2) in complex with the parallel human telomeric quadruplex. The existing crystal 

structure for the complex with BRAC019 (PDB ID 3CE5 (Campbell et al., 2008)) 

was used as the starting point in the first instance and then the ligand was replaced 

sequentially with compounds from the derivatives set.

The four ligands cluster in two groups of affinities for the human telomeric 

quadruplex as calculated by experimental FRET data. BRAC019 and compound 1 

change the melting temperature by a factor of approximately 4 relative to the same 

concentration of compounds 2 and 3. The change in melting temperature of the 

human telomeric quadruplex caused by 1 pM concentration (Moore et al., 2006) of 

each ligand is shown (Table 4.1). The binding affinities calculated using MM- 

PDBSA or MM-GBSA approach may then be compared with experimental FRET 

data for the compounds.
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MH

B R A C 019

Ligand 1

Ligand 2

Ligand 3

Figure 4.2: Chemical structures of the ligands in this study. The ligands are derivatives of BRAC019 
and differ by the length of the alkyl chain at the 3- and 6- position substituents.

The X-ray crystal structure used as the starting point in this work provides the first 

instance of 5' to 3' quadruplex stacking. However, the two quadruplexes are 

independent and not connected via a loop i.e. do not represent tandem repeats of 

quadruplexes. Though, with careful consideration it is possible to connect the two
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quadruplexes via a linking DNA sequence formed of loop bases TTA. Indeed, 

molecular modelling has shown that a stable structure can be readily constructed 

for drug binding at the interface of tandem repeats of telomeric G-quadruplexes 

retaining most of the features from the crystal structure (Haider & Neidle, 2009).

This project aims to compare between closely related ligands in an environment 

where all the features from the crystal structure are retained. Thus, the DNA 

quadruplex part of the crystal structure remained intact and solely the ligand was 

sequentially replaced with the three different derivatives.

Table 4.1: The change in melting temperature of the human telomeric quadruplex caused by 1 pM  
ligand concentration (Moore et al., 2006).

4.3

Ligand ATm(1 | iM ) ,(X )

BRAC019 27.5

1 16.5

2 6.8

3 4.7

Materials and methods

4.3.1 Quadruplex preparation

The biological unit of the X-ray crystal structure of the parallel human telomeric 

bimolecular quadruplex in complex with the trisubstituted acridine ligand BRAC019 

(PDB ID 3CE5 (Campbell et al., 2008)) was used as the starting point for the 

modelling study. The biological unit contains two quadruplexes stacked 5' to 3' 

sandwiching one ligand molecule (as part of a coplane containing a thymine 

nucleotide) at the interface (see Chapter 2). Coordinates were obtained from the 

Protein Data Bank. Preparation and manipulation of the structure and initial building 

of the ligand-DNA complexes prior to the molecular dynamics simulations was 

carried out using the SYBYL 7.3 molecular modelling suite (Tripos, Inc., St. Louis, 

USA) and the Chimera software version 1.3 (Pettersen et al., 2004). The ligand 

sandwiched at the binding site between two quadruplexes was left intact. The 

flanking nucleotides present at the 5' and 3' G-quartelt faces which do not form part
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of the binding side were omitted. Also, the second ligand positioned at the exposed 

3' G-quartet and waters were omitted. The final structure contained one ligand 

bound at the interface of two 5' to S' stacked quadruplexes and four potassium ions; 

two in the central channel of each quadruplex.

4.3.2 Ligand preparation

Ligands (Figure 4.2) were constructed in SYBYL, with charges and atom types 

applied using the MMFF94 method (Halgren, 1996; Halgren, 1996). Stepwise 

minimisations using the MMFF94s force field (Halgren, 1996) were subsequently 

carried out to a convergence of 0.02 kcal.mol VÂ over 5000 steps using the Powell 

method (Powell, 1977) with a cutoff of 11 Â.

4.3.3 Ligand-quadrupiex complex preparation

Following output of the ligands from the SYBYL suite, the complex containing the 

BRAC019 ligand was ready for the next stage. For the other three ligands, 

quadruplex and corresponding ligand were superimposed in the Chimera software 

(Pettersen et al., 2004) in such a way that the acridine core, its 9-substituent 

(aniline group) and 3- and 6-side chains were superimposed. Each ligand 

positioned in this way was merged with the quadruplex forming the complex (DMA 

quadruplex plus ligand) and the output coordinates for each ligand relative to the 

quadruplex were identical. An output of the ligand-quadrupiex complex coordinates 

for each compound-DNA pair would thus show the quadruplex in an identical 

spatial orientation.

Transfer from Chimera and complex preparation for MD

Preparation of the DNA-ligand complexes were performed using the XLEAP, 

ANTECHAMBER and SANDER modules of the AMBER9 package (Case et al., 

2005; Cheatham & Young, 2000).

The individual complexes were initially exported from the superimposed Chimera 

database as files in pdb format. These pdb files were subsequently split manually
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into new receptor and ligand pdb files, with residues renumbering and further 

manipulation of the data to prepare them for input into XLEAP. DNA and ligands 

were prepared and adjusted separately in this manner, with incorporation of the 

DNA into XLEAP accomplished with the necessary DNA residue templates while 

the ligands were individually defined as novel residues using the ANTECHAMBER 

and PARMCHK programs. ANTECHAMBER was used to calculate atom types and 

atomic point charges for ligands using the GAFF (General AMBER Force Field) 

(Wang et al., 2004) AM1-BCC charge model. Each ligand was assigned a total of 

three positive charges. Following merging of the receptor-ligand pdb files and the 

reading into XLEAP of the prep file defining the ligand parameters, the complex was 

imported into XLEAP and checked thoroughly for consistent connectivities, atom 

types and charges.

4.3.4 MD simulation parameters

All calculations were carried out in AMBERS using the ff99 force field (Cheatham et 

al., 1999) and the parmbscO parameter set (Pérez et al., 2007). The TIP3P potential 

was used for waters (Jorgensen et al., 1983). GAFF atom types were used for the 

ligand (Wang et al., 2004). Ligand charges were derived using the AM1-BCC 

charge method (Jakalian et al., 2002) and defined in the ligand preparatory files as 

part of the new residue input.

Periodic boundary conditions were applied, with the particle-mesh Ewald (PME) 

method (Darden et al., 1993) used to treat long-range electrostatic interactions. The 

solute was first solvated in a waterbox, the dimensions of which extended to a 

distance at least 12 Â from any solute atom (total VDW box size approximately 63 x 

72 X 64 Â ^ ). Potassium counterions were subsequently added using XLEAP to 

attain overall system neutrality, with standard potassium parameters as applied in 

the Cornell et al. Force field (VDW radius 2.658 Â). This process generally resulted 

in the addition of 7000 residues (ions and waters), depending on the exact box 

dimensions.

The minimisation procedure for the solute consisted of a two stage approach. In the 

first stage the solute was kept fixed and only the positions of the water and ions
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were minimised. In the second stage, the entire system was minimised.

Positional restraints were used on each of the solute's atoms (DNA, ligand and 

central channel potassium ions) to keep them essentially fixed in the same position 

via using a force constant of 500 kcal.mol VÂ. This means that the water and 

counterions were free to move. Such restraints work by specifying a reference 

structure, in this case, the starting structure, and then restraining the selected 

atoms to conform to this structure. The solute was subjected to 5000 steps of 

minimisation with an initial 3000 steps of steepest descent minimisation followed by 

2000 steps of conjugate gradient minimisation. Constant volume periodic 

boundaries and PME were used and a cutoff of 11 Â was employed.

The second stage of minimisation consisted of minimising the whole system. In this 

case, 5000 steps of minimisation were run without any restraints with an initial 3000 

steps of steepest descent minimisation followed by 2000 steps of conjugate 

gradient minimisation.

The next step in the equilibration protocol involved allowing the system to heat up 

from 0 K to 300 K. In order to ensure this happened without any wild fluctuations in 

the solute, weak restraints of 10 kcal.mol VÂ were used on the solute similarity to 

the first stage of the minimisation. The Langevin temperature equilibration scheme 

was used in maintaining and equalising the system temperature. Twenty 

picoseconds (ps) of MD with a timestep of 2 femtoseconds (fs) were run at constant 

volume with the SHAKE algorithm enabled for hydrogen atoms.

The final geometry was the the starting point for the full 2 nanoseconds (ns) 

production run, with energy information and averages printed out every 100 steps 

(0.2 ps intervals), coordinates captured every 1000 steps (2 ps intervals). The 

restraints were switched off and constant pressure was applied in the production 

run of 2 ns of at 300 K.

Preparation, minimisation and equilibrated MD were carried out for each complex in 

the series.
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4.3.5 MD analyses

Trajectories were examined visually using the VMD software package (Humphrey et 

al., 1996). This allowed mapping of any large conformational changes to distinct 

time periods in the trajectory and the comparison of energy and RMSD values. 

Energies and other MD output values were extracted from the MD output files using 

a short PERL script.

Processing of the trajectories was performed using the PTRAJ tool in AMBER. 

Trajectories were first imaged to move coordinates from outside the periodic box 

back inside, and the centre of geometry of residues 1-47 (quadruplex, central 

potassium ions in the channel and the ligand) placed at the origin. Finally, the 

trajectories were stripped of all residues apart from the DNA (residues 1 to 42), the 

internal potassium ions (residues 43 to 46) and the ligand (residue 47). The 

stripped trajectories could then be used for structural analyses and relative binding 

affinity calculations.

4.3.6 Structural analyses

Preliminary analysis of the MD trajectories was carried out by examining the 

variations in the total energy ( E to t )  of the system (ETOT=potential energy+kinetic 

energy) and by studying the structural and conformational changes in the structure 

over the course of the simulation.

System properties (such as E to t )  were extracted from the data written to the 

molecular dynamics output files. Conformational and structural changes can be 

mapped out to specific time points in the simulation by calculating the RMSD values 

over the course of the production run. RMSD values were calculated with respect to 

the structure of the first frame after equilibration.

RMSD calculations provide a means of identifying major and sudden changes in 

the conformation of a system. RMSD analyses included calculating the RMSD for 

the heavy atoms of the structure as a whole, the G-quartets, the loop regions.

RMSD values were also calculated for the ligand as a whole, and separately, for the
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acridine core, for each of the 3-, 6- and 9- substituents.

4.4 Results

4.4.1 Equilibration

An estimate of the equilibration status of the system can be assessed from the 

output data files of the MD run. The calculated total energy ( E t o t ) includes the 

receptor, ligand and solvent molecules, reflecting the stability of the system over the 

course of the MD production run. In all the systems in this study, the variations in 

the total energy of the system and RMSD values over time indicated that an 

equilibrium state had been reached (Figure 4.3 and Figure 4.5). Equilibrium values 

were rapidly reached at around 500 ps.
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Figure 4.3: Total energy ( E t o t )  for all four complexes over the course of the dynamics simulation.
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4.4.2 Structural Analyses: visual and RMSD analysis

Visualisation of the trajectories and trace of RMSD values for the MD simulations 

illustrate stable trajectories in all four ligand complex systems. RMSD values do not 

represent the energetics of a system. However, they provide a means for identifying 

major changes in the conformation of the components of the system over the 

course of the MD run.

RMSD values were calculated for the heavy atoms belonging to the ligand as a 

whole, the acridine core and the atoms in each of the 3-, 6- and 9- substituents 

(Figure 4.4)

Simulations of all four compounds resulted in stable binding at the interface 

between the two quadruplexes. Visualisation of the trajectories showed that the 

stacking arrangement of the two quadruplexes remained intact with the ligand 

sandwiched in between, where the ligand remained in close contact with the 3' G- 

quartet and 5' TATA quartet surfaces. Little interaction was observed between 

quadruplex loops and the ligands.

\

O

Figure 4.4: Defined Ligand components as used in the caiculations of Rf\4SD values. These 
components are shown as obiong coloured shapes superimposed onto the chemical structure of the 
ligand (right) and onto the bound ligand (left) (ligand is viewed laid onto the 3 ’ face of the quadruplex). 
Green = acridine core, red = 3-substituent, blue = 6-substituent and orange = 9-substituent.

Trace of RMSD values for each complex as a whole with respect to the starting 

structure is shown over the course of the simulation run (Figure 4.5) and starting 

and finishing positions for each ligand are shown (Figure 4.6).
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In general, all of the complexes were stable over the course of the simulation run 

and showed little variation from their respective starting positions.

The starting orientation of the carbonyl oxygen and the amide nitrogen in all the 

complexes was maintained throughout the course of the molecular dynamics 

simulations i.e. identical to the starting structure before the dynamics run and to the 

crystal structure (Figure 4.6).

BRAC019 Ligand 1

-------  All heavy atoms ^ I
-------  AB heavy atoms

Loops Loops
G tetrads 5 Gtesads

Ligand 2 Ligand 3

1000 
Time (ps)

Figure 4.5: Trace of RM SD values for heavy atoms in each complex as a whole (black), for loops (red) 
and for G-quartets (green).

Over the course of the 2 ns simulation, the 9-substituent in all ligands remained in 

place relative to the starting position. It occupied a tight pocket formed by a thymine 

base and the DNA backbone (discussed in detail in Chapter 2).

The acridine core in BRAC019, ligand 1 and ligand 3 remained in place relative to 

the starting position indicating that no significant movement occurred over the 

course of the simulation. On the other hand, the acridine core in ligand 2 showed a
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Figure 4.6: Starting and finishing positions for all four ligands. Starting positions are shown in yellow 
and finishing positions are shown in red. The starting position is after minimisation but before 
molecular dynamics simulations have started. The molecular surface (shown in grey) is generated 
from the starting quadruplex structure. Top row = BRAC019, second row = ligand 1, third row = ligand 
2 and fourth row = ligand 3. Column on the left = ligand is shown overlaid onto the S' face of the 
quadruplex. Column on the right = ligand is shown overlaid onto the 5' face (S' TATA quartet) of the 
other quadruplex.

small shift in its position along the G-quartet surface by about 1 Â. This motion
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occurred as the side chains formed interactions with the groove regions. However, 

this shift remained very small as the 9-substituent anchored the ligand in place, 

thus resisting any large shifts in ligand position. Similarly, the 3' and 5’ quadruplex 

faces restrict any rolling of the acridine core that may be caused, in the absence of 

such restrictions, by strong interactions between the side chains and the loops or 

grooves. In BRAC019, ligand 2 and ligand 3, the 3- and 6-substituents all point 

towards the grooves in the quadruplex at the 3' face over the course of the 

simulation. In contrast, the 3-substituent in ligand 1 point towards the groove in the 

quadruplex at the 5' face (Figure 4.6). In all four complexes, equilibration was 

reached early in the simulation (about 500 ps) as shown by the RMSD value (for 

the whole complex) remaining between 1.5 and 2.5 Â over the course of the 

simulation (Figure 4.5).

As for the G-quartets, the calculated RMSD values which were maintained over the 

course of the simulation (after equilibration) at approximately 1 Â, demonstrated 

their characteristic stability. In contrast, those for the loops - ranging between 3 and 

4 Â- demonstrated their flexibility. This is in accord with previous studies (Moore et 

al., 2006; Hazel et al., 2004).

The behaviour of each ligand during the course of the simulations is briefly outlined 

below.

BRAC019

On the whole, BRAC019 was the most stable ligand in the binding site. BRAC019 

showed the least amount of conformational change as demonstrated by 

maintaining low RMSD values over the course of the simulation with very limited 

fluctuation remaining between 0.5 and 1 Â.

The RMSD values calculated over the course of the simulation (Figure 4.7) for the 

acridine core and 9- substituents also remained very low, between 0.1 and 0.3 Â.

The 6-substituent was also stable with RMSD values between 0.1 and 0.5 Â.

The 3-substituent showed a slightly higher variation with RMSD values ranging 

between 0.5 to 1 Â. This was due to the rotation of the end hetero ring whilst mostly
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maintaining the conformation of the side chain itself.

The starting conformation for the alkyl chains, the carbonyl oxygens and the amide 

nitrogens was maintained throughout the simulation relative to the starting 

structure.

Ligand 1

Overall, ligand 1 showed the most movement, having RMSD values ranging 

between 1.5 and 2.5 Â.

Similar to the behaviour of BRAC019, the RMSD values calculated over the course 

of the simulation (Figure 4.7) for the acridine core and the 9- substituent remained 

very low between 0.1 and 0.3 Â.

Furthermore, the 6-substituent showed more mobility than BRAC019 but still 

maintained low RMSD values between 0.6 and 1.0 Â.

However, the 3-substituent showed a higher variation, with RMSD values ranging 

between 1.0 to 1.5 Â. This is due to a change in the conformation of the alkyl chain 

as it probed for interactions with the quadruplex. More specifically, as the positive 

charge on the nitrogen contained in the hetero ring at the end of alkyl chain probed 

for interactions with the quadruplex groove and negatively charged DNA backbone. 

This interaction was achieved very close to the start of the simulation (at 

approximately 250 ps) and was maintained throughout the length of the molecular 

dynamics run.

In contrast to all other complexes the 6-substituent in ligand 1 probed the loop and 

groove in the quadruplex belonging to the 5' face. This was achieved very early on 

in the simulation (Figure 4.7) and maintained throughout the course of the MD run 

where the RMSD value was maintained at approximately 1 Â.

Ligand 2

Ligand 2 maintained RMSD values between 1.0 and 1.5 Â over the course of the 

MD run (Figure 4.7).

Here, the calculated RMSD values (Figure 4.7) for the acridine core and 9-
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substituents also remained low between 0.1 and 0.5 Â, but were higher than those 

for BRAC019, ligand 1 and ligand 3. This is due to a shift in the position of the 

acridine core along the G-quartet surface as the positively charged end hetero rings 

- enabled by the longer side chains - formed strong interactions with the negatively 

charged backbone in the loops and grooves.

The 6-substituent showed the highest variation in its conformation away from the 

starting structure over the course of the simulation with an RMSD value between 

1.0 and 1.5 Â over the course of the simulation. This was due to a rotation in the 

end ring accompanied by a conformational change in the long alkyl chain.

BRAC019 Ligand 1

Wtiok Ikwiid

Ligand 2 Ligand 3

Whoi* Agand

3-su&s0(uent
6-sub«ti(uerrt
9-»u»b«lo»nt

It

3 #u6*mu*n( 
S-«ub6fitU«Ot 
9-»u«Miueni

Figure 4.7: RM SD values for the ligand and Its components (see text).

The 3-substituent showed a greater variation in RMSD values than BRAC019 but 

lower than ligand 1 and ligand 3 and was maintained between 0.7 and 1.3 Â. As the 

simulation progressed and the loops relaxed into an open position, the backbone of 

the loop belonging to the 5' quadruplex moved further away from the pyrrolidine 

ring, whereas the backbone of the loop belonging to the 3' quadruplex remained at 

a closer distance and thus physically available for interactions with the protonated
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nitrogen. A change in conformation of the alkyl part of the side chain, and 

consequently a rotation in the orientation of the hydrogen in the protonated nitrogen 

by about 45® enabled successful interactions with the 02 of the DNA backbone.

Ligand 3

The calculated RMSD value for ligand 3 was maintained over the course of the 

simulation between 1.0 and 2.0 Â (Figure 4.7).

Here, the RMSD values calculated over the course of the simulation (Figure 4.7) for 

the acridine core and 9- substituents also remained low, between 0.1 and 0.3Â, 

analogous to the behaviour of BRAC019, ligand 1 and ligand 2. No shift in the 

position of the acridine core was observed.

The 6-substituent showed variation in its conformation over the course of the 

simulation that was more significant than in BRAC019 but lower than ligand 1 and 

ligand 2, maintaining RMSD values between 0.5 and 1.0 Â. This was due to the 

long side chain extending deep into the quadruplex groove probing for interactions 

with the negatively charged DNA with its positively charged nitrogen atom in the 

end hetero ring.

The 3-substituent deviated from the starting structure and the calculated RMSD 

values were maintained at around 1.5 Â throughout the simulation. Unlike the 

relatively wide and open pocket available for the 6-substituent, the pocket 

containing the 3-substituent is much narrower and more shallow. This caused a 

strain on the longest side chain in this series to fit as it was constrained by the 

surrounding DNA atoms.

4.4.3 Calculation of binding free energy

Mean free binding energies for the four compounds studied here are presented 

including a breakdown of the calculated values (Table 4.2). The PB and GB 

methods for calculating the free energy of binding produced similar results for the 

four compounds in this work and are within the margin of standard error in the 

calculations of each other. The reason behind this is apparent from visual
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inspection of the trajectories and comparison of the starting and final structures 

(Figure 4.6). The difference between these two positions is very small for all four 

complexes. This can be attributed to a combination of factors which led to a 

significant restriction to any deviation from starting structure, such as the 9- 

substituent which acts as an anchor thus holding the acridine core firmly in place 

and consequently the whole ligand. Also the presence of a G-quartet and a TATA- 

quartet on either side of the ligand restricts any rotational movement of the acridine 

core and any rotation of the amide bonds. This leaves the alkyl side chains. They 

have relative freedom to adapt their conformation in order to accommodate the 

probing of the groove regions by the positive charge in the end hetero rings.

The results of the free energy of binding calculated here are in contrast to the 

experimental results (Table 4.1) where BRAC019 and ligand 1 have significantly 

more favourable binding; BRAC019 produces the largest change in melting 

temperature with the human telomeric quadruplex, whereas Ligand 2 and ligand 3 

give much less favourable stabilisation. The ligands are very closely related to each 

other from a structural point of view where only the number of carbon atoms in the 

3- and 6- alkyl side chains differs; there are 2 in BRAC019, 3 in ligand 1,4 in ligand 

2 and 5 carbon atoms in ligand 3. It follows that they also have an equal net charge 

of +3 where the charges are at exactly the same positions in all ligands (one 

positive charge on the nitrogen atom in each of the end hetero rings in the 3- and 6- 

substituents and one positive charge on the nitrogen atom in the acridine core).

This would account for the very similar electrostatic component of the calculated 

free energy of binding (Table 4.2).

It is notable that all the calculated values for binding free energy are negative (i.e. 

binding is favourable) which is in accordance with experimental binding data 

(Moore et al., 2006).
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Table 4.2: Breakdown of free energy binding values (kcai.mot^) for all four complexes used in this 
study.

BRAC019 LIGAND 1 LIGAND 2 LIGAND 3

a a o a

A E aec -2196.67 15.34 -2224.92 9.98 -2239.54 14.49 -2186.70 11.49

A E MM -2291.97 15.34 -2319.90 10.13 -2335.59 14.99 -2293.75 12.34

A G (PB) -9-57 0.20 -9.44 0.11 -9.83 0.16 -11.35 0.10

NONPOLAR

A G (PB) 2207.17 16.50 2223.71 10.21 2232.03 13.64 2200.38 11.78

SOLVATION

A G mm* (PB) -84.80 4.70 -96.18 3.66 -103.56 4.44 -93.37 6.13

SOLVATION

A G (GB) -9-57 0.20 -9.44 0.11 -9.83 0.16 -11.35 0.10

NONPOLAR

A G (GB) 2199.49 15.28 2222.56 9.77 2235.76 13.34 2198.49 12.61

SOLVATION

A G M M * (GB) -92.48 3.18 -97.33 3.54 -99.83 4.01 -95.26 3.29

SOLVATION

T A S -35.52 6.85 -34.32 6.14 -36.59 7.72 -32.00 7.96

A G (PB) -49.28 8.30 -61.86 7.15 -66.97 8.91 -61.37 10.05

A G (GB) -56.96 7.55 -63.01 7.09 -63.24 8.70 -63.26 8.61

B « 0« G

4.5 Discussion

Molecular dynamics simulations were conducted on four G-quadruplex ligand 

complexes; with BRAC019, ligand 1, ligand 2 and ligand 3 (Figure 4.2). The 

complexes were stable and reached equilibration rapidly (at approximately 500 ps) 

as demonstrated by the values of calculated RMSD ranging between 1.5 and 2.5 Â 

over the course of the simulation, and also the energetics of the system. The 

RMSD values for the G-quartets remained low throughout the course of the 

molecular dynamics simulation at approximately 1 Â, in accordance with previous 

reports on long-term quadruplex simulation (Spackova et al., 1999; Spackovâ et al.,
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2001 ; Chowdhury & Bansal, 2001). In contrast, the TTA loops showed a much 

larger variation reflecting their flexibility with RMSD values ranging between 3 to 4 

A, also in accord with previous MD studies (Moore et al., 2006; Hazel et al., 2004; 

Spackova et al., 1999; Fadrnâ et al., 2004).

For ail complexes studied here, the deviation from starting conformation was mainly 

limited to the 3- and 6- side chains. Notably, the bound ligand BRAC019 showed 

significant stability, over and above the other three ligands, demonstrated by 

maintaining the lowest range of RMSD values (0.5 to 1 A for the ligand as a whole). 

Furthermore, in contrast to the other ligands, BRAC019 also demonstrated stability 

for its 3- and 6- side chains (RMSD values ranging between 0.1 to 1 A). The reason 

for this becomes apparent upon visualisation of the binding site in the MD 

simulation and in view of the determined crystal structure for BRAC019 in a 

complex with the human telomeric quadruplex (Campbell et al., 2008). BRAC019, 

as in the other three ligands, fits tightly into a binding site where steric factors - a 

consequence of the G-quartet and the TATA-quartet above and below the ligand - 

restrict its movement. The combined restrictive effect of the planes of the quartets 

surrounding the acridine core and amide bonds, and the 9-substituent fitting into a 

tight pocket (discussed in detail in Chapter 2), effectively anchors the core of the 

ligand in place.

However, the 3- and 6- side chains point away from the quartet planes and towards 

pockets formed by the groove and loop regions. The ligands were originally 

designed with a positive charge at the end of long flexible side chains at the 3- and 

6- positions so as to probe the pockets formed by the groove and loop regions for 

favourable electrostatic interactions with the negatively charged DNA backbone. It 

was hypothesized that lengthening the flexible alkyl component of the side chains 

would allow the positive charge in the pyrrolidine ring (or a positively charged group 

of similar dimensions) to probe deeper into these pockets.

Indeed, in 2002, Parkinson et al determined the crystal structure of the native 

human telomeric quadruplex sequence revealing an extensive network of waters in 

the groove and loop regions. This structure analysis supported the ongoing effort in 

designing tailored ligands, which in principle, are able to mimic the hydrogen
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bonding pattern in the grooves and loops - as guided by the observed water 

networks - and thus have superior affinities. The crystal structure provided an 

excellent scaffold on which to base future structure-based ligand design, however, it 

did not explain some of the current experimental observations, for example, trends 

in binding affinities of compounds belonging to the extensively studied acridine 

family.

The crystal structure of the complex formed with BRAC019 (Campbell et al.,

2008) provided a rational for several of the observed experimental observations 

and is further supported by the simulation work reported here. The crystal structure 

revealed that BRAC019 demonstrated optimum placement with regards to the 

positive charge in the end pyrrolidine ring so as to allow the nitrogen atom in the 

pyrrolidine moieties to contact the existing water network i.e. without disruption. It 

showed that lengthening the alkyl part of the side chains would cause the 

hydrophobic alkyl moiety to replace the pyrrolidine positive charge, thus 

destabilising the existing water network and interfering with its structural stability.

The molecular dynamics study shows that lengthening the side chains at the 3- and 

6- position reduces the stability of the ligands as the increasingly hydrophobic 

longer side chains contact instead the well-defined polar pockets lined with the 

DNA backbone and nucleic acid bases belonging to the loop and groove regions.

This is in contrast to previous MD simulation studies in which binding between the 

same set of ligands used in this Chapter and the parallel human telomeric G- 

quadruplex was investigated (Moore et al., 2006). This work reported considerable 

deviation from starting structures over the course of a 1 ns simulation run; including 

shifts in the position of the acridine core, the 9-substituent and free rotation of the 

amide bond orientation relative to the acridine core. An orientation was preferred 

whereby the ligand forms a crescent shape allowing the oxygen to point towards to 

the centre of the G-quartet. The reason for the difference between the study 

conducted by Moore and co-workers and the work in this chapter becomes clear 

once the two types of structures are compared; the first is a single ligand bound 

onto the surface of a 3' G-quartet belonging to a singular G-quadruplex structure, 

whilst here the ligand is sandwiched between two quadruplexes. Moreover, each of
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the ligands studied here formed a shared plane with a thymine base consistent with 

the crystal structure. These factors contribute to the rigidity seen in the ligands 

here, whereas in the study by Moore et al, the ligands were free to sample 

conformational space without significant steric hindrance. The ligands here faced 

greater restriction especially for the acridine core and the attached amide bonds.

Conformational changes seen here were restricted to rotation in the alkyl part of the 

side chains and in the end pyrrolidine ring. The side chains at the 6-position 

interacted with the groove belonging to the 3' quadruplex as the DNA backbone 

prevented interactions with the nearest grooves on the 5' face. On the other hand, 

the side chain at the 3-position could, in theory at least, interact with grooves 

belonging to both of the quadruplexes as shown by ligand 1. All three ligands 

maintained a closer contact with the groove belonging to the 3' quadruplex except 

for ligand 1 which interacted with the groove on the other side. The conformational 

changes observed in both of the 3- and 6- substituents are also affected by the 

conformational changes in the loops themselves as they relaxed and adopted a 

more open conformation over the course of the simulation, thus imposing steric 

forces onto the end of the side chains in the ligand.

The calculated values of free energy of binding for the complexes are closely 

similar within the likely error bars of the simulation and reflect the similarity in 

structural attributes of the four complexes making them energetically 

indistinguishable. This is especially significant in view of the similarity in the ligands 

with regards to their structures and charge as discussed earlier. We note that these 

calculations take no account of possible differences in water arrangements.

4.6 Conclusion

So far, G-quadruplex binding ligands were generally designed to have three points 

of contact with the loops or grooves of the quadruplex. In principle, the ligands 

contained flexible rotating elements that would probe the loop and groove regions 

for favourable interactions. This study showed the important role that the water 

networks - as observed in the crystal - play in the process of ligand design. The
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significant consequences of ligand binding to tandem or stacking quadruplex 

multi mers compared to singular quadruplexes are demonstrated. The former 

mimics molecular crowding conditions where the binding site is rich with features 

thus greatly affecting ligand binding and restricting its movement. The latter has a 

featureless surface where the ligand has freedom of movement in both the 

horizontal and vertical directions.
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5 CONCLUSIONS

G-rich regions capable of forming G-quadruplex structures are found in telomeric 

ends of chromosomes and in non-telomeric regions of the human genome such as 

promoter elements of oncogenes, RNA telomeric transcript and RNA 5' 

untranslated regions. Selective targeting of a specific G-rich region of the genome 

for a therapeutic effect depends on substantial knowledge of the structure and 

behaviour of the quadruplex target in question.

The crystal structure of the complex formed between BRAC019 and the human 

telomeric quadruplex presented here has shown that not only does ligand binding to 

tandem quadruplex multimers represent a real goal but also demonstrates that the 

binding site (formed at the interface of stacking quadruplexes) is rich with features 

that can be selectively targeted with suitable ligands.

BRAC019 was found to be sandwiched between two quadruplexes stacked 5' to 3' 

and anchored in place by flanking nucleotides (four thymine and two adenine 

nucleotides) which formed a significant part of the binding site. All six nucleotides 

flipped into the interface between the two quadruplexes forming multiple contacts 

with the ligand and leading to enhanced ligand-quadrupiex "fit". In fact, the 

significant role played by the flexible flanking nucleotides in ligand binding was 

demonstrated in several places. The aromatic core of BRAC019, being of 

significantly smaller dimensions than the G-quartet surface and consequently less 

efficient at forming stacking interactions, was in effect extended with a thymine 

base to form a coplane that matched the dimensions of the quadruplex face more 

closely (i.e. by being sufficiently large). This led to greater stacking interactions and 

consequently more stable binding. The ligand-thymine coplane was a recurrent 

feature which was also observed in this work in the structures of the complexes 

formed between the Oxytricha nova telomeric quadruplex and a series of six 

disubstituted acridines in accord with previous studies. Another thymine base
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flipped into the binding site almost perpendicular to the acridine core of BRAC019 

and stacked onto the phenyl ring (part of the 9-substituent), thus anchoring the 

ligand in place. Moreover, the remaining thymine and adenine bases formed a TATA 

plane onto which the BRAC019-thymine coplane, mentioned earlier, stacked at the 

5' quadruplex face.

All of the flanking nucleotides mentioned above can be accounted for by the 

nucleotides of two TTA loops (4T + 2A  = 2x TTA), which would need to be added 

to the singular stacking bimolecular quadruplexes in the crystal in order to create a 

tandem unimolecular quadruplex dimer. The two loops would be; the loop 

connecting two consecutive quadruplexes in the quadruplex dimer and the loop 

connecting the two DNA strands in the bimolecular quadruplex.

The nature of the loops in a quadruplex also has fundamental consequences with 

regards to ligand binding. A link between loop type and experimental observations 

became clear upon comparison of the propeller loops in the parallel BRAC019 

complex to the diagonal loops in the disubstituted acridine series of complexes in 

the anti-parallel quadruplex, which emphasised the fundamental differences 

between the two (despite some common features being retained such as the ligand 

thymine coplane). The end hetero rings at the 3- and 6-substituent side chains point 

towards the solvent. The wider and open nature of the binding pocket formed by the 

diagonal loop enabled successful binding to increasingly bulky moieties (not only to 

five but also to six and seven membered rings). In the parallel structure, these 

moieties would have to be contained within a shallow pocket formed by the 

propeller loops. Based on this, a rationale for the experimental results became 

clear. Firstly, increasing the size of the end hetero rings would result in increasing 

steric constraints imposed by the shallow pocket of the parallel loop and 

consequently reduce affinity of binding (in contrast to the diagonal loop). This was 

in accord with experimental observations. Secondly, increasing the length of the 

alkyl part of the side chain would replace the positively charged nitrogen in the 

pyrrolidine ring (which is participating in local water networks in the crystal) with a 

hydrophobic alkyl part thus obliterating the established ligand-water-DNA structural 

pattern also in accord with the experiment. The modelling studies supported these

195



CONCLUSIONS - CHAPTER 5

observations whereby increasing the length of the side chains resulted in 

increasingly mobile side chains compared to the more stable shorter side chains 

present in BRAC019. This was due to the combined effect of greater steric 

constraints imposed by the shallow pocket of the propeller loop on the longer 

(hence more bulky) side chains and the latter being predisposed to greater mobility 

due to a less stable (or absent) ligand-water-DNA network structure.

The role of favourable crystal packing interactions cannot be excluded as a 

contributing factor to the observed 5' to 3' stacking of the quadruplexes in the 

structure of the BRAC019 complex. However, the purpose of structure 

determination is not only to provide ready starting points for structure-based ligand 

design. It is also extremely useful in providing insight into the process of ligand 

binding itself, revealing information about conformational changes that lead to 

phenomena such as "induced-fit" between ligand and receptor.

The crystal structures presented here have had a significant impact on current 

perceptions of structure-based ligand design of telomeric G-quadruplex binding 

agents especially in view of the highly concentrated solute content in the crystals. 

The effect of molecular crowding conditions on the structure and stability of G- 

quadruplex structure (and biomolecules in general) is highly significant because this 

can illustrate how they behave under cell-mimicking conditions. Increasing the 

concentration of the solute, adding viscous agents such as polyethylene glycol 

(PEG) or adding ethanol are all methods commonly used to mimic molecular 

crowding conditions. Conditions in the crystal (more specifically the high solute 

concentration) are more closely related to molecular crowding conditions than dilute 

solutions used in other methods used in structural studies such as NMR.

However, NMR methods are extremely valuable in elucidating structural 

information, such as establishing that the specific fold adopted by the human 

telomeric quadruplex is sensitive to the nature of flanking nucleotides. Although it 

has not been shown yet whether ligands can affect the quadruplex fold in a similar 

way, G-quadruplex binding ligands can act as molecular chaperones for quadruplex 

formation.
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Further, preferably high resolution, structural studies are necessary to clarify the 

structure and behaviour of tandem telomeric G-quadruplex multimers (native and in 

complex with ligands) in conditions mimicking cellular crowding conditions (such as 

in the crystal). This is essential if structure-based ligand design is to achieve 

increased affinity and decreased (or negligible) cross-binding with other 

quadruplexes; both characteristics are fundamental in advancing compounds from 

ligands to potential clinical anticancer agents.
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%  quadruplexes are formed from guanine-rich repeats that self-associate into higher order four-stranded structures. These G-rich 
xjuences can be found in both telomeric regions as well as regions proximal to promoters of oncogenes. The compelling evidence 
jilizing these motifs by small molecule ligands can alter cell viability in certain cancer cell lines has led to identification of DNA  
ilex structures as therapeutic targets. Target-based design of selective ligands that target particular quadruplex topologies is heav- 

iant on the availability of high-resolution structural information of the intended target. X-ray crystallography can provide this level 
ail to atomic resolution. Recently drug discovery programs have refocused on the need for a fuller structural and molecular descrip- 

the target molecule. This review describes a crystallographic route to the determination of quadruplex topology, and high-reso- 
loop structures for target-based ligand design. The review also highlights the methods employed in the design of appropriate DNA  
aess and crystallization techniques to solve these unusual DNA structures.
/^Isevier Inc. All rights reserved.

>is: Quadruplex; Crystallization; Structure solution; Structure determination; X-ray crystallography; Nucleic acids

Auction

Ictural studies of quadruplex nucleic acid were initi- 
’"4th the discovery that the synthetic poly 0  oligonu- 
ÿ  forms a fourfold right-handed helix, using X-ray 

Taction methods to define helical geometry. Pine
a l  detail, including unambiguous determination of 
Rangement in the G-tetrad motif, requires the use of 
’•crystal crystallography. Structural analyses applied

t‘Ort-length oligonucleotides have subsequently pro- 
etailed information on quadruplexes. Crystallo- 
techniques have played a pivotal role, in tandem 

methods, in advancing our knowledge of the 
•̂ nge of topologies and detailed geometries available 
^  molecules. Such studies are assuming increasing 
'̂ nce and attracting more general interest as the role 
''̂ druplex nucleic acids in biology becomes more 
^nt and as their potential as therapeutic targets 

realised. There is a natural tendency to attempt

^ponding author. Fax: +44 (0) 20 7753 5970.
address: gary.parkinson@pharmacy.ac.uk (G.N. Parkinson).

- see front matter © 2007 Elsevier Inc. All rights reserved. 
'Ol6/j.ymeth.2007.08.005

to establish common structural principles and folding rules; 
however, the current small size of the quadruplex structural 
data suggests that this is premature, not least because the 
topological variability that is a consequence of the diversity 
of quadruplex sequence (and sequence context), has barely 
been explored as yet. It is also apparent that more crystal 
structures need to be determined particularly as the human 
telomeric sequence has revealed several topological iso
forms in solution that are different to the topology 
observed in the crystalline state (Fig. 1).

This chapter describes the methodology for obtaining 
crystal structures of quadruplexes and their ligand com
plexes. Crystallization protocols are discussed in detail 
since obtaining viable crystals remains the rate-determining 
step in all structural projects. These necessarily focus on 
the conditions that have to date been successful, and 
emphasise their variety; every quadruplex presents distinct 
surface characteristics to its environment, and it is there
fore essential to explore a wide range of conditions if 
success is to be achieved. The route chosen for the collec
tion of crystallographic data depends on the quality of 
the crystals, and on the methods to be used for structure

http://www.sciencedirect.com
http://www.elsevier.com/iocate/ymeth
mailto:gary.parkinson@pharmacy.ac.uk


N .H . Campbell, G.N. Parkinson I  Methods 43 (2007) 252-263 253

NMR,Na+ d  X-ray, K+ 6  ^  NMR, K+

A  schem atic  d ia g ra m  s h ow ing  the  lo o p  d ire c tio n  a n d  p o la r ity  

in  b o th  s o lu tio n  a n d  so lid  s tate  fo r  (a ) te tra m o le c u la r  

T )  a n d  (b )  b im o le c u la r  Oxytricha nova d ( G C K jG T T T T G  

X i), and  o f  d iffe re n t fo rm s  o f  th e  u n im o le c u la r  h u m a n  te lom ere  

jp ic e  in  s o lu tio n  (c ) +  (e ) a n d  in  th e  crys ta l (d ) .  L o o p s  in  b lue . Base  

itatation; w h ite  is anti a n d  p in k  is syn. ( F o r  in te rp re ta t io n  o f  the  

H^ces to  c o lo u r in  th is  figu re  legend, the  re a d e r is re fe rre d  to  th e  w eb  

io n  o f  th is  a r tic le .)

Étions. The wide-spread availability of synchrotron 
am lines with multiple-wavelength anomalous diffraction 
lAD) capability has long been of a great advantage for 
cleic acid crystallographers as anomalously scattering 
fnines substituted at the 5' methyl of thymine provide 
efficient substitution sites and anomalous data for struc- 
fe solution. However, the increasing availability of stable 
fenium derivatives, which have a larger anomalous dis- 
rsion signal, enables effective phasing to be achieved with 
house data collection facilities. We will discuss here the 
&̂ods used to crystallize and solve these novel D N A  

ij^ures, bringing together the experience from our own 
^oratory and information from other research groups.

stallization of native G-quadruplexes

Sample p rep aratio n

irting D N A  samples for both crystallographic and 
techniques should be as pure as possible. The sample 

"sually dialysed against double distilled water or an 
^opriate buffer for cartridge purified oligonucleotides, 

HPLC purified oligonucleotides are suitable for use 
^out additional purification. The sample should then 
^ied  to a powder for storage. A standard protocol 
Material preparation commonly utilized in our labora- 

^ is provided below. D N A  samples are first dissolved 
® ultra-pure (type 1 ) water to a concentration of no

more than 5 mM, verified by U V  spectrographic methods. 
Appropriate buffer and salts are then added bringing the 
D N A  to a concentration of typically 3 mM for annealing. 
The annealing of guanine-rich D N A  at high concentrations 
can result in the formation of gel like solutions due to the 
random association of the strands via the hydrogen bond
ing between the abundant guanine nucleotides. Annealing 
buffer solutions typically comprise of a cacodylate salt, buf
fered to pH 6.5 at around 20 mM with the addition of 
monovalent cations such as sodium or potassium ions at 
concentrations between 30 and 100 mM to allow quadru
plex formation. Before annealing the D N A  is typically 
heated to 90 °C for 5-15 min to ensure the disassociation 
of all the strands. The samples are then allowed to cool 
overnight to room temperature in a covered heating block, 
allowing the gradual ordered re-association of the strands. 
Folding of the D N A  into a single species can also be 
achieved by dialysis and the use of appropriate buffering 
conditions. This method has the advantage of incorporat
ing an additional purification step. Typically, during dialy
sis the D N A  is equilibrated over several days to form the 
quadruplex motif. The samples can then be diluted to a 
final concentration of around 2 mM prior to crystallization 
trials or N M R  analysis.

2.2. Buffers, precipitating agents and additives

The formulations used for crystallization of biological 
samples are usually divided into three classes, buffering 
agents, precipitating agents and additives; this distinction 
can also applied to quadruplex crystallization. The choice 
of components used in each of these classes are discussed 
in detail with specific relevance to the stabilization of 
quadruplexes.

Buffering agents and pH are not usually critical factors 
in D N A  crystallization, being ideally at neutral to slightly 
acidic pH 6.5-7.0. However the selection of buffering agent 
may sometimes have an influence on sample crystallization. 
Typically we use cacodylic acid, at about 20 mM and pH 
6.5 either as the sodium or potassium salt. Cacodylic acid 
also allows for long-term storage of the D N A , pre
annealed and ready for crystallization. Phosphate buffers 
are usually avoided due to the tendency for phosphate salts 
to crystallize from the components used in the crystalliza
tion screens.

A limited range of precipitating agents has so far been 
employed in the growth of quadruplex crystals. Those 
agents that have led to successful X-ray structure determi
nation are; M PD (62% of those quadruplexes crystallized), 
polyethylene glycols (PEG) with molecular weights 
between 400 and 4000 (29%), and ammonium sulphate 
(9%). This limited set is in contrast to the wider range of 
conditions utilized for duplex D N A  crystallizations, which 
include 2 -propanol, polyethylene glycol monomethyl ether 
(PEG M M E), and 1,6-hexanediol.

As additives, cations will always be included in the crys
tallization mix as they are required for the formation and
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^tion of the quadruplexes. Their role is critical as 
modulate the final folded topology as observed 
telomeric sequences [1,2]. Monovalent metal cat- 

■iich as sodium (45%), potassium (50%) are normally 
jgj in the annealing step and supplemented in the 
jllization buffer to maintain the initial annealing con- 
„tion during crystallization. Other monovalent metal 
iuch as lithium (9%), and divalent metal ions such 
jgnesium (32%) and calcium (14%), are common addi- 

crystallization buffers for quadruplexes. The choice 
-ion is important as it can both stabilize and destabi- 
;i,e folded quadruplex. The affinity of monovalent 
jang cations in the central channel is 
XH4 " > Rb^ > Na"  ̂> Cs'*' > Li"*". Therefore the 
of ammonium sulphate as a precipitating agent 

modify a quadruplex annealed in Na"*". Several diva- 
alions actively destabilize quadruplexes as shown in 

> Co^+ > Mn^+ > Mg^+ > Ca^+ with the last 
OTimonly used in quadruplex D N A  crystallography, 
iivalent cations play an important role in linking the 
;ed phosphate backbones together in the lattice envi
ent. Cobalt is commonly used in D N A  duplex crystal- 
phy but should most likely be avoided in quadruplex 
illization solutions. The most common non-salt addi- 
ithe polyamine spermine (59%), successfully utilized 
ih duplex and quadruplex crystallization.

'mtallization strategies: crystal screening and 
"isation

ere are several strategies that the crystallographer can 
Trom when attempting to crystallize nucleic acids, 
'commercially available crystallization kits are on 
some specifically designed for this purpose. However, 
orth bearing in mind that these kits were designed, in 

instance for crystallization of duplex D N A  or 
■both of which demonstrate resilience to certain addi- 
fiven at relatively high concentration. On the other 
G-quadruplexes react completely dilTerently in the 

conditions; by crashing out of the solution and form- 
t̂ ark heavy precipitate— even at low concentrations, 
cnt cations such as magnesium, calcium, zinc and 
 ̂ invariably cause G-quadruplexes to come out of 

On. Magnesium, especially, is present in many of 
^ifically designed commercially available kits at rel- 
 ̂high concentrations making these kits unsuitable 

4ial screening purposes. However, one can still chose 
opponents of these kits that are more suitable i.e. the 
'hat contain only monovalent cations such as sodium 
’ntassium or perhaps mixed with very low concentra- 
of divalent cations, in the 1-5 mM range.
O'crse screening [3] is another strategy whereby repre- 
['"'es of the various families of crystallizing agents, 

glycols, diols, monovalent and divalent salts, 
'''estigated against a reasonable concentration of the 
initial screening to find a suitable range of concen- 

j is carried out as described in T. Bergfors book

“Protein Crystallization: Techniques, Strategies and Tips” 
[4]. A  5 |il drop of the D N A  at 0.5-2 mM is pipetted onto a 
siliconized coverslip. Then 0.1-0.2 pi of high concentration 
crystallizing agent is added, the drop is covered and the 
result recorded after 20-30 s. I f  no precipitate is formed, 
keep adding the crystallizing agent as described until a 
change occurs. The concentration of the D N A  and that 
of the crystallizing agent is calculated at the point where 
the drop last remained clear and the reverse screening 
experiments are conducted around the calculated values 
of concentration. Some complexes of quadruplexes are 
very sensitive and initial screening should be carried out 
at a low range of D N A  concentration i.e. 0.5-1.0 mM. 
Screening around the precipitation point is sensible since 
the crystals are formed near this point. Precipitation can 
be achieved either by increasing the concentration of the 
D N A  or by increasing the concentration of the crystallizing 
agent. However, the higher the concentration of D N A  at 
super-saturation, the more likely nucléation will take place; 
a necessary prerequisite for crystals to form. When setting 
up screening trays, crystallizing agents of various families 
should and can be mixed to induce crystal formation.

Dedicated, focused in-house screens provided us with a 
reliable method for rapidly identifying potential lead condi
tions for subsequent crystallization trials. In designing an 
in-house sparse matrix crystallization screen it should con
tain a selected set of precipitating agents that contain a 
range of concentration to allow for saturation, super-satu
ration and precipitation of the D N A  to occur during the 
period of drop equilibration. Equilibrium of the drops 
can take between 2 weeks and 5 weeks depending upon 
the precipitating agent used. An example of such a screen 
used in our laboratory in shown in Table 1. Quadruplex 
crystals grown in these screens can appear over several days 
to several months. It  is important to note that when using 
these screens a range of annealing conditions should be 
employed to ensure that the crystallization trials are not 
biased by the annealing buffer. Annealing should then be 
carried out in several different salts to ensure diversity in 
the sparse matrix screening. All screening trials would ide
ally incorporate at least two crystallization temperatures. 
We have found that 22 and 10 °C provide sufficient diver
sity. In addition high salts concentrations of up to 300 mM  
seem advantageous (Table 2).

The two most commonly exploited and popular crystalli
zation techniques, sitting and hanging drops utilizing 
vapour diffusion, have been successfully used for the vast 
majority of the quadruplex D N A  crystallizations. Batch 
method crystallizations using under-oil techniques have also 
yielded in a few cases suitable crystals for X-ray diffraction 
studies. From the limited set of crystallizations performed 
for quadruplexes, shown in Table 3 we find that typical 
D N A  in-drop concentrations range from 0.5 to 2 mM. 
Interestingly the concentration used appears to be indepen
dent of the number of guanine repeats used to form either 
inter- or intra- molecular quadruplexes. Crystallization 
drop volumes used are between 1 and 2  pi, which are typical
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^ p l e  o f  a  sparse m a tr ix  q u a d ru p le x  c ry s ta lliz a tio n  screen

S a lt B u ffe r P rec ip itan t

0 .1  M  K C l  

0 .3  M  K C l

0 .1  M  K F ,  0 .0 2 5  M g S Û 4 

0 .2  M  K I

0.1  M  K F ,  0 .0 2  M  ( N F D 2S O 4 

0 .3  M  N a C l  

0.1 M  N a l

0 .3  M  K F ,  0 .0 2  M  M g S 0 4

0 .1 5  M N a F ,  0 .1 5  M  K F

0.1  M  K C l ,  0 .1  M  (N H 4 )2 S 0 4

0.1  M  N a l ,  0.1 M  N a F ,  0 .1  M  N a C l

0 .2  M  K C l ,  0 .0 5  M  K I

0 .1  M  K C l ,  0 .0 5  M  M g C lz

0 .1  M  L i2 S 0 4

0 .3  M  K I

0 .3  M  N a l

0 .1  M  K C l ,  0 .0 3  M  C a C lz  

0 .2  M  K C l ,  0 .0 5  M  L i2 S 0 4  

0 .0 5  M  L i2 S 0 4 , 0 .0 5  M  M g S 0 4  

0 .2  M  N a C l

0 .2  M  N a C l ,  0.1 M  N a F  

0 .0 5  M  K I ,  0 .0 5  M  M g C l2 

0.1 M  N a C l ,  0 .0 5  M  M g C l;

0 .0 5  M  L i2 S 0 4

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M  

0 .0 5  M

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

K  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5  

N a  C a c o  p H  6 .5

2 0 %  v /v  M P D

10%  v /v  M P D

2 5 %  v /v  M P D

2 5 %  v /v  M P D

15%  v /v  M P D

3 0 %  v /v  M P D

3 5 %  v /v  M P D

3 5 %  v /v  M P D

4 0 %  v /v  M P D

2 0 %  v /v  M P D

3 0 %  v /v  M P D

2 5 %  v /v  P E G 4 0 0

10%  v /v  P E G 4 0 0

2 0 %  v /v  P E G 4 0 0

15%  v /v  P E G 4 0 0

15%  v /v  P E G 4 0 0

1.3 M  a m m o n iu m  sulphate

1.8 M  a m m o n iu m  su lphate

20%  v /v  w o -p ro p a n o l

2 0 %  J E F F  200 0

10%  J E F F  200 0

15%  J E F F  200 0

1 M  a m m o n iu m  su lphate

1 M  a m m o n iu m  su lphate

macromolecular crystallizations. Highly automated 
t̂ic systems are now becoming more widely employed 

king the time and material required for crystal screen- 
The reduced drop volumes, typically a 100 nl drop size, 

ibined with a selected range of commercial screens allow 
large scale screening to identify potential crystallization 
editions.
Recording and collating experimental crystallization 
iaare a major task and identifying trends become critical 
gaining diffraction quality crystals. With enough sam- 
3 even sparse matrix sampling provides sufficient data 
correlating the effects of various additives and salts.

*• Sequence m odification

Choosing the most appropriate oligonucleotide 
Iknce, while still preserving the topology and structure 
interest is one of the most challenging aspects of 

■̂ ruplex crystallization. In protein crystallization exper- 
t̂s a common technique employed is to vary the N - and 

inal regions while retaining the core region of inter
dis approach can also be successfully employed in 
crystallization but must be applied with caution, 

is well understood that short G-rich sequences associ- 
together as intermolecular quadruplexes provide the 
stable and crystallizable platform for the study of 

t̂rads, however these structures only provide informa- 
 ̂limited to the G-quadruplex core motif. It is the link- 
nucleotides between the G-runs that are essential in 
''iding the correct topological form and specific ligand 
'ling surfaces. The length and nucleotide sequence of 
^  connecting loops, define strand alignment, topology.

and importantly ligand selectivity between quadruplexes. It 
is therefore critical that modifications to intervening loop 
sequences do not affect topology or ligand binding surfaces 
by creating new nucleotide associations.

In the human telomeric sequences the conformational 
heterogeneity observed is not only linked to ionic condi
tions and hydration, as observed in duplex D N A , but is 
also dependent upon the modification of the terminal 5' 
and 3' sequences positioned external to the central G-quar
tet core. This can be seen with the addition of adenine 
nucleotides where A-triads can form and stabilize new loop 
arrangements on top of the guanine quartets. Even subtle 
modification within the loops regions such as modifying 
thymines to uracils, or the removal of a single methyl group 
has been shown to have profound effects on the quadruplex 
topology in solution [5] resulting in the switching from par
allel to anti-parallel conformations of the bimolecular 
quadruplexes. Thus care needs to be taken when adapting 
the nucleotide sequence as certain modifications can result 
in the stabilization of one structural topology over other 
folded topologies in solution and during crystallization.

With care, modifications such as the simple addition of 
nucleotides at the 5' and 3' ends to the central G-tetrad 
core motif can be used to enhance the association between 
quadruplexes and in doing so stabilize packing interac
tions. Modification of the native sequence can also be used 
to enhance stability of the quadruplex during crystalliza
tion. N M R  is a valuable tool in those cases particularly 
where clean and identifiable spectra can be recorded. 
Mutations can be followed by rapid ID  N M R  data collec
tion. Spectra in the imino regions can then compared to the 
original ID  N M R  and if identical it is a strong indication



1D59 G G G G T T T T G G G G  
244D  T G G G G T

3 5 2 D  T G G G G T

l O T C  G G G G T T T T G G G G

1 J 8 G  U G G G G U

1 JB 7  G G G G T T T T G G G G

I J P Q  G G G G U T T T G G G G

U R N  G G G G T T T T G G G G

1 K 8 P  U A G G G U T A G G G T  

I K F l  A G G G T T A G G G T T A  

G G G T T A G G G  

I L I H  G G G G T T T T G G G G  

l O O K  T G G G G T

1 V 3 N  G < B r 5 C ) G A G A G C

1 V 3 0  G ( I 5 C ) G A G A G C

1 V 3 P  G ( I 5 C ) G A G A G C

1 S 4 5  T G G G G T

1 S 4 7  T G G G G T

2 A V H  G G G G T T T G G G G

2 A V J  G G G G U T T G G G G

2 G R B  U G I G G U

2 H B N  G G G G T T T T G G G G

2 H R I  T A G G G T T A G G G  

2 0 4 F  T G G G G T

C r y s t a l  s t r u c tu r e  o f  fo u r -s t r a n d e d  Oxytricha  te lo m e r ic  D N A  

T h e  h ig h -r e s o lu t io n  c ry s ta l s tru c tu re  o f  a  p a r a l le l-s tr a n d e d  

g u a n in e  te tr a p le x

T h e  c ry s ta l s t r u c tu r e  o f  a  p a r a l le l-s tr a n d e d  g u a n in e  te tr a p le x  

a t  0 .9 5  Â  r e s o lu t io n

C r y s t a l  s tru c tu re  o f  th e  Oxytricha nova te lo m e re  e n d  b in d in g  

p r o te in  c o m p le x e d  w i th  s in g le  s tr a n d  D N A
X - r a y  a n a ly s is  o f  a n  R N A  te tr a p le x  ( U G G G G U ) ( 4 )  w i th  d iv a le n t  

S r  ( 2 ^ )  io n s  a t  s u b a to m ic  r e s o lu t io n  (0 .6 1 )

D N A  G -q u a r te ts  in  a  1 .8 6  Â  r e s o lu t io n  s tru c tu re  o f  a n  Oxytricha nova 
t e lo m e r ic  p r o t e i n - D N A  c o m p le x

C r y s t a l  s tru c tu re  o f  th e  p o ta s s iu m  fo r m  o f  a n  Oxytricha nova 
G -q u a d r u p le x
C r y s ta l  s t r u c tu r e  o f  th e  p o ta s s iu m  fo r m  o f  a n  O xytricha nova 
G -q u a d r u p le x

C r y s ta l  s tru c tu re  o f  p a r a l le l  q u a d ru p le x e s  f r o m  h u m a n  te lo m e r ic  D N A  

C r y s t a l  s tru c tu re  o f  p a r a l le l  q u a d ru p le x e s  f r o m  h u m a n  te lo m e r ic  D N A

S tr u c tu r e  o f  a  G - q u a d r u p le x - l ig a n d  c o m p le x

S tr u c tu r e  o f  th e  f irs t  p a r a l le l  D N A  q u a d r u p le x -d r u g  c o m p le x

C r y s ta l  S tru c tu re s  o f  a  D N A  o c ta p le x  w i th  I - m o t i f  o f  G -q u a r te ts  a n d  

its  s p li t t in g  in to  tw o  q u a d ru p le x e s  suggest a  fo ld in g  m e c h a n is m  o f  e ig h t  

ta n d e m  re p e a ts

C r y s t a l  S tru c tu re s  o f  a  D N A  o c ta p le x  w i th  I - m o t i f  o f  G -q u a r te ts  a n d  its  

s p li t t in g  in to  tw o  q u a d ru p le x e s  suggest a  fo ld in g  m e c h a n is m  o f  e ig h t  

ta n d e m  re p e a ts
C r y s ta l  S tru c tu re s  o f  a  D N A  o c ta p le x  w i t h  I - m o t i f  o f  G -q u a r te ts  a n d  its  

s p lit t in g  in to  t w o  q u a d ru p le x e s  suggest a  fo ld in g  m e c h a n is m  o f  e ig h t  

ta n d e m  re p e a ts

A  th y m in e  te t r a d  in  d ( T G G G G T )  q u a d ru p le x e s  s ta b iliz e d  w i th  

T l + ' / N a + '  io n s

A  th y m in e  te t r a d  in  d ( T G G G G T )  q u a d ru p le x e s  s ta b iliz e d  w i th  

T l ^ ' / N a ^ '  io n s

T o p o lo g y  v a r ia t io n  a n d  lo o p  s tr u c tu r a l  h o m o lo g y  in  c ry s ta l a n d  

s im u la te d  s tru c tu re s  o f  a  b im o le c u la r  D N A  q u a d r u p le x  

T o p o lo g y  v a r ia t io n  a n d  lo o p  s tr u c tu r a l  h o m o lo g y  in  c ry s ta l a n d  

s im u la te d  s tru c tu re s  o f  a  b im o le c u la r  D N A  q u a d r u p le x  

C r y s t a l  s t r u c tu r e  o f  a n  R N A  q u a d r u p le x  c o n ta in in g  in o s in e  te tra d :  

im p lic a t io n s  f o r  th e  ro le s  o f  N H 2 g r o u p  in  p u r in e  te tra d s  

C r y s t a l l i z a t io n  a n d  c h a r a c te r iz a t io n  o f  th e  th a l l iu m  fo r m  o f  th e  

Oxytricha nova G -q u a d r u p le x

S tr u c tu r a l  b a s is  f o r  b in d in g  o f  p o r p h y r in  to  h u m a n  te lo m e re s  

S tr u c tu r e  o f  a  d ( T G G G G T )  q u a d r u p le x  c r y s ta ll iz e d  in  th e  p re se n c e  

o f  L i [ ^ ]  io n s

P  2 i  2 ,  2 , :  0  =  2 7 .7 3 ,  b = 4 9 .5 7 ,  c = 9 7 .2 7 2 .3 0 0 n /a 0 .1 9 5 0

P  1: a  = 2 8 .7 5 ,  b =  3 5 .4 7 ,  c = 5 6 .7 7 : 1.200 0 .1 7 6 0 0 .1 2 4 0 [271
a  = 7 4 .3 9 ,  p  =  7 7 .6 4 ,  y =  8 9 .7 3 :  a  =  7 4 .2 9 ,  

p  = 7 7 .6 8 ,  y =  8 9 .7 3  

P  1: a  =  2 8 .2 8 ,  b =  3 4 .7 8 ,  c  = 5 6 .2 3 : 0 .9 5 0 n /a 0 .1 5 2 0 [28]
a  = 7 4 .3 1 ,  7 7 .6 8 ,  y =  8 9 .8 1  

P  61 2  2: a  =  6 = 9 4 .5 0 ,  c =  4 2 6 .2 2 .8 0 0 0 .2 9 2 0 0 .2 5 1 0 [29]

P  4  2 ; 2: a  =  6  =  3 6 .1 5 0 .6 1 0 0 .1 1 2 0 .1 0 3 [21]

P  61 2  2: fl =  6  =  9 3 .1 0 ,  c =  4 2 1 .8 1 .8 6 0 0 .2 4 6 0 0 .2 3 2 0 [8]

P 3 z 2  1 : 0  =  6  =  2 7 .5 4 ,  c  =  1 4 5 .8 2 1 .6 0 0 0 .2 7 5 9 0 .2 2 9 3 [9 ]

P  2 ,  2 i  2 , :  a  =  2 6 .5 1 ,  b =  4 7 .4 4 ,  c  =  9 6 .4 6 2 .0 0 0 0 .2 7 5 9 0 .2 6 2 4 [9 ]

P  3 i  2  1: 0  =  5 6 .6 1 ,  b  =  5 6 .6 0 7 ,  c =  4 0 .5 4 6 2 .4 0 0 0 .2 8 0 0 0 .1 9 3 0 [2]
P  6 : a  =  5 6 .6 8 ,  b =  5 6 .6 8 2 ,  c =  4 2 .1 0 6 2 .1 0 0 0 .2 6 3 0 0 .2 3 1 0 [2]

P  2 ,  2 ,  2 : 0  =  5 5 .4 5 ,  b =  4 2 .7 3 6 ,  c =  2 6 .9 2 6 1 .7 5 0 0 .2 1 8 7 0 .1 4 3 8 [10]
C  2  ( C  I  2  1 ): a  =  5 3 .0 0 ,  b =  4 7 .0 7 3 , 1 .1 7 0 N o t N o t [20]
c =  3 1 .8 6 5 : ^ =  1 1 9 .8 0  

I  2  2  2 : 0  =  3 3 .8 1 ,  b  =  4 3 .4 7 ,  c =  6 4 .2 1 .8 0 0

r e p o r te d

0 .2 4 9 0

r e p o r te d

0 .2 2 5 0 [3 0 ]

I  2  2  2: a  =  3 4 .6 5 ,  b  — 4 2 .4 9 ,  c — 6 4 .0 8 1 .7 0 0 0 .2 9 6 0 0 .2 6 2 0 [3 0 ]

I  2  2  2 : a  =  3 6 .1 8 ,  b =  3 6 .3 8 ,  c =  6 3 .1 2 2 .3 0 0 0 .2 6 5 0 0 .2 3 4 0 [3 0 ]

P  1; fl =  2 8 .2 6 ,  b =  3 5 .4 1 ,  c =  3 2 .0 5 7 : 2 .2 0 0 0 .2 3 9 0 0 .1 7 3 0 [2 4 ]
a  =  8 3 .7 4 ,  p  =  6 1 .7 8 ,  y =  7 6 .6 8  

P  2 ,  ( P  1 2 ,  1): a  =  2 8 .3 2 ,  b  =  5 6 .3 4 1 , 2 .5 0 0 0 .3 1 1 0 0 .2 2 4 0 [2 4 ]
c =  5 1 .7 4 6 :  ^  =  9 9 .1 7  

C  2  2  2 : 0  =  2 9 .9 3 ,  6  =  3 7 .1 1 ,  c  =  4 3 .6 5 1 .5 0 0 0 .2 0 8 0 0 .1 9 9 0 [3 1 ]

P  2 i  ( P  1 2 i  1): 0  =  3 1 .6 8 ,  b  =  3 3 .3 0 9 , 2 .3 9 0 0 .2 4 2 0 0 .1 7 2 0 [3 1 ]

c = 7 9 .2 3 4 , #  =  9 1 .4 9  

P  2 ,  ( P  1 2 ,  1): 0  =  2 9 .0 6 ,  b =  5 2 .7 3 8 , 1 .4 0 0 0 .2 5 0 0 0 .1 9 7 8 [3 2 ]

c =  3 7 .3 4 4 , p  =  1 0 2 .9 8  

P  2 i  2 ,  2 , :  0  =  2 7 .3 8 ,  b  =  4 8 .2 1 ,  c =  9 6 .1 9 8 1 .5 5 0 0 .2 4 8 0 0 .2 2 6 0 [3 3 ]

C  2  2  2 , :  0  =  3 7 .2 9 ,  b =  6 1 .9 9 ,  c  =  6 1 .4 0 2 .0 9 0 0 .2 5 7 0 0 .2 0 8 0 [3 4 ]

P  2i (P  1 2, 1) 1 .5 0 .2 5 7 0 .2 0 6 [3 5 ]

Î

P r o te in  d a ta  b a n k .
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P D B  I D  I n i t i a l  in -d r o p  conditions W ell conditions p H C rysta lliza tion R e f.

D N A S a lt A d d it iv e s P re c ip ita n t B u ffe r

1 D 5 9

2 4 4 D

3 5 2 0

1 J 8 G

IJ B 7

IJ P Q

U R N

1 m M

1 m M

1 m M

l O T C  1 0 0 -1 5 0  p M

N o t  r e p o r te d

1 0 0 -1 5 0  p M

1 m M

1 m M

1 K 8 P  0 .5  m M

I K F l  1 .7  m M

I L l H  0 .5  m M

1 V 3 N  0 .7 5  m M

1 V 3 0  0 .7 5  m M

1 V 3 P  1 .7 5  m M

10 m M  M g C lz  

4 0  m M  K C l  

12 m M  C a C h  

1 3 0 -1 8 0  m M  

N a C l
12 m M  C a C lz  

1 3 0 -1 8 0  m M  

N a C l
2 5  m M  N a C l

2 0  m M  M g C U ,  

8 0  m M  L i C l ,  

4 0  m M  S r C l ,  

2 0  m M  C a C lz  

2 5  m M  N a C l

10 m M  M g C lz  

4 0  m M  K C l

10 m M  M g C lz  

4 0  m M  K C l

5 0  m M  

N a C l , 5 0  m M  

K C l ,  5 0  m M  

LizSÔ
3 0 0  m M  K I

10 m M  M g C lz  

4 0  m M  K C l

l O O K  N o t  re p o r te d  C a C ^

6  m M  N a C l  
4 0  m M  K C l

6  m M  N a C l  

4 0  m M  K C l

6  m M  N a C l  

4 0  m M  K C l

6  m M  s p e rm in e  

6  m M  s p e rm in e

5 %  M P D  

5 %  v /v  M P D

6  m M  s p e rm in e  5 %  v /v  M P D

0 .0 5  m M  E D T A ,  

0.02% NaNs, 
2 m M  D T T  

12 m M  s p e rm in e

0 .0 5  m M  E D T A ,  

0 .0 2 %  N a N j ,  

2 m M  D T T  

3 .3  m M  

s p e rm in e

4 .1  m M  

s p e rm in e

2  m M  

B R A C 0 1 9 '
1 m M  B S U  

6 0 3 9 “, 1 .6  m M  

s p e rm in e

1 5 %  e th y le n e  

g ly c o l 1 .5 -4 %  

P E G  4 0 0 0  

1 0 %  v /v  M P D

1 5 %  e th y le n e  

g ly c o l 1 .5 -4 %  

P E G  4 0 0 0  

5 .0 %  v /v  M P D

5 .0 %  v /v  M P D

5 0 0  m M

(NH4)2S04

2 0  m M  K
c a c o d y la te  ( p H  7 .0 )  

2 0  m M  N a  

c a c o d y la te  ( p H  6 .0 )

2 0  m M  N a  

c a c o d y la te  ( p H  6 .6 )

2 .5  m M  T r is  ( p H  

7 .5 ) ,  2 0  m M  M E S  

( p H  5 .5 - 6 .5 )

4 0  m M  N a  

c a c o d y la te  ( p H  7 .0 )

2 .5  m M  T r is  ( p H  

7 .5 ) ,  2 0  m M  M E S  

( p H  5 5 - 6 .5 )
K  c a c o d y la te  used  

in  a n n e a lin g  th e  

o lig o
K  c a c o d y la te  used  

in  a n n e a lin g  th e  

o lig o  

5 0  m M  K
c a c o d y la te  ( p H  6 .5 )

1 5 %  v /v  P E G 4 0 0  5 0  m M  K

c a c o d y la te  ( p H  6 .5 )  

5 %  w / v  M P D  2 0  m M  K

c a c o d y la te  ( p H  7 .0 )

4 0 % M P D  7 .0

120  m M  N a  c a c o d y la te  ( p H  6 .6 ) ,  6 .6

7 0  m M  C a C l2 ,7 0 0  m M  to  1 M  N a C l ,  

2 6 - 3 2 %  M P D
1 20  m M  N a  c a c o d y la te  ( p H  6 .6

6 .6 ) ,7 0  m M  C a C lz ,  7 0 0  m M  to  1 M  

N a C l ,  2 6 - 3 2 %  M P D
3 0 %  e th y le n e  g ly c o l, 3 - 8 %  P E G  4 0 0 0 ,  6 .0

4 0  m M  M E S  ( p H  5 .5 - 6 .5 ) ,  0 .0 2 %
N a N j ,  2  m M  D T T ,  5 0  m M  N a C l
3 5 %  v /v  M P D  7 .0

3 0 %  e th y le n e  g ly c o l, 3 - 8 %  P E G  4 0 0 0 ,  6 .0

4 0  m M  M E S  ( p H  5 .5 - 6 .5 ) ,  0 .0 2 %

N a N j ,  2  m M  D T T ,  5 0  m M  N a C l
2 5 %  M P D  ( v / v )

3 5 .0 %  M P D  ( v / v )

IM (NH4)2S04

4 5 %  v /v  P E G 4 0 0

3 0 %  M P D  in  2 0  m M  K C l

S p e rm in e M P D C a c o d y la te  b u ffe r  N o t  re p o rte d

6  m M  s p e rm in e  5 %  v /v  M P D

6  m M  s p e rm in e  5 %  M P D

6 m M  s p e rm in e  5 %  M P D

2 0  m M  N a  

c a c o d y la te  ( p H  7 .0 )

2 0  m M  N a  

c a c o d y la te  ( p H  7 .0 )

2 0  m M  K
c a c o d y la te  ( p H  7 .0 )

4 0  m M  N a  c a c o d y la te  ( p H  7 .0 ) ,  

12 m M  s p e rm in e , 12  m M  N a C l ,  
8 0  m M  K C l ,  1 0 %  ( v / v )  M P D

41 m M  N a  c a c o d y la te  ( p H  7 .0 ) ,  
12 m M  s p e rm in e , 12  m M  N a C l ,  

S O m M K C l ,  1 0 %  ( v / v )  M P D

4 2  m M  N a  c a c o d y la te  ( p H  7 .0 ) ,  
12 m M  s p e rm in e , 12  m M  N a C l ,  

8 0  m M  K C l ,  1 0 %  ( v / v )  M P D

7 .0

7 .0

7 .0

6 .5

7 .0

7 .0

7 .0

7 .0

7 .0

N o t  r e p o r te d  V a p o u r  d if fu s io n /  

h a n g in g  d r o p  

2 7 7 .0 0  V a p o u r  d if fu s io n /
h a n g in g  d r o p

2 7 8 .0 0 V a p o u r  d if fu s io n /  
h a n g in g  d r o p

2 9 3 .0 0 -2 9 8 .0 0  V a p o u r  d if fu s io n /  

h a n g in g  d r o p

2 9 3 .0 0

2 8 2 .0 0

2 8 5 .0 0

2 8 5 .0 0

2 8 6 .0 0

2 8 5 .0 0

2 8 5 .0 0

2 7 8 .0 0

2 7 7 .0 0

2 2 7 .0 0

2 7 7 .0 0

V a p o u r  d if fu s io n /  

h a n g in g  d r o p

V a p o u r  d if fu s io n /  

h a n g in g  d r o p

V a p o u r  d if fu s io n /  
h a n g in g  d r o p

V a p o u r  d if fu s io n /  

h a n g in g  d r o p
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that the mutant sequence forms the same topology. Crys
tallization experiments may then follow.

3. Crystallization of G-quadrupIexes/ligand complexes

When forming complexes between D N A  and small 
molecule ligands the ratio used for crystallization trials 
can be a critical factor in whether or not crystals of the 
complex would be formed. For example, the native Oxy
tricha sequence d[GGGGTTTTGGG] folds into a sym
metric, bimolecular quadruplex, as shown in both 
solution and crystalline forms [6-10]. The quadruplex 
motif has two equivalent planar binding sites external to 
the stacked guanine-tetrads. Crystallization trials of a 
DNA/ligand complex used a series of di-substituted acri- 
dines to reveal that a molar ratio of one ligand to one 
bimolecular quadruplex was required for crystals to form. 
The final refined structure revealed that only one of the 
two equivalent G-tetrad sites was occupied by the ligand. 
This family of ligands is typical of the majority of quadru
plex stabilizing ligands that interact by stacking onto the 
external G-tetrads, whereas in duplex D N A , minor groove 
binding are very common. It  might be then possible to tar
get the four grooves characteristic of G-quadruplex DNA. 
In parallel-stranded quadruplexes the grooves are equiva
lent, presenting four equally accessible binding surfaces. 
When one of the backbone strands runs anti-parallel the 
groove widths are altered, generating a range of narrow 
to wide groove widths. The situation can be more compli
cated as seen for the human telomeric sequences that can 
fold into several topologies. Here one isoform maybe sta
bilized over another by either cations, or even particular 
stabilizing ligands, as observed for the ligand telomestatin 
[11]. In the case of the co-crystallizations of the porphyrin 
molecule TMPyP4 and the human telomeric sequence, the 
topology remained the same but the external propeller 
TTA  loops were remodelled by the ligand to generate 
two new binding surfaces. A range of ligand concentra
tions need to be used when performing co-crystallizations. 
I f  binding surfaces are available in a crystalline environ
ment then ligand soaking experiments can be used. This 
technique provides for rapid screening and phasing, gener
ating high quality structural information. G-quartet tar
geting ligands tend to be excluded in this technique as 
the binding surfaces are usually utilized in packing 
interactions.

4. Structural determination

The determination of a validated three-dimensional 
model is a prerequisite for rational structure-based ligand 
design. Several biophysical techniques can be employed 
to determine quadruplex D N A  topologies providing low 
resolution models, however N M R  and crystallographic 
techniques provide the structural detail required for 
rational drug design. In solution, N M R  determinations 
provide important structural information that is indepen-
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of the constraints of the crystalline lattice environ- 
,pt; however the advantage of crystallographic tech- 

is the ability to determine structures de-novo and 
provide high-resolution coordinate data for both the 
ll^efined quadruplex core motif but also for the variable 

Ljtures adopted by the nucleotides seen in the connect- 
1 loops. The determination of these loop structures is 
Jlical in the design of selective ligands. In fact the close 
i:king of the quadruplexes in a lattice environment pro- 
J;es additional information regarding molecular associa- 
^ either through the planar tetrads or through loop- 
,p interactions. The remodelling of these loops, either 
rough packing or ligand association can be readily deter
ged using crystallographic methods.

Crystallography

Structure solution in X-ray crystallography relies on the 
lamination of the phases associated with each measured 
Ticture factor. Once determined the phases and measured 
Ticture factor amplitudes can be combined to generate an 
dron density map that will represent the electron distri- 
ion within the crystalline lattice. Into this map an 
me resolution model can be built and the resulting 
ncture determined as a set of atomic coordinates for 
-h atom type. There are four main routes available to 
stallographers to determine the phase and so structural 
idation; these are; direct methods, molecular replace
nt, isomorphous replacement and multiple-wavelength 
amalous dispersion. The specific merits of each method 
1 be discussed as pathways to quadruplex structure 
Knnination.

4.2. Molecular replacement

Molecular replacement is the most utilized technique for 
phase determination of quadruplex crystal structures (74%, 
Table 4), relying on the structural features commonly asso
ciated in these D N A  motifs. The technique can be applied 
to low resolution data, less than 4 A, which can be collected 
in-house without the need of specialist synchrotron radia
tion. The strength of this structure solution technique 
comes from the ability to separate the rotational compo
nent of the search from the translational component. This 
then reduces a six-dimensional search of a model into the 
crystal lattice into two three-dimensional searches. The ini
tial randomly oriented search model can then be rotated 
and positioned into a packed lattice environment. The clo
ser the search model is to the final structure the easier it is 
to determine the correct structural solution. This method 
then requires a reliable three-dimensional coordinate 
model as the search molecule. Fortunately the core of the 
quadruplex, the guanine-tetrad, is well defined, having a 
typical diameter of 21-23 Â and a fixed hydrogen bonding 
pattern. When stacked these tetrads have a rise of 3.13 A  
and a twist of 30° between each layer. The regularity of this 
core G-tetrad motif can then be employed to define a 
search model even if an exact match in sequence or length 
is not available from the PDB or NDB databases. This pre
defined arrangement of the stacked guanine-tetrads, typical 
of quadruplex D N A  can then be used to aid in the building 
of a reliable structural model.

Although molecular replacement as a method of struc
ture solution works well, particularly for protein structure 
determination, it is less successful for the solution of

ic4
tture s o lu tio n  m e th o d  a n d  s o ftw a re  used in  th e  s o lu tio n  a n d  re fin em e n t processes 

I l D S tru c tu re  s o lu tio n  m e th o d S tru c tu re  s o lu tio n  s o ftw a re S tru c tu re  re fin e m e n t s o ftw are R e f.

M o le c u la r  re p la c em e n t X - P L O R  [12] X - P L O R [26]

M o le c u la r  rep la c em e n t A M o R E  [13 ] S H E L X - 9 3 [27]

M o le c u la r  re p la c em e n t n /a S H E L X - 9 3 [28]

M I R M L P H A R E  [14 ] C N S  0 .5 [29]

M A D M L P H A R E S H E L X L - 9 7 [21]

M o le c u la r  rep la c em e n t n /a C N S  1.0 [8]

M o le c u la r  rep la c em e n t X - P L O R S H E L X - 9 7  [18 ] [9 ]

M o le c u la r  re p la c em e n t X - P L O R S H E L X - 9 7 [9]

M A D C N S  [15] S H E L X - 9 7 [2]

M o le c u la r  rep la c em e n t C N S S H E L X - 9 7 [2]

M o le c u la r  re p la c em e n t E P M R  [16] S H E L X - 9 7 [10]

M o le c u la r  re p lacem en t A M o R E S H E L X - 9 7 [20]

M A D S O L V E  [17 ] C N S  1.0 [30]

M o le c u la r  re p lacem en t A M o R E C N S  1.0 [30]

M o le c u la r  re p lacem en t A M o R E C N S  1.0 [30]

M o le c u la r  re p lacem en t A M o R E C N S  1.1 [24]

M o le c u la r  re p lacem en t E P M R C N S  1.1 [24]

M o le c u la r  rep la c em e n t E P M R R E F M A C  5.2 . [31]

S A D S H E L X D R E F M A C  5.2 . [31]

M A D S O L V E R E F M A C  5.2 . [32]

M o le c u la r  rep la c em e n t R E F M A C  5 .2 . [36 ] R E F M A C  5 .2 . [33]

M o le c u la r  rep la c em e n t P H A S E R  [19] R E F M A C  5 .2 [34]

M o le c u la r  rep la c em e n t A M o R E C N S  1.1 [35]
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j^es that contain highly repetitive units, particularly 
^̂ jepeating units are stacked which is typical for 
 ̂ In addition, the building of a suitable D N A  quadru- 
^rch model for molecular replacement is compli- 

the variation in groove width associated with 
l^nine orientation about the giycosidic bonds. Unlike 
jx DNA with an anti-parallel arrangement for its two 

the four phosphate backbone strands in quadru- 
 ̂can potentially have any 5' to 3' arrangement. In 

f le x e s  the G-tetrads retain a fixed geometry, while 
^cosidic angle, the link from the guanine base to 
i1)0 se sugar, depends on the backbone 5' to 3' orienta- 
Changes in this giycosidic angle alter the relative posi- 
of the sugar ribose and so the groove widths (Fig. 2). 
all-parallel structures all the giycosidic angles are 
vjlent and so the four grooves widths are also equiva- 
fhis equivalence changes when at least one phosphate 
,l)one runs in an anti-parallel arrangement to the other 
:ds. The variation in giycosidic angle reflects changes 
{groove widths, generating narrow, medium and wide 
ves. Each variation in groove width alters the positions 
{Strongly scattering phosphate groups which can then 
rsely affect the validity of the search model chosen, 
program packages used successfully for molecular 

lament are X-PLOR [12], AMoRE [13], M LPHARE  
CNS [15], EPMR [16], SOLVE [17], SHELX [18], 
#ASER [19] (Table 4).

hthough prior structural information is required to 
.’the structure, and a level of bias in the resulting struc- 
lay be introduced, this does not have to limit its use in 
ag novel structures. Phase information derived from 
partial models is sufficient to calculate electron density 
i for unknown regions of the unit cell. The missing 
ponents; the ligands and/or the nucleotides forming 
fnecting loops, can be built into this electron density, 
■ding an unbiased structural description of the com- 
^cture.

’iirect methods

us method has not yet been utilized as a path to phase 
Wnation for quadruplex structures. Only two datasets

with sufficient resolution for direct methods to succeed 
have been collected, lOOK [20] at 1.17 and 1J8G at 
0.61 Â [21] however they were solved by M R  and M A D  
methods, respectively. In general good quality diffraction 
data needs to be collected above 1.2 A resolution before 
this technique for structure solution can be applied with 
any degree of success. The great advantage of this method 
is that it does not require prior structural knowledge to 
generate a complete structural model.

4.4. Multiple-wavelength anomalous diffraction (M A D ) and 
single anomalous diffraction (SAD)

The intensity contributions of anomalously scattering 
electrons can be used to estimate the phases and so calcu
late electron density maps. By selecting an appropriate 
wavelength of X-ray radiation the contribution of the 
anomalous scattering can be enhanced. Scattering atoms 
with a high anomalous contribution can be soaked into 
preformed crystals or be engineered into the samples prior 
to crystallization. Synchrotron X-ray sources provide an 
ideal source as they are tunable, thus enabling collection 
on a single crystal at several wavelengths, allowing the col
lection of both maximum dispersive and anomalous 
contributions.

The advantage of sequential solid phase synthesis of 
D N A  is that it allows for the insertion of modified nucleo
tide bases at specific locations in the sequence enabling 
the incorporation of specific heavy atoms for anomalous 
diffraction and structure solution. The two most attractive 
modifications for D N A  are 5-bromo-deoxyuracil and 
5-iodo-deoxyuracil, both thymidine analogues. Being close 
to the selenium K-edge, the bromo-U K-edge at 0.920 Â is 
ideal for automated data collection systems setup at syn
chrotron sources idealized for protein structure solution. 
The 5' methyl group substitution places the bromine group 
into the major groove of duplex DNA. In quadruplex 
D N A  the thymines are normally 3' and 5' of the stacked 
G-quartets, and are either part of the loop structure or 
stacking externally on the G-tetrads. This introduces a 
complicating factor in that the modified bases may not be 
structurally ordered. Ordering of the atoms in a lattice is

a
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I fljired to retain occupancy resulting in sufficient levels of 
oiiiaious scattering at a particular location. In addition 
(bermal and static disorder, halogen derivatives have 
disadvantage of being labile, making them light sensi- 

^uring crystallization, and sensitive to X-ray exposure 
'̂ og collection. This results in a reduction of occupancy 
jjjjg prolonged X-ray exposure, which can be very signif- 

for iodo-substituted derivatives. M A D  and SAD 
Imiques have been successfully applied in six cases of 
Picture solution, 1K8P U A G G G U TA G G G T, 2AVJ 

rjCGUTTGGGG, 2GRB U G IG G U . In the case of 
y j the loss of the anomalous scattering contribution 
ring collection required the use of one wavelength for 
Picture solution, utilizing a single wavelength collected 
the anomalous peak (SAD), (Fig. 3). Fortunately one 

jljnine substitution provides sufficient anomalous scatter- 
Tor the phasing of about thirty nucleotides. It  is a com- 

0  practice to introduce several substitutions into one 
ÿtence thereby increasing the probability of detection 
at least one anomalous site and subsequent phasing of 
j^ructure. An example of a SAD phased map is shown 
Fig. 4, highlighting how the strongly scattering atoms 
ist in the placement of a quadruplex model, with the 

■osphate groups defining the backbone geometry and 
central potassium ions aligning the G-quartets. 
Following on from the successes of protein structure 
iution using selenium as an anomalous scatterers, 
^Tchers have recently employed the use of a Se-CH3 
oup inserted onto the C2' of the ribose sugar ring [22] 
solve both A-form D N A  and R N A  structures. The mod- 
; ition places a selenium atom into the minor groove of 
•piex D NA . Structural analyses have shown a minimal 
tortion to the A-form. This technique has yet to be 
plied to solving quadruplex structures but may have 
e|dvantage of increasing stability, both during crystalli- 
ion and data collection, and that it can be readily syn- 
sized. The stabilization of giycosidic torsion angles, 
^over syn, might then be utilized using this ribose type 
edification, ensuring a greater stability of one quadruplex

A n o m a lo u s  d ifference F o u r ie r  m a p  reve a lin g  th e  lo c a tio n  o f  the  

a to m s  o n  the  B r -u ra c il nuc leo tides , su b stitu tin g  fo r  the  5 -m e th y l 

o f  th y m in es . T h e  re fin ed  b im o le c u la r  q u a d ru p le x  s tru c tu re  o f  

d ( G G G G ® U T T G G G G )2 is show n  o v e rla id . A n o m a lo u s  d a ta  

^ e d  a t 0 .9 2  À ,  th e  m a x im u m  a n o m a lo u s  c o n tr ib u tio n  fo r  b ro m in e .

F ig . 4 . T w o  b im o le c u la r  q u a d ru p lex e s  o f  sequence d f G G G G T T T G  

G G G )2 w ith  la te ra l c o n n ec tin g  loops a re  show n w ith  e le c tro n  density  

d ra w n  a t  4 .0 a  c a lc u la te d  fro m  S A D  deriv e d  phases. T h e  phosphates  

(y e llo w ) a n d  p o ta s s iu m  ca tio n s  (p u rp le ) in  the  c en tra l c h a im e l can  be used  

to  o r ie n t a n d  b u ild  th e  q u a d ru p le x  structures . (F o r  in te rp re ta t io n  o f  the  

references to  c o lo u r in  th is  fig u re  legend, th e  re ad e r is re fe rre d  to  th e  w eb  

v ers ion  o f  th is  a r tic le .)

topology over another [23]. Topology is defined by back
bone strand polarity requiring the appropriate giycosidic 
torsion angle of the guanines, modifications favouring 
one giycosidic torsion angle over another would selectively 
enhance the stability of one topology over another.

Other anomalous scattering elements have been 
employed that rely on their preferential uptake and order
ing within the central core of a G-quadruplex. Monovalent 
metal cations are an integral component of quadruplex 
D N A , and position themselves between the negatively 
charged carbonyl 06  oxygens of the guanines. Thallium 
can be substituted for sodium and potassium monovalent 
metal cations in the central quadruplex core. With an L3 
peak anomalous signal at 0.9772 Â, A f"=  lOe and at 
1.54 A, A f' =  8 e for Cu-Ka radiation, thallium could 
potentially be used for structure solution [24] with data col
lections taking place in-house using Cu sources. Although, 
in this case the d(TGG GG T ) 4  parallel-stranded structure 
annealed in sodium, was solved using conventional M R  
methods, possibly due to the low occupancy of the thallium 
atoms, in the difference anomalous electron density maps 
the anomalous scattering from the thallium atoms could 
be clearly seen.

Ions used for stabilizing the quadruplexes can usually be 
determined by their relative scattering, radius, and coordi
nation, particularly in the central ion channel, although 
some ions are more difficult to differentiate, especially in 
the grooves such as sodium and oxygen of water molecules 
as their scattering is almost equivalent. However, we were
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15. S tacked  h e a d -to -h e a d  are  tw o  d ( T G G G G T )4 q u a d ru p le x  m o le -  

n th  N a  io n s  show n  as p u rp le  a n d  c a lc iu m  io n s  as green spheres  

ting th e  c e n tra l ch an n e l. O v e r la in  is d ra w n  th e  an o m alo u s  

m aps  a t  2.5a, id e n tify in g  th e  a n o m a lo u s ly  sca tte rin g  a tom s.

I in terpretation  o f  the  references to  c o lo u r in  th is  figu re  legend, the  

ris re fe rre d  to  the  w eb  v ers ion  o f  th is  a rtic le .)

to Utilize the small amount of anomalous scattering of 
, using Cu-Ka radiation at 1.54178 Â, with a Af" of 

6 electrons to identify the metal ions and occupancy in 
[parallel-stranded G-quadruplex of sequence 

GGGGT) (PDB ID  2GW0: Fig. 5). Potassium ions 
(ÜSO be identified by their anomalous scattering after 
able phases have been derived. These ions have a weak 
malous scattering contribution, Af" — \e for Cu-Ka 
ation, but significantly higher A f ' =  3e for Cr-Ka radi- 
11(2.29 Â)[25].

Isomorphous replacement

^  technique relies on the difference of one structure 
or data set over another usually by the substitution 
otroduction of heavy atoms. These substitutions are 
W ly introduced by heavy atom soaks into the pre- 
W  crystals or by modification of the nucleotides in 
ÛNA sequence. The substitution of sodium ions with 

ions in the central channel can provide an oppor- 
ty for isomorphous replacement, although the use of 
%lous scattering on these ions appears the most reli- 
f>ath to phase determination. Currently there is only 
Sample of isomorphous replacement as a path to

Splex structure determination [25]. In this case the 
plex is embedded in a protein/DNA complex, and 
^  using mercury derivatives. The mercury atoms are 
to the protein component of the complex.

^tcluding remarks

importance of telomerase and its inhibition as a 
therapeutic target has re-directed attention onto

quadruplexes and their role in disrupting telomere func
tion. Structural studies are currently focusing on character
izing relationships between D N A  sequence and topology in 
order to enhance selectivity through specific structural 
motifs, such as lateral, propeller and diagonal loops. Any 
well-defined binding motif can be exploited by engineering 
small molecule ligands to selectively target one quadruplex 
over other related structures and to ensure a reduction in 
overall non-specific duplex D N A  binding.

Structural data from crystallographic determinations 
also need to be placed into the context of their relevance 
in cellular environments. Associating the relevant folded 
topology for quadruplexes formed from repeats of the 
human telomeric sequence d(TTAGGG) is currently an 
issue due to variation in observed topology, which appears 
to be related to the environment during structure determi
nation, sequence used and ionic conditions. Fig. 1 shows 
schematically three quite different topologies determined 
by N M R  and crystallographic methods. N M R  analysis of 
the four-repeat 22 mer sequence d[AGGG(TTAGGG)3 ] 
in sodium solution showed formation of an anti-parallel 
topology with a diagonal TTA  loop at one end of a G-tet- 
rad stack, and two lateral loops at the other end. Biophys
ical studies suggest that there is only a single species in 
sodium solution, and the reasonable assumption is that this 
corresponds to the N M R  structure. In striking contrast, 
biophysical studies (CD, single molecule) in potassium 
ion solution suggest the presence of more than one species 
for this sequence, although there is no general agreement as 
to their identity, or even the number of species. Even more 
controversial have been the quadruplexes formed by 
repeats of the human telomeric sequence folded in potas
sium, at concentrations close to a cellular environment. 
The crystal structure of d[AGGG(TTAGGG)3 ] determined 
by crystallographic means from potassium-containing solu
tion, revealed an unexpected all-parallel topology, with 
TTA  propeller loops. Subsequent N M R  studies on 
sequences related to this (with additional short 5' and 3' 
flanking sequences added), have determined in K^ solu
tions that the major species is yet another topology, the 
(3 +  1) fold, which has both propeller and lateral loops. 
Fig. le. The dominant form of d[AGGG (TTAG GG )3] 
itself in solution, in the absence of stabilizing sequences, 
has yet to be determined, but the implication of energy cal
culations (Burge and Neidle, unpublished observations), is 
that the propeller form is likely to dominate over others. 
Further structural studies are certainly required to clarify 
the dominant structural form in a cellular environment 
but it is interesting to note that a crystallographic determi
nation of a human telomeric sequence bound to a porphy
rin ligand revealed the all-propeller topology [34], 
consistent with previous structural determinations.

Whether the guanine repeat sequences are from telomer
ic regions or the promoter regions of oncogenes the self
association of these sequences into quadruplexes provides 
a unique platform for ligand interaction and the design 
of selective therapeutic agents. The crystallization and
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^.resolution structural determination of these motifs in 
jjiplex with ligands is an important goal that is finally 
jpg realised. It is hoped that the crystallographic tech- 
ûes discussed above will provide a basis for the determi- 

,(icn of new and interesting quadruplex motifs.
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Dancer cells have evolved mechanisms to maintain telomere 
|th. in most instances by the synthesis of further telomeric DNA 

ijpeats using the telomerase enzyme.' The consequence of indefinite 
j|inere length maintenance is cellular immortalization, a key step 
jong the pathway to tumorigenesis. The telomerase complex, which 
gjgntains telomere length in some 80-85% of cancer cells^ by 
iifue of its reverse transcriptase activity, is thus a potential target 
i^rapeutic intervention.  ̂The 3'-end of human telomeres, which 
prises repeats of the sequence d(TTAGGG), is single-stranded 
tthe final 1 0 0 - 2 0 0  nucleotides of its length, and can be induced 
fomi both intra- and intermolecular four-stranded G-quadruplex 

by quadruplex-binding ligands. These can inhibit 
Jjmerasc activity since quadruplex DNA is not recognized by 

single-stranded template of the RNA component of the 
rase complex.^ Many such ligands have been reported,  ̂and 

lineal SARs have been defined for a number of them, although 
itural information to date on quadruplex-ligand complexes is 

inited. The biological consequences of telomere maintenance 
ita p tio n  have been reported for a few ligands and include telomere 
tapping and consequent induction of a DNA damage response.  ̂
The 3,6,9-trisubstituted acridine ligand BRACO-19 (Figure 1) 
as designed by qualitative molecular modeling, on the assumption 
la the three substituents would each occupy a groove in a 

p le x .* "  BRACO-19 inhibits telomerase enzymatic activity, 
Suiting in telomere shortening, and also produces end-to-end

t iosomal fusions in cancer cells*"’ as a consequence of 
uplex disruption of uncapping of proteins associated with the 
iJgle-strand overhang. It shows significant in vivo anticancer 

^vity in tumor xenografts, which is associated with telomere 
japping.’
We report here the 2.5 Â crystal structure (R factor =  18.3% 

id (îfree =  21.3%) of a complex between a bimolecular human 
<^neric G-quadruplex of sequence d(TAGGGTTAGGGT) and 
^CO-19. The crystals grew in the presence of physiological 
vels of ions and revealed a parallel-stranded quadruplex 
%gement. with the biological unit being two 5' to 3' stacked 
Wruplexes and a well-resolved BRAC019 molecule (Figure 2); 
 ̂unit packs into infinite columns in the crystal. This topology 

^been found in the crystal structures of native unimolecular and 
•lecular human telomeric quadruplexes,'”  in a complex with 

hyrin TMPyP4," indicating that it is a preferred topology 
ruplcx-ligand complexes. Antiparallel structures have been 

ned by solution NMR s t u d i e s f o r  human telomeric DNA 
plexes, with one parallel and two lateral loops. These may 

be compatible with drug binding since a G-tetrad platform has 
!bc unrestricted by lateral or diagonal loops for effective drug 

ing onto the platform.
ich bimolecular quadruplex in the present structure contains 
planar stacked G-tetrads with a BRACO-19 molecule stacking 
ly onto the 3' end G-tetrad face. The TTA sequences, which 
perse the G-tracts, form propeller loops that are similar to

J. AM. CHEM. SOC. 2008, 130, 6722-6724

OA'
Figure 1. S tructure o f  B R A C O -1 9 . A rrow s  indicate d irec tiona lity  o f  

hydrogen bonding found in the crystal structure reported here.

Figure 2. T h e  b io log ica l unit in the crystal (P D B  id 3 C E 5 ). A  B R A C O -  

19 m olecule (m a u v e) is shown at the interface o f  the tw o quadruplexes in 

the unit, stacked betw een a G -quarte t (to p ) and a T A T A  tetrad (bottom ).

those observed in the native crystal structures.'” BRACO-19 fits 
into a site bounded on one side by the 3'-end G-tetrad and on the 
other by a 5'-end TATA tetrad face formed from adenine and 
thymine bases at the interface between the two 5' to 3' stacked 
bimolecular quadruplexes in the biological unit. The drug is 
asymmetrically stacked on the G-tetrad at the end of one quadru
plex, and there is Tt-n  overlap with just two guanine bases (Figure 
4). The cationic ring nitrogen atom of the acridine ring is in-line 
with the ion channel that runs through the quadruplex. (Ions 
were unequivocally assigned as in the crystallographic analysis). 
The other side of the acridine chromophore surface is stacked not 
onto a second G-tetrad but onto a reverse Watson-Crick A*T base 
pair that forms part of a TATA quartet formed at the dimer interface. 
This TATA platform is constructed from the 5'-TA ends of two 
strands of one quadruplex, and the 3'-thymine from a third strand 
on the other. The G- and the TATA tetrads are off set with respect 
to each other, and inclined by ca. 30° in two directions (Figure 4). 
The other 3' end thymine base is flipped into the binding site so

10.1021/ja8016973 CCC: $40.75 © 2008 American Chemical Society
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cjgure 3. V ie w  onto the face o f  the B R A C O -1 9  m o lecu le  in an o m it m ap, 

the hydrogen bonds to w ater m olecules and the flipped -in  thym ine  

,jse T 2 4 , w ith  e lectron  density  fo r the drug contoured at 1 .0  a.

I.

. 6 ^

Figure 4. V ie w  on the face o f  the B R A C O -1 9  m olecu le  (m a u v e), show ing  

K%j-tetrad (in  b lue ) above the plane and the T A T A  quartet (in  re d ) stacked 

the drug. T h e  solvent-accessible surface o f  the lo w er quadrup lex  is 

^ s h o w n .  Th is  and other figures have been produced by  the U C S F  

# M K R A  package (J. Comput. Chem. 2 0 0 4 , 25, 1 6 0 5 - 1 6 1 2 ) .

liai it is able to interact with the BRACO-19 molecule (Figure 3), 
a krrangement reminiscent of the Oxytricha nova antiparallel 

lecular quadruplex crystal structure complexed with a disub- 
ited acridine ligand.This thymine thus plays a significant role 
ligand binding, with a direct H-bond to a side-chain amide 
gen atom, and two water-mediated interactions, one with the 
nyl atom of the other side-chain and the other to the central 

Dg nitrogen atom of the acridine (Figure 3).
I |The 3- and 6 -position substituents of BRAC019, comprising 
. Rible side chains with cationic termini each extending into a wide 
^ v e , are located on opposite sides of the G-tetrad face, while 
^  9-position anilino substituent fits into a narrow pocket. These 

shallow grooves, whose walls are formed by the negatively 
■ged phosphate backbones and floors by the edges of the 

'Hetrads, are filled with water molecules that contact phosphate 
%en atoms and base edges (Figure 5a,b). There are no direct 
'•|)onds from the cationic pyrrolidino ring nitrogen atoms at the 
[s of the side chains to any of the negatively charged phosphate 
bones. Instead, both nitrogen atoms participate in the networks 
ater molecules in the grooves, and these make contact with 

jkphate groups (Figure 6 ). Water molecules also contact the 
fde groups of the side chains, on the opposite side of the 
Jonded thymine base. The phenyl ring of the 9-substituent fits 
Shtly into a narrow hydrophobic pocket at the dimer interface,

Figure 5. (a ,b ) V ie w s  o f  the b io log ica l unit. T h e  B R A C O -1 9  m o lecu le  is 

shown in  a transparent cyan-colored solvent-accessible surface representation  

w ith  in d iv id u a l atom s show n in  ba ll-and  stick form . T h e  solvent-accessible  

surface o f  the quadrup lex  is colored grey. T h e  figures each show  one o f  

the tw o  3,6-substituents protrud ing  in to  the w id e  shallow  grooves and the 

arrangem ent o f  waters (red  spheres) in  the grooves. T he  pyrro lid ino  nitrogen  

atom s o f  each side chain are each H -bonded  to a w ate r m o lecu le , w h ich  

are w ith in  w ate r netw orks . H  bonds are shown by b lack  lines.

#

Figure 6. D e ta ile d  v ie w  o f  the hydrogen -bonding  arrangem ent in vo lv in g  

the w ater m olecu le  n e tw ork  and the p y rro lid in o  n itrogen atom  at the end  

o f  one o f  the B R A C O -1 9  side chains. Th is  n itrogen is d irec tly  hydrogen - 

bonded to one w ater m o lecu le , w h ich  in  turn hydrogen bonds to tw o  others, 

each o f  w h ich  contacts a phosphate group.

which is formed by a terminal 5' thymine base from one quadruplex 
in the biological dimer and the C5' from the other quadruplex 
(Figure 7). This pocket is extended into a narrow groove that is 
filled with water molecules, reminiscent of a DNA duplex minor 
groove. There is also a H-bond between a water molecule and the 
nitrogen atom N19 bridging between the acridine core and the 
phenyl group, although other water molecules contacting this one

J. AM. CHEM. SOC. ■ VOL. 130, NO. 21. 2008 6723
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j^u re  7. V ie w  o f  the 9 -position  aniline  group (in  cyan) tig h tly  bound in  

ac end o f  a narrow  channel, w ith  the upper part o f  the channel occupied  

ly a num ber o f  w ater m olecules. Co lors  are as in F igure  5.

jc not well resolved. Thus of the eight donor-acceptor substituents 
Q BRACO-19, seven participate in H-bonding, of which six are to 

[er molecules rather than directly to quadruplex substituents, 
'his crystal structure provides a rationale for the quadruplex 

iding and biological behavior of a number of BRACO-19 
igiies. Extending the length of the 3- and 6 - side chains by 

H ])-  groups results in a progressive decrease in quadruplex 
ling; the binding constant for BRACO-19 itself is 3.1 x 10’  
\  whereas it is 6  x 1 0  ̂ for the analogue with three more 

-(CH2) -  units in each side chain. The structure shows that the 
lasingly hydrophobic side chains when extended would no 

onger be able to participate in a water H-bond network in the 
)ve since the charged end-group would extend too far out of 

K groove region. The alternative, of the hydrophobic chains 
iking into the grooves, is also unlikely given the wide yet shallow 
re of these grooves. Increasing the size of the end-group from 

i  five-membered pyrrolidino ring to a six-membered piperidino 
|i|im ilar ring does not have a deleterious effect on binding. The 

;tal structure also shows that the side chains are both in narrow 
[ions at the entrance to the grooves, which would exclude the 
ing of larger ring systems, in agreement with experiment.
'he crystal structure explains the key role of the 9-position 
ine substituent, which increases quadruplex affinity ID-fold. The 

iw cross-section of the binding pocket accommodates a planar 
latic ring, but would also fit other hydrophobic groups, such 

a linear -C H 2)»- chain, in accord with experiment. A substituent 
iched to one of the anilino amine nitrogen atoms can confer 
Stional stability. For example the analogue with a 

% = 0 )-(CH 2)3-pyrrolidino has a binding constant of 7.7 x 10’  
’  Qualitative modeling of this substituent into the crystal 
ture shows that it lies snugly in the groove and suggests that 

ifituents longer than this would not fit. 
he development of many G-quadruplex ligands has to date 
imed that stacking to a G-tetrad is an adequate description of 

■le binding. This crystal structure shows that this is not the case, 
'ith a structurally complex ligand such as BRACO-19 inducing 
% formation of a quadruplex binding site with a high degree of 

i-dimensional complexity. Although the details of the many 
•ilizing interactions involving water molecules are probably

specific to acridines and BRACO-19 analogues, the active involve
ment of loop and other nucleotides in helping to define and shape 
the binding site are likely to be general features of ligand binding 
to telomeric and other quadruplexes. This has been observed in 
our recently determined structures of two quadruplex complexes 
with a naphthalene diimide ligand (PBD nos. 3COM, 3CC0), which 
have the TTA loops altering their conformation to form part of the 
binding site platforms for this molecule. The BRACO-19 complex, 
with its all-parallel topology and 3' to 5' packing of repeating units 
in the crystal structure, is a direct model for the drug-bound single
strand overhang and suggests that the drug may promote the 
formation of a highly compacted secondary structural arrangement 
that would effectively compete with telomerase uncapping and with 
other single-strand binding proteins such as hPOTl.
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a b s t r a c t : a  series o f disubstituted acridine ligands have been cocrystallized with a bimolecular DNA 
G-quadruplex. The ligands have a range o f cyclic amino end groups o f varying size. The crystal structures 
show that the diagonal loop in this quadruplex results in a large cavity for these groups, in contrast to the 
steric constraints imposed by propeller loops in human telomeric quadruplexes. We conclude that the 
nature o f the loop has a significant influence on ligand selectivity for particular quadruplex folds.

Nucleic acid sequences containing short tracts of guanine 
jsidues can form higher-order quadruplex structures (I, 2). 
ji^adruplexes can be intramolecular, with four or more 
kracts, or intermolecular, with one or two G-tracts. They 
ave been extensively investigated by structural and bio- 

sical methods, and a number o f distinct topologies have 
n found. They depend in large part on the sequence and 
of the intervening loops. Chain-reversai (propeller) loops 
positioned on the exterior o f quadruplex structures, 

%reas diagonal and edge (lateral) loops are stacked onto 
ifclterminal G-quartets o f a quadruplex structure.

Two principal categories of quadruplex nucleic acids have 
aeeived attention as potential therapeutic targets: (i) those 
ipable o f being formed at the single-stranded overhang of 
teneric DNA, for which appropriate small-molecule ligands 
W induce quadruplex formation, inhibit the activity o f the 
^merasc enzyme complex, and selectively target telomere 
Bintenance in cancer cells (3, 4), and (ii) those within 
înomes (5, 6) and especially within promoter sequences

tencs involved in cellular proliferation (7) such as vascular 
othelial growth factor (S, 9), and oncogenes such as 

4nyc{10-14) and c-kit(15-18). Ithas been suggested (9,10) 
■iai ligands selective for promoter quadruplexes could in 
ônciple downregulate the expression of these genes and 
tos have an anticancer effect.

A wide range of small molecules have been investigated 
«tquadruplex-binding and -stabilizing ligands (see recent 
îviews in refs 19 and 20). The majority share the common 
Aictural features of (i) a planar heteroaromatic chro- 

phore, which stacks by n - n  interactions onto the 
uartet motif at the terminus of a quadruplex, and (ii) short 

yl chain substituents normally terminating in an amino

T h is  w o rk  w as supported  b y  C R U K  and the E U  (F P 6  P ro je c t on 

llecu lar C a n c e r M e d ic in e ) ,
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FIGURE 1: Stnictures of 3,6-disubstituted acridines in this study.

group that is fully cationic at physiological pH. The precise 
nature o f these substituents has been found to influence 
quadruplex affinity and selectivity. For example, the size of 
the terminal amino substituent has a major influence on the 
affinity and energetics o f substituted acridine binding to a 
human intramolecular telomeric DNA quadruplex (21). The 
nature o f the substituent together with side chain length has 
been rationalized for series o f trisubstituted acridine ligands 
(having 3-pyrrolopropionamido chains at the 3- and 6 -posi
tions) (22, 23) on the basis o f a cocrystal structure with a 
human telomeric DNA quadruplex (24). The propeller loops 
on the exterior o f this quadruplex change their conformation 
from those found in the native structure (25) to form discrete 
binding pockets for the substituents. By contrast, the bimo
lecular quadruplex from the organism Oxytricha nova has a 
diagonal loop of sequence d(TTTT) stacked on top of the 
quadruplex (26). A cocrystal structure with an acridine 
derivative disubstituted with the same 3-pyrrolopropionamido 
group (Figure 1, compound 7) shows this ligand bound 
between the loop and a terminal G-quartet (27). Structural

© 2009 American Chemical Society 
Web 01/27/2009
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jfile 1: C rystallograph ic  D e ta ils  o f  the Q u a d ru p le x -A c r id in e  C om plexes  T h a t A re  R eported  in  T h is  S tudy"
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’ Further in fo rm atio n  is a va ilab le  in the in d iv id u a l P D B  entry .

i|)rm ation about quadruplex-ligand complexes is limited 
jja small number o f NMR-derived (13, 28, 29) and crystal 
juctures (24, 27, 30, 31), and as yet, it has not been possible 

define the structural features that differentiate small 
iecule binding to one quadruplex compared to another.

ncc is accumulating that it is possible to target particular 
druplex types, as shown by the binding o f diarylethynyl 

es to a parallel topology formed by a quadruplex fonned 
a sequence within the c-kit promoter (32). 
his study addresses the issue o f ligand selectivity by 

ining how ligand binding is constrained by loop 
(Dmetry in two distinct quadruplex architeetures. The 0. 
ova bimolecular quadruplex has been used as an exemplar 

one particular type o f loop, the diagonal type, formed in 
instance by four thymine nucleotides. We report here 

•  six cocrystal structures o f disubstituted acridines with this 
gadruplex (Figure 1), to examine how the T4  diagonal loop 

)mmodates differences in substituent size in a range of 
ely related compounds (ligands 1 -7 ). The results are 
iparcd to the geometry observed with the trisubstituted 

W ine eompound BRACO-19 bound to the human bimo- 
ar quadruplex that has purely propeller loops (24).r

MATERIALS AND METHODS

General. The synthesis o f the disubstituted acridines has 
ten previously described ( JJ). A ll compounds were analyti- 

pure and were used as the hydrochloride salts, apart 
foni compound 1, which was used as the free base. The 
ligonucleotide d(GGGGTTTTGGGG) was purchased from 
^Ugentec and HPLC-purified by them. It was annealed at 
 ̂°C prior to use.
Crystallography. A ll crystals were obtained at 12 °C by 

te hanging-drop vapor-diffusion method. Typical conditions 
*^c 2 ah  drops containing 5% (v/v) methyl-2,4-pentanediol 
I^PD), 0.50 mM oligonucleotide, 0.25 mM ligand, 40 mM 
'Cl, 5 mM MgCb, and 4.1 mM spermine equilibrated 

inst 35% (v/v) MPD, at pH 7.0.
Crystallographic data for all except one structure were 

®lleeted on an in-house Rigaku R-AXIS-IV image plate 
ktcm with a rotating-anode source using Osmic mirror 
•lies to produce monochromatic Cu K a radiation at a 
ivelength of 1.54178 Â. Data for Protein Data Bank (PDB) 
y 3EUM (ligand 6 ) were collected on an Oxford 

^fraction Nova system equipped with a ccd detector and 
aled tube/microfocus system. A ll crystals were flash-

frozen using glycerol cryoprotectant and were maintained 
at 105 K  during data collection. Unit cell parameters and 
data collection information are given in Table 1. Processing 
and data reduction were carried out using the DTREK part 
of the Crystal Clear software package (Rigaku Inc.) for all 
data sets apart from that for ligand 7, which was processed 
with Crysalis (Oxford Diffraction).

Structures were determined by molecular replacement 
using PHASER (34) from the CCP4 package (35) and the 
known acndine-Oxytricha structure (27) as a starting point. 
In each case, the top solution was the one that satisfactorily 
refined and, for all the structures apart from that with the 
larger unit cell, was in the same position in the cell as 
determined previously in the complex with compound 7 (27). 
Electron density and difference maps were used to define 
the ligand structure and locate solvent molecules. A ll 
structures were refined in the same manner using the CCP4 
package (35) and REFMAC (36). Crystallographic data are 
given in Table 1. A ll structures have been deposited in the 
Protein Data Bank with both coordinates and structure factors 
being available.

RESULTS AND DISCUSSION

A total o f six ligands were cocrystallized with the 
Oxytricha telomeric DNA sequence dlG^T^G.,) and form 
bimolecular quadruplex crystal structures isomorphous with 
the native structure (PDB entries IJPQ and URN) (26) and 
the previously reported complex with compound 7, in space 
group P2,2]2 (PDB entry IL lH )  (27). Crystals o f a second 
form with compound 2  were also obtained, having two 
independent quadruplex complexes in the asymmetric unit. 
These two structures are closely similar to the other 
complexes.

A ll structures (Table 2) have the acridine compounds 
bound in a manner identical to that previously found (27) 
for compound 7 (Figure 2), with one ligand bound per 
bimolecular quadruplex, and stacked between a terminal 
G-quartet o f the quadruplex and thymine bases from the T4 

loop. The acridine chromophore forms a pair o f hydrogen 
bonds in all the structures with a loop thymine base that is 
in the same plane as the acridine (Table 2 and Figure 2). 
The formation of a hydrogen bond between thymine 02  and 
the central ring nitrogen atom of the acridine [with a mean 
distance o f 3.0( 1 ) Â in all the complexes] suggests that this 
nitrogen atom is protonated. A similar arrangement has been
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ijble 2: Selected L ig a n d -T h y m in e  In te m io le c u ia r Distances (angstrom s) and Side Chain Torsion Angles (deg)"

HN' NHNH'

•NH

1 2a 2b B R A C O -1 9

PDB entry

A
di
ai
a:

3 E M 2

3.1

2 .7

238

180

3 E Q W

3.1

2 .7

2 3 0

161

3 E U I  

3 .1 , 2 .9  

2.8, 2.8 
225, 215  

153, 145

3 E R U

2.9

2.8
230

175

3E S 0

3 .0
2 .7

232

112

3 E T 8

2.9

2 .7

243

187

3 E U M

2.9

2 .7

238

180

I L l H

3 .0

2 .7

160

212

3C E 5

N A

N A

217

172

Structure 3 E U I  has tw o  q u a d ru p le x -lig a n d  com plexes in the asym m etric unit. S tructure 3 C E 5  has w ater-m ediated  hydrogen bonds betw een the 

Inc ring and the acrid ine group, so distances d , and dz are not d irec tly  com parable.îni

ierved in the telomeric BRACO-19 acridine quadruplex 
implex (24), but with a water molecule bridging by 
drogen bonds the central ring o f the acridine and the 
mine ring. Structural changes in the Oxytricha quadruplex 
plf are minimal between all the ligand-complex crystal 
liclures and the native structure, and the overall root-mean- 
arc (rsmd) is <0.2 Â for all structures. Amide and side 

lin conformations in the acridine derivatives and first- 
11 water environments are also unchanged in all the 
liclures.
The morpholino groups in compound 1 are expected to 

e neutral at physiological pH, whereas the ring nitrogen 
itom in all the other compounds should be protonated. This 
difference is reflected in the consistent findings o f superior 
liiadruplex binding and biological responses of acridine- 
sed and many quadruplex-binding ligands that have 
lionic charged side chains {19-23). It is notable that there 

le no direct amine nitrogen-phosphate contacts in any of 
ESC structures or any indirect amine-water-phosphate 
Adges, which have been observed in the BRACO-19 
mplex crystal structure (24). We cannot exclude the 
Bsibility that some water molecules in the vicinity o f the 
line groups in these diacridine structures have not been 
served due to increased water mobility or the resolution 

%its of the data. Otherwise, it is suggested that the charged 
line groups in compounds 1-7  exert their effect on ligand 
Iding through long-range electrostatic interactions. Alter- 
iive end groups with an amine nitrogen atom next to the 

dc chain would bring the charged nitrogen closer to a 
l^sphate group; such analogues do not appear to have been 
PVestigated to date.
I^rhe conformations o f the cyclic amine end groups and 
We chains of the acridine ligands all cluster together (Figure 

although the methyl groups attached to the piperidino 
igs are oriented in a variety of directions (Table 2). This 
firms what can be observed visually, that there is a 

nificant volume of space that is accessible to all the rings 
their substituents. The para methyl compound 4 has its 

siituted piperidino ring flipped into a region with a larger 
'̂ •ume that can accommodate its para substitution, as shown

by the difference of ca. 60° in side chain torsion angle a%. 
Both ortho ethyl substituents in compound 2 are relatively 
close to backbone and sugar oxygen atoms, suggesting that 
a suitable ortho substituent such as a methylene hydroxyl 
group could form additional hydrogen bonds to 03 ' or 
phosphate oxygen atoms.

The regions in the telomeric quadruplex aeridine complex 
(24) around the BRACO-19 ligand have some resemblance 
to those around the disubstituted acridines. In both cases, 
the in-plane thymine originates from a loop, but whereas 
the thymines require only minimal conformational change 
compared with the native state to achieve this since the 
diagonal loop is already in place over the binding site, the 
parallel loop has to undergo a more profound change to place 
the thymine in-plane. This and changes in the other parallel 
loop in the telomeric structure result in the formation of 
discrete binding pockets that are bounded by phosphate 
groups from the loops and accommodate the pyrrolidino rings 
at the end of the BRACO-19 side chains (Figure 4a). 
Acridine compounds with larger ring substituents have 
redueed quadruplex affinity; a piperidino ring results in a 
7-fold lower K^, and an eight-membered ring gives a further 
3-fold reduction (27). By contrast, the results presented here 
show that the binding site beneath the diagonal loop in the 
Oxytricha quadruplex is able to accommodate, without any 
distortion, a piperidino ring, even when it has methyl or ethyl 
substituents, as well as a seven-membered ring. An eight- 
membered ring has been modeled into an Oxytricha binding 
site (Figure 4b), and this similarly does not produce any 
structural perturbations; it is too bulky to fit into the telomeric 
quadruplex pocket.

We ascribe these differences to the distinct disposition of 
the loops in these stnietures: the external placement of 
propeller loops w ill affect substituent groups attached to a 
chromophore, whereas the bases in four-nucleotide diagonal 
loops are involved in ji- ti stacking with the chromophore 
itself. Thus, in broad terms, a diagonal loop allows consider
able latitude in the length and size of substituents, whereas 
the presence of a propeller loop would impose severe 
constraints on substituents. The overall volume of the
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1 2a

•  •

2b1 2b2

•  *

4

5 6
I g u r i: 2: Omit map views of the crystal structures, looking onto the acridine plane. In each case, the thymine hydrogen bonding to the 
cridine chromophore is shown. Electron density is drawn at a 1.5a level.

overlaid end group rings, taken together, is 66 greater 
|ian that of the piperidino rings of BRACO-19 in its 
Complex, and the surface area is 54 greater. Examination 
of the Oxytricha structures indicates that there is no steric 
arricr to an individual end group being larger than suggested 
y this total overlaid volume.
The exact length and sequence of a propeller loop will 

efinc the size and surface charge characteristics of the 
socket that it can form. Since these loops are formed by 
brt <3-nucleotide sequences (37-39), it is likely that there 
vill be similar steric constraints on the size of ligand 
ubstituents for binding to all quadruplexes that contain

propeller loops (for example, refs 8, 9, 12, 17, 25, and 
40-45). Structural studies have suggested that diagonal loops 
may be rather less prevalent among human genomic qua
druplexes, although one is present in the quadruplex formed 
by the five guanine tracts in the c-myc promoter (13), with 
the porphyrin TMPyP4 ligand bound in the loop environ
ment. The porphyrin substituent groups in this structure are 
fully exposed, analogous to the end groups in the structures 
presented here.

We suggest that the principle of loops constraining side 
chain substitution should be useful in the future design of 
small molecules targeting individual quadruplexes, when
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4
tcuRi-: 3 ; ( a )  C a r to o n  re p re s e n ta t io n  o f  th e  b im o le c u la r  0 . nova  q u a d ru p le x , d ra w n  u s in g  c r y s ta llo g ra p h ic  c o o rd in a te s  o f  s tru c tu r  3 3 E U M .  

he bases o f  o n e  in d iv id u a l  d (C K } G G T T T T G G G G )  m o le c u le  a re  c o lo re d  re d , a n d  th e  sec o n d  is c o lo re d  b lu e . T h e  v ie w  o f  th e  m o le c u le  is 

le sam e  as in  p a n e l b . T h e  lig a n d  b in d in g  s ite  is in d ic a te d  b y  an  a r ro w , (b )  O v e r la y  o f  th e  q u a d ru p le x  c o m p le x e s  in  a l l  e ig h t d is u b s titu te d  

j r id in e  c ry s ta l s tru c tu res . T h e  q u a d ru p le x e s  a re  s h o w n  in  w h ite  w ire fr a m e  fo r m , a n d  th e  l ig a n d s  are  s h o w n  in  c o lo r  s tic k  re p re s e n ta t io n :  

)m p o iin d  1 in  b lu e , c o m p o u n d  2  in  m a u v e , c o m p o u n d  3  in  c y a n , c o m p o u n d  4  in  g re e n , c o m p o u n d  5  in  y e l lo w ,  c o m p o u n d  6  in  re d , a n d  

jm p o u n d  7  in  g ra y .

Ig u re  4: ( a )  S tru c tu re  o f  th e  0. nova  q u a d ru p le x  c o m p le x  w ith  c o m p o u n d  6 , w h ic h  has  b e en  m o d if ie d  a n d  e n e r g y -m in im iz e d  to  h a v e  

fin a l e ig h t -m e m b e r e d  rin g s  (in d ic a te d  b y  a r ro w s ) .  N o te  th e  o p e n  n a tu re  o f  th e  re g io n s  w h e re  these  r in g s  re s id e , (b )  S o lv e n t-a c c e s s ib le  

Face o f  th e  a c r id in e - h u m a n  te lo m e r ic  q u a d ru p le x  s tru c tu re  (24), s h o w in g  th e  a c r id in e  in  c y a n  a n d  the  c lo s e  p a c k in g  b e tw e e n  th e  s u rfaces  

@f the  te r m in a l p y r r o lid in o  r in g  ( in d ic a te d  b y  a n  a r r o w )  a n d  th e  p o c k e t fo rm e d  b y  th e  T T A  p a r a l le l  lo o p .

rc is prior knowledge of overall quadruplex topology and 
relore of the nature of the loops. Further insights into how 

ligand substituents impart selectivity for a particular qua
druplex must await additions to the number of detailed 

yadruplex three-dimensional structures.
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