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ABSTRACT 

 
This thesis consists of two major chapters, each with its own introduction, 

experimental section and discussion. 

 

The TG4T/daunomycin and G4/daunomycin complexes described in Chapter One 

are two out of only five crystallographic quadruplex/ligand structures reported to date. In both 

structures daunomycin molecules stack onto a terminal G quartet preventing the G4 

quadruplex from destacking and unwinding. The number of interacting ligand molecules 

depends on the quadruplex structure itself. The G4 quadruplex can accommodate four 

daunomycin molecules within one layer, while the TG4T tetraplex only accommodates three. 

In both structures daunosamine moieties form hydrogen bonds with the quadruplex but only 

daunosamine moieties from the TG4T/daunomycin structure make slight incursions into the 

quadruplex grooves.  Both structures are stabilised by π - π interactions, hydrogen bonds, Van 

der Waals contacts and electrostatic interactions.  

 

The daunomycin/TG4T complex is the first ever reported and the only structure where 

a ligand interacts directly with the quadruplex groove.  

 

Chapter Two describes nine crystal structures of Hoechst 33258 analogues with 

d(CGCAAATTTGCG)2 and d(CGCGAATTCGCG)2 oligonucleotides, and is divided into 

two sections.  

 

Section A includes seven structures with Halogenated Hoechst 33258 analogues that 

are potential agents in radiotherapy, phototherapy, radioimmunotherapy or 

photoimmunotherapy, and the structure of the precursor. 

 

In all of the examined complexes the ligand binds to the minor groove but not all 

halogen substituents refine to 100% occupancy.  The refined occupancies of the halogen 

atoms reveal that the degree of carbon-halogen cleavage is highest for ortho and lowest for 

para substitution. Among meta substituents pointing outside the minor groove, bromine 

atoms had a higher occupancy than the larger iodines. 

 II



 

         The position of the halogen atom in the minor groove is influenced by additional 

substituents on the phenyl ring. In most cases the bulky halogen atom is facing outside of the 

minor groove. Only in the 3-iodo-5-isopropylHoechst complex is iodine positioned towards 

the floor of the groove allowing the big isopropyl group to face outside.  

 

Section B describes the structure of a carborane-containing ligand (JW-B) bound to the 

minor groove of d(CGCAAATTTGCG)2. The analysis shows that is possible to position 

boron-rich moieties close to the cell nucleus, and JW-B may have potential in Boron Neutron 

Capture Therapy. 
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Chapter One 

Interactions between DNA Quadruplexes 

and Anti-cancer Drugs 
 

 

INTRODUCTION 
 

This chapter describes two G-quadruplex/ligand structures containing the anticancer 

drug daunomycin [1, 2]. The introduced TG4T/ daunomycin complex is the first ever and the 

only structure where the ligand interacts directly with the quadruplex groove. 

 

DNA quadruplexes have become a subject of investigations that might lead to finding 

the cure for cancer associated with unrestricted replication of the human DNA.  

 

The DNA in a cell nucleus is compacted into chromosomes (Figure 1.1). The ends of 

linear eukaryotic chromosomes are called telomeres (telos from the Greek means “an end”) 

[3]. They consist of non-coding DNA sequences and associated proteins [4]. In a normal 

somatic cell the length of the telomeric DNA is approximately 6-8 thousand bases (kb)[5] and 

most of it is double helical. One strand is rich in guanine and the complementary strand in 

cytosine[6].  

 

The extreme 3’ end is single stranded and comprises tandem repeats. The length and 

the exact pattern of repeating sequences vary between species: e.g. GGGGTT and 

GGGGTTTT for the ciliate protozoa Tetrahymena and Euplotes respectively; AGGGTT(C/T) 

for the malarial parasite Plasmodium; GGGT for baker’s yeast; GGGGGGGGA for the slime 

mould Dictyostelium; AGGGTT for all vertebrates including humans[6]. The common 

characteristic for all these repeating units is that they are rich in guanine and running 5’to 3’ 

towards the end of the telomeric DNA protrude beyond the complementary cytosine-rich 
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strand. In human cells the G-rich telomeric overhang is approximately 100-200 bases long [7, 

8] while lower eukaryotes have shorter 3’ overhangs[7]. 

  

Telomeres have important functions in the replication and stabilization of the 

chromosome ends. They do not contain genetic information, but act as disposable units during 

replication protecting the rest of the DNA that carries actual genetic information. 

 

 

 
Figure 1.1 Organisation of DNA in chromosomes, and chromosomes in a cell nucleus.  

 

 

In normal healthy cells, telomeres progressively shorten with each cell division, losing 

typically 50-200 bases at each round[5]. Telomere shortening is proportional to the length of 

the G-rich telomeric overhang[8].  

 

After approximately 20-30 replications the normal somatic cell cannot replicate any 

longer and cells enter into a non-dividing state (senescence) [5]. The telomere shortening 

mechanism can be linked to a biological clock, limiting the number of times a cell can divide 

Cell  
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and leading to the natural apoptotic cell death in healthy body tissues[9]. That way the dying 

of old cells are kept in a balance with the formation of new cells during the replication 

process. 

 

Shortening of the telomere with cell division does not apply to: 

1. stem cells and germ-line cells (it is necessary for these cells to take part in  

many more divisions compared to other healthy somatic cells),  

2. cancer cells.   

 

The difference with the above mentioned cells is in the length of their telomeres; the 

telomere of germ-line cells is typically 10-20 kb long, while for cancer cells it is much shorter 

with an average length of 4-6 kb [5].  Telomeres for most tumours are generally shorter than 

for normal tissues [10]. 

 

 Unlike the normal somatic cells of healthy tissues, cancer cells have unlimited 

replication potential [11]. The length of telomeres in a tumour cell remains constant mainly 

due to the activity of the enzyme telomerase that is present in approximately 80-90 % of 

cancer cells but is not expressed in normal somatic cells [12, 13].  

 

Human telomerase contains the RNA component hTR and the reverse transcriptase 

hTERT. The RNA subunit is rich in cytosine, being the template for the synthesis of the 

telomeric DNA [3, 6].  Telomerase binds to the 3’ end of telomeres and catalyses the addition 

of repeating G-rich sequences [14], rebuilding telomeric repeats lost during replication and 

allowing malignant cells unrestrained reproduction. 

 

 In order for telomerase to catalyse telomere extension it is necessary that the DNA at 

the end of telomere is unfolded and single stranded, so the hybridization with the RNA 

template can be efficient.  

 

It was observed that telomere ends can adopt higher-order assemblies called 

G-quadruplexes (G-tetraplexes) [15, 16]. Telomeric DNA that has at least four repeating G-

rich sequences can fold into a four-stranded G-quadruplex [17]. The longer the G-stretch, the 

stronger the association into a G-quadruplex [18]. 
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Structures of guanine-rich tetraplexes have been solved using NMR [19-22] and X-ray 

crystallography [23-27]. The guanines in four neighbouring strands of the quadruplex form 

square planar G-quartets (G-tetrads) where each guanine acts as a donor as well as an 

acceptor in a Hoogsteen base pair [28] (Figure 1.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.2 The guanine quartet. Hydrogen bonds between neighbouring bases are indicated 
with dotted lines, monovalent cation (M+) is positioned between two layers of G-quartets. 

 

 

 

The electronegative carbonyl groups are pointed towards the centre of the tetrad. 

Monovalent sodium (Na+) or potassium (K+) cations are positioned between two layers of G-

quartets in the centre of the quadruplex cavity. The presence of M+ (monovalent cation) is 

necessary for the integration and stabilisation of a G-tetraplex [17], although one known 

exception of this rule was reported  with thrombin  [29]. 
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The four DNA strands in G-quadruplexes associate together to form a stack of G4 

layers as illustrated in Figure 1.3. The strand arrangement can be parallel as this is often 

observed in intermolecular complexes with four separate strands. Another possible strand 

layout is parallel/antiparallel, frequently seen in intramolecular complexes formed by one or 

two separate DNA molecules where the strands associated in the tetraplexes are connected by 

the thymine loops.  

  

 

 

 
                 
Aaa   aa)ka)            b)  
 
 
 
 
 
 
 
 
 
Figure 1.3 Possible arrangements of DNA strands in G-quadruplexes: a) parallel; 

b) parallel/antiparallel. 

 

 

 

Telomerase is active in most tumour cells but not in normal somatic cells therefore 

telomerase is considered a promising target for selective anti-cancer therapy. 

 

The statistics of telomerase activity are summarised in Tables 1.1 and 1.2 reproducing 

findings reported in [13].  

 

Table 1.1 displays results obtained from dividing cultures of various tumour 

(immortal) cell lines and normal somatic cells derived from different tissues. All tumour lines 

displayed telomerase activity. In contrast telomerase activity was not detectable in any of the 

actively proliferating normal somatic cell cultures.  
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Table 1.1 Telomerase activity in normal and tumour cells. Adapted from [13]. 
Tissue of 
origin 

Cell Type Nr tested 
positive/total  

Tissue of 
origin 

Cell Type Nr tested 
positive/total  

Skin 

Skin 

Connective 

Joint 

Adipose 

Brest 

Brest 

Lung 

Lung 

Stomach 

Pancreas 

Ovary 

Tumour 

Normal 

Tumour 

Normal 

Tumour 

Tumour 

Normal 

Tumour 

Normal 

Tumour 

Tumour 

Tumour 

8/8 

0/5 

1/1 

0/1 

1/1 

22/22 

0/8 

18/18 

0/3 

1/1 

3/3 

5/5 

Cervix 

Cervix 

Uterus 

Kidney 

Bladder 

Bladder 

Colon 

Prostate 

Prostate 

CNS 

Blood 

Tumour 

Normal 

Normal 

Tumour 

Tumour 

Normal 

Tumour 

Tumour 

Normal 

Tumour 

Tumour 

3/3 

0/1 

0/1 

8/8 

3/3 

0/1 

7/7 

2/2 

0/2 

3/3 

9/9 

 
 
 
Table 1.2 Telomerase activity in human tumours and tissues. Adapted from [13]. 

Tissue type Nr tested 
positive/total 

Tissue type Nr tested 
positive/total 

Fetal testis 

Adult testis 

Fetal ovary 

Ovarian follicle 

Hepatocellular carcinoma 

Colon cancer 

Adjacent colonic tissue 

Colonic tubular adenoma 

Colonic polyp 

Squamous cell carcinoma 

Adjacent tissue 

Wilms tumour 

Adjacent kidney tissue 

Breast cancer (node positive) 

Breast cancer (node negative) 

2/2 

1/1 

2/2 

1/1 

1/1 

8/8 

0/7 

0/1 

0/1 

14/16 

6/16 

6/6 

2/6 

18/20 

1/4 

Normal breast tissue 

Prostate cancer 

Prostatic intraepithelial neoplasia 

Benign prostatic hyperplasia 

Normal prostatic tissue 

Neuroblastoma 

Brain tumours 

Lung small-cell carcinoma 

Rhabdomyosarcoma 

Leiomyosarcoma 

Leiomyoma 

Normal myometrium 

Acute lymphocytic leukemia 

Chronic lymphocytic leukemia 

Lymphoma 

0/8 

2/2 

3/5 

1/10 

0/8 

5/5 

6/8 

4/4 

1/1 

3/3 

0/11 

0/10 

14/16 

2/2 

5/5 
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Findings reported in [13]and summarised in Table 1.2 reveal that germline tissues and 

majority tumours were positive for telomerase expression but tissues adjacent to tumours 

were generally negative. Some telomerase activity in adjacent tissues could be explained by 

the presence of tumour cells in macroscopically normal tissues. The activity of telomerase in 

germline tissues is in agreement with the idea that germline cells are functionally 

immortal[13]. 

 

The results published in [13] strongly support the hypothesis that telomerase is 

required to maintain tumour growth. Moreover the findings verify that telomerase can be 

taken into account as an ideal objective in anti-cancer therapy as it is expressed in the vast 

majority of tumours but is generally inactive in healthy tissues. 

 

One of the possible approaches for telomerase inhibition is finding therapeutic agents 

that are able to stabilise the G-quadruplex assembly at the ends of chromosomal DNA. The 

DNA stabilised into quadruplexes can no longer hybridize with the RNA template of 

telomerase. Only unfolded and single stranded DNA is suitable for telomerase to catalyse 

telomere extension. 

 

Folding the telomeric repeats into the G-tetraplex arrangement in presence of K+ was 

shown to disable the action of the telomerase in vitro[30]. Those findings were reported in 

[30] after examinations of various folded forms of telomeric DNA and their ability to act as 

primers for the Oxytricha nova telomerase in vitro. It was shown that folding the G-rich 

telomeric overhang into a quadruplex has a negative influence on telomere elongation and the 

more stable the folded form the lower the apparent primer activity.  Four repeat molecules are 

poorer primers than two repeat molecules, and folding into G-tetraplexes in the presence of 

K+ reduced the primer activity even further. 

 

Several ligands demonstrate the ability to stabilise G-quadruplexes [31-36] and direct 

correlation between stabilisation of G-quadruplexes and telomerase inhibition was observed 

in a number of studies [33-36]. 
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Figure 1.4 Examples of telomerase-targeting agents. 
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The common feature of ligands that interact with G-quadruplexes is a planar aromatic 

chromophore as depicted in various examples in Figure 1.4. Another important characteristic 

for most of those ligands contributing to their biological activity, is one or more side chains 

with protonated nitrogen that are able to interact with DNA phosphate oxygens. 

 

In order to establish the best way of inhibiting telomerase it is important to know how 

ligands interact with quadruplexes. 

 

Many studies have shown that various ligands bind to G-quadruplexes however there 

has been controversy whether ligands interact externally by stacking or by intercalation 

between G-tetrads. Finding the preferred ligand binding mode is very important for any future 

modelling study to find the best possible telomerase inhibitor. 

 

Intercalation between G-tetrads would cause major structural distortions of the core 

quadruplex including displacement of monovalent cations responsible for stabilisation of the 

G-quadruplex. 

 

The most probable model of interactions that stabilise G-tetraplexes is with the ligands 

stacking onto the terminal layer of G-quartets. This association is very stable due to strong π-

π interactions between the G-quartet system and the planar aromatic ligand groups.  

 

To gain better understanding of how guanine rich quadruplexes can be stabilised, 

many attempts have been made to crystallise compounds containing DNA quadruplexes with 

prospective and existing anti-cancer drugs. Any crystallographic information about those 

complexes may help in the design of more effective telomerase inhibitors and give insight 

into the mechanism of action between DNA quadruplexes and stabilizing anti-cancer drugs.  

 

There is still very little information available of ligands interacting with 

G-quadruplexes; for example: UV and NMR studies [31, 33, 37-39]. Despite the fact that five 

X-ray structures of DNA quadruplexes with ligands have been reported [1, 2, 40-42] the 

TG4T/daunomycin complex introduced in this chapter is the only structure where the ligand 

interacts directly with the quadruplex groove. 
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EXPERIMENTAL PROCEDURES 

 
DNA Sequences and Ligands 

  
 

In order to find/design the best G-quadruplex binder/telomerase inhibitor, detailed 

studies of possible ligands and their interactions with the G-tetraplex are necessary. 

 

Five guanine-rich DNA fragments were chosen for the crystallisation trials:  

• TAGGGT (TAG3T) – repeating sequence in human telomeres, 

• TGGGGT (TG4T) – hexanucleotide sequence corresponding to the repeating 

TTGGGG sequence in the Tetrahymena telomeres, 

• GGGG (G4), 

• GGG (G3), 

• GG (G2). 

 

G4, G3 and G2 sequences were selected in the hope of obtaining simplified models of 

G-quadruplex and G-quadruplex/ligand complexes. G4 was also employed to compare 

differences between DNA and ligand arrangement in the presence or absence of thymine 

nucleotides.  

 

The ligands used in crystallisation trials with guanine-rich DNA fragments are 

depicted in Figure 1.5. They all have an extended planar aromatic chromophore that can 

potentially promote ligand π-π stacking interactions with guanines of the G-quartet layer and 

in this way stabilise the G-quadruplex. Daunomycin hydrochloride, mitoxantrone, DACA (N-

[2-(dimethylamino)ethyl]acridine-4-carboxamide) and m-AMSA (4’-(9-acridinylamino)-

methansulphon-m-anisidide) also have side chains with protonated nitrogens that have 

potential to interact with the negatively charged phosphate backbone of DNA. 
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 Ethidium bromide has been previously reported to interact with DNA quadruplexes 

[43, 44]. Also ethidium derivatives have been established to bind to G-quadruplexes and 

inhibit telomerase in vitro[45] but no crystallographic structures of quadruplex/ethidium 

complexes have been reported so far. 
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Figure 1.5 Ligands used in crystallisation trials with the guanine-rich DNA fragments: 
a) daunomycin hydrochloride; b) ethidium bromide; c) mitoxantrone; d) DACA; e) m-AMSA. 
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Daunomycin is an antibiotic isolated from Streptomyces peucetius and it belongs to 

anthracyclines [46]. Daunomycin consist of two components as illustrated on Figure 1.6: 

daunomycinone (a pigmented aglycone) in glycoside linkage with daunosamine (a 

deoxyamino sugar of the hexosamine class) [46]. 

 

 

 

 

 

 
 

Figure 1.6 Daunomycin and its structural components. 

 

 
 

Mitoxantrone is also a member of the anthracycline antibiotics and it has major 

clinical value in the treatment of several leukemias as well as ovarian and breast cancer [47]. 

Mitoxantrone (Figure 1.5.c) has a planar anthraquinone ring intercalating between DNA base 

pairs [48] that can potentially also interact via π-π external stacking or by intercalation 

between G-tetrads.  

 

There is evidence available to suggest that anticancer drugs such as the anthracyclines 

are able to interact with telomeric DNA [49]. 
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Crystallisation 
 

The crystallisation experiments were set up using the vapour diffusion hanging and 

sitting drop techniques. For hanging drop trials Hampton Research Linbro plates were used, 

while for sitting drop experiments, Cryschem plates from Hampton Research were employed 

and additional plastic Petri dishes were set up as illustrated in Figure 1.7. The Petri dishes had 

a plastic partition in the middle. A grid of eight squares was drawn inside one of the halves 

with a waterproof marker and the droplet components placed in the middle of each square as 

depicted. Two layers of filter paper were placed in the other half and reservoir solution added. 

Prepared Petri dishes with all crystallisation drop compounds and reservoir were covered with 

the Petri dish lids and sealed with vacuum grease. 

 

 

 
Figure 1.7 Sitting drop experiment conducted in a Petri dish (explanation provided in the above text). 
 

Crystallisation experiments were set up containing the ligands and the DNA sequences 

as summarised in Table 1.3. The trials conducted are indicated with an X, and the successful 

experiments that produced crystals are denoted with a C. 

 

Attempts were made to crystallise all selected ligands with the TG4T sequence. The 

ligands present in droplets that produced crystals were used for future crystallisation trials 

with TAG3T, G4, G3 and G2 sequences. 
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Table 1.3 The DNA sequences and the ligands used in crystallisation trials, where X indicates 
the attempt to grow crystals and C the trial that produced crystals. 

 DNA Sequence 

Ligand TAG3T TG4T G4 G3 G2 

Daunomycin X X, C X, C X X 

Ethidium bromide X X, C X X X 

Mitoxantrone - X - - - 

DACA - X - - - 

m-AMSA - X - - - 

No ligand added X X X X X 

 

 

Trials containing only DNA (i.e. no ligand added) were also carried out, but no 

suitable crystals were grown. 

 

All DNA sequences used in these experiments were purchased from Oswel DNA 

Service, University of Southampton. Daunomycin hydrochloride was obtained from Merck, 

ethidium bromide from Aldrich Chemical Company; Professor William Denny from Faculty 

of Medical and Health Sciences, The University of Auckland generously supplied all other 

ligands. 

 

Preparation of all solutions, crystallisation plates and Petri dishes was carried out at 

the room temperature. Prepared plates and Petri dishes were stored and examined under a 

microscope in a controlled temperature 4 ºC room; their duplicates were kept in a 19 ºC 

incubator and monitored using a microscope at normal room temperature. 

  

Setting up hundreds of different crystallisation trials yielded very few crystals, the best 

of which are portrayed in Photos 1.1-1.3. TG4T and G4 crystals with daunomycin grew in a 

controlled 4 ºC environment from sitting drop experiments; the crystals with TG4T in Petri 

dishes, and the crystals with G4 in Hampton Research Cryschem plates. For both daunomycin 

complexes, crystals appeared after five months and were deep red. The crystallisation 

conditions for TG4T/daunomycin and G4/daunomycin complexes are given in Tables 1.4 and 

1.6. 
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Photo 1.1 Crystal of daunomycin with TG4T. 

 
 

 
Photo 1.2 Crystals of ethidium bromide with TG4T. 

 

 
Photo 1.3 Crystal of daunomycin with G4. 
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Crystals with ethidium bromide took three months to grow, were purple-red, very 

small (0.02 × 0.02 × 0.01 mm) and extremely delicate. They grew from sitting drop Petri dish 

trials kept at 4 ºC. Unfortunately they did not survive the data collection, despite being 

handled with extreme care and placed directly into the stream of liquid nitrogen. Only two 

frames were collected with few spots. Multiple attempts to repeat obtaining these crystals 

were unsuccessful. It is not certain what influences the crystal growth. There was a power 

shortage just before TG4T/ethidium crystals appeared that could have caused temperature 

alteration though. 

 

For crystals with TG4T all droplet solutions were made in 30 mM sodium cacodylate 

buffer at pH 7.0 and were filtered through a Millipore 0.22 μm filter unit prior to use.  

 

The DNA solution was heated to 85 ºC using a hot water bath and then left to cool 

down slowly to room temperature. This procedure allows optimal formation of the DNA 

quadruplex. All DNA solutions used to grow crystals described in this thesis were annealed in 

the same way. 

 

 Crystallisation droplets with TG4T were made by adding solutions in the order stated 

in Tables 1.4 and 1.5, starting with CaCl2⋅2H2O, followed by spermine hydrochloride, NaCl, 

TG4T, ligand and 2-Methyl-2,4-pentanediol (MPD). To avoid any precipitation all droplet 

solutions were well mixed together.  

  

The MPD solution for the reservoir was made up with milli-Q water. 

 

The crystallisation conditions for the G4 and daunomycin complex differed from that 

described above for TG4T crystals, however the DNA and daunomycin solutions were 

prepared in exactly the same way. Among many approaches Natrix (nucleic acid matrix) 

solutions from Hampton Research were employed. The best crystals were grown using the 

solution nr 46 containing 0.005 M magnesium sulphate, 0.05 M Tris HCl buffer at pH 8.5 and 

35% w/v 1,6-hexanediol solution as a precipitant. The reservoir contained 1 mL of the same 

Natrix solution (Table 1.6).  
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Table 1.4 Crystallization conditions for TG4T/Daunomycin complex. 
Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration 

CaCl2 ⋅2H2O 100 mM 1 μL 11.11 mM 

Spermine hydrochloride  20 mM 1 μL 2.22 mM 

NaCl 200 mM 1 μL 22.22 mM 

TG4T 3 mM 2 μL 0.67 mM 

Daunomycin hydrochloride 6 mM 2 μL 1.33 mM 

MPD 10 % 2 μL 2.22 % 

Drop volume 9 μL 

Reservoir 1.5 mL 50% MPD in H2O 

 

Table 1.5 Crystallization conditions for TG4T/Ethidium bromide crystals. 
Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration 

CaCl2 ⋅2H2O 100 mM 1 μL 11.11 mM 

Spermine hydrochloride  20 mM 1 μL 2.22 mM 

NaCl 200 mM 1 μL 22.22 mM 

TG4T 3 mM 2 μL 0.67 mM 

Ethidium bromide 6 mM 2 μL 1.33 mM 

MPD 10 % 2 μL 2.22 % 

Drop volume 9 μL 

Reservoir 1.5 mL 50% MPD in H2O 

 

Table 1.6 Crystallization conditions for G4/Daunomycin complex. 
Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration 

G4 3 mM 2 μL 0.67 mM 

Daunomycin hydrochloride 6 mM 2 μL 1.33 mM 

Natrix 46* solution - 5 μL - 

Drop volume 9 μL 

Reservoir 1 mL of Natrix 46* solution 

 
*Natrix 46: 0.005 M magnesium sulphate, 0.05 M Tris HCl buffer pH 8.5, 35% w/v 1,6-hexanediol. 
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Data Collection and Processing 

TG4T/Daunomycin Structure – SBS Data 
 

Although most of the TG4T/daunomycin crystals were similar to the one depicted in 

Photo 1.1, the actual crystal chosen for X-ray data collection resembled the sketch shown in 

Figure 1.8 (this is an estimated depiction by the author, not a photograph).  

 

The selection decision was based on overall crystal appearance and the fact that it was 

much bigger than all the other crystals. All data collected for TG4T/daunomycin complex 

were obtained from one half of this crystal after it was cleaved in two.  

 

Crystal handling was carried out in a controlled 4 ºC room using cryocrystallography 

tools from Hampton Research. The cut piece of the crystal was captured under the microscope 

together with a thin layer of mother liquor in a nylon CryoLoop. The loop with the crystal 

was immediately immersed into a dewar containing liquid nitrogen. The dewar containing the 

crystal was transferred to the diffractometer room and the crystal was placed onto the 

magnetic platform on the goniometer head positioned in the cryostream. 

 

 

 

 

 

 
Figure 1.8 An estimated depiction of the TG4T/daunomycin crystal chosen for X-ray data 
collection. 

 
 



 19

 

Preliminary data was collected at the School of Biological Sciences, The University of 

Auckland (SBS) on a Rigaku RU-H3R diffractometer, equipped in a MAR345 image plate 

detector, graphite monochromator and rotating anode X-ray generator, operated at 50 kV and 

100 mA.  

 

A summary of data collection is given in Table 1.7. 
 

 
 
Table 1.7 Summary of data collection for TG4T/daunomycin complex at SBS. 

 
Crystal compounds 
Crystal size (mm) 

 
TG4T/daunomycin  
0.15 × 0.10 × 0.10 

 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

1.54179 

99.65 

1.5 

223 

334.5 

1.54 

600 

113 (-160) 

 
 

 

 

 

Collected data were processed using the HKL suite package [50], which consists of 

Xdisplay F, Denzo and Scalepack programs. For visualization of the diffraction pattern 

Xdisplay F was employed. Collected data frames were displayed in the image window. 

Examples of collected image frames are depicted in Figure 1.9; frame b shows the crystal 

diffracted strongly to 1.54 Å  (the outside edge of the circle). 
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a)   

b)   
Figure 1.9 Examples of collected image frames for TG4T/daunomycin complex at SBS. 
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By selecting the “Peak Sear” (peak search routine) option a number of peaks displayed 

as small circles over the real spots were found. This set of spots was subsequently used as a 

starting point for the auto indexing procedure in Denzo. With the help of the “Int. box” 

(integration box) window the sizes of spot, background and box were selected, taking into 

consideration that the real reflections were covered correctly. After running the auto indexing 

routine with Denzo the C centred monoclinic lattice was chosen from the lattice and unit-

cell distortion table because that was the highest symmetry lattice with minimal distortion (the 

amount of distortion the unit cell parameters would suffer in order to fit the lattice [51]). 

Using Denzo interactive analysis subsequent parameters (crystal rotation, film rotation, 

camera distance, unit cell dimensions, and beam positions) were fitted starting with the lower 

resolution range 30 – 3 Å and then extending to the maximum resolution of 1.54 Å. In the 

image window spots were checked to see if the observed reflections matched with predicted 

ones, and the mosaicity was adjusted until the best agreement was obtained. Initially there 

were more predicted than observed reflections so the mosaicity was decreased. 

 

Once the first frame was processed, indexed and appropriate parameters adjusted, all 

the remaining frames were processed with Denzo as a batch job watching the image window 

and paying attention to whether frames were refined and integrated correctly. 

 

For merging and scaling intensities, obtained by Denzo, the program Scalepack was 

applied. Taking into consideration that the selected lattice was C centred monoclinic the only 

possible space group was C2 as the only C centred monoclinic space group without a mirror 

plane. Biological molecules including DNA fragments are optically active therefore they have 

to be represented by noncentrosymmetric space groups.  

 

A summary of data processing is given in Table 1.8. 
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Table 1.8 Summary of data processing for TG4T/daunomycin complex (SBS data). 

 
Crystal compounds 

 

TG4T/daunomycin  

 
Space group 
Cell parameters (Å) 
 
 

 

C2 

a = 53.01 

b = 47.07 

c = 31.86 

α = γ = 90˚ 

β = 119.80˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.54 

0.463 

99735 

9544 

6.26 

94.1 

0.055 

0.071 

30.13 

 
Data in last shell: 
Resolution limits (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

I > 2σ(I) (%) 

 

 

1.54 – 1.60 

88.6 

0.091 

0.081 

17.61 

88.7 

 

∑
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Structure Solution and Refinement 

TG4T/Daunomycin Structure – SBS Data 
  

Merged and scaled data obtained by applying the program Scalepack were converted 

into the MTZ format using SCALEPACK2MTZ (CCP4: Supported Program) [52]. The binary 

HKL file was obtained by reading, sorting and reformatting the MTZ file employing the 

SORTFUN function. The molecular replacement package AMoRe was used to solve the 

structure [52, 53].  

 

The AMoRe program requires a PDB file of a starting model. The best refined 

quadruplex from the native TG4T structure deposited in Nucleic Acid Database with NDB 

ID: UDF062 was taken as a template [24, 54] but only with the guanine nucleotides and 

excluding any thymine residues. The TABFUN component of AMoRe was activated for 

reading model coordinates, shifting them so their centre of gravity was at the origin, and 

generating structure factors. 

 

During the next two stages, rotation ROTFUN and translation TRAFUN functions 

were employed and as an output, numbers of rotational and translational solutions were given. 

The possible best few solutions were chosen by comparing correlation coefficients (the higher 

the better) and R factors (the lower the better) between the observed amplitudes for the crystal 

and the calculated amplitudes for the model. Consequently, the FITFUN function (fitting 

function) was applied to execute the rigid body refinement for selected solutions. After 

running the fitting function the best solution had CorrF=25.0, RFac=52.1. 

 

The PDB file created with PDBSET [52] was subsequently adapted into the CNS  

PDB coordinate format applying the generate_easy.inp routine from CNS [55] and at the 

same time the MTF structure file was produced. 

 

The MTZ file obtained using the SCALEPACK2MTZ procedure was transformed into 

a HKL file suitable for CNS by exploiting MTZ2VARIOUS (CCP4: Supported Program) [52]. 

In the next stage, a test array for the cross-validation (CV) reflection file, with 7% of 
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reflections to be used for TEST set, was generated employing the make_cv.inp procedure 

from CNS [55, 56]. 

 

Structure refinement was conducted using rigid.inp from CNS [55-58] as an input file, 

whilst the entire DNA quadruplex was treated as a rigid group. The calculations proceeded in 

steps, starting with a resolution range 20.0 – 3.75 Å, and then the high resolution limit was 

increased systematically up to 1.65 Å. The rigid body refinement progress and corresponding 

R and Rfree values are listed in Table 1.9. 

 

In the subsequent step, individual atomic coordinates were refined exploiting the 

minimize.inp [56-58] CNS procedure. Electron density maps were calculated employing the 

model_map.inp file from CNS [59-61] and converted with MAPPAGE [62-64] into a more 

compacted format, easily readable by a computer graphics program. For visualization of the 

structure and electron density maps the program O version 7.0.0 [65] was applied.   

 

The majority of the DNA fitted 2Fo-Fc electron density maps reasonably well and 

required only small manual adjustments with the exception of the 5’ end phosphate groups 

which appeared to be out of place. As a consequence the 5’ end phosphate groups were 

removed and the subsequent individual atomic coordinate refinement cycles within 20.0 – 

1.65 Å and 20.0 – 1.6 Å resolution ranges were run excluding them. The ensuing set of 

electron density maps revealed the position of the missing phosphate groups that were 

subsequently fitted manually using the program O version 7.0.0. The difference electron 

density map also exposed the position of a daunomycin molecule. The ligand molecule was 

fitted manually. Figure 1.10 displays the Fo-Fc electron density map at the 1.2 σ level together 

with the fitted daunomycin molecule (Dm 25).  

 

Ligand topology and parameter input files for daunomycin were created with 

XPLOD2D [66] using atom coordinates from the DAUNMY structure from the Cambridge 

Structural Data Base [67]. New PDB coordinate and MTF structure files, that included all 

revealed phosphate groups and one daunomycin molecule, were produced using CNS 

generate_easy.inp file[55]. Atomic coordinates were refined with the minimize.inp [56-58] 

CNS procedure and the value of R factor dropped down to 0.444 (Table 1.9). 
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The following difference electron density map revealed the position of several 

phosphate group atoms belonging to the missing thymine nucleotides and also a second 

daunomycin molecule (Dm 26) (Figure 1.11). The map representing the second daunomycin 

was not as clear as the map for the first but showed enough features to locate two rings and all 

oxygen atoms. The PDB coordinate and MTF structure files were updated including new 

phosphate group atoms and the second daunomycin molecule with CNS generate_easy.inp 

procedure [55] and  atomic coordinates were refined with minimize.inp [56-58]. 

 

In the next stage, three clearly located sodium cations between G-quartet layers were 

added. The procedure to update the PDB coordinate and MTF structure files was repeated 

every time after including any additional atoms, followed by the atomic coordinate refinement 

with minimize.inp. All succeeding steps are summarised in Table 1.9.  

 

The first atomic displacement factor (B-factor) refinement was run utilising the 

bindividual.inp [56, 57] file from CNS after including three sodium cations and resulted in 

significant R factor improvement to the value of 0.369 (Table 1.9).  

 

The resulting difference electron density maps revealed two very well defined thymine 

nucleosides (deoxythymidines): THY 13 and THY 18. Figure 1.12 shows the THY 18 

nucleoside surrounded by the Fo-Fc map at 1.2 σ level. 

 

Throughout subsequent refinement cycles one more daunomycin molecule (Dm 27) 

was found as depicted on Figure 1.13 indicating the difference electron density at 1.2 σ level. 

Twenty nine water molecules were also included at this stage represented by single well 

defined peaks in the difference electron density map. 

 

At this stage the major criteria for acceptance of water molecules were: 

 potential hydrogen bond partners in distance no longer than 3.5 Å,   

 directly connected with DNA, daunomycin or metal cation, 

 peak heights greater than 4 σ in the difference map. 

 

Despite some remaining continuous electron density lobes in the difference maps all 

trials of fitting further thymine residues were unsuccessful. Only two thymine nucleosides 
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were found using solely data collected at SBS and the remaining six deoxythymidines were 

missing. 

 
Table 1.9 Progress of structure refinement for TG4T/daunomycin complex (SBS data). 
 

Crystal compound TG4T/daunomycin 

 Resolution 
limits 

R Rfree 

Rigid body refinement  (CNS) Quadruplex: 

 

 

  

20.0 – 3.75 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.2 Å 

 20.0 – 2.0 Å 

 20.0 – 1.9 Å 

 20.0 – 1.8 Å 

20.0 – 1.75 Å 

 20.0 – 1.7 Å 

20.0 – 1.65 Å 

 

0.508 

0.480 

0.495 

0.502 

0.502 

0.503 

0.502 

0.503 

0.502 

0.503 

 

0.513 

0.468 

0.481 

0.492 

0.502 

0.499 

0.509 

0.509 

0.516 

0.519 

Positional refinement (CNS) 

With 5’ end phosphate groups 

Without 5’ end phosphate groups 

Without 5’ end phosphate groups 

With 5’ end phosphate groups and 1 daunomycin 

With 2 daunomycins and some thymine atoms 

Three sodium cations added 

  

20.0 – 1.65 Å 

20.0 – 1.65 Å 

20.0 – 1.6 Å 

20.0 – 1.6 Å 

20.0 – 1.6 Å 

20.0 – 1.6 Å 

 

0.500 

0.478 

0.467 

0.444 

0.423 

0.395 

 

0.512 

0.494 

0.470 

0.436 

0.424 

0.407 

B-factor refinement (CNS) 

After including three sodium cations 

  

20.0 – 1.6 Å 

 

0.369 

 

0.391 

Positional refinement (CNS) 

With THY 13 and THY 18 residues 

With 3 daunomycins and 29 waters 

 

20.0 – 1.6 Å 

20.0 – 1.6 Å 

 

0.344 

0.286 

 

0.359 

0.319 

B-factor refinement (CNS) 

 

 

20.0 – 1.6 Å 

 

0.282 

 

0.316 
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Figure 1.10 The difference electron density map at the 1.2 σ level with the daunomycin 
molecule Dm 25 fitted to it. Drawn with O version 7.0.0 [65]. 
 

 
Figure 1.11 The difference electron density map at the 1.0 σ level with the daunomycin 
molecule Dm 26 fitted to it. 
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Figure 1.12 The difference electron density map at 1.2 σ level revealing the position of THY 18 
nucleoside with the fitted sticks and balls model of deoxythymidine. 
 

 
Figure 1.13 The difference electron density map at the 1.2 σ level revealing the third 
daunomycin molecule Dm 27. 
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Data Collection and Processing 

TG4T/Daunomycin Structure – SSRL Data 
 

A second high-resolution data set for the TG4T/daunomycin complex was collected at 

the Stanford Synchrotron Radiation Laboratory (SSRL) by Dr Christopher Squire. Attempts 

were made to collect data from other crystals but finally the complete data set was collected 

from the same crystal that was chosen for data collection at SBS.  A summary of data 

collection is given in Table 1.10. The reason for collecting the second data set was to obtain 

good enough resolution to locate missing thymines. 

 
Table 1.10 Summary of data collection for TG4T/daunomycin complex at SSRL. 

 
Crystal compounds 
Crystal size (mm) 

 
TG4T/daunomycin 
0.15 × 0.15 × 0.10 

 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 
SSRL 

1.08 

120 

2.0 

90 

180 

1.17 

10 

100 (-173) 

 

 

Examples of collected image frames are presented in Figure 1.14; frame b shows 

strong diffraction up to 1.17 Å, which is the outside edge of the circle and represents the 

maximum resolution of the collected data. 

 

The data collected at SSRL was processed using the HKL suite package and finally 

scaled together with data collected at SBS using the Scalepack program. Table 1.11 

summarises the data processing. 
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Table 1.11 Summary of data processing for TG4T/daunomycin complex (combined SBS and 
SSRL data). 
 

 
Crystal compounds 

 

TG4T/daunomycin 

 
Space group 
Cell parameters (Å) 
 
 

 

C2 

a = 53.004 

b = 47.073 

c = 31.865 

α = γ = 90˚ 

β = 119.80˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.17 

0.50 

202689 

20944 

6.3 

95.3 

0.055 

0.066 

32.7 

 
Data in last shell: 
Resolution limits (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 
I > 2σ(I) (%) 

 

 

1.17 – 1.21 

87.7 

0.198 

0.167 

6.9 

74.0 
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a)   

b)   
Figure 1.14 Examples of collected image frames for TG4T/daunomycin complex at SSRL. 
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Solution and Refinement 

TG4T/Daunomycin Structure – SBS and SSRL Data 
 

Data scaled together from SBS and SSRL were converted into MTZ format then 

transformed into an HKL file suitable for CNS and finally the cross-validation (CV) reflection 

file was generated. The same programmes and procedures were employed as for SBS data 

only. Further refinement was carried out using the new CV file but continuing with the PDB 

coordinates file obtained by working with SBS data alone. At this point all 16 guanine 

residues, 2 of 8 thymine residues, 3 daunomycin molecules, 3 sodium cations, and 29 water 

molecules were included together with some phosphate group atoms associated with missing 

thymine nucleotides. 

 

A newly produced set of difference electron density maps revealed two additional 

thymine residues (THY 1 and THY 19) that were included in further refinement. All water 

molecules were removed at this stage. The R factor value after refinement of individual 

atomic coordinates was 0.282 (see Table 1.12). 

 

After including all observable atoms, apart from water molecules, further refinement 

was carried out using SHELXL [68]. DNA restraints were adapted from DNA Dictionary for 

SHELXL [69-71] revised by Chad C. Sines, restraints for daunomycin were not incorporated 

to the SHELX .ins file because of the high resolution of collected data.  

 

After each set of refinement cycles, 2Fo-Fc and Fo-Fc electron density maps were 

calculated applying a [M] SHELXPRO option. The agreement between the calculated 

structure and the 2Fo-Fc electron density map were checked. Difference maps were examined 

for the possibility of finding missing thymines and other potential residues/atoms. 

 

In the subsequent SHELXL refinement cycles, all previously included atoms were 

refined as anisotropic. At this point, atomic displacement factors were checked and all of 

them were reasonably low except for the three phosphate groups belonging to the C3’ 

terminal thymines (THY 6, THY 12 and THY 24). As a consequence these three phosphate 

groups were kept as isotropic in following calculations while all other atoms were anisotropic.  
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Table 1.12 Progress of structure refinement for TG4T/daunomycin complex (combined SBS 
and SSRL data). 
 

Crystal compound TG4T/daunomycin 

 Resolution 
limits 

R Rfree 

Positional refinement (CNS) 

3 daunomycins, 4 full thymines, no waters 

 

20.0 – 1.17 Å 

 

0.282 

 

0.284 

B-factor refinement (CNS) 

3 daunomycins, 4 full thymines, no waters 

 

20.0 – 1.17 Å 

 

0.282 

 

0.283 

SHELXL refinement 
All 16 guanine residues, 4 thymine residues, 3 

daunomycin molecules, 3 sodium cations, and 

some phosphate group atoms belonging to missing 

thymine nucleotides, no waters 

 

 

10.0 – 1.17 Å 

 

0.274 – for: 

Fo > 4σ (Fo) 

0.284 – 

– for all data 

 

0.301 – for: 

Fo > 4σ (Fo) 

0.319 – 

– for all data 

SHELXL refinement 
All 16 guanine residues, 4 thymine residues, 3 

daunomycin molecules, 3 sodium cations, and 

some phosphate group atoms belonging to missing 

thymine nucleotides, no waters 

All atoms anisotropic 

 

10.0 – 1.17 Å 

 

0.218 – for: 

Fo > 4σ (Fo) 

0.226 – 

– for all data 

 

0.261 – for: 

Fo > 4σ (Fo) 

0.270 – 

– for all data 

SHELXL final refinement 
All 16 guanine residues, 4 thymine residues, 3 

daunomycin molecules, 3 sodium cations, and 

some phosphate group atoms belonging to missing 

thymine nucleotides and 128 water molecules 

All atoms anisotropic except water molecules and 

phosphates belonging to THY 6, THY 12 and 

THY 24 

 

10.0 – 1.17 Å 

 

0.159 – for: 

Fo > 4σ (Fo) 

0.165 – 

– for all data 

 

0.199 – for: 

Fo > 4σ (Fo) 

0.209 – 

– for all data 
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The detection of the water molecules was performed using the water search protocol 

from SHELXPRO. All water molecules found were included in the next SHELX .ins file and 

refined as isotropic using SHELXL. At this point atomic displacement factors were checked. 

2Fo-Fc and Fo-Fc electron density maps were calculated applying one of the SHELXPRO 

options. The highest peaks in the difference map were checked for potential position of 

solvent molecules. Accuracy of the placement of water molecules was verified: 

 manually – distances, geometry and if solvent molecules were represented by single 

peaks on 2Fo-Fc map, 

 using CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [52]. 

 

The criteria for acceptance of water molecules were: 

 potential hydrogen bond partners in distance no longer than 3.5 Å,   

 connected with DNA, daunomycin or metal cations directly or through no more than 

two other atoms, 

 peak heights greater than 2.5 σ in the difference map, 

 atomic displacement factors not exceeding 62 Å2 after refinement. 

 

 

The final solved and refined structure included 3 daunomycin molecules, 3 sodium 

cations, 129 water molecules, 16 guanine residues, 4 thymine residues (three of them 5’ 

terminal and one 3’ terminal), additional 3 phosphate groups belonging to the remaining 3’ 

terminal thymines and O3’ atom belonging to non-revealed 5’ thymine. 

 

Final refinement details for the TG4T/daunomycin structure are given in Table 1.13. 

The B factors for sodium cations are very low and replacing them with potassium ions was 

taken into consideration. However after the trial replacement of Na with K, the R factor 

increased significantly to 17.61 (16.97 for Fo > 4σ (Fo)) and Rfree increased to 21.56 (20.65 for 

Fo > 4σ (Fo)). Therefore the decision was made to keep central cations as sodium although it 

is possible that the structure contains adventitious K+. 

 

The reflection and final coordinate files: TG4Tdaunomycin.hkl and 

TG4Tdaunomycin.pdb are deposited on the attached CD. 
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Table 1.13 Final refinement details for TG4T/daunomycin complex. 

 
Crystal compounds 

 

TG4T/daunomycin 

 
No. of DNA atoms 
No. of ligand atoms 
No. of Na atoms 
No. of water molecules 

 

434 

114 

3 

128 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Na 
Water oxygen atoms 

 

 

16.87 

27.58 

18.55 

12.55 

11.93 

3.82 

36.63 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angle (º) 

 

 

0.018 

1.452 
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Data Collection, Processing, Solution and Refinement 

G4/Daunomycin Structure 
  

An intensity data set to 1.5 Å resolution was collected at SBS on a Rikagu RU-H3R 

diffractometer from the G4/daunomycin crystal depicted in Photo 1.3. The crystal handling 

was carried out the same way as described previously for the TG4T/daunomycin crystal. A 

summary of data collection is given in Table 1.14.  

 

The crystal diffracted very nicely and strongly as represented in Figure 1.15. The 

outside edge of the circle in Figure 1.15.b represents the maximum resolution of the collected 

data.  

 

The data were processed using the HKL suite package and efforts were made to solve 

the structure using the program AMoRe. During sequential attempts the following models 

were applied: 

a: the quadruplex from the TG4T/daunomycin structure with guanine bases only 

excluding any thymine bases, 

b: the best refined quadruplex from the UDF062 structure including only guanine bases, 

c: two strands of a, 

d: two strands of b, 

e: one strand of a, 

f: one strand of b. 

 

The results of all above-mentioned trials were unsuccessful. Direct methods were also 

attempted; SHELXD was involved in the trial of solving the structure but did not generate a 

positive outcome, although this was expected as the 1.5 Å was not close enough to atomic 

resolution. 
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a)   

b)   
Figure 1.15 Examples of collected image frames for G4/daunomycin complex – SBS data 
collection. 
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a)   

b)   
Figure 1.16 Examples of collected image frames for G4/daunomycin complex – SSRL data 
collection. 
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After the many unsuccessful attempts to solve this structure using SBS data, crystals 

of G4/daunomycin complex were sent to SSRL where two intensity data sets were collected: 

one within the resolution range 3.5 – 1.0 and the other 40.0 – 1.1 Å.   Examples of collected 

image frames are depicted in Figure 1.16; summary of data collection is given in Table 1.14. 

 
Table 1.14 Summary of data collection for G4/daunomycin complex.  

 
Crystal compounds 

 
G4/daunomycin 

 

0.45 × 0.10 × 0.10 

SSRL 

1.006 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 
0.40 × 0.10 × 0.10 

SBS  

1.54179 

93.00 

1.5 

351 

526.5 

1.504 

180 

113 (-160) 

99.69 

2.0 

360 

720 

1.0 (3.5 – 1.0) 

10 

100 (-173) 

99.90 

2.0 

360 

720 

1.1 (40.0 – 1.1) 

2 

100 (-173) 

 
 

The two collected data sets were scaled and processed together using program 

Scalepack from the HKL suite package.  

 

An increase in Rlin and Rsq values was observed for two shells with the highest 

resolution. Also completeness and the mean I/σ(I) value were considerably lower for those 

shells. Therefore 1.08 Å was decided as the highest resolution to be included in the structure 

solving process. 

 

 

A summary of data processing is given in Table 1.15.  
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Table 1.15 Summary of data processing for G4/daunomycin complex (SSRL data). 
 

 
Crystal compounds 

 

G4/daunomycin 

 
Space group 
Cell parameters (Å) 
 
 

 

I4 

a = b = 40.209 

c = 31.865 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.08 

0.415 

1432793 

21428 

>19  

99.7 

0.072 

0.067 

81.79 

 
Data in last shell: 
Resolution limits (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 
I > 2σ(I) (%) 

 

 

1.13 – 1.08 

99.2 

0.273 

0.282 

15.14 

83.1 

 

 

 

A high symmetry space group (I4) and scaling together two high quality data sets 

yielded a much higher average redundancy than for any other data presented in this thesis.  

 

The high resolution of the data collected at SSRL allowed the structure to be solved 

using direct methods with SHELXD.  The solution was found on run 974 of 1000 with the 

best final CC (correlation coefficient) 78.75%.  As the outcome of SHELXD 164 out of 170 

DNA atoms and 138 out of 152 ligand atoms in the asymmetric unit were located. The 

graphical solution obtained with SHELXD is illustrated in Figure 1.17. Although the location 
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of the majority of atoms was correct, manual renaming was required as SHELXD knows 

nothing about atom connectivity. 

 

The structure was refined using the SHELXL97 program. During the first run of 

refinement cycles, two guanine residues were omitted because they were not connected to the 

main guanine strands (Figure 1.17). The initial refinement included 6 guanine residues, 4 

daunomycin molecules, 2 phosphate groups belonging to remaining guanine nucleotides and 

7 sodium cations with 25% occupancy. The located cations were positioned on 4-fold axis.    

At this stage all atoms were treated as isotropic.  

 

The subsequent difference electron density map revealed the position of two omitted 

guanines and in successive calculations two completed strands, 4 guanines each, were 

included. After the succeeding refinement the clear position of one more sodium cation was 

revealed between two layers of daunomycin molecules.  

 

The refinement progress is summarised in Table 1.16.  

 

Occupancies for all atoms of guanine residues and daunomycin molecules are refined 

as 1.0. The sodium cations have 25% occupancy each and that is due to the fact that they are 

positioned on 4-fold axis. For all remaining atoms occupancies were decided taking into 

consideration temperature factors and electron density map appearance.  

 

Two magnesium cations were located, both of them on the 4-fold axis; one with 

6.25 % and the second with 25% occupancy. Among 112 water molecules, 10 have partial 

occupancy (2-75%, 2-50%, 5-25%, 1-12.5%)  

 

All guanine residue atoms and 6 sodium cations were refined as anisotropic, the rest of 

the atoms isotropic. 

 

Final refinement details for the G4/daunomycin structure are given in Table 1.17. The 

reflection and final coordinate files: G4daunomycin.hkl and G4daunomycin.pdb are deposited 

on the attached CD. 
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Figure 1.17 Graphical representation of the G4/daunomycin structure solution obtained with 
SHELXD, for clarity the ligand molecules are drawn in green.  
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Table 1.16 Progress of structure refinement for G4/daunomycin complex. 

Crystal compound G4/daunomycin 

 Resolution 
limits 

R Rfree 

SHELXD solution  

10.0 – 1.08 Å 

 

0.277 – for: 

Fo > 4σ (Fo) 

0.286 – 

– for all data 

 

- 

SHELXL refinement 
6 guanine residues, 4 daunomycin molecules, 2 

phosphate groups belonging to remaining guanine 

nucleotides and 7 sodium cations with 25% 

occupancy, no waters 

All atoms isotropic 

 

10.0 – 1.08 Å 

 

0.328 – for: 

Fo > 4σ (Fo) 

0.337 – 

– for all data 

 

0.327 – for: 

Fo > 4σ (Fo) 

0.333 – 

– for all data 

SHELXL refinement 
All 8 guanine residues, 4 daunomycin molecules 

and 7 sodium cations with 25% occupancy, no 

waters 

All atoms isotropic  

 

10.0 – 1.08 Å 

 

0.267 – for: 

Fo > 4σ (Fo) 

0.274 – 

– for all data 

 

0.279 – for: 

Fo > 4σ (Fo) 

0.286 – 

– for all data 

SHELXL refinement 
All 8 guanine residues, 4 daunomycin molecules 

and 8 sodium cations with 25% occupancy, no 

waters 

All atoms isotropic 

 

10.0 – 1.08 Å 

 

0.262 – for: 

Fo > 4σ (Fo) 

0.269 – 

– for all data 

 

0.274 – for: 

Fo > 4σ (Fo) 

0.282 – 

– for all data 

SHELXL refinement 
All 8 guanine residues, 4 daunomycin molecules 

and 8 sodium cations with 25% occupancy and 75 

water molecules 

All atoms isotropic 

 

10.0 – 1.08 Å 

 

0.194 – for: 

Fo > 4σ (Fo) 

0.202 – 

– for all data 

 

0.211 – for: 

Fo > 4σ (Fo) 

0.220 – 

– for all data 

SHELXL final refinement 
All 8 guanine residues, 4 daunomycin molecules 

and 8 sodium cations with 25% occupancy, 1 

magnesium cation with 6.25 % occupancy, 1 

magnesium cation with 25 % occupancy and 112 

water molecules including 10 with partial 

occupancy (2-75%, 2-50%, 5-25%, 1-12.5%) 

All guanine residue atoms and 6 sodium cations 

anisotropic, the rest of the atoms - isotropic 

 

10.0 – 1.08 Å 

 

0.161 – for: 

Fo > 4σ (Fo) 

0.164 – 

– for all data 

 

0.199 – for: 

Fo > 4σ (Fo) 

0.203 – 

– for all data 
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Table 1.17 Final refinement details for G4/daunomycin complex. 

 
Crystal compounds 

 

G4/daunomycin 

 
No. of DNA atoms (in an asymmetric unit) 
No. of ligand atoms (4 daunomycin molecules) 
No. of Na atoms (8 sodium cations with 25% occupancy) 
No. of Mg atoms (1 Mg with 25%, 1 Mg with 6.25 % occupancy) 
No. of water molecules with full occupancy 

 

170 

152 

2 

0.3125 

102 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Na 
Mg 
Solvent with full occupancy 

 

 

9.67 

14.08 

10.73 

7.80 

10.97 

18.87 

36.63 

30.29 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.019 

1.310 
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RESULTS AND DISCUSSION 
 

Description of TG4T/Daunomycin Structure 
 

The TG4T/daunomycin complex crystallises in the monoclinic space group C2. The 

asymmetric unit consists of four TG4T strands that form an intermolecular quadruplex, 

accompanied by three daunomycin molecules, three sodium cations and 128 water molecules, 

as illustrated in Figure 1.18.   

 

The numbering for DNA residues is displayed on Figure 1.19. The DNA nucleotides 

are numbered 1001-1024; the daunomycin molecules 25, 26 and 27; sodium cations 28, 29 

and 30; solvent molecules 1101-1228. 

 
Figure 1.18 The asymmetric unit of the TG4T/daunomycin complex. The DNA quadruplex is 
represented by stick style, daunomycin molecules are in space-filling mode, sodium cations 
are depicted as small green balls and water molecules as red points. Drawn with program 
Mercury 1.4.1 [72, 73]. 
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a) 

 
b) 

 
Figure 1.19 The numbering for DNA residues; a) quadruplex, b) chain A. Top – 3’ side: 1006, 
1012, 1018, 1024; bottom (close to daunomycin molecules) – 5’ side 1001, 1007, 1013, and 1019. 
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The biological unit is generated by a crystallographic two-fold axis (parallel to y axis) 

and contains two G-quadruplexes stacked end-to-end in a 5’ to 5’ orientation with two layers 

of daunomycin molecules sandwiched between two (TG4T)4 stacks as shown in Figure 1.20. 

 

 

 

 
Figure 1.20 The biological unit of the TG4T/daunomycin complex. The water molecules were 
omitted to simplify the diagram. View along b (y axis). 
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Within the G-quadruplex all DNA strands are parallel. The guanines are arranged in 

four stacked planar G-quartet layers.  Each tetrad is spaced out by 3.35 Å. The quartets are 

stabilised by eight hydrogen bonds connecting four Hoogsteen base pairs. The hydrogen 

bonds occur between N1 and O6 atoms as well as between N2 and N7 nitrogens, where N1 

and N2 are hydrogen bond donors, and O6 and N7 are the acceptors. The electron density of 

the guanine layers is very well resolved as shown in Figure 1.21. The peak in the middle 

corresponds to a sodium cation positioned between two layers of guanine quartets. 

 

 

 

 
 
Figure 1.21 The final 2Fo-Fc electron density map of the guanine tetrad in the TG4T/daunomycin 
complex. 
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a)                                                                                   b)                                                                                     c) 

                 
 
Figure 1.22 Base stacking interactions between guanine quartets in the TG4T/daunomycin complex: a) 1st and 2nd G4-layers; b) 2nd and 3rd G4-
layers; c) 3rd and 4th G4-layers.
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a)  

b)  

c)  
 

Figure 1.23 The position of sodium cations in the TG4T/daunomycin complex: a) top Na+ 
(residue Na 28); b) middle Na+ (residue Na 29); c) bottom Na+ (residue Na 30). 
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Base stacking interactions between guanine tetrads are displayed in Figure 1.22, where 

the 1st G4-layer is the closest quartet to the daunomycin molecules. The highest degree of 

guanines overlapping is observed between the 2nd and 3rd G4-layers while the lowest is 

between 1st and 2nd G4-layers. The base overlapping between guanine layers represents weak 

π - π interactions that could be considered as one of the forces that stabilize the 

TG4T-quadruplex itself. 

 

All sodium cations lie on the TG4T-quadruplex helical axis and are positioned 

between guanine layers. The distance between the top and the middle Na+ is 3.67 Å, and 

3.62 Å for the middle and the bottom Na+ (top – bottom arrangement described as on Figure 

1.19).  Sodium cations are stabilising the quadruplex by counteracting the electronegative 

central channel created by carbonyl groups. Each Na+ ion is coordinated by eight carbonyl 

oxygen atoms, four of them belong to the quartet above the cation and four to the quartet 

below. The middle sodium cation (Figure 1.23.b) is positioned almost exactly half way 

between two layers of guanines. The top Na+ ion is located closer to the G4-quartet above it 

(Figure 1.23.a), while the bottom sodium cation is situated nearer the G4-quartet below it 

(Figure 1.23.c). This behaviour could be explained by electrostatic repulsions between 

monovalent sodium cations. These force the outer Na+ ions closer towards external guanine 

tetrads and was also observed on the native TG4T quadruplex structures [23, 24].  

 

In the crystallisation droplet calcium cations were also present (Table 1.4) but no 

calcium ions were located in the X-ray structure. This is in contrast to the native TG4T 

quadruplex structures (NDB ID: UDF036 [23] and NDB ID: UDF062 [24]) where nine 

calcium counterions were located and it was reported that addition of calcium ions improved 

the crystal lattice order [24].  

 

 Figure 1.24 illustrates the relative tetraplex arrangement within a unit cell. In this 

diagram there is a nearly empty space between two TG4T-quadruplexes facing each other in 

3’ to 3’ orientation. 

 

There was only sufficient electron density to unambiguously establish positions for 

four out of the eight thymine residues. The located thymine bases are oriented away from the 

quadruplex into solvent regions of the lattice. Three extra thymine phosphate groups at the 3’ 

TG4T strand end are pointing towards the void between quadruplexes (Figure 1.24).  
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The ladder-like assembly of the electron density regions continues above the 3’ end of 

the quadruplex, as depicted in Figure 1.25.a, filling the gap up to the 3’ boundary of the 

tetraplex above it.  This arrangement of electron density suggests that whatever is between the 

two quadruplex faces probably is also organized in layers. The electron density area closer to 

the G4-tetrad (Figure 1.25.b) is large enough to accommodate two daunomycin molecules or 

the three missing thymine bases. The next smaller electron density region (Figure 1.25.c) 

would be sufficient to accommodate one daunomycin or two thymines.  

 

Attempts were made to include further thymine(s)/daunomycin(s) to fill up the 

electron density sites depicted in Figure 1.25.b-c. All those trials were unsuccessful and did 

not result in any improvements of the appearance of the electron density maps. Furthermore, 

the R factor increased slightly. Therefore no additional residues were included in the refined 

structure. 

 

The difficulties with the location of the missing thymines and undetermined electron 

density regions could be explained by disorder and/or mobility of deoxythymidines (thymine 

nucleosides). Those difficulties in finding thymines have been also observed in other 

quadruplex structures including the native TG4T quadruplex structures deposited in NDB 

(Nucleic Acid Database) with NDB ID: UDF036 [23] and NDB ID: UDF062 [24].  
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Figure 1.24 The tetraplex arrangement within a unit cell of the TG4T/daunomycin structure. 
View down the z axis. 
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a)  

 
b)                                                                             c) 

           
 

Figure 1.25 Undefined clouds in the difference electron density map at 1.2 σ level. 
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                    a) 

 
                    b) 

 
 

Figure 1.26 Arrangement of daunomycin molecules within one layer in the TG4T/daunomycin 
complex: a) the final 2Fo-Fc map showing the density around ligand molecules; b) van der 
Waals contacts. 
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Three daunomycin molecules interact with one another to form a planar assembly that 

is held together by a cluster of van der Waals contacts. The arrangement of daunomycin 

molecules into planar triads provides a more extensive binding surface for interaction with the 

planar guanine quartets of the quadruplex.  

 

Figure 1.26.a exemplifies a layer of daunomycin molecules with precise cover of the 

final electron density map. The closest contacts between ligand molecules within one triplet 

are illustrated on Figure 1.26.b, all of those contacts occur between oxygen and carbon atoms 

and each daunomycin molecule interacts with each of two others via two van der Waals 

contacts. 

 

The distances between daunomycin molecules are listed and highlighted green in 

Tables 1.18 – 1.20.  

 

The daunomycin layer is stacked onto the 5' end of the quadruplex and daunomycin 

molecules make weak π - π interactions with guanines in the terminal tetrad (Figure 1.27.a). It 

is noticeable that greater interactions are observed for residues Dm 25 and Dm 26. There is 

almost no overlapping for Dm 27. The greater overlapping of planar aromatic chromophores, 

indicating stronger π - π interactions, is observed between two symmetry related layers of 

daunomycin molecules (Figure 1.27.b).  

 

Daunomycins Dm 25 and Dm 26 are placed almost symmetrically in relation to the 

TG4T-quadruplex helical axis. The third daunomycin Dm 27 is pushed away from the centre 

of the guanine tetrad (Figure 1.28.a).  The DNA: ligand concentration ratio of the droplet was 

sufficient for a higher number of daunomycin molecules to interact with the TG4T 

quadruplex. Looking at Figure 1.28.a it can be seen that it would be very difficult to 

accommodate any additional daunomycin being stacked onto the 5' end of the quadruplex. 
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a)    

b)    

Figure 1.27 Stacking interactions in the TG4T/daunomycin complex: a) between daunomycin 
triplet and the neighbouring guanine quartet; b) between two layers of daunomycin molecules. 
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a)  

b)  

Figure 1.28 Stacking interactions between daunomycin molecules (stick representation) and 
the TG4T quadruplex (surface model): a) the view down onto the plane of a G-quartet; b) 
interactions between daunomycin Dm 25 and the groove cavity; c) left: interactions between 
daunomycin Dm 26 and the groove; right: Dm 27; d) position of daunomycin Dm 27 in relation 
to the quadruplex groove. 
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c)  
 

d)  
 

Figure 1.28 Continued (see previous page for legend). 
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The daunomycin does not intercalate as in a structure of this drug with a DNA duplex 

[74]. The planar daunomycin assembly packs onto one end of the TG4T quadruplex stack as 

illustrated on Figure 1.28.   

 

The daunosamine moieties interact with the quadruplex; however the character of 

those interactions differs for the three daunomycins. The daunosamine sugar of residue 

Dm 25 (Figure 1.28.b) is wedged tightly into its groove, the sugar of Dm 26 (Figure 1.28.c) 

also penetrates inside its groove but not as deeply, while the daunosamine moiety of 

daunomycin 27 is located outside the groove (Figure 1.28 c, d). 

 

Atom numbering for a daunomycin molecule is displayed in Figure 1.29.  

 

The daunosamine sugar of residue Dm 25 forms hydrogen bonds to two phosphates 

from two separate TG4T strands (Figure 1.30 a,b). N3* nitrogen of daunomycin 25 has strong 

hydrogen bonding interactions with two phosphate oxygen atoms on both sides of the groove; 

G1008 O2P: 2.79 Å and G1016 O1P: 2.81 Å. There are also weaker interactions present 

between exocyclic O4* oxygen and G1008 O2P and furthermore between N3* nitrogen and 

G1015 O3' (Figure 1.30 a,b). Indirect interactions via water molecules between Dm 25 and 

the quadruplex groove are also present. 

 

The potential hydrogen bonds between daunomycin and DNA are highlighted in blue 

in Tables 1.18 – 1.20, the darker blue colour is for stronger interactions and the lighter for 

weaker interactions.  

 

Because N3* of Dm 25 interacts with two neighbouring strands of the quadruplex 

those interactions, in addition to being one of the binding forces between the drug and 

G-quadruplex, also stabilise the TG4T-quadruplex itself.  

 

 
 
 



 61

 
Figure 1.29 Atom numbering for a daunomycin molecule. Drawn with program Mercury 1.4.1 
[72, 73]. 

 

 

 

The nitrogen N3* of the second daunomycin Dm 26 forms direct hydrogen 

interactions only with one side of the groove (residue G 1020) as listed in Table 1.19, 

however the oxygen O9 of Dm 26 forms a hydrogen bond of 2.86 Å with G 1002 N3 

belonging to the opposite side of the groove (Figure 1.30 c). 

   

The third Dm 27 does not form any significant direct interactions with the groove of 

the quadruplex (Table 1.20). Nevertheless there are several interactions with the DNA 

quadruplex via water molecules and also direct weaker hydrogen interaction with T 1013 O4’ 

with the length of 3.22 Å (Figure 1.30 d). 



 62

a)  

b)  
Figure 1.30 Close contacts between the DNA and: a), b) daunosamine moiety of 
daunomycin 25; c) daunomycin 26; d) daunomycin 27. 
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c)  
 

d)  
 
Figure 1. 30 Continued (see previous page for legend). 
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Table 1.18 Close distances in Å between daunomycin 25 and other atoms. Potential hydrogen 
bonds are indicated with *, while stronger hydrogen bonds are indicated with ***. Calculated 
with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [52].  
 

Source Atom Target Atom Distance (Å) 
Dm 25 C1 Dm 26 O12 3.16  
Dm 25 C2 G 1008 N1 3.47  
Dm 25 C3 G 1008 C2 3.27  
   G 1008 N2 3.41  
Dm 25 C4 G 1008 C4 3.35  
   G 1008 N3 3.19  
   G 1008 C2 3.4  
Dm 25 C5 G 1008 N9 3.46  
   G 1008 N7 3.46  
   G 1008 C8 3.4  
Dm 25 O5 G 1008 N9 3.26  
   G 1008 C8 3.4  
   Wat 1124 O 2.87 *** 
Dm 25 O6 Wat 1180 O 3.44 * 
Dm 25 O9 G 1014 N3 3.34 * 
   G 1014 N2 3.33 * 
   G 1015 C5' 3.4  
   G 1015 C4' 3.29  
   G 1015 O4' 3.05 *** 
Dm 25 C10 G 1014 N3 3.47  
Dm 25 C11 G 1014 C2 3.44  
   G 1014 N2 3.41  
Dm 25 O11 G 1014 C2 3.39  
   G 1014 N1 3.48 * 
   Dm 27 C2 3.33  
Dm 25 O12 Dm 26 C1 3.32  
Dm 25 O13 Dm 27 C21 3.16  
Dm 25 C15 G 1008 C6 3.5  
Dm 25 C16 G 1008 C4 3.41  
   G 1008 C5 3.39  
Dm 25 C17 G 1008 N7 3.38  
Dm 25 C19 G 1014 N2 3.41  
Dm 25 O4 G 1008 C4 3.45  
   G 1008 N3 3.21  
   Wat 1124 O 2.88 *** 
Dm 25 C21 G 1008 N3 3.35  
   Wat 1124 O 3.28  
Dm 25 C2* G 1008 O5' 3.24  
Dm 25 C3* G 1015 O3' 3.39  
Dm 25 N3* Wat 1107 O 2.83 *** 
   G 1015 O3' 3.36 * 
   G 1008 O2P 2.79 *** 
   G 1016 O1P 2.81 *** 
   Wat 1185 O 2.5 *** 
Dm 25 C4* G 1016 O1P 3.42  
   Wat 1213 O 3.31  
Dm 25 O4* G 1008 O2P 3.4 * 
   Wat 1213 O 3.43 * 
Dm 25 O5* Wat 1225 O 3.22 *** 
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Table 1.19 Close distances in Å between daunomycin 26 and other atoms. Potential hydrogen 
bonds are indicated with *, while stronger hydrogen bonds are indicated with ***. Calculated 
with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [52]. 
 

Source Atom Target Atom Distance (Å) 
Dm 26 C1 Dm 25 O12 3.32  
Dm 26 C2 G 1020 N1 3.49  
Dm 26 C3 G 1020 N2 3.46  
   G 1020 C2 3.27  
   Dm 27 O12 3.35  
Dm 26 C4 G 1020 C4 3.36  
   G 1020 N3 3.28  
   G 1020 C2 3.39  
Dm 26 C5 G 1020 C5 3.4  
   G 1020 N7 3.28  
   G 1020 C8 3.37  
Dm 26 O5 G 1020 N9 3.21  
   G 1020 C8 3.16  
Dm 26 O9 G 1002 N3 2.86 *** 
   G 1003 O4' 3.47 * 
   G 1002 N2 3.48 * 
Dm 26 C10 G 1002 N3 3.35  
Dm 26 C11 G 1002 C2 3.29  
   G 1002 N1 3.48  
Dm 26 O11 G 1002 C2 3.46  
   G 1002 N1 3.39 * 
   G 1002 C6 3.44  
   G 1002 C5 3.5  
   Wat 1112 O 3.15 *** 
Dm 26 O12 G 1002 O6 3.44  
   Dm 25 C1 3.16  
Dm 26 O13 G 1002 O4' 3.47  
Dm 26 C15 G 1020 C6 3.4  
Dm 26 C16 G 1020 C5 3.33  
Dm 26 C17 G 1020 N7 3.38  
Dm 26 C19 G 1002 N3 3.46  
   G 1002 C2 3.39  
   G 1002 N2 3.37  
Dm 26 C20 G 1002 N2 3.45  
Dm 26 O4 G 1020 C4 3.31  
   G 1020 N3 3.17 *** 
Dm 26 C21 G 1020 N3 3.28  
   Dm 27 O12 3.24  
Dm 26 C2* G 1020 O5' 3.42  
Dm 26 N3* G 1020 O2P 2.68 *** 
   G 1020 O5' 3.22 *** 
   Wat 1101 O 2.84 *** 
Dm 26 O4* Wat 1163 O 3.33 * 
   Wat 1140 O 2.8 *** 
Dm 26 O5* Wat 1140 O 3.13 *** 
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Table 1.20 Close distances in Å between daunomycin 27 and other atoms. Potential hydrogen 
bonds are indicated with *, while stronger hydrogen are indicated bonds with ***. Calculated 
with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [52]. 
 

Source Atom Target Atom Distance (Å) 
Dm 27 C2 Dm 25 O11 3.33  
Dm 27 C3 G 1014 O4' 3.33  
Dm 27 C4 G 1014 O4' 3.03  
Dm 27 O5 T 1013 C4' 3.14  
   T 1013 O4' 2.91  
   Wat 1129 O 2.93 *** 
Dm 27 C6 Wat 1110 O 3.15  
Dm 27 O6 Wat 1110 O 3.5 * 
   T 1013 C1' 3.3  
   T 1013 O4' 3.22 *** 
Dm 27 C7 Wat 1134 O 3.47  
Dm 27 O9 Wat 1126 O 2.75 *** 
   Wat 1200 O 2.7 *** 
   Wat 1159 O 2.79 *** 
Dm 27 O11 Wat 1105 O 3.48 * 
Dm 27 C12 Wat 1108 O 3.39  
Dm 27 O12 Dm 26 C3 3.35  
   Dm 26 C21 3.24  
Dm 27 C14 Wat 1200 O 2.95  
Dm 27 C17 Wat 1108 O 3.49  
Dm 27 C18 Wat 1108 O 3.32  
Dm 27 C20 Wat 1110 O 3.31  
Dm 27 O4 G 1014 O4' 3.11  
   Wat 1129 O 3.04 *** 
Dm 27 C21 G 1014 O4' 3.33  
   Dm 25 O13 3.16  
Dm 27 O7 Wat 1110 O 2.92 *** 
Dm 27 C1* T 1013 O2 3.34  
Dm 27 N3* Wat 1128 O 2.85 *** 
Dm 27 C4* Wat 1106 O 3.27  
Dm 27 O4* Wat 1106 O 2.69 *** 
Dm 27 O5* Wat 1134 O 3.05 *** 
Dm 27 C6* Wat 1237 W 3.46  
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There are no significant differences between the groove widths with the exception of 

the phosphate groups belonging to the nucleotides in closest proximity to the daunosamine 

sugars.   

 

The groove widths for a TG4T/daunomycin structure are summarised as distances 

between phosphate atoms in Table 1.21.  

 

The smallest distance between 5’ phosphates (15.41 Å) is observed for the only 

groove with no daunosamine rings in close proximity (groove 1 in Table 1.21). For the 

remaining grooves 5’ ends are wider and vary between 16.68 Å and 18.25 Å. The widest 

distance is observed for the groove with Dm 25 that displays the deepest penetration inside 

the groove (Figure 1.28.b). 

 

Table 1.22 summarises groove widths for the native TG4T quadruplex [24] that was 

used as the starting model during the solving of the TG4T/Daunomycin structure with a 

molecular replacement program. For the native TG4T quadruplex distances between 5’ 

phosphates are ambiguous because two 5’ phosphate atoms are in two different orientations.   

 

Excluding 5’ phosphates there are no major differences in the groove widths for the 

TG4T/daunomycin complex and the native TG4T structure, the backbone conformations of 

those two quadruplexes remain very similar. 

 

The absence of considerable discrepancies between the four quadruplex grooves in the 

TG4T/daunomycin structure (with the exception of the 5’ ends) and the similarities between 

the TG4T/daunomycin complex and the native TG4T structure shows that daunomycin can 

stabilize the quadruplex yet not significantly disturb its structure.  
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Table 1.21 The groove widths for TG4T/Daunomycin complex summarised as distances 
between phosphate atoms (in Å).  

Groove1 Distance Groove2 Distance 
DM25 

Groove3 Distance 
DM27 

Groove4 Distance 
DM26 

1002P-

1008P 

15.41 1008P-

1014P 

18.25 1014P-

1020P 

17.86 1020P-

1002P 

16.68 

1003P-

1009P 

14.91 1009P-

1015P 

15.01 1015P-

1021P 

15.13 1021P-

1003P 

14.98 

1004P-

1010P 

16.37 1010P-

1016P 

16.20 1016P-

1022P 

16.76 1022P-

1004P 

16.31 

1005P-

1011P 

15.83 1011P-

1017P 

16.00 1017P-

1023P 

16.17 1023P-

1005P 

15.90 

    Top – 3’ side close to a “void”: (1005) 1006, (1011) 1012, (1017) 1018, (1023) 1024 

    Bottom (close to daunomycin molecules) – 5’ side 1002, 1008, 1014, and 1020. 

 

 
Table 1.22 The groove widths for native TG4T [24] summarised as distances between 
phosphate atoms (in Å).  

Groove1 Distance Groove2 Distance Groove3 Distance Groove4 Distance 

42P-52P 18.41       

43P-53P 14.86 53P-63P 14.64 63P-73P 14.98 73P-43P 14.81 

44P-54P 16.04 54P-64P 16.02 64P-74P 15.75 74P-44P 15.99 

45P-55P 16.02 55P-65P 16.04 65P-75P 16.15 75P-45P 16.26 

    62P and 72P are presented in two orientations A and B 

    Top – 3’ side: 45, 55, 65 and 75. Bottom – 5’ side: 42, 52, 62 and 72. 

 
 
 
Table 1.23 The groove widths for G4T4G4/BSU6039 complex [40] summarised as distances 
between phosphate atoms (in Å).  

Groove1 Distance Groove2 Distance Groove3 Distance Groove4 Distance 

A1002P-

B2004P 

19.22 B2004P- 

A1012P 

16.66 A1012P-

B2010P 

12.44 B2010P- 

A1002P 

16.51 

A1003P-

B2003P 

18.52 B2003P- 

A1011P 

15.70 A1011P-

B2011P 

13.63 B2011P- 

A1003P 

15.46 

A1004P-

B2002P 

19.38 B2002P- 

A1010P 

16.52 A1010P-

B2012P 

13.06 B2012P- 

A1004P 

16.09 

  5’ side: A1002, B2010, A1010, B2002 

  3’ side: A1004, B2012, A1012, B2004 

  Closer to the ligand: A1004, B2002, A1010, B2012 
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Greater differences between groove widths were observed for the 

d(GGGGTTTTGGGG) and a di-substituted aminoalkylamido acridine (BSU6039) complex 

[40] (Table 1.23, Figure 1.31) where one wide, two medium and one narrow groove is 

present. Two medium, one narrow, and one wide groove were also observed in the crystal 

structure of the potassium form of an Oxytricha nova G-quadruplex [26] with DNA sequence 

d(G4T4G4). 

 
 
 
 
 
 

 
 

Figure 1.31 The G4T4G4/BSU6039 complex [40]. Displayed with program Jmol [75] using 
coordinates from The Protein Data Bank [76]. 
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Description of G4/Daunomycin Structure 
 

The highly symmetric G4/daunomycin complex crystallised in the tetragonal space 

group I4.   
  

 
 

G 4 
  Na 15 

G 3 
Na 14 

G 2 
  Na 13 

G 1 
 

Dm 9 
 

  Dm 10 
 

Na 20 
  Dm 11 
 
  Dm 12 

 Mg 22 
 

G 5 
 Na 16 

 

G 6 
 Na 17 

G 7 

 Na 18 
G 8 

  

Na 19 

 
Mg 21 

 
Figure 1.32 The asymmetric unit of the G4/daunomycin complex. Sodium and magnesium 
cations are depicted as green and magenta balls respectively. The water molecules were 
omitted to simplify the diagram. 
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The asymmetric unit contains two independent strands of d(GGGG) and four drug 

molecules, along with partially occupied cations positioned on 4-fold axis: eight sodium and 

two magnesium cations and 112 water molecules including 10 with partial occupancy (2-

75%, 2-50%, 5-25%, 1-12.5%) (Figure 1.32 and Figure 1.33).   

 
Figure 1.33 The asymmetric unit of the G4/daunomycin complex including water molecules 
depicted as little red stars and distances (in Å) between atoms on the 4-fold axis.  
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 The crystallographic four-fold axis generates the biological unit that consists of two 

highly symmetric G4 quadruplexes between which are four layers of daunomycin molecules 

with four daunomycins per layer (Figure 1.34).  

 

 
 
Figure 1.34 The biological unit of the G4/daunomycin complex. The water molecules were 
omitted to simplify the diagram. Daunomycin molecules are represented by stick style, DNA 
quadruplexes and metal cations are in space-filling mode. 
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The two independent quadruplexes in the biological unit of G4/daunomycin complex 

are almost identical. The two superimposed independent G4 strands in the asymmetric unit 

are displayed on Figure 1.35. 
 

 

 
Figure 1.35 Two superimposed independent G4 strands in the asymmetric unit of the 
G4/daunomycin structure. 
 

 

The arrangement of sodium and magnesium cations within the asymmetric unit is 

illustrated on Figure 1.32. All of those cations lie on the 4-fold axis and most of them have 

full occupancy of 0.25 within the asymmetric unit. The interactions of metal cations with 

oxygen atoms are summarised in Table 1.24. The text highlighted in different colours 

emphasizes the similarities of the two quadruplexes within the biological unit. Distances 

between atoms on the 4-fold axis are displayed on Figure 1.33. 
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Table 1.24 Atoms positioned on the 4-fold axis and coordinating atoms for metal cations 
together with coordination bond lengths and coordination geometries. 
 

Atom on the 4-fold 
axis (Atom 
occupancy) 

Coordinating 
atoms/molecules  

(Occupancy) 

Coordination bond 
length (Å) 

Coordination geometry 
(twist angle – interlayer 

rotation between 
guanine layers) 

G4  O6 (100%) x 4 2.38 Na 15 (25%) 

G3 O6 (100%) x 4  3.20 

Twisted square  

anti-prism (+22°) 

G3 O6 (100%) x 4 2.63 Na 14 (25%) 

G2 O6 (100%) x 4 2.80 

Twisted square  

anti-prism (+35°) 

G2 O6 (100%) x 4 2.86 Na 13 (25%) 

G1 O6 (100%) x 4 2.77 

Square  

prism (-93°) 

101 O (25%) G1 O6 (100%) x 4 3.24 Square pyramid 

103 O (12.5%) - - - 

104 O (50%) x 4 2.36 Square planar Na 20 (25%) 

105 O (50%) x 4 2.84 Square planar 

106 O (25%) Mg 22 2.38 - 

106 O (25%) x 4 2.38 Mg 22 (25%) 

102 O (100%) x 4 2.15 

 

Square pyramid 

G5 O6 (100%) x 4 2.78 Na 16 (25%) 

G6 O6 (100%) x 4 2.88 

Square 

prism (-89°) 

G6 O6 (100%) x 4 2.78 Na 17 (25%) 

G7 O6 (100%) x 4 2.65 

Twisted square  

anti-prism (+34°) 

G7 O6 (100%) x 4 3.12 Na18 (25%) 

G8 O6 (100%) x 4 2.46 

Twisted square  

anti-prism (+23°) 

109 O (75%) x 4 2.44 Approximately square 

planar 

Na 19 (25%) 

110 O (25%) x 4 2.44 Approximately square 

planar 

Mg 21 (6.25%) 111 O (25%) x 4 1.98 Square planar 

 

 

 

Additionally to the metal cations three partially occupied water molecules (101 O, 103 

O and 106 O) are also positioned on the 4-fold axis (Figure 1.33). 

 

Figure 1.36 and 1.37 illustrate the position of sodium cations in relation to guanines 

and the distances between guanine carbonyl oxygens and sodium cations. 
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All sodium cations are positioned approximately in the central positions between 

guanine tetrads except Na 15 and Na 18 that are much closer to the guanines most distant in 

relation to the daunomycin molecules. This behaviour of sodium cations in the quadruplex 

differs from those observed for the TG4T/daunomycin and native TG4T quadruplex 

structures where only the middle sodium cation (Figure 1.23) was positioned half way 

between two layers of guanines while the top Na+ ion was closer to the G4-quartet above it, 

and the bottom sodium cation was located nearer the G4-quartet below it. 

 

Six Na+ ions are positioned between two layers of guanines and coordinated by 8 

oxygen atoms, two of them belonging to guanine carbonyls of one asymmetric unit with the 

other six being symmetry related (Figure 1.38). 

 

The seventh sodium cation Na 19 is located below the G8 guanine quartet (Figure 

1.32) and is coordinated by eight partially occupied water molecules that lie in the 

approximately same plane as Na 19 (Figure 1.39). Four of those water molecules 109 O 

(belonging to four symmetry related asymmetric units) have occupancy 75% each and the 

remaining four (110 O) have occupancy 25%. 

 

One further sodium Na 20 is also located on the 4-fold axis and it is positioned 

between two layers of daunomycins (Dm 10 and Dm11) (Figure 1.32), somewhat closer to 

Dm 11. Na 20 is coordinated by 8 partially occupied water molecules, 2 belonging to one 

asymmetric unit (104 O and 105 O) as depicted on Figure 1.40, the remaining six belonging 

to symmetry related units. The distance between Na 20 and the closest water molecules on the 

4-fold axis are also depicted in Figure 1.40. 
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Figure 1.36 Position of sodium cations in “top” G4 quadruplex. 

 
Figure 1.37 Position of sodium cations in “bottom” G4 quadruplex. 
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Figure 1.38 Na 15 sodium atom coordinated by carbonyl oxygen atoms. 
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Figure 1.39 Na 19 sodium atom with coordinating water molecules. The symmetry related water 
molecules are depicted in four different colours. 
 

 
Figure 1.40 Close contacts in Å for Na 20. Only bonds within asymmetric unit are shown. 
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Figure 1.41 Mg 21 atom with coordinating water molecules. Only bond within asymmetric unit 

is shown. 

 
 

Figure 1.42 Close contacts in Å for Mg 22. 
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Two magnesium cations are also positioned on the 4-fold axis. Mg 21 is lying below 

Na19 and is coordinated by 4 symmetry-related water molecules (Figure 1.41). Magnesium 

Mg 22 is positioned between guanine (G5) and daunomycin (Dm 12) quartets and is 

coordinated by five water molecules, 4 in the same plane as Mg 22 and the fifth one above on 

the 4-fold axis (Figure 1.42). 

 

The selection of Mg cations was determined because of the short distances to 

coordinating water molecules and the presence of only Mg and Na cations in the 

crystallisation droplet. 

 

The presence of Mg cation although quite common for duplex DNA (for example see 

structures in Chapter 2), is unusual for quadruplex structures. Some crystallisation droplets for 

other DNA quadruplexes contained Mg but no Mg was found in the solved structures [25, 

26]. 

 

One magnesium cation was also found in a quadruplex structure reported in [77] but  

it was not located on the central axis. 

 

The clearly defined representative electron density for one of the guanine tetrads is 

displayed in Figure 1.43; also the electron density for daunomycin molecules in this structure 

is very well resolved (Figure 1.44).  

 

Base stacking interactions between guanine tetrads are almost identical for the two 

quadruplexes within the biological unit. The interlayer rotation between G3 and G4 quartets 

is +22° (Figure 1.45.a) and that between G7 and G8 quartets from the second quadruplex 

equals +23° (Table 1.24). The lowest degree of guanines overlapping is observed between G2 

and G3 (Figure 1.45.b), and G6 and G7 layers with interlayer rotation angles +35° and +34° 

respectively (Table 1.24).  For G1 – G2 and G5 – G6 those values are -93° and -89° 

respectively, where G1 and G5 layers are the closest quartet to the daunomycin molecules.  
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Figure 1.43 The final 2Fo-Fc electron density map of the guanine tetrad in the G4/daunomycin 
complex. 
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Figure 1.44 The final 2Fo-Fc map showing the density around ligand molecules in the 
G4/daunomycin complex. 
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a) 

 
b) 

 
 

Figure 1.45 Base stacking interactions between guanine quartets in the G4/daunomycin 
structure : a) G3 and G4; b) G2 and G3 G4; c) G1 and G2. 
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c) 

 
 
Figure 1.45 Continued (see previous page for legend). 
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a)  
 

b)  
Figure 1.46 The superimposed fragments from the G4/daunomycin (cyan) and 
TG4T/daunomycin structures (magenta): a) complete G4 strands; b) just the 5’ guanine 
residues (G1 residue from the G4/daunomycin structure (syn glycosyl orientation) and G1002 
residue from the TG4T/daunomycin structure (anti glycosyl orientation)). 
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The arrangements between G1 and G2 (Figure 1.45.c), and G5 and G6 layers (for both 

tetraplexes in the biological unit) is unusual for guanine layers within a parallel stranded 

quadruplex however a similar arrangement was observed between two separate head-to-head 

stacked parallel quadruplexes in the native TG4T quadruplexes [23, 24].  

 

Figure 1.46 emphasizes the differences between a G4 strand from the G4/daunomycin 

structure, and a G4 segment of a TG4T strand from the TG4T/daunomycin structure that was 

applied as a model during trials to solve the G4/daunomycin structure with AMoRe. 

Especially the position of 5’ guanine residues is very different for both quadruplexes 

(Figure 1.46 b). For the native parallel TG4T quadruplexes [23,24] and for 

TG4T/daunomycin structure the glycosyl orientation is exclusively anti. The glycosyl 

orientation in G4/daunomycin is syn anti anti anti for each quadruplex, with syn glycosyl 

bond arrangement connecting with 5’ guanine residues (Figure 1.46 b).  

 

This unexpected geometry of guanines and associated glycosyl torsion angles was 

probably one of the reasons why the structure could not be solved with AMoRe. 
 

There are two different daunomycin molecule arrangements. The arrangement of 

daunomycin tetrads formed by daunomycin molecules neighbouring with the guanine quartets 

(Dm 9 and Dm 12  - numbering as on Figure 1.32) is depicted on Figure 1.47.a, the 

arrangement of daunomycin tetrads formed by daunomycin molecules in the second layer of 

the daunomycin molecules (Dm 10 and Dm 11) is depicted on Figure 1.47.b. 
 

There are no close contacts between daunomycin molecules within one layer (Tables 

1.30-1.33) however there are interactions between daunomycins belonging to the two 

different layers (Tables 1.26-1.33).  

 

The cluster of four daunomycin layers stacks between the 5’ ends of two quadruplexes 

making π - π interactions between layers of daunomycin molecules with guanines in the 

terminal tetrad (Figure 1.48).  

 

The overlapping of planar aromatic chromophores is also observed between layers of 

daunomycin molecules (Figure 1.49), more between two middle layers (Dm 10 – Dm 11) than 

between the top and the middle layer (Dm 9 – Dm 10).  
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a) 

 
b)  

 
Figure 1.47 The two different arrangements of the daunomycin molecules; a) the daunomycin 
tetrad neighbouring with the guanine quartet, b) the second layer of the daunomycin 
molecules. 
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Figure 1.48 Stacking interactions between a daunomycin layer and the neighbouring guanine 
quartet in the G4/daunomycin complex. 
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a) 

 
b) 

 
 
Figure 1.49 Stacking interactions between layers of daunomycin molecules: a) the top and the 
middle layer (Dm 9 – Dm 10); b) two middle layers (Dm 10 – Dm 11). 
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Because the structure contains only guanine, with no thymines, it is possible to 

accommodate four daunomycin molecules in one layer directly under the bottom G4 quartet 

layer, as there are no physical obstructions resulting from thymine residues (Figure 1.50). 

 

The planar daunomycin assembly of four daunomycin molecules stacks on one end of 

the G4 quadruplex stack but there are no incursions of daunosamine moieties into the 

quadruplex grooves as was observed in the TG4T/daunomycin structure.  

 

Nevertheless both daunomycin molecules (Dm 9 and Dm 12), directly neighbouring 

with G4 quadruplexes, are interacting with the DNA via hydrogen bonds. Nitrogen N3* of 

Dm 9 interacts with 2 O1P via 2.78 Å long hydrogen bond and also with another symmetry 

related oxygen 7 O1P and the length of this bond is 2.82 Å. N3* of Dm 12 is making contact 

with 6 O1P symmetry related and the length of this hydrogen bond is 2.80Å. As well as these 

direct hydrogen bonding interactions there are also interactions via water molecules and Van 

der Waals contacts as listed in Tables 1.26-1.33.  

 

As in the TG4T/daunomycin complex, in the G4/daunomycin structure all four strands 

are parallel within one quadruplex. In the absence of thymine residues the tetraplex has four-

fold symmetry and consequently within one quadruplex all groove widths are identical 

(Table 1.25).  
 
 
 
 
 
 
 
Table 1.25 The groove widths for the G4/Daunomycin complex summarised as distances 
between phosphate atoms (in Å).  
 

Groove 1 Distance (Å) Groove 2 Distance (Å) 
    
4P-4P 16.88(top of the top 

quadruplex) 
6P-6P 16.62 (top of the 

bottom quadruplex) 
3P-3P 15.44 7P-7P 15.77 
2P-2P 16.71(bottom of the 

top quadruplex) 
8P-8P 16.72 (Bottom of the 

bottom quadruplex) 
 
Residues 4 (top) and 8 (bottom) are on O3’ side. 
Residues 1 and 5 are on O5’ side close to the daunomycin layers. 
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a) 

 
 
b) 

 
 

Figure 1.50 Stacking interactions between daunomycin molecules layer (stick representation) 
and the G4 quadruplex (surface model): a) the view down onto the plane of a G-quartet; 
b) position of daunomycin in relation to the quadruplex groove. For simplicity of the diagram 
only guanine and daunomycin residues are displayed.  
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Table 1.26 Close distances in Å between daunomycin Dm 9 and other atoms within the same 
asymmetric unit. Hydrogen bonds are indicated with ***. 
 

Source Atom Target Atom Distance (Å) 
Dm 9 O4 Gua 1 C8 3.36  
Dm 9 O5 Gua 1 O4' 3.33  
Dm 9 O11 Dm 10 C18 3.48  
   Dm 10 C5 3.4  
   Dm 10 C17 3.17  
Dm 9 O12 Dm 10 O12 3.5  
   Dm 10 C12 3.34  
Dm 9 C11 Dm 10 C16 3.44  
   Dm 10 C5 3.42  
Dm 9 C17 Gua 1 O4' 2.98  
   Dm 10 C3 3.45  
Dm 9 C4 Gua 1 N7 3.43  
   Gua 1 C8 3.46  
Dm 9 C15 Dm 10 C1 3.46  
Dm 9 C6 Gua 1 O4' 3.27  
Dm 9 C12 Dm 10 C15 3.41  
   Dm 10 C1 3.42  
Dm 9 O13 Wat 201 O 2.96 *** 
Dm 9 C14 Wat 187 O 3.3  
Dm 9 C20 Dm 10 O4 3.43  
Dm 9 C3 Gua 1 C5 3.48  
   Gua 1 N7 3.35  
Dm 9 C18 Dm 10 C16 3.42  
Dm 9 O9 Gua 1 C5' 3.35  
   Wat 123 O 2.83 *** 
   Wat 149 O 2.64 *** 
Dm 9 C5 Gua 1 O4' 2.98  
Dm 9 C2 Gua 1 C6 3.43  
Dm 9 C10 Dm 10 O5 3.44  
Dm 9 N3* Gua 2 O1P 2.78 *** 
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Table 1.27 Close distances in Å between daunomycin Dm 10 and other atoms within the same 
asymmetric unit. Potential hydrogen bonds are indicated with *, while stronger hydrogen 
bonds are indicated with ***. 
 

Source Atom Target Atom Distance (Å) 
Dm 10 O9 Wat 127 O 2.97 *** 
Dm 10 O6 Dm 11 O5 3.45 * 
   Wat 201 O 2.87 *** 
   Wat 173 O 3.46 * 
Dm 10 O4 Dm 9 C20 3.43  
   Wat 128 O 2.98 *** 
Dm 10 O12 Dm 11 O12 3.31  
   Dm 11 C12 3.5  
   Dm 9 O12 3.5  
Dm 10 O5 Dm 9 C10 3.44  
   Wat 128 O 2.7 *** 
   Wat 201 O 3.04 *** 
   Dm 11 O6 3.44 * 
   Dm 11 C6 3.33  
Dm 10 C18 Dm 9 O11 3.48  
Dm 10 O11 Dm 11 C1 3.47  
Dm 10 O13 Wat 207 O 3.14 *** 
Dm 10 C6 Dm 11 O5 3.31  
   Dm 11 C5 3.45  
Dm 10 C5 Dm 9 O11 3.4  
   Dm 9 C11 3.42  
   Dm 11 C6 3.46  
   Dm 11 C17 3.48  
Dm 10 C17 Dm 11 C5 3.46  
   Dm 9 O11 3.17  
   Dm 11 C17 3.38  
Dm 10 C12 Dm 11 C12 3.33  
   Dm 9 O12 3.34  
Dm 10 C11 Dm 11 C15 3.44  
   Dm 11 C16 3.4  
Dm 10 C15 Dm 9 C12 3.41  
   Dm 11 C11 3.45  
Dm 10 C16 Dm 9 C18 3.42  
   Dm 11 C11 3.45  
   Dm 9 C11 3.44  
Dm 10 C1 Dm 9 C15 3.46  
   Dm 9 C12 3.42  
Dm 10 C3 Dm 9 C17 3.45  
Dm 10 C21 Wat 128 O 3.43  
Dm 10 O5* Wat 179 O 3.07 *** 
   Wat 200 O 3.25 *** 
Dm 10 O4* Wat 187 O 3.21 *** 
   Wat 200 O 2.68 *** 
Dm 10 C3* Wat 151 O 3.49  
Dm 10 N3* Wat 151 O 2.81 *** 
   Wat 123 O 2.78 *** 
   Wat 187 O 2.77 *** 
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Table 1.28 Close distances in Å between daunomycin Dm 11 and other atoms within the same 
asymmetric unit. Potential hydrogen bonds are indicated with *, while stronger hydrogen 
bonds are indicated with ***. 
 

Source Atom Target Atom Distance (Å) 
Dm 11 O9 Wat 125 O 2.86 *** 
Dm 11 O5 Wat 126 O 2.76 *** 
   Dm 10 O6 3.45 * 
   Dm 10 C6 3.31  
   Dm 12 C10 3.47  
Dm 11 O6 Dm 10 O5 3.44 * 
Dm 11 O12 Dm 10 O12 3.31  
   Wat 104 O 2.92 *** 
Dm 11 O4 Wat 126 O 3.07 *** 
Dm 11 C11 Dm 10 C15 3.45  
   Dm 10 C16 3.45  
Dm 11 C6 Dm 10 O5 3.33  
   Dm 10 C5 3.46  
Dm 11 C17 Dm 10 C5 3.48  
   Dm 10 C17 3.38  
   Dm 12 O11 3.19  
Dm 11 C18 Dm 12 O11 3.48  
Dm 11 C16 Dm 10 C11 3.4  
   Dm 12 C11 3.41  
   Dm 12 C18 3.42  
Dm 11 C5 Dm 12 C11 3.42  
   Dm 10 C6 3.45  
   Dm 10 C17 3.46  
   Dm 12 O11 3.42  
Dm 11 C15 Dm 12 C12 3.44  
   Dm 10 C11 3.44  
Dm 11 C3 Dm 12 C17 3.47  
Dm 11 C12 Dm 10 O12 3.5  
   Dm 12 O12 3.34  
   Dm 10 C12 3.33  
Dm 11 O4* Wat 140 O 3.37 * 
   Wat 170 O 2.73 *** 
Dm 11 C21 Wat 165 O 3.41  
Dm 11 C1 Dm 10 O11 3.47  
Dm 11 N3* Wat 113 O 2.8 *** 
   Wat 132 O 2.93 *** 
   Wat 140 O 2.75 *** 
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Table 1.29 Close distances in Å between daunomycin Dm 12 and other atoms within the same 
asymmetric unit. Hydrogen bonds are indicated with ***. 
 

Source Atom Target Atom Distance (Å) 
Dm 12 O11 Dm 11 C5 3.42  
   Dm 11 C18 3.48  
   Dm 11 C17 3.19  
Dm 12 C12 Dm 11 C15 3.44  
Dm 12 C11 Dm 11 C16 3.41  
   Dm 11 C5 3.42  
Dm 12 C17 Dm 11 C3 3.47  
Dm 12 O12 Dm 11 C12 3.34  
Dm 12 O9 Wat 145 O 2.83 *** 
   Wat 113 O 2.79 *** 
Dm 12 C2 Wat 102 O 3.32  
Dm 12 C1 Wat 102 O 2.94  
Dm 12 C10 Dm 11 O5 3.47  
Dm 12 O5* Wat 198 O 2.69 *** 
Dm 12 O4* Wat 162 O 2.64 *** 
   Wat 150 O 2.94 *** 
Dm 12 C1* Wat 198 O 3.46  
Dm 12 N3* Wat 159 O 2.88 *** 
Dm 12 C13 Dm 12 O9 2.46  
   Dm 12 C8 2.52  
   Dm 12 C10 2.48  
Dm 12 C3* Wat 159 O 3.41  
Dm 12 C6* Wat 197 O 3.35  
Dm 12 C4* Wat 150 O 3.31  
Dm 12 C14 Wat 145 O 3.11  
   Wat 199 O 3.21  
   Wat 140 O 3.13  
Dm 12 O13 Wat 182 O 3.17 *** 

 
 
 
Table 1.30 Close distances in Å between daunomycin Dm 9 and atoms from symmetry related 
molecules.  
 

Source Atom Target Atom Distance Symmetry Operation 
Dm 9 O4 Dm 10 O9 2.98 Y, -X, Z 
Dm 9 O6 Dm 10 C14 3.35 Y, -X, Z 
Dm 9 O5 Dm 10 O9 2.87 Y, -X, Z 
   Dm 10 C9 3.3 Y, -X, Z 
   Dm 10 C10 3.38 Y, -X, Z 
   Dm 10 C13 3.19 Y, -X, Z 
Dm 9 C21 Dm 10 O9 3.32 Y, -X, Z 
Dm 9 N3* Gua 7 O1P 2.82 -X+1/2, -Y+1/2, Z+1/2 
   Wat 141 O 2.9 -X+1/2, -Y+1/2, Z+1/2 
Dm 9 C3* Gua 7 O1P 3.45 -X+1/2, -Y+1/2, Z+1/2 
Dm 9 O4* Wat 141 O 3.27 -X+1/2, -Y+1/2, Z+1/2 
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Table 1.31 Close distances in Å between daunomycin Dm 10 and atoms from symmetry related 
molecules.  
 

Source Atom Target Atom Distance Symmetry Operation 
Dm 10 O9 Dm 9 O4 2.98 -Y, X, Z 
   Dm 9 O5 2.87 -Y, X, Z 
   Dm 9 C21 3.32 -Y, X, Z 
Dm 10 C9 Dm 9 O5 3.3 -Y, X, Z 
Dm 10 C10 Dm 9 O5 3.38 -Y, X, Z 
Dm 10 C2 Dm 11 C2 3.46 Y, -X, Z 
Dm 10 C13 Dm 9 O5 3.19 -Y, X, Z 
Dm 10 C14 Dm 9 O6 3.35 -Y, X, Z 

 
 
 
 
Table 1.32 Close distances in Å between daunomycin Dm 11 and atoms from symmetry related 
molecules. Potential hydrogen bonds are indicated with *, while stronger hydrogen bonds are 
indicated with ***. 
 

Source Atom Target Atom Distance Symmetry Operation 
Dm 11 O11 Dm 12 C4 3.44  Y, -X, Z 
Dm 11 O9 Dm 12 O4 3.03 *** Y, -X, Z 
   Dm 12 O5 2.99 *** Y, -X, Z 
   Dm 12 C21 3.35  Y, -X, Z 
Dm 11 O12 Wat 105 O 3.4 * Y, -X, Z 
Dm 11 O13 Wat 207 O 3.38 * Y, -X, Z 
Dm 11 C10 Dm 12 O4 3.44  Y, -X, Z 
   Dm 12 O5 3.46  Y, -X, Z 
Dm 11 C13 Dm 12 O5 3.19  Y, -X, Z 
Dm 11 C9 Dm 12 O5 3.39  Y, -X, Z 
Dm 11 C4* Wat 155 O 3.35  -Y+1/2, X+1/2, Z+1/2 
Dm 11 C2 Dm 10 C2 3.46  -Y, X, Z 
Dm 11 C14 Dm 12 O6 3.39  Y, -X, Z 
   Wat 165 O 3.49  Y, -X, Z 
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Table 1.33 Close distances in Å between daunomycin Dm 12 and atoms from symmetry related 
molecules.  
 

Source Atom Target Atom Distance Symmetry Operation 
Dm 12 O4 Dm 11 C10 3.44 -Y, X, Z 
   Dm 11 O9 3.03 -Y, X, Z, 
   Gua 5 C8 3.32 -Y, X, Z 
Dm 12 O5 Dm 11 C10 3.46 -Y, X, Z 
   Dm 11 O9 2.99 -Y, X, Z 
   Dm 11 C13 3.19 -Y, X, Z 
   Dm 11 C9 3.39 -Y, X, Z 
   Wat 125 O 3.3 -Y, X, Z 
   Gua 5 O4' 3.27 -Y, X, Z 
Dm 12 O6 Dm 11 C14 3.39 -Y, X, Z 
Dm 12 C17 Gua 5 O4' 2.93 -Y, X, Z 
Dm 12 C6 Gua 5 O4' 3.22 -Y, X, Z 
Dm 12 C5 Gua 5 O4' 2.96 -Y, X, Z 
Dm 12 O9 Gua 5 C5' 3.48 -Y, X, Z 
Dm 12 C4 Dm 11 O11 3.44 -Y, X, Z 
   Gua 5 N7 3.47 -Y, X, Z 
   Gua 5 C8 3.43 -Y, X, Z 
Dm 12 C21 Wat 117 O 3.48 -X, -Y, Z 
   Dm 11 O9 3.35 -Y, X, Z 
Dm 12 C2 Wat 102 O 2.63 -Y, X, Z 
   Gua 5 C6 3.48 -Y, X, Z 
Dm 12 C3 Wat 102 O 3.13 -Y, X, Z 
   Gua 5 N7 3.42 -Y, X, Z 
Dm 12 O4* Wat 135 O 3.29 X+1/2, Y+1/2, Z+1/2 
Dm 12 N3* Gua 6 O1P 2.8 -Y, X, Z 
   Wat 135 O 2.84 X+1/2, Y+1/2, Z+1/2 
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The Similarities and the Differences between 

Ligand/Quadruplex Crystal Structures  

 
 The telomeric DNA association into quadruplex assemblies is recognised as a factor 

related with telomerase inhibition [30]. There is strong evidence that telomerase is required to 

maintain tumour growth [13], therefore stopping telomerase activity in cancer cells could be a 

promising resolution for selective anti-cancer therapy. Finding ligands that can stabilise 

quadruplexes and as a consequence be active as telomerase inhibitors is a very important task 

in the quest to discover effective anticancer drugs.  

 

 Five X-ray DNA-quadruplex structures with ligands have been reported to date [1, 2, 

40-42]. Among those communicated structures are the TG4T/daunomycin and 

G4/daunomycin structures that have been described in this chapter. All ligands located within 

the five structures possess a planar aromatic moiety and side chains with protonated nitrogens. 

 

In four of those structures the ligand molecules stack onto the terminal G-quartet 

layer.  Those structures provide verification of the model where the ligands are stacking onto 

the terminal layer of G-quartets.  

 

In the structure of d(TAGGGTTAGGG) with porphyrin derivative (TMPyP4)[41] 

(Figure 1.51) there are no stacking interactions between ligand and G quartets, possibly 

because the ligand molecule is too big to intercalate between thymine and guanine layers. 

However there are present some stacking interactions between the planar porphyrin 

chromophore and thymines.  

 

None of the ligand molecules in the reported crystallographic structures intercalates 

between G-tetrads. 

 

Also, in the RHPS4/T2AG3T NMR structure, the ligand stacks between guanine and 

adenine layers but is not intercalated between guanine tetrads [31]. 
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The number of interacting ligand molecules depends on the quadruplex structure itself. 

The G4 quadruplex accommodates 4 daunomycin molecules within one layer while the TG4T 

quadruplex accommodates only three. Thymine residues of the TG4T quadruplex are 

contributing towards breaking the four-fold symmetry observed in the G4/Daunomycin 

structure. They are also a physical obstruction for accommodating an extra daunomycin 

molecule. 

 

 

 

 

 
Figure 1.51 The structure of d(TAGGGTTAGGG) with porphyrin derivative (TMPyP4) [41]. 
Displayed with program Jmol [75] using coordinates from The Protein Data Bank [76]. 

 

 

 

In the G4T4G4/BSU6039 complex [40], where thymine nucleotides form loops 

(Figure 1.31), only one molecule of ligand was found and it was located at one end of the 

stack of G-quartets, within one of the thymine loops (Figure 1.31).  

 

In the structure of d(TAGGGTTAGGGT) with 3,6,9-trisubstitued acridine ligand 

BRACO-19 [42] only one ligand molecule is stacked at the 3’-end G-tetrad (Figure 1.52). 
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Figure 1.52 The structure of d(TAGGGTTAGGGT) with 3,6,9-trisubstituted acridine ligand 
BRACO-19 [42]. Displayed with program Jmol [75] using coordinates from The Protein Data 
Bank [76]. 
 

 

 

In the G4T4G4/BSU6039 structure neither side chain of the ligand penetrates the 

quadruplex grooves yet each of the protonated nitrogens in the terminal pyrrolidino groups of 

BSU6039 is engaged in hydrogen bonding interactions. 

 

Also in the TAGGGTTAGGGT/BRACO-19 structure there are no direct interactions 

between ligand and the quadruplex groove, however interactions through the water molecule 

network are present. 

 

 

 
Figure 1.53 The structure of 3,6-bis-[3-pyrrolidino-propionamide] acridine (BSU6039). 
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It has been suggested in [40] that the side chains of BSU6039 (Figure 1.53) are too 

short to be interacting fully in the quadruplex groove. 

 

Correlation between the length of the side chain and the ligand’s ability to penetrate 

the quadruplex grooves may be disputable in light of research results presented in this thesis. 

The daunosamine moiety of the daunomycin molecule is much shorter than the side chains of 

the BSU6039 ligand (Figure 1.53) or the BRACO-19 molecule (Figure 1.54), nevertheless the 

daunosamine moieties of two daunomycin molecules in the TG4T/daunomycin structure 

penetrate into the quadruplex grooves as illustrated on Figure 1.28.b, c. 

 

 
 

 
Figure 1.54 The structure of 3,6,9-trisubstituted acridine ligand BRACO-19 [42]. 
 

 

The interactions in the TG4T/daunomycin structure may suggest that the ability of the 

drug to penetrate quadruplex grooves depends of the position of side groups in relation to the 

quadruplex groove and also on the location of the nitrogen on the side group. In the case of 

daunomycin the exocyclic nitrogen on the daunosamine moiety is easily accessible. In the 

BSU6039 ligand the endocyclic protonated nitrogen is incorporated into a pyrrolidine ring 

structure and that itself may reduce the possibility of successful interaction with the groove. 

 

The daunomycin molecules in the G4/daunomycin structure demonstrate expected as 

well as unexpected interactions with the G4 quadruplex. The expected interactions are that 
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planar aromatic daunomycinone moieties are forming arrangements (quartets) that stack at the 

end of quadruplex as observed in the TG4T/daunomycin structure. The less expected are 

daunosamine interactions, particularly their position outside the quadruplex groove. 

Nevertheless both daunomycins directly neighbouring with quadruplexes: Dm 9 and Dm 12 

are involved in hydrogen bonding with DNA phosphate oxygens. 

 

Differences in the groove widths depends more on the quadruplex form than whether 

the ligand is included or not. The groove widths were similar for the TG4T/daunomycin 

structure and for the native structure of TG4T (NDB ID: UDF062 [24]) with the only 

differences being between 5’ phosphates where daunosamine rings were interacting with the 

quadruplex grooves. The deeper a daunosamine moiety penetrates a groove the greater is the 

distance between terminal phosphates; there is no influence of the remaining width of the 

groove. 

 

The daunosamine moiety is large enough to interact with the quadruplex groove and 

stabilise the quadruplex structure but is also short enough not to disturb the quadruplex 

integrity. That may suggest that ligands with small side chains may be ideal quadruplex 

stabilisers. 
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Conclusions 

 
The investigation of ligand–quadruplex interaction is important to understand the 

molecular mechanisms of a drug’s action and for designing specific DNA-targeted agents. 

 

The studies described in this chapter provide evidence that the ligand with a flat 

aromatic system and side groups with nitrogen may successfully bind to G-4 quadruplex and 

that quadruplexes can interact with and be stabilized by drug molecules. 

 

At present the TG4T/daunomycin structure is the only structure where the ligand 

interacts directly with the quadruplex groove. This structure could be the foundation for 

understanding quadruplex groove-specific recognition.  

 

Side chains with exocyclic nitrogens are more likely to interact with DNA phosphate 

oxygens than side chains containing endocyclic nitrogens. 

 

The structures described in this chapter may provide insight that is relevant to other 

ligand interactions with G-quadruplexes. Structural details, including similarities and 

differences between structures with daunomycin and other reported DNA-quadruplex/ligand 

structures, are expected to be valuable in understanding ligand-tetraplex interactions and 

consequently designing specific DNA quadruplex targeted drugs that may succeed as potent 

telomerase inhibitors.  
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Related Publications and Presentations 
 

The results of research described in this chapter were published in Journal of the 

American Chemical Society [1]: G.R. Clark, P.D. Pytel, C.J Squire and S.Neidle, (2003). 

“Structure of the First Parallel DNA Quadruplex-Drug Complex”. J. Amer. Chem. Soc., 125, 

4066-4067. 

 

The paper “Structure of the First Parallel DNA Quadruplex-Drug Complex” has been 

selected by Faculty of 1000 Biology* (http://www.f1000biology.com) and was evaluated as 

“Must Read”.  

 

 The TG4T/daunomycin structure has been deposited in the Nucleic Acid Database with 

NDB ID: dd0055 (http://ndbserver.rutgers.edu/atlas/xray/structures/D/dd0055/dd0055.html) 

and also in RCSB Protein Data Bank with PDB ID: 1O0K 

(www.rcsb.org/pdb/cgi/explore.cgi?pid=182931064534696&pdbId=1O0K). 

 

The TG4T/daunomycin structure was presented at XIX Congress and General 

Assembly of the International Union of Crystallography, Geneva, Switzerland, August 6-15, 

2002 (G.R Clark, P.D. Pytel, C.J Squire and S.Neidle, (2002). “Daunomycin/d(TGGGGT): 

The First Crystal Structure of a Drug Bound to a G4-Quadruplex DNA Telomere”. 

Acta Cryst., A58, C56) [78]. 

 

A poster describing the G4/daunomycin structure was presented at XX Congress and 

General Assembly of the International Union of Crystallography, Florence, Italy, August 23-

31, 2005 (P. Pytel, G. Clark, C. Squire, (2005).  “A New Highly Symmetric DNA G-4 

Quadruplex / Drug Structure”. Acta Cryst., A61, C218-C219) [2]. 
 

 
 
* Faculty of 1000 Biology is an online service that highlights and evaluates the most interesting papers 

published in the biological sciences. 

 
 
 

http://ndbserver.rutgers.edu/atlas/xray/structures/D/dd0055/dd0055.html
http://www.rcsb.org/pdb/cgi/explore.cgi?pid=182931064534696&pdbId=1O0K
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Chapter Two 

Interactions of Hoechst 33258 Analogues 

with the Minor Grooves of AT-rich DNA 

Sequences 

 

 
Repetitive DNA sequences are ever-present in genomes of higher organisms [1]. Some 

of those sequences are rich in particular DNA nucleotides. One of the approaches to creating 

new anti-cancer drugs is designing ligands that are capable of recognition and interaction with 

specific DNA sequences. 

 

Hoechst 33258 is a well-known ligand that binds within the minor groove of DNA. 

Crystallographic structures of Hoechst 33258 interacting with AT-rich DNA tracts have been 

reported and deposited in the Nucleic Acid Database [2-7]. 

 

The knowledge of Hoechst 33258 interactions with the minor groove allows 

modification of this ligand and its substituents to suit different requirements of various ways 

of cancer treatment. For example halogen substituents may increase the Hoechst 33258 

potential in radioimmunotherapy [8] or/and phototherapy [9] or/and photoimmunotherapy 

[10]. Boron-rich substituents may transform a Hoechst 33258 ligand into an agent useful in 

Boron Neutron Capture Therapy. 
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Section A 

Interactions of Halogenated Hoechst 

33258 Analogues 

 
 

INTRODUCTION 
 

This section describes the interactions and crystallographic structures of halogenated 

Hoechst 33258 analogues with DNA. Halogenated Hoechst 33258 analogues were originally 

developed as potential anticancer radiosensitisers [11].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Halogenated Hoechst 33258 derivatives with bromo- and iodo- substituents. 
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The various brominated and iodinated Hoechst 33258 derivatives (Figure 2.1) studied 

in this work were synthesised and generously supplied by Dr Roger F. Martin (The Peter 

MacCallum Cancer Institute) and Dr Jonathan White (Chemistry Department, The University 

of Melbourne). 

 

All of these potential anticancer drugs have common structural features: a 

nonaromatic piperazine ring, two aromatic benzimidazole rings and a phenyl aromatic ring.  

The differences between the halogenated Hoechst 33258 molecules are the presence of iodo-, 

bromo-, and other additional substituents in different positions on the phenyl ring.  

 

 

 

 

Radiosensitisers, Radiotherapy and 

Radioimmunotherapy 

 

Much of the research involving radiosensitisers is aimed at developing anticancer 

drugs that will increase the efficiency of radiotherapy and at the same time minimise the side 

effects of radiation treatment. 

 

Radiation therapy (radiotherapy) is a method of cancer treatment that utilises ionising 

radiation [12].  

 

Radiotherapy has been used to treat: 

• localised solid tumours e.g. cancers of the skin, tongue, larynx, brain, breast, 

uterine cervi, 

• leukemia and lymphoma. 

 

Ionizing radiation deposits energy that destroys or harms cells in target areas by 

damaging their genetic material, and as a result stops tumour cells from growing and dividing.  
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Ionizing radiation induces the various lesions in the DNA of the target cells [13]: 

• base damage, 

• alkali-labile sites, 

• single strand breaks, 

• double strand breaks. 

 

Radiation therapy, like all forms of cancer treatment, can have detrimental side effects 

(e.g. loss of hair in the area being treated, skin irritation, temporary change in skin colour, 

tiredness, loss of appetite, decrease in the number of white blood cells). Radiation energy can 

irreversibly destroy biological tissue [14]. The challenge is to keep all healthy tissues 

unirradiated and expose only cancerous material. One of the possible ways to achieve this is 

to employ lower doses of radiation, concentrated only on the malignant areas. To maintain the 

efficiency of treatment it is essential to use specific molecules that are able to make tumour 

cells more likely to be destroyed. 

 

 Radiosensitisers are a group of anticancer drugs that have the potential to increase 

radiation damage when applied to cancerous tissue and because of this effect the dosage used 

may be lowered and concentrated only on areas affected by a tumour. 

 

It is important that both radiotherapy and radiosensitisers work on the same target. 

Ionizing radiation causes lesions in DNA but most are rapidly repaired, with the exception of 

double strand breaks for which the t1/2 for rejoining in repair-proficient cells is equal to 55 

min or more [13]. Radiosensitising drugs also cause changes in DNA, like adduct formation 

or single- and double-strand breaks. 

 

A good example of when both radiation and an anticancer drug are interacting with 

DNA is the model of the cisplatin DNA adduct and radiation-induced single-strand break 

(Figure 2.2) [13]. Separately, either the cisplatin DNA adduct or a single strand-break may be 

repaired, but when they are present together, the chance of the death of the cancer cells is 

significantly increased. This model has been supported by calculations estimating the 

probability of interaction between cisplatin adducts and radiation-induced single-strand 

breaks of DNA [15] and also by experimental data [16]. 
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Figure 2.2 An example of when the presence of an anticancer drug (cisplatin) and a radiation 
induced single-strand break of DNA increase the probability of tumour cell death. When only 
one of the mentioned factors is present, the possibility of repair is higher. Adapted from [13]. 

 

 

 

Many chemical compounds have been used to increase the therapeutic index of 

radiation [17, 18]. Among them are: 

I. Platinum salts (cisplatin, carboplatin) [17, 19-22] – used to cure a variety of 

tumours (e.g. lung cancer). 

II. Gadolinium texaphyrin (Gd-Tex) [17, 23, 24] – porphyrin-like complex of 

gadolinium. 

III. Halogenated derivatives of organic molecules. 

 

The radiosensitising drugs that have been used, tested and investigated in the greatest 

depth in all aspects are the halogenated compounds. Among them the most highlighted are 

halogenated pyrimidines, especially IdUrd (iododeoxyuridine) and BrdUrd 

(bromodeoxyuridine), but a greater range of diverse derivatives has also been studied. 

 

The disintegration of an 125I atom results in the release of an average of six low-energy 

electrons and several quanta of X-rays [25], explaining induction of double-stranded breaks in 
125I-labelled DNA. 
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Iododeoxyuridine and bromodeoxyuridine induce strong radiosensitation with 

enhanced DNA damage and decreased DNA repair. They substitute for deoxythymidine and 

incorporate into DNA, increasing the yield of radical damage at the C-5 position of the 

pyrimidine ring [13, 26]. Radiosensitisation for both the above mentioned halopyrimidines 

depends on the percentage of DNA base replacement and on the initial photon spectrum [17]. 

 

Modified pyrimidines have been the focus of interest as potential radiosensitisers since 

at least the early 1960s [27-29]. They have shown positive results during: 

 

 In vivo trials on animals: 

• The combination of intratumoral BrdUrd and N-(phosphonacetyl)-L-

aspartic acid with external beam radiotherapy was highly effective in 

treating a rat glioma1[30] [31]. 

 

 Clinical trials on people: 

• A Phase I trial of BrdUrd combined with radiotherapy for pancreatic 

cancer resulted in a pathological complete response [32, 33]. 

• Positive responses have been shown for IdUrd and radiation therapy for 

sarcomas2[30] [32, 34] and for liver malignancies [32, 35-37]. 

• Increased survival in patients with anaplastic3 astrocytyma4[30] have been 

found after phase I/II studies of IdUrd combined with radiation therapy 

[32, 38, 39]. 

 

Despite these positive trials with halopyrimidines, the main limitation is that their 

incorporation into DNA is restricted to cells in the S-phase (DNA synthesis phase) of the cell 

cycle [11]. The posing question was whether a halogenated molecule non-covalently 

                                                 
1 Brain cancer begins in glial cells (cells that surround and support nerve cells).  

2 A cancer of the bone, cartilage, fat, muscle, blood vessels, or other connective or supportive tissue. 

3 A term used to describe cancer cells that divide rapidly and have little or no resemblance to normal cells. 

4 A tumour that begins in the brain or spinal cord in small, star-shaped cells called astrocytes.  
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associated with DNA could cause DNA changes leading to the death of the tumour cell. A 

positive answer was given for the first time by trials with 125I-iodoproflavine which caused 

double strand breaks in circular bacteriophage PM2 DNA with decay of  125I atoms [40]. 

 

Halogenated Hoechst 33258 analogues became the focus of interest as radiation 

modifiers because of: 

1) Positive clinical trials using other halogenated compounds (halogenated 

pyrimidines) [32-39]. 

2) Proved binding selectivity within specific DNA regions (AT rich minor groove 

DNA sequences) for Hoechst 33258 and its analogues [2, 4-7, 41-44]. 

 

Although halogenated Hoechst 33258 derivatives showed DNA radiosensitation in 

vitro on exposure to UV-A radiation of the wavelength between 330-380 nm [11, 45], the 

ionising radiation experiments did not give the expected results.  

 

Meanwhile, the potential of halogenated Hoechst 33258 derivatives as anticancer 

drugs using radioimmunotherapy has become the subject of novel and interesting studies [8]. 

During prospective research, radioactive isotopes of halogen atoms were used. 

 

Radioimmunotherapy involves using anti-tumour antibodies labelled with radioactive 

isotopes to selectively deliver the radiation dose to tumour cells. It was proposed that 125I-

labelled halogenated Hoechst 33258 analogues can be used as DNA ligands linked to a 

targeting protein (anti-tumour antibody) [8]. Recently, radioimmunotherapy proved to have 

the potential for cancer therapy of lymphoma. Two antibodies: Zevalin (90Y) and Bexxar (131I) 

have been used in successful clinical trials [46, 47]. 
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Figure 2.3 The targeting concept of radioimmunotherapy. 
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The targeting concept of radioimmunotherapy can be described in a few chronological 

steps [8] as depicted on Figure 2.3: 

 

• Binding a conjugate (DNA ligand linked to targeting protein) to the receptor on 

the surface of the tumour cell. 

• Internalisation of the conjugate-receptor complex. 

• Intracellular degradation of the complex, and then cleavage of the link between the 

targeting protein and the labelled DNA ligand. 

• Translocation of the labelled DNA ligand from the cytoplasm to the nucleus, and 

subsequent binding to nuclear DNA. 

• Retention of the labelled DNA ligand on DNA for sufficient time to enable decays 

leading towards lethal damage of cancerous DNA.   

 

 

Phototherapy, Photochemotherapy and 

Photoimmunotherapy 

 

Because of positive trials with halogenated Hoechst analogues in vitro on exposure to 

UV-A radiation [11, 45, 48] their potential has been considered as supporting drugs in 

phototherapy using UV radiation.  

 

Phototherapy is used in various skin treatments and it has been reported that medium-

dose UV-A irradiation is effective in the treatment of localized morphea [49]. 

 

 Photochemotherapy combines application of ultraviolet radiation and sensitizing 

agents. For example, oral or topical applications of psoralen followed by UV-A irradiation are 

used in dermatology for the treatment of psoriasis [50, 51]. The combination of psoralen and 

UV-A radiation is also used in phototherapy of cutaneous T-cell lymphoma [52]. 

 

 Incorporation of halogen atoms into DNA using IdUrd (iododeoxyuridine) and 

BrdUrd (bromodeoxyuridine) resulted in DNA sensitization to ultraviolet radiation [53], the 
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carbon-halogen bond dissociated forming the free uracilyl radical that induced the break of a 

DNA  strand caused by hydrogen abstraction from deoxyribosyl carbons [54].  

 

Because IdUrd and BrdUrd can be only incorporated into DNA during the synthesis 

phase, the halogenated ligands that bind non-covalently into the minor groove have become of 

interest to researchers [45]. Investigations were carried out using different halogenated 

Hoechst 33258 analogues [48] and it was established that ortho-iodoHoechst is the most 

prone to UV-A mediated dehalogenation and has the greatest cytotoxic potency [9]. 

 

More recently the halogenated Hoechst 33258 analogues have been tested in receptor-

mediated DNA–targeted photoimmunotherapy [10] where two experimental systems were 

used. The results show that attachment of the 125I-labelled ligand to the targeting protein does 

not considerably compromise receptor binding. The cytotoxic lesions in cells are a 

consequence of the drug dehalogenation and hence depend on the drug concentration.  

 

The principles of photoimmunotherapy are similar to those in radioimmunotherapy but 

ionizing radiation is replaced with ultraviolet radiation. The general mechanism for 

photoimmunotherapy can be illustrated as on Figure 2.3. 

 

 

 

Aims of Crystallographic Studies with  

Halogenated Hoechst 33258 Analogues 
  

 

I)  Determine if selected halogenated Hoechst 33258 analogues bind to the minor 

groove and establish interactions between ligands and chosen DNA 

oligonucleotides. 

 

II)  Assess how additional substituents have an effect on the halogen position in respect 

to the floor of the DNA groove. 
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III)  Examine if the halogen position on the phenyl ring affects the level of 

dehalogenation. 

 

Addressing the above issues is equally important regardless if halogenated Hoechst 

33258 analogues will find their application in radioimmunotherapy, phototherapy or 

photoimmunotherapy. 

 

The major question is whether the C-I cleavage (dehalogenation) observed during UV-

induced studies can be confirmed by X-ray structures.  

 

Although the ligands used in crystallographic studies, described in this chapter, were 

not radiolabelled, they can still be considered as models for interactions of halogenated 

Hoechst 33258 analogues with DNA. 
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LIGAND DESCRIPTION AND 

EXPERIMENTAL PROCEDURES 
 

 

PARA-IODOHOECHST 
 

 Para-iodoHoechst (2’-(4-iodophenyl)-5-(4-methyl-1-piperazinyl)-2,5’-bi-

benzimidazole) is an iodinated analogue of Hoechst 33258. The only structural difference 

between para-iodoHoechst and Hoechst 33258 is a substituent on the phenyl ring in the para 

position to the site of the bibenzimidazole system, for Hoechst 33258: hydroxyl, and for 

para-iodoHoechst: iodine (Figure 2.4). 

 

 
 

a) 

b) 

 
Figure 2.4 Structures of: a) Hoechst 33258; and b) Para-iodoHoechst. 
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Crystallisation 
 

 Two series of crystallisation experiments with para-iodoHoechst were set up using the 

vapour diffusion hanging drop technique, first with d(CGCAAATTTGCG)2 (abbreviated as: 

A3T3) and secondly with d(CGCGAATTCGCG)2 (abbreviated as: A2T2). A3T3 and A2T2 

oligonucleotides, and all other DNA samples used for growing crystals described in this 

thesis, were purchased from Oswel (Oswel DNA Service, University of Southampton). 

 

The best crystals were grown in a 19 ºC incubator under the conditions listed in Tables 

2.1 and 2.2. All droplet solutions, except the ligand, were made in 30 mM sodium cacodylate 

buffer at pH 7.0.  All solutions were filtered through a Millipore 0.22 μm filter unit prior to 

use. 

  

Once made, the DNA solution was heated to 85 ºC using a hot water bath and then left 

to cool down slowly to room temperature. This procedure allows optimal formation of the 

DNA duplex. All DNA solutions used in the growth of crystals described in this thesis were 

prepared in the same way. 

 

The ligand, which is insoluble in water and sodium cacodylate buffer, was dissolved 

in dimethylsulphoxide (DMSO). Para-iodoHoechst was also soluble in pure ethanol and 

methanol but both of these alcohols tended to evaporate from the solution causing 

precipitation. The solution of the drug in DMSO was stable and thus was chosen for the 

crystallisation experiments. 

 

 The mother liquor solutions were made by adding droplet components in the order 

stated in Tables 2.1 and 2.2, starting with DNA, followed by MgCl2, spermine hydrochloride 

and 2-Methyl-2,4-pentanediol (MPD). Some precipitation occurred upon adding the drug 

solution to the prepared drop, but this mostly disappeared over time and didn’t have a 

negative influence on crystal growth. 

  

The MPD solution for the reservoir was made up with milli-Q water. 
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Very small crystals of A3T3 with para-iodoHoechst started appearing after two 

weeks. Within one month they increased slightly in size, but during the following month no 

further changes or growth were observed. The crystals were formed with quite irregular 

shapes. They were almost colourless with a slight yellow-green tinge (Photo 2.1). The best 

crystal chosen for collecting X-ray data had approximate dimensions of: 0.01 × 0.05 × 

0.05 mm. 

 

The first para-iodoHoechst and A2T2 crystals were observed after twelve days and 

grew to their maximum dimensions after one month. Crystals with A2T2 (Photo 2.2) were 

larger and more regular in shape than those with A3T3. Crystallographic data was collected 

from a crystal of approximate size: 0.25 × 0.15 × 0.10 mm. 

 
Table 2.1 Crystallisation conditions for para-iodoHoechst/A3T3 complex. 

Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration 

A3T3 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine hydrochloride 2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

Para-iodoHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 40% MPD in H2O 

 

Table 2.2 Crystallisation conditions for para-iodoHoechst/A2T2 complex. 

Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration 

A2T2 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine hydrochloride 5 mM 2 μL 0.95 mM 

MPD 20 % 2 μL 3.81 % 

Para-iodoHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 30% MPD in H2O 
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Photo 2.1 Crystals of para-iodoHoechst with A3T3. 

 
 

             
Photo 2.2 Crystal of para-iodoHoechst with A2T2. 
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Data Collection and Processing 
 

 

 Crystals chosen for X-ray data collection were captured under the microscope together 

with a thin layer of mother liquor in nylon mounted cryoloops (premounted nylon loop 

material placed to notched microtube attached into the crystalcap copper). The crystalcaps 

with cryoloops were placed onto the magnetic platform on the goniometer head and 

positioned in the cryostream. 

 

Data for para-iodoHoechst crystals and for all other minor groove binders described in 

this thesis were collected at the School of Biological Science, University of Auckland on a 

Rikagu RU-H3R diffractometer, equipped with a MAR345 image plate detector, graphite 

monochromator and rotating anode X-ray generator, operated at 50 kV and 100 mA.  

 

A summary of the data collected is given in Table 2.3. 
 
 
 
Table 2.3 Summary of data collected for para-iodoHoechst complexes. 

 
Crystal compounds 

 

Para-iodoHoechst/A3T3 

 

Para-iodoHoechst/A2T2 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.01 × 0.05 × 0.05 

SBS 

1.54179 

120 

1.5 

91 

136.5 

1.665 

300 

113 (-160) 

 

0.25 × 0.15 × 0.1 

SBS 

1.54179 

120 

1.5 

119 

178.5 

1.665 

300 

113 (-160) 

 
SBS - School of Biological Science, The University of Auckland, Auckland, New Zealand. 
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Collected data was processed using the HKL program package [55];  

• Xdisplay F was employed for visualization of the diffraction pattern, 

• data reduction and integration was achieved through use of Denzo, 

• the Scalepack program was applied to the merging and scaling intensities obtained by 

Denzo. 

 

A summary of data processing is given in Table 2.4. The differences between 

maximum resolutions in Tables 2.3 and 2.4 are due to the fact that in Table 2.3 are values of 

maximum resolution of data collected and in Table 2.4 are the values decided as the best for 

data processing. During the assessment of data quality the ratio of the intensity to the error of 

intensity (I/ σ(I)) and Rmerge (Rlin and Rsq) values were taken into consideration. 

 

 Merged and scaled data obtained by applying the Scalepack program were converted 

into MTZ format using SCALEPACK2MTZ (CCP4: Supported Program) [56]. The MTZ file 

was then transformed into an HKL file suitable for CNS [57] by employing the procedure 

MTZ2VARIOUS (CCP4: Supported Program) [56]. 

 

Data for all structures with Hoechst 33258 analogues described in this thesis were 

processed, solved and refined employing the same crystallographic programs and procedures. 

Data collection and processing, structure solution and refinement for the para-

iodoHoechst/A3T3 complex is described in detail. For subsequent structures, crystallographic 

data, solution and refinement progress are presented mainly in tabulated form. Any 

divergences from regular proceedings are recorded in the text. 
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Table 2.4 Summary of data processing for para-iodoHoechst complexes. 

 
Crystal compounds 

 

Para-iodoHoechst/A3T3 

 

Para-iodoHoechst/A2T2 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.64 

b = 40.41 

c = 63.34 

α = β = γ = 90˚ 

 

P212121 

a = 24.96 

b = 40.14 

c = 65.59 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.95 

0.969 

50027 

4783 

4.21 

94.2 

0.057 

0.049 

22.17 

 

1.67 

0.549 

86124 

7407 

6.68 

91.0 

0.049 

0.052 

29.82 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

I > 2σ(I) (%) 

 

1.95 – 2.02 

91.7 

0.226 

0.223 

5.62 

68.50 

 

1.67 – 1.73 

52.0 

0.193 

0.169 

4.67 

48.63 

 

∑
∑ ><−

=
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))((
I

IIAbs
Rlin  

 

∑
∑ ><−

= 2
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Structure Solution and Refinement 

Para-iodoHoechst/A3T3 Structure 
 

 The structure of para-iodoHoechst with d(CGCAAATTTGCG)2  was solved by 

applying rigid body minimisation against the X-ray data using as a starting model for the 

DNA fragment, the DNA coordinates of an A3T3 oligonucleotide  from the Nucleic Acid 

Data Base’s structure (NDB ID: GDL039) [3, 58]. The same starting model was employed for 

solving all of the A3T3 structures described in this thesis. 

 

 The PDB file of DNA atom coordinates from the GDL039 structure was converted 

into CNS  PDB coordinate format using the generate_easy.inp file from CNS [57] at the same 

time as the MTF structure file was created. The test array for cross-validation (CV) file was 

produced exploiting the make_cv.inp procedure from CNS [57, 59]. 

 

 The initial cycles of structure refinement were run utilizing the CNS rigid.inp 

procedure [57, 59-61]. For the first steps the whole DNA duplex was treated as one rigid 

group. The calculations started with a resolution range 20.0 – 3.5 Å, and then for the 

following refinements the high resolution limit was systematically increased to 1.95 Å. All 

steps of rigid body refinement and corresponding R and Rfree values are shown in Table 2.5. 

 

 This was followed by rigid body refinement treating individual nucleotides as rigid 

groups starting with the resolution range 20.0 – 3.5 Å and continuing to the highest resolution 

1.95 Å as given in Table 2.5.  

 

Individual atomic coordinates and B-factors (atomic displacement factors) were 

refined using respectively minimize.inp [59-61] and bindividual.inp [59, 60] CNS procedures, 

respectively, with a full resolution range of 20.0 – 1.95 Å. The output PDB file contained B-

factors for all DNA atoms. At this point atomic displacement factors were checked and all 

were considered to be reasonable, indicating that atomic positions were correct and there was 

no disorder in the structure of the DNA. 
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Table 2.5 Progress of structure refinement for para-iodoHoechst/A3T3 complex. 

Crystal compound Para-iodoHoechst/A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 

Duplex: 

 

 

  

 20.0 – 3.5 Å 

 20.0 – 2.9 Å 

 20.0 – 2.4 Å 

 20.0 – 1.95 Å 

 

0.334 

0.329 

0.372 

0.401 

 

0.345 

0.359 

0.377 

0.416 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 2.9 Å 

 20.0 – 2.4 Å 

 20.0 – 1.95 Å 

 

0.302 

0.295 

0.342 

0.362 

 

0.339 

0.339 

0.366 

0.383 

Positional refinement (CNS)  20.0 – 1.95 Å 0.330 0.363 

B-factor refinement (CNS)  20.0 – 1.95 Å 0.324 0.354 

Ligand molecule (without 
iodine), and magnesium cation 
with six coordinated water 
molecules added (SHELXL 
refinement) 

 10.0 – 1.95 Å 0.2665 – for: 

Fo > 4σ (Fo) 

0.2824 – 

for all data 

0.3444 – for: 

Fo > 4σ (Fo) 

0.3678 – 

for all data 

Ligand molecule (including 
iodine) and magnesium cation 
with six coordinated water 
molecules added (SHELXL 
refinement) 

 10.0 – 1.95 Å 0.2484 – for: 

Fo > 4σ (Fo) 

0.2644 – 

for all data 

0.3236 – for: 

Fo > 4σ (Fo) 

0.3472 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.95 Å 0.1864 – for: 

Fo > 4σ (Fo) 

0.2004 – 

for all data 

0.2660 – for: 

Fo > 4σ (Fo) 

0.2894 – 

for all data 

 

2Fo-Fc and Fo-Fc electron density maps were calculated applying the model_map.inp 

CNS procedure [62-64] using all data and converted with MAPPAGE [65-67] into a more 

compact format, easily readable by a computer graphics program. 

 

 Program O version 7.0.0 [68] was employed for visualisation of the structure and 

electron density maps.   



 129

 
 
a) 

 
b) 

 
c) 

 
 
Figure 2.5 Continuous lobe of electron density in the minor groove: a) first Fo-Fc map at the 
1.5 σ level; b) para-iodoHoechst molecule fitted into first difference map; c) final 2Fo-Fc map at 
the 1.2 σ level around ligand.  Drawn with O version 7.0.0 [68]. 
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All parts of the double helix were checked to see if they fitted within the 2Fo-Fc 

electron density envelope and it was confirmed that all DNA atoms were placed in their 

correct positions. 

 

The first difference map (Fo-Fc) showed a continuous lobe of electron density in the 

minor groove (Figure 2.5-a).  The length and shape of this lobe clearly indicated the position 

and orientation of the para-iodoHoechst (Figure 2.5-b). A feature worth mentioning is a very 

well shaped piperazine ring. The strongest peak in this difference map was in the place of the 

iodine atom and was very clearly visible at the 3.9 σ level (Figure 2.6). 

 

 

 
Figure 2.6 The strongest peaks on the first difference map at the 3.9 σ level with superimposed 
para-iodoHoechst molecule. 

 

 

The ligand molecule was fitted manually. As a starting model to produce coordinates 

of the para-iodoHoechst molecule, m-iodo-p-methoxyHoechst from the Nucleic Acid Data 

Base’s structure (NDB ID: DD0005) [3, 6] was used and modified as appropriate. The same 

starting model was employed for all other Hoechst 33258 analogues described in this thesis. 

 

Figures 2.5-c and 2.7 show the final position of the drug overlaid within a final 2Fo-Fc 

electron density map (calculated with SHELXPRO [69]) at the 1.2 and 1.5 σ levels 

respectively, confirming accurate placement of the para-iodoHoechst in the minor groove. 
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Figure 2.7 Para-iodoHoechst/A3T3 structure overlaid within a final 2Fo-Fc electron density map 
at the 1.5 σ level. 
 

 

Another well-defined feature present on the first Fo-Fc map is an octahedral electron 

density contour revealing the position of a magnesium cation coordinated with six water 

molecules (Figure 2.8). 

 

After including the para-iodoHoechst molecule and hexa-hydrated magnesium cation, 

subsequent refinement was carried out using SHELXL [70]. Appropriate restraints for the 

para-iodoHoechst molecule and hexa-hydrated magnesium cation were added to the SHELX 

.ins file. DNA restraints were included using DNA Dictionary for SHELXL revised by Chad 

C. Sines [71-73]. 

 



 132

 
Figure 2.8 Hexa-hydrated magnesium cation overlaid with a Fo-Fc electron density map at the 
1.2 σ level. 

 

 

The iodine atom, after refinement with SHELXL, had a much higher atomic 

displacement factor than other para-iodoHoechst or DNA atoms. Because the indication of 

the iodine position on the first difference map was very clear, reduction of the atom 

occupancy was taken into consideration. At this stage the B-factor of iodine was calculated 

as: 1.5 x average B-factor of all carbon atoms in the phenyl ring. Estimated in this way an 

atomic displacement factor was fixed at 42.98 Å2 and during subsequent SHELXL 

calculations the occupancy of the iodine atom refined to 0.793. 

 

The location of the water molecules was carried out with help of the water search 

protocol from SHELXPRO. Water molecules found during this procedure were included in the 

next SHELX .ins file and refined (together with DNA, drug and hexa-hydrated magnesium 

cation) using SHELXL. At this point atomic displacement factors were checked. 2Fo-Fc and 

Fo-Fc electron density maps were calculated applying one of the SHELXPRO procedures. The 

highest peaks in the difference map were checked for potential positions of solvent molecules. 

Accuracy of the placement of water molecules was verified: 

 manually – distances, geometry, and whether solvent molecules were represented by 

single peaks on the 2Fo-Fc map, 

 using CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [56]. 
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The criteria for acceptance of water molecules were: 

 potential hydrogen bond partners within distances no longer than 3.5 Å,   

 connected with DNA, para-iodoHoechst or magnesium cation directly or through no 

more than two other atoms, 

 peak heights greater than 2.5 σ in the difference map, 

 atomic displacement factors not exceeding 70 Å2 after refinement. 

 

The total number of included solvent molecules was 98 including 6 waters coordinated 

to the magnesium cation. Final refinement details for the para-iodoHoechst/A3T3 complex 

are summarised in Table 2.6. The reflection and final coordinate files: Para-

iodoHoechstA3T3.hkl and Para-iodoHoechstA3T3.pdb are deposited on the attached CD. 

 
Table 2.6 Final refinement details for para-iodoHoechst/A3T3 complex. 

 

Ligand/DNA complex 
 

Para-iodoHoechst/A3T3 
 

Components in an asymmetric unit 
 

1 ligand/DNA complex (2 antiparallel 

DNA strands and 1 ligand molecule), 

1 Mg and 98 water molecules 
 

No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

32 

1 

98 

6 
 

Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

24.93 

32.44 

26.12 

21.76 

28.44 

21.49 

21.36 

39.70 

40.89 
 

R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.019 

2.325 
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Structure Solution and Refinement 

Para-iodoHoechst/A2T2 Structure 

 

The crystal is orthorhombic, with unit cell dimensions of a=24.96, b=40.14, c=65.59 

Å, in the space group P212121. The DNA coordinates from an isomorphous crystal structure 

from the Nucleic Acid Data Base (NDB ID: DD0005) [3, 6] were used as a starting model to 

solve the structure by rigid body minimization against the X-ray data. 

 

During the solving process the same procedures were used as for para-iodoHoechst 

with d(CGCAAATTTGCG)2. Progress of structure refinement is summarised in Table 2.7. 

Electron density maps were calculated after completing the DNA duplex and individual 

nucleotide rigid body minimisations and positional and atomic displacement factor 

refinements. The refined A2T2 structure and electron density maps were displayed using 

program O version 7.0.0 [68]. 

 

Although the average B-factor for DNA atoms (32.96 Å2) was higher than for the 

A3T3 structure with para-iodoHoechst (24.93 Å2), all parts of the A2T2 double helix fitted 

very well within the 2Fo-Fc map. 

 

Unlike in the case of the para-iodoHoechst/A3T3 structure, the position and 

orientation of the drug for the complex with A2T2 was not very clear and difficult to establish 

unambiguously. 

 

The difference electron density on the Fo-Fc map in the minor groove is illustrated in 

Figure 2.9-a. The continuous “cloud” suggests presence of the drug molecule.  The 

continuous electron density envelope is long enough to cover three ring systems of the para-

iodoHoechst molecule and there are the additional peaks for the iodine atom on either side of 

the “main cloud” (Figure 2.9). 
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Table 2.7 Progress of structure refinement for para-iodoHoechst/A2T2 complex. 

Crystal compound Para-iodoHoechst/A2T2 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 

Duplex: 

 

 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.67 Å 

 

0.357 

0.342 

0.377 

0.404 

0.414 

 

0.433 

0.397 

0.417 

0.427 

0.431 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.67 Å 

 

0.313 

0.300 

0.348 

0.373 

0.379 

 

0.420 

0.399 

0.401 

0.403 

0.402 

Positional refinement (CNS)  20.0 – 1.67 Å 0.350 0.374 

B factor refinement (CNS)  20.0 – 1.67 Å 0.337 0.374 

Ligand molecule* and 
magnesium cation with six 
coordinated water molecules 
added (SHELXL refinement) 

 10.0 – 1.67 Å 0.2822 – for: 

Fo > 4σ (Fo) 

0.3004 – 

for all data 

0.3440 – for: 

Fo > 4σ (Fo) 

0.3675 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.67 Å 0.2518 – for: 

Fo > 4σ (Fo) 

0.2673 – 

for all data 

0.3223 – for: 

Fo > 4σ (Fo) 

0.3492 – 

for all data 

 
* 50% occupancy of each of two possible arrangements of the ligand. 
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a)                          b)  
 

c)                          d)  
 

e)  
 

Figure 2.9 Continuous lobe of electron density in the minor groove: a) first Fo-Fc map at the 2.0 σ level; b) two possible positions of the 
para-iodoHoechst molecule fitted into first difference map; c) ligand in piperazine-up orientation fitted into first Fo-Fc map at the 2.0 σ level; d) 
ligand in piperazine-down orientation and first Fo-Fc map at the 2.0 σ level (white), 4.0 σ level (cyan); e) final 2Fo-Fc map at the 1.1 σ level around 
ligand. Drawn with O version 7.0.0 [68].
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The para-iodoHoechst molecule can bind into the minor groove of A2T2 in two 

possible ways depending on the orientation of the piperazine and substituted phenyl rings. In 

Figure 2.10-a the ligand molecule is orientated with the piperazine ring located closer to the 

top of the helix (piperazine-up), whilst in Figure 2.10-b it is closer to the bottom (piperazine-

down arrangement). The upper end is with base pair C1-G24 and the lower: G12-C13. 

Distinguishing between the top and bottom of the A2T2 duplex is possible due the fact that in 

the crystal state it’s upper end is slightly bent in the helix axis [74].  

  

 

 
a)                                                                                       b) 
 

              
Figure 2.10 Two possible ways of binding para-iodoHoechst molecule into the minor groove of 
A2T2 double helix.
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Figure 2.9-b shows the Fo-Fc map and two possible positions of the ligand molecule. 

Taking into consideration electron density coverage, the orientation piperazine-up appears 

more favourable. In this case the electron density net covers most of the drug and an 

additional peak on the right side of the picture appears just in the place of the potential iodine 

atom (Figure 2.9-c). The described situation refers to the Fo-Fc map at the 2.0 σ level.  

 

Analyzing the second possible ligand orientation (piperazine-down) at the same σ 

level of the difference map (Figure 2.9-d), one can notice that in this case the para-

iodoHoechst molecule is not as well enclosed by the electron density cloud. The reason why 

the piperazine-down position of the drug should also be taken into account is the electron 

density distribution at a higher σ level and the presence of a particularly strong single peak at 

the 4.0 σ level in the place suitable for an iodine atom (Figure 2.9-d). In the position for 

iodine in the piperazine-up orientation no peak at the 4.0 σ level was observed but there is one 

at the 2.0 σ level (Figure 2.9-c). 

 

Refinement trials with the para-iodoHoechst molecule occupying 100% in one 

position resulted in very high B factors and the same outcome was observed no matter what 

the drug orientation was. The best atomic displacement factors were achieved by including 

50% occupancy of each of two possible ligand arrangements. The remaining calculations 

were carried out with ligand equally occupying in both orientations. 

 

B-factors for iodine atoms were calculated the same way as for the 

para-iodoHoechst/A3T3 structure (1.5 x average B-factor of all carbon atoms in the phenyl 

ring). Estimated in this way, atomic displacement factors were fixed as 50.52 for the iodine in 

a piperazine-up arrangement and 30.07 for a piperazine-down one. During subsequent 

SHELXL calculations occupancy of the iodine atom located closer to the bottom of the helix   

was refined as 0.320 and the one closer to the top as 0.282. 

 

One well-defined magnesium cation coordinated with six water molecules was 

revealed by the first Fo-Fc map and was included in all subsequent refinements. 

 

Solvent molecules were located with the help of the water search protocol from 

SHELXPRO following the same steps as for the para-iodoHoechst/A3T3 complex. 
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The criteria for water molecule acceptance for the structure of A2T2 with 

para-iodoHoechst were: 

 potential hydrogen bond partners in distance no longer than 3.5 Å,   

 connected with DNA, para-iodoHoechst or magnesium cation directly or through no 

more than two other atoms, 

 peak heights greater than 3.0 σ in the difference map, 

 atomic displacement factors not exceeding 70 Å2 after refinement. 

 

The decision for the 3.0 σ cut-off for solvent molecules was made because adding 

extra waters resulted in increase of the Rfree factor. The total number of included water 

molecules was 48 including 6 waters coordinated to the magnesium cation. 

 

After including all water molecules, a further attempt was made to locate the drug 

molecule more accurately. In order to achieve this ten cycles of SHELXL were run in which 

all atoms were included (DNA, magnesium and waters) except the ligand atoms. The 

difference electron density map was calculated but the result was very similar to the one 

illustrated in Figure 2.9-a and didn’t show one dominant drug molecule orientation but 

confirmed the two aforementioned arrangements in the minor groove. 

 

Final refinement details for para-iodoHoechst/A2T2 complex are summarized in 

Table 2.8. The reflection and final coordinate files: Para-iodoHoechstA2T2.hkl and Para-

iodoHoechstA2T2.pdb are deposited on the attached CD. 
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Table 2.8 Final refinement details for para-iodoHoechst/A2T2 complex. 

 
Ligand/DNA complex 

 

Para-iodoHoechst/A2T2 
 

Components in an asymmetric unit 2 antiparallel DNA strands, 1 

ligand molecule in 2 orientations 

(50% in one orientation and 50% 

in the second orientation) 1 Mg 

and 48 water molecules  

 
No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

32 

1 

48 

6 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

32.96 

42.62 

35.63 

27.91 

31.81 

27.30 

27.61 

42.27 

44.37 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.018 

2.157 
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PARA-TMSHOECHST 
 

 Para-TMSHoechst (2’-(4-trimethylsilylphenyl)-5-(4-methyl-1-piperazinyl)-2,5’-bi-

benzimidazole) (Figure 2.11) was synthesized by researchers at the University of Melbourne 

as an intermediate product for para-iodoHoechst. Because its structure is analogous with 

Hoechst 33258 and para-iodoHoechst, it is of interest to understand the detailed interactions 

of this molecule with DNA dodecamers. Crystallization experiments were set up and a 

structure with the DNA oligonucleotide was examined to expand knowledge about minor 

groove binding by Hoechst 33258 analogues. 

 

 

 

 

 

 

 
Figure 2.11 Structure of Para-TMSHoechst. 
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Crystallisation, Data Collection and Processing  
 

 Crystallisation trials were set up containing para-TMSHoechst and the DNA 

dodecamers d(CGCAAATTTGCG)2 and d(CGCGAATTCGCG)2. The best crystals were 

obtained from conditions listed in Tables 2.9 and 2.10. The same method and procedures were 

employed as for complexes with para-iodoHoechst. 

 

Small crystals started appearing after two weeks in a number of droplet solutions for 

both oligonucleotides. During the next month they grew to their maximum dimensions. 

Crystals with A3T3 have more regular shapes than ones with A2T2 (Photos 2.3 and 2.4). The 

best X-ray quality crystal with A3T3 chosen for data collection was yellow-gold in colour, 

perfectly shaped, symmetrical and had the approximate dimensions of 0.4 × 0.15 × 0.1 mm 

(Photo 2.3). Crystals with A2T2 were almost colourless; a crystal chosen for collecting X-ray 

data had the approximate dimensions of 0.2 × 0.2 × 0.1 mm. 

 

 Data was collected and processed for crystals with A3T3 as well as with A2T2. 

Summary of the data collection is given in Table 2.11.  Data processing details are presented 

in Table 2.12. 

 

 
Table 2.9 Crystallisation conditions for para-TMSHoechst/A3T3 complex. 

Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration  

A3T3 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine 

hydrochloride 

2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

Para-TMSHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 40% MPD in H2O 
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Table 2.10 Crystallisation conditions for para-TMSHoechst/A2T2 complex. 

Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration  

A2T2 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine hydrochloride 5 mM 2 μL 0.95 mM 

MPD 20 % 2 μL 3.81 % 

Para-TMSHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 40% MPD in H2O 

 
 
 
 
 
Table 2.11 Summary of data collection for para-TMSHoechst crystals. 

 
Crystal compounds 

 

Para-TMSHoechst/A3T3 

 

Para-TMSHoechst/A2T2 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.4 × 0.15 × 0.1 

SBS 

1.54179 

120 

1.5 

246 

369.0 

1.665 

300 

113 (-160) 

 

0.2 × 0.2 × 0.1 

SBS 

1.54179 

150 

1.5 

215 

322.5 

1.859 

300 

113 (-160) 
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Photo 2.3 Crystal of para-TMSHoechst/A3T3 
 
 
 
 
 

 
 

Photo 2.4 Crystals grown from the solution containing para-TMSHoechst and A2T2. 
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  Table 2.12 Summary of data processing for para-TMSHoechst complexes. 

 
Crystal compounds 

 

Para-TMSHoechst/A3T3 

 

Para-TMSHoechst/A2T2 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.40 

b = 40.34 

c = 65.05 

α = β = γ = 90˚ 

 

P212121 

a = 24.70 

b = 39.82 

c = 65.56 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.66 

0.741 

192639 

7924 

12.06 

98.0 

0.043 

0.043 

52.78 

 

2.00 

1.329 

128201 

4610 

10.49 

97.0 

0.065 

0.060 

30.94 

 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 
I > 2σ(I) (%) 

 

1.66 – 1.72 

84.5 

0.211 

0.163 

5.61 

52.80 

 

2.00 – 2.07 

99.8 

0.291 

0.257 

8.40 

72.01 
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Structure Solution and Refinement 
 
Rigid body minimization against the X-ray data was applied to both data sets. Electron 

density maps were calculated and displayed using the O version 7.0.0 program [68] once the 

DNA duplex and individual nucleotides rigid body minimization, positional and atomic 

displacement factor refinements were completed. 

 
The electron density present in the minor groove of A2T2 did not correspond to the 

expected shape of a para-TMSHoechst molecule. The size and shapes on the difference map 

suggested the presence of water molecules instead. The electron density regions were 

definitely too small to fit the ligand molecule or even identify any of its rings. If the drug is 

present in the minor groove its occupancy is very low and/or the disorder of the molecule is 

high. In this case the Hoechst 33258 analogue is impossible to identify in the minor groove. 

 
The image in the minor groove of A3T3 is much more encouraging as the position and 

orientation of the drug are certain and unique (Figure 2.12-a). The size and shape of the 

electron density envelope at the 2.0 σ level clearly indicates the location of a nonaromatic 

piperazine ring, two aromatic benzimidazole rings and a phenyl aromatic ring. The shape and 

the coverage of the density net at 1.5 σ in Figures 2.12-b and 2.11-d confirmed the position of 

the trimethylsilane (TMS) group, which was already revealed at the higher Fo-Fc map level. 

 
Figure 2.12-c illustrates the ultimate position of the drug overlaid within a final 2Fo-Fc 

electron density map (calculated with SHELXPRO [69]) at the 1.2 σ level. 

 
One well-defined octahedral electron density contour revealing the position of a 

magnesium cation coordinated with six water molecules was found on the first Fo-Fc map and 

was included in future calculations. 
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a) 

 
b) 

 
c) 

 
d) 

 
Figure 2.12 Electron density in the minor groove with superimposed final position of 
para-TMSHoechst molecule: a) first Fo-Fc map at the 2.0 σ level; b) first Fo-Fc map at the 1.5 σ 
level; c) final 2Fo-Fc map at the 1.2 σ level; d) TMS group and first Fo-Fc map at the 1.5 σ level. 
Drawn with O version 7.0.0 [68]. 
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After refinement with SHELXL, silicon and TMS carbons did not display significantly 

higher atomic displacement factors than other ligand atoms, so the occupancy of TMS atoms 

was kept as 1.00.  This behaviour of the para substituent was different from those in para-

iodoHoechst complexes.  

 

The location of the water was carried out using the same programmes, procedures and 

criteria for solvent molecule acceptance as for the para-iodoHoechst/A3T3 structure. The 

total number of included solvent molecules was 132 including the 6 waters coordinating the 

magnesium cation. 

 

Progress of structure refinement is summarized in Table 2.13. Final refinement details 

are given in Table 2.14. The reflection and final coordinate files: Para-TMSHoechstA3T3.hkl 

and Para-TMSHoechstA3T3.pdb are deposited on the attached CD. 
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Table 2.13 Progress of structure refinement for para-TMSHoechst/A3T3 complex. 

Crystal compound Para-TMSHoechst/A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 

Duplex: 

 

 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.2 Å 

 20.0 – 1.9 Å 

 20.0 – 1.66 Å 

 

0.420 

0.383 

0.408 

0.424 

0.439 

0.447 

 

0.438 

0.394 

0.412 

0.445 

0.445 

0.460 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.66 Å 

 

0.330 

0.330 

0.339 

0.353 

0.359 

 

0.376 

0.369 

0.377 

0.376 

0.378 

Positional refinement (CNS)  20.0 – 1.66 Å 0.324 0.346 

B factor refinement (CNS)  20.0 – 1.66 Å 0.311 0.342 

Ligand molecule and 
magnesium cation with six 
coordinated water molecules 
added (SHELXL refinement) 

 10.0 – 1.66 Å 0.2568 – for: 

Fo > 4σ (Fo) 

0.2656 – 

for all data 

0.2984 – for: 

Fo > 4σ (Fo) 

0.3032 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.66 Å 0.1961 – for: 

Fo > 4σ (Fo) 

0.2041 – 

for all data 

0.2516 – for: 

Fo > 4σ (Fo) 

0.2571 – 

for all data 
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  Table 2.14 Final refinement details for para-TMSHoechst/A3T3 complex. 

 
Ligand/DNA complex 

 

 Para-TMSHoechst/A3T3 
 

Components in an asymmetric unit 1 ligand/DNA complex (2 

antiparallel DNA strands and 1 

ligand molecule), 1 Mg and 132 

water molecules 

 
No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

35 

1 

132 

6 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

28.62 

36.03 

30.20 

25.15 

31.33 

32.07 

31.41 

48.78 

49.60 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.018 

2.095 
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2,5-DIIODOHOECHST 
 

 

 2,5-diiodoHoechst (2’-(2,5-diiodophenyl)-5-(4-methyl-1-piperazinyl)-2,5’-bi-

benzimidazole) has two iodine substituents on the phenyl ring: one in the ortho and the 

second in the opposite meta position relative to the linkage to the bibenzimidazole system 

(Figure 2.13). 

 

 

 

 

 

 

 

 
Figure 2.13 Structure of 2,5-diiodoHoechst. 
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Crystallisation, Data Collection and Processing 
 

The crystallisation conditions that produced X-ray quality crystals of 2,5-

diiodoHoechst/A3T3 complex are listed in Table 2.15. Precipitation was observed once the 

drug solution was added to the prepared drop. Pale-green crystals grew from the drop with 

precipitation within one month (Photo 2.5). Crystallographic data was collected from a crystal 

with the approximate dimensions: 0.3 × 0.2 × 0.1 mm. 

 

A summary of data collection for 2,5-diiodoHoechst/A3T3 is given in Table 2.16.  

Data processing details are presented in Table 2.17. 

 

The cell constants of the crystal are: a = 24.76, b = 40.41, c = 64.68 Å, in the 

orthorhombic space group P212121. The structure is essentially isomorphous with 

para-iodoHoechst/A3T3 and para-TMSHoechst/A3T3. 

 

 
 
 
 
 
 
 

        
Photo 2.5 Crystals of 2,5-diiodoHoechst/A3T3. 
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    Table 2.15 Crystallisation conditions for 2,5-diiodoHoechst/A3T3 complex. 

Mother liquor 
component  

Solution 
concentration  

Volume added Drop concentration  

A3T3 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine 

hydrochloride 

2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

2,5-diiodoHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 40% MPD in H2O 

 
 
    Table 2.16 Summary of data collection for 2,5-diiodoHoechst/A3T3 complex. 

 
Crystal compound 

 

2,5-diiodoHoechst /A3T3 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.3 × 0.2 × 0.1 

SBS 

1.54179 

120 

1.0 

203  

203 

1.665 

300 

113 (-160) 

 
 

 
 
 
 
 
 
 
 
  

 



 154

Table 2.17 Summary of data processing for 2,5-diiodoHoechst/A3T3 complex. 

 
Crystal compounds 

 

2,5-diiodoHoechst /A3T3 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.76 

b = 40.41 

c = 64.68 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.66 

0.412 

102216 

8071 

7.22 

98.9 

0.046 

0.070 

39.19 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

I > 2σ(I) (%) 

 

1.66 – 1.72 

91.3 

0.145 

0.127 

7.93 

69.41 
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Structure Solution and Refinement 
 

The structure of the 2,5-diiodoHoechst/A3T3 complex was solved by applying rigid 

body minimization against the X-ray data using as the starting model d(CGCAAATTTGCG)2 

from the Nucleic Acid Data Base’s structure (NDB ID: GDL039) [3, 58]. The same 

procedures were employed as for para-iodoHoechst with A3T3. Progress of structure 

refinement is summarized in Table 2.18. 

 

The electron density on Fo-Fc map in the minor groove is illustrated with different σ 

levels in Figures 2.14.a-d.  One of the sharpest features on the difference map was a peak in 

the expected position of a meta iodine atom pointed out of the groove. This is clearly defined 

at the 3.4 σ level (Figures 2.14.a) and 2.15.a)). 

 

As illustrated in Figure 2.13, the 2,5-diiodoHoechst molecule has two iodine 

substituents but the one in the ortho position did not show at any σ level of the first difference 

density maps (Figures 2.14.a-d and 2.15.a-b). This could be explained by the fact that 

iodoHoechst with the iodine in the position ortho to the site of substitution of the 

bibenzimidazole system is very prone to photo-dehalogenation. 

 

At a later stage of the structure refinement a very small electron density peak was 

observed in the place where the second iodine should be, but it was unacceptably close to the 

DNA to include in the calculations. 

 

The 3.4 σ level difference map (Figure 2.15.a) also showed the presence of a strong 

single peak that could potentially be considered as another iodine atom in the meta position 

pointing into the floor of the minor groove. The distance between the possible connected 

carbon and the peak was considered too long to be that of a C-I bond length (3.05 Å), and the 

angle of the potential bond was significantly different from expected 120˚(93.37˚). 

Consequently the peak was assigned as a water molecule (Figure 2.15). 
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The atomic displacement factor for the meta iodine atom (depicted on Figure 2.14) 

was calculated in the same manner as for structures with para-iodoHoechst and fixed at 

34.92 Å2. Occupancy of the iodine atom refined to 0.404. 

 

Two hexa-hydrated magnesium cations were located in the crystal structure along with 

further water molecules. The location of solvent water molecules was carried out using the 

same programmes, procedures and acceptance criteria as for para-iodoHoechst/A3T3 and 

para-TMSHoechst/A3T3 structures. 

 

Figures 2.14-e-f, 2.16 and 2.17 depict the ultimate position of the drug overlaid within 

the final 2Fo-Fc electron density maps at the 1.2 and 1.1 σ level, confirming the accurate 

placement of 2,5-diiodoHoechst molecule in the minor groove of DNA. 

 

Final refinement details for 2,5-diiodoHoechst/A3T3 complex are given in Table 2.19. 

The reflection and final coordinate files: 2,5-diiodoHoechstA3T3.hkl and 2,5-

diiodoHoechstA3T3.pdb are deposited on the attached CD. 
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 Table 2.18 Progress of structure refinement for 2,5-diiodoHoechst /A3T3 complex. 

Crystal compound 2,5-diiodoHoechst /A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 
Duplex: 
 

 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.2 Å 

 20.0 – 1.9 Å 

 20.0 – 1.66 Å 

 

0.343 

0.327 

0.362 

0.387 

0.401 

0.410 

 

0.341 

0.331 

0.403 

0.411 

0.433 

0.435 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.66 Å 

 

0.276 

0.292 

0.325 

0.355 

0.366 

 

0.294 

0.295 

0.385 

0.387 

0.394 

Positional refinement (CNS)  20.0 – 1.66 Å 0.330 0.360 

B factor refinement (CNS)  20.0 – 1.66 Å 0.320 0.367 

Ligand molecule (without iodine) 
and 1 magnesium cation with six 
coordinated water molecules 
added (SHELXL refinement) 

 10.0 – 1.66 Å 0.2682 – for: 

Fo > 4σ (Fo) 

0.2752 – 

for all data 

0.3099 – for: 

Fo > 4σ (Fo) 

0.3182 – 

for all data 

Ligand molecule (including 
iodine) and 2 magnesium 
cations with six coordinated 
water molecules each (SHELXL 
refinement) 

 10.0 – 1.66 Å 0.2670 – for: 

Fo > 4σ (Fo) 

0.2738 – 

for all data 

0.3161 – for: 

Fo > 4σ (Fo) 

0.3240 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.66 Å 0.1934 – for: 

Fo > 4σ (Fo) 

0.1993 – 

for all data 

0.2710 – for: 

Fo > 4σ (Fo) 

0.2769– 

for all data 
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a)                       b)  

c)                       d)  

e)                       f)  

Figure 2.14 Electron density in the minor groove with superimposed 2,5-diiodoHoechst molecule in its final position: a) first Fo-Fc map at the 3.4 σ 
level; b) first Fo-Fc map at the 2.0 σ level; c) first Fo-Fc map at the 1.5 σ level; d) first Fo-Fc map at the 1.2 σ level; e) final 2Fo-Fc map at the 1.2 σ 
level; f) final 2Fo-Fc map at the 1.1 σ level.  Drawn with O version 7.0.0 [68]. 
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a)                                              b)  
 
 

c)  

Figure 2.15 Electron density around the phenyl ring, a water molecule in place of a strong peak in meta position pointed inside the minor groove 
and geometry of existing C-I bond and a potential one: a) first Fo-Fc map at the 3.4 σ level; b) first Fo-Fc map at the 1.2 σ level; c) final 2Fo-Fc map at 
the 1.2 σ level. 
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Figure 2.16 2,5-diiodoHoechst molecule overlaid within a final 2Fo-Fc electron density map at 
the 1.2 σ level. Drawn with O version 7.0.0 [68]. 
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  Figure 2.17  The final  2Fo-Fc  map  at  the  1.2 σ  level with the  2,5-diiodoHoechst  molecule  
  lying in the minor groove of A3T3 oligonucleotide. Drawn with O version 7.0.0 [68]. 
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Table 2.19 Final refinement details for 2,5-diiodoHoechst /A3T3 complex. 

 
Ligand/DNA complex 

 

2,5-diiodoHoechst /A3T3  
 

Components in an asymmetric unit 1 ligand/DNA complex (2 

antiparallel DNA strands and 1 

ligand molecule), 2 Mg and 

163 water molecules 

 
No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

32 

2 

163 

12 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

21.27 

27.83 

22.24 

18.55 

26.26 

23.99 

24.87 

39.27 

40.41 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.018 

2.053 
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2-METHYL-5-IODOHOECHST 
 

 

 The 2-methyl-5-iodoHoechst ligand (2’-(5-iodo-2-methylphenyl)-5-(4-methyl-1-

piperazinyl)-2,5’-bi-benzimidazole) illustrated in Figure 2.18 has two substituents on the 

phenyl ring: a methyl group in ortho and iodine in meta position to the site of substitution of 

the bibenzimidazole system. 

 

 

 

 

 

 

 

 

 
Figure 2.18 Structure of 2-methyl,5-iodoHoechst. 
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Crystallisation, Data Collection and Processing 
 

 Crystallisation experiments were set up containing 2-methyl-5-iodoHoechst and the 

DNA oligonucleotides A3T3 and A2T2. The best crystals were obtained from conditions 

listed in Tables 2.20 and 2.21. The methods and procedures employed for all complexes with 

the halogenated Hoechst 33258 analogues are identical to those used for para-iodoHoechst. 

 

Near-colourless crystals of both dodecamers were grown within one month from 

droplets containing slight precipitates, which occurred on adding the drug to the drop. The 

best X-ray quality crystal with A3T3 was nicely shaped and symmetrical and had approximate 

dimensions: 0.4 × 0.15 × 0.1 mm (Photo 2.6). Crystals with A2T2 were less perfect but still 

pretty, the one chosen for collecting X-ray data had approximate dimensions: 0.25 × 0.15× 

0.15 mm (Photo 2.7). 

 

A summary of data collection is given in Table 2.22.  Data processing details are 

presented in Table 2.23. 

 

 

 

 
Table 2.20 Crystallisation conditions for 2-methyl-5-iodoHoechst/A3T3 complex. 

Mother liquor component  Solution 
Concentration  

Volume added Drop Concentration 

A3T3 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine hydrochloride 2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

2-methyl-5-iodo Hoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 30% MPD in H2O 
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Table 2.21 Crystallisation conditions for 2-methyl-5-iodoHoechst/A2T2 complex. 

Mother liquor component  Solution 
Concentration  

Volume added Drop Concentration 

A2T2 3 mM 2 μL 0.57 mM 

MgCl2  20 mM 3 μL 5.71 mM 

Spermine hydrochloride 2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

2-methyl-5-iodo Hoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 50% MPD in H2O 

 
 
 
Table 2.22 Summary of data collection for 2-methyl-5-iodoHoechst crystals. 

 
Crystal compounds 

 

2-methyl-5-iodo 
Hoechst/A3T3 

 

2-methyl-5-iodo 
Hoechst/A2T2 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.4 × 0.15 × 0.1 

SBS 

1.54179 

120 

1.0 

135 

135 

1.665 

300 

113 (-160) 

 

0.25 × 0.15× 0.15 

SBS 

1.54179 

150 

1.0 

199  

199 

1.859 

300 

113 (-160) 
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Photo 2.6 Crystal of 2-methyl-5-iodoHoechst with A3T3. 

 

 

 

 
Photo 2.7 Crystal of 2-methyl-5-iodoHoechst with A2T2. 
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  Table 2.23 Summary of data processing for potential 2-methyl-5-iodoHoechst complexes. 

 
Crystal compounds 

 

2-methyl-5-iodo 
Hoechst/A3T3 

 

2-methyl-5-iodo 
Hoechst/A2T2 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.85 

b = 40.38 

c = 64.66 

α = β = γ = 90˚ 

 

P212121 

a = 24.75 

b = 39.87 

c = 65.88 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.66 

1.827 

160340 

7135 

3.52 

87.2 

0.043 

0.045 

28.19 

 

2.00 

1.481 

113948 

4228 

4.02 

88.3 

0.034  

0.029 

39.95 

 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 
I > 2σ(I) (%) 

 

1.66 – 1.72 

26.2 

0.184 

0.175 

3.53 

52.45 

 

2.00 – 2.07 

52.7 

0.256 

0.228 

3.99 

53.20 
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Structure Solution and Refinement 
 

 

Rigid body minimisation against the X-ray data was applied to both data sets.  

Through the use of the program O version 7.0.0 [68] electron density maps were displayed 

following the refinement of the DNA. Some continuous residual electron density appeared at 

1.2 σ level in the minor groove of d(CGCGAATTCGCG)2 but was not sufficient to indicate a 

clear position of the drug or any shapes of its rings. At the 1.5 σ level the difference contours 

appeared more like single water peaks. Attempts were made to improve the map in the minor 

groove by including into refinement calculations waters from outside the region of the ligand, 

but no evidence of 2-methyl-5-iodoHoechst was found. If the drug is present in the minor 

groove, its occupancy may be too low and/or the disorder of the molecule too high, making it 

impossible to locate.  

 

In the minor groove of d(CGCAAATTTGCG)2 the continuous lobe of residual density 

may be assigned as the drug molecule. The strongest peak at the 3.4 σ level represents the 

iodine atom and two clear benzimidazole rings at the 1.5 σ level indicate the unique 

orientation of the ligand (Figure 2.19.a-b). Figure 2.19-c shows the final position of the drug 

overlaid within the final 2Fo-Fc electron density map at the 1.2 σ level, confirming accurate 

placement of the 2-methyl-5-iodoHoechst in the minor groove.  

 

The atomic displacement factor for the iodine atom was calculated the same way as 

for structures with para-iodoHoechst and fixed as 43.10. Occupancy of iodine atom was 

refined to 0.586. 

 

Two octahedral electron density contours revealing the position of magnesium cations 

coordinated with six water molecules each were found on the first Fo-Fc map and were 

included in future calculations. A total number of 154 water molecules were located using the 

same programmes, procedures and criteria for solvent molecule acceptance as for the para-

iodoHoechst/A3T3 structure. 
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A summary of progress of structure refinement is listed in Table 2.24 and final 

refinement details are given in Table 2.25. The reflection and final coordinate files: 2-methyl-

5-iodoHoechstA3T3.hkl and 2-methyl-5-iodoHoechstA3T3.pdb are deposited on the attached 

CD. 

 
 
Table 2.24 Progress of structure refinement for 2-methyl-5-iodo Hoechst/A3T3 complex. 

Crystal compound 2-methyl-5-iodo Hoechst/A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 
Duplex: 
 

 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.2 Å 

 20.0 – 1.9 Å 

 20.0 – 1.66 Å 

 

0.337 

0.325 

0.364 

0.389 

0.405 

0.411 

 

0.290 

0.264 

0.317 

0.337 

0.361 

0.369 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.66 Å 

 

0.286 

0.295 

0.332 

0.364 

0.369 

 

0.261 

0.268 

0.321 

0.356 

0.353 

Positional refinement (CNS)  20.0 – 1.66 Å 0.334 0.338 

B factor refinement (CNS)  20.0 – 1.66 Å 0.323 0.326 

Ligand molecule (without I and 
Me) and 1 magnesium cation with 
six coordinated water molecules 
added (SHELXL refinement) 

 10.0 – 1.66 Å 0.2758 – for: 

Fo > 4σ (Fo) 

0.2932 – 

for all data 

0.3329 – for: 

Fo > 4σ (Fo) 

0.3498 – 

for all data 

Ligand molecule (including I and 
Me) and 2 magnesium cation with 
six coordinated water molecules 
added (SHELXL refinement) 

 10.0 – 1.66 Å 0.2720 – for: 

Fo > 4σ (Fo) 

0.2894 – 

for all data 

0.3341 – for: 

Fo > 4σ (Fo) 

0.3518 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.66 Å 0.2021 – for: 

Fo > 4σ (Fo) 

0.2178 – 

for all data 

0.2695 – for: 

Fo > 4σ (Fo) 

0.2840 – 

for all data 
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a) 

 
b) 

 
c) 

 
Figure 2.19 Electron density in the minor groove with superimposed 2-methyl-5-iodoHoechst 
molecule in its final position: a) first Fo-Fc map at the 3.4 σ level; b) first Fo-Fc map at the 1.5 σ 
level; c) final 2Fo-Fc map at the 1.2 σ level. Drawn with O version 7.0.0 [68]. 
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  Table 2.25 Final refinement details for 2-methyl-5-iodo Hoechst/A3T3 complex. 

 
Ligand/DNA complex 

 

2-methyl-5-iodo 
Hoechst/A3T3 

Components in an asymmetric unit 1 ligand/DNA complex (2 

antiparallel DNA strands and 1 

ligand molecule), 2 Mg and 

154  water molecules 

 
No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

33 

2 

154 

12 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

25.10 

31.33 

26.13 

22.43 

30.27 

32.18 

30.78 

43.81 

44.92 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.019 

2.186 
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3-IODO-5-ISOPROPYLHOECHST 
 

  

The 3-iodo-5-isopropylHoechst ligand (2’-(3-iodo-5-isopropylphenyl)-5-(4-methyl-1-

piperazinyl)-2,5’-bi-benzimidazole) depicted in Figure 2.20 has an iodine and an isopropyl 

group attached to the phenyl ring, both in meta positions.  

 

 

 

 

 

 

 

 

 
Figure 2.20 Structure of 3-iodo-5-isopropylHoechst. 
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Crystallisation, Data Collection and Processing 
 

 The crystallisation conditions utilised for 3-iodo-5-isopropylHoechst with 

d(CGCAAATTTGCG)2 and d(CGCGAATTCGCG)2 oligonucleotides to produce X-ray 

quality crystals are listed in Tables 2.26 and 2.27. The resulting crystals were almost 

colourless (slightly greenish) (Photos 2.8-2.11) and grew within one month from drops 

containing a slight precipitate that occurred on addition of the drug to the crystallisation 

droplets. 

 

The crystal chosen for data collection with A3T3 had approximate dimensions: 

0.35 × 0.2 × 0.1 mm, while the estimated size of the best X-ray quality crystal with A2T2 

was: 0.2 × 0.1× 0.05 mm.  

 

A summary of data collection is provided in Table 2.28.  Data processing details are 

presented in Table 2.29. 

 

 

 
Table 2.26 Crystallisation conditions for 3-iodo-5-isopropylHoechst /A3T3 complex. 

Mother liquor component  Solution 
Concentration  

Volume added Drop 
Concentration  

A3T3 3 mM 2 μL 0.57 mM 

MgCl2  30 mM 3 μL 8.57 mM 

Spermine hydrochloride 2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

3-iodo-5-isopropylHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 50% MPD in H2O 
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Table 2.27 Crystallisation conditions for 3-iodo-5-isopropylHoechst /A2T2 complex. 

Mother liquor component  Solution 
Concentration  

Volume added Drop 
Concentration  

A2T2 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine hydrochloride 5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

3-iodo-5-isopropylHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 30% MPD in H2O 

 
 
 
Table 2.28 Summary of data collection for 3-iodo-5-isopropylHoechst crystals. 

Crystal compounds 3-iodo-5-isopropyl 
Hoechst/A3T3 

3-iodo-5-isopropyl 
Hoechst/A2T2 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.35 × 0.2 × 0.1 

SBS 

1.54179 

110 

1.5 

91 

136.5 

1.603 

300 

113 (-160) 

 

0.2 × 0.1× 0.05 

SBS 

1.54179 

150 

1.0 

179 

179 

1.859 

300 

113 (-160) 

 

 
 
 
 
 
 
 
 
 



 175

 

 

  
Photo 2.8 Crystal of 3-iodo-5-isopropylHoechst with A3T3. 

 
 

 

  
Photo 2.9 Crystal of 3-iodo-5-isopropylHoechst with A3T3. 
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Photo 2.10 Crystal of 3-iodo-5-isopropylHoechst with A3T3. 

 
 

 

 
Photo 2.11 Crystal of 3-iodo-5-isopropylHoechst with A2T2. 
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  Table 2.29 Summary of data processing for potential 3-iodo-5-isopropylHoechst complexes. 

 
Crystal compounds 

 

3-iodo-5-isopropylHoechst 
/A3T3 

 

3-iodo-5-isopropylHoechst 
/A2T2 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.73 

b = 40.52 

c = 64.63 

α = β = γ = 90˚ 

 

P212121 

a = 25.32 

b = 40.19 

c = 65.59 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.82 

1.133 

70938 

6138 

4.63 

98.1 

0.038 

0.036 

35.11 

 

1.90 

0.452 

68123 

5426 

5.08 

95.5 

0.076  

0.088 

18.73 

 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

I > 2σ(I) (%) 

 

1.82 – 1.89 

92.1 

0.202 

0.178 

5.62 

60.80 

 

1.90 – 1.97 

68.8 

0.185 

0.187 

3.86 

51.97 
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 Structure Solution and Refinement 
 

Rigid body minimisation against the X-ray data was applied to data sets with 

d(CGCAAATTTGCG)2 and d(CGCGAATTCGCG)2 oligonucleotides.  The DNA of both 

structures fitted well in all regions in the electron density 2Fo-Fc map. 

 

Several rather small residual electron density regions were present in the minor groove 

of d(CGCGAATTCGCG)2, but were too small to fit the drug molecule or even any of its 

rings. These are probably due to water molecules or drug in very low occupancy, but this is 

impossible to identify conclusively.  

 

The electron density in the minor groove of d(CGCAAATTTGCG)2 is illustrated in 

Figure 2.21. At the 1.5 σ level the difference density envelope covering the 3-iodo-

5-isopropylHoechst molecule nicely shows a hole in the middle of a nonaromatic piperazine 

ring and two more inside benzimidazole rings and a phenyl ring (Figure 2.21.a)). The 

strongest peak at the 3.4 σ level represents the iodine atom (Figure 2.21.b)) and it is clearly 

present at the 4.0 σ level (Figure 2.21.c)). 

 

Figure 2.22.a) shows the final position of the piperazinyl and two benzimidazole rings 

overlaid within the ultimate 2Fo-Fc electron density at the 1.2 σ level. The phenyl ring and its 

substituents covered by a net of the final 2Fo-Fc map are depicted in Figure 2.22.b). 

 

The atomic displacement factor for the iodine atom was calculated in the same manner 

as for structures with para-iodoHoechst and fixed as 45.13 Å2. Occupancy of the iodine atom 

was refined as 0.375. 

 

Two magnesium cations coordinated with six water molecules each were found on the 

first Fo-Fc map and included in subsequent calculations. A total number of 82 water molecules 

were located applying the same programmes, procedures and criteria for solvent molecule 

acceptance as used for the para-iodoHoechst/A3T3 structure. 

 

Progress of structure refinement is summarised in Table 2.30 and final refinement 

details are given in Table 2.31. The reflection and final coordinate files: 3-iodo-
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5-isopropylHoechstA3T3.hkl and 3-iodo-5-isopropylHoechstA3T3.pdb are deposited on the 

attached CD. 

 
 
Table 2.30 Progress of structure refinement for 3-iodo-5-isopropylHoechst /A3T3 complex. 

Crystal compound 3-iodo-5-isopropylHoechst /A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 

Duplex: 

 

 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.1 Å 

 20.0 – 1.82 Å 

 

0.305 

0.324 

0.353 

0.383 

0.395 

 

0.355 

0.357 

0.361 

0.398 

0.414 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.1 Å 

 20.0 – 1.82 Å 

 

0.277 

0.286 

0.313 

0.335 

0.346 

 

0.366 

0.364 

0.347 

0.338 

0.357 

Positional refinement (CNS)  20.0 – 1.82 Å 0.316 0.340 

B factor refinement (CNS)  20.0 – 1.82 Å 0.305 0.335 

Ligand molecule (without I) and 
isopropyl and 2 magnesium 
cations with six coordinated 
water molecules each (SHELXL 
refinement) 

 10.0 – 1.82 Å 0.2592 – for: 

Fo > 4σ (Fo) 

0.2750 – 

for all data 

0.2989 – for: 

Fo > 4σ (Fo) 

0.3119 – 

for all data 

Ligand molecule (including I) 
and 2 magnesium cations with 
six coordinated water 
molecules each (SHELXL 
refinement) 

 10.0 – 1.82 Å 0.2555 – for: 

Fo > 4σ (Fo) 

0.2714 – 

for all data 

0.3000 – for: 

Fo > 4σ (Fo) 

0.3126 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.82 Å 0.2065 – for: 

Fo > 4σ (Fo) 

0.2185 – 

– for all data 

0.2900 – for: 

Fo > 4σ (Fo) 

0.3069 – 

for all data 
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a) 

 
b) 

 
c) 

 
Figure 2.21 Final position of 3-iodo-5-isopropylHoechst molecule and first Fo-Fc electron 
density map at: a)  1.5 σ level; b) 3.4 σ level; c) 4.0 σ level. Drawn with O version 7.0.0 [68]. 
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a)  
 
 
 

b)  
 
 

Figure 2.22 Final 2Fo-Fc map: a) at the 1.2 σ level around the piperazinyl and two benzimidazole rings 
of 3-iodo-5-isopropylHoechst molecule; b) at the 1.3 σ level around the phenyl ring and its iodine and 
isopropyl substituents. Drawn with O version 7.0.0 [68]. 
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  Table 2.31 Final refinement details for 3-iodo-5-isopropylHoechst/A3T3 complex. 

 
Ligand/DNA complex 

 

 3-iodo-5-isopropylHoechst 
/A3T3 

Components in an asymmetric unit 1 ligand/DNA complex (2 

antiparallel DNA strands and 1 

ligand molecule), 2 Mg and 82 

water molecules 

 
No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

35 

2 

82 

12 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

26.48 

33.44 

27.24 

23.79 

34.48 

32.79 

33.30 

37.16 

37.82 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.019 

2.199 
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META-BROMOHOECHST 
 

 

The meta-bromoHoechst ligand (2’-(3-bromophenyl)-5-(4-methyl-1-piperazinyl)-2,5’-

bi-benzimidazole) illustrated in Figure 2.23 has the bromine substituted on the phenyl ring in 

a position meta to the site of the bibenzimidazole system. 

 

 

 

 

 

 

 
Figure 2.23 Structure of meta-bromoHoechst. 
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Crystallisation, Data Collection and Processing 
 

The best X-ray quality crystals of the meta-bromoHoechst/A3T3 complex were grown 

from the crystallisation conditions listed in Table 2.32. A small degree of precipitation was 

observed once the drug solution was added to the prepared drop. Light yellow-green crystals 

were grown within one month (Photo 2.12). The crystal chosen for data collection had the 

approximate dimensions: 0.25 × 0.2 × 0.1 mm. 

 

A summary of data collection for meta-bromoHoechst/d(CGCAAATTTGCG)2 is 

presented in Table 2.33.  Data processing details are given in Table 2.34. 

 

 

 

 

 
Table 2.32 Crystallisation conditions for meta-bromoHoechst/A3T3 complex. 

Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration 

A3T3 3 mM 2 μL 0.57 mM 

MgCl2  20 mM 3 μL 5.71 mM 

Spermine hydrochloride 2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

Meta-bromoHoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 30% MPD in H2O 
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Photo 2.12 Crystals of  meta-bromoHoechst with A3T3. 

 
 
 
 
 
Table 2.33 Summary of data collection for meta-bromoHoechst/A3T3 complex. 

 
Crystal compound 

 

Meta-bromoHoechst /A3T3 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.25 × 0.2 × 0.1 

SBS 

1.54179 

110 

1.5 

116 

249 

1.603 

300 

113 (-160) 
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Table 2.34 Summary of data processing for meta-bromoHoechst/A3T3 complex. 

 
Crystal compounds 

 

Meta-bromoHoechst/A3T3 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.77 

b = 40.56 

c = 64.22 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.90 

1.167 

77572 

5185 

5.06 

94.4 

0.054 

0.044 

28.44 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 
I > 2σ(I) (%) 

 

1.90 – 1.97 

87.9 

0.220 

0.205 

5.78 

67.61 
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Structure Solution and Refinement 
 

The cell constants of the crystal are: a = 24.77, b = 40.56, c = 64.22 Å, in the 

orthorhombic space group P212121. The structure is isomorphous with 

para-iodoHoechst/A3T3 and was solved applying the same programmes and procedures. 

Progress of structure refinement is summarised in Table 2.35. 

 

The Fo-Fc electron density map in the minor groove at the 1.5 and 2.0 σ levels depicted 

in Figure 2.24.a-b clearly shows the unique position and orientation of the drug.  The bromine 

atom in the meta position is represented by a very strong peak on the difference map which is 

illustrated at the 3.5 σ level in Figure 2.24.c. 

 

In Figure 2.24.d-e the ultimate position of meta-bromoHoechst overlaid within the 

final 2Fo-Fc electron density maps at the 1.5 and 1.2 σ level is shown confirming accurate 

positioning of the ligand. 

 

The atomic displacement factor for the bromine atom was calculated in the same 

manner as for iodine in structures with iodinated Hoechst analogues and fixed as 33.44. 

Occupancy of the bromine atom was refined as 0.874. Because occupancy of the bromine is 

very high and the atomic displacement factor is reasonably low, full occupancy also could 

have been possible for the bromine atom. However for consistency with all other structures 

described in this chapter it was decided to calculate the occupancy of bromine the same way 

as all the other halogen atoms. 

 

One hexa-hydrated magnesium cation was located in the crystal structure and 126 

water molecules including six waters coordinated to the magnesium. The location of solvent 

molecules was carried out using identical acceptance criteria as for para-iodoHoechst/A3T3. 

 

Final refinement details for meta-bromoHoechst/A3T3 structure are given in 

Table 2.36. The reflection and final coordinate files: Meta-bromoHoechstA3T3.hkl and 

Meta-bromoHoechstA3T3.pdb are deposited on the attached CD. 
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 Table 2.35 Progress of structure refinement for meta-bromoHoechst /A3T3 complex. 

Crystal compound Meta-bromoHoechst/A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 

Duplex: 

 

 

  

 20.0 – 3.5 Å 

 20.0 – 2.9 Å 

 20.0 – 2.3 Å 

 20.0 – 1.9 Å 

 

0.337 

0.341 

0.368 

0.400 

 

0.343 

0.362 

0.419 

0.432 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 2.9 Å 

 20.0 – 2.3 Å 

 20.0 – 1.9 Å 

 

0.304 

0.300 

0.332 

0.358 

 

0.293 

0.325 

0.378 

0.397 

Positional refinement (CNS)  20.0 – 1.9 Å 0.325 0.361 

B factor refinement (CNS)  20.0 – 1.9 Å 0.316 0.361 

Ligand molecule (without Br) and 
magnesium cation with six 
coordinated water molecules 
(SHELXL refinement) 

 10.0 – 1.9 Å 0.2600 – for: 

Fo > 4σ (Fo) 

0.2794 – 

for all data 

0.3022 – for: 

Fo > 4σ (Fo) 

0.3348 – 

for all data 

Ligand molecule (including Br) 
and magnesium cation with six 
coordinated water molecules 
(SHELXL refinement) 

 10.0 – 1.9 Å 0.2430 – for: 

Fo > 4σ (Fo) 

0.2624 – 

for all data 

0.3024 – for: 

Fo > 4σ (Fo) 

0.3373 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.9 Å 0.1760 – for: 

Fo > 4σ (Fo) 

0.1933 – 

for all data 

0.2460 – for: 

Fo > 4σ (Fo) 

0.2696 – 

for all data 

 
 
 
 
 
 
 
 
 
 
 



 189 

a)              b)  

c)  

d)              e)  
Figure 2.24 Electron density in the minor groove with superimposed meta-bromoHoechst molecule in its final position: a) first Fo-Fc map at the 1.5 
σ level; b) first Fo-Fc map at the 2.0 σ level; c) first Fo-Fc map at the 3.5 σ level; d) final 2Fo-Fc map at the 1.5 σ level; e) final 2Fo-Fc map at the 1.2 σ 
level.  Drawn with O version 7.0.0 [68]. 
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 Table 2.36 Final refinement details for meta-bromoHoechst/A3T3 complex. 

 
Ligand/DNA complex 

 

 Meta-bromoHoechst/A3T3 

Components in an asymmetric unit 1 ligand/DNA complex (2 

antiparallel DNA strands and 1 

ligand molecule), 1 Mg and 126 

water molecules 

 
No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

32 

1 

126 

6 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

21.87 

27.81 

23.21 

19.02 

24.98 

22.01 

19.86 

41.06 

42.12 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.019 

2.284 
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3,5-DIBROMO-4-METHOXYHOECHST 
 

 

 

The 3,5-dibromo-4-methoxyHoechst molecule (2’-(3,5-dibromo-4-methoxophenyl)-5-

(4-methyl-1-piperazinyl)-2,5’-bi-benzimidazole) illustrated in Figure 2.25 has three 

substituents: two bromine atoms in the meta positions and a methoxy group para to the site of 

the bibenzimidazole system. 

 

 

 

 

 

 
Figure 2.25 Structure of 3,5-dibromo-4-methoxyHoechst. 
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Crystallisation, Data Collection and Processing 
 

 Crystallisation conditions for 3,5-dibromo-4-methoxyHoechst with 

d(CGCAAATTTGCG)2 and d(CGCGAATTCGCG)2 that produced X-ray quality crystals are 

listed in Tables 2.37 and 2.38.  

 

Light yellow crystals of 3,5-dibromo-4-methoxyHoechst with A3T3 started to appear 

after two weeks and grew to their maximum size within one month. Some of those crystals 

were more regular in shape (Photo 2.13), while some were less regular in shape (Photo 2.14); 

all were very fragile. The best crystal chosen for collecting X-ray data is depicted in Photo 

2.13 and its approximate dimensions were: 0.15 × 0.15 × 0.1 mm. 

 

The first 3,5-dibromo-4-methoxyHoechst with A2T2 crystals were observed after ten 

days and grew to their maximum dimensions during four weeks. Crystals (Photo 2.15) were 

almost transparent and had less regular shapes than those with A3T3. Crystallographic data 

was collected on a crystal of the approximate size: 0.15 × 0.15 × 0.1 mm. 

 

Crystals for both dodecamers were grown from drops containing slight precipitate, 

which occurred on addition of the drug to the crystallisation droplets. 

 

A summary of data collection is given in Table 2.39.  Data processing details are 

presented in Table 2.40. The maximum resolutions in Table 2.39 are values for collected data 

and in Table 2.40 are values of maximum resolutions decided as the best for data processing. 
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  Table 2.37 Crystallisation conditions for 3,5-dibromo-4-methoxyHoechst/A3T3 complex. 

Mother liquor component  Solution 
Concentration  

Volume added Drop 
Concentration  

A3T3 3 mM 2 μL 0.57 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine hydrochloride 2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

3,5-dibromo-4-methoxy Hoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 40% MPD in H2O 

 

 

 
   Table 2.38 Crystallisation conditions for 3,5-dibromo-4-methoxyHoechst/A2T2 complex. 

Mother liquor component  Solution 
Concentration  

Volume added Drop 
Concentration  

A2T2 3 mM 2 μL 0.57 mM 

MgCl2  20 mM 3 μL 5.71 mM 

Spermine hydrochloride 5 mM 2 μL 0.95 mM 

MPD 20 % 2 μL 3.81 % 

3,5-dibromo-4-methoxy Hoechst 5 mM 1.5 μL 0.71 mM 

Drop volume 10.5 μL 

Reservoir 1 mL 40% MPD in H2O 
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Photo 2.13 Crystal of 3,5-dibromo-4-methoxyHoechst with A3T3 chosen for 

collecting X-ray data. 
 
 
 

 
Photo 2.14 Crystals of 3,5-dibromo-4-methoxyHoechst with A3T3. 
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Photo 2.15 Crystal of 3,5-dibromo-4-methoxyHoechst with A2T2. 

 
 

 
  Table 2.39 Summary of data collection for 3,5-dibromo-4-methoxyHoechst crystals. 

 
Crystal compounds 

 
3,5-dibromo-4-methoxy 
Hoechst/A3T3 

 
3,5-dibromo-4-methoxy 
Hoechst/A2T2 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.15 × 0.15 × 0.1 

SBS 

1.54179 

120 

1.0 

182 

182 

1.665 

300 

113 (-160) 

 

0.15 × 0.15 × 0.1 

SBS 

1.54179 

110 

1.5 

99 

148.5 

1.603 

300 

113 (-160) 
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Table 2.40 Summary of data processing for potential 3,5-dibromo-4-methoxyHoechst 
complexes. 

 
Crystal compounds 

 
3,5-dibromo-4-methoxy 
Hoechst/A3T3 

 
3,5-dibromo-4-methoxy 
Hoechst/A2T2 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.72 

b = 40.28 

c = 64.74 

α = β = γ = 90˚ 

 

P212121 

a = 25.03 

b = 39.91 

c = 65.64 

α = β = γ = 90˚ 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.75 

0.498 

84372 

6764 

4.91 

97.0 

0.089 

0.095 

16.30 

 

1.90 

0.918 

63418 

5528 

5.13 

98.8 

0.056  

0.057 

26.90 

 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 
I > 2σ(I) (%) 

 

1.75 – 1.81 

89.1 

0.234 

0.244 

4.27 

55.54 

 

1.90 – 1.97 

92.8 

0.216 

0.190 

5.54 

64.81 
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Structure Solution and Refinement 
 

Rigid body minimisation against the X-ray data was applied to both data sets. Electron 

density maps were displayed, following the refinement of the DNA, using program O version 

7.0.0 [68]. 

 

Small regions of residual electron density appeared in the minor groove of 

d(CGCGAATTCGCG)2, likely to be attributed to single water peaks. The probability that the 

drug is present in this structure, even in very low occupancy, is very small.  

 

One continuous lobe of residual density and a smaller region near-by are present in the 

minor groove of d(CGCAAATTTGCG)2 (Figure 2.26.a-b). Taking into consideration the 

position of the strongest peak at the 3.4 σ level (Figure 2.26.c), which can be assigned to one 

of the bromine atoms, the small lobe can be attributed to the piperazine ring and the larger 

region to most of the remaining ligand structure. It is noticeable that of the three aromatic 

systems only one benzimidazole ring fits the electron density net very well. The second 

bromine atom was very difficult to locate. Although there was some residual density 

observable in the second meta position (Figure 2.26.a-b) it was not strong enough to 

correspond to bromine and was not visible at all at the 3.4 σ level (Figure 2.26.c). 

Furthermore the geometry of the potential Br-C bond would not be right because its angle 

diverges too much from 120˚. Therefore only one Br was included.  

 

It is unknown if the ligand molecule is losing the second Br during its fitting inside the 

minor groove or before. It is possible that dehalogenation occurs on both sides of the methoxy 

group, and then the phenyl ring rotates in the minor groove to accommodate the remaining Br 

atom pointing outside the groove. 

 

Only one bromine atom was included in subsequent calculations, the second bromine 

may have most likely detached from the ring at some stage, probably due to a dehalogenation 

reaction. 

 



 198

Figure 2.26.d-e illustrates the ultimate position of the ligand overlaid within a final 

2Fo-Fc electron density map. Even though the second benzimidazole ring is not covered 

completely by the density net at the 1.3 σ level, its atomic displacement factors were 

satisfactorily low to confirm the position of 3,5-dibromo-4-methoxyHoechst. The highest 

value 43.45 Å2 was observed for atom C16. 

 

The atomic displacement factor for the bromine atom was calculated the same way as 

for structures with meta-bromoHoechst and fixed as 44.73. Occupancy of bromine atom then 

refined to 0.806. 

 

Two octahedral electron density contours, revealing the position of hexa-hydrated 

magnesiums, were found on the first Fo-Fc map and these atoms were included in subsequent 

calculations. 

 

The location of water molecules was carried out using the same programs, procedures 

and criteria for solvent molecule acceptance as for the para-iodoHoechst/A3T3 structure. The 

total number of included solvent molecules was 166 including 12 waters coordinating 

magnesium cations. 

 

The progress of structure refinement is summarised in Table 2.41. Final refinement 

details are given in Table 2.42. The reflection and final coordinate files: 3,5-dibromo-4-

methoxyHoechstA3T3.hkl and 3,5-dibromo-4-methoxyHoechstA3T3.pdb are deposited on 

the attached CD. 
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Table 2.41 Progress of structure refinement for 3,5-dibromo-4-methoxy Hoechst/A3T3 complex. 

Crystal compound 3,5-dibromo-4-methoxy 

Hoechst/A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 

Duplex: 

 

 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.2 Å 

 20.0 – 1.9 Å 

 20.0 – 1.75 Å 

 

0.334 

0.337 

0.361 

0.387 

0.412 

0.417 

 

0.330 

0.368 

0.395 

0.416 

0.425 

0.427 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.75 Å 

 

0.275 

0.290 

0.311 

0.345 

0.354 

 

0.344 

0.361 

0.378 

0.403 

0.404 

Positional refinement (CNS)  20.0 – 1.75 Å 0.326 0.375 

B factor refinement (CNS)  20.0 – 1.75 Å 0.312 0.362 

Ligand molecule (without any Br 
and methoxy group) and 2 
magnesium cations with six 
coordinated water molecules each 
(SHELXL refinement) 

 10.0 – 1.75 Å 0.2698 – for: 

Fo > 4σ (Fo) 

0.2840 – 

for all data 

0.3279 – for: 

Fo > 4σ (Fo) 

0.3493 – 

for all data 

Ligand molecule (including one Br 
and methoxy group) and 2 
magnesium cations with six 
coordinated water molecules each 
(SHELXL refinement) 

 10.0 – 1.75 Å 0.2624 – for: 

Fo > 4σ (Fo) 

0.2764 – 

for all data 

0.3190 – for: 

Fo > 4σ (Fo) 

0.3402 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.75 Å 0.1873 – for: 

Fo > 4σ (Fo) 

0.2001 – 

for all data 

0.2473 – for: 

Fo > 4σ (Fo) 

0.2664 – 

for all data 
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a)                 b)             

c)   

d)                                e)  
Figure 2.26 Electron density in the minor groove with superimposed 3,5-dibromo-4-methoxyHoechst molecule in its final position: a) first Fo-Fc map 
at the 1.5 σ level; b) first Fo-Fc map at the 2.0 σ level; c) first Fo-Fc map at the 3.5 σ level; d) final 2Fo-Fc map at the 1.3 σ level; e) final 2Fo-Fc map at 
the 1.5 σ level.  Drawn with O version 7.0.0 [68]. 
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Table 2.42 Final refinement details for 3,5-dibromo-4-methoxyHoechst/A3T3 complex. 

 
Ligand/DNA complex 

 
3,5-dibromo-4-

methoxyHoechst/A3T3 

Components in an asymmetric unit 1 ligand/DNA complex (2 

antiparallel DNA strands and 1 

ligand molecule), 2 Mg and 166 

water molecules 

 
No. of DNA atoms 
No. of ligand atoms 
No. of Mg atoms 
Total no. of water molecules 
No. of water molecules coordinating Mg 

 

486 

34 

2 

166 

12 

 
Mean B factors (Å2): 
All DNA atoms 
Phosphates 
Sugars 
Bases 
Ligand 
Mg 
Water oxygen atoms coordinating Mg 
All water oxygen atoms 
Water oxygen atoms excluding ones coordinating Mg 

 

 

22.25 

28.81 

23.36 

19.39 

32.91 

24.42 

28.20 

41.91 

42.98 

 
R.m.s.d. from: 
Ideal bond lengths (Å) 
Ideal bond angles (º) 

 

 

0.019 

2.206 
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RESULTS AND DISCUSSION 
 

Description of A3T3 Structures with Halogenated 

Hoechst 33258 Analogues 

 
 
 In all A3T3 structures described in this chapter, the Hoechst 33258 derivatives bind in 

a unique location and single orientation within the minor groove. The para-

iodoHoechst/A3T3 complex illustrated in Figure 2.27 is an example of the overall structure. 

In all the complexes with A3T3 described in this chapter the ligand binds in “piperazine 

down” orientation. 

  

 
Figure 2.27 Para-iodoHoechst/ d(CGCAAATTTGCG)2 structure as an example of Hoechst 33258 
analogue binding into the minor groove of A3T3 dodecamer. Drawn with program Mercury 1.4 
[75, 76]. 
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No major differences were observed in the minor groove width, between the A3T3 

native structure [77] and A3T3 complexes with halogenated Hoechst 33258 analogues. The 

drug does not have influence on the groove thickness, but fits in the space with the right 

width. DNA conformation determines where and what kind of ligand can bind to it. 

 

 

 

 

 

 
 
Figure 2.28 Skeletal representation of para-iodoHoechst ligand inside the A3T3 minor groove 
represented by van der Waals spheres. Flat aromatic systems are adapted to the narrow AT 
tract area by torsion angle adjustments. The piperazine ring is positioned within the DNA 
region where the minor groove starts widening. Drawn with O version 7.0.0 [68]. 
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The drug is bound in the AT region of the minor groove covering approximately five 

to six base pairs and is displaced to one end of the AT tract. The piperazine ring is positioned 

close to the C11-G14 base pair and the phenyl ring with its substituents reaches A5-T20. This 

arrangement can be explained by the fact that a bulky piperazine ring prefers binding to the 

DNA region where the minor groove starts widening (Figure 2.28). The groove width across 

cytosine/guanine tracts is larger than across adenine/thymine tracts. The same behaviour of 

unsubstituted Hoechst 33258 was observed in other complexes with A3T3 [2, 4]. 

 

The Hoechst 33258 molecule and its analogues have four moieties: a piperazine 

(nonaromatic) ring (Pip), two benzimidazole (aromatic) rings (Bz1 and Bz2), and a phenyl 

(aromatic) ring (Ph) (Figure 2.29). The possible free rotations about the connecting bonds are 

indicated with arrows.  
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Figure 2.29 Hoechst 33258 and its four moieties: a piperazine (nonaromatic) ring (Pip), two 
benzimidazole (aromatic) rings (Bz1 and Bz2), and a phenyl (aromatic) ring (Ph). Possible free 
rotations about the connecting bonds are indicated with arrows. 
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The substituted phenyl ring and two benzimidazole rings, due to their flatness, can 

easily adjust to the narrow area along the AT base pairs by alteration of torsion angles 

between rigid planar aromatic systems and between the Bz2 and piperazine ring. The torsion 

angles between structural groups for all structures described in this chapter and for those from 

literature were calculated with the program Mercury 1.3 [75, 76] and are listed in Table 2.43. 

They vary quite significantly allowing the ligand to adapt to the minor groove depending on 

the drug’s position and substituents on the phenyl ring. For example para-iodoHoechst/A3T3 

and para-TMSHoechst/A3T3 have similar values; both have a substituent in the para 

position. Torsion angles for Hoechst33258 [2, 4] are different but their crystallisation 

conditions also vary.  

 

Among all the halogenated Hoechst structures the smallest angle between phenyl and 

benzimidazole is observed for meta-bromoHoechst/A3T3, possibly because bromine is 

smaller than other substituents and is in a meta position not protruding inside but sticking out 

of the groove. 
 
 
Table 2.43 The torsion angles between structural groups calculated with the Mercury 1.3. 
program [75, 76] for structures with d(CGCAAATTTGCG)2. 

Structure Ph-Bz1 Bz1-Bz2 Bz2-Pip 

Para-iodoHoechst/A3T3 23.21º 16.98º 33.03º 

Para-TMSHoechst/A3T3 26.10º 16.06º 37.26º 

2,5-diiodoHoechst/A3T3 21.14º 15.56º 32.29º 

2-methyl-5-iodoHoechst/A3T3 25.59º 10.66º 36.76º 

3-iodo-5-isopropylHoechst /A3T3 23.59º 19.08º 29.66º 

Meta-bromoHoechst/A3T3 16.41º 13.26º 24.48º 

3,5-dibromo-4-methoxyHoechst/A3T3 20.58º 12.01º 38.64º 

Hoechst33258/A3T3 GDL028 [2, 3] 10.95º 18.74º 71.50º 

Hoechst33258/A3T3 GDL026 [3, 4] 14.81º 17.78º 20.92º 

 

Generally the Ph-Bz1 angle for A3T3 structures is within the range of 11-26˚, Bz1-

Bz2 angles are between 11 and 19˚, Bz2-Pip are the largest and the most variable and fall 

inside the range 21-39˚ with one exception of 71.5˚ for Hoechst33258/A3T3 GDL028 [2, 3] 

(Table 2.43). 
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The nitrogen atoms of the Hoechst molecule can act as donors or acceptors for 

hydrogen bonding interactions. The interactions of N1 and N3 atoms with potential hydrogen 

bond acceptors are summarised in Tables 2.44 and 2.45, respectively. Distances, including 

those taken from literature structures, were calculated with the CCP PROGRAM SUITE: 

CCONTACTS, VERSION 4.0 [56]. Atom numbering for the Hoechst 33258 analogues accords 

with that in the DD0005 structure [6] and is displayed in Figure 2.30.  

 

 

 
Figure 2.30 Atom numbering for para-iodoHoechst molecule as an example of Hoechst 33258 
analogues numbering. Drawn with program Mercury 1.4. 
 
 
 
Table 2.44 Close distances in Å between atom N1 of ligand molecules and potential hydrogen 
bond acceptors. For consistency, all distances including those from literature structures were 
calculated with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [56]. 

 N1 

Structure Thy 7 O2 Thy 8 O4’ Thy 19 O2 

Para-iodoHoechst/A3T3 2.96 3.30 3.05 

Para-TMSHoechst/A3T3 2.91 3.29 3.06 

2,5-diiodoHoechst/A3T3 2.89 3.22 3.09 

2-methyl-5-iodoHoechst/A3T3 2.83 3.16 3.27 

3-iodo-5-isopropylHoechst /A3T3 2.80 3.39 2.97 

Meta-bromoHoechst/A3T3 2.84 3.31 2.88 

3,5-dibromo-4-methoxyHoechst/A3T3 2.75 3.33 2.97 

Hoechst33258/A3T3 GDL028 [2, 3] 3.38 - 3.27 

Hoechst33258/A3T3 GDL026 [3, 4] 2.98 3.49 2.66 
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Table 2.45 Close distances in Å between atom N3 of ligand molecules and potential hydrogen 
bond acceptors. For consistency all distances including those from literature structures were 
calculated with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [56]. 

 N3 

Structure Thy 8 O2 Thy 9 O4’ Ade 18 N3 

Para-iodoHoechst/A3T3 2.92 3.12 3.38 

Para-TMSHoechst/A3T3 2.88 3.44 3.23 

2,5-diiodoHoechst/A3T3 3.08 3.25 3.36 

2-methyl-5-iodoHoechst/A3T3 3.11 3.27 3.29 

3-iodo-5-isopropylHoechst /A3T3 3.04 3.35 3.22 

Meta-bromoHoechst/A3T3 3.07 3.36 3.18 

3,5-dibromo-4-methoxyHoechst/A3T3 3.10 3.32 3.26 

Hoechst33258/A3T3 GDL028 [2, 3] 3.33 3.44 3.24 

Hoechst33258/A3T3 GDL026 [3, 4] 3.00 - 3.25 

 

 

For all Hoechst 33258 analogues nitrogen N1 forms hydrogen bonds with Thy 7 O2 

and Thy 19 O2 oxygen atoms as in Hoechst 33258 structures described in the literature [2, 4]. 

However all the halogenated analogues and para-TMSHoechst are also in close proximity to 

the third potential hydrogen bond acceptor - Thy 8 O4’. This behaviour is consistent for all 

complexes with d(CGCAAATTTGCG)2 solved by the author. The distance between the N1 

atom and Thy 8 O4’ for the GDL026 [3, 4] structure of Hoechst 33258 is longer but still 

within the 3.5 Å limit; the distance for GDL028 [2, 3] was outside the search criteria limit of 

3.5 Å.  

 

The close contacts with possible hydrogen bond acceptors for nitrogen N1 are 

depicted in Figure 2.31 based on the example of the para-iodoHoechst/A3T3 structure. The 

distance with Thy 8 O4’ is longer than the other two but it could still be considered to be 

within the weak hydrogen bond’s limits. However for 2-methyl-5-iodoHoechst/A3T3 the 

distance to Thy 8 O4’ (3.16 Å) is shorter than that to Thy 19 O2 (3.27 Å). 
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Figure 2.31 Close contacts in Å with possible hydrogen bond acceptors for nitrogen N1 in 
para-iodoHoechst/A3T3 structure. 

 

 

In all Hoechst 33258 and its analogous structures with d(CGCAAATTTGCG)2 there 

are hydrogen bond interactions present between the N3 ligand atom and the Thy 8 O2 atom as 

well as between N3 and the Ade 18 N3 nitrogen (Table 2.45).  In structures solved by the 

author and GDL028 [2, 3] the third close contact for the N3 drug nitrogen with Thy 9 O4’ is 

also apparent. For the para-iodoHoechst/A3T3 structure, the length of the potential bond is 

even shorter than the N3 ligand - Ade 18 N3 distance, but the angle of the former lies outside 

traditional hydrogen bond requirements (Figure 2.32). Very similar patterns were observed 

for all analysed structures with A3T3. 
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Figure 2.32 Close contacts in Å with possible hydrogen bond acceptors for nitrogen N3 in 
para-iodoHoechst/A3T3 structure. 

 

 

 All nitrogen atoms in the Hoechst 33258 derivatives can potentially take part in 

hydrogen bonding interactions. As described above, N1 and N3 can act as hydrogen bond 

donors. The N6 can also act as a donor (as it is in protonated form at the pH of the droplet) 

and is in close proximity to the Cyt 11 O4’ atom in 3,5-dibromo-4-methoxyHoechst/A3T3 

and Hoechst33258/A3T3 GDL028 [2, 3] (Table 2.46). N6 from 3-isopropyl-5-

iodoHoechst/A3T3 is involved in a hydrogen bonding interaction with water 170 O where the 

bond length is 2.68 Å. This water is 3.32 Å from Cyt 11 O3’. In the Hoechst 33258 GDL026 

structure, N6 is 3.2 Å from the symmetry related Cyt 24 O3’ atom [3, 4].  

 

No interactions with symmetry related molecules were observed for any of the 

nitrogens from halogenated Hoechst 33258 analogues or from para-TMSHoechst. 
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Table 2.46 Close distances in Å between atoms N2, N4, N5, N6 of ligand molecules and 
potential hydrogen bond partners. For consistency all distances including those from literature 
structures were calculated with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [56]. 

 N2 N4 N5 N6 

Structure     

Para-iodoHoechst/A3T3 N2 - 152 O  

2.46 

N4 - 115 O  
2.50 

  

Para-TMSHoechst/A3T3 N2 - 109 O  
2.63 

N4 - 126 O  
2.75 

  

2,5-diiodoHoechst/A3T3 N2 - 251 O  
2.50 

N4 - 159 O  
2.68 

  

2-methyl-5-
iodoHoechst/A3T3 

N2 - 203 O  
2.80 

N4 - 121 O  
2.85 

  

3-iodo-5-
isopropylHoechst/A3T3 

N2 - 168 O  
2.46 

N4 - 116 O  
2.80 

 N6 - 170 O 
2.68 

Meta-bromoHoechst/A3T3 N2 - 220 O  
2.80 

N4 - 120 O  
2.66 

  

3,5-dibromo-4-
methoxyHoechst/A3T3 

N2 - 237 O  
2.60 

N4 - 209 O  
2.95 

N5 - 232O 
3.17 

N6 - Cyt 11 
O4’ 3.41 

Hoechst33258/A3T3 GDL028 
[2, 3] 

No water 

molecules 

detected in 

close proximity 

No water 

molecules 

detected in 

close proximity 

 N6 - Cyt 11 
O4’ 3.37 

Hoechst33258/A3T3 GDL026 
[3, 4] 

No water 

molecules 

detected in 

close proximity 

No water 

molecules 

detected in 

close proximity 

  

 

 

 

N5 can only act as an acceptor and interactions of this atom are very rare, the only one 

case observed by the author is with water 232 O in 3,5-dibromo-4-methoxyHoechst/A3T3 

forming a rather weak hydrogen bond 3.17 Å long (Table 2.46). 
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a)                                                                               b) 

      
 
 
c)                                                                               d) 

      
 
Figure 2.33 Hydrogen-bond network between nitrogen N2 and DNA for A3T3 complexes with 
ligands: a) para-iodoHoechst; b) para-TMSHoechst; c) 2,5-diiodoHoechst; 
d) 2-methyl-5-iodoHoechst; e) 3-iodo-5-isopropylHoechst; f) meta-bromoHoechst; 
g) 3,5-dibromo-4-methoxyHoechst. 
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e) 

 
 
 
f)                                                                                  g) 

       
 
Figure 2.33 Continued (see previous page for legend). 
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In the Hoechst33258/A3T3 structures GDL028 and GDL026 there are no potential 

hydrogen bond partners for N2 and N4 ligand atoms. In halogenated Hoechst 33258 and 

para-TMSHoechst structures all N2 and N4 nitrogen atoms have solvent molecules as 

potential hydrogen bond partners (Table 2.46). In most cases these are bonded to DNA via 

other water molecules. 

 

Figure 2.33 illustrates a hydrogen-bond network between the drug’s nitrogen N2 and 

DNA atoms. In most of the presented structures with A3T3, N2 interacts with 21 O1P of the 

DNA via two water molecules. In the 2-methyl-5-iodoHoechst/A3T3 structure the 189 O 

molecule is not only part of the bridge between the ligand N2 atom and the DNA chain but is 

also in close contact with iodine (Figure 2.33.d).        

 

 Hydrogen bond interactions with water molecules are also observed for all N4 

nitrogen atoms as depicted in Figure 2.34. In most cases N4 interacts with DNA through a 

two-water molecule hydrogen bond bridge. The N4 atoms of para-TMSHoechst and 

2,5-diiodoHoechst are connected via two water molecules with 9 O1P of DNA 

(Figure 2.34.a-c). N4 of 3-iodo-5-isopropylHoechst is also linked via two water molecules but 

with 10 O1P, (Figure 2.34.e). N4 of 2-methyl-5-iodoHoechst is involved in the hydrogen 

bonding network connected to 9 O1P and 10 O1P but by three water molecules 

(Figure 2.34.d). In the case of 3,5-dibromo-4-methoxyHoechst a bifurcated bridge is observed 

where N4 is connected via two water molecules with both chains of A3T3 linked to 10 O1P 

and 19 O1P (Figure 2.34.g).  
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a)                                                                                 b) 

       
 
 
c)                                                                                 d) 

       
 
Figure 2.34 Close contacts of nitrogen N4 and its hydrogen-bond network for A3T3 complexes 
with ligands: a) para-iodoHoechst; b) para-TMSHoechst; c) 2,5-diiodoHoechst; 
d) 2-methyl-5-iodoHoechst; e) 3-iodo-5-isopropylHoechst; f) meta-bromoHoechst; 
g) 3,5-dibromo-4-methoxyHoechst. 
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e)                                                                                  f) 

       
 
 

g) 

 
 
Figure 2.34 Continued (see previous page for legend). 
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In radiation therapy, tumour DNA damage is very dependent on the location of the 

radioactive atom relative to the DNA helix [78]. Theoretically, substituents in ortho and meta 

positions may face into or out of the minor groove floor. Additional substituents could affect 

the behaviour of the phenyl ring and hence the position of halogen atoms relative to the minor 

groove. 

 

Figure 2.35 displays ligand positions in relation to the minor groove. The only case in 

which iodine faces towards the minor grove floor is with 3-iodo-5-isopropylHoechst (Figure 

2.35.b). The isopropyl group is simply too big to fit in the groove or to come into close 

contact with the groove floor DNA because of steric repulsion. 

  

In all other structures the bulky halogen atoms protrude out of the minor groove. It is 

quite understandable that the bigger substituents face out of the minor groove where there is 

simply more space. Between the ligand and the DNA the space is limited because, for 

example, of close hydrogen bond interactions between N1, N3 and the DNA atoms. 

 

Halogen atoms themselves have very limited interactions with the DNA. The shortest 

distances between DNA and halogen atoms are summarised in Table 2.47. Only in the 

3-iodo-5-isopropylHoechst/A3T3 structure is the iodine atom in a close enough position to 

make significant interactions with the DNA atoms (Figure 2.36).  

 

The iodine atom of 2-methyl-5-iodoHoechst/A3T3 is within hydrogen bond distance 

with the water 189 O that forms a 2.78 Å long hydrogen bond with the 21 O1P DNA oxygen 

(Figure 2.33.d). 
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a) 
 

 

 
 
 
 
 
 
b) 

     

 
 
 
 
 
 
 
Figure 2.35 Ligand positions in relation to the minor groove: a) 2-methyl-5-iodoHoechst; 
b) 3-iodo-5-isopropylHoechst; c) 2,5-diiodoHoechst; d) meta-bromoHoechst; 
e) 3,5-dibromo-4-methoxyHoechst . 
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c) 
 

  

 
 
d) 
 

         

 
 
 
e) 
 

    

 
 
Figure 2.35 Continued (see previous page for legend). 
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Table 2.47 Shortest distances in Å for halogen atoms (distances up to 3.8 Å are included).  

Structure DNA atom or water 
molecule 

Distance to the 
halogen atom 

Para-iodoHoechst/A3T3 Thy 7 C5’ 

Thy 21 C4’ 

3.65 

3.82 

Para-iodoHoechst/A2T2 (piperazine-up)  Wat 118 O 3.74 

Para-iodoHoechst/A2T2 (piperazine-down) Wat 141 O 3.56 

2,5-diiodoHoechst/A3T3 - - 

2-methyl-5-iodoHoechst/A3T3 Wat 189 O 3.28 

3-iodo-5-isopropylHoechst /A3T3 Ade 6 O4’ 

Ade 6 C1’ 

Ade 6 N3 

Thy 20 O2 

3.76 

3.69 

3.13 

3.17 

Meta-bromoHoechst/A3T3 Thy 21 C5’ 3.69 

3,5-dibromo-4-methoxyHoechst/A3T3 Thy 21 C5’ 3.67 

 

 

 

 

 
 
Figure 2.36 The closest contacts in Å between iodine and DNA atoms in 
3-iodo-5-isopropylHoechst/A3T3 structure. 
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Besides the hydrogen bonds, the ligand position in the minor groove is stabilised by 

van der Waals interactions between the A3T3 sugar-phosphate backbone and π electron 

density clouds of the drug’s aromatic rings.  

 

 Close distances between the ligand and DNA oligonucleotide are summarised in Table 

2.48. To show similarities between structures solved by the author, all rows with DNA atoms 

in close proximity to all Hoechst analogues are shaded in grey. In addition to the ligand 

nitrogens N1 and N3 that are involved in hydrogen bonding interactions, some bi-

benzimidazole atoms (N4, C7, C14 and C19) are in close contacts with common atoms on 

A3T3 strands. The methyl carbon connected to the piperazine ring, C24, also remains in the 

range of van der Waals contacts with N3 G10 in all structures. This interaction of C24 places 

the terminal methyl group of the ligand in a rigid position and by doing so contributes to an 

overall unique location of the drug in the minor groove.  In all structures with halogenated 

Hoechst 33258 derivatives and with para-TMSHoechst, the terminal methyl group is clearly 

positioned in the axial orientation towards the sidewall of the minor groove (see example in 

Figure 2.16 with 2,5-diiodoHoechst).  
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 Table 2.48 Close distances in Å between ligand and A3T3 atoms. Potential hydrogen bonds are indicated with *. 

Distance Ligand 
atom 

DNA 
atom Para-iodo- 

Hoechst 
Para-TMS- 
Hoechst 

2,5-diiodo- 
Hoechst 

2-methyl-5-
iodoHoechst 

3-iodo-5-
isopropylHoechst 

Meta-bromo- 
Hoechst 

3,5-dibromo-4-
methoxyHoechst 

C C4’ T7 3.45 - 3.46 - - - 3.36 

C C5’ T21 - - - 3.32 - - - 

C1 O4’ T20 3.46 - - - - 3.42 - 

C2 O4’ T7 3.50 - 3.37 - - 3.44 3.30 

C2 O2 T20 3.43 3.15 3.36 - 3.44 3.39 3.04 

C2 C4’ T7 - - 3.50 - - - - 

C2 N3 A6 - - - - - - 3.34 

C3 O2 T20 - 3.48 - - 3.32 - 3.34 

C3 O2 T7 - - - - - 3.47 - 

C4 C5’ T21 - - - - - - 3.48 

C6 C4’ T20 3.47 3.49 - - - 3.49 - 

C6 O4’ T20 3.37 - 3.45 - 3.40 3.31 3.38 

C7 O4’ T8 3.22 3.10 3.29 3.25 3.31 3.27 3.29 

C7 O2 T19 - - - - 3.43 3.48 - 

C8 C4’ T8 - 3.46 3.43 - - 3.49 3.34 

C11 C4’ T19 - 3.41 3.46 3.41 3.45 3.45 3.46 

C12 O2 T8 3.31 3.44 3.49 3.46 - 3.46 3.47 

C12 O4’ T19 3.45 - - - - 3.28 - 

C12 O2 T19 - - - - - - - 

C12 C1’ T19 - - - - 3.50 - - 

N1 O2 T7 2.96* 2.91* 2.89* 2.83* 2.80* 2.84* 2.75* 

N1 O4’ T8 3.30* 3.29* 3.22* 3.16* 3.39* 3.31* 3.33* 

N1 O2 T19 3.05* 3.06* 3.09* 3.27* 2.97* 2.88* 2.97* 
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 Table 2.48 Continued. 

N2 C4’ T20 3.39 3.39 3.42 - 3.34 3.36 3.36 

N2 C5’ T20 - 3.41 - - - - - 

N2 C4’ T8 - - - - - - 3.47 

C13 O4’ T9 3.34 - - - - - 3.50 

C13 C4’ T19 - 3.47 - - 3.40 - - 

C14 O4’ T9 3.17 3.44 3.40 3.33 3.35 3.38 3.34 

C15 C4’ T9 3.40 3.44 - 3.46 - 3.46 3.30 

C15 O4’ T9 3.47 - - - - - 3.45 

C18 C4’ A18 - - 3.38 3.47 3.45 3.46 3.46 

C18 O4’ A18 - - - - - 3.47 - 

N3 O2 T8 2.92* 2.88* 3.08* 3.11* 3.04* 3.07* 3.10* 

N3 O4’ T9 3.12* 3.44* 3.25* 3.27* 3.35* 3.36* 3.32* 

N3 N3 A18 3.38* 3.23* 3.36* 3.29* 3.22* 3.18* 3.26* 

N4 C4’ T9 3.31 3.45 3.43 3.39 3.50 3.35 3.23 

N4 C5’ T19 3.46 3.47 3.39 3.49 3.29 3.48 - 

C19 O2 T9 3.22 3.35 3.38 3.28 3.42 3.28 3.34 

C19 O4’ A18 3.25 3.36 3.29 3.16 3.25 2.99 3.16 

C19 C4’ A18 - - - - - - 3.46 

N6 O4’ C11 - - - - - - 3.41* 

C20 O4’ G10 3.50 3.26 - 3.23 - 3.48 3.10 

C20 C4’ G10 - - - 3.35 - - 3.30 

C21 O4’ C11 - - - 3.50 - - 3.40 

C21 C4’ C11 - - - - - - 3.44 

C22 O4’ A17 3.42 3.45 3.37 - 3.24 3.30 - 

C23 O2 T9 - 3.48 3.49 - 3.43 3.48 - 

C23 N3 A17 - 3.25 3.42 - 3.28 3.42 - 
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 Table 2.48 Continued. 

C24 N3 G10 3.29 3.09 3.11 3.13 3.02 3.17 3.00 

C24 O4’ C11 3.20 - 3.32 3.31 - 3.34 3.26 

C24 C2 G10 - 3.42 - - - - 3.46 

C24 N2 G10 - 3.16 3.27 3.16 3.35 - 3.17 

CS3 C5’ T7 - 3.29 - - - - - 

CS3 O3’ A6 - 3.45 - - - - - 

CM O2 T7 - - - 3.21 - - - 

CM N3 A6 - - - 3.40 - - - 

CM C2 A6 - - - 3.28 - - - 

CM O2 T20 - - - 3.31 - - - 

CM O2 T19 - - - 3.41 - - - 

I N3 A6 - - - - 3.13 - - 

I O2 T20 - - - - 3.17 - - 

OC C4’ T21 - - - - - - 3.34 
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Table 2.49 Potential hydrogen bond contacts for Mg 26 residue. Listed are distances in Å no longer than 3.40 Å. The interactions common for all 
halogenated Hoechst 33258 analogues are shadowed grey.  
 

 Mg 26 O1 Mg 26 O2 Mg 26 O3 Mg 26 O4 Mg 26 O5 Mg 26 O6 

Structure       

Para-iodoHoechst/A3T3 Gua 22 O6; 2.43 

Wat 107 O; 2.96 

Wat 102 O; 2.68 Gua 2 O6; 2.66 

 

Wat 185 O; 2.47 Gua 2 N7; 2.53 

Wat 125 O; 2.80 

Wat 134 O; 2.87 

Para-TMSHoechst/A3T3 Gua 22 O6; 2.56 

Wat 103 O; 2.77 

Cyt 3 N4; 3.21 

Wat 187 O; 2.50 

Wat 212 O; 3.39 

Gua 2 O6; 2.72 

Wat 212 O; 2.40 

Wat 143 O; 2.61 Gua 2 N7; 2.63 

 

Wat 101 O; 2.84 

2,5-diiodoHoechst/A3T3 Gua 22 O6; 2.61 

Wat 110 O; 2.82 

Wat 108 O; 2.72 

 

Gua 2 O6; 2.64 

Wat 102 O; 2.74 

Wat 136 O; 2.78 Gua 2 N7; 2.63 

Wat 149 O; 2.78 

Wat 118 O; 2.93 

2-methyl-5-iodoHoechst/A3T3 Gua 22 O6; 2.60 

Wat 122 O; 2.79 

Wat 132 O; 2.81 

 

Gua 2 O6; 2.74 

Wat 126 O; 2.81 

Wat 234 O; 2.60 Gua 2 N7; 2.71 Wat 104 O; 2.88 

3-iodo-5-isopropylHoechst/A3T3 Gua 22 O6; 2.53 

Wat 113 O; 2.75 

Wat 115 O; 2.83 

 

Gua 2 O6; 2.69 

Wat 102 O; 2.68 

- Gua 2 N7; 2.59 Wat 112 O; 2.84 

Meta-bromoHoechst/A3T3 Gua 22 O6; 2.54 

Wat 101 O; 2.70 

Wat 102 O; 2.64 

 

Gua 2 O6; 2.72 

Wat 104 O; 2.67 

Wat 159 O; 2.41 Gua 2 N7; 2.55 Wat 108 O; 2.97 

3,5-dibromo-4-
methoxyHoechst/A3T3 

Gua 22 O6; 2.57 

Wat 105 O; 2.65 

Cyt 3 N4; 3.40 

Wat 110 O; 2.88 

 

Gua 2 O6; 2.68 

Wat 103 O; 2.75 

 

Wat 174 O; 2.60 Gua 2 N7; 2.67 

Wat 245 O; 3.07 

Wat 107 O; 2.88 

*Wat 250 O; 2.47 

 

* symmetry related molecules [ +1B ] 
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Table 2.50 Potential hydrogen bond contacts for Mg 27 residue. Listed are distances in Å no longer than 3.41 Å. The interactions common for all 
halogenated Hoechst 33258 analogues residue are shadowed grey. 
 

 Mg 27 O1 Mg 27 O2 Mg 27 O3 Mg 27 O4 Mg 27 O5 Mg 27 O6 

Structure       

2,5-diiodoHoechst/A3T3 - Gua 12 O2P; 2.70 

Gua 12 O1P; 3.31 

Gua 12 O1P; 2.67 

Wat 128 O; 2.51 

Wat 164 O; 3.34 

*Cyt 23 O3’; 3.29 

Wat 169 O; 2.86 

* Wat 216 O; 3.19 

Wat 155 O; 2.41 

Wat 242 O; 2.71 

Wat 130 O; 2.62 

* Wat 177 O; 3.00 

2-methyl-5-iodoHoechst/A3T3 Wat 184 O; 2.96 

Wat 236 O; 2.91 

Gua 12 O2P; 2.83 

Gua 12 O1P; 3.28 

Gua 12 O1P; 2.53 

Wat 153 O; 2.63 

*Cyt 23 O3’; 3.29 

Wat 136 O; 2.84 

Wat 172 O; 3.30 

Wat 153 O; 3.26 Wat 134 O; 2.57 

Wat 111 O; 2.76 

3-iodo-5-isopropylHoechst/A3T3 Wat 150 O; 2.73 Gua 12 O2P; 2.64 

Gua 12 O1P; 3.11 

Gua 12 O1P; 2.55 

*Cyt 23 O3’; 3.31 

Wat 169 O; 3.22 Wat 142 O; 2.53 Wat 129 O; 2.43 

*Wat 160 O; 3.00 

3,5-dibromo-4-
methoxyHoechst/A3T3 

* Wat 129 O; 3.34 

* Wat 249 O; 3.38 

* Wat 178 O; 2.72 

Gua 12 O2P; 2.86 

Gua 12 O1P; 3.14 

Gua 12 O1P; 2.41 

Wat 159 O; 2.69 

*Cyt 23 O3’; 3.41 

* Wat 118 O; 3.40 

* Wat 188 O; 2.57 

* Wat 249 O; 2.81 

* Wat 252 O; 3.06 

Wat 159 O; 3.21 Wat 175 O; 2.88 

* Wat 129 O; 2.46 

* Wat 249 O; 2.41 

 
*symmetry related molecules [+1A+1B-1C] 
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 The majority of the water molecules occupy the major groove and the part of the 

minor groove above the drug molecule. Those close to the drug molecule are predominantly 

involved in interactions between the ligand and the DNA strands. 

 

There are two crystallographically distinct magnesium cations observed in the Hoechst 

33258 analogue structures. All of these structures have at least one hexa-hydrated magnesium 

cation named as Mg 26 residue. The second cation coordinated by six water molecules is 

present in the 2,5-diiodo-Hoechst, 2-methyl-5-iodoHoechst, 3-iodo-5-isopropylHoechst and 

3,5-dibromo-4-methoxyHoechst structures and is accordingly called Mg 27. 

 

 Water molecules coordinated to residues Mg 26 and Mg 27 take part in the wider 

hydrogen bond network. All distances with potential hydrogen bond partners for these 

residues are listed in Tables 2.49 and 2.50. The interactions common for all halogenated 

Hoechst 33258 analogues are shadowed grey.  

 

 Mg 26 stabilises interactions between the two strands of the same DNA duplex while 

Mg 27 stabilises interactions between symmetry related DNA duplexes. 

 

In all cases Mg 26 O1 interacts with Gua 22 O6, Mg 26 O3 with Gua 2 O6 and Mg 26 

O5 with Gua 2 N7. The interactions of Mg 26 residue with the closest DNA atoms are 

illustrated in the example of the para-iodoHoechst/A3T3 structure in Figure 2.37. 

 

Magnesium – phosphate interactions for residue Mg 27 and the weak hydrogen bond 

with *Cyt 23 O3’ symmetry related DNA molecule stabilise crystal packing. The common 

interactions of Mg 27 residue are illustrated in the example of the 2,5-diiodo-Hoechst /A3T3 

structure in Figure 2.38.  

 

There were no magnesium cations found in GDL026 and GDL028 structures with 

Hoechst 33258 [2-4]. 
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                          a) 

 
                          b) 

 
 

Figure 2.37 Interactions of Mg 26 residue illustrated in the example of para-iodoHoechst/A3T3 
structure: a) structure overlaid within a final 2Fo-Fc electron density map at the 1.5 σ level; 
b) distances in Å between Mg 26 residue and DNA atoms. 
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                       a) 

 
        
                       b) 

 
 

Figure 2.38 Interactions of Mg 27 residue illustrated in the example of 2,5-diiodoHoechst/A3T3 
structure: a) structure overlaid within a final 2Fo-Fc electron density map at the 1.2 σ level; 
b) distances in Å between Mg 27 residue and DNA atoms. The symmetry related DNA molecule 
is coloured green.  
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Description of Para-iodoHoechst/A2T2 Structure 

 
 
 

 
 Unlike in the A3T3/ para-iodoHoechst structure, where the ligand binds only in one 

unique orientation in the minor groove (Figure 2.27), the crystal structure determination of the 

A2T2 complex shows that the ligand molecule can be positioned in two possible ways, as 

illustrated in Figure 2.10. This behaviour of the Hoechst molecules has been also observed in 

other structures with A2T2 [5, 6]. Two different orientations of the para-iodoHoechst 

molecule in the minor groove of the A2T2 duplex can be considered as distribution of 

positions occupied by the ligand over time or in different unit cells in the crystal. In both 

positions the para-iodoHoechst ligand is situated near the centre of d(CGCGAATTCGCG)2 

covering the AATT base pairs and reaching adjacent GC base pairs. 

 

 Para-iodoHoechst in the piperazine-down arrangement has an almost identical 

position with respect to DNA as in the structure deposited in Nucleic Acid Database (NDB) 

with NDB ID: GDL002[3, 7]. However, in the latter, Hoechst 33258 is in only the piperazine-

down orientation and no evidence of disorder has been described.  

 

The para-iodoHoechst molecule in the piperazine-up orientation occupies almost the 

same AATT site as para-iodoHoechst molecule in the piperazine-down orientation. The 

ligand in piperazine-up is slightly lower than the ligand in the piperazine-down orientation but 

the difference is extremely small. The phenyl ring in piperazine-up orientation is minimally 

lower than the piperazine ring in piperazine-down position. This is also noticeable in Figure 

2.9.e where the ligand in the piperazine-up position is moved to the right and the ligand in the 

piperazine-down position is moved to the left. 

 

 Also in the Hoechst 33258/A2T2 complex collected at 0°C reported in [5] the ligand 

is present in two orientations. The structures with two ligand orientations have been deposited 

in NDB with IDs: GDL010 and GDL011 [3, 5]. The ligand in GDL010 is about half of the 

phenyl ring higher than para-iodoHoechst in piperazine-up position, the ligand GDL011 is 

also higher than para-iodoHoechst in piperazine-down by about half of the piperazine ring. 

 



 230

 Meta-iodo-para-methoxyHoechst, in the structure deposited in NDB with ID: DD0005 

[3, 6], in piperazine-down orientation has the piperazine ring much lower than the 

para-iodoHoechst ligand at least by one base pair, and in the piperazine-up position has 

piperazine ring higher by about one base pair. 

 

The torsion angles between structural groups for para-iodoHoechst with A2T2 and 

literature examples listed in Table 2.51 were calculated with the program, Mercury 1.3 [75, 

76]. Despite the same position for para-iodoHoechst in the piperazine-down orientation and 

Hoechst 33258 in the GDL002 structure [3, 7] torsion angles between structural groups are 

not consistent.  

 

 
Table 2.51 The torsion angles between structural groups calculated with program Mercury 1.3. 
[75, 76] for structures with d(CGCGAATTCGCG)2. 

Structure Ph-Bz1 Bz1-Bz2 Bz2-Pip 

Para-iodoHoechst/A2T2 (piperazine-up) 21.15º 5.31º 8.80º 

Para-iodoHoechst/A2T2 (piperazine-down) 18.64º 17.97º 6.49º 

Meta-iodo,para-methoxyHoechst/A2T2 DD0003[3, 6] 23.78º 15.25º 34.76º 

Meta-iodoHoechst/A2T2  DD0004[3, 6] 25.52º 12.53º 50.05º 

Meta-iodo,para-methoxyHoechst/A2T2 DD0005[3, 6] 
(piperazine-up) 

25.86º 5.75º 36.97º 

Meta-iodo,para-methoxyHoechst/A2T2 DD0005[3, 6] 
(piperazine-down) 

19.17º 17.51º 29.14º 

Meta-iodo,para-methoxyHoechst/A2T2 DD0008[3, 6] 22.37º 20.86º 15.01º 

Meta-iodoHoechst/A2T2  DD0009[3, 6] 14.37º 28.83º 14.52º 

Hoechst33258/A2T2  GDL002[3, 7]  
(piperazine-down) 

7.95º 32.32º 13.60º 

Hoechst33258/A2T2 GDL010[3, 5]  
(piperazine-up) 

7.59º 19.77º 5.83º 

Hoechst33258/A2T2 GDL011[3, 5]  
(piperazine-down) 

8.82º 14.94º 8.88º 

 

 

 Due to inconsistencies in drug arrangement inside the minor groove, different ligand 

molecules or molecules in different orientations have varied hydrogen bonding partners 

(Tables 2.52 and 2.53). 
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Table 2.52 Close distances in Å between atom N1 of ligand molecules and potential hydrogen 
bond acceptors. For consistency all distances including those from literature structures were 
calculated with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [56]. 

 N1 

Structure    

 Thy 8 O2 Ade 18 N3 Thy 19 O4’ 

Para-iodoHoechst/A2T2 (piperazine-up) 3.05 2.99 2.87 

 Ade 6 N3 Thy 7 O4’ Thy 20 O2 

Para-iodoHoechst/A2T2 (piperazine-
down) 

3.12 3.34 2.71 

 Thy 7 O2 Thy 19 O2 Thy 20 O4’ 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0005[3, 6] (piperazine-up) 

3.13 2.74 3.28 

 Thy 7 O2 Thy 19 O2 Thy 20 O4’ 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0005[3, 6] (piperazine-down) 

3.06 3.01 3.46 

 Ade 6 N3 Thy 7 O4’ Thy 20 O2 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0003[3, 6] 

2.97 3.34 3.00 

 Ade 6 N3 Thy 7 O4’ Thy 20 O2 

Meta-iodoHoechst/A2T2  DD0004[3, 6] 3.14 3.29 3.02 

 Ade 6 N3 Thy 7 O4’ Thy 20 O2 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0008[3, 6] 

2.94 3.36 2.95 

 Ade 6 N3 Thy 7 O4’ Thy 20 O2 

Meta-iodoHoechst/A2T2  DD0009[3, 6] 3.05 3.38 2.81 

 Thy 8 O2 Ade 18 N3 Thy 19 O4’ 

Hoechst33258/A2T2  GDL010[3, 5] 
(piperazine-up) 

3.25 3.16 3.19 

 Ade 6 N3 Thy 7 O4’ Thy 20 O2 

Hoechst33258/A2T2  GDL011 [3, 5] 
(piperazine-down) 

2.94 3.39 3.14 

 Ade 6 N3 Thy 7 O4’ Thy 20 O2 Thy 20 O4’ 

Hoechst33258/A2T2  GDL002[3, 7] 3.16 3.24 2.78 3.04 
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            a) 

 
 

                         b) 

 
Figure 2.39 Close contacts in Å with possible hydrogen bond acceptors for nitrogen N1 in 
para-iodoHoechst/A2T2 structure: a) ligand in piperazine-up orientation; b) ligand in 
piperazine-down orientation. 
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 Nitrogen N1 of para-iodoHoechst in the piperazine-up orientation has three potential 

hydrogen bond partners: Thy 8 O2, Ade 18 N3 and Thy 19 O4’ (Figure 2.39.a). The distances 

between N1 atom and potential acceptors and the bond angles indicate a trifurcated, four 

centred hydrogen bond.  

 

 Atom N1 of Hoechst 33258 in the piperazine-up position in the GDL010 structure [3, 

5] has exactly the same DNA atoms as potential hydrogen bond acceptors but distances 

between these atoms and N1 are longer than in the case of piperazine-up orientated para-

iodoHoechst (Table 2.52). 

 

 Close contacts between N1 of para-iodoHoechst in its piperazine-down orientation are 

depicted in Figure 2.39.b. The hydrogen bond though is a bifurcated one with Ade N6 and 

Thy 20 O2 because the distance between N1 and Thy 7 O4’ can be considered as a little too 

long and the potential bond angle lies outside normal hydrogen bond criteria. 

 

 Most of the other structures listed in Table 2.52 with the ligand in a piperazine-down 

arrangement also have Ade N6 and Thy 20 O2 as hydrogen bond acceptors for N1. 

 

 Close contacts with possible hydrogen bond acceptors for nitrogen N3 of 

para-iodoHoechst are illustrated in Figure 2.40. N3 in the piperazine-up orientation forms a 

bifurcated hydrogen bond with Thy 7 O2 and Thy 19 O2, the distance to 20 O4’ is too long 

and also the geometry of the connection angle is inappropriate for a hydrogen bond.  

 

 An interesting fact is that for the A2T2/para-iodoHoechst complex in which the ligand 

adopts both orientations, the N3 atom employs the same hydrogen-bond partners, Thy 7 O2 

and Thy 19 O2. The distances for N3 in the piperazine-down position are somewhat longer, 

but are still considered to be weak hydrogen bonds (Table 2.53). The third N3 contact 

distance in Figure 2.40.b (to Thy 8 O4’) should not be considered as a hydrogen bond. 

 
 Close distances between atom N3 of ligand molecules and potential hydrogen bond 

acceptors are summarised in Table 2.53. 
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Table 2.53 Close distances in Å between atom N3 of ligand molecules and potential hydrogen 
bond acceptors. For consistency all distances including those from literature structures were 
calculated with CCP PROGRAM SUITE: CCONTACTS, VERSION 4.0 [56]. 

 N3 

Structure    

 Thy 7 O2 Thy 19 O2 Thy 20 O4’ 

Para-iodoHoechst/A2T2 (piperazine-up) 3.01 3.07 3.35 

 Thy 7 O2 Thy 8 O4’ Thy 19 O2 

Para-iodoHoechst/A2T2 (piperazine-down) 3.40 3.41 3.10 

 Ade 6 N3 Thy 20 O2 Cyt 21 O4’ 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0005[3, 6] (piperazine-up) 

3.38 3.08 3.40 

 Thy 8 O2 Cyt 9 O4’ Thy 19 O4’ 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0005[3, 6] (piperazine-down) 

3.21 3.45 - 

 Thy 7 O2 Thy 19 O2 - 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0003[3, 6] 

2.92 3.12 - 

 Thy 7 O2 Thy 19 O2 - 

Meta-iodoHoechst/A2T2  DD0004[3, 6] 2.99 3.12 - 

 Thy 7 O2 Thy 8 O4’ Thy 19 O2 

Meta-iodo,para-methoxyHoechst/A2T2 
DD0008[3, 6] 

3.17 3.13 3.30 

 Thy 7 O2 Thy 8 O4’ Thy 19 O2 

Meta-iodoHoechst/A2T2  DD0009[3, 6] 3.08 3.13 3.27 

 - Thy 8 O4’ Thy 19 O2 

Hoechst33258/A2T2  GDL002[3, 7] - 2.76 3.00 

 Thy 7 O2 Thy 19 O2 Thy 20 O4’ 

Hoechst33258/A2T2 GDL010[3, 5] 
(piperazine-up) 

- 3.50 3.08 

 Thy 7 O2 - Thy 19 O2 

Hoechst33258/A2T2 GDL011[3, 5] 
(piperazine-down) 

2.67 - 2.70 
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                          a) 

 
 

                          b) 

 
Figure 2.40 Close contacts in Å with possible hydrogen bond acceptors for nitrogen N3 in 
para-iodoHoechst/A2T2 structure: a) ligand in piperazine-up orientation; b) ligand in 
piperazine-down orientation. 
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There are no water molecules or other potential hydrogen bond donors in close 

proximity to N2 or N4 in both of the para-iodoHoechst orientations in the structure with 

A2T2 and there are also no interactions for N5 or N6 of the ligand.  

 

There are no direct interactions between the iodine atom (in either ligand orientation) 

and the DNA in the para-iodoHoechst/A2T2 structure. The shortest contacts for iodine are 

listed in Table 2.54. In both orientations the closest partners for iodine are water molecules. In 

the piperazine-down orientation (Figure 2.41.a) water 141 O is 3.47 Å from 5 O4’ sugar 

oxygen. In the piperazine-up orientation (Figure 2.41.b) water 118 O is 3.26 Å from 140 O 

and the water 140 O is in hydrogen bond distance of 2.83 Å to phosphate oxygen 11 O2P. 

 
Table 2.54 Shortest distances in Å for iodine (distances up to 3.8 Å are included). 

Structure Water molecule Distance to iodine 

Para-iodoHoechst/A2T2 (piperazine-up) Wat 118 O 3.68 

Para-iodoHoechst/A2T2 (piperazine-
down) 

Wat 141 O 3.62 

 

Only one magnesium residue (Mg 27) is present in the para-iodoHoechst/A2T2 

structure and its six water molecules take part in the wider hydrogen bond network. All 

distances with potential hydrogen bond partners for these water molecules are listed in Table 

2.55.  

 

It is worth mentioning that the Mg 27 residue of the para-iodoHoechst/A2T2 structure 

is in the same place as the Mg 26 residue in structures with A3T3, and the closest contacts 

with DNA are with exactly the same atoms. The Mg 27 O1 oxygen interacts with Gua 22 O6, 

Mg 27 O3 with Gua 2 O6, and Mg 27 O5 with Gua 2 N7.  

 
Table 2.55 Potential hydrogen bond contacts for Mg 27 residue. Listed are distances in Å 
shorter than 3.40 Å. 

Residue Mg 27 atom  Mg 27 O1 Mg 27 O2 Mg 27 O3 Mg 27 O4 Mg 27 O5 Mg 27 O6 

Distance to 
potential hydrogen 
bond partners 

Gua 22 O6; 
2.47 

Wat 106 O; 
2.64 

Wat 102 O; 
2.76 

Gua 2 O6; 
2.67 

Wat 123 O; 
2.44 

Cyt 1 N4; 
3.34 

Wat 126 O; 
2.48 

Gua 2 N7; 
2.65 

 

Wat 108 O; 
2.88 
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a) 

 
 

b) 

 
Figure 2.41 The closest contacts in Å for iodine in para-iodoHoechst/A2T2 structure: a) ligand 
in piperazine-down orientation; b) ligand in piperazine-up orientation. 
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Ligand Dehalogenation and UV-induced  

DNA Cleavage Studies 
 

A primary goal of this research with halogenated Hoechst 33258 derivatives was to 

determine if they all bind to the minor groove and how halogens influence this interaction. 

 

In the all examined A3T3 complexes the ligand binds to the minor groove of the 

double helix but not all halogens are refined with 100% occupancy. B-factors for all halogen 

atoms were calculated as 1.5 x average B-factor of all carbon atoms in the phenyl ring. The 

atomic displacement factors were then fixed, allowing the occupancy of halogen atoms to be 

refined during subsequent SHELXL calculations. The final occupancies for halogen atoms and 

their atomic displacement factors are given in Table 2.56. 

 

Reduction of occupancy of halogen atoms was taken into consideration because when 

refined with full occupancy they had much higher atomic displacement factors than all other 

ligand or DNA atoms. In the para-TMS complex, the silicon and its carbons did not have 

significantly higher atomic displacement factors than other ligand atoms so their occupancy 

was kept as 1.00.  

 

Iodine and other halogens are prone to photo-dehalogenation. Molecules with halogen 

atoms in positions ortho to the site of substitution of the benzimidazole system are most prone 

to photo-dehalogenation [11] in both the free ligand and the DNA/ligand complex. Meta 

isomers are more stable as the free ligand, but dehalogenation increases in the DNA/ligand 

complex [8]. 

 

From the iodinated complexes listed in Table 2.56 the most stable complexes are those 

with para-iodoHoechst, where the occupancy of iodine in the para position is relatively high. 

Of the two iodine atoms in 2,5-diiodoHoechst/A3T3, crystallographic studies indicated that 

the one in the meta position had occupancy of about 40%, but there was no evidence for the 

other one in the ortho position. These results are consistent with UV-induced DNA cleavage 

studies [9, 11, 48]. 
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In the 2-methyl-5-iodoHoechst complex, iodine is pointing out of the minor groove 

floor and its occupancy is 0.586. 3-isopropyl-5-iodoHoechst with iodine positioned towards 

the minor groove floor has occupancy about 20% lower. It appears that the bulky iodine atom 

“prefers” sticking out of the minor groove and if a “situation” forces it to point towards the 

groove, C-I bond cleavage occurs. 

 

Bromine atoms in the meta position have higher occupancies while sticking out of the 

minor groove than iodines. The meta-bromoHoechst/A3T3 complex seems to be quite stable 

against dehalogenation. For 3,5-dibromo-4-methoxyHoechst/A3T3, where both bromine 

atoms are supposed to be located in meta positions, there is no evidence for the bromine atom 

which should be pointing towards the minor groove but the occupancy of the other one is 

over 80%.  

 

 
  Table 2.56 The halogen and silicon atom occupancy and atomic displacement factors. 

Structure Occupancy of 
halogen  (Si) atom 

B factor 

Para-iodoHoechst/A3T3 0.793 42.98 

Para-iodoHoechst/A2T2 (piperazine-up) 0.320 50.52 

Para-iodoHoechst/A2T2 (piperazine-down) 0.282 30.07 

Para-TMSHoechst/A3T3 1.000 32.31 

2,5-diiodoHoechst/A3T3 0.404 

0 

34.92 

N/A 

2-methyl-5-iodoHoechst/A3T3 0.586 43.10 

3-isopropyl-5-iodoHoechst/A3T3 0.375 45.13 

Meta-bromoHoechst/A3T3 0.874 33.44 

3,5-dibromo-4-methoxyHoechst/A3T3 0.806 

0 

44.73 

N/A 

 

 

 

The circumstances under which dehalogenation occurs are unknown and will require 

future investigation. Photo-dehalogenation could take place during the setting of 

crystallisation plates but then it is still unknown why atoms pointing towards the minor 

groove are affected the most. 
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It is also possible that C-I bond cleavage takes place when the drug approaches the 

DNA duplex and that could explain why the halogen atoms pointing towards the minor 

groove are more prone to “disappearing”. If this scenario does occur, it could actually be the 

constructive argument for halogenated Hoechst 33258 derivatives as anticancer drugs in 

photoimmunotherapy or radioimmunotherapy with radioactive isotopes of halogen atoms. 

 

In order to get more information about when C-halogen cleavage was occurring, Dr. 

Michael Walker obtained high-resolution mass spectrometry data for 2,5-diiodoHoechst, 2-

methyl-5-iodoHoechst and 3,5-dibromo-4-methoxyHoechst. For 2-methyl-5-iodoHoechst and 

3,5-dibromo-4-methoxyHoechst there was no evidence at all of the uncomplexed ligand 

losing a halogen atom. This suggests that the halogen detaches from the phenyl ring while the 

ligand is approaching the DNA rather than during the solution preparation.  In the case of 3,5-

dibromo-4-methoxyHoechst it is possible that the ligand moving towards the minor groove 

starts losing Br atoms on both sides. Then the phenyl ring adjusts to locate itself with the 

bromine with higher occupancy sticking outside the groove and the bromine with lower 

occupancy is completely detached when the ligand approaches the final position in the 

groove.  

 

For 2,5-diiodoHoechst there was a peak suggesting a mono iodine impurity molecular 

ion, which implies that part of the iodine could be lost prior to the ligand coming within reach 

of the DNA duplex. Within the crystal structure there was no evidence at all for iodine in the 

ortho position and that indicates that the majority of the ortho iodine is lost when the ligand 

approaches the DNA. 

 

It is worth mentioning that previously Dr. Chris Squire, during his studies with A2T2 

oligonucleotides and halogenated Hoechst 33258 analogues, set crystallization plates and 

grew crystals in a blackened room with filtered lighting and he did not observe any 

dehalogenation [79]. This may suggest that the dehalogenation for structures described in this 

thesis took place during the setting of the crystallization plates (because the crystals were 

grown in incubators in a blackened room with filtered lighting), probably when a ligand 

approached the DNA (in the solution containing a ligand and DNA) but rather not in the 

ligand solution itself (as indicated by the results of high-resolution mass spectrometry). 
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Possible future experiments with halogenated Hoechst 33258 derivatives could 

include: 

1) Setting crystallization plates and growing crystals in a blackened room with filtered 

lighting. 

2) Setting plates in a blackened room with filtered lighting, followed by exposing 

plates during crystallization to UV radiation. 

3) Setting crystallization plates and growing crystals in an environment exposed to UV 

radiation. 

 

Monitoring the differences between above experiments may give more clues as to 

when the dehalogenation is taking place. 

 

The position of the halogen atom is important with respect to sensitisation of UV-A 

induced DNA breaks. DNA sequencing gel analysis studies have been carried out for ortho-, 

meta-, para-iodoHoechst and iodoHoechst 33256 (para-OH, meta-iodoHoechst) [11].  The 

activity of sensitisation of UV-induced DNA single-strand breaks decreased in the order: 

 

 ortho-iodoHoechst >> meta-, para-iodoHoechst >> iodoHoechst 33256. 

 

The most active are the ortho isomers and these are the ones that are most prone to 

dehalogenation. In this case dehalogenation is in agreement with UV-A induced DNA 

cleavage studies. 

 

The low reactivity of the iodoHoechst 33256 could be explained by the stabilisation of 

the carbon centred radical by partial delocalisation to the adjacent oxygen atom [11]. 

 

UV-cleavage by meta-iodoHoechst, para-iodoHoechst and iodoHoechst 33256 is 

caused by loss of the halogen atoms on irradiation leading to radical carbon species and their 

attack at the C5’ position of the DNA deoxyribosyl carbon. During that reaction a hydrogen 

atom is abstracted from the C5’ resulting in subsequent single-strand breakage between the 

phosphate group and 5’ carbon [11].  

 

DNA sequencing gel analyses revealed that the sites of DNA cleavage for ortho-

iodoHoechst were different from the other three compounds. It is assumed that in this case 
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DNA breakage does not involve attack at the C5’ sugar carbon. The most likely mechanism is 

the cleavage initiated by hydrogen abstraction at C1’ [48]. 

 

The arrangement of the halogen substituents on the phenyl ring determines the 

location of the carbon-centred radical on the ligand when in the minor groove of the DNA, 

and the likely site of DNA cleavage. 

 

The DNA breakage patterns are depicted in Figure 2.42 and illustrate the clear 

differences between ortho- and the other two isomers. Meta- and para- species only show 

cleavage on one specific strand of the DNA. Ortho-iodoHoechst causes single strand breaks 

on either strand of the DNA and the cleavage on the upper strand is one nucleotide closer to 

consecutive AT base pairs. There is though no evidence for “single-hit” DNA double strand 

breaks [11]. 
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Crystallographic studies have shown no evidence for any halogen atoms in the ortho 

position. That may explain why ortho-iodoHoechst shows the highest number of UV-induced 

DNA single-strand breaks. The ligand in the minor groove may already possess an active 

carbon-centred radical. However no DNA breaks were observed in any of the X-ray 

structures. The reason for that could be in the composition of the crystallisation droplets and 

particularly the fact that the ligand was dissolved in DMSO. (DMSO is a radical scavenger, 

and addition of DMSO proved to reduce the overall DNA breakage [80, 81].) 

 

Most of the “carbon centred radicals” (carbon atoms that partially or completely lost 

halogen atoms) in the meta position in X-ray structures are much closer to one DNA strand 

than to the other. This supports UV-induced studies where for meta isomers the DNA breaks 

only occurred on one of the DNA strands. 

 

For the para-iodoHoechst/A2T2 complex, the carbon atom that loses iodine is also 

closer to one of the DNA strands. This is true for both the piperazine-up and piperazine-down 

orientations. 

 

The crystallographic study of the para-iodoHoechst/A3T3 complex is not completely 

consistent with the expectation of the UV-induced DNA cleavage, because the potential 

“carbon centred radical” in the X-ray structure is only minimally closer to one of the DNA 

strands. In theory that would cause similar number of DNA breaks on both strands. A possible 

explanation from the X-ray studies is that para-iodoHoechst is the least prone to 

dehalogenation of the iodinated ligands. Hence, para-iodoHoechst is mostly in the iodinated 

form, not as the active radical that causes DNA breaks during UV-induced DNA studies. 

 

The compound stability and its degree of dehalogenation studies are very important. 

The ligand dehalogenation in crystal structures described in this thesis is in accord with UV-A 

photosensitization studies [10] where ortho isomer showed the highest potential of its use in 

clinical phototherapy.  
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Conclusions 
 
 

I)  Halogenated Hoechst 33258 derivatives described in this thesis have proven to 

interact with DNA oligonucleotides. They all bind efficiently to the minor groove of 

A3T3. Para-iodoHoechst also interacts with the minor groove of A2T2.  

 

In complexes with A3T3, atoms N1, N2, N3 and N4 of the halogenated 

Hoechst 33258 ligands are all involved in the hydrogen bond network. N2 and N4 

nitrogen interactions with DNA through water bridges were not observed in earlier 

determinations of Hoechst 33258 structures [33,34].  

 

In all complexes with A3T3 the ligands bind into the minor groove in a single 

well-defined orientation. However in the para-iodoHoechst/A2T2 structure the drug 

binds in two opposite orientations, first with the piperazine ring located closer to the 

top and the second with the piperazine ring positioned closer to the bottom of the 

double helix. 

 

II)  The position of the halogen atom in the minor groove depends on whether 

there are additional substituents on the phenyl ring, and their substitution pattern. In 

most cases the bulky halogen atom is facing to the outside of the minor groove. 

Only in the 3-iodo,5-isopropylHoechst complex is the iodine facing into the floor of 

the groove, and this is because of the greater size of the isopropyl group. 

 

Direct interactions between the halogen atom and the DNA atoms are observed 

only in the 3-iodo,5-isopropylHoechst/A3T3 structure. Indirect interactions 

(hydrogen bonds via a water molecule) are observed between the iodine and the 

DNA in the 2-methyl-5-iodoHoechst/A3T3 complex. 

 

III)  The ligands containing iodine and other halogens are prone to dehalogenation. 

The degree of C-halogen cleavage is highest for ortho isomers (there was no 

evidence for the halogen atom in the complex structure with iodine in the ortho 

position). The highest occupancies were observed for the iodine atoms in the para 
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positions. Among meta substituents pointing outside the minor groove, bromine 

atoms had a higher occupancy than the larger and more distant iodines. 

 

The crystal structures confirm the occurrence of dehalogenation. Moreover, the 

level of dehalogenation is in agreement with UV-induced studies. 

 

A poster describing the “Halogenated Hoechst 33258 Analogues as Potential Agents 

in Radioimmunotherapy” was presented at 1st New Zealand Structural Biology Meeting, 18th-

19th March 2006 [82] .   
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Section B  

Hoechst 33258 Analogues as Potential 

Agents in Boron Neutron Capture Therapy 

 
 

INTRODUCTION 
 

 Boron Neutron Capture Therapy (BNCT) is a form of cancer treatment that employs 

thermal neutrons of low kinetic energy (<0.025 eV) and ligands containing boron rich 

moieties [83]. The 10B nucleus with natural abundance of 19.8%, has a remarkable capacity to 

undergo thermal neutron capture reactions as a result of its very high nuclear cross-section 

(3837 barns) [84]: 

 
10B + 1n → [11B] → 7Li + 4He + 2.4 MeV 

 

The primary fission products 7Li and 4He (α-particles) are characterised by high linear 

energy transfer (LET) that damages DNA molecules. Effectiveness of BNCT depends on 

selective concentration of 10B in cancerous cells. The kinetic energy released during neutron 

capture reactions and the emitted particles are dispersed within the order of one cell diameter. 

Therefore cytotoxicity can be mainly contained inside cells containing 10B.  

 

It is very desirable then that the 10B-compounds be selectively delivered to the tumour 

tissues by, for example, local application or immunotherapy. That way healthy tissues should 

not be affected.  

 

In order to achieve maximum damage of tumour cells 10B-ligands should be located 

close to the cell nucleus and preferably bind directly to the nuclear DNA.  
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JW-B 
 

JW-B is a Hoechst-like ligand containing a carborane icosahedron (Figure 2.43). It 

was designed to bind selectively to the minor groove of DNA and a sample for 

crystallographic studies was generously supplied by Dr Roger F. Martin (The Peter 

MacCallum Cancer Institute) and Dr Jonathan White (Chemistry Department, The University 

of Melbourne). 

 

JW-B ligand contains: 

 bibenzimidazole system that has proven binding selectivity to AT rich DNA 

regions,  

 nonaromatic piperazine ring,  

 phenyl aromatic ring,   

 dicarba-closo-dodecaborane (carborane) substitution on the phenyl ring 

(Figure 2.44).  

 

The carborane contains ten boron atoms with high potential for neutron capture. 

 
 

 

 

 
Figure 2.43 Structure of JW-B molecule. 
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Figure 2.44 Dicarba-closo-dodecaborane (carborane) substituent. 

 

 

 

 

 

 

The structure of JW-B with A2T2 was previously solved by Dr Christopher J. Squire 

[79]. The ligand was found in the minor groove, but unambiguous location of the carborane 

moiety itself was not established. 
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EXPERIMENTAL PROCEDURES 
 

Crystallisation, Data Collection and Processing  
 

 Crystallisation trials were set up containing the JW-B ligand and the DNA dodecamer 

A3T3. The best crystals were obtained from conditions listed in Table 2.58. 

 

The same method and procedures were employed as for complexes with previous 

Hoechst 33258 derivatives with the exception of making the ligand solution. All droplet 

solutions, except the ligand were prepared the same way as for para-iodoHoechst complexes. 

 

JW-B was insoluble in water and sodium cacodylate buffer. The ligand was soluble in 

pure ethanol and a mixture of water and ethanol, but the alcohol evaporated very quickly from 

the solution causing precipitation. The drug was not soluble in pure methanol or 

dichloromethane but was soluble in a mixture of those solvents. The solution of JW-B was 

finally prepared in a 1:1 mixture of methanol and dichloromethane. 

  

 The droplets were made by adding the components in the order stated in Table 2.58, 

starting with the DNA solution. The ligand solution was added in three equal portions and the 

droplet was mixed after adding each portion. After adding MgCl2, spermine hydrochloride 

and MPD the whole droplet was mixed again. Some precipitation occurred upon adding the 

drug solution to the prepared drop and did not disappeared completely even after repeated 

mixing. Nevertheless this preparation order gave the best clarity droplets and has been the 

only successful combination for attaining crystals of the JW-B/A3T3 complex. 

  

Crystals of A3T3 with JW-B appeared after six months from droplets full of 

precipitation (Photo 2.16). The crystals were very fragile and formed with quite irregular 

shapes. They were almost colourless with a slight yellowish tinge.  

 

The best crystal chosen for collecting X-ray data had approximate dimensions of: 

0.3 × 0.15 × 0.1 mm. A summary of the data collection is given in Table 2.59.  Data 

processing details are presented in Table 2.60. 
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Table 2.58 Crystallisation conditions for JW-B/A3T3 complex. 

Mother liquor 
component  

Solution 
Concentration  

Volume added Drop Concentration  

A3T3 3 mM 2 μL 0.57 mM 

JW-B 5 mM 1.5 μL 0.71 mM 

MgCl2  33 mM 3 μL 9.43 mM 

Spermine 

hydrochloride 

2.5 mM 2 μL 0.48 mM 

MPD 20 % 2 μL 3.81 % 

Drop volume 10.5 μL 

Reservoir 1 mL 40% MPD in H2O 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photo 2.16 Crystal of JW-B with A3T3. 
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     Table 2.59 Summary of data collection for JW-B/A3T3 complex. 

 
Crystal compound 

 

JW-B/A3T3 

 

 
Crystal size (mm) 
Data collection 
Wavelength (Å) 
Crystal-detector distance (mm) 
Oscillation angle (˚) 
No. frames 
Total collection angle (˚) 
Maximum resolution (Å) 
Collection time per frame (s) 
Temp (K) ((ºC)) 

 

0.3 × 0.15 × 0.1 

SBS 

1.54179 

120 

1.5 

201 

301.5 

1.66 

300 

113 (-160) 
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  Table 2.60 Summary of data processing for JW-B/A3T3 complex. 

 
Crystal compounds 

 

JW-B/A3T3 

 

 
Space group 
Cell parameters (Å) 
 
 

 

P212121 

a = 24.61 

b = 40.64 

c = 64.36 

α = β = γ = 90˚ 

 

 
Maximum resolution (Å) 
Mosaicity (˚) 
Total measurements 
Unique reflections 
Average redundancy 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

 

1.75 

0.635 

135240 

6972 

11.56 

99.2 

0.049 

0.063 

45.53 

 

 
Data in last shell (Å) 
Completeness (%) 
Rlin 

Rsq 
Average I/σ(I) 

I > 2σ(I) (%) 

 

1.75-1.81 

99.7 

0.211 

0.180 

10.47 

76.3 
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Structure Solution and Refinement  
 

 
Rigid body minimization against the X-ray data was applied starting with the DNA 

duplex as a whole rigid group, followed by individual nucleotides rigid body minimization. 

As a next step positional and temperature factor refinements were completed. 

 

Electron density maps were calculated and displayed using the O version 7.0.0 

program [68]. The positions of the piperazine ring, two benzimidazole rings and the phenyl 

ring were unambiguous in the minor groove (Figure 2.45).  

 

The first difference electron density maps also revealed the position of the O-C bridge 

linking the phenyl ring with the carborane substituent. The position for linking oxygen atom 

25 O was very clear as depicted on Figure 2.45.c) using Fo-Fc map at the 3.0 σ level. 

 

However, the precise position of the carborane substituent was not obvious in the 

electron density map contours.  

 

One hexa-hydrated magnesium cation was located in the JW-B/A3T3 structure. 

 

Subsequent refinement was carried out using SHELXL. Appropriate restraints for the 

JW-B molecule and hexa-hydrated magnesium cation were added to the SHELX .ins file. 

Progress of structure refinement is summarized in Table 2.61. 

 

The reflection and final coordinate files: JW-BA3T3.hkl and JW-BA3T3.pdb are 

deposited on the attached CD. 
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a) 

 
b) 

 
c) 

 
Figure 2.45 Continuous lobe of electron density in the minor groove: a) first Fo-Fc map at the 
1.5 σ level; b) ligand molecule fitted into first difference map at the 1.5 σ level; c) first Fo-Fc map 
at the 3.0 σ level clearly indicating the position of the oxygen 25 O. 
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Table 2.61 Progress of structure refinement for JW-B/A3T3 complex. 

Crystal compound JW-B/A3T3 

 Resolution limits R Rfree 

Rigid body refinement  (CNS) 

Duplex: 

 

 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.75 Å 

 

0.312 

0.332 

0.359 

0.400 

0.410 

 

0.300 

0.309 

0.324 

0.380 

0.403 

Rigid body refinement (CNS)   
Nucleotides: 

  

 20.0 – 3.5 Å 

 20.0 – 3.0 Å 

 20.0 – 2.5 Å 

 20.0 – 2.0 Å 

 20.0 – 1.75 Å 

 

0.272 

0.285 

0.313 

0.357 

0.360 

 

0.297 

0.280 

0.298 

0.340 

0.353 

Positional refinement (CNS)  20.0 – 1.75 Å 0.333 0.328 

B factor refinement (CNS)  20.0 – 1.75 Å 0.323 0.325 

Ligand molecule (without 
carborane) and magnesium 
cation with six coordinated 
water molecules added (SHELXL 
refinement) 

 10.0 – 1.75 Å 0.267 – for: 

Fo > 4σ (Fo) 

0.275 – 

for all data 

0.302 – for: 

Fo > 4σ (Fo) 

0.312 – 

for all data 

All water molecules added 
(SHELXL refinement) 

 10.0 – 1.75 Å 0.195 – for: 

Fo > 4σ (Fo) 

0.201 – 

for all data 

0.268 – for: 

Fo > 4σ (Fo) 

0.275 – 

for all data 
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RESULTS AND DISCUSSION 
 

The orientation of JW-B in the minor groove was unambiguous. The ligand binds in 

the minor groove of A3T3 in “piperazine down” orientation, the same orientation as 

halogenated Hoechst 33258 analogues in X-ray structures with A3T3. 

 

 The position of the four Hoechst ring systems of the JW-B ligand in the minor groove 

is depicted on Figure 2.46 with the cover of the final 2Fo-Fc map at the 1.1 σ level. 

 

 

 
Figure 2.46 The final 2Fo-Fc map at the 1.1 σ level with JW-B molecule lying in the minor groove 
of A3T3 oligonucleotide. 
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Figure 2.47 shows the final 2Fo-Fc map at the 1.1 σ level including O-C bridge linking 

the phenyl ring with the carborane substituent and some electron density indicating the 

approximate position of the carborane substituent.  

 

 
 
 
Figure 2.47 The final 2Fo-Fc map at the 1.1 σ level including O-C bridge linking the phenyl ring 
with the carborane substituent and some electron density indicating the position of the 
carborane substituent. 

 
The difficulties with confirming the carborane position may be due the fact that boron 

is even lighter than carbon and has less X-ray scattering efficiency. Also carborane is a non-

polar moiety, there is no possibility of hydrogen bonding interactions between DNA and 

carborane. There is nothing to hold the carborane in a fixed place. It is possible that carborane 

wobbles in the groove or close to the groove and this mobility can be one of the reasons why 

there is no obvious indication of the carborane in the electron density maps.  
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 The fact that the ligand binds in the minor groove of A3T3 is certain and is also 

confirmed by direct hydrogen bonding interactions between the ligand nitrogens (N1 and N3) 

and the DNA as depicted on Figures 2.48 and 2.49. 

 

 

 

 

 
Figure 2.48 Close contacts in Å with possible hydrogen bond acceptors for nitrogen N1 in 
JW-B/A3T3 structure. 
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Figure 2.49 Close contacts in Å with possible hydrogen bond acceptors for nitrogen N3 in 
JW-B/A3T3 structure. 

 

 

There is also a close electrostatic contact between 25 O oxygen atom from the ligand 

and 6 N3 nitrogen from the one of the DNA strands (Figure 2.50).  The length of this contact 

is 2.85 Å but this is not a hydrogen bond because neither ligand oxygen nor N3 nitrogen has 

hydrogen atoms attached. 

 

Because of the above interaction and the presence of some electron density in the 

minor groove in the possible location of the carborane, there is a reasonable probability that 

the carborane substituent is located within the DNA minor groove as depicted in Figure 2.51. 
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Figure 2.50 Close contact between 6 N3 and 25 O, and the final 2Fo-Fc map at the 1.2 σ level 
including O-C bridge linking the phenyl ring with the carborane substituent and some electron 
density indicating the position of the carborane substituent. 
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Figure 2.51 The probable position of the carborane substituent in the DNA groove. 
 

 

Conclusions 
 

Although the location and orientation of the carborane substituent is only approximate 

and could not be confirmed by the electron density distribution, this study does show that the 

JW-B ligand binds to the minor groove of DNA. For that reason the boron-rich carborane 

ligand could be located inside the cell nucleus, and can be considered as a potential agent in 

Boron Neutron Capture Therapy. 
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