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ABSTRACT

Currently the main method of evaluating the DNA interstrand cross-linking ability of 
cancer chemotherapeutic agents in naked DNA involves the electrophoresis of relatively 
long radiolabelled duplex DNA fragments (e.g., typically ~ 2000 base pairs) on neutral 
gels after incubation with the agent of interest. Dénaturation by heating is carried out 
prior to loading and a neutral gel allows re-annealing of the cross-linked DNA. To avoid 
the use of radioactivity we have developed a new method based on ion-pair RPLC and 
mass spectrometry that allows characterization and quantitation of drug-DNA 
interstrand cross-links formed within short oligonucleotide duplexes {i.e., 12 base 
pairs). Advantages of this assay include rapid throughput compared to electrophoretic 
methods and the use of readily available short non-radiolabeled oligonucelotides of any 
sequence, thus facilitating investigation o f sequence selectivity. A further advantage is 
that all species separated by the chromatographic process can be positively identified by 
mass spectrometry. Using this new method we have investigated the rate of DNA cross- 
linking and sequence-selectivity of the interstrand cross-linking agent SJG-136 
(SG2000, BN2629), a pyrrolobenzodiazepine (PHD) dimer currently in Phase I clinical 
trials. The assay was found to be sufficiently sensitive and selective to allow separation 
of the unbound and drug-bound oligonucleotide species by HPLC, and to allow positive 
identification of these individual species by mass spectrometry. A further benefit 
compared to electrophoretic methods is that kinetic information could be obtained and 
compared for specific binding sequences. The HPLC and MS assay was later applied to 
study the intrastrand cross-links and monoadducts formed by SJG-136. The data 
obtained from the assay demonstrated that the PHD dimer SJG-136 is capable of 
forming intrastrand cross-links and monoadducts in addition to the inter-strand cross
links which, it was previously thought to from exclusively

The HPLC and MS assay was then suitably modified to study the binding of the PBD 
conjugate GWL-78. Previous studies have shown that PBDs bind exclusively to 
double-stranded DNA with their A-ring oriented towards the 3 ’-end of the bound strand. 
We report here that PBD conjugate GWL-78 can form stable adducts with single
stranded 17-mer oligonucleotides. The HPLC and MS assay has confirmed their 
compositions and demonstrated that rate and extent of formation varies with base-pair 
sequence. Modelling studies suggest that, with Cll(6)-stereochemistry and with the A- 
ring o f GWL-78 oriented unusually towards the 5’-end of the covalently-modified 
guanine, a highly compact hairpin structure of low energy results. For 17-mer 5’- 
TATAAGAAAATCTTATA-3 ’ (Seq-l), the reaction is rapid and quantitative. When 
GWL-78 is reacted with the equivalent annealed duplex structure 5’- 
TATAAGAAAATCTTATA-3 ’/5 ’-TATAAGATTTTCTTATA-3 ’ {Seq-l/Seq-2), the 
two corresponding 1:1 adducts are still the main products along with small amounts of 
two 2:1 ligand/duplex adducts. This suggests that, despite annealing, Seq-l and Seq-2 
exist as an equilibrium mixture of hairpin, random coil and duplex species, with a 
predominance of the former. Trapping of the hairpin rather than induction is considered 
more likely, as it is well documented that PBDs require minor groove structure for 
covalent binding. This suggests a possible alternative explanation for the biological 
activity of PBDs.
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CHAPTER 1 INTRODUCTION

1.1 CANCER INTRODUCTION

Cancer is a disease characterised by the uncontrolled growth of one or more cells, 

leading to a solid mass of cells known as a tumour. The tumours that are formed can 

be either benign or malignant. In benign tumours the cancerous cells are restricted to 

one part of the body and can be removed surgically, whereas in malignant tumours 

the cancer cells invade nearby tissues and spread to other parts of the body. Other 

types of cancer known as leukemias involve a build-up of a large number of white 

cells in the blood. Statistics show that the different types of cancer can account for 

currently around 25% of all deaths in the U.K.

There are various factors that cause cancer. Life style factors such as diet, alcohol use 

and smoking have contributed significantly to the increase in cancer incidence. 

Occupational factors that include exposure to chemicals like aromatic amines, 

polycyclic hydrocarbons, pesticides, asbestos and certain other chemicals account for 

about 6-10% of cancers. Other factors include genetic predisposition, and infection by 

certain viruses *



1.2 MOLECULAR BIOLOGY

The process that governs normal cell proliferation and homeostasis is affected in 

cancer cells. It is suggested that manifestations of six essential alterations in cell 

physiology collectively prompts the onset of malignant growth evasion of 

programmed cell death (apoptosis), insensitivity to growth-inhibitory (anti-growth) 

signals, self-sufficiency in growth signals, limitless replicative potential, sustained 

angiogenesis, and tissue evasion and metastasis.

Self-sufficiency in growth signals occurs when normal cells no longer require 

mitogenic signals to move from the quiescent state into active proliferation. These 

signals are usually transmitted by receptors present on the cell surface and the 

activation of these receptors are governed by proto-oncogenes. This receptor complex 

results in activation of a series of enzymes which act as signalling molecules from the 

cytoplasm to the cell nucleus. Once inside the nucleus they activate certain 

transcription factors which then turn on genes for cell growth and proliferation. 

Mutations in the genes that code any of the above components can result in 

uncontrolled cell proliferation and cancerous growth. The most complex mechanisms 

of acquired growth signal autonomy originate from modifications in components of 

the downstream cytoplasmic activity that governs the signals emitted by ligand 

activated growth factor receptor and integrins. The SOS-Ras-Raf-MAPC cascade 

plays a dominant role here. In 25 % of human tumours, the RAS proteins are 

present in a structurally distorted shape that enables them to activate signal 

transduction without ongoing stimulation by their usual upstream regulators.
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In normal cells, anti-proliferative signals operate to maintain cellular quiescence and 

tissue homeostasis. These signals are evaded by cancer cells. The anti-growth signals 

operate by forcing cells out of the proliferative cycle into the quiescent Go state. 

These anti-growth signals are channelled through the retinoblastoma protein (pRb) 

protein and its two relatives , p l07 and p i30 When hypophosphorylated, pRb 

blocks proliferation by altering the function of E2F transcription factors that governs 

the expression of genes essential for progression from Gi into the S phase of cell 

cycle In tumour cells, the pRb signalling circuit is disrupted which leads to 

uncontrolled cell proliferation, rendering cells insensitive to anti-growth factors.

Acquired resistance to apoptosis is the hallmark of most types of cancer. Signals that 

elicit apoptosis (cell death) occur in the mitochondria and are triggered by the release 

of ‘cytochrome c’, which activates enzymes called capsases. The p53 tumour 

suppressor gene plays an important role in the process of apoptosis Cancer cells 

acquire resistance to apoptosis by a variety of strategies, the loss of p53 tumour 

suppressor gene function, via mutation being the most common mechanism in more 

than 50 % of human cancer.

Senescence of normal cells is disrupted in tumours to expand to size that is life 

threatening. During each cell division a progressive shortening of the 3’ terminus end 

of the DNA of each chromosome occurs. After successive cycles o f replication, end- 

to-end chromosomal fusion occurs resulting in death of the affected cell Normal 

cells avoid the situation by expressing the enzyme telomerase, which adds telomere 

sequence at 3 ’ terminus end of DNA. In tumour cells, up-regulation of telomerase 

takes place resulting in immortality of cancer cells.
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1.3 TREATMENT METHODS AVAILABLE

The major objective of cancer treatment is to prevent proliferation of cancer cells and 

to kill them if possible. The current treatment methods used can sometimes produce a 

cure, or at least improve the patient’s quality of life by reducing the associated pain 

and discomfort. Current treatment methods include surgery, radiotherapy, 

chemotherapy, hormone therapy and immunotherapy. These methods are used 

separately or in combination depending upon the size of the tumour and the degree of 

spread from the original site.

1.3.1 SURGERY

Surgery is one of the earliest therapies established for cancer and is still the most 

widely used. It is most effective if the tumour is small and well defined. The process 

involves surgical excision of the tumour mass and can provide a cure if all the cancer 

cells are removed. However, the removal of microscopic extensions of the tumour 

mass by surgery is not feasible, and is often used in conjunction with radiotherapy or 

chemotherapy to ensure that any remaining cancer cells are killed.

1.3.2 RADIOTHERAPY

Radiotherapy involves the application o f x-rays or gamma rays to the cancerous tissue 

resulting in the formation of DNA-damaging oxygen free radicals. The free radicals 

result in production of either single- or double-stranded breaks in DNA causing 

chromosomal damage. This genetic damage is sufficient to kill the cells directly or
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induces apoptosis eventually resulting in cell death. As with surgery, radiotherapy 

cannot be used for the treatment of métastasés which can be widespread throughout 

the body. The advantages over surgery are that radiotherapy can provide a better 

means to destroy macroscopic extensions of cancerous tissue and can also provide a 

safer option for older and more fragile patients.

1.3.3 HORMONE THERAPY

Hormones regulate the expression of various factors involved in the signal 

transduction pathway. Abnormal expression of hormones may lead either directly or 

indirectly to tumour initiation and progression. Breast cancer and prostate cancer are 

the two common types of cancer that can be treated with hormone therapy. These 

types of cancer cells require the steroid hormones oestrogen (women) and androgen 

(men) for proliferation. Their production and function is regulated by the anterior 

pituitary gland/hypothalamus which stimulates production of leutinising hormone 

(LH) and follicle stimulating hormone (FSH). These hormones are involved in 

negative feedback inhibition of oestrogens and androgens, and exert their action by 

binding to specific receptors present on the cell surface. The hormone-receptor 

complex results in gene activation and ultimately leads to the synthesis of required 

proteins. Methods o f treating hormone sensitive cancer include simply depriving the 

cancer tissues o f either oestrogen (women) or androgen (men). This can be done by 

preventing their synthesis or blocking their effects on the receptors through which 

they mediate their action. Anti-oestogens like tamoxifen are generally used as first 

line treatment for hormone sensitive breast cancer to ablate hormone production. 

Other methods include surgical excision and radiation therapy to ablate hormone
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production. Leutinising hormone-releasing hormone (LHRH) analogues like 

leuprolide and buserelin acetate are also used in the clinical management of these 

types of cancer. LHRH stimulates receptors in the pituitary gland to release 

leutinising hormone which regulates oestrogen secretion. LHRH analogues bind to 

LHRH receptors and down regulate the production of oestrogen

1.3.4 BIOLOGICAL RESPONSE MODIFIERS AND SIGNAL TRANSDUCTION 

INHIBITORS

These agents act by modifying the interaction between cancer cells and the immune 

system and include the classes of drugs such as interferons, interleukins and 

monoclonal antibodies. In particular, these agents act by boosting an individual’s 

immune system, thus inhibiting the growth of cancer cells. This area of research is 

highly active at present with the commercial success of antibodies such as 

transtuzumab (Herceptin™) and cetuximab (Ertitux™). Transtuzumab acts on the 

HER2/neu (erbB2) receptor and is principally used in the treatment of breast cancer 

whose tumours over-express this receptor. Cetuximab is primarily used in the 

treatment of metastatic colorectal cancer and acts by inhibiting the epidermal growth 

factor receptor. These agents are specific for particular antigens and hence there is a 

reduction in systemic side effects \

1.3.5 CHEMOTHERAPY

Chemotherapy involves the use of low-molecular weight drugs to selectively destroy 

a tumour or limit its growth. Alkylating drugs, the first modem chemotherapeutic
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agents, were a product of war gas programs in both World Wars and their 

antileukemic properties were discovered accidentally.

Chemotherapeutic agents act by killing rapidly dividing cells and hence can be used 

to treat growing tumours or those that have metastasised. However, the disadvantages 

of most cytotoxic agents include unpleasant side effects such as bone marrow 

depression, GI tract lesions, nausea and vomiting. This occurs due to the fact that, in 

addition to cancer cells which are constantly dividing, cells of the GI tract and bone 

marrow are also actively dividing. The main classes of chemotherapeutic agents 

currently used clinically are described below.

1.3.5.1 ANTIMETABOLITES

These drugs interfere with the production of nucleic acids by inhibiting the utilisation 

of precursors necessary for DNA synthesis. They are generally analogues of the 

purine or pyrimidine structures and substitute for the normal nucleotides required for 

DNA synthesis. They are broadly divided into five categories: the folate antagonists, 

pyrimidine antagonists, purine antagonists, sugar modified analogs and 

ribonucleotide reductase inhibitors. The antimetabolites are cell cycle specific and act 

by blocking crucial metabolic pathways essential for cell growth. The commonly used 

folate antagonist is methotrexate which is an analogue of the vitamin folic acid. Folic 

acid is a co-enzyme and is converted to tetrahydrofolate, which is required for 

synthesis of thymine. This entire process occurs in two steps in the presence of the 

enzyme dihydrofolate reductase (DHFR). Methotrexate is a competitive inhibitor of
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DHFR and thus prevents formation of the reduced folates necessary for purine

synthesis 11

5-Flourouracil is one of the best known pyrimidine antagonists and is used for the 

treatment of breast tumours and cancers o f the GI tract. This drug resembles the 

pyrimidine bases thymine and uracil which are required for nucleic acid synthesis. 

Due to its close resemblance to pyrimidine bases, 5-flourouracil is converted in the 

cell into its corresponding nucleoside and deoxynucleoside triphosphates. These false 

substrates cause errors in gene expression by inhibiting the enzymes thymidylate 

synthetase required for DNA synthesis. They induce multiple biochemical lesions 

which are cytotoxic.

Among the purine antagonists, 6-mercaptopurine and 6-thioguanine are the most 

commonly used ones. They are analogues o f hypoxanthine and guanine, which are 

required for nucleic acid synthesis, and are used as maintenance therapy for acute 

leukaemia. They are converted into ribonucleoside monophosphates, and exert their 

action by inhibiting purine and RNA synthesis. Among the sugar-modified analogues 

cytarabine is the most widely used. They are similar to the nucleoside deoxycytidine 

except for the presence of a p-hydroxyl group on the 2’- position of the sugar. They 

act as competitive inhibitors of DNA polymerases which are essential for DNA 

synthesis

16



Figure 1.1: Structure o f  well-known antimetabolites (A) 5-flourouracil (B) 6- 

mercaptopurine (C) 6-thioguanine (D) hydroxyurea

B

SH

N-------------
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Hydroxyurea is the most common drug used as a ribonuclease reductase inhibitor. 

The enzyme ribonucleotide reductase converts ribonucleoside diphosphates to deoxy 

ribonucleoside diphosphates. Inhibition of this enzyme by hydroxyurea results in 

death o f tumour cells in the proliferative stage.

1.3.5.2 ANTITUBULIN AGENTS

A) VINCA ALKALOIDS

The mitotic spindle is a part of the cytoskeleton and is essential for the equal 

partitioning of the DNA into two daughter cells when a eukaryotic cell divides. 

These anti-cancer drugs generally block the above process and can be broadly divided 

into two families, the vinca alkaloids and the taxanes. The vinca alkaloids consists of 

vincristine and vinblastine and are derived from the periwinkle plant. They bind to the
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protein tubulin, which is the major component of micro tubules. The microtubules are 

polymers that are responsible for various cellular functions. Individual microtubules 

are in a state of dynamic equilibrium between polymerised and depolymerised forms. 

The process of depolymerisation of tubulin to microtubules is promoted by the vinca 

alkaloids and results in lysis of the cells. Vincristine is generally used for the 

treatment of childhood leukaemia whereas vinblastine is used in combination therapy 

for testicular cancer.

B) THE TAXANES

The taxanes are plant alkaloids that are extracted from the yew tree. Paclitaxol is the 

best known member of this family. The taxanes have the reverse effect as to vinca 

alkaloids. They promote stabilisation of the microtubules to depolymerisation 

resulting in disruption of the normal equilibrium of microtubules necessary for cell 

division. The taxanes are particularly effective in the treatment of refactory ovarian 

cancer’ ’̂

1.4 DNA AS A DRUG TARGET

DNA represents a unique target for therapies for various types of cancer. Drugs can 

be designed to target the nucleotide sequences present in DNA and thus disrupting 

their normal cellular function.

18



DNA in living cells exists in different shapes and sizes. The DNA spans about 2m 

and is delicately packed into a nucleus with a diameter of merely 0.5 pM. This is 

achieved by wrapping the DNA around a ball of basic proteins called histones, which 

electrostatically attract the negatively charged DNA. DNA may exist in single

stranded, double-stranded, and the less common, triple-stranded form, and may be 

linear or circular in shape. Watson and Crick elucidated the structure of the double 

stranded form based on experimental results reported by a number of scientists over 

several years It was established that the DNA bases are linked by 3’, 5’- 

phosphodiester linkages and showed that the ratios of adenine-to-thymine and 

guanine-to-cytosine are always equal to 1, regardless of gross base composition

Figure 1.2: Nucleic acid residues o f  DNA

NH, 0  0 NH2

!'V> t v v  "r'Y"- f t
. • ' " ' 1 ' "  / ' I '

DNA DNA I,
Adenine (A) Guanine (G)

Thymine (T) Cytosine (C)

They suggested that there are specific hydrogen bonds between guanine and cytosine, 

and between thymine and adenine base pairs {Figure 1.2), and that the bases are 

stacked on top of each other 3.4 A apart . In addition, they proposed that the DNA 

sugar-phosphate backbone formed a right-handed anti-parallel double helix, with a 

periodicity of 10 base pairs per turn, leading to the structure we now know as the B- 

type Watson-Crick duplex.
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The glycosidic bonds in each strand that link the DNA base pairs to their respective 

sugar rings, are not located directly opposite each other and hence the sugar- 

phosphate backbones of the duplex are not equally spaced along the helical axis. 

Consequently the grooves that are formed between the backbones are not o f equal 

size. Attachment of the phosphate backbone to the base pairs results in the formation 

of two grooves within the DNA helix, the major groove which is wider and deeper 

with a width of 24 Â and the minor groove which is narrower and shallower with a 

width of 10Â

Figure 1.3 shows major potential modes of drug interaction within the double

stranded (DS) DNA helix.

Figure 1.3: DS DNA helix showing the major sites o f  drug interaction

Drug Interaction Sites

Major Groove

Intercalation

In the DS DNA helix, adenine forms two hydrogen bonds with thymine and guanine 

forms three hydrogen bonds with cytosine {Figure 1.3). Small molecules cannot
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target these hydrogen-bonding atoms unless the helical shape of DNA is distorted. 

However, there are some additional hydrogen bond donating and accepting groups 

present on the floors and walls of the minor and major grooves. These offer many 

distinguishable binding sites to proteins and small ligands

The floors of the major and minor grooves contain sequence-dependent arrays of 

potential hydrogen bonding groups, both amine donors and carbonyl oxygen and 

nitrogen acceptors, located on the edges of the bases These offer the opportunity 

for sequence-specific hydrogen bonding interactions between ligands and DNA. 

Close van der Waals contacts, and electrostatic attraction between drug and DNA also 

plays a vital role in determining site specificity. The arrangement of hydrogen bond 

acceptors and donors in the major groove is specific for adenine-thymine and 

guanine-cytosine base pairs; and since they are asymmetrical, inverted base pairs can 

be distinguished. In the major groove, the 6-NH2 group of adenine and the 4-NH2 

group of cytosine act as hydrogen bond donors, while the 0 6  and N7 atoms of 

guanine, along with adenine N7, and thymine 04 , are hydrogen bond acceptors. In 

the minor groove, on the other hand, there is no distinction between an adenine- 

thymine or thymine-adenine base pair with respect to the position of hydrogen bond 

acceptors, and the same is true for hydrogen bonding arrangements of guanine- 

cytosine and cytosine-guanine base pairs. In this groove, the N3 of adenine, the 0 2  of 

thymine, the N3 of guanine and 0 2  of cytosine are hydrogen bond acceptors, while 

the 2-NH2 group of guanine is the sole hydrogen bond donating group.

Proteins that bind to DNA usually interact in the major groove, because the latter is 

wider and can accept the bulky protein, and also because the major groove has twice
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the information content. By contrast, groove-binding drugs and small ligands fit 

comfortably in the narrow minor groove of B-DNA, and are practically always found 

to bind in this location. The major groove is too large to maximise van der Waals 

interaction with these small molecules. Major groove binders such as the nitrogen 

mustards have long been used in the treatment of cancer. These agents show poor 

sequence specificity by forming mono functional adducts with the N7-position of 

guanine and also cross-linking them at 5’-GA/TC sites. These adducts form 

frequently all over the genome which presumably contributes to the toxicity of this 

class of agents. Interestingly, it has been estimated that a drug binding site size of 

about 16-18 bases long is required in order to target one particular gene. Considering 

the poor sequence specificity of approximately 3-4 base pairs for the major groove 

binders, they kill all rapidly dividing cells in addition to tumour cells and thus result 

in toxicity to bone marrow and the gut epithelium^*. In addition, previous results 

have shown that major groove guanine-N7 adducts are readily repaired by 

intracellular enzymes thus leading to resistance and limiting their cytotoxicity

Therefore, to increase sequence specificity, efforts have been made to design drugs 

which bind in the minor groove of DNA. These type of compounds are comprised of 

aromatic rings whose overall curvature matches the floor of the minor groove which 

has a convex surface There are other important factors responsible for sequence 

recognition in the minor groove. For example, the hydrogen bond accepting and 

donating groups present on the edges of the minor groove can be exploited to design 

ligands that specifically recognise them *̂. X-ray crystallography and NMR studies 

have shown that van der Waals and electrostatic interactions between a ligand 

molecule and the negative charges on the floor of the minor groove play an equally
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important role in sequence recognition Minor groove binders generally affect gene 

expression by inhibiting transcription factors such as the TATA box binding protein 

which interacts with DNA. They can also inhibit DNA processing enzymes such as 

Toposiomerases I and II. Some molecules are known that form cross-links in the 

minor groove of DNA, and these lesions are less susceptible to repair by intracellular 

enzymes thus forming more stable adducts.

1.4.1 DNA INTERACTIVE AGENTS

A) TOPOISOMERASE INHIBITORS

DNA in eukaryotic cells is twisted extensively and packed into the nucleus. 

Topoisomerases are enzymes which ‘unpack’ the DNA at selected regions to allow 

processes such as transcription and replication to take place. There are two types of 

DNA topoisomerases, type I and type II. Type I Topo acts by nicking and resealing 

one strand of supercoiled double-stranded DNA, and plays an important role in the 

separation of parental DNA strands prior to replication. It binds to the phosphodiester 

bond of the DNA to form a Topo I-DNA complex which cuts the DNA at that point. 

The complex then allows rotation of the other strand through the nick thus releasing 

any overwinding. After the DNA is relaxed the enzyme reseals the broken strand. A 

Topo I inhibitor such as camptothecin binds reversibly to the Topo I -D N A  complex 

and blocks the strain relaxing action of the enzyme, leading to DNA damage in the 

form of cleavage and cell death. The Topo II enzyme, on the other hand, nicks and 

reseals both strands of the DNA helix, and relaxes the DNA by allowing a complete 

DS DNA helix to pass through the transient break. This process plays an important
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role in separating interlocked double-stranded daughter chromosomes at mitosis. The 

Topo II consists of two identical subunits. Each of the subunits reacts with the 

phosphodiester bond on one strand of a DNA duplex and cleaves it. This complex of 

Topo II with the DNA is referred to as a ‘cleavable complex’, and any interference 

with this step can lead to permanent double stranded breaks. After the cleavage 

reaction the enzyme passes another duplex segment through the gap and then reseals 

the first duplex. This results in alteration of the topology of the DNA Topo II 

inhibitors such as etopside and doxorubicin trap the cleavable complex and prevent it 

from completing the resealing process. This results in single- and double-stranded 

breaks ultimately leading to apoptosis. Etopside is used as front line therapy for 

small-cell lung cancer and a variety of leukaemias and lymphomas, whereas 

doxorubicin forms part of numerous combination chemotherapeutic regimens

B) INTERCALATORS

The intercalating agents represent one of the most widely-used groups of anti-tumour 

drugs. They are flat in shape, consisting o f three or four fused aromatic rings. They 

work by inserting between the base pairs o f DNA, thus affecting the function of DNA 

binding proteins and enzymes including DNA trascriptases. The anthracyclines 

represent the best-known family of intercalating agents. Members of this group 

consist of a planar anthraquinone nucleus attached to an amino-containing sugar. 

Anthracyclines are natural products isolated from streptomyces species, and well- 

known examples include doxorubicin and daunorubicin {Figure 1.4). They are made 

up of an aglycone ring linked to an amino-sugar through a glycosidic bond. They 

insert between the base pairs and, as a result, lengthen and stiffen the DNA helix.
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Figure 1.4: Structures o f  well-known anthracycline antibiotics (A) Doxorubicin (B) 

Daunorubicin
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In particular, after intercalating between the base pairs the anthracyclines interfere 

with the function of the Topo II enzyme and prevent the resealing of DNA. They also 

cleave DNA by forming active oxygen radical species which cause single-stranded 

breaks. The radicals are formed from the hydroxyquinone moiety present in the 

anthracycline ring by reaction with iron. These free radicals, once formed, result in 

the formation of single-strand DNA breaks. Doxorubicin is used in treatment of 

various carcinomas, sarcomas and lymphoid tumours. Daunorubicin is used mainly in 

the treatment of acute myelogenous leukaemia. However, tumour resistance and 

toxicity limit their clinical use
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1.4.2 ALKYLATING AGENTS

Dacarbazine, temozolomide and procarbazine are commonly used drugs in this 

category. Dacarbazine and temozolamide methylate guanine bases within the major 

groove of DNA, and the resultant drug-DNA adducts blocks DNA processing. 

Dacarbazine is used as a single agent to treat metastatic melonoma and in 

combination with other agents for the treatment o f soft tissue sarcomas. 

Temozolamide is a more-recently introduced alkylating agent and is currently used as 

a second-line treatment for malignant gliomas. Procarbazine is currently used in the 

treatment of Hodgkin’s disease. It undergoes an oxidative process to form methyl 

ions which act as DNA methylating agents towards guanine residues *’

1.4.3 CROSS-LINKING AGENTS

These agents contain two electrophilic centers which bind covalently to nucleophiles 

within the strands of DNA. For example, they bind to nucleophiles such as the N7 

atom of guanine in the major groove of DNA resulting in cross-linking between, or 

within, the two DNA strands. This results in inhibition of DNA strand separation 

during replication, ultimately leading to induction of apoptosis. They are broadly 

classified into nitrogen mustards, nitrosoureas, aziridines and platinum compounds 

One of the most widely used nitrogen mustards is cyclophosphamide, {Figure 1.5), 

which is used in the treatment of various cancers. The parent compound is inactive, 

but is activated by hepatic mixed function oxidases to form the reactive 

phosphoramide mustard. The other commonly used nitrogen mustards include
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chlorambucil, used for chronic lymphocytic leukaemia and melphalan which is used 

for the treatment of multiple myeloma.

Figure 1.5: Structures o f  well-known cross-linking agents (A) cyclophosphamide (B) 

chlorambucil (C) melphalan (D) mitomycin (E)cisplatin
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The azridines are structurally similar to intermediates formed from the nitrogen 

mustards and are less reactive. One exception is mitomycin, an antitumour antibiotic 

combining an aziridine ring with quinone carbamate functionalities. It inhibits DNA 

synthesis by a combined action of DNA crosslinking and the alkylation of one strand. 

One problem with the nitrogen mustards is that they typically have low potency 

because their reactive groups hydrolyse and covalently bind to proteins as well as 

DNA. Their interstrand cross-link frequency is thus low, only 1 in 20 adducts being 

bifuncional. In addition, their N7 guanine adducts are readily repaired.

Carmustine and lomustine are the best known examples of the nitrosourea family. 

The nitrosoureas alkylate DNA and lead to the formation of both mono-adducts and 

interstrand cross-links at a number o f different sites. Lomustine is mainly used for the
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treatment of certain solid tumours and Hodgkin’s disease, whereas carmustine is used 

for brain tumours, lymphomas and myelomas. The drugs cisplatin, carboplatin and 

oxiplatin are the most widely used drugs in cancer chemotherapy and belong to the 

platinum complex family. Cisplatin plays a major role in the treatment of ovarian and 

testicular cancers, and its mechanism of action involves the formation of intrastrand 

cross-links between the N7-N7 position o f guanines in the major groove o f DNA

1.5 MINOR GROOVE BINDERS

Minor groove binders that bind to DNA non-covalently can be classified into four 

major categories. These are netropsin and distamycin-based motifs, benzimidazole- 

based ligands, bis-phenylamidinium agents, and polybenzamides.

A: Netropsin andDistamycin Based Motifs

Netropsin and distamycin are polyamide natural products extracted from 

Streptomyces species (see Figure 1.6 for structures of netropsin, distamycin and 

lexitropsin). They consist of planar 5-membered rings that bind to four or five 

consecutive A-T base pairs, and are thought to work by interaction of DNA-binding 

proteins such as the TATA binding protein (TBP) which recognises A:T rich DNA 

sequences via minor groove interactions. The ligands are positively charged and 

attracted to the high electronegative potential of A:T sequences. In addition, hydrogen 

bonds are formed between the ligands and the 0 2  atoms of thymine and N3 atoms of 

adenine. The pyrrole and amide groups present in the ligand further stabilise the 

complex formed by forming van der Waals interactions, and in netropsin the terminal
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amidinium groups are involved in hydrogen bonding to the base edges. Distamycin is 

the N-methylpyrrole analogue of netropsin and differs by the absence of one cationic 

guanidium group. Crystallographic and NMR studies have shown that distamycin 

exhibits an extended DNA binding site compared to netropsin and that two 

distamycin molecules can bind adjacently within the minor groove of DNA in an anti

parallel fashion, thus extending the width of the minor groove. The lexitropsins were 

derived from distamycin and netropsin-type molecules in an attempt to produce 

analogs that can recognise GC base pairs. To accomplish this, the pyrrole ring in 

netropsin/distamycin was changed to a N-methylimidazole ring to try to recognise the 

exocyclic N2 atom of guanine. To date, a large number of lexitropins have been 

synthesised and evaluated. Although they can recognise G:C base pairs, some A:T 

recognition is normally retained, thus limiting their utility. The difficulty experienced 

with introducing G:C specificity is attributed to the wider groove width in G:C 

regions which makes it difficult for a narrow molecule to obtain close van der Waals 

contacts^'.
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Figure 1.6: Structures o f  (A) distamycin, (B) netropsin and (C) lexitropsin
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B: Benzimidazole Based Ligands

Examples of benzimidazole-based ligands include the synthetic Hoescht 33258 

{Figure 1.7) and its related analogues.

Figure 1.7: Structure ofHoechst 33258
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Hoechst 33258 is primarily used as a fluorescent DNA stain. It was shown to have 

some antitumour activity, but was withdrawn from clinical trials because of toxicity. 

Molecules of this type are thought to work by interfering with the enzyme DNA 

topoisomerase I, or possibly by stabilising the cleavable complexes formed between 

DNA and DNA toposiomerase I or II Quantitative footprinting studies have 

demonstrated that Hoechst 33258 preferably binds to 5’-AATT-3’ sites rather than 5’- 

AAAA-3’̂  ̂with the piperazine ring extending to the first adjacent G:C base pair.

C: Bis-phenylamidinium Ligands

The bis-phenylamidinium minor groove binding agents includes berenil {Figure 1.8), 

DAPl and the pentamidine analogues.

Figure 1.8: Structure o f  Berenil

These molecules consist of two-phenyl groups attached through a linker. Berenil, the 

prototype member of this group, preferentially binds to 5’-AAT-3’ sequences. The 

amidinium groups are thought to hydrogen bond to 0 2  thymine or N3 adenine atoms. 

Berenil was initially found to have anti-protozoal activity, and is used in veterinary 

medicine for the treatment of trypanosomal infections. The analogue pentamidine,
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which binds to four base pairs with a preference for A:T sequences, is effective in the 

treatment of pneumonia, but its clinical use is limited by toxicity. DAP I is used as a 

florescent marker for chromosomal DNA. Footprinting and spectrometric studies 

have shown it binds to three base pairs with a preference for A:T binding sites.

D: Polybenzamides Alkylating Agents

The polybenzamide minor groove binding alkylating agents contain three benzene 

rings joined by two carboxamide groups. The best known member of this group is 

alkamin {Figure 1.9)

Figure 1.9: Structure o f  Alkamin
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Two single-armed ‘mustard’ groups are attached at each end of the molecule along 

with a positively charged (at physiological pH) tertiary amines These compounds 

were designed to bind to AT tracts in a manner similar to oligopyrrole antibiotics and 

bisbenzimidazoles, but to form irreversible covalent bonds to the N3 atoms of 

adenines, with the spatial separation of the mustard groups intended to enhance the 

formation of interstrand crosslinks. Studies on alkamin have shown that it is a highly
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efficient cross-linking agent with substantial cytotoxicity and antitumour activity in 

experimental tumours in mice.

1.6 PYRROLOBENZODIAZEPINES (PBDs)

The PBDs are a family of antitumour antibiotics that bind in the minor groove of 

DNA. They are natural products derived from the Streptomyces species, that are 

known to possess anti tumour, antibiotic and antimicrobial activity. Important early 

members of this family include anthramycin tomamycin and sibiromycin

Completion of the human genome project and the identification o f certain oncogenes 

responsible for tumour activity have evoked a keen interest in the development of 

sequence specific drugs potentially capable of down-regulating single genes or 

families of genes. The drugs developed must be capable of recognising unique 

sequences on oncogene fragments and downregulate them In the case of PBDs 

which target GC-rich DNA sequences it has been established that a number of 

oncogenes contain highly specific ‘GC’ rich regions and may be relevant targets

A selection of PBD molecules are shown in Figure 1.10 illustrating that they have in 

common a central pyrrolobenzodiazepine nucleus which can differ in the number, 

type and position of substituents in the aromatic A-ring and pyrrole C-ring. In 

addition, the pyrrole C-ring may be fully saturated or unsaturated at the C2-C3 

(endocyclic) or C2 (exocyclic) positions.
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Figure 1.10: Structures o f  examples o f  well-known pyrrolohenzodiazepene molecules
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The mechanism of action of the PBDs involves both covalent and non-covalent 

interactions {Figure 1.11). After insertion into the minor groove, the electrophilic 

N lO -C ll imine group reacts with the exocyclic N2 atom of guanine to form an 

aminal bond, thus stabilizing the drug/DNA complex In addition, studies with PBD 

dilactam molecules lacking the N lO -C ll imine moiety have demonstrated that PBD 

molecules also utilise non-covalent interactions to bind to DNA'^^. Most importantly, 

all PBD molecules possess a chiral centre at the Cl la  position which is always in the 

S-configuration and provides the molecule with a right-handed twist when viewed 

from the C- ring toward the A-ring. This provides the PBD skeleton with the 

appropriate 3-dimensional shape to allow a snug fit in the DNA minor groove"^'.
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Figure 1.11: PBD-DNA addiict formation

1,X„HN ^  3UAMNE

T''i —

Y_
\

dn ;

i' i'

The electrophilic centre at the NlO-Cl 1 position responsible for alkylating DNA can 

exist in imine, carbinolamine or carbinolamine methyl ether forms {Figure 1.12). An 

imine bond at ClO-Nl l  is highly reactive towards nucleophiles such as water or 

methanol, and this can lead to formation of the corresponding carbinolamines or 

carbinolamine methyl ethers, respectively. The reaction is, however, reversible under 

anhydrous conditions resulting in reversion to the imine

Figure 1.12: The different possible chemical structures at NlO-Cl 1 position (A- 

carbinolamine methyl ether, B-imine, C- carbinolamine)
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Clinical evaluation of anthramycin was limited as it was found to be cardiotoxic and 

produced necrosis at the site of injection However, the cardiotoxicity was
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attributed to the C9-hydroxyl functionality and analogues were later synthesised to 

reduce this adverse effects.

1.6.1 Characterisation of PBD-DNA Adducts

Various techniques including UV spectroscopy, fluorescence, IR, Raman 

spectroscopy, circular dichorism and DNA thermal dénaturation studies were initially 

carried out to study the binding of PBDs to DNA. However, these methods were not 

able to locate the specific position of binding on a DNA strand. DNA strand cleavage 

assays using radiolabelled oligos, affinity cleavage assays using MPE-Fe (II), DNA 

nuclease 1 and high-resolution techniques like NMR and X-ray crystallography are 

currently used in combination with these to provide structural information.

A summary of significant results leading to the characterisation of PBD-DNA adducts 

is provided below:

• Electrical dichroism measurements showed that anthramycin does not intercalate 

into DNA. In support of this, viscosity measurements and sedimentation data 

indicated that the DNA helix is stiffened but not lengthened upon PBD binding

• SAR studies by Hurley and co-workers confirmed the point o f attachment of 

PBDs with the guanines and found that PBDs are unreactive towards poly (dl) 

poly (dC) sequences. From this it was concluded that the N2 amino group of 

guanine is the binding site and that the C lO -N ll carbinolamine bond is essential 

for DNA binding In support of this, florescence studies provided confirmatory
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evidence that PBDs do not intercalate into DNA and that the C lO -N ll imine 

species is an absolute requirement for DNA binding

CPK (Corey, Pauling and Koltun) modeling studies were carried out by Hurley 

and co-workers to investigate the point of covalent bond formation. These studies 

were based on previously reported crystal structure of anthramycin. X-ray 

diffraction studies on crystals of anthramycin had provided evidence that the 

molecule is twisted 40° to 50° from one end to the other along its axis. CPK 

models developed based on this crystal structure strongly suggested that the 

covalent link occurred between the N lO -C ll carbinolamine species of the PBD 

and the C2-NH] of guanine. The model also suggested that the stereochemistry at 

C-11 should be (S) - and that the aromatic ring should point towards the 3’ side of 

the covalently modified DNA strand. This arrangement resulted in a snug fit of 

the ligand in the minor groove of DNA without any detectable distortion o f helix. 

These results from the CPK models correlated with previous biochemical data 

suggesting that the non-distortive nature of the adduct may make it difficult for 

the excision repair system to detect it.

To provide direct evidence for the structure of the adduct, *^C- and ^H- NMR 

spectroscopy and proton NMR studies were performed on anthramycin-DNA 

complexes. These studies showed that a shift in the resonance of the C l 1-position 

o f the PBD of 16 ppm, providing conclusive evidence that the NlO-Cl 1 position 

is involved in covalent link These workers also compared the proton NMR 

spectrum of an d(ApTpGpCpApT) oligo and that for an anthramycin-
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d(ApTpGpCpApT) adduct. The results also confirmed guanine C l-N H z as the site 

of attachment of the PBD.

• In addition to forming an irreversible covalent bond with the C2 -NH2 of guanine, 

PBDs were demonstrated to be capable of forming non-covalent interactions with the 

DNA through the synthesis of a group of dilactam PBDs lacking the N lO -C ll 

carbinolamine moiety responsible for covalent DNA bonding Thermal 

dénaturation and florescence quenching studies on a series of PBD dilactams showed 

that a significant but lower degree of DNA binding could take place provided 

hydroxyl groups at the C2- and the C8- positions were present. These results were 

rationalised with data obtained from molecular modelling studies. It was concluded 

that the C2- and C8- hydroxyl groups were participating in hydrogen bonds with 

functional groups on DNA. In addition, studies have shown that the non-covalent 

DNA interactions were significantly enhanced on PBD dilactams with the inclusion 

of a C2-aryl functionality along with C2-C3 unsaturation

1.6.2 Sequence Specificity, DNA Binding and Cytotoxicity Studies on PBD 

Monomers

• Methidiumpropyl-EDTA-iron (MPE-Fe(II)) footprinting techniques were used to 

determine the sequence specificity of the PBD monomers. These experiments 

established a 3-4 base-pair footprint for PBDs as predicted by the CPK models. 

The molecules were also found to have a preference for binding to guanines 

flanked by purines (e.g., Pu-G-Pu) The preferred binding sequences were 

further evaluated using an exonuclease III stop assay The results supported the 

previous finding in that Pu-G-Pu was established as the preferred binding site,
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followed by Py-G-Pu and Pu-G-Py sequences. Py-G-Py was determined to be the 

least preferred binding site. For a number of PBD monomer analogues the assay 

also demonstrated a good relationship between DNA alkylation ability and 

cytotoxicity.

• A quantitative assay based on the ability of PBDs to inhibit the activity of 

restriction endonuclease BamHl was developed by Puw ada and co-workers to 

compare the DNA binding affinity of PBDs of similar structure. For the parent 

natural products, the results established the rank order of potency as: sibiromycin 

> anthramycin > tomamycin > DC-81 > neothramycin. This rank order correlated 

with the IC50 values obtained across two cancer cell lines except for tomamycin, 

which was found to be more cytotoxic than anthramycin. The most potent 

compounds were found to have a sp2-hybridised C2 carbon and a degree of 

unsaturation in the C-ring with endocyclic unsaturation favouring higher DNA 

binding affinity

1.6.3 Structural Activity Relationship Studies

The most significant structural activity relationship information regarding the PBD

monomers is summarises below and in Figure 1.13:

1. The chemical moiety at the N lO -C ll position can exist as an imine, 

carbinolamine or carbinolamine methyl ether form, and it has been established 

as the electrophilic centre responsible for alkylating DNA The -(S) 

stereochemistry at the C l la  position imparts a right-handed twist to the
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molecule providing a snug fit into the minor groove of DNA. Experiments 

with analogues containing -(R) stereochemistry at the C l la  position showed 

no DNA binding affinity and limited cytotoxicity.

2. Bulky substituents at positions 7 and 8 of the aromatic A-ring do not affect the 

DNA binding affinity, but substitution of the C6 position with a methyl group, 

or substitution of the C8 position with a chlorine atom eliminated binding 

affinity. It was concluded that a methyl group at C6 interacted sterically with 

the C5-carbonyl group potentially altering the 3-dimensional shape of the 

molecule required for a snug fit in the DNA minor groove. Conversely, the 

chlorine atom at the C8- position was thought to affect the availability of the 

lone pair of electrons thus reducing the possibility of protonation and lowering 

the propensity of the neighbouring C l 1- position to undergo nucleophilic 

attack by the N2- position of guanine. The presence of electron donating 

groups (e.g., -OH, -CH3) at C8- position enhanced the possibility of a 

nucleophilic attack at C l l -  thus increasing DNA-binding affinity and 

cytotoxicity^^’

3. Unsaturation of the C ring enhances the DNA binding affinity of the PBDs 

probably through flattening the C ring and enhancing fit within the DNA 

minor groove. Complete unsaturation o f the C ring to provide a pyrrole 

structure eliminated DNA binding affinity and cytotoxicity completely 

presumably due to stabilisation of the N lO -C ll imine via conjugation thus 

reducing its electrophilicity
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4. Cytotoxicity and thermal dénaturation studies have demonstrated that the exo 

or endo unsaturation with conjugated C2-aryl or vinyl substituents provides 

analogues with greater potency and cytotoxicity

5. Sibiromycin is the only PBD to possess a sugar moiety at the C7-position and 

is more cytotoxic than all other PBDs monomers.

Figure 1.13: Schematic o f  the SAR studies

(Ref: Thurston, D. E.; Bose, D. S.; Howard, P. W; Jenkins, T. C.; Leoni, A.; Baraldi, P. G.; Guiotto, 

A.; Cacciari, B.; Kelland, L. R.; Foloppe, M. P.; Rault, S., Effect o f  A-Ring Modifications on the DNA- 

Binding Behavior and Cytotoxicity o f  Pyrrolof2,1-c][ 1,4] benzodiazepines. Journal o f  Medicinal 

Chemistry 1999, 42, (11), 1951-1964)
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1.6.4 Extension of sequence selectivity through formation of PBD dimers

The PBD monomers discussed above are capable of recognising and binding up to 

three DNA base pairs. However, there has been much interest in developing agents 

that are able to recognise and bind to longer stretches of DNA. With PBDs one 

approach to enhancing their sequence selectivity was to join two PBD units together 

to span six base pairs Potentially, such molecules can form inter or intra-strand 

cross-links as they contain two alkylating moieties. This concept was originated by 

Suggs and co-workers who linked two DC-81 moieties through their C l-  positions. 

However, these C7/C7 PBD dimers had poor DNA binding and cytotoxicity. The 

concept was advanced by Thurston and co-workers who demonstrated that linking 

two PBD units through their C8- positions produced molecules more isohelical with 

the minor groove thus leading to enhanced DNA binding affinity and cytotoxicity 

The first example was a PBD dimer known as DSB-120 consisting of two PBD units 

joined together through their C8- positions via a flexible 1,3 propanediyl dioxy linker 

{Figure 1.14).

Figure 1.14: Structure o f  DSB-120

0

Molecular modeling and NMR studies on DSB-120 showed that it spans six base 

pairs and forms an interstrand cross-link between two guanine bases separated by two 

AT base pairs, thus recognising a central 5’-GATC-3’ sequence. In vitro
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pharmacological studies on a range of tumour cell lines found that the molecule is 

highly cytotoxic.

The NMR studies carried out on DSB-120 not only showed that the ligand spans six 

base pairs (PuGATCPy or PyGATCPu) and produces highly efficient guanine- 

guanine interstrand cross-links, but it also found that very little distortion of the DNA 

helix occurred upon binding suggesting that the adduct may be poorly recognised by 

DNA repair enzymes These results prompted Thurston and co-workers to carry 

out in vivo xenograft studies. The studies showed that, in spite of its high in vitro 

cytotoxicity, DSB-120 had negligible in vivo activity. This was attributed to the low 

concentration of DSB-120 in tumour cells compared to normal cells. They concluded 

that reduction of the electrophilicity of the N lO -C ll imine moiety may produce 

molecules which are less reactive and thus less bound to plasma proteins thus 

enhancing concentration of the agent in the tumours

1.6.5 SJG-136

SJG-136 is a novel PBD dimer which is in Phase I clinical trials in both the USA 

(NCI) and the UK (Cancer research, UK). It is the C2/C2’ exo-methylene analogue of 

DSB-120” '̂ *.
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Figure 1.15: Development o f  SJG-136 from DSB-120
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A lack of in vivo activity for DSB-120 led to the unsaturation at both C2 positions in 

an effort to reduce the electrophilicity of the molecule at the C lO -N ll position thus 

resulting in reduced interaction of the ligand with cellular nucleophiles. Studies on 

SJG-136 have shown that it raises the melting temperature (ATm) of calf thymus DNA 

by 33.6° C after 18 hours incubation at a 1:5 molar ratio of PBD: DNA. Under 

identical conditions, the PBD dimer DSB-120 produces a ATm of 15.1° C, 

demonstrating the enhancement of DNA-binding affinity despite the potentially lower 

electrophilicity. This is thought to be a due to a better fit in the DNA minor groove 

due to the flatter profile of the molecule compared to DSB-120. A gel electrophoresis 

method developed by Hartley et al was used to compare the DNA cross-linking 

ability o f SJG-136 and DSB-120 This showed that SJG-136 is a more efficient 

cross-linking agent than DSB-120, and 440-fold more potent than the nitrogen 

mustard melphalan. These results were supported by modeling studies which
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confirmed that the presence of the C2/C2’ methylene groups on SJG-136 flattens the 

C-rings and results in better fit of the PBD dimer in the minor groove. This appears to 

reflect the cytotoxicity studies carried out in the human ovarian carcinoma cell line 

A2780 which showed that SJG-136 is 320-fold more potent compared to DSB-120, 

and studies in the cisplatin resistant A2780cisR cancer cell line which showed that 

SJG-136 is 9000-fold more potent than DSB-120

A comparative study to determine the binding preference of analogues o f SJG-136 

with modified linkers was undertaken by Thurston and coworkers The results 

showed that analogues with a 3- or 5- carbon C8/C8’ linkers cross-linked DNA more 

efficiently than those with 4- or 6- carbon linkers, and this pattern was also referred in 

the cytotoxicity of the molecules. Gel electrophoresis and molecular modeling studies 

on SJG-136 confirmed that the drug spans six base pairs across a central 5 -GATC-3' 

sequence with a purine being favoured on the 5’- side of the guanine binding site. 

This was attributed to hydrogen bonding between the NIO- proton and the N3 ring 

nitrogen of the adjacent adenine. In addition, quantitative data revealed that SJG-136 

prefers guanines flanked by purines {i.e., 5’-Pu-G) rather than pyrimidines {i.e., 5’- 

Py-G), confirming earlier observations for PBD monomers. A schematic diagram 

representing the binding of SJG-136 to a 5’-GATC-3’ sequence is shown below:

45



Figure 1.16: Schematic diagram o f  the inter strand cross-linking interaction o f  SJG- 

136 with its cognate sequences
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In vivo pharmacokinetic and pharmacological studies carried out using mouse models 

showed that the drug is stable in plasma with a ti/2 o f > 6 hours. These data 

demonstrated that introduction of C2/C2’ unsaturation had improved the stability of 

the drug and resulted in lower binding to plasma proteins SJG-136 was evaluated 

in the NCI in vitro 60 cell line screen and was found to be a potent cytotoxic agent 

Later studies in mouse xenografts showed that it efficiently reduced the size of the 

tumour mass in all {i.e., >10)  the xenograft models studied

1.6.5.1 DNA Cross-linking Studies of SJG-136

Studies of the interstrand cross-links formed by SJG-136 were carried using a gel 

electrophoresis method developed by Hartley and co-workers In this method a 

linear strand of plasmid DNA is dephosphorylated and radiolabeled at the 5’end using 

^-32p rpjig radiolabeled DNA is then incubated with the ligand at 37 C and analysed 

on an agarose gel under denaturing conditions. This results in separation of the DNA 

strands to provide the corresponding single strands, but the presence of interstrand
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cross-links results in renaturation to the DS form. This process can be visualised as 

bands in the gel with the DS form having a lower mobility than the corresponding 

denatured SS forms. The autoradiographs of the corresponding bands can be 

quantified by laser densitometry.

Figure 1.17: Autoradiograph a neutral agarose gel showing DNA interstrand cross- 

linking caused by SJG-136

{^Reproduced from Hartley. J. A.; Berardini, M D.; Souhami, R. L, An Agarose-Ge! Method for the Determination o f  DNA 

Interstrand Cross-Linking Applicable to the Measurement o f the Rate o f  Total and 2nd-Arm Cross-Link Reactions. Analytical 

Biochemistty 1991, 193. (I). 131-134.)
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Experiments on linear plasmid pBR322 DNA showed that the XL50 value 

(concentration required to produce 50% DS DNA) of Melphalan was 20 pM while 

SJG-136 had a XL50 value of 0.045 uM, indicating that SJG-136 is 440-fold more 

potent than Melphalan This electrophoresis assay was later used to analyse the 

binding preferences of PBD dimers for oligonucleotides with modified binding sites 

These studies revealed that Pu-GATC-Py is the preferred binding sequence for 

SJG-136 ‘and’ this is supported by recent studies using DNA footprinting
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technique In addition to forming interstrand cross-links at Pu-GATC-Py binding 

sites, SJG-136 also forms cross-links with sites containing 5’-GXXC-3’ motifs but 

these are less favoured.

The gel-based assay described above was the only method available until now to 

detect interstrand cross-link formation. Disadvantages include the use of 

radioactivity, it is time consuming and can only reliably be used for longer lengths of 

DNA (>200 bp). ‘To’ avoid the above problems, we set out develop a method based 

on ion-pair-RPLC and mass spectrometry to characterise and quantitate drug-DNA 

adducts formed by SJG-136 and related compounds.

1.6.6 GWL-78

GWL-78 is a pyrrolohenzodiazepene (PBD) conjugate consisting of a PBD unit 

attached to two heterocycles via a four carbon linker (see Figure 1.18) It is a member 

of the recently reported “GWL Series” which consists of a congeneric set of six 

molecules (GWL-77 to GWL-82) that contain one to six pyrrole units.

Since the discovery of the nitrogen mustard agents in the late 1930s ^ there has been 

an almost continuous effort to design and synthesize small molecules capable of 

recognizing DNA sequence and down-regulating transcription, either by blocking 

transcription directly or by inhibiting binding of relevant transcription factors. Most 

have been targeted to linear duplex DNA, and a variety of in vitro assays using 

duplex sequences of various lengths but stripped of chromatin have been developed to 

evaluate such DNA-interactive molecules. However, despite over 50 years of research
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on large numbers of both synthetic and naturally-occurring compounds, it is still not 

possible to selectivity inhibit gene expression in vivo using specifically-designed 

small molecules O f the various families of small molecules that have gained 

prominence, Dervan’s non-covalently-binding hairpin polyamides are the best known 

In addition, there is a substantial literature on the CC-1065 and anthramycin 

(i.e., pyrrolobenzodiazepine or “PBD”) families of agents which are based on 

natural products from Streptomyces species that bind covalently to adenine and 

guanine bases, respectively, within the minor groove of duplex DNA.

It is established that oligonucleotides in solution in vitro or segments of DNA in vivo 

can adopt various conformations including loops, junctions and mismatches^ 

Recently, there has been interest in studying other types o f DNA structures such as 

quadruplexes and hairpins on the basis that such structures may reflect the 

tertiary structure of DNA in living cells more realistically and may be better targets 

for drug design. In particular, a number of groups have successfully designed 

molecules to target DNA quadruplexes as potential telomerase inhibitors There 

has also been interest in DNA hairpin structures as they are known to be important in 

the regulation of a number of biological processes including gene expression 

DNA recombination and the facilitation o f mutagenic events Several studies 

have indicated that, with shorter self-complementary (both palindromic and non- 

palindromic) oligonucleotides, an equilibrium can exist between hairpin, duplex and 

single-stranded {i.e., random coil) forms, with the relative stability of each depending 

on the precise base pair sequence, the length of the loop region, the oligonucleotide 

concentration, and the temperature and ionic strength. Studies have shown that at 

lower concentration the single-stranded form is preferred as they are fewer binding
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sites for the base pairs (adenine with thymine and guanine with cytosine). At higher 

concentration there is more binding sites for the base pairs and hence the duplex form 

is preferred. These were important findings, as DNA sequences with the propensity to 

form hairpin structures (particularly palindromic sequences) often occur near 

regulatory sites in genomic DNA, serving as recognition sequences for restriction 

enzymes. Using 500 MHz NMR, Hald and co-workers ^  established that duplexes 

can be stabilized at high ionic strength and low temperature, whereas hairpin 

structures are more stable at low ionic strength and medium temperatures. Most 

importantly they concluded that hairpin conformations are always present in mixtures 

with duplex conformations. Lah and co-workers studying the 20-mer 5’- 

CGAATTCGTCTCCGAATTCG-3’ by techniques including DSC, UV, ITC and CD, 

concluded that at lower temperatures within a given concentration range the hairpin 

form is the sole DNA species in solution, a result supported by PAGE gel 

experiments. Furthermore, Bonnet and co-workers have used fluorophore and 

quencher labels {i.e., the molecular beacon approach) to demonstrate the dependency 

of hairpin opening and closing rates on parameters such as loop size, temperatures 

and salt concentrations. Other studies have shown that duplex structure is favoured 

over hairpin forms when an ionic molecule such as spermine, one of the major 

cationic molecules in a cell, is present at physiological concentration Similarly, 

Lah and co-workers have reported that interaction of centrally-mismatched 29-mer 

oligonucleotides with the ionically charged netropsin, a naturally-occurring non- 

covalent minor-groove binding agent, favours duplex DNA

As there had been no previous reports of the effect of small non-charged covalent- 

binding DNA-interactive molecules on duplex-hairpin equilibrium, we decided to
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investigate interaction of the pyrrolobenzodiazepine (PBD) heterocycle conjugate, 

GWL-78 {Figure 1.18) with the non-self-complementary oligonucleotides 5’- 

(TATAAGAAAATCTTATA)-3V5’-(TATAAGATTTTCTTATA)-3’ {Seq-1 din&Seq- 

2) {Figure 1.19 and Tables 5.1 and 5.2).

Figure 1.18: Structure o f  the pyrrolobenzodiazepine (PBD) conjugate (GWL-78), 

highlighting the covalent-binding DNA-interactive PBD monomer unit, the 4-carbon 

linker, and attached bis-(N-methylpyrrole) components

C - T e r m in u s  A m id a - C o u p id d  
B i3 -( /V -M e th y lp y rro le )  U n it

4 - C a r b o n
L in k e rMe

MeO
10

H
MeO

1 (GWL-78)

All studies to date with PBD-based compounds suggest that they bind only to double

stranded DNA, lying snugly in the minor groove with a preference for Pu-G-Pu 

sequences and bonding covalently to the central guanine through an aminal bond 

The PBD conjugate GWL-78 is formed from a C-ring-unsubstituted PBD attached to 

a methyl ester terminated 6f\y-(A-methylpyrrole) unit via a four-carbon linker between 

the C8-oxygen of the PBD A-ring and the N-terminus of one pyrrole ring. It is a 

member of the recently reported set of six PBD conjugates (GWL-77 to GWL-82) 

containing one to six N-methylpyrrole units. A remarkable synergy was observed by
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joining the PBD and heterocyclic units together in terms of significantly stabilising 

calf^thymus DNA as measured by thermal dénaturation to levels normally expected 

of covalent interstrand cross-linking agents. Similarly, DNA footprinting and “in 

vitro stop” assay profiles were greatly enhanced compared to either the PBD or bis- 

(A-methylpyrrole) components alone.

The HPLC and MS assay developed for SJG-136 to study the sequence selectivity 

was suitably applied to determine the interaction of PBD conjugate GWL-78 with 

Seq-1 and Seq-2. The results showed for the first time that PBD conjugate GWL-78 

can form stable adducts with single-stranded 17-mer oligonucleotides. The HPLC- 

MS assay was suitably modified for GWL-78 and has confirmed their compositions 

and demonstrated that rate and extent of formation varies with base-pair sequence.

1.7 ION-FAIR REVERSED-PHASE HIGH-PERFOMANCE LIQUID 

CHROMATOGRAPHY

Reversed-phase liquid chromatography (RPLC) has emerged as the most popular and 

general LC technique. In this process the sample to be analysed is distributed between 

two phases, the stationery and mobile phases. The stationary phase is a solid, usually 

a porous surface active material coated on to a solid support. The most common 

columns are packed with silica particles. Silica has hydroxyl ( OH) groups on its 

surface and may be suitably modified with different alkyl groups to provide a non

polar surface. In RPLC the mobile phase is a polar aqueous solution containing an 

organic modifier. Separation is effected by means of hydrophobic interactions 

between the stationery phase and the analyte molecules. The more polar analytes
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dissolve in the mobile phase and are eluted earlier than the non-polar analytes which 

are retained by interaction with the non-polar surface of the solid support

RPLC has been used for the separation of SS DNA molecules modified with 

hydrophobic groups such as trityl- and dimethoxytrityl, separation taking place 

through hydrophobic interactions between the nucleic acid bases and the non-polar 

surface of the stationary phase In the case of DS DNA, the nucleobases are 

hydrogen bonded to each other {i.e., adenine is base paired with thymine and guanine 

with cytosine), and this exposes just the polar phosphodiester backbone to the 

surrounding solution molecules. Therefore, the shielding of the nucleobases in DS 

DNA molecules makes efficient separation difficult by RPLC as they pass through 

the column

One approach to solving this problem is to use ion-pair RPLC in which the mobile 

phase is modified with an ion-pair reagent. This is an amphiphilic ion that carries 

charge, a hydrophobic group and a hydrophilic counter ion. The addition of an ion 

pair agent to the mobile phase creates a positively charged electrical double layer on 

the surface of the column (see Figure 1.21). This attracts the negatively charged 

phosphodiester backbone of the double stranded nucleic acids. Separation on IP- 

RPLC is then effected by both electrostatic and hydrophobic interactions. The 

adsorbed nucleic acids are eluted by increasing the concentration of the organic phase 

which desorbs the amphiphilic ions from the stationary phase
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Figure 1.19: a) Hydrophobic interactions o f  the nucleobases o f  SS DNA with the 

stationery phase in RPLC b) Electrostatic interactions betv^’een an ion-pair agent and  

the phosphodiester back bone o fD S  nucleic acids.

(Reproduced from Huber, C. G.; Oberacher, 11., Analysis o f  Nucleic Acids by On-line Liquid 

Chromatography-Mass Spectrometry. Mass Spectrometry’ Reviews 2001, 20, 310-343.)
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Commonly, triethyl ammonium salts such as the acetate (TEAA) are the ion pair 

agents of choice for RPLC separations However, TEAA often results in analyte 

poor ionisation during mass spectrometry This problem was overcome by using 

other ion-pair agents like 1,1,1,3,3,3-hexaflouroisopropanol triethyl ammonium

bicarbonate or butyl dimethylammonium bicarbonate They provide a good 

compromise between LC separation efficiency and good ionisation in mass 

spectrometry. In the experiments reported in this thesis we have used triethyl 

ammonium bicarbonate as it provided better separation between the DNA and the 

drug-DNA adduct peaks.
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1.8 MASS SPECTROMETRY

Mass spectrometry has emerged as an important tool in biological research and is 

regularly used for the analysis of proteins, peptides, carbohydrates, nucleic acids, 

natural products and drug metabolites. The introduction of the soft ionisation 

techniques has extended the use of mass spectrometry for the detection of non- 

covalent complexes, DNA sequencing, peptide sequencing, drug discovery and 

various others applied areas.

The mass spectrometer is a device that enables determination of the molecular weight 

of a compound or complex by separating ionised molecules according to their mass- 

to-charge (m/z) ratio {Figure 1.20). A mass spectrometer is made up of the following 

components:

• Inlet device - A sample probe or LC to introduce the sample.

• Ion source - The ions produced may be singly or multiply charged. The 

commonly used ion sources include electron ionisation (El), matrix-assisted laser 

desorption/ionisation (MALDI) and electrospray ionisation (ESI)

• Analyser - Separates the ions produced by the source according to their mass-to- 

charge ratio {m/z ratio). Commonly used analysers include Quadrupole mass 

filters, Quadrupole-Iontraps, Time-of-Flight (TOP) and FT-ICR (Fourier transorm 

ion-cyclotron resonance)

• Detector - Counts the ions generated.

• Computer - Processes the above data and represents it in a suitable form.
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Figure 1.20: Schematic diagram o f a mass spectrometer
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The use of mass spectrometry in the analysis of drug-DNA interactions is a relatively 

new area of study. DNA analysis by mass spectrometry has been facilitated recently 

by the introduction of soft ionisation techniques known as matrix-assisted laser 

desorption/ionisation (MALDI) and electrospray ionisation (ESI). The application of 

these techniques to the analysis of nucleic acids has been extensively reviewed

1.8.1 MALDI-TOF

Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry 

(MALDI-TOF MS) is a powerful and widespread analytical tool currently used in all 

fields of the life sciences. In MALDI, the sample to be analysed is mixed with a 

suitable matrix solution and spotted on to a MALDI plate and allowed to dry. The 

matrix is usually a UV absorbing weak organic acid. The analyte molecules become 

embedded in crystals of the matrix. The plate is then loaded into the MALDI 

instrument and bombarded with laser energy.
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Figure 1.21: Diagram Showing the MALDI Process

(Reproducedfrom Siuzdak, G. Mass Spectrometry’ for biotechnology’, Academic press, 1996)

Pulsed laser light. 
V ,  UV or IR

TOP mass analyser

ion desorption

Sample is co-crystallised with 
the matrix on a target plate

Irradiation with the laser (or UV or IR) results in sublimation and ionisation of the 

matrix molecules along with the analyte to form corresponding [M+H]^ protonated 

molecules. The matrix serves two purposes. First, it absorbs most of the incident laser 

energy thus preventing damage to the sample. Second, it aids the ionisation process 

by enabling gas phase proton transfer reactions to occur between the matrix and the 

analyte The TOP analyser then separates the ions formed according to their m/z 

ratio. In the TOP analyser, the ions expelled from the source are accelerated with the 

same potential from a fixed point and travel the same distance. The smaller ions have 

a greater velocity and reach the detector first followed by the larger ions which 

require a longer time. The ions are thus separated according to their m/z.

There are two modes o f extraction in MALDl-TOP, the continuous extraction and 

delayed extraction modes. In the continuous extraction mode, the ions are accelerated 

immediately after the sample is ionised, and this results in a distribution of ions
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according to their initial velocity. In the delayed extraction mode, the ions are formed 

in a field free region, and are extracted after a predetermined time delay by applying a 

high voltage pulse to the accelerating voltage. This enhances resolution, as 

dependence on the initial velocity distribution is minimised. Other factors that need to 

be adjusted to obtain spectra with high intensity and resolution are accelerating 

voltage, grid voltage, extraction delay time and laser intensity, and these are 

discussed further in Chapter 2. The primary advantages of the MALDI-TOF 

technique is that it is simple to use and can be applied to the analysis of molecules 

with a mass range of up to 3 million Da. Other advantages include femtomole 

sensitivity and tolerance to salts in samples

1.8.2: ELECTROSPRAY IONISATION

The electrospray process generally produces multiply charged ions from molecules 

possessing several ionisable sites. The ESI process is milder than MALDI as the 

ionisation takes place at atmospheric pressure.
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Figure 1.22: Schematic Diagram of the ESI Process

(Left panel reproduced from  H’vt'vv. newobjective. com/electrospra\ and right panel from re f 94)
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Initially the sample to be analysed is dissolved in a suitable solvent and loaded into a 

thin capillary. A potential difference of about 3-6 kV is set up between the capillary 

and the counter electrode. This creates a strong electric field at the tip of the capillary 

resulting in the formation of charged ionic particles at atmospheric pressure. 

Assuming a negative potential is applied to the capillary, negative ions will 

accumulate at the surface of the capillary tip. Destabilisation thus occurs at the 

capillary tip leading to the formation of a cone. The droplets with negative charge 

then fly towards the counter electrode. Before entering the vacuum region of the mass 

spectrometer, dry gas or heat is applied to evaporate the solvent molecules. This 

increases the electrical charge density on the surface o f the droplets. At the point at 

which the like charges on the surface of the tip exceed the forces of surface tension 

holding them (decomposing droplet), the ions leave the droplet to enter an orifice 

directed towards the mass analyser In the mass analyser the ions are separated 

according to their m/z. The ESI source may be coupled to a single mass analyser such
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as a quadrupole or FTICR, or combined with several analysers to take advantage of 

their individual characteristics. For the experiments carried out during the project, a 

quadrupole coupled to a TOF analyser was used. A quadrupole consists of four 

parallel rods placed around a central axis. One set of rods has a positive potential and 

the other set a negative potential. The opposing rods have both a direct current (DC) 

and a radiofrequency (RF) voltage component. One set of rods forms a low pass mass 

filter and the other a high pass mass filter. Combining this into a quadrupole 

arrangement creates a ‘band pass’ area that allows only ions of certain m/z to pass 

through. This enables the quadrupole to behave as a mass filter. The primary 

advantage of quadrupoles is their ability to tolerate relatively high pressures which 

enables samples to be introduced at atmospheric pressure. Another advantage is their 

capability to analyse molecules with m/z up to 3000. The primary drawback is that 

they are (generally) low resolution instruments For the experiments reported

here a quadrupole connected to a TOF analyser was used. A schematic diagram of a 

QTOF instrument is shown below (Figure 1.23).

Figure 1.23: Schematic Diagram o f  a QTOF Instrument

T O F

QUADRUPOLE ---

Q - T O F
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The ions from the electrospray source enter the quadrupole mass analyser that filters 

them over a certain mass range. When the MS/MS mode is switched off the 

quadrupole ‘acts’ as an ion guide and ions pass directly from the quadrupole to the 

TOF analyser. If switched on, collision of a selected ion with an inert gas occurs and 

the fragments are detected in the TOF analyser. The hexapoles on either side help in 

focussing the ions to the orifices. The combination of the quadrupole with the TOF 

analyser increases the accuracy and resolution compared to a single quadrupole 

analyser.

1.8.3 Mass Spectrometry Studies of Drug-DNA Complexes

1.8.3.1 MALDI-TOF

The use of mass spectrometry for the study of oligonucleotides has progressed 

significantly with the introduction of the soft ionisation techniques of MALDI and 

ESI. These techniques have found wide applications in DNA and RNA sequence 

analysis, and in the analysis of DNA single nucleotide polymorphisms (SNPS). In 

addition, they have been used to study DNA adducts formed as a consequence of 

oxidative damage and exposure to carcinogens. Recently they have been used to 

characterise and quantitate drug-DNA complexes involving both covalent and non- 

covalent interactions. In this study we have focussed on the use of MALDI and ESI 

methods to characterise covalent drug-DNA complexes.
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Reports on the use of MALDI for studying drug-DNA complexes have been very 

limited, but there are numerous reviews on the use of MALDI-TOF to study the 

purity and sequence of synthetic oligonuceotides. For example, Wang et al have 

shown that MALDI-TOF can be used efficiently to study the modification of bases in 

oligonucleotides. These studies have shown that the length of the oligonucleotide, the 

base composition and choice of matrix can all affect the resolution and intensity of 

the mass signals obtained In addition, higher resolution and mass accuracy

were obtained with the introduction of delayed extraction technology Difficulties 

associated with MALDI for oligonucleotide analysis include unwanted adducts 

formed with sodium and potassium ions giving rise to multiple peaks, and 

fragmentation of the oligonucleotides under the MALDI conditions

Numerous desalting techniques such as use of cation-exchange resin beads, 

minidialysis, anion-exchange HPLC and C]g zip-tips are now regularly used for 

purifying samples prior to MALDI analysis In our studies, ammonium salts were 

used as co-matrix for the removal of sodium and potassium ions. In this case, the 

counter ions present in the ammonium salts interact with the Na^ or ions and reduce 

adduct formation with DNA Common matrices used for DNA analysis include 

picolinic acid, 3-hydroxypicolinic acid 6-aza-2-thiothymine and 2,4,6- 

trihydroxyacetophenone In this study a combination of 2,4,6-

trihyroxyacetophenone with ammonium acetate was used as the matrix. This 

combination produced a homogeneous layer of matrix on the surface and facilitated 

identification of a ‘sweet spot’. In addition, it produced spectra with intense signals. 

Other instrument conditions used for the MALDI analyses are detailed in Chapter 2.
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1.8.3.2 ESI-MS

ESI-MS has emerged as a popular technique for the study of covalent and non- 

covalent drug-DNA interactions. Mass spectrometry has been used for many years to 

characterise and quantify DNA adducts of alkylating agents at the level of individual 

bases, nucleosides or nucleotides. There have been a large number of studies on the 

use of ESI-MS to detect potential carcinogens, and these techniques have also been 

applied to quantify alkylating drugs. In the above, the alkylated DNA undergoes 

enzymatic digestion to the nucleoside, nucleotide or base level. These modified bases 

are then separated by HPLC or capillary electrophoresis and then identified by MS 

For example, reverse phased HPLC has been used to separate Mitomycin/DNA 

adducts resulting from a PI nuclease digest of drug-treated calf thymus DNA using 

both UV and ESI-MS detection The application of ESI-MS to determine the 

sequence selectivity of DNA- binding ligands was initiated by its widespread use as a 

tool to characterise the purity of synthetic nucleic acids. Studies carried out on 

synthetic oligonucleotide mixtures demonstrated that ESI-MS is a powerful technique 

to characterise and separate the individual nucleic acids within a mixture. Further 

work by McCloskey et al demonstrated the use o f ESI-MS to identify an unknown 

oligonucleotide sequence from its MS fragmentation pattern. These studies 

encouraged Sheil and co-workers to determine the sequence selectivity of covalent 

drug-DNA adducts by ESI-MS They initially studied binding of the antitumour 

antibiotic hedamycin to self-complementary hexanucleotides demonstrating that ESI- 

MS could be successfully used for this purpose. They later extended their studies to 

other alkylators such as DC92-B, N-phenanthridinium bromide and the
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duocarmycins. Further studies carried out using tandem MS/MS showed that the 

fragmentation pattern of alkylated DNA followed a specific pathway, and that 

product ions generated during tandem mass spectrometry can be used to predict the 

binding site of a drug with DNA Park et el have used the techniques of UV 

absorbance, ESI-MS and chromatography to characterise the covalent cross-links 

formed by 1,2,3,4-Diepoxybutane (DEB), a bifunctional alkylating agent This 

allowed identification of the structure of both the DNA interstrand cross-links and 

mono-adducts formed by 1,3-DEB. Similar approaches have been used to study the 

different DNA adducts formed by a platinum-intercalator conjugate Gale and co

workers extended these studies to the determination of adducts formed from DNA 

non-covalently binding ligands. For example, they examined the interaction of the 

minor-groove binding agent Distamycin A with a 12-mer dodecanucleotide. The 

results showed that ESI-MS could be used for studying small molecule- 

oligonucleotide duplex non-covalent interactions and for the determination of binding 

stoichiometry Further to this work, there have been extensive reviews published 

on the use of ESI-MS to study the affinity, stoichiometry and sequence selectivity of 

minor groove binding agents such as distamycin, pentamidine, Hoescht 33258, 

netropsin and berenil

A recent paper by Majid et al describes the use of both MALDI and ESI-MS to 

analyse the complexes formed between polybenzamide mustards and defined DNA 

sequences They provide a detailed analysis of the drug-DNA adduct ions 

observed and their fragmentation products using both MALDI and ESI-MS. Similar 

studies on cisplatin adducts were performed and introduced the application of tandem
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mass spectrometry (MS/MS) to identify adducts of cisplatin binding to guanine bases

114

In all the above studies, experimental conditions were adjusted carefully to obtain 

useful information on the drug-DNA complexes. Nucleic acids are strong acids and are 

highly soluble in aqueous solutions. When dissolved in aqueous solutions 

deprotonation of the phosphate groups occurs with formation of polyanions. These 

polyanions can be detected by ESI, and most of the current methods involve negative- 

ion mode ESI-MS to analyse DNA solutions However, in a recent paper, Sheil et al 

have used positive-ion mode ESI-MS to study complexes of DNA with cisplatin, 

daunomycin and distamycin. The results have shown that, with positive-ion mode 

analysis, DS DNA-drug complexes can be observed in comparison to negative-ion 

mode analysis which preferentially forms SS DNA/ drug complexes. However, these 

results were dependent on carefully chosen experimental conditions. For example, 

conditions that need to be considered include the pH of the solution which has to be 

carefully adjusted to > 7-8. If the pH changes to < 7 it can result in depurination of the 

bases with subsequent cleavage of the deoxyribose phosphate backbone. In addition, 

instrument parameters needed to be adjusted carefully to allow gentle ionisation. These 

included low capillary voltage, low cone voltage and low source temperatures, and 

these are detailed further in Chapter 2. Further problems include the formation of 

sodium and potassium adducts with the negatively charged ions from the complex 

This can be overcome by dissolving the DNA in a high concentration of ammonium 

acetate which reduces metal ion adduct formation.
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CHAPTER 2 MATERIALS AND METHODS

2.1. SJG-136

2.1.1. SINGLE-STRANDED OLIGONUCLEOTIDES

(A) Interstrand Cross-linking Studies

Nuclease free water (Sigma-Aldrich, U.K.) was used for all experiments. The self- 

complementary oligonucleotides 5’-d(TATAGATCTATA)-3’ [Average mass:

3643.46 Da; Seq-1], 5’-d(TATAGTACTATA)-3’ [Average mass: 3643.46 Da; Seq- 

2], 5’-d(ATATGATCATAT)-3’ [Average mass: 3643.46 Da; Seq-3] and 5 -  

d(TATAIATCTATA)-3’ [Average mass: 3628.44; Seq-4] were obtained in a 

lyophilised form from Sigma-Genosys U K (see Table 2.1).

Table 2.1: Self-complementary 12-mer oligonucleotides used fo r  the interstrand

cross-linking studies with SJG-136 showing the average mass.

Labels Self-Complementary 

Oligonucleotide Sequences

Melting

Tempera

ture

Tm

( c f

Average Mass (Da)

SS DNA DS

DNA

SJG-136* 

+ DS DNA

Seq-1 5’- TATAGATCTATA- 3’ 22 3643.46 7286.92 7843.53

Seq-2 5’- TATAGTACTATA- 3 ’ 22 3643.46 7286.92 7843.53

Seq-3 5’- ATATGATCATAT- 3 ’ 22 3643.46 7286.92 7843.53

Seq-4 5’- TATAIATCTATA- 3 ’ 19 3628.44 7256.88 7813.49

 ̂Average Mass o f  SJG-136- 556.61 Da 

 ̂Tm values taken from  manufacturers data sheet

66



The Tm values were taken from the manufacturers data sheet and were calculated at a 

particular concentration and ionic strength, which implied that at this particular 

concentration and ionic strength the oligonucleotide may exist predominantly in one 

form (duplex/ hair-pin/ single-stranded form). In the experiments performed a 

different concentration and ionic strength was used. As the conditions had varied, 

there is a possibility of shift of oligonucleotide equilibrium from one form to another, 

and this might have affected the use of Tm values supplied by the manufacturer. More 

consistent results could have been obtained if  the Tm values were calculated 

individually before each experiment.

B) Intrastrand Cross-linking Studies

The single-stranded (SS) oligonucleotides 5’-d(TATAGATGTATA)-3’ [Average 

mass: 3683.48 Da; Seq-1], 5’-d(TATACTACTATA)-3’ [Average mass: 3603.43 Da; 

Seq-1], 5’-d(ATATGATIATAT)-3’ [Where 1= Inosine; Average mass: 3668.47 Da; 

Seq-1 Aino] and 5'-d(TATAIATGTATA)-3’ [Average mass: 3668.47; Seq-lBino] were 

obtained in a lyophilised form from Eurogentec, U.K (see Table 2.2). They were 

annealed to form DS DNA as per procedures used for interstrand cross-linking 

studies.
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Table 2.2: Single-stranded(SS) 12-mer oligonucleotides usedfor the intrastrand 

cross-linking studies with SJG-136 showing their average mass and average mass o f  

the SJG-136/ SS DNA complex ( l=inosine)

Labels SS DNA sequence 

(non self-complementary)

Melting

temp

T . m "

Average Mass (Da)

SS DNA SJG-136“+ 

SS DNA

Seq-1 5’-TATAGATCTATA- 3 ’ 21 3683.48 4240.09

Seq-2 5’-TATAGATCTATA- 3 ’ 21 3603.43 4160.04

Seq-1 Ajfig 5’-TATAGATITATA- 3 ’ 19 3668.47 4225.08

Seq-lBi„o 5’-TATAIATCTATA- 3 ’ 19 3668.47 4225.08

" Average Mass o f  SJG-136- 556.61 Da 

 ̂Tm values taken from manufacturers data sheet

(c) Competition Experiment

The single-stranded oligonuceotides 5’-d(TATAGATCTATA)-3’ [Average mass:

3643.46 Da; 7 , self-complementary], 5’-d(TATATATAGATGTATATATA)- 

3’ [Average mass: 6153.10 Da; 5'e -̂2intraGG], 5’-d(TATATATACATCTATATATA)- 

3’ [Average mass: 6073.05 Da; Seq-2i„tracc] were obtained in a lyophilised form from 

Eurogentec, U.K (see Table 2.3).
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Table 2.3: Single-stranded(SS) oligonucleotides usedfor the competition studies 

with SJG-136 showing their average mass and average mass o f  the SJG-136/ SS DNA 

complex

Labels (SS 

DNA

Sequences)

SS DNA Sequence 

(non self-complemetary)

Melting

temp

Tm fC )"

Average

Mass-SS

DNA

(Da)

Average

Mass

SJG-

136“+ SS 

DNA (Da)

SS DNA

inter

complementary)

5’ TATAGATCTATA 3 ’ 20.4 3643.46 4200.07

SS DNA

intraGG

5 ’ TATATATAGATGTATATATA 3’ 44.1 6153.11 6709.72

SS DNA 

S eq-2  intraCC

5’ TATATATAGATGTATATATA 3 ’ 44.1 6073.06 6629.67

“ Average Mass o f  SJG-136- 556.61 Da 

 ̂Tm values taken from manufacturers data sheet

2.1.2. DOUBLE-STRANDED OLIGONUCLEOTIDES

Each single-stranded oligonucleotide was dissolved in 100 mM ammonium acetate 

(Sigma-Aldrich, U.K.) to form a stock solution of 2 mM which was later diluted to 1 

mM by addition of annealing buffer (10 mM Tris/50 mM sodium chloride/1 mM 

BDTA, pH 7.1).
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(A) Interstrand Cross-linking Studies

Solutions of double-stranded DNA were prepared by heating the self-complementary 

DNA sequences (1 mM) in annealing buffer solution (pH 8.5) to 20-30 C higher than 

their melting temperatures (see Table 2.1-Interstrand cross-linking studies) for 10 

mins in a heating/cooling block (Grant Bio, U.K.).

(B) Intrastrand Cross-linking Studies

Solutions of double-stranded DNA Seq-I2 (SS DNA Seq-1 + SS DNA Seq-2), DS 

DNA Seq-lAi„o2 (SS DNA Seq-lAi„o + SS DNA Seq-2), DS DNA Seq-lBi„o2 (SS 

DNA Seq-lBino + SS DNA Seq-2) were prepared by heating the complementary SS 

DNA sequences (1 mM; see Table 2.2) in annealing buffer solution (pH 8.5) to 20- 

30 C higher than their melting temperature for 10 mins in a heating/cooling block 

(Grant Bio, U.K.). Table 2.4 shows the annealed double-stranded oligonucleotides 

with their average mass.
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Table 2.4\ Double-stranded(DS) oligonucleotides usedfor the intrastrand cross- 

linking studies prepared by annealing the SS DNAs ( shown in Table 2.2) with their 

average mass and average mass o f  the SJG-136/DS DNA complex

Labels DS DNA sequence used Average 

Mass (Da)

Average

Mass

SJG-136’ + 

DS DNA (Da)

Seq-12 5 ’-TATAGATGTATA-3 ’ 

3 ATATCTACATAT-5 ’

7286.91 7843.52

Seq-lAi„o2 5’-TATAIATGTATA-3’ 

3 ’-ATATCTACATAT-5 ’

7271.90 7828.51

Seq-lB,„o2 5 ’-TATAG ATITATA-3 ’ 

3 -ATATCTACATAT-3 ’

7271.90 7828.51

Seq-11 

(non-

complementary)

5 ’-TATAGATGTATA-3 ’ 

3 -ATATGTAGATAT-3 ’

7366.96 7923.57

Seq-22

(non-

complementary)

5 ’-TATAC ATCTATA-3 ’ 

3 ’-ATATCTACATAT-3 ’

7206.87 7763.48

" Average Mass o f  SJG-136- 556.61 Da

(C) Competition Experiment

Solutions of double-stranded DNA DS DNA Seq-fnter (SS DNA Seq-li„ter', self- 

complementary), DS DNA Seq-2intra (SS DNA Seq-2i„traGG + SS DNA Seq-2imracc)
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were prepared by heating the complementary SS DNA sequences (1 mM; see Table 

2.3) in annealing buffer solution (pH 8.5) to 20-30 C higher than their melting 

temperature for 10 mins in a heating/cooling block (Grant Bio, U.K.). Table 2.5 

shows the annealed double-stranded oligonucleotides with their average mass.

Table 2.5: Double-stranded (DS) oligonucleotides usedfor the competition studies 

prepared by annealing the SS DNAs ( shown in Table 2.3) with their average mass 

and average mass o f  the SJG-136/DS DNA complex

Labels (DS DNA 

Sequences)

DS DNA Sequence Average

Mass-DS

DNA

(Da)

Average

Mass-

SJG-

136*+ DS

DNA

(Da)

DS DNA Seq-1 inter 5’ TATAGATCTATA 3’ 

3’ ATATCTAGATAT 5’

7286.92 7843.53

DS DNA Seq-2j„tra 

(annealed using SS 

DNA Seq-2 intraGG 

+ Seq-2 intraCC

5’ TATATATAGATGTATATATA 3’ 

3’ AT AT ATATCTAGATAT AT AT 5’

12226.17 12782.78

 ̂Average Mass o f  SJG-136- 556.61 Da

For all the experiments, the solutions were then allowed to cool slowly to room 

temperature followed by storage at -20 C overnight to ensure completion of the
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annealing process. Working solutions of DS DNA duplexes of 50 pM were prepared 

by diluting the stored solutions with 20 mM ammonium acetate.

2.1.3. SJG-136

SJG-136 was provided by Ipsen Pharma (Batch M l 1987; originally from Starks/NCI 

Batch LJ41-119-2) and was dissolved in 50/50 v/v methanol/water to form a stock 

solution of 3 mM which was stored at -20°C for no longer than four months. 

Working solutions of the drug of 200 pM were prepared by diluting the above 

solution with nuclease free water. These were stored at -20°C for not more than one 

week and thawed to room temperature for use when required.

2.1.4. SJG-136/DS DNA COMPLEXES

SJG-136/DS DNA complexes were prepared from a 4:1 molar ratio of SJG-136 and 

DS DNA and incubated in a heating/cooling block at a temperature 5°C lower than 

the melting temperature o f each oligonucleotide duplex. Samples were withdrawn at 

various time intervals and subjected to ion-pair RPLC and mass spectrometry analysis 

as described below.

2.1.5. ION-PAIR RPLC ANALYSIS

Various column types and solvent systems were initially experimented. The solvent 

systems used included triethyl ammonium acetate (TEAA), 1,1,3,3- 

hexaflouroisopropanol (HFIP) and triethyl ammonium bicarbonate (TEAB). 

However, problems were encountered with LC separation and MS ionisation with 

each individual solvent systems. TEAA did not provide good separation of DS DNA
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and the drug-DNA adduct. Though HFIP provided good separation in LC, the 

ionising efficiency was poor in mass spectrometer. TEAB provided good compromise 

between LC separation and ESI efficiency, and hence was used for our experimental 

work. Various commercially available silica columns were also initially tried for 

separating DNA and the drug-DNA adduct. They did not provide peaks with good 

shape and were not stable at high pH. The above drawbacks were overcome by the 

use of Xterra columns. These columns consisted of hybrid particles made of both 

silica and organic particles. They provided good separation of DNA peaks and were 

stable at high pH.

Chromatography was performed on a Thermo Electron HPLC system equipped with a 

4.6 X 50 mm Xterra MS CIS column packed with 2.5 micron particles (Waters Ltd, 

U.K.), an UV 1000 detector, an AS3000 autosampler, a SCMIOOO vacuum degasser 

and Chromquest software (Version 4.1).

(A) Interstrand Cross-linking Studies

The gradient system used for LC analysis consisted of 50 mM triethyl ammonium 

bicarbonate (TEAB) as buffer A and 50 % acetonitrile in water (HPLC grade, Fischer 

Scientific, U.K) as buffer B. For buffer A, a 1 M pre-formulated buffer of TEAB was 

purchased from Sigma-Aldrich, U.K which was diluted to 50 mM with HPLC grade 

water (Fischer Scientific, U.K). The gradient was ramped from 95 % A at 0 mins to 

60 % A at 20 mins and finally to 10 % A at 25 mins. UV absorbance was monitored 

at 254 nm and fractions containing separated components were collected manually 

and analysed using MALDI-TOF and ESI-QTOF mass spectrometry as described 

below. Use of an internal standard was considered but not pursued given that
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acceptable accuracy and precision were achieved from averaging the ratios between 

the LC peaks at 17.9 and 19.1 mins from three separate experiments.

(B) Intrastrand Cross-linking Studies

All the conditions remained similar to the above studies except that the gradient was 

ramped from 95 % A at 0 mins to 50 % A at 20 mins and finally to 10 % A at 25 

mins.

(C) Competition Experiment

The instrument and the column conditions remained similar to the previous 

interstrand/intrastrand cross-linking studies. The buffer conditions were altered 

consisting of 100 mM TEAB as buffer A and 30 % acetonitrile in water (HPLC 

grade, Fischer Scientific) as buffer B. For buffer A, a 1 M pre-formulated buffer of 

TEAB was purchased from Sigma-Aldrich, U.K which was diluted to 100 mM with 

HPLC grade water (Fischer Scientific, U.K). The gradient was ramped from 95 % A 

at 5 mins to 60 % A at 50 mins and finally to 10 % A at 60 mins. UV absorbance was 

monitored at 254 nm and fractions containing separated components were collected 

manually, lyophilised (Speedvac, Therm Electron) and analysed using ESI-QTOF 

mass spectrometry as described below

2.1.6. MASS SPECTROMETRY ANALYSIS

2.1.6.1. MALDl-TOF

An Applied Biosystems Voyager-DE Pro Biospectrometry Workstation Matrix- 

Assisted Laser Desorption/Ionisation Time of Flight (MALDI-TOF) mass 

spectrometer (Framingham, MA, USA) was employed to obtain MALDI-TOF spectra
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of components within collected fractions (interstrand/intrastrand cross-linking 

studies). Samples from fractions containing single components collected from the LC 

were mixed with a freshly prepared 0.2 M solution of 2,4,6-trihydroxyacetophenone 

(Sigma-Aldrich, U.K.) matrix solution at a 1:5 vol/vol ratio prior to MALDI analysis. 

The spectra were calibrated externally using the ions produced from untreated DS 

DNA mixed with a standard solution o f the homo-oligonucleotide d(T)24 (Average 

mass = 7238.7 Da; Sigma-Genosys, U.K.).

MALDI spectra were recorded in the positive mode, as this mode yielded more 

intense peaks for DS DNA and drug-DS DNA peaks than the negative mode. All 

spectra were acquired in the linear mode, since this gives the highest sensitivity for 

the drug/DS DNA peaks at high molecular weight. The mass spectrometer was set to 

delayed extraction mode with a delay time of 100-150 nsec, since this gives superior 

resolution compared to the continuous mode. Other instrument parameters that were 

adjusted include the acceleration voltage at 23,000 V with a grid voltage of 94 %. The 

number of laser shots per spectrum was set to 150, and the laser intensity was 

adjusted to obtain good signal to noise ratio. The spectra were acquired over the m/z 

range 500-8000.

2.L6.2. ESI-MS

ESI-MS spectra were acquired on a Micromass Q-TOF Global Tandem Mass 

Spectrometer (Waters, Manchester, UK) fitted with a Nano Spray ion source. The 

negative mode was used for data acquisition and the instrument was calibrated with 

ions produced from a standard solution o f taurocholic acid (10 pmole/pl in 

acetonitrile) in aceton
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(A) Interstrand Cross-linking Studies

The HPLC fractions collected were mixed in a 1:1 v/v with 50 % acetonitrile/water 

which was also used as the electrospray solvent. About 3-5 pL of this solution was 

loaded into a metal-coated borosilicate electrospray needle with an internal diameter 

o f 0.7 mm and a spray orifice of 1-10 pm (NanoES spray capillaries, Proxeon 

Biosystems, U.K.) which was positioned at -10  mm from the sample cone to give a 

flow rate of ~ 20 nl/min. Nitrogen was used as the API gas, and the capillary, cone 

and RF Lens 1 voltages were set at 1.8 - 2.0 kV, -  50 V and 50 V, respectively. The 

collision voltage was 10 V and the MCP voltage was set at 2100 V. Spectra were 

acquired over the m/z range 400-2000.

(B) Intrastrand Cross-linking Studies

For intrastrand cross-linking studies, the HPLC fractions collected were mixed in a 

1:1 v/v ratio with 50 % acetonitrile/lOmM triethylamine (TEA, Fischer Scientific, 

UK) which was used as an electrospray solvent. About 3-5 pL of the sample was 

loaded into a metal-coated borosilicate electrospray needle with an internal diameter 

of 0.7 mm and a spray orifice of 1- 10 pm (NanoES spray capillaries, Proxeon 

Biosystems, U.K.) which was positioned at -10  mm from the sample cone giving a 

flow rate of -  20 nl/min. Nitrogen was used as the API gas, and the capillary, cone 

and RF Lens 1 voltages were set at 1.8 - 2.0 kV, -  35 V and 50 V, respectively to 

ensure minimum fragmentation o f the drug-DNA adducts. The collision voltage was 

10 V and the MCP voltage was set at 2100 V. Spectra were acquired over the m/z 

range 400-2000.
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(C) Competition Experiment

For competition studies, the HPLC fractions collected were lyophilised ( Speedvac, 

Thermo Electron). The lyophilised fractions were then mixed with 1:1 v/v ratio of 40 

% acetonitrile/20mM triethylamine (TEA, Fischer Scientific, UK) which was used as 

an electrospray solvent. Other instrument conditions remained similar to the 

intrastrand cross-linking studies, except that the spectra were acquired in a higher m/z 

range of 1000-2500.

2.2. GWL-78

2.2.1. SINGLE-STRANDED OLIGONUCLEOTIDES

The single-stranded (SS) oligonucleotides 5’-d(TATAAGAAAATCTTATA)-3’ 

[Average mass: 5200.49 Da; Seq-l], 5’-d(TATAAGATTTTCTTATA)-3’ [Average 

mass: 5173.45 Da; Seq-2], 5’-d(TATAAIAAAATCTTATA)-3’ [Where 1= Inosine; 

Average mass: 5185.49 Da; Seq-hno], 5'-d(TATAAIATTTTCTTATA)-3’ [Average 

mass: 5158.45 Da; Seq-2ino\, 5’-d(TATAAGAAAATCTATAT)-3’ [Average mass: 

5200.49 Da; Seq-IA], 5 -d(TATAAGATTTTCTTATA)-3’ [Average mass: 5173.45 

Da; Seq-2A] were obtained in a lyophilised form from Eurogentec, U.K (see Table 

2.6). They were annealed to form DS DNA as per procedures used for interstrand 

cross-linking studies.
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Table 2.6: Single-stranded (SS) oligonucleotides used fo r  studies with GWL-78 

showing their average mass and average mass o f  the GWL-78/DNA complex

Labels SS DNA sequence Tm

CC)

Average 

Mass (Da)

Average Mass 

GWL-78 *+ 

SS DNA (Da)

Seq-1 5 ’ TATAAGAAAATCTTATA 3 ’ 38 5200.49 5791.10

Seq-2 5 ’ TATAAGATTTTCTTATA 3 ’ 38 5173.45 5764.06

Seq-1 ifio 5 ’ TATAAIAAAATCTTATA 3 ’ 34 5185.47 5776.08

Seq-2 jfjg 5 ’ TATAAIATTTTCTTATA 3 ’ 34 5158.43 5749.04

Seq-IA 5’ TATAAGAAAATCTATAT 3’ 38 5200.49 5791.10

Seq-2A 5’ TATAAGATTTTCTATAT 3 ’ 38 5173.45 5764.06

" Average Mass o f  GWL-78- 590.61 Da 

2.2.2. DOUBLE-STRANDED OLIGONUCLEOTIDES

Each single-stranded oligonucleotide was dissolved in IM ammonium acetate 

(Sigma-Aldrich, U.K.) to form a stock solution of 1 mM. Solutions of double

stranded DNA Seq-12 (SS DNA Seq-1 + SS DNA Seq-2), DS DNA Seq-li„o2 (SS 

DNA Seq-1 ino + SS DNA Seq-2) and DS DNA Seq-1 ino2ino (SS DNA Seq-1 ino + SS 

DNA Seq-2 ino) were prepared by heating the complementary SS DNA sequences (1 

mM; see Table 2.6) in 1 M ammonium acetate to 20-30 C higher than their melting 

temperature for 10 mins in a heating/cooling block (Grant Bio, U.K.). Table 2.7 

shows the annealed double-stranded oligonucleotides with their average mass.

The solutions were then allowed to cool slowly to room temperature followed by 

storage at -20 C overnight to ensure completion of the annealing process. Working
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solutions of DS DNA duplexes of 50 pM were prepared by diluting the stored 

solutions with 100 mM ammonium acetate.

Table 2.7: The double-stranded (DS) DNAs prepared by annealing the SS DMAs 

(shown in Table 2.6) with their average mass

Labels DS DNA sequence Average Mass 

(Da)

Seq-12 5’ TATAAGAAAATCTTATA 3’ 

3’ ATATTCTTTTAGAATAT 5’

10373.94

Seq-

1 in o 2

5’ TATAAIAAAATCTTATA 3’ 

3’ ATATTCTTTTAGAATAT 5’

10358.92

Seq-

1 ino2ino

5’ TATAAIAAAATCTTATA 3’ 

3’ ATATTCTTTTAIAATAT 5’

10343.90

2.2.3. GWL-78

GWL-78 was provided by Spirogen Ltd (Batch No. SG2274.005) and was dissolved 

in methanol to form a stock solution of 10 mM which was stored at -20°C for no 

longer than four months. Working solutions of the drug of 200 pM were prepared by 

diluting the above solution with 100 mM ammonium acetate. These were stored at - 

20°C for not more than one week and thawed to room temperature for use when 

required.
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2.2.4. GWL-78/DSDNA COMPLEXES

GWL-78/DS DNA complexes were prepared by incubating GWL-78 with DS DNA 

at a 4:1 molar ratio in a heating/cooling block at a temperature 5°C lower than the 

melting temperature of each oligonucleotide duplex. Samples were withdrawn at 

various time intervals and subjected to ion-pair RPLC and mass spectrometry analysis 

as described below. Specific ligand/SS DNA complexes {i.e., hairpins) were prepared 

in a similar manner but omitting the annealing process.

2.2.5. ION-PAIR RPLC ANALYSIS

The chromatograms were recorded as per instrument conditions described in Section

2.1.5. A gradient system of 100 mM triethyl ammonium bicarbonate (TEAB) as 

buffer A and 30 % acetonitrile in water (HPLC grade, Fischer Scientific, U.K) as 

buffer B were used. For buffer A, a 1 M pre-formulated buffer of TEAB was 

purchased from Sigma-Aldrich, U.K which was diluted to 100 mM with HPLC grade 

water (Fischer Scientific, U.K). The gradient was ramped from 90 % A at 0 mins to 

50 % A at 20 mins and finally to 10 % A at 35 mins. The UV absorbance was 

monitored at 254 nm and fractions containing separated components were collected 

manually, lyophilised and analysed using ESI-QTOF mass spectrometry as described 

below.

2.2.6. MASS SPECTROMETRY ANALYSIS- ESI-MS

The spectra were recorded as per instrument conditions described in Section 2.6.1.2. 

The HPLC fractions collected were lyophilised in a Speedvac. The lyophilised 

fractions were mixed with 1:1 v/v mixture of 40% acetonitrile/water and 20mM 

triethylamine/water (TEA, Fischer Scientific, UK) which was used as an electrospray
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solvent. About 3-5 of the sample was loaded into a metal-coated borosilicate 

electrospray needle with an internal diameter of 0.7 mm and a spray orifice of 1- 10 

|im (NanoES spray capillaries, Proxeon Biosystems, U.K.) which was positioned at 

-10  mm from the sample cone giving a flow rate of ~ 20 nl/min. Nitrogen was used 

as the API gas, and the capillary, cone and RF Lens 1 voltages were set at 1.8 - 2.0 

kV, -  35 V and 50 V, respectively to ensure minimum fragmentation of the drug- 

DNA adducts. The collision voltage was 5 V and the MCP voltage was set at 2200 

V. Spectra were acquired over the m/z range 1000-3000.

2.2.7. MOLECULAR MODELLING

2.2.7.1. GENERAL METHOD

In order to examine the structural feasibility of the DNA duplex and hairpin structures 

with and without GWL-78 bound, molecular models were constructed. To test the 

integrity of the structures under energetic conditions, dynamics simulations were 

carried out at room temperature (300K). Initial models of DNA constructs were made 

using the 'nucgen' build module of the AMBER(v9) modeling software The PBD 

adducts were constructed by means of MacroModel (v6.5). The minimized structure 

was exported in 'pdb' format and converted to the 'mol2' format with Gasteiger 

charges by means of the 'antechamber' routine before missing parameters were 

constructed with the 'parmchk' program. Covalent binding of GWL-78 to the guanine 

residue of the DNA was performed graphically using AMBER 'Xleap' utilizing 

'parm99' and the general Amber force field parameters (gaff). Care was taken to 

ensure that the (5)-configuration was maintained at the C l 1-position of the central 

PBD ring at the point of attachment to the guanine N2-position. Constructs were
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saved for subsequent minimization and dynamics using the AMBER 'Sander' 

program. In Sander, the generalized Bom/surface area (GB/SA) implicit solvent 

model was used with monovalent electrostatic ion screening simulated with 

SALTCON set to 0.2M. The dynamics integration time-step was 0.002ps while 

constraining all bonds to hydrogen atoms using the SHAKE algorithm. A temperature 

of 300K was maintained using the Langevin thermostat (NTT = 3, GAMMA LN = 

2.0), and a long range non-bonded cut-off of 100 (Â) was used.

2.2.7.2. ANAL YSIS OF STRUCTURES

The Potential Energy (PE) of each minimized structure was monitored, and also the 

average potential energy throughout the simulation phase. The influence of the 

presence of GWL-78 on the stability of a given DNA construct while undergoing 

dynamics simulation was measured by plotting the RMS drift o f each recorded 

dynamics frame from the initial frame of the dynamics simulation. For the hairpin 

structures, this comparison was also made against the DNA alone. The program 

'VMD' was used to view trajectories and 'Pymol' to render images.

2.2.7.3. MODELLING OF LIGAND/DNA ADDUCTS 

Modelling of GWL-78/Matched Hairpin Structures:

5'-TATAAGAAAATCTTATA-3’ {Seq-1) and 5 -TATAAGATTTTCTTATA 3' {Seq-2)

AMBER9 was used to construct DNA hairpin “duplexes” for the two 

oligonucleotides Seq-1 and Seq-2 with complementary base pairs at positions 1-7/11- 

17, and the hairpin loop positioned at the central three residues, AAA or TTT,
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respectively (see Seq-1 and Seq-2, Figure 7.20). The resulting files were edited to 

give a continuous 5' to 3' sequence. After minimization, a dynamics simulation was 

performed over 300ps according to the general method described above. A single 

molecule of GWL-78 was then added in each of the two possible orientations {Figure 

7.20: A and B for Seq-1, C and D for Seq-2). The first orientation (1.20.A or 7.20.C) 

had GWL-78 positioned snugly within the minor groove with the A-methylpyrrole 

heterocycles pointing towards the 5'-end of the covalently-bound (at G6) arm of the 

hairpin. In the second orientation {1.20.B or 7.20.D), GWL-78 was still covalently 

bound to G6 but the A-methylpyrrole heterocycles were pointing in the direction of 

the hairpin loop {i.e., towards the 3'-end of the DNA). Molecular dynamics 

simulations of these different constructs were performed over 300ps. With the 

residues re-numbered as a continuous 5'- to 3'-sequence, the atoms in each dynamics 

frame were designated as rigid bodies fitted to those in the initial frame for 

comparison using residues 1-7 and 11-17, and the RMS deviation was measured 

(excluding the loop residues 8-10). The results of the energy calculations are shown 

in Table 7.3, and models of the initially minimized structures in Figure 7.22.

Modelling of GWL-78/Duplex DNA Adducts:

5 -TATAAGAAAATCTTATA-3' (5^^-/)/5'-TATAAGATTTTCTTATA-3’ {Seq-2)

Models of the four possible 2:1 GWL-78/DS DNA adducts were constructed for the 

duplex 5'-TATAAGAAAATCTTATA-3' (*S'e^-7)/5'-TATAAGATTTTCTTATA-3' 

{Seq-2) as illustrated in Figure 7.27 (A-D). Subsequent minimization and dynamics 

were performed over lOOps. The results o f the energy calculations are shown in Table

7.4, and the models in Figure 7.28.
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CHAPTER 3 INTERSTRAND CROSS-LINKING STUDIES OF SJG-136 

RESULTS

After extensive evaluation of various column types and solvent systems the 

combination of Xterra MS CIS column (2.5 micron particles, 4.6 x 50 mm) and a 

solvent gradient system consisting of 50 mM triethyl ammonium bicarbonate (buffer 

A) and 50 % acetonitrile/water (buffer B) ramped from 95 % A at 0 mins to 60 % A 

at 20 mins and finally to 10 % A at 25 mins {Chapter 2.1.5) was found to 

satisfactorily resolve the oligonucleotides, the SJG-136/DS DNA cross-linked 

adducts and free SJG-136 in a single 30 minute experiment. Initially the double

stranded (DS) self-complementary DNA Seq-1 {Table 2.1) was analysed and shown 

to elute at a retention time (RT) of 17.9 mins {Figure 3.1).

Figure 3.1: Chromatogram o fD S  Seq-1 DNA showing a peak eluting at R T  17.9 mins corresponding 

to its single-stranded form  resulting from  dénaturation under the chromatographic conditions

iiiAU
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It was assumed that the observed peak corresponded to the SS DNA form due to 

dénaturation caused by the conditions used in the LC process {e.g., high acetonitrile 

content). This was confirmed by analysing single-stranded Seq-1 oligonucleotide 

which eluted at the same RT, and by mass spectrometric analysis of manually- 

collected fractions corresponding to the 17.9 minute peak which established the 

molecular weight of its constituent as 3643.3 Da (see Table 2.1).

F igure  3.2; Chromatogram o f SJG-136. The two predominant peaks eluting at RT 27.1 and 28.2 mins 

are thought to represent the diastereomeric carhinolamine forms o f the drug. The other minor peaks 

are most likely imine and carhinolamine methyl ether forms

IIL\U
1 00 - -10028.2

27.1

60  -

0 10 3015 20
Retention Time (mins)

A chromatogram of SJG-136 under identical conditions is provided in Figure 3.2 

showing that it comprises a minimum of six components with two major peaks 

running at 27.1 and 28.2 mins.
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F igure  3.3: The different possible forms o f SJG-136: A. The parent NlO-Cl I/N lO '-C ll ’ bis-imine 

species formed in relatively anhydrous conditions or in non-polar solvents such as acetonitrile, B The 

corresponding diastereomeric bis-carbinolamine species formed after exposure o f either the imine or 

bis-carbinolamine methyl ether forms to H2O, C. The corresponding diastereomeric bis- 

carbinolamine methyl ether species form ed after exposure o f either the imine or carhinolamine forms 

to methanol.

A
SJG-136 (N10-C11/N10'-Cir 8is-lmine Form)

CII,01I

C11/C11’-8/s-Carbinolamine Diastereomers C11/C11'-8;s-Carbinolamine Methyl Ether DIastereomers

Based on the known interconversions that can occur between PBD imine, 

carhinolamine and carhinolamine methyl ethers forms {Figure 3.S), the documented 

reactivity of PBDs towards nucleophilic solvents and the composition of the 

mobile phase (acetonitrile and water) and stock solution o f SJG-136 (methanol and 

water) used for the LC method, it is likely that the two major peaks correspond to 

NlO-Cl 1 carhinolamine diastereomers (i.e., species “B”, Figure 3.3). The minor 

components could he either the his-imine (i.e., species “A”, Figure 3.3) or 

carhinolamine methyl ether diastereomers (i.e., species “C”, Figure 3.3), or variations 

of these with different combinations of imine, carhinolamine or carhinolamine methyl 

ether functionalities at either end of the molecule. It is noteworthy that the various
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components of SJG-136 elute only at very high organic phase concentrations (90-95 

% acetonitrile) during the LC gradient, presumably reflecting the lipophilic nature of 

the PBD dimer species in a reversed-phase HPLC system. In support of the proposed 

relationship between these various PBD species, mass spectrometric analysis in the 

positive-ion mode of each peak gave an identical mass of m/z 557.61 corresponding 

to the [M+H]^ ion of the bis-iminQ form (A). It is well known from previous studies 

that the carhinolamine, carhinolamine methyl ether and imine forms of PBDs 

interconvert slowly enough to be separable by HPLC, but that the carhinolamine and 

carhinolamine methyl ether forms of PBDs always revert to the corresponding imine 

forms under the conditions of the ESI mass spectrometer thus making positive 

identification difficult Finally, it is likely that some of the observed species

react with the DNA at different rates, however, the assay was not optimised to study 

this in detail.

Figure 3.4 shows a chromatogram corresponding to the drug/DS Seq-1 complex at a 

4:1 molar ratio immediately after mixing (0 hrs). A new peak at 19.1 mins can be 

seen emerging that corresponds to the drug/DS DNA complex (confirmed by MS -  

data not shown).



F igure 3.4: Chromatogram o f SJG-136/DS DNA complex at a 4:1 molar ratio at 0 hours 

(see chapter 2.1.1 for experimental details)
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Whereas non-drug-bound DS DNA denatures under the conditions of the LC system 

to provide the peak at 17.9 mins, the SJG-136 cross-link presumably locks the two 

strands together providing sufficient stabilisation for the adduct to be separated by 

LC. This hypothesis is supported by the observation that SJG-136 can enhance the 

thermal dénaturation temperature of calf thymus DNA by 33.6°C for a 1:5 SJG- 

136/DS DNA molar ratio The chromatograms shown in Figures 3.5 and 3.6 

correspond to drug/DS Seq-I complexes at molar ratios of 2:1 and 4:1, respectively, 

after 24 hours illustrating the ability of the assay to provide quantitative time-course 

data.
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F igure  3.5; Chromatogram o f SJG-136/DS DNA complex at a 2:1 molar ratio after 24 hours 

(see chapter 2.1.2 fo r  experimental details)
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F igure  3.6: Chromatogram ofSJG -l36/D S DNA complex at a 4:1 molar ratio after 24 hours 

(see chapter 2.1.2 fo r  experimental details)
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For a 2:1 molar ratio after 24 hours {Figure 5.5) a more equal distribution of the 

bound and non-bound DNA species was observed, whereas at a 4:1 ratio {Figure S.6) 

the formation of adduct was almost complete. The peak areas were converted to ‘area 

percent’ to represent percentage cross-linking (% CL) for various time points and 

drug/DNA ratios. On this basis, the % CL of the drug/DNA complex at a 4:1 molar 

ratio after 0 hrs was found to be 9.8 %, increasing to 95.5 % after 24 hours with only 

a small amount (4.4 %) of non-drug-bound DNA remaining. Previous studies based 

on gel electrophoresis have suggested that 100% cross-linking is reached under these
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conditions This small but significant discrepancy could be due to the improved 

sensitivity of the current method. Past studies have shown that PBD molecules do not 

bind to linear SS DNA as they require the 3-dimensional shape of the DNA minor 

groove Therefore, there may be a small number of DS or SS DNA species present 

after annealing that can still be detected by LC but may not be visible on an 

electrophoretic gel.

The fractions from the RPLC were collected manually and the identity of the peaks at 

RT 17.9 and 19.1 mins confirmed by positive ion MALDI-TOF {Figures 3.7 and 3.8).
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F igure  3.7: MALDI-TOF MS spectrum of eluant from peak at RT 17.9 mins from Figure 3 .6 

(see chapter 2.1.6.1 fo r  experimental details)
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F igure  3.8: MALDI-TOF MS spectrum o f  eluant from peak at RT 19.1 mins from Figure 3.6 

(see chapter 2.1.6.1 fo r  experimental details)
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In Figure 3.7, a major [M+H]^ ion at m/z 3644.5 is observed corresponding to the 

singly charged SS DNA species (average mass of SS DNA Seq-I = 3643.46 Da). 

Three prominent peaks were observed in the spectrum for the 19.1 minute peak 

{Figure 3.8). The peaks at m/z 3644.8 and 7284.3 correspond to the [M+H]^ ions of 

SS and DS DNA species, respectively, with the peak at m/z 7844.5 corresponding to
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the [M+H]^ ion of DS DNA + SJG-136 (7286.92 + 556.61 Da), thus representing the 

molecular weight of the cross-linked adduct.

Previous studies using gel electrophoresis showed that whereas drug-treated and 

non-drug-treated DS DNA denatures into the single stranded form upon heating, the 

presence of a SJG-136 cross-link allows the interstrand cross-linked form to re-anneal 

on a neutral agarose gel. Similarly, Figure 3.8 demonstrates that the non-drug-treated 

DS DNA duplex used in this study has fragmented into SS DNA ions under the 

MALDI conditions used, whereas the presence of a SJG-136 cross-link has caused 

sufficient stabilisation towards dénaturation to allow the adduct to be observed at m/z 

7844.5 along with the presumed DS DNA fragmentation product at m/z 7284.3. To 

support this, negative-ion ESI-MS analysis was also performed on the fractions, and 

Figure 3.9 shows an ESI-QTOF spectrum of the peak at 19.1 mins.

Figure 3.9; ESI-MS spectrum o f  eluant from peak at RT 19.1 mins from Figure 3.6 

(see chapter 2.1.6.2 fo r  experimental details)
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From this, the drug/DS DNA adduct can be observed as the major component and is 

found to be distributed over four charge states corresponding to the [M-4H]'^' ion at 

m/z 1959.6, the [M-5H]'*’* ion at m/z 1567.7, the [M-6H]^' ion at m/z 1305.9 and the 

[M-7H]^' ion at m/z 1119.3. This adduct peak fragments into SS DNA ions distributed 

over two charge states corresponding to the [M-3H]^‘ ion at m/z 1213.2 and the [M- 

ion at m/z 909.6 (the m/z values given are the peak-top masses of each isotopic 

envelope). Previous studies carried out on drug-DNA complexes using ESI have 

established similar fragmentation patterns

Next, the assay was used to study the extent of cross-linking after 24 hours for 

different molar ratios o f SJG-136/DS DNA {Figure 3.10). The results show that 

100% cross-linking is reached at a molar ratio of 4:1 SJG-136/DS DNA {i.e., 200 pM 

SJG-136 / 50 pM DNA) or greater.

Figure 3.10: Plot o f  Vo cross-linking versus concentration o f  SJG-136 fo r  a fixed concentration o f  

DNA (50 fiM) after 24 hours. 100% cross-linking \̂ ’as ohserv’ed at concentrations o f 200 jjM  (i.e., a 

molar ratio o f 4:1 SJG-136/DS DNA) or greater
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These data allow an XL50 value to be obtained {i.e., the concentration of cross-linking 

agent for a given concentration of DNA required to effect 50% cross-linking), a 

preferred expression of potency for cross-linking agents based on results from gel- 

based assays Although not directly comparable to published XL50 values due to 

the different types and lengths of DNA used, according to Figure 3.10, the XL50 

value for the cross-linking of Seq-1 by SGJ-136 is 130 pM (i.e., a molar ratio of 2.5/1 

drug/DNA).

The assay was then used to study the kinetics of reaction of SJG-136 with the four 

oligonucleotides sequences {Seq-\ to Seq-A) shown in Table 2.1. Based on the results 

in Figure 3.10, it was decided to use a molar ratio of 4:1 SJG-136/DS DNA {i.e., 200 

pM SJG-136 / 50 pM DNA) for these experiments to ensure that sufficient SJG-136 

was present to drive the cross-linking reaction to completion. SJG-136 was incubated 

with the individual sequences, followed by HPLC and MS analysis as described 

above. In each case the % cross-linking (% CL) for each oligonucleotide at eleven 

time points up to 24 hours was determined from the integrals of the two main peaks, 

with each experiment repeated twice to obtain error bars.

Figure 3.11: Plots o f%  cross-linking versus time showing the cross-linking efficiency o f SJG-136 

towards oligonucleotides Seq-1 to Seq-4 fo r  a molar ratio o f 4:1 (SJG-136/DS DNA)
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The results, shown in Figure 3.11, reveal that DNA duplex sequences Seq-I to Seq-3 

gave % CL values of 95-97, 62-70 and 35-42 %, respectively, after 24 hours. Seq-4, 

which is devoid of guanine residues and thus unable to interact covalently with a 

PBD, acted as a negative control with no cross-linking observed as anticipated.

Figure 3.12: Same data as in Figure 3.11, but plotted against log time to provide quantitative rate 

data from the gradients (units = YoCL log h'‘)
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A log-time plot of the same data {Figure 3.12) illustrated that it is possible to obtain 

values for the rate of reaction of SJG-136 with DS Seq-I to Seq-3 providing gradients 

of 46.2, 40.6 and 25.0 % CL log h'% respectively.
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DISCUSSION

This assay was designed as an alternative to existing electrophoretic methods for 

evaluating the interaction of sequence-selective DNA cross-linking agents such as 

SJG-136 with short oligonucleotides of varying sequence. It is rapid {i.e., 

approximately 30 mins per oligonucleotide per experiment) compared to 

electrophoretic methods which often require > 24 hours for steps including running 

and drying of gels, exposure to photographic film and densitometry. Most 

importantly, the method works well with short non-radiolabelled oligonucleotides 

which are readily available and can be varied to provide data regarding the rate and 

extent of cross-linking in relation to base pair sequence. Although an HPLC assay of 

this type will not have the sensitivity of an electrophoresis-based method using 

radiolabelled DNA, for this assay neither ligand nor oligonucleotides are limited and 

so sensitivity is not an issue. However, the assay could be developed using an on-line 

LC- negative-ion-ESI method to obtain ultimate sensitivity.

This is illustrated by the rate information obtained from the reaction of SJG-136 with 

oligonucleotides Seq-1 to Seq-4 {Table 2.1, Figure 3.11). Seq-1 contains the 

preferred SJG-136 binding site (Pu-GATC-Py [Pu = purine, Py = P y r im id in e ]a n d  

reacted the fastest (slope = 46.2), leading to 95-97 % cross-linking after 24 hours. 

This was consistent with the previous electrophoresis-based studies of Hartley and 

co-workers which showed Pu-GATC-Py to be a preferred binding sequence for 

SJG-136. Seq-2 provided a lower rate (slope = 40.6) and extent (62-70% at 24 hours) 

of cross-linking anticipated from previous molecular modelling, NMR and gel-based 

studies The lower affinity for Seq-2 is thought to be due to the reversed order of
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the central AT base pairs which ablates the hydrogen bonding between the NIO/NIO’ 

protons of the PBD units and the adenine N3 positions on each strand (see Figure 

1.16). Seq-3, which contains a Py-GATC-Pu motif, had a still lower rate (slope = 

25.0) and extent (35-42 % at 24 hours) of cross-linking also consistent with previous 

molecular modelling and footprinting studies on PBDs confirming the preference 

for purine rather than pyrimidine bases on the 5’-side of the guanine-bound strand^*’ 

This preference has been recently highlighted by footprinting and vitro 

transcription stop” assays on SJG-136 Seq-4, which contains inosine instead of 

guanine, acted as a negative control confirming that guanine-C2-NH2 functionalities 

are essential for covalent bond formation. In this case it is possible that a non- 

covalent complex may still form but would not be observed due to the denaturing 

conditions of the assay.

Finally, while it is highly likely that the covalent interstrand guanine-guanine cross- 

linking process is predominantly responsible for stabilizing the SJG-136/DS DNA 

adducts to the denaturing conditions of this HPLC assay, the contribution of 

monoalkylated species with only one end of the SJG-136 molecule covalently bound 

cannot be ruled out, and this will be the subject of future studies using non-self- 

complementary oligonucleotides and analogues of SJG-136.
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CHAPTER 4 SG2285

INTRODUCTION

SG2285 is a pro-drug analogue of SJG-136. It contains bisuphite groups attached at 

the two Cl 1-positions which are hydrolysed to form the electrophilic DNA-binding 

molecule SG2202 {Figure 4.1).

Figure 4.1: Diagram showing the conversion o f  SG2285 to SG2202

SG2285

H]0

SG2202

The bisuphite groups at the C l 1- position act as protecting groups and prevent the 

direct interaction of SG2285 with DNA. However, on hydrolysis the bisulphite 

groups are removed and the electrophilic NlO-Cl 1 imine/carbinolamine moitiés are 

formed which can covalently interact with the N2 groups of guanine within the minor 

groove of DNA. As the hydrolysis process takes some time to occur, it was thought
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that SG2285 may have an advantage over SG2202 in terms of toxicity. It is also more 

water soluble.

The HPLC and MS methods developed for SJG-136 have been applied to characterise 

and quantitate the drug-DNA adducts formed between SG2285 and the self- 

complementary DS DNA Seq-1 d(TATAGATCTATA)2. The aim of the experiment 

was to compare the binding efficiency of SJG-136 and SG2285 under identical 

conditions (see section 2.1.1). The results show that although both SG2285 and SJG- 

136 lead to 92.5-94.7% cross-linking by the end of the experiment (with the same 

sequence and under identical conditions), this is achieved in approximately 24 hours 

in the case of SJG-136, but requires approximately 48 hours in the case of SG2285.
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RESULTS AND DISCUSSION

Figure 4.2 shows a chromatogram corresponding to DS DNA Seq-1 (self- 

complementary) which elutes at RT 19.3 mins. There was a slight difference in RT 

from the values obtained for Seq-1 in the experiment with SJG-136 (i.e. RT 17.9 

mins) under similar chromatographic conditions, which can be attributed to 

temperature fluctuations and a change of column between experiments.

Figure 4.2: Chromatogram of annealed complementary DNA Seq-1 showing a peak eluting at RT 19.3 

mins corresponding to the single-stranded form resulting from dénaturation under the 

chromatographic conditions.

Time (mmutes)

kJng identical procedures for those used for the experiment with SJG-136 

SG2285 was incubated with DS DNA Seq-1 at a 4:1 molar ratio and chromatograms 

recorded at various time intervals. Figures 4.3.A and 4.3.B show chromatogram 

corresponding to the SG2285/DS Seq-1 complex after 24 and 48 hours.
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Figure 4.3.A: Chromatogram ofSG 2285/D S Figure 4.3.B: Chromatogram ofSG2285/DNA Seq-1 

complex after 24 hours incubation Seq-1 complex after 48 hours incubation
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A peak at RT 20.1 mins emerged that corresponded to the drug/DNA complex. The 

reaction was allowed to proceed for three days, but the reaction reached completion 

after 48 hours. The chromatogram corresponding to the drug/ DS DNA complex after 

48 hours is shown in Figure 4.3.B. At this time point the peak at RT 20.1 mins 

corresponding to the drug/DNA complex had become very prominent and the SS 

DNA Seq-J peak at RT 19.3 mins had almost disappeared. No further reaction 

occured despite incubating for a further 24 hours.

The peak areas were converted to ‘area percent’ to represent the percentage cross- 

linking (% CL) for the various time points and drug/DNA ratios. To confirm the 

identity of the peaks, fractions corresponding to each peak were collected and 

analysed by ESI-QTOF as previously described The corresponding ESI-MS 

spectra for the peaks at RT 19.3 and 20.1 mins are shown in Figures 4.4.A and 4.4.B.
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Figure 4.4.A: Primary negative ion ESI-QTOF spectrum of the 19.3 min peak confirming the presence 

o f DS Seq-1

121 J.2 (" DMA. 3 )

1200 12^0 1 300 13X1 1400 1430 1500 1550 1600 1650 1700 1750 1800 1850

Figure 4.4.A corresponds to the negative ion ESI-MS spectrum for the peak at RT

19.3 mins. As expected, ions representing SS DNA Seq-1 were observed and were

found to be distributed over charge states corresponding to the [M-3H]^' ion at m/z

1213.2 and the [M-2H]^' ion at m/z 1820.6.

Figure 4.4.B: Primary’ negative ion ESI-QTOF spectrum o f the 20.1 min peak confirming the presence 

o f the SG2285/DS Seq-1 adduct
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Figure 4.4.B corresponds to the ESI-MS spectrum for the peak at RT 20.1 mins. A 

peak at m/z 1604.3 was observed as the major component and corresponds to the [M- 

5H]^‘ ion of drug + DS DNA. This mass corresponds to combination of the DS DNA 

with the imine form of the drug {i.e. SG2202;Average mass: 740.28) thus confirming 

that both bisulphite groups have been removed upon hydrolysis of the prodrug. Thus, 

these results are consistent with hyrolysis of the parent drug SG2285 to form the 

active agent SG2202 that then reacts with the DS Seq-1 to form the drug/DS DNA 

complex.

Next, the assay was extended to study the kinetics of reaction o f SG2285 with DS 

DNA Seq-1 and compare the binding efficiency of SG2285 and SJG-136. The figure 

below {Figure 4.5) shows the % CL of DS DNA Seq-1 by SG2285 at a 4:1 molar 

ratio (drug/DNA) at various time intervals.

Figure 4.5: Plot o f%  cross-linking versus time showing the cross-linking efficiency ofSG2285 

towards DS Seq-l. All data points are the mean o f triplicate measurements from independent 

experiments with error bars showing ±standard error.
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It is apparent from this graph that % CL increases slowly and after 24 hours about 80- 

85 % CL is achieved. This increases to 90-94 % after the next 24 hours. Thus it can 

be concluded that SG2285 takes 48 hours to obtain a maximum binding of 90-94 %. 

These results are compared with the crosslinking profile of SJG-136 under identical 

conditions in Figure 4.6

Figure 4.6: Comparison o f%  cross-linking versus time fo r  the cross-linking efficiency o f  SJG-136 and SG2285 

towards DS Seq-1.
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From Figure 4.6 it is evident that SJG-136 takes 24 hours to obtain maximum % CL 

of 90-95 %, whereas SG2285 takes 48 hours to achieve the same level of cross- 

linking.
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CONCLUSIONS

These HPLC and MS studies confirm that SG2285 forms a 1:1 cross-linked adduct 

with the self-complementary duplex DNA Seq-1. Although both SG2285 and SJG- 

136 lead to 92.5-94.7% cross-linking by the end of the experiment (with the same 

sequence and under identical conditions), this is achieved in 24 hours in the case of 

SJG-136, but requires approximately 48 hours in the case of SG2285. Therefore, the 

observed slower interaction of SG2285 with DS DNA is consistent with the 

hypothesis that SG2285 may be regarded as a prodrug form of a FED dimer, 

hydrolysing slowly to the crucial DNA-reactive species.
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CHAPTER 5 INTRASTRAND CROSS-LINKING STUDIES 

RESULTS AND DISCUSSION

The HPLC and MS assay described earlier successfully characterised and quantitated 

the interstrand cross-links formed by SJG-136 with short oligonucleotides containing 

different binding sequences. NMR studies of adducts of SJG-136 with oligonucleotides 

have suggested that this agent can form intrastrand as well as interstrand cross-links. 

Based on the above observation, it is proposed that the NlO-Cl 1 imine group present on 

each of the PHD units may form an aminal bond with guanines bases present on the 

same (top) strand of a DS DNA oligonucleotide to form an intrastrand cross-link as 

shown in Figure 5.1.

Figure 5.1: Diagram o f  the intrastrand cross-link form ed between SJG-136 and guanines on the same 

strand o f the oltgonucleotlde
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To further study this observation, the HPLC and MS method previously developed for 

interstrand cross-linking was suitably adapted to examine SJG-136 intrastrand cross

link formation across oligonucleotides containing Pu-GATG-Py sequences.
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The S S DNA oligonucleotides used for intrastrand cross-linking studies are shown in 

Table 5.1 with their average mass.

Table 5.1,

Labels SS DNA sequence Average 

mass (Da)

Average

Mass

SJG-136 + 

SS DNA(Da)

Seq-1 5’-TATAGATGTATA- 3’ 3683.48 4240.09

Seq-2 5’-TATACATCTATA- 3’ 3603.43 4160.04

Seq-1 A'lfio 5’-TATAGATITATA- 3’ 3668.47 4225.08

Seq-1B ifiQ 5’-TATAIATGTATA- 3 ’ 3668.47 4225.08

The double-stranded (DS) oligonucleotides formed from the SS oligonucleotides are 

shown in Table 5.2
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Table 5.2.

Labels DS DNA sequence used Average

Mass

DS DNA(Da)

Average 

Mass SJG- 

136 + DS 

DNA (Da)

Seq-12 5 ’-TATAGATGTATA-3 ’ 

3 ’-ATATCTACATAT-5 ’

7286.91 7843.52

Seq~ 1 A.ifio2 5 ’-TATAIATGTATA-3 ’ 

3 ’-ATATCTACATAT-5 ’

7271.90 7828.51

Labels DS DNA sequence used Average

Mass

DS DNA(Da)

Average 

Mass SJG- 

136 + DS 

DNA (Da)

Seq-11

(non-complementary)

5 ’-TATAGATGTATA-3 ’ 

3 ’-ATATGTAGATAT-3 ’

7366.96 7923.57

Seq-22

(non-complementary)

5 -TATACATCTATA-3 ’ 

3 ’-ATATCTACATAT-3 ’

7206.87 7763.48

The DS DNA solutions were made to a working concentration of 50 gM and incubated 

with SJG-136 at 4:1 molar ratios at 18°C in a heating block. Samples were withdrawn at 

various time intervals and the chromatograms corresponding to the control DNA 

solutions and the DNA:drug complexes are shown below.
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Figure 5.2: Chromatogram o f annealed DS DNA Seq-12 

(see Chapter 2.1.5 fo r  experimental details)
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Figure 5.2 represents the chromatogram corresponding to DS DNA Seq-12. Two peaks 

with RT 16.6 and 17.3 mins were observed in the chromatogram. Previous studies have 

shown that DS DNA is unstable under these LC conditions and denatures into the 

corresponding SS oligonucelotides. Hence the peaks observed here must correspond to 

the two SS DNA strands, Seq-1 and Seq-2. The peaks were manually collected and 

positively identified by MALDl-TOF MS. The peak at RT 16.6 mins corresponded to 

Seq-1 (containing the Pu-GATG-Py binding site) and the peak at RT 17.3 mins 

corresponded to Seq-2 (spectrum not shown).

SJG-136 was mixed with DS DNA Seq-12 at a 4:1 molar ratio and incubated at 18°C. 

The chromatograms corresponding to the drug-DS DNA Seq-12 complex after 2 hrs and 

24 hrs are shown in Figure 5.3 A and B.
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Figure 5.3.A: Chromatogram of SJG-136/DS DNA Seq-12 complex after 2 hrs incubation 

(see Chapter 2.1.5 fo r  experimental details)
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Figure 5.3. B: Chromatogram o f SJG-136/-DS DNA Seq-12 complex after 24 hrs incubation 

(see Chapter 2.1.5 fo r  experimental details)
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Two new peaks at RT 18.4 mins and 20.9 mins were seen to emerge after 2 hrs 

incubation {Figure S.3.À), although the peaks corresponding to the SS DNA strands at 

RT 16.6 and 17.3 mins were still prominent. However, after 24 hours the areas of the 

peaks at RT 18.4 and 20.8 mins had increased significantly. Furthermore, the ratio of 

the SS DNA peaks at 16.6 and 17.3 mins had changed in favour of the 17.3 minute 

peak. This suggested the possibility that PBD dimer SJG-136 might preferentially 

interact with just one DNA strand. This was initially considered unlikely due to 

previous molecular modeling, biophysical and gel electrophoresis- based studies which
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suggest that PBD molecules require the minor groove structure of DS DNA for binding. 

To further investigate the phenomenon, SJG-136 was incubated with each of the SS 

DNA sequences, Seq-1 and Seq-2, and the drug-DNA mixtures analysed by LC after 24 

hours (see Figures 5.4 A and B). No significant new peaks were observed, thus 

eliminating the possibility that SJG-136 interacts with single -stranded DNA.

Figure 5.4. A: Chromatogram o f a mixture o f

driig-SS DNA Seq-1 after 24 hours

(see Chapter 2.1.5 fo r  experimental details)

Figure 5.4. B: Chromatogram o f  a

mixture o f  drug-DNA Seq-2 after 24 hours
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Another possibility was that the SS DNA strands, Seq-1 and Seq-2, were forming 

mismatched duplexes, thus providing the required groove structure for the drug to 

bind into. To examine this possibility, SJG-136 was incubated with each of the 

annealed mismatched DS DNA complexes Seq-11 and Seq-22, respectively. 

However, no significant peaks were observed at approximately RT 18 mins or 20 

mins in either chromatogram (spectra not shown).

From the above studies it was concluded that SJG-136 does not bind to either of the 

SS DNA strands separately, but requires the presence of complementary DS DNA 

without mismatching for adduct formation to occur.
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The fractions corresponding to RT 18.4 and 20.8 mins from the chromatogram shown 

in Figure 5.3 were manually collected and analysed by MS, and initially by MALDI- 

TOF. Figures 5.5 and 5.6 correspond to the MALDI-TOF spectra of the peaks at RT

18.4 and 20.8 mins.

Figure 5.5: Positive-ion MALDI-TOF spectrum for the peak at RT 18.4 min in the chromatogram 

shown in Figure 5.3(see Chapter 2.1.6.1 fo r  experimental details)
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Three prominent peaks were observed in the spectrum. The peak at m/z 3603.6 

corresponded to the singly-charged SS DNA Seq-2 strand (5’-Pu-CTAC-Py-3’) and 

the peak at m/z 3683.7 corresponded to the singly-charged SS DNA Seq-1 strand (5’- 

Pu-GATG-Py-3’). In addition, a small peak at m/z 4240.6 was observed 

corresponding to the sum of the average mass of SS DNA Seq-1 and SJG-136 

(3683.5+556.6), suggesting the possible formation of either an intrastrand adduct or a 

mono-adduct with only one guanine covalently bound. The presence of m/z ratios
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representing all three species suggested that the drug-DS DNA complex had 

denatured into the corresponding SS DNA species in the mass spectrometer. Hence, it 

was considered that the peak at RT 18.4 mins represented either an intrastrand adduct 

or a mono-adduct. This was further supported by the chromatograms shown in 

Figures 5.4 A and B which demonstrated that SJG-136 requires complementary DS 

DNA for adduct formation and does not bind to individual SS DNA species.

Figure 5.6: Positive-ion MALDI-TOF spectrum o f the peak at RT 20.8 mins from the 

chromatogram in Figure 5.3 (see Chapter 2.1.6.1 fo r  experimental details)
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Figure 5.6 represents the chromatogram corresponding to the peak at RT 20.8 mins 

from the chromatogram in Figure 5.3. The spectrum showed a single prominent peak 

at m/z 3683.7 corresponding to the singly charged state of SS DNA Seq-1 strand. As 

SS DNA Seq-1 had already been shown to elute at a RT 16.6 mins (see Figure 5.2) 

this chromatographic peak eluting at 20.8 min was considered to represent an adduct. 

In addition, no peaks corresponding to the SS DNA Seq-2 or DS DNA species were 

observed in the MALDI-TOF MS spectrum. As the [M+H]^ ion peak corresponding
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to the intact-adduct appeared to be present in quantities below the detection limit of 

the MALDI-TOF mass spectrometer, to improve the sensitivity of detection the 

samples were later analysed on an ESI-QTOF mass spectrometer. The instrument and 

the buffer conditions were adjusted to ensure minimum fragmentation (see Materials 

and Methods chapter for details). Figures 5.7 and 5.8 correspond to the ESI-QTOF 

analysis o f the peaks at RT 18.4 and 20.8 mins.

Figure 5 .7: Primary negative ion ESI spectrum o f peak at RT 18.4 mins in the chromatogram in 

Figure 5.3(see Chapter 2.1.6.1 for experimental details)
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Figure 5.7 represents the spectrum corresponding to the peak at RT 18.4 mins in 

Figure 5.3 in which three prominent peaks were observed. The peak at m/z 1799.9 

corresponds to the [M-2FI]^' ions of SS DNA Seq-2 (monoisotopic;3601.66 Da). The 

peaks at m/z 2118.9 and 1412.2 correspond to the [M-2FI]^' and [M-3H]^' ions of 

SJG-136 + SS DNA Seq-1 adduct (monoisotopic; 4237.90 Da). Note that the 

experimental masses given are peak-top masses of the isotopic cluster. As mild 

conditions were used to preserve the drug-DNA complex, SS DNA peaks of Seq-1
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were not observed in the ESI-MS spectrum. Figure 5.8 shows the ESI spectrum for 

the peak at RT 20.8 mins in the chromatogram in Figure 5.3.

Figure 5.8: Primary’ negative ion ESI-MS spectrum for the peak at RT 20.8 mins in the chromatogram 

in Figure 5.3 (see Chapter 2.1.6.2 for experimental details)
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Two prominent peaks were observed in the spectrum. The peak at m/z 1839.7 

corresponded to the [M-2H]^' ion of SS DNA Seq-1 strand and the peak at m/z 2118.9 

corresponded to the [M-2H]^' ion of a complex of SJG-136 + SS DNA Seq-1. It can 

be observed from Figures 5.7 and 5.8 that an adduct peak at m/z 2118.9 was present 

in both the spectra. This peak at m/z 2118.9 may correspond to an intrastrand adduct 

or a monoadduct.

In summary, the following results were obtained for the intrastrand cross-linking 

studies from the HPLC and mass spectrometry data:
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Incubation of the drug with the DS DNA Seq-12 resulted in two new peaks observed 

at RT 18.3 mins and 20.9 mins.

No new peaks were observed when the drug was incubated with SS DNA Seq-1/2, or 

the non-complementary DS DNA Seq-11/22 strands. This provided evidence that 

SJG-136 requires the complementary DS DNA for cross-linking to occur.

A peak at m/z 2118.9 corresponding to [M-2H]^' ions of SS DNA Seq-1 + SJG-136 

adduct was observed in both the fractions.

In case of fraction at RT 18.3 mins, SS DNA peaks of both Seq-1 and Seq-2 strands 

were observed: whereas for the fraction at RT 20.8 mins SS DNA peak of only Seq-1 

strand was observed.

The results summarised above help to identify the peaks from the in-source 

fragmentation pattern in the mass spectrometer. The patterns were thought to explain 

the stability of the intrastrand adduct and the mono-adduct under the LC and MS 

conditions used. Schematic diagrams representing the proposed in-source 

fragmentation pathways for the peaks at RT 18.3 mins and 20.8 mins are shown in 

Figures 5.9 and 5.10.
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Figure 5.9: Schematic showing the proposed in-source fragmentation pathway for the peak at RT 18.4

mins observed in Figure 5.3
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It is proposed that the peak at RT 18.4 mins corresponds to the intrastrand cross- 

linked adduct formed between guanines on the top strand. This intrastrand cross-link 

apparently stabilises DS DNA to dénaturation under the HPLC conditions used, in a 

similar manner to that observed in previous interstrand cross-linking studies. But, in 

the mass spectrometer the drug-DS DNA complex fragments into peaks at m/z 

1799.9, 2118.9 and 1412.2 corresponding to the [M-2H]^' ion o f SS DNA Seq-2 

strand and [M-2H]^‘ and [M-3H]^' ions of SS DNA Seq-1 + SJG-136 adduct, 

respectively. Hence, from the fragmentation pattern observed it is proposed that the 

peak at RT 18.4 mins corresponds to the intrastrand cross-link.
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Figure 5.10: Schematic showing the proposed in-source fragmentation pathway fo r  the peak at RT

20.8 mins observed in Figure 5.3
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It is proposed that the peak at RT 20.8 mins represents the monoadduct formed from 

reaction of SJG-136 with the guanine present in the Seq-1 strand. The mono-adduct 

would be not be expected to stabilise DS DNA to the same extent as an intra- or 

interstrand cross-link, and so under the LC conditions used the drug-DS DNA 

complex would be expected to denature into the mono-adduct (drug + SS Seq-1 

DNA) and the SS Seq-2 DNA (see Figure 5.3B). The denatured SS DNA Seq-2 

strand runs at RT 17.3 mins thus explaining the greater peak area at 17.3 mins 

compared to the SS DNA Seq-1 at RT 16.6 mins. In the mass spectrometry, the 

mono-adduct ion fragmented further into a peak at m/z 1839.7 corresponding to the 

[M-2H]^' ion of SS DNA Seq-1 strand.

Further evidence that the peak at RT 20.8 mins corresponds to the mono-adduct was 

obtained by incubating SJG-136 with the DS DNA sequences Seq-lAi„o2 and Seq-
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lBino2, in which the guanine base of Seq-1 had been replaced by a non-nucleophilic 

inosine residue (i.e., 5 ’-GATI-3’) thus preventing the formation of any cross-links.

F igure  5.11: Chromatogram o f the SJG-136/DS DNA Seq-lAj„^,2 complex after 24 hours 

(see Chapter 2.1.5 fo r  experimental details)
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F igure  5.12: Chromatogram o f the SJG-136/DS DNA Seq-lBi„^,2 complex after 24 hours 

(see Chapter 2.1.5 fo r  experimental details)
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In the above chromatograms a new peak was observed only at RT 21.3/21.7 mins, 

consistent with the retention time of a mono-adduct.

In summary, the data obtained from these HPLC and mass spectrometry studies have 

demonstrated that the PBD dimer SJG-136 is capable of forming intrastrand cross

links and monoadducts in addition to the inter-strand cross-links which, it was 

previously thought to from exclusively.
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CHAPTER 6 COMPETITION EXPERIMENT 

RESULTS AND DISCUSSION

Next, a competition experiment was devised to compare the rate of formation of the 

interstrand, intrastrand and mono-adducts to obtain a rank order of preference. Table

6.1 shows the double-stranded oligonucleotides used for this study.

Table 6.1

Labels (SS/DS DNA 

Sequences)

SS/DS DNA Sequence Average Mass 

SS/DS DNA (Da)

Average Mass- 

SJG-136+ SS/DS 

DNA (Da)

SS DNA Seq-1 inter 

(Self-complementary)

5’ TATAGATCTATA 3 ’ 3643.46 4200.07

SS DNA Seq-2 in,raGG 5’ TATATATAGATGTATATATA 3 ’ 6153.11 6709.72

SS DNA Seq-2 in tracc 5’ TATATATAGATGTATATATA 3’ 6073.06 6629.67

DS DNA Seq-1 inter 5’ TATAGATGTATA 3’ 

3 ’ ATATGTAGATAT 5’

7286.92 7843.53

DS DNA Seq-2 intra 

(annealed using SS DNA 

Seq-2 intraGG intraCC

5’ TATATATAGATGTATATATA 3 ’ 

3’ ATATATATGTAGATATATAT 5 ’

12226.17 12782.78

The study was designed to investigate the binding preference of SJG-136 to DNA 

sequences capable of forming interstrand, intrastrand and mono-adducts. As 

unsurprisingly, the interstrand and intrastrand cross-linked adducts had very similar 

HPLC retention properties, initial problems were encountered when trying to separate the 

adducts. Hence, the DS DNA sequences used were designed to be of different lengths to
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promote separation. The DS DNA Seq-1 inter^^^ constructed of 12 base pairs whereas DS 

DNA Seq-2i„tra comprised of 20 base pairs. After careful evaluation of the mobile phase 

conditions 100 mM TEAB (A) and 30 % acetonitrile (B) with a gradient run of 60 mins 

was found to effectively separate the adducts. Buffer B was ramped very slowly from 10 

% at 10 mins to 30 % at 35 mins, and 90 % at 50 mins to enable separation of the various 

adducts.

The drug was initially incubated separately at 4:1 molar ratios of drugiDNA with each of 

the DS DNA sequences, Seq-1 Me,- and Seq-2i„tra, which acted as positive controls. Then 

both Seq-1 inter Seq-2 incubated together with SJG-136 at 4:1 molar ratios at

18 C. Details of instrument conditions are provided in the Materials and Methods section.

Figure 6.1 shows the chromatogram corresponding to the DS DNA Seq-1 in,e,- and drug-

DS DNA Seq-1 inter at 4:1 molar ratio using the gradient conditions outlined above.

Figure 6. LA: Chromatogram o f  

DS Seq-1 in,er

(see Chapter 2.1.5 fo r  experimental details)
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Figure 6. LB: Chromatogram o f SJG-136/ DS DNA 

Seq-1 inter complex after 24 hours incubation
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Figure 6.LA shows that SS DNA Seq-1 inter runs at RT 33.6 mins. On incubation with 

SJG-136 at a 4:1 molar ratio, a new peak was observed at RT 39.2 mins presumed to be
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the interstrand cross-linked adduct based on the previous studies (e.g., see Figure J.5), 

although due to difference in chromatographic conditions this adduct was late eluting 

and so a direct comparison could not be made.

Figure 6.2 shows a chromatogram corresponding to DS Seq-2 intra- This duplex is non

self complementary, and so the two SS DNA species (SS DNA Seq-2intraGG and Seq- 

2inrraCC, rcspcctively) elute separately at RT 36.3 and 37.2 mins.

Figure 6.2.A: Chromatogram o f

(see Chapter 2.1.5 fo r  experimental details)

Figure 6.2.B: Chromatogram o f SJG-136/ DS DNA 

Seq-2i„,ra complex after 24 hours incubation
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After incubation with the drug at a 4:1 molar ratio, two new peaks were observed at RT

39.3 and 50.0 mins (see Figure 6.2.B). Based on previous studies (see Figures 5.9 and 

5.10) these were thought to represent the intrastrand adduct and the mono-adduct, 

respectively. Also in agreement with the previous studies, the SS DNA Seq-2intraGG 

species {i.e. the top strand in DS DNA Seq-2mtra) disappeared at a faster rate than the 

bottom strand, a phenomenon which can be explained by the in-source fragmentation 

pattern in the ESI-MS (see Figures 5.9 and 5.10)
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After confirming the RT values for the control DS/SS DNA peaks and the drug-DNA 

adduct peaks in the experiments outlined above, SJG-136 was incubated with a mixture 

of DS DNA Seq-1 inter and DS DNA Seq-2imra sequences in a ratio of 4:1:1. This mixture 

was kept in a heating block at 18 C and samples were withdrawn at various time 

intervals and monitored by HPLC. Peak areas were converted to percentage area to 

quantify the various species formed. Figure 6.5 is a chromatogram corresponding to the 

drug-DS DNA mixture (containing DS DNA Seq-1 imer and DS DNA Seq-2intra) after 5 

mins incubation at 18 C.

Figure 6.3: Chromatogram o f SJG-136/DS DNA mixture containing DS DNA Seq-Ii„,er and DS DNA Seq- 

2m,raat4:l:I molar ratio after 5 mins incubation at 18°C (see Chapter 2.1.5 fo r  experimental details)
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The peak at RT 33.8 mins corresponds to the SS DNA Seq-fnter {Figure 6.3) and the 

peaks at RT 36.6 mins and 37.5 mins correspond to each of the SS DNA sequences 

present in DS DNA S e q - 2 { F i g u r e  6.2). The poorly resolved peak at RT 39.5 

mins is thought to represent co-eluting interstrand and intrastrand adducts. It was 

expected that these peaks might co-elute, as the RT for the interstrand and the
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intrastrand adducts in the control experiments were very close (i.e., RT 39.2 mins- 

interstrand adduct, RT 39.3 mins - intrastrand adduct). Despite, the differences in 

sequence length {i.e., 12 base pairs in DS DNA Seq-limer and 20 base pairs in DS DNA 

Seq-2 intra). the interstrand and intrastrand adduct were thus initially difficult to separate. 

However, as the reaction progressed, the two peaks became more visible. The peak at 

RT 50.4 mins was thought to represent the mono-adduct peak. The proposed identities 

of all the above peaks were later confirmed by ESI-QTOF MS analysis.

Figure 6.4 corresponds to the same mixture after 24-hour incubation at 18 C. Although 

the reaction was monitored for up to 3 days, it was confirmed that reaction had reached 

completion after 24-hour incubation. Hence, the peak areas after 24-hour incubation 

were taken as a quantitative measure of the amounts of the various adducts formed.

Figure 6.4: Chromatogram o f SJG-136-DS DNA mixture (containing DS DNA Seq-lj„,er and DS DNA 

S e q - 2 a t  a 4:1:1 molar ratio after 24-hour incubation at 18° C (see Chapter 2.1.5 fo r  experimental 

details).
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Figure 6.4 shows a chromatogram of a SJG-136-DS DNA mixture (containing DS DNA 

Seq-Îinter and DS DNA Seq-2,n,ra in 4:1:1 molar ratios) after 24-hour incubation at 18 C. 

The peaks representing the unreacted SS DNA Seq-1 ,nter the SS DNA Seq-2intraGG 

strands have disappeared completely. The peak at RT 37.6 mins corresponds to the SS 

DNA Seq-2intracc- The single broad peak observed at RT 39.5 mins {Figure 6.3) is 

visualised as two clearly defined peaks at RT 39.4 mins and 40.0 mins, and the peak at 

RT 50.5 mins had increased significantly. The peak areas were converted to ‘area 

percent’ to quantitate the various DNA adducts formed. On this basis, the % abundance 

of the peak at RT 39.4 mins, 40.0 mins and 50.5 mins was found to be 43.4, 23.2 and

33.4 %, respectively. Fractions representing the peaks at RT 39.4, 40.0, and 50.5 mins 

were manually collected and analysed by ESI-QTOF MS.

Figure 6.5: Primcny negative-ion ESI MS spectrum corresponding to the peak eluting at RT 39.4 mins 

from Figure 6.4 (see Chapter 2 .1.6.2 for experimental details)
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Two major ions at m/z 1959.73 and 1820.62 were observed for the peak eluting at 39.4

mins. The m/z 1820.62 corresponds to [M-2H]^' ions of SS DNA Seq-1 strand. The m/z

1959.73 corresponds to [M-4H]^ ions of SJG-136 + DS DNA Seq-I adduct, thus
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confirming formation of the interstrand cross-linked adduct. Thus the fraction at RT

39.4 mins corresponds to the interstrand cross-linked adduct formed in an abundance of

43.4 %. The ESI-MS analysis for the peaks at RT 40.0 and 50.5 mins are shown soon 

after.

Figure 6.6: Primary negative-ion ESI MS spectrum corresponding to the peak eluting at RT 40.0 mins 

from Figure 6.4 (see Chapter 2.1.6.2 for experimental details)
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The negative-ion ESI spectrum for the peak eluting at RT 40.0 mins is shown in Figure 

6.6. Three major m/z signals at 1517.18, 1676.33 and 2023.24 were observed. The m/z 

at 1676.33 corresponds to the [M-4H]'^' ion of SS DNA Seq-2imraGc + SJG-136 adduct 

{i.e., the intra-strand cross-link adduct). The other peaks at m/z 2023.24 and 1517.18 

corresponds to the [M-3H]^' and [M-4H]'^' ions of the SS DNA Seq-lmtracc strand. 

Hence, the in-source fragmentation pattern obtained for this peak at RT 40.0 mins is 

consistent with the intrastrand cross-linked adduct. The intrastrand cross-link formed 

(SJG-136 + DS DNA Seq-2imra) apparently stabilises the DS DNA Seq-2i„,ra under the 

EC conditions used and in the mass spectrometer fragmentation occurs into peaks at m/z

1676.33 (SJG-136 + SS DNA, Seq-2i^traCG adduct) and m/z 1517.18 (SS DNA Seq-
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2mtracc Strand). Therefore, the peak at RT 40.0 mins corresponds to the intrastrand 

cross-linked adduct with a % abundance of 23.2 %.

Figure 6.7: Primary negative-ion ESI MS spectrum corresponding to the peak eluting at RT 50.5 min 

mins from Figure 6.4 (see Chapter 2.1.6.2 fo r  experimental details)
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The negative ion ESI-MS spectrum for the peak at RT 50.5 mins is shown in Figure 6.7. 

Two major m/z signals are observed at 1537.19 and 1676.33. The m/z 1537.19 

corresponds to the ion of SS DNA Seq-2in„aGG strand and the peak at m/z

1676.33 corresponds to the [M-4H]'^' ion of SJG-136 + SS DNA strand, thus

representing the mono-adduct.

In summary, the combination of HPLC and MS assays described above have 

successfully characterised and quantitated the interstrand, intrastrand and mono-adduct 

DNA species formed by SJG-136. The HPLC and ESI-MS data confirm that the peaks 

at RT 39.4, 40.0 and 50.5 mins represent the interstrand, intrastrand and mono-adduct 

formed by SJG-136.in a ratio o f 43.4 %, 23.2 %, and 33.4 %. As DS DNA Seq-2intra (20
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base pairs) was longer than the DS DNA Seq-1 inter (12 base pairs) a greater molar signal, 

and peak area was expected for the former DNA and drug-DNA adduct peaks. In spite 

of this, the results showed that SJG-136 prefers forming interstrand cross-links. 

Although these data suggest that SJG-136 has a preference for interstrand cross-linking, 

these results show that intrastrand cross-links and mono-adducts may also be important 

for the mechanism of action of this compound.

These observations are important because, with some recent exceptions, the literature to 

date implies that the ‘5-GATC-3’ cross-link is the only type of DNA adduct formed by 

SJG-136. This is mainly based on molecular modeling studies with SJG-136 and 

molecular modeling and NMR studies with a prototype PBD dimer DSB-120 

Recently, the results of a study by Martin and co-workers utilising gel-based 

techniques including DNA footprinting and in-vitro transcription showed that although 

SJG-136 interstrand cross-links could be observed after incubation with a DNA 

fragment of X length, a number of other sites could not be explained by the interstrand 

cross-linking mode of DNA interaction. Also, the recent report by Narayanaswamy 

and co-workers also suggested that different types o f adducts might form.

Further work needs to be undertaken to establish whether there is any sequence context 

to preferential formation of the different adduct types, and eventually undertake some 

cell studies to try to confirm whether the various adduct types form in cellular DNA as 

well as naked DNA.
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CHAPTER 7 GWL-78

INTRODUCTION

GWL-78 is a pyrrolobenzodiazepene (PBD) conjugate consisting of a PBD unit 

attached to two heterocycles via a four carbon linker (see Figure 1.18) It is a member 

of the recently reported “OWL Series” which consists of a congeneric set of six 

molecules (GWL-77 to GWL-82) that contain one to six pyrrole units.

Figure 7.1: Structure o f  the pyrrolobenzodiazepine (PBD) conjugate (GWL-78), 

highlighting the covalent-binding DNA-interactive PBD monomer unit, the 4-carbon 

linker, and attached bis-(N-methylpyrrole) components
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Using HPLC in combination with MS, an analytical approach developed recently by 

us to study the sequence-selectivity of the DNA cross-linking agent SJG-136 

we have established the interaction of PBD conjugate GWL-78 with 

oligonucleotides Seq-1 and Seq-2 (Table 7.1).

The results showed that in case of oligonucleotides Seq-1 and Seq-2, even after 

standard annealing conditions at the beginning of the experiment, interaction of 

GWL-78 leads predominantly to two separate covalent 1:1 adducts of GWL-78/^g^-7 

and GWL-78/iS'e^-2 with only small {i.e., -5-10% ) quantities of two types of 2:1 

adducts of GWL-78 with duplex DNA. The two individual 1:1 adducts formed from 

Seq-1 and Seq-2 are interpreted as hairpin structures {Figure 7.2 G and 2H) due to the 

absolute requirement of PBDs such as GWL-78 for minor groove structure before 

covalent binding can take place.
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Figure 7.2: Schematic diagram o f  the various possible species resulting from  the 

combination o f  oligonucleotides Seq-1 and Seq-2 and their covalent reaction with 

PBD conjugate 1 - A, DS Seq-l/Seq-2; B, Adduct o f  two molecules o f  1 and DS Seq- 

1/Seq-2 (four possible configurations -  see Figures 7.27 and 7.28); C, SS Seq-1 

(random coil); D, SS Seq-2 (random coil); E, SS Seq-1 (hairpin form); F, SS Seq-2 

(hairpin form); G, 1/Seq-1 hairpin adduct; H, 1/Seq-2 hairpin adduct.
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The existence of these hairpin structures is strongly supported by molecular 

modelling studies. Interestingly, a difference in the rate and extent of reaction of 

GWL-78 with Seq-1 and Seq-2 was observed. The -AAA- loop of Seq-1 appears to 

promote reaction and leads to quantitative formation of a highly stable adduct within 

24 hours under the conditions of the experiment.

These observations have implications for the proposed mechanism of action of PBD- 

based agents which were previously thought to bind exclusively to DNA duplexes. 

These results suggest that PBDs may also bind specifically to (and stabilize) loops of 

DNA known to occur in vivo during processes such as transcription and replication. 

The results are discussed in detail below.
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RESULTS

Various 17-mer oligonucleotides were designed for the experiments {Tables 7.1 and 

7.2) based on the known binding preference {i.e., Pu-G-Pu) of GWL-78 and are the 

oligonucleotides used for the studies are listed below.

Table 7.1. Structures and average masses o f  the single stranded (SS) 

oligonucleotides used in the study and the average mass o f  their adducts after 

covalent interaction with one molecule o f  PBD GWL-78 (I = Inosine).

Label SS DNA Sequence

Average

Mass

(Da)

Average 

Mass of 

GWL-78“

+ SS DNA 

(Da)

Seq~l 5 ’-TATAAGAAAATCTTATA-3 ’ 5200.49 5791.10

Seq-2 5 ’ -TATAAG ATTTTCTT AT A-3 ’ 5173.45 5764.06

Seq-1 ino 5 ’-rATAAIAAAATCTTATA-3 ’ 5185.47 5776.10

Seq-2 ifto 5 ’ -T ATAAIATTTTCTT AT A-3 ’ 5158.43 5749.06

Seq-IA 5 ’-TATAAGAAAATCTATAT-3 ’ 5200.49 5791.10

Seq-2A 5 ’ -T AT AAG ATTTTCT AT AT-3 ’ 5173.45 5764.06

^Average Mass of GWL-78 = 590.61 Da
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Table 7.2. Structures, melting temperatures and molecular masses o f  the double 

Stranded (DS) DNAs used in the study prepared by annealing the SS DMAs shown in 

Table 7.1 (7 = Inosine).

Label DS DNA Sequence

Melting

Tem perature

TmCC)

Average

Mass

(Da)'

Seq-12
5 ’-TATAAGAAAATCTTATA-3 ’ 

3 ’-ATATTCTTTTAGAATAT-5 ’

38
10373.94

Seq-

1 ino2

5 ’-TATAAIAAAATCTTATA-3 ’ 

3 ’-ATATTCTTTTAGAATAT-5 ’

34
10358.92

Seq-

1 ino^ ino

5 ’-TATAAIAAAATCTTATA-3 ’ 

3 ’-ATATTCTTTTAIAATAT-5 ’

34
10343.90

^Average Mass of GWL-78 = 590.61 Da
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Control experiments were carried out initially with the oligonucleotides before GWL- 

78 was added

Figure 7.3.A: Chromatogram o f  

SS DNA Seq-1 (see chapter 2.2.1 

fo r  experimental details)

Figure 7.3.B: Chromatogram o f

0 Ç 10 15 M K 30 3S «

Figures 7.3. A & B corresponds to the chromatograms of SS DNA Seq-l and Seq-2. 

The peaks for SS DNA Seq-1 and Seq-2 were observed at RT 23.0 min and 23.4 min, 

respectively. The SS DNA sequences Seq-1 and Seq-2 differed only slightly 

structurally (see Table 7.1) with Seq-I made of three adenines in the central core next 

to the guanine binding site (GAAA), and Seq-2 made of three thymines in the central 

core (GTTT). This resulted in only a small difference in retention time between the 

two oligos.
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Figure 7.4: Chromatogram o f the annealed DS DNA Seq-12 (see chapter 2.2.2 fo r  experimental 

details)
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Figure 7.4 is a chromatogram corresponding to DS Seq-l72 DNA prepared by 

annealing Seq-1 and Seq-2 under standard conditions. Two peaks were observed at

23.1 and 23.5 mins corresponding to either oligonucleotide assayed alone under 

identical conditions (see Figures 7.3.A and 7.3.B), indicating either that little or no 

duplex structure had formed under the annealing conditions used at the beginning of 

the experiment, or that complete dénaturation of any initially formed duplex structure 

had occurred under the conditions of the HPLC assay. Initially, the latter was 

considered more likely given the high acetonitrile content of the mobile phase, and is 

in accord with previous results obtained with duplexes of similar length when the 

same assay was used to study DNA adducts of the interstrand cross-linking agent

SJG-136 120
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Figure 7.5.A: GWL-78/-DS DNA Seq-12 

complex after 5 mins incubation 

(see chapter 2.2.1 fo r  details o f  DNA sequences 

and experimental details)

Figure 7.5.B GWL-78/-DSDNA Seq-12 

complex after 24 hours incubation

30 * 40

Time immutesi

The annealed oligonucleotides Seq-1/2 were then incubated with GWL-78 at 4:1 ratio 

(GWL-78: DNA) according to data previously obtained Figure 7.5.A shows a

chromatogram corresponding to the reaction mixture after 5 mins incubation. In 

addition to the unreacted Seq-1 and Seq-2 oligonucleotides at 23.1 and 23.5 mins, 

three new peaks were observed at 23.9, 24.5 and 25.0 mins with the former 

predominating. The reaction was allowed to continue in the heating block at 33°C (a 

temperature chosen because the duplex had a Tm value of 38°C), and chromatograms 

were recorded at various time intervals. After 24 hours {Figure 7.5.B), the unreacted 

Seq-1 and Seq-2 oligonucleotides had completely disappeared and the peaks at 23.9,

24.5 and 25.0 mins had become proportionately larger, with the former the most 

prominent. Fractions representing each peak were collected manually and analysed 

by ESI-MS as described in the Materials and Methods (Chapter 2.2.6) section.
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Figure 7.6: Primary^ negative ion ESI-MS spectrum fo r  the peak at RT 23.9 mins from Figure 7.5.B (see

chapter 2.2.5 fo r  experimental details)
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Figure 7.6 corresponds to the primary negative-ion ESI-MS spectrum for the peak at 

23.9 mins. Two major ions at m/z 1929.4 and 1920.3 corresponding to the [M-3H]^‘ 

ions of the GWL-78/SS DNA Seq-I and GWL-78/SS DNA Seq-2 adducts were 

observed, respectively. The other ions at m/z 1446.8 and 1440.1 represents the [M- 

4H]" '̂ ions of the same adducts. The smaller peak at m/z 1723.4 represents the [M-3H]^' 

ion of SS DNA Seq-2 alone, a likely in-source fragmentation product.
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Figure 7.7: Primaiy negative ion ESI-MS spectrum for the peak at RT 24.5 mins from Figure 7.5.B

(see chapter 2.2.5 fo r  experimental details)
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Figure 7.7 represents the primary negative ion ESI-MS spectrum for HPLC fractions 

of the smaller peak at RT 24.5 mins and shows major and minor ions at m/z 1924.6 and 

1649.6, respectively. These represent the [M-6H]^' and [M-7H]^‘ ions of a 2:1 GWL- 

78/DS DNA adduct {i.e., DS Seq-1/2 DNA and two molecules of GWL-78; average 

mass = 1 1555.16) of the type shown in Figure 7.27.

F igure  7.8: Primary’ negative ion ESI-MS spectrum fo r  the peak at RT 25.0 min from Figure 7.5.B 

(see chapter 2.2.5 fo r  experimental details)
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Figure 7.8 is the primary negative-ion ESI-MS spectrum for fractions relating to the 

peak eluting at RT 25.0 mins. As with the 24.5 min peak {Figure 7.7), two ions at 

m/z 1924.8 and 1649.7 were observed, also corresponding to the [M-6H]^‘ and [M- 

7H]^' ions of a 2:1 GWL-78/DS DNA adduct. In addition, an ion at m/z 1732.5 was 

observed corresponding to the [M-3H]^' ion of SS DNA Seq-1, a likely in-source 

fragmentation product.

These ESI-MS results for the three new HPLC peaks in Figure 7.5.B suggested that 

GWL-78 can bind to DNA in at least three different modes. The smaller peaks with 

RT 24.5 and 25.0 mins appeared to represent two different types of 2:1 GWL-78/DS 

DNA adducts, whereas the larger peak at 23.9 mins appeared to consist of two 1:1 

GWL-78/SS DNA adducts formed either directly and stable to the chromatographic 

conditions, or otherwise resulting from dénaturation of the 2:1 DS DNA adducts 

during the chromatographic process. In addition, control experiments containing non

annealed SS DNA Seq-1 and Seq-2 were performed (chromatograms not shown). The 

results showed peaks similar to that obtained in Figure 7.5.B with the peak at RT 23.9 

min predominating. The presence of the two small peaks at RT 24.5 and 25.0 min 

showed the possibility that even without annealing, complementary oligonucleotides 

may exist as an equilibrium mixture of single stranded (i.e., random coil), hairpin or 

duplex forms {e.g., Figure 7.2), with the position of equilibrium possibly depending 

on oligonucleotide sequence, concentration, ionic strength and temperature. Since the 

peak at 23.9 mins was the most abundant, it was assumed to represent the most stable 

DNA adducts formed prior to HPLC. However, this appeared counterintuitive given 

that, without exception, all reported studies on PBD molecules to date indicate that
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they require the minor-groove structure of double-stranded DNA for binding to take 

place, and are not known to bind to single stranded DNA molecules

In order to address the issue of whether GWL-78 was forming a 2:1 GWL-78/DS 

DNA adduct which denatured under the chromatographic conditions, or whether it 

was capable of reacting with single stranded oligonucleotides, GWL-78 was 

incubated with SS DNA Seq-l alone at a 4:1 ratio (drug/DNA), and chromatograms 

recorded at various time points.

Figure 7.3. A shows a chromatogram of Seq-1 eluting with a RT of 23.0 mins.

F igure 7 .I2 .A : Chromatogram o f GWL-78/ F igure  7 .I2 .B : Chromatogram o f GWL-78

SS DNA Seq-l complex after 1-hr incubation SS DNA Seq-1 complex after 24 hours incubation 

(see chapter 2.2.1 fo r  details o f  DNA sequences 

and experimental details)
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Figures 7.12.A and 7.12.B show chromatograms for a mixture of GWL-78 and Seq-1 

DNA after incubation for 1 hour and 24 hours, respectively. A new peak with RT 

23.9 mins emerged after I hour {Figure 7.12.A), and after 24 hours complete 

conversion to this new peak had occurred {Figure 7.12.B). Fractions corresponding to
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the 23.9 min peak were collected and the corresponding primary negative-ion ESI- 

MS spectrum is shown in Figure 7.13.

F igure  7.13: Primary negative ion ESI-MS spectrum fo r  peak at RT 23.9 min from Figure 7.12.B 

(see chapter 2.2.5 for experimental details)
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Two major peaks at m/z 1446.8 and 1157.3 were observed {Figure 7.13) 

corresponding to the [M-4H]'^' and [M-5H]^' ions of a 1:1 adduct of GWL-78 and 

Seq-1.

The binding of GWL-78 to SS DNA moieties was studied further using Seq-2 which 

has a similar base-pair composition to Seq-1 except that the central three bases are 

thymines rather than adenines. The drug was incubated with Seq-2 under identical 

conditions and the chromatograms corresponding to Seq-2 alone at the beginning of 

the experiment and a mixture of GWL-78 and Seq-2 after 24 hours incubation are 

shown in Figures 7.14.A and 7.14.B, respectively.
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Figure 7.14. A : Chromatogram o f

(see chapter 2.2.5 for experimental details)

Figure 7.14.B; Chromatogram of GWL-78/

SS DNA Seq-2 complex after 24 hours incubation
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Seq-2 had a RT of 23.4 mins and a new peak emerged at 23.9 mins, although in 

contrast to Seq-1 the reaction had not proceeded to completion after 24 hours {Figure 

7.14.B). Fractions corresponding to the 23.9 min peak were collected and the 

corresponding primary negative-ion ESI-MS spectrum is shown in Figure 7.15.

Figure 7.15: Primary negative ion ESI-MS spectrum for peak at RT 23.9 min from Figure 7.14.B 

(see chapter 2.2.5 for experimental details)
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Two major peaks corresponding to the [M-4H]'^‘ and [M-5H]^’ ions of a 1:1 adduct of 

GWL-78 and Seq-2 were observed at m/z 1440.1 and 1151.8, respectively. An 

additional ion at m/z 1292.3, corresponding to the [M-4H]^‘ ion of Seq-2 alone, was 

attributed to a likely in-source MS fragmentation product of the GWL-1%!Seq-2 

adduct. As reaction of GWL-78 and Seq-2 did not go to completion after 24 hours 

(68% complete), it was concluded that central -TTT- base pairs are less preferred 

compared to AAA bases {i.e., Seq-1) in terms of reactivity towards GWL-78 and 

stability of the adduct formed.

To help establish whether binding to SS DNA was taking place, and to confirm that 

the DNA adducts formed with GWL-78 were covalent in nature and required a 

guanine C2-NH2 functionality for covalent interaction, GWL-78 was incubated with 

the DS DNA sequences Seq-1 i„o/2 and Seq-lino/2 mo (see Table 7.2), in which one or 

both guanine bases had been replaced with inosines which are identical in structure to 

guanines but lack C2 -NH2 groups
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Figures 7.16.A and 7.I6.B correspond to the chromatograms o f  DS D N A  Seq-1 j„o2

and drug-DS D NA Seq-1 i„o2 after 24 hours incubation.

F ig u re  7.16.A : Chromatogram o f F igure  7.16.B: Chromatogram of GWL-78/DS DNA 

Seq-1,„o2 complex after 24 hours incubation
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Figures 7.16.A and 7.16.B show chromatograms of DS DNA Seq-1 i„(/2 both alone 

and after 24 hours incubation with GWL-78, respectively. In Figure 7.16.A a broad 

peak was observed at 23.4 mins thought to represent co-elution of the Seq-1 mo and 

Seq-2 oligonucleotides. On incubation with the drug, two clearly defined peaks 

emerged at 23.2 and 24.4 mins with reaction complete after 24 hours {Figure 7.16.B). 

Fractions were collected and subjected to ESI-MS.

F igure  7.17: Primary negative ion ESI-MS spectrum fo r  the peak at RT 23.2 min from Figure 7.16.B 

(see chapter 2.2.5 fo r  experimental details)
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Figure 7.17 represents the primary negative-ion ESI-MS spectrum for the peak at 

23.2 mins and shows two major ions at m/z 1295.1 and 1726.9 corresponding to the 

[M-4H]-'' and [M-3H]^' ions o f Seq-l,„„ alone.

Figure 7.18;Primary negative ion ESI-MS spectrum for the peak at RT 24.4 min from Figure 7.I6.B 

(see chapter 2.2.5 fo r  experimental details)
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Primary negative-ion ESI-MS of the peak at 24.4 mins showed two major ions at m/z 

1920.3 and 1440.1 representing the [M-3H]^* and [M-dH]"^’ ions of a 1:1 adduct of 

G W L-l^lSeq-2 {Figure 7.I8.B). It is significant that an ion representing GWL- 

ISISeq-Iino was not observed, as this oligonucleotide is devoid of a PBD-reactive 

guanine C2-NH2 group. Thus, this observation is in accord with earlier studies on the 

reactivity of PBDs
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Figures 7.19.A and B represent the chromatograms corresponding to DS DNA Seq-

hno2ino and drug-DS D N A  Seq-1 i„o2ino-

Figure 7.19.A: Chromatogram o f  

DS DNA Seq- fnu^ino

(see chapter 2.2.5 fo r  experimental details)

Figure 7.19.B: Chromatogram o f GWL-78/ 

DS DNA fno2ino complex after 24 hrs incubation

Further confirmation of the lack of reactivity of GWL-78 towards inosine-containing 

DNA was obtained by incubating GWL-78 with DS Seq-1 inJ2i„o in which case no 

reaction occurred at all. Instead, the duplex appeared to denature under

the HPLC conditions to give peaks corresponding to SS DNA Seq-1 moWtxd SS DNA 

Seq-2i„o at RT 23.1 and 23.3 mins, respectively (identified by ESI-MS; data not 

shown).

These results demonstrated that GWL-78 can form covalent complexes with each 

single-stranded oligonucleotide. This was surprising given that there are no reports to 

date of PBD-type molecules binding to SS DNA. However, there are reports of 

DNA-interactive agents such as intercalators and non-covalent minor groove 

binders such as netropsin interacting with DNA hairpin structures. Therefore, the 

possibility that GWL-78 was binding to Seq-1 and Seq-2 in their hairpin forms (see 

Figure 7.20) was considered, as such species may have sufficient duplex structure to 

provide a minor groove suitable for a PBD to interact with. One potential problem
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with this concept was the existence of a significant previous literature based on DNA 

footprinting, NMR and molecular modelling studies indicating that PBDs prefer to 

bind to DNA with (^^-stereochemistry at their C 11-position and with their A-ring 

oriented towards the 3’-end of the covalently-modified DNA strand. However, initial 

inspection of molecular models of adducts of GWL-78 and hairpin structures of Seq-1 

and Seq-2 suggested that this may be the least preferred option as the polypyrrole tail 

of GWL-78 would sterically conflict with the bases of the AAA or TTT loops {i.e.. 

Figures 7.20.B or D).

To provide further support for this hypothesis, a detailed molecular modelling study 

using AMBER was carried out to compare the energies of the four possible hairpin 

structures for adducts of GWL-78 with Seq-I and Seq-2 {Figures 7.20.A-D)

Figure 7.20: Schematic representation o f  the Seq-1 and Seq-2 hairpin structures 

showing the alignment o f  base pairs (left), and the four possible adducts resulting 

from  covalent binding o f  GWL-78 to guanine-6 with the PBD A-ring oriented either 

to the 5 '-end o f  the covalently modified guanine (centre, A  or C) or the 3 '-end (right, 

B  or D).

1
A A A
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Table 7. S shows the potential energies of the structures after addition of GWL-78 

using 'Xleap' and after local minimization. The calculations confirm that 7.20.B and

7.20.D are the least preferred (having the highest energies) and support the view 

derived from visual inspection of the models that the polypyrrole tail o f GWL-78 

would pass through the AAA or TTT loops of the hairpins without forming any 

preferred minor groove interactions. The average potential energy over the course of 

the dynamics simulations is also provided in Table 7.3 and supports the assignment of

7.20.B and 7.20.D as least preferred structures.

Table 7.3. Potential Energies (KCal Mob^) o f  minimised structures o f  SS Hairpin DNAs Seq-1 and 

Seq-2, and the four possible adducts formed from covalent interaction with PBD I (See Figures

7.20.A-D).

Oligonucleotides

Hairpin

Structure

Alone

5 -Adduct 

(7.20.A & C)‘

3’-

Adduct

(7.20.B

&D)'

5 ’ -T AT AAG AAAATCTT AT A- 

3’ {Seq-1)

-3134.1^

(-2697.8)^
-3138.9(-2633.4)

-3102.3(-

2605.3)

5 ’-TATAAGATTTTCTTATA- 

3'

-2973.7

(-2567.1)
-2975.2 (-2486.1)

-2950.1(- 

2458.6)

^5’- and 3 ’- designations refer to the direction in which the polypyrrole tail is 

oriented (see Figures 7.20 and 7.22 A-D); ^First value is the potential energy (PE) o f  

the initially minimized structure;  ̂Value in parentheses is the average total potential 

energy during dynamics.
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Figure 7.21 shows the RMS deviation over time for Seq-1 and Seq-2 alone and for 

the 3 ’- and 5’- covalent adducts with GWL-78. The results confirm the lower energy 

of the 5’-adducts for both Seq-1 and Seq-2.

Figure 7.21: RMS deviation for models o f Seq-1 (7.2LA) and Seq-2 (7.21.B) hairpin DNA 

structures with and without GWL-78 covalently bound during dynamics simulations

Figure 7.2LA : Seq-1 *

AAA Hairpin Matched Nuc leat ides
5 ' -  TATA- AGA-AAA- T C I-  TATA -  J  '

A - r in g  of lig an d  1 o r ie n te d  to  5 ’- e n d  
A - r in g  o f lig an d  1 o r ie n te d  to  3 ' —e n d

5 0 0  1 0 0 0

D y n am ics  f ra r n e s  o f 0 .2 p s

1 5 0 0

Figure 7.21.B: Seq-2 '

Hairpin Motched  N u c l eo t i d es
5 ’ -T A T A - A G A - T T T - T C T -T A T A - J  '

S e q - 2  a lo n e
A—rin g  o f  lig a n d  1 o r ie n te d  to  5 ’ —e n d  
A—rin g  o f  lig a n d  1 o r ie n te d  to  3 '  —e n d

5 0 0  1 GOO
D y n a m ic s  f r a m e s  o f 0 .2 p s
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* Each dynamics fram e was “rigid body” fitted  to the initial fram e and the RMS deviation fo r  all 

corresponding atoms measured (excluding the ligand, GWL-78). With the A-ring o f  GWL-78 pointing  

towards the 5 ’-end o f  the covalently-modified guanine, movement within the DNA was significantly less 

than fo r  the other binding modes examined. The temperature was maintained throughout all 

simulations with an average RMS variation o f  16K.

The rapid reaction of the ligand with Seq-1 compared to Seq-2 is reflected in the 

calculated energy values shown in Table 7.3. Structures 7.20.A and 7.20.C have 

lower potential energies {i.e., -3138.9/[-2633.4] and -2975.2/[-2486.1] kcal/mol, 

respectively) than either the hairpin structures alone or the least preferred adducts

7.20.B and 7.20.D. Furthermore, the calculated PEs of 7.20.B and 7.20.D are higher 

than the hairpins alone, suggesting that their formation is not favourable.

The preference for 7.20.A and 7.20.C is further supported by visual inspection of the 

energy minimized models {Figure 7.22) where 7.22.A and 7.22.C illustrate the snug 

fit o f the è/5-heterocycle fragment of GWL-78 along the length of the minor groove 

component of the hairpin.

In this case, the additional hydrogen bonds and Van der Waals interactions between 

GWL-78 and functional groups in the minor groove of the hairpin lead to a narrowing 

of the minor groove and further stabilisation. In contrast, in structures 7.22.B and 

7.22.D, the Z?w-heterocycle fragment protrudes through the AAA or TTT hairpin 

loops leading to loss of stabilisation and with no narrowing of the minor groove. This 

is illustrated graphically in the dynamics plots of minor-groove width versus time for 

Seq-1 and Seq-2 shown in 7.23.A and 7.23.B, respectively.
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Figure 7.22: Molecular models o f the energy minimized structures of the four possible 

adducts o f GWL-78 covalently bound to guanine-6 o f Seq-1 and Seq-2 with the A-ring 

o f the PBDs oriented to either the 5 ’-end o f the covalently bound guanine (A and C for  

Seq-1 and Seq-2, respectively) or the 3 ’-end (B and D for Seq-1 and Seq-2, 

respectively). The DNA is shown in stick model form (purple) and the ligand 1 in Van 

der Waals representation with atom type colouring.

A. Seq~1: A-ring of PBD oriented 5’ B. Seq-1: A-ring of PBD oriented 3’

C. Seq-2: A-ring of PBD oriented 5’ D. Seq-2: A-ring of PBD oriented 3’
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F igure  7.23: Covalent binding o f GWL-78 to Seq-1 or Seq-2 leads to narrowing of the minor groove 

as demonstrated by the graphs in 7.23. A and 7.23.B, respectively

F igure  7:23.A: Seq-1*

Ef fec t  o f  Ligand 1 o n  Minor Gr o ov e  Width for S e q —1
5 ’ -TA T A -A JG A -A A A -T C T -T A T A -3 '

I . S e q —I a lo n e
A - r in g  o f  l ig a n d  1 o r ie n t e d  to  5 ' - e n d  
A—rin g  o f  l ig a n d  1 o r ie n t e d  to  3 ’ —e n d

5 0 0  1 0 0 0
D y n a m ic s  f r a m e s  o f  0 .2 p s

F igure  7.23.B: Seq-2"

Effect  of  Ligand 1 on  Minor Groove Width for S e q - 2
5 ’ -TATA- AGA-TTT-TCT-TATA- 3 ’

22

20

?  19

S e q - 2  a lo n e
A -r in g  of ligand  1 o r ie n te d  to  5 ' - e n d  
A -r in g  o f ligand  1 o r ie n te d  to  3 ’- e n d

5 0 0  1 0 0 0

D ynam ics f r a m e s  of 0 .2 p s

1 5 0 0

* These graphs represent the distance between the average positions o f the phosphorus atoms on 

nucleotides 3 and 4 and the average position o f  the phosphorus atoms on residues 14 and 15 fo r  each 

dynamics frame. The graphs were then smoothed by plotting the running average over 100 such
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values. This distance was less throughout the dynamics simulation with GWL-78 positioned snugly in 

the minor groove o f  the hairpin and with the A-ring o f  the PBD oriented towards the 5 '-end o f  the 

covalently modified guanine base (red line), as compared to the DNA with no ligand present (black 

line). In a model with the GWL-78 oriented with its A-ring towards the hairpin loop and occupying a 

much lower volume o f  the minor groove structure, no narrowing was observed (green line).

To further study the interaction of GWL-78 with SS oligonucleotides, Seq-1 and Seq- 

2 were modified by changing the four 5’-terminal base pairs from 5’-TATA-3’ to 5’- 

ATAT-3’ (see Table 1).

Seq-1 5’ T A T A A G A A A A T C T T A T A 3 ’

Seq-IA 5’ T A T A A G A A A A T C T A T A T 3 ’

Seq-2 5’ T A T A A G A T T T T C T T A T A 3 ’

Seq-2A 5’ T A T A A G A T T T T C T A T A T 3 ’

These oligonucleotides, Seq-1 A and Seq-2 A, were designed to be less prone to hairpin 

formation as they are no longer symmetrically complementary in their non-loop 

regions {i.e., positions 1-4 and 14-17). Seq-1 A and Seq-2 A were incubated 

independently with GWL-78 at 4:1 ligand/DNA ratios. The results for Seq-1 A are 

provided in Figures 7.24.A and 7.24.B corresponding to chromatograms of Seq-1 A 

alone at the beginning of the experiment (RT = 22.9 mins) and after incubation with 

GWL-78 for 24 hours, respectively.
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F igure  7.24.A: Chromatogram o f 

SS DNA Seq-1 A

(see chapter 2.2.1 for experimental details)

F igure  7.24. B: Chromatogram o f GWL-78/

SS DNA Seq-1 A complex after 24 hrs incubation

•1500 

mA'J 
• ;000

119

:5 .5 

1Li
n  21 35 X

TuneiHaout**^

In Figure 7.24.B, a new peak was observed at 25.3 mins. The corresponding primary 

negative-ion ESI-MS spectrum for this peak {Figure 7.24.C) is similar to that for the 

GWL-78/Seq-l adduct, with two major ions at m/z 1446.8 and 1157.2 corresponding 

to the [M-4H]‘̂‘ and [M-5H]^' ions of a 1:1 GW L-7^/Seq-IA  adduct. In addition, a 

major ion at m/z 1299.1 corresponded to the [M-4H]"^' ion of Seq-1 A, a likely in

source fragmentation product, suggesting that this adduct is not as stable as the GWL- 

l'è!Seq-1 adduct where this fragmentation pattern was not evident.

F igure  7.24.C: Primary’ negative ion ESl-MS spectrum fo r  peak at RT 25.3 min from Figure 7.168 

(see chapter 2.2.1 fo r  experimental details)
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A further interesting observation was that the adduct peak at 25.3 mins occurred at a 

significantly longer retention time than Seq-1 A alone (2.4 min interval) compared to 

the equivalent difference between Seq-1 alone and the G ^L -l^ /S eq -1  adduct (0.9 

mins). This was attributed to a less compact hairpin structure for the GV^lL-l'èlSeq-lÀ 

adduct resulting from the mismatch. Molecular modelling of Seq-1 A alone indicated 

that, upon minimization, significant complementary base pairing could still occur 

with formation of minor groove structure necessary for PBD binding {Figure 7.25.A). 

This resulted from a hybridization arrangement with thymine-1 and adenine-14 

remaining unpaired {Figure 7.25.B), a configuration sufficiently stable to hold 

together under dynamics simulation {Figure 7.25.C).

The chromatograms corresponding to the SS DNA Seq-2A and the drug-SS DNA 

Seq-2 A complex are shown in Figures 7.24 D and E, respectively.

Figure 7.24.D: Chromatogram o f

(see chapter 2.2.1 for experimental details)

Figure 7.24.E: Chromatogram ofSG2274- 

SS DNA Seq-2A complex after 24 hrs
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It can be observed from the above figures that the RT of SS DNA Seq-2A was 23.4 

min, and that of the drug-DNA adduct was 25.1 min. This fraction was manually 

collected and the primary negative-ion ESl-MS spectrum for the peak at RT 25.1 min 

showed three major peaks at m/z 1440.1, 1292.3 and 1151.8 (see Figure 7.24.F).

Figure 7.24. F  : Primary negative ion ESI-MS spectriim fo r  peak at RT 25.1 min from Figure 7.24.E

1 1 4 0  1 1 8 0  1 1 8 0  1 2 0 0  1 2 2 0  1 2 4 0  1 2 8 0  1 2 8 0  1 3 0 0  1 3 2 0  1 3 4 0  1 3 8 0  1 3 8 0  1 4 0 0  1 4 2 0  1 4 4 0  1 4 8 0  1 4 8 0

The two peaks at m/z 1440.1 and 1151.8 correspond to the [M-4H]'^' and [M-5H]^' 

ions of drug + SS DNA Seq-2 A adduct. The other peak at m/z 1292.3 represents the 

[M-dH]"^' ion of SS DNA Seq-2A. The peak pattern observed in the drug-SS DNA 

Seq-2A adduct spectrum above was very similar to that observed in the drug- SS 

DNA Seq-2 adduct spectrum (see Figure 7.15)
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Figure 7.2 5. A: Schematic diagram showing the result o f  energy minimization o f GWL-78 hound to 5'- 

TATAAGAAAATCTATAT-3' (Seq-1 A). On minimization, the bases shifted to form complementary 

pairing but with the thymine-1 and adenine-14 bases remaining unpaired

5 -T A T  A A G  A A

3'- T A TAT C T

17 14 11

Figure 7.25.B: Molecular models o f  GWL-78 bound to the hairpin form o f  Seq-1 A with the A-ring o f  

the PBD oriented either 5 '- (left panel) or 3 ’- (right panel) with respect to the covalently modified 

guanine-6

Narrowing of the minor groove was observed when GWL-78 was oriented 5’- due to 

its snug fit in the minor groove compared to 3 ’-orientation (see Figure 7.23). In this
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representation, the DNA adduct is shown as a molecular surface (in purple) and the 

PBD GWL-78 as a Van der Waals representation (in atom colouring).

Figure 7.26: RMS deviation measurements for the Seq-1 A hairpin with mismatched nucleotides (see 

S6A) during a dynamics simulation.

AAA Hairpin Mismotched Nucleotides
5' -TATA-AGA-AAA-TCT-ATAT-3'

w

S e q -  1A a lo n e  
A -r in g  of lig an d  1 o r ie n te d  to  5 '- e n d  
A -r in g  of lig an d  1 o r ie n te d  to  3 ’- en d

500  1000
Dynamics fram es  of 0 .2ps

1500

Each dynamics frame was "rigid body" fitted to the initial frame, and the RMS deviation was 

measured for the atoms o f  residues 2-7 and 11-17 (omitting the ligand and the more variable regions 

involving the first residue 1 and the loop 8-10). With the PBD A-ring oriented towards the 5 ’-end o f  

the covalently bound guanine base, movement o f the DNA was significantly less than for the other 

binding modes examined. Most importantly, the hairpin structure remained intact throughout the 

dynamics simulation.

The two small peaks at 24.5 and 25.0 mins in Figure 7.5.B were shown to be 2:1 

GWL-78/DS DNA adducts according to the MS data. There are four possible 

configurations in which two molecules of GWL-78 can bond to the Seq-HSeq-2 

duplex and these are shown in Figures 7.27.A-D.
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Figure 7.27: Schematic representation o f  the four possible configurations o f  duplex 

DNA adducts form ed from the covalent binding o f  1 to both 5 ’-guanine-6 positions o f  

annealed Seq-1/Seq-2 DNA, with the PBD A-rings oriented either both to the 3 ’- (A) or 

5 ’- (C) ends, or to opposing 3 75 ' (B) or 5 ’/3 ’ (D) ends.

Given that PBDs are known to prefer to bind with their A-rings oriented towards the 

3’-end of the covalently-modified strand in normal duplex DNA, then the order of 

preference o f these configurations would be predicted to be A > (B or D) > C. This 

was supported by the molecular modelling studies {Table 7.4) which indicated that A 

and C have the lowest and highest minimised PEs and average potential energies 

during dynamics, with B and D having similar but intermediate energies.
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Table 7.4. Potential Energies (KCal M or’)  o f  the four possible minimised adducts o f  D S DNA Seq- 

l/Seq-2 with two molecules o f  GWL-78 (see Figures 7.27and 7.28 A-D).

2:1 GWL-78/DS DNA

Adduct

Configuration

Minimised 

Potential Energy

Average Potential Energy 

During Dynamics

A -6249.7 -5240.8

C -6163.8 -5153.2

B -6171.0 -5162.5

D -6169.1 -5163.1

These configurations are shown graphically in Figure 7.28. Based on this analysis, 

one of the peaks at 24.5 and 25.0 mins in Figure 7.5.B could be tentatively assigned 

to 7.28.A and the other to either 7.28.B or 7.28.D. No effort was made to establish 

whether the peaks at 24.5 and 25.0 mins contained any additional co-eluting adducts.
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Figure 7.28: Molecular models o f the energy’ minimized structures o f the four 

possible adducts o f 1 covalently bound to 5 ’-guanine-6 o f both strands o f duplex Seq- 

1/Seq-2 DNA according to Figure 7.27, with the PBD A-rings oriented to the 3 ’- or 

5 ’-ends o f the covalently bound guanine (A and C, respectively), or the 3 ’-/5 ’- (B) or 

5 ’-/3 ’-ends (D). The DNA is shown in stick model form (purple) and the ligand 

GWL-78 in Van der Waals representation with atom type colouring

c
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DISCUSSION

It is often assumed that short complementary oligonucleotides (i.e., -10  base pairs or 

more) form mainly duplex structures following a standard annealing process 

involving heating to above their melting temperatures followed by slow cooling and 

then storage at low temperature. However, a number of recent studies have

suggested that, even after an annealing process, complementary oligonucleotides may 

exist as an equilibrium mixture of single stranded (i.e., random coil), hairpin or 

duplex forms (e.g.. Figure 7.2), with the position of equilibrium depending on 

oligonucleotide sequence, concentration, ionic strength and temperature (see 

Introduction section).

In the case of oligonucleotides Seq-1 and Seq-2, the results reported here demonstrate 

that even though they were subjected to a standard annealing procedure (i.e., heating 

to 20-30 C higher than their melting temperature for 10 mins, then cooled slowly to 

room temperature followed by storage at -20 C overnight to ensure completion of the 

annealing process), reaction with PBD conjugate GWL-78 afforded mainly the two 

hairpin adducts G^h-1%!Seq-1 (Figure 7.2G) and GWL-78/*Se^-2 (Figure 7.2H) 

rather than an anticipated 2:1 GWL-78/duplex adduct (Figure 7.2B). Although these 

results do not allow the position o f equilibrium of the various DNA species at the 

beginning of the experiment to be definitively determined, they suggest a 

predominance of the hairpin structures 7.2E and 7.2F for three reasons. First, and 

most significantly, it is well-established that PBD compounds require minor groove 

structure for covalent interaction with DNA and do not, for example, covalently bond 

to isolated guanine bases Therefore, it is unlikely that ligand initially reacts with
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duplex DNA to form 2:1 GWL-78/DS DNA adducts which then dissociate into two 

1:1 hairpin adducts under the chromatographic conditions, as minor groove structure 

would have to be lost and then re-formed during this transitioning process. Second, 

the fact that the 2:1 GWL-78/DS DNA adducts {i.e., RT 24.5 and 25.0 mins; Figure 

7.5.B) can be isolated by HPLC and positively identified by MS suggest that they are 

sufficiently stable to survive the HPLC and MS conditions, and so do not readily 

dissociate into two hairpin adducts. Third, the argument that the GWL-78/5'e^-7 

{7.2G) and GWL-78/^eg-2 {7.2H) adducts are formed directly by reaction of GWL- 

78 with the relevant hairpin structures {i.e., 7.2E and 7.2F) is supported by the control 

experiments in which Seq-1 and Seq-2 independently form stable adducts with GWL- 

78 after incubating for 24 hours.

These results are supported by the molecular modelling studies which indicate that 

the 1:1 hairpin adducts with GWL-78 covalently bound to guanine-6 via C l 1(5)- 

stereochemistry (as reported in the literature) and orientated with the 5w-heterocyclic 

component pointing along the minor groove towards the 5’-end are more 

energetically stable than the hairpin structure alone. Conversely, the modelling 

studies predict that the alternative structures with C l l(R)-stereochemistry of the PBD 

and/or with the /7/5 -heterocyclic component pointing into the loop region of the 

hairpin are both energetically unfavourable. Furthermore, the modelling studies 

indicate that the adduct formed between GWL-78 and the hairpin with an -AAA- 

loop region {Seq-1) should be more energetically favoured than that formed from Seq- 

2 which has a -TTT- loop. This prediction appears to be reflected in the more rapid 

rate and extent of reaction of GWL-78 with Seq-1 compared to Seq-2. Inspection of 

the models suggests that the lower energy of the GWL-78/5e^-7 adduct could be due
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to favourable stacking interactions of the loop adenine bases which do not occur 

between the loop thymine bases in Seq-2. Interestingly, Hald and co-workers 

studying a group of four palindromic oligonucleotides, d(CGCG[A/T]4CGCG), found 

that the equilibrium between duplex and hairpin forms is highly dependent on the 

sequence of the central four bases. This suggests that for Seq-1 with central -AAA- 

base pairs, the equilibrium may lie more towards a hairpin structure compared to Seq- 

2 which has central -TTT- base pairs.

The modelling studies were surprising in predicting that the most stable hairpin 

adducts had GWL-78 oriented with its A-ring pointing towards the 5’-end of the 

covalently-bound strand rather than the 3’-end, as is the reported preference for non

hairpin PBD/DS DNA adducts However, it is clear from the models of the hairpin 

adducts studied here, that the overriding factor is positioning of the Zjw-heterocyclic 

sidechain away from the loop region, thus forcing the unusual 5’-orientation of the 

PBD. In these cases, the usually preferred 3’-orientation would lead to loss of minor 

groove structure and steric clash with the loop bases.

The propensity of the sequences under consideration to form hairpins, and the 

apparent high affinity of GWL-78 for such structures, are underscored by the 

significant reactivity o f GWL-78 towards Seq-1 A and Seq-2 A {Table 7.1 and Figure 

7.25), in which the ends o f the two hairpin “arms” are not complementary to each 

other in a symmetrical manner. In these cases, the duplex structure formed around 

the 5-7/11-13 AGA/TCT sequence with the resulting mismatched base pairing (see 

Figures 7.25.A and 7.25.B) must still provide sufficient minor groove structure for 

GWL-78 to bind. The presumably distorted and hence less-compact structures formed
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may explain the lower rate and extent o f reaction of GWL-78 with Seq-1 A and Seq- 

2A compared to Seq-1 and Seq-2, and the increased RT of the G ^h -l^ lS e q -lA  

adduct during chromatography.

Interestingly, Bonnet and co-workers using a molecular beacon approach, 

demonstrated that for oligonucleotides 5 ’-C C C A A -[N ]n -T T G G G -3’ with a varying 

loop {i.e., -[N]n- = -[T]i2-, -[T]i6-, -[T]2 i-, -[T]3o-, or -[A ]2 i-), a change in the loop 

bases of poly(T) to poly(A) leads to a 5-fold increase in the activation energy of 

closing to give a hairpin structure, whereas the activation energy of opening is 

unchanged. They explained this phenomenon in terms of rigidity of the loop region, 

suggesting that a longer and more rigid loop may lead to a lower closing rate, whereas 

the opening rate is relatively unaffected. They suggested that changing the loop base 

pairs from thymines to adenines may increase rigidity due to the larger size and 

increased stacking potential o f adenine bases compared to thymines. Conversely, in 

the experiments reported here, based on the faster and more complete reaction of 

G W L -78  with Seq-1 compared to Seq-2, the opposite would appear to be the case 

with adenine bases in the loop promoting hairpin formation compared to thymines. 

Inspection of the molecular models suggests that, in the case of Seq-1 and Seq-2 

which are shorter than the oligonucleotides studied by Bonnet and co-workers, 

stacking interactions of the adenine bases in the loop may serve to actually align the 

two arms of the hairpin, thus improving closure.

Based on studies with the non-covalent minor-groove binding agent netropsin, we 

also considered the possibility that GWL-78 induces the formation of hairpin 

structures in Seq-1 and Seq-2 oligonucleotides rather than simply reacting with any
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pre-formed hairpin species present and thus driving the equilibrium in that direction. 

For example, Lah and co-workers studied the interaction of netropsin with the 20- 

mer 5’-CGAATTCGTCTCCGAATTCG-3’ and provided firm experimental evidence 

that the ligand does induce conformational change. They concluded that formation of 

the hairpin adduct is enthalpically driven and accompanied by a significant 

hydrophobic effect, a conclusion also supported by data from PAGE gel experiments. 

However, given that all published studies on PBDs to date indicate that they require 

minor groove structure for covalent DNA interaction, it seems more likely that GWL- 

78 bonds covalently within the minor groove of fully formed hairpin species, thus 

forcing a shift in equilibrium rather than inducing hairpin formation.

The small amounts of two 2:1 GWL-78/DS DNA adducts isolated by HPLC and 

identified by MS after reaction of GWL-78 with annealed Seq-11 Seq-2 confirmed the 

anticipated formation of these species, although their lower prevalence compared to 

the hairpin adducts was surprising. It was not possible to positively identify the two 

adducts with regard to the four possible combinations of orientations of the two PBD 

molecules {Figures 7.27 and 7.28). However, molecular modelling was able to rule 

out the alternative four adducts with PBD Cll(i?)-stereochemistry as being 

structurally and energetically unfavourable with GWL-78 protruding from the minor 

groove. However, in keeping with the well-documented propensity of PBD molecules 

to bind to duplex DNA with their A-rings orientated to the 3’-end of the covalently- 

bound strand, the modelling studies predicted an order o f preference of A > (B or D) 

> C {Figure 7.27). Therefore, one of the two observed 2:1 adducts could be 

tentatively assigned to structure A, and the other to either B or D. It is also possible 

that more than one adduct co-eluted although this was not investigated further as
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these were all minor components. Structure A is also the preferred configuration in 

Figure 7.27 because the ^^-heterocyclic rings o f the two covalently-bound molecules 

o f GWL-78 overlap in the minor groove thus generating additional energy-lowering 

hydrogen bonding and Van der Waals interactions in a similar manner to those 

occurring in the 2:1 ligand/DS DNA adducts formed by the minor groove-binding 

agents netropsin and distamycin Given the relative symmetry of the Seq-1!Seq-2 

duplex, it is perhaps not surprising that no 1:1 GWL-78/DS DNA adducts were 

observed. However, such species may be formed at shorter reaction times.
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CONCLUSIONS

The results presented here demonstrate that PBD conjugate GWL-78 can bind to 

single strands of DNA to form previously unobserved stable hairpin adducts. This 

process can be rapid and quantitative for some oligonucleotide sequences but slower 

and incomplete for others. When starting the reaction with annealed oligonucleotides, 

the hairpin adducts form alongside smaller amounts of 2:1 1/DS DNA adducts, 

indicating that the former are preferred under the conditions of the experiment and 

that there must be sufficient concentrations of DNA hairpin species present at the 

beginning to allow reaction with GWL-78 and subsequent shift of the equilibrium 

towards the hairpin form.

The molecular modelling studies provide strong evidence that the energetically 

preferred hairpin adducts are arranged with C l l(5)-stereochemistry of the PBD but 

with their A-rings oriented unusually towards the 5’-end of the covalently-modified 

DNA strand. This previously unobserved orientation of a DNA-bound PBD molecule 

appears to be due to the requirement to accommodate the 6w-(A-methylpyrrole) side

chain within the minor groove structure of the hairpin rather than protruding through 

the loop region. Furthermore, whereas it had been previously assumed that PBDs 

such as GWL-78 form mainly mono adducts within stretches of duplex DNA, these 

results demonstrate that for sequences with PBD binding sites (e.g., 5’- 

AGAAAATCT-3’) in close proximity but on opposite strands, 2:1 ligand/DS DNA 

adducts may form that are potentially stabilized by non-covalent interactions between 

the overlapping /jw-(A-methylpyrrole) side chains of the two molecules as occurs in 

2:1 DNA adducts of netropsin and distamycin
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Most significantly, whereas PBD-based compounds were previously thought to exert 

their biological activity (e.g., cytotoxicity and transcription factor binding inhibition) 

through interaction with double stranded helical DNA in 1:1 mode, the observations 

reported here suggest that their activity may also be associated with binding to single

stranded regions of DNA in the form of hairpins and loops. Such structures are 

known to be important in regulatory processes including transcription and replication.

Further studies are underway to obtain structural confirmation of the hairpin adducts 

by high-field NMR and crystallography, and to examine the effect of concentration 

ratios, ionic strength and temperature on the rate and extent of formation.
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CONCLUSIONS

An assay combining HPLC and mass spectrometry has been successfully developed to 

study the interactions of sequence-selective pyrrolobenzodiazepines with short 

oligonucleotides of varying lengths. Initially, the assay was validated by using it to 

investigate interaction of the novel anticancer agent SJG-136 with oligonucleotides. The 

results showed that the assay is capable o f characterising and quantitating the rate and 

extent o f reaction with short oligonucleotides of varying sequence. Unlike the previously 

reported electrophoresis-based methods this new assay was rapid and utilised readily 

available non-radiolabelled oligonucleotides. The other advantage was that it could be used 

to obtain kinetic data regarding the rate of cross-linking for any given sequence.

The assay also provided some important new information. In addition to the interstrand 

cross-links formed by SJG-136, previously unreported intrastrand cross-links and mono- 

adducts were observed for SJG-136. It is proposed that, though the drug forms other 

adducts, the interstrand cross-linked adducts would account for its predominant action and 

has been supported by recent studies using footprinting and comet assay. In the above 

studies, a number of other sites could not be explained by the interstrand cross-linking 

mode o f DNA interaction. These unexplained sites may be accounted for by the formation 

of intrastrand adducts and mono-adducts, and could be important for the mechanism of 

action o f the drug.

Furthermore, the assay has been used to demonstrate that the PBD conjugate GWL-78 can 

bind to single strands of DNA to form previously unobserved stable hairpin adducts. Prior
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to this observation, PBD-based compounds were thought to exert their biological activity 

(e.g., cytotoxicity and transcription factor binding inhibition) exclusively through 

interaction with double stranded helical DNA in 1:1 mode. The novel results obtained from 

the HPLC-MS assay and accompanying molecular modelling data suggest that their 

biological activity could also be associated with binding to single-stranded regions of DNA 

in the form of hairpins and loops structures known to be important during DNA processing 

operators such as transcription or replication. These experiments also demonstrated that 

GWL-78 can form 2:1 ligand/DS DNA adducts apparently stabilized by non-covalent 

interactions between the overlapping /?/5-(A-methylpyrrole) side chains of two molecules 

as occurs in the 2:1 DNA adducts of netropsin and distamycin

In conclusion, the HPLC and MS assay developed through these studies has proved to be 

rapid and versatile, and has provided new information relating to the PBD-binding agents 

SJG-136, SG2285 and GWL-78 that could not be obtained by gel electrophoresis based 

methods.
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FUTURE WORK

The novel assay methodologies described here have been used successfully to study the 

interactions of the PBD-based agents SJG-136, SG2285 and GWL-78 with DNA. The 

advantages over gel electrophoresis methods, suggest that the assay should be applicable to 

the evaluation of other types of DNA interactive agents. For example, it would be valuable 

to use the assay to compare the cross-linking efficiency of PBD dimers (G-G interstrand 

cross-link) with bizelesin (A-A interstrand cross-link) and the PBD/CBI hybrid

agents reported by Tercell and Zhou (hybrid G-A cross-link)

In addition, the HPLC and MS assay could be extended to study the binding of drugs such 

as SJG-136 to DNA in living cells. One approach would be to treat sensitive (e.g., 

melanoma UC228) cells with SJG-136 at various dose levels followed by isolation of the 

genomic DNA. The isolated genomic DNA could be fragmented and then studied using the 

HPLC and MS assay developed here. This may provide direct evidence of SJG-136 

binding to particular DNA sequences in cells.
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