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Abstract
Most non-covalently binding DNA-interactive molecules based on pyrrole-type building 

blocks (e.g., polyamides such as netropsin) have a preference for AT-rich sequences. 

One objective of this project was to develop a set of novel biaryl building blocks with 

the potential to recognise GC sequences. Using solution phase combinatorial chemistry, 

a library of 135 novel polyamides was initially designed and synthesized containing a 

biaryl unit as a key feature. A Fluorescent Intercalator Displacement assay indicated 

that library members containing a 4-(l-methyl-1//-pyrrol-3-yl)benzenamine (MPB) 

motif switched to a GC preference. Further evaluation using HPLC/MS, DNA thermal 

dénaturation and footprinting assays confirmed this strong GC preference. 

Unexpectedly, the biaryl polyamides were also found to be highly selective for some G- 

quadruplex DNA structures, with related selective cytotoxicity in relevant cancer cell 

lines.

The MPB biaryl motifs were conjugated to pyrrolobenzodiazepine (PBD) molecules to 

produce covalently-binding agents with extended GC-selectivity within duplex DNA. 

Many of these MPB-PBD conjugates exhibited potent bactericidal activity against 

MRSA and VRE clinical isolates, and PBD-Py-MPB and PBD-Im-MPB conjugates 

showed significant selective in vitro cytotoxicity in a number of tumour cell lines.

Finally, the HPLC/MS methodology was further developed to evaluate interaction of the 

PBD dimer SJG-136 with duplex oligonucleotides of varying length and sequence. In 

addition to the previously known interstrand cross-link at Pu-GATC-Py sequences, 

SJG-136 was shown to form a longer interstrand cross-link at Pu-GAATC-Py 

sequences, an intrastrand cross-link at both shorter Pu-GATG-Py and longer Pu- 

GAATG-Py sequences and, in addition, monoalkylated adducts at suitable PBD binding 

sites where neither intra- or interstrand cross-links are feasible. These observations 

impact on the proposed mechanism of action of SJG-136 both in vitro and in vivo, on 

the repair of its adducts and mechanism of resistance in cells, and potentially on the type 

of pharmacodynamic assay used in clinical trials. The HPLC assay was also used to 

assess the impact of microwave radiation on PBD-DNA interaction where it was found 

that microwave levels of insufficient power to cause heating led to a significant increase 

in the rate of reaction between PBDs and DNA. The HPLC method was also used to 

observe a dynamic equilibrium between covalent 1:1 hairpin and 2:1 duplex PBD-DNA 

adducts, and to study the reversibility of PBD-DNA adducts.
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Chapter One: Introduction

1.0 Introduction

1.1 Cancer

1.1.1 General overview

Cancer is the term used to describe a group of diseases characterised by uncontrolled 

growth of abnormal cells in the body'. The uncontrolled growth is localized at the early 

stage of the disease but can spread throughout the body (metastasis) and cause organ 

malfunction and often death. Cancer affects one in three people bom in developed 

countries and is a major cause of long term sickness and death throughout the world. 

Cell proliferation in normal human tissues is controlled by an array of proteins that 

regulate proliferative and inhibitory stimuli. All types of cancer invariably start when 

the finely balanced regulation of cell proliferation is lost; in most eases the origin is a 

single cell that starts uncontrolled replication. This is a rare event in the human body 

and a succession of genomic aberrations must accumulate for one normal cell to 

transfomi into a cancerous cell. These aberrations may have a hereditary origin or be 

caused by errors in DNA replication, chromosomal division or by environmental 

factors.

3eH-*ufnclei%cy In 
growth •ignsts

Evading
apoptoais
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angiogenesis

Tiaaua invasion 
& iretastaais

Lifnitiesa replicative 
potential

Figure 1.1 : Acquired capabilities o f  cancer cells^

The genetic aberrations, commonly known as mutations, cause a permanent change in 

the DNA sequence that makes up a gene and range in size from a single DNA base to a
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large segment of a chromosome. The consequences of these genomic alterations can be 

loss or gain of gene function.

Cancer cells acquire a number of characteristics, known as the hallmarks of cancer^ 

(Figure 1.1), which prevent a normal immune system from eradicating abnormal cells 

and preventing cancer cells taking control of their own fate.

1.1.2 Treatment of cancer

Cancer as a group of diseases is very difficult to treat and is often incurable. In most 

cases the treatment is directed towards increasing life expectancy rather than 

eliminating the disease. Although the mode and success of treatment varies significantly 

depending on the type of cancer, successful cancer therapy can be characterized by a 

combination of timely and accurate diagnosis, selective surgery, radiation therapy, and 

chemotherapeutic drugs^. These treatment protocols have brought about a decrease in 

cancer deaths (in developed countries), and provides the basis for optimism in ongoing 

research into causes and mechanisms involved in the disease. Recent advances in cell 

biology, genetics and biotechnology have helped to develop a fundamental 

understanding of the events involved in the formation of a cancer cell and an individual 

who develops cancer. This advance in fundamental knowledge has benefited anticancer 

drug design and the effective use of preventive, diagnostic and therapeutic strategies for 

the treatment of this disease.

1.1.3 Cancer chemotherapy

Chemotherapy is the first choice for the treatment for most forms of cancer. Standard 

chemotherapy involves killing cells using chemical compounds. Currently more than 70 

different drugs are used in cancer therapy, and more than 300 drugs are in either 

preclinical development or clinical trials^. Chemotherapy can be used alone or in 

combination with other types of cancer therapy (e.g., radiotherapy, hormone therapy, 

surgery etc.) depending on the type and stage of the disease"^’̂ . However, the use of 

cytotoxic agents is still the only option for treatment of many types of cancer. The 

cytotoxic nature of these drugs inevitably targets rapidly dividing cells, irrespective of 

their organ of origin. The modest selectivity of these treatments is thought to rely on the 

faster cell replication potential of cancer cells with respect to normal cells that makes
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them more susceptible to the toxic effects of these agents. The lack of selectivity leads 

to side effects such as bone marrow suppression, gastrointestinal tract lesions, hair loss 

and nausea, which limits the dosage of the drug that can be safely administered^.

The increasing understanding of the biochemical pathways involved in cancer is 

encouraging the development of new anti-cancer treatments that exploit the differences 

between cancer cells and normal cells. The study of patterns of gene and protein 

expression enable the identification of enzymes, receptors and other molecular targets 

that are exclusively expressed or over-expressed in cancer cells relative to normal cells.

1.2 DNA as target for anticancer therapy

DNA has long been a target for chemotherapeutic intervention and the function of many 

clinically effective drugs involves binding to DNA and subsequent inhibition of gene 

transcription, translation and other cellular processes. However, DNA is viewed as a 

non-specific target for cytotoxic agents. Although this is true of traditional 

chemotherapeutics, agents discovered recently have shown enhanced specificity. 

Current research focuses not only on DNA, but on DNA-associated processes in order 

to devise new molecules that are more specific and effective than existing agents.
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1.2.1 Different forms of DNA

DNA structure has a very close relationship with its biological function. From the early 

days of structural biology, it was recognized that DNA could adopt alternate folds. 

Since the discovery of Watson and Crick's model of fully hydrated (B-form) duplex 

DNA, it has been regarded as a uniform double helix and a passive library of genetic 

information. DNA structure, however, is highly dynamic and its functions are diverse. 

Recent evidence suggests that non-duplex DNA structures may play a direct role in 

regulating gene expression, chromosome stability, cellular replication, and programmed 

cell death. In addition to A-, B-, and Z-form double helices, single-stranded DNA can 

form various hairpin, G-quadruplex and i-motif structures^’̂ . Whilst the folding and 

function of these DNA structures are not well understood in vivo, the identification of 

proteins that selectively bind to either G-quadruplex or i-motif YiNA in vitro and in vivo 

provides strong evidence that these DNA structures are biologically relevant and can be 

exploited in the design of a new generation of specific anticancer chemotherapeutic 

agents^’̂ .

I
A
I I I I . _

G C — G - C  Y— T - ?  ^
I I I I----------------------------------------C ----- l-c
A T —A -T
A l - A - l
< 1 1 1  Y— * I T

H Î G—C G—C I V -f À À T Â
y ly If ly ly |y T-/ " \ /

Hairpin Triplex (H-molif) G-quadruplex i-motif

Figure 1.2: Different structural types o f  DNA

1.2.1.1 Duplex DNA

DNA usually exists in the form of a double helix that contains the genetic information 

for biological development of all cellular forms of life. The helix consists of a pair of 

DNA molecules held together by hydrogen bonds and is organized as two 

complementary strands running in an antiparallel fashion with respect to the phosphate 

and deoxyribose backbone. Each strand of DNA is composed of four different 

nucleotides adenine, thymine, cytosine and guanine. In the double helix, adenine (A) 

pairs with thymine (T), and cytosine (C) pairs with guanine (G) through specific 

hydrogen bonds. A/T pairs form two hydrogen bonds and C/G pairs form three
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hydrogen bonds. This complementary base pairing is essential for the role of DNA as an 

information storage molecule. This information content is determined by the sequence 

of base pairs along its length.

The double helix is stabilized by n stacking interactions and hydrophobic interactions in 

the base stack^. The GC content and length of each DNA molecule dictates the strength 

of the association of the two strands (greater number of hydrogen bonds); the more 

complementary bases that exist, the stronger and longer-lasting the association. This is 

characterised by the temperature that is required to break the hydrogen bonding network 

and separate the two strands, its Tm value.
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Figure 1.3: Structure o f double helical DNA (image courtesy: Sandwalk).

1.2.1.1.1 DNA minor and major-groove and their functional groups

The common B-form structure of DNA is characterized by a wide and shallow major- 

groove and a narrow and deep minor-groove'®. DNA sequences can be distinguished by 

the pattern of functional groups and hydrogen bond donor and acceptors present on the 

edges of the base pairs.
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Figure 1.4: DNA major and minor-groove and schematic view of hydrogen bonding o f A:T and G:C 

W atson-Crick base pairs. The directionality o f  hydrogen bonds is indicated by arrows (image courtesy: 

Human M oleculer Genetics, Vol 2, NCBl, Tom Strachan and Andrew Read).

The major-groove of an A-T base pair has a hydrogen bond acceptor at the N7 of 

adenine and a donor at the N6 of the amino group, an acceptor at the thymine 4- 

carbonyl and also the possibility of van der Waal’s interactions through the thymine 

methyl group. On the other hand, the minor-groove has a hydrogen acceptor at the N3 

of adenine, at the carbonyl of thymine, the N3 of guanine and 2-carbonyl of cytosine. 

The only hydrogen donor is the 2-amino group of guanine. This arrangement of 

functionality is unique and asymmetric in every DNA base pair. It was initially thought 

that the sequence dependent variation in conformation and organisation of functionality 

that distinguishes local DNA microstructure is beyond the recognition and 

discrimination capability of small molecules,'^ but recent work suggests" all four base 

pairs can be specifically recognized by small molecules. Nature makes use of this 

characteristic in a wide variety of processes including transcription, translation, 

replication and recombination.
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1.3 Triplex DNA

The DNA double helix can, under certain conditions, accommodate a third strand in its 

major-groove. Natural DNA only forms a triplex if the targeted strand is rich in purines 

- guanine (G) and adenine (A) - which in addition to the bonds of the Watson-Crick 

base pairing can form two further hydrogen bonds, and the 'third strand' oligonucleotide 

has the matching sequence of pyrimidines - cytosine (C) and thymine (T). Any Cs or Ts 

in the target strand of the duplex will only bind very weakly, as they contribute just one 

hydrogen bond. Moreover, the recognition of G requires the C in the probe strand to be 

protonated, so triplex formation only occurs at low pH. The formation of these 

hydrogen bonds between the three strands arises because of what are termed Hoogsteen 

bonds, which form between bases in the incoming single-stranded DNA and the already 

paired bases in the duplex, as shown in the Figure 1.5.
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F igure 1.5; Triplex DNA and Hoogsteen pairs, (a) Triplex DNA secondary structure formed between a 

14 base-pair helical duplex (shown as tubes) and a six-base single-stranded DNA (space-filling) lying 

within the major-groove. (b) Possible interactions between duplex DNA and either single-stranded DNA 

or a second duplex DNA, (c) M olecular details o f  the Hoogsteen bonds to the W atson-Crick base pairs, 

resulting in four base triplet combinations (dR deoxyribose). (Image courtesy: 

www.open.ac.uk/openleam . module 2.1)
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1.4 Quadruplex DNA

Guanine rich nucleic acid sequences can fold into four stranded structures known as G- 

quadruplexes^^. These quadruplexes are formed by intermolecular association of four 

DNA molecules, dimerization of sequences that contain two G runs or by the 

intramolecular folding of a single strand containing four blocks of G^ .̂ These structures 

may be adopted by telomeric DNA repeats as well as other genetic control regions. G- 

quadruplexes are constituted of two or more G-quartet groups stacked through ti-tc 

interactions and further stabilised by cations located in the electronegative central 

channel of the s t r u c t u r e A  common feature of G-quadruplex forming sequences is the 

presence of runs of consecutive guanines (G-tract). G-quadruplexes can adopt a large 

number of topologies and several factors influence the structure or structures that a 

particular G-rich DNA sequence may form. These include the number of DNA 

molecules involved, which will give rise to intra- or intermolecular G-quadruplexes, 

sequence and length of the connections between the different G-tracts, which will define 

the structure of the loops, and the nature of the cations, which may favour the formation 

of one topology over another^" .̂

The different G-quadruplex topologies can be qualitatively classified by describing the 

sequence, stoichiometry, polarity of each strand, how the loops connect the different 

strands and conformation of the guanine glycosidic angles. According to the 

stoichiometry, G-quadruplexes can be classified as unimolecular, bimolecular or 

tetramolecular. Natural proteins known as telomere end-binding proteins (TEBPs) can 

promote G-quadruplex formation under the control of the cell cycle machinery^
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Figure 1.6: The quadruplex. (A) A tetrameric, dimeric and monomeric G-quadruplex composed o f  three 

G-quartets (top). (B) A schematic model o f  DNA secondary structure com posed o f  com pact-stacking 

m ultimers o f the hybrid-type quadruplex structures (top and middle), and parallel-stranded structures 

(bottom), (from EM BO reports 8, 11, 1003-1010, 2007)

Generally four different types of loops can be found in G quadruplex structures -

• Propeller : which connect adjacent strands running in parallel

• Lateral: which connect adjacent strands running in antiparallel directions,

• Diagonal: which connect opposite strands running in antiparallel directions, and

• V-shaped: which connect a strand with a guanine that is part of a G-quartet but 

is not connected to the guanine immediately above or underneath it in the G- 

quadruplex structure
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Figure 1.7: Loop types in G-Quadruplexes, A: lateral; B: Diagonal; C: Propeller type; D; V-shaped (front 

Patel et al 2007)

D IFFER EN T PR O T E IN  REC O G N ITIO N

Figure 1.8: Quadruplex polymorphism. Examples o f  intramolecular G-quadruplexes with different 

folding and capping structures. Intramolecular G-quadruplex structures are all derived from a single

stranded DNA (top). The conformational diversity suggests that these G-quadruplex structures might be 

specifically recognized by various proteins and small molecule ligands, (from EM BO reports 8, 11, 1003- 

1010, 2007)

1.4.1 G-quadruplexes in promoter regions of oncogenes

Recently it has been possible to survey the entire human genome for putative G- 

quadruplex forming sequences thanks to the recent advances in the understanding of 0 - 

quadruplex formation requirements and application of bioinformatics to the information 

provided by the Human Genome Project. With the help of this bioinformatics study, a 

total of 375,157 non-overlapping sequences of duplex DNA with G-quadruplex forming 

potential were ident i f i edPuta t ive  G-quadruplex forming sequences were found to 

occur more frequently in the promoter regions of genes. A correlation was found to 

exist between the frequent occurrence of G-quadruplexes in promoter regions and with 

sites with nuclease hypersensitivity. Furthermore, in yeast, putative G-quadruplex 

forming sequences were shown to possess lower histone content, suggesting a possible
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role for G-quadruplexes in the displacement of nucleosomes. This evidence supports the 

hypothesis that G-quadruplexes play an active role in the regulation of gene
17-19expression

Furthermore, a number of genes which are associated with different types of cancer, 

such as c-myc, c-kit, bcl-2, c-met and k-ras, contain G-quadruplex forming 

sequences^^’'^'^’. It can be argued that in the presence of a complementary sequence the 

G-quadruplex conformation has to compete with the highly stable duplex DNA, and 

although energetically disfavored, formation of a G-quadruplex can occur in the 

presence of a complementary sequence, and is not necessarily restricted to single 

stranded DNA. A number of studies have shown that G-quadruplex formation occurs in 

the presence of its complementary sequence under crowded conditions at a molecular 

level that mimics the intracellular environment.

Quadruplexes have been characterised in the promoter sequences of a number of proto

oncogenes and cancer-associated growth factors, notably c-myc, c-kit, k-ras, PDGF-A 

and hcl-2 The structures formed by the two G-quadruplex forming sequences in 

the promoter of the c-kit oncogene, c-kit-1 and c-kit-2 have drawn significant interest 

due to their unique structure and close proximity in the promoter region. The prevalence 

of quadruplex sequences in gene promoter regions suggest a potential role of 

quadruplex structures in transcription^"'^'^.
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Figure 1.9: Quadruplex in a gene promoter. Alternative forms o f the NHE III, o f  the c-myc promoter 

associated with transcriptional activation or silencing (from EM BO reports 8, 11, 1003-1010, 2007).
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1.4.2 Biological relevance of G-quadruplexes

Although in vitro studies dominated the research work on G-quadruplexes, more 

recently there is growing evidence of G-quadruplex formation in vivo^^. A number of 

proteins have been found to interact specifically with G-quadruplexes, notably helicases 

that unwind G-quadruplexes, such as the Bloom and Werner syndrome proteins^^’̂  ̂

and nucleases specific for G-quadruplexes, such as GQNl These protein G- 

quadruplex interactions provide indirect evidence for the existence of G-quadruplexes in 

vivo and could explain the possible role of the G-quadruplex structures in gene 

regulation.

More recently, experiments using antibodies generated to specifically bind antiparallel 

G-quadruplexes formed by the telomeric sequence of Stylonichia lemnae successfully 

led to direct in vivo detection of G-quadruplexes. These were seen to accumulate in the 

macronuclei but not micronuclei of the cells^\ Further studies in Stylonichia showed 

that interference with the expression of the telomere binding proteins |3TBP, 

phosphorylation of which is required for the unfolding of G-quadruplex during DNA 

synthesis, or aTBP resulted in the abrogation of macronuclei detection by the antibody, 

consistent with a role of both proteins in the in vivo formation of the G-quadruplexes^^. 

Moreover, a recent study using a tritiated analogue of the G-quadruplex ligand 360A 

showed that the ligand can preferentially bind to the telomere regions of 

chromosomes^^.

Telomere end-binding proteins (TEBPs) can promote G-quadruplex formation under the 

control of the cell cycle machinery which provides strong evidence for a functional role 

for telomeric DNA quadruplexes. Recently it has been suggested that G-quadruplex 

structures in the 5' untranslated regions of mRNA has the potential to modulate 

translation^" .̂ In addition to telomere protection and transcriptional regulation, G- 

quadruplexes are proposed to play a role in chromosomal alignment and recombination 

and in DNA-replication associated diseases.
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1.5 DNA recognition by natural molecules

Numerous DNA binding proteins employ sequence-specific recognition based on 

electrostatic interactions and shape complementarity. The complex 3-dimensional 

structure of DNA binding proteins are often altered by the association with the target 

DNA sequences and in many cases complex formation involves more than one protein. 

Protein DNA interaction often results in major distortions in the canonical B-form 

structure of the DNA double helix. Scientists have already identified and categorized 

proteins in different families based on DNA recognition motif. Although numerous 

structural motifs have been categorized for protein-DNA r e c o g n i t i o n * a  general 

recognition code correlating target DNA sequence with amino acid sequence 

composition has not been identified. The discovery of a number of TATA box binding 

proteins^^'^’ (which are a part of the eukaryotic transcription factor TFID) reveals the 

sequence specificity of natural proteins and their distinct structural motifs. Studies have 

shown most of the DNA binding proteins depend on major-groove association for their 

sequence specificity^^.

TFIIIA TBP LEFT

ETS GCN4 Zif268

F igure 1.10: Protein DNA interactions (From Bioorg Med Chem; 2001; 9(9), 2215-35)
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On the other hand small molecules of natural origin^ bind in the minor-groove and 

show significant sequence specificity, some of them intercalate in between the DNA 

base pairs, whilst others act by both mechanisms'^’̂ .̂ Small molecules have the 

advantage of more limited conformational flexibility than proteins. Such molecules 

include chromomycin, calicheamicin, distamycin, netropsin, Hoechst 33258 and 

actinomycin D. Most of these molecules utilize the DNA minor-groove as their domain 

for recognition and bind to the DNA with high affinity and significant sequence 

selectivity. It is interesting to note that these molecules are quite different in their 

structural features and offer different opportunities for development of analogues. 

Among these molecules, the polyamides netropsin and distamycin are attractive lead 

compounds as they are simple molecules with strong binding selectivity and a well 

understood binding pattern. In addition, these polyamides are relatively easy to 

synthesise allowing the preparation of un-natural analogues.
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Figure 1.11: Structures of representative natural products that bind to the DNA with their optimal target 
DNA sequences indicated.
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1.6 DNA interactive agents

DNA interactive agents either interact directly with DNA (e.g., alkylating, methylating, 

platinating agents, topoisomerase inhibitors) or affect DNA synthesis 

(antimetabolites)'^^’̂ .̂

1.6.1 Topoisomerase inhibitors

DNA is a double helical super coiled structure which requires unfolding for processes 

such as transcription and replication to take place. Topoisomerases are the enzymes 

which act on the topology of the DNA. They catalyze and guide the unknotting of DNA 

by creating transient breaks in the DNA using a conserved tyrosine as the catalytic 

residue. There are two types of topoisomerase enzymes, type I and type II. 

Topoisomerase inhibitors are chemical agents which interfere with the functions of the 

topoisomerase enzymes generating single and double stranded breaks. The presence of 

these DNA breaks subsequently leads to apoptosis and cell death"^̂ ’̂ .̂

Type I enzymes work on one strand of the double helical DNA, they cut and re-anneal 

the DNA strand prior to replication. Generally topoisomerase I binds to the 

phosphodiester bond of DNA to form a Topo I-DNA complex and makes a cut 

permitting the helix to rotate. After the DNA is relaxed, topoisomerases reseal the cut 

strand. Type I enzymes are subdivided into type IA and type IB topoisomerases. Topo I 

inhibitors, such as topotecan, bind reversibly to the Topo I- DNA complex and block the 

strain relaxing action of the enzyme leading to persistent DNA breaks and cell death^®.

Type II enzymes cut both strands of a DNA double helix and relax DNA by allowing 

another double strand of DNA to pass through the transitory cuts. The action of Topo II 

enzymes is crucial during mitosis to ensure genetic integrity as a cell divides. Topo II 

enzymes consist of two identical subunits each of which forms a complex with one 

strand of DNA. The complex known as a cleavable complex breaks both strands and 

any intervention at this stage leads to permanent double strand breaks. Classical Topo II 

inhibitors etoposide and doxorubicin, which are regularly used in cancer therapy, trap 

the cleavable complex and prevent the re-sealing process^®.
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1.6.2 Intercalate rs

Intercalating agents are widely used in both cancer chemotherapy and diagnostics. They 

are flat planar molecules with a number of aromatic rings in their structures. Ligands of 

an appropriate size and chemical nature must fit themselves in between base pairs of 

DNA for intercalation to occur. Intercalation can prevent binding of proteins and 

different enzymes to DNA and can inhibit processes like transcription, replication and 

DNA repair processes"^^’"̂ ’̂̂ ’̂̂ .̂ In order for an intercalator to fit between base pairs, the 

DNA must dynamically open a space between its base pairs by unwinding leading to 

structural changes of DNA, which often affect its function. For this reason, intercalators 

are considered as potential mutagens, which can restrict their clinical use.
NH;

OH

OH O

OH
OH

Doxorubicin (1.5) Topotecan (1.6)

O HN

K NH

NHz

Actinomycin D (Dactinomycin) (1.7) Ethidium bromide (1.8)

Figure 1.12: Structures of representative molecules of topoisomerase inhibitors and intercalators

The anthracyclines, doxorubicin, daunorubicin and dactinomycin, are the best known 

examples of clinical intercalating agents while ethidium bromide is most used in 

biological assays^ Anthracyclines consist of a planar anthraquinone nucleus attached 

to an amino-sugar. These are natural products obtained from Streptomyces species. It is 

reported that anthracyclines interfere with the function of the Topo II enzyme and 

prevent the resealing of DNA. They can form free oxygen radicals from the 

hydroxyquinone moiety present in their structure and cause single stranded breaks. In 

cancer chemotherapy, doxorubicin and daunorubicin are used in treatment of Hodgkin's
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lymphoma, and dactinomycin is used in Wilm's tumour, Ewing's Sarcoma and 

rhabdomyosarcoma^ \  However, their clinical use is somewhat restricted due to tumour 

resistance and the toxicity associated with their use. The design and synthesis of new 

drugs is focused on bis-intercalators which have two intercalating groups linked via a 

variety of ligands, and synergistic drugs, which combine the anticancer properties of 

intercalation with other functionalities, such as covalent binding or boron-cages (for 

radiation therapy)^ \

1.6.3 Alkylating agents

Alkylating agents involve reactions with guanine bases in DNA. These drugs add 

methyl or other alkyl groups onto the guanine which causes DNA fragmentation, 

damage and/or mispairing leading to cell death'^^’'̂ ’̂̂ '̂ . Alkylating agents can exert their 

anticancer activity by three different mechanisms. In the first, an alkylating agent 

attaches alkyl groups to DNA bases. This alteration triggers the DNA repair mechanism 

and results in the DNA being fragmented by repair enzymes in their attempts to replace 

the alkylated bases"*̂ '̂ .̂

A second mechanism by which alkylating agents cause DNA damage is the formation 

of cross-links, bonds between atoms in the DNA. In this process, two bases are linked 

together by an alkylating agent that has two DNA binding sites. Bridges can be formed 

within a single molecule of DNA or a cross-bridge may connect two different DNA 

molecules. Cross-linking prevents DNA from being separated for replication or 

transcription^^’̂ .̂

The third mechanism of action causes the mispairing of the nucleotides leading to 

mutations. The use of alkylating agents in cancer chemotherapy is currently limited due 

to dose dependent cytotoxicity of the normal healthy cells^^.

There are six groups of alkylating agents: nitrogen mustards; ethylenimes; 

alkylsulfonates; triazenes; piperazines; and nitrosureas^"^’̂ .̂
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1.6.3.1 Cross-linking agents

Cross-linking agents work by utilizing the same principle as the alkylating agents. They 

can be termed as bifunctional alkylating agents that can form cross-links within the 

same piece of DNA or interconnect two duplex DNA (interhelical cross-links) through 

their electrophilic alkylating centres. The formation of cross-links (both interstrand and 

intrastrand) represents by far the most toxic of all alkylation events, since this results in 

seizure of the replication fork, ultimately leading to induction of apoptosis These agents 

also have the potential to form/induce DNA-protein cross-links and are employed in 

molecular recognition studies to understand the protein-DNA interaction"^^’"̂*.

Studies to understand the interactions necessary for interstrand/intrastrand cross-linking 

by many agents, about which very little was previously known, is extremely important 

to design selective anticancer drugs with reduced toxicity^^. This knowledge has been

used to design more efficient and/or selective agents and has also allowed the design of

cross-linking agents from the simple dimerization of DNA monoalkylating agents.

Cross-linking agents can be broadly classified into following groups of molecules -

- Nitrogen mustards, e.g. - mechlorethamine

- Nitrosoureas, e.g. - Chloroethylnitrosoureas

- Triazenes, e.g. - Mitozolomide

- Alkyl sulfonates, e.g. - Busulfan

- Epoxide containing agents, e.g. - Diepoxybutane 

Platinum compounds, e.g. -  Cisplatin

Dimeric DNA binding and cross-linking agents, e.g. Pyrrolobenzodiazepine 

dimers, SJG 136

- Photo-activated cross-linking agents, e.g. -  psoralens

- Oxidatively activated agents, e.g. -  cyclophosphamide

- Hypoxia selective agents, e.g. -  masked nitrogen mustards.
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Figure 1.13: Structures of some clinically employed DNA interactive agents

1.6.3.1.1 Nitrogen mustards

The nitrogen mustards represent the earliest and one of the most extensively studied of 

the DNA interstrand cross-linking agents. Although they are extensively reported as 

DNA interstrand cross-linking agents, the possibility of interhelical or intrastrand 

interactions could not be unambiguously dismissed. Mechlorethamine and chlorambucil 

are two of the most heavily employed clinical anticancer agents in use today. The 

nitrogen mustards covalently cross-link DNA via a sequence of aziridinium formation, 

followed by alkylation and then the cycle is repeated to afford ultimately bis-alkylated 

material^^’"̂ ’̂"̂ .̂

1.6.3.1.2 Nitrosoureas

Nitrosourea compounds can form numerous alkylating adducts, both mono and 

interstrand, with DNA and can easily cross the blood brain barrier owing to their higher 

lipophilicity, which makes them suitable to treat brain cancer. Carmustine, lomustine 

and ethylnitrosourea are three prominent nitrosourea derivatives commonly used in 

cancer chemotherapy. The mechanism of interstrand cross-link formation involves the 

formation of an ethyl linkage between the N1 of deoxyguanosine and the N3 of its base 

pairing partner, deoxycytosine, which is critical for its therapeutic activity"^ ’̂"̂ .̂
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1.6.3.1.3 Triazenes

The degradation products of triazenes, mitozolomide and 1,3-dialkyl-3-acyltriazenes, 

are biologically active alkylating agents and can form dC-dG cross-links through 

choloroethylation. Generation of the diazonium followed by DNA alkylation or 

hydrolysis (also giving rise to dG adducts) ensues and completes the major pathway of 

triazene decomposition.

1.6.3.1.4 Alkyl sulfonates

Busulfun and related alkyl sulfonates are interstrand cross-linking agents. These are 

relatively less toxic than the nitrogen mustards as they are devoid of carbamoylation 

activity. Like nitrosourea, the decomposition products of the alkyl sulfonates generate 

the active alkylating species, which ultimately react to form DNA cross-links. 

Characterization of the lesion obtained from busulfan treated DNA has revealed the 

generation of l,4-bis(7-guanyl)butane as well as 7-(4- hydroxybutyl)guanosine upon 

hydrolysis of the modified DNA^^

1.6.3.1.5 Platinum compounds

The drugs cisplatin, carboplatin and oxiplatin are widely used in cancer 

chemotherapy^^’̂ .̂ Once inside the biological system, these compounds form platinum 

complexes and react with DNA to form cross-links leading to apoptosis or cell death. 

Cisplatin forms intrastrand cross-links between the N7-N7 positions of guanine bases in 

the major-groove of DNA. Once inside the biological system, one of the chloride 

ligands is slowly displaced by water in a process known as aquation. The aqua ligand in 

the resulting [PtCl(H2 0 )(NH3)2]  ̂ is a better leaving group than chloride and makes the 

molecule more reactive, allowing cisplatin to coordinate to the N7 of guanine bases of 

DNA. Subsequently, the platinum cross-links two bases via a second aquation process 

or displacement of the other chloride ligand^^. Cisplatin mainly forms 1,2-intrastrand 

cross-links. The damaged DNA induces the DNA repair mechanisms, which in turn 

activate apoptosis when repair proves impossible^^’"̂ .̂
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1.6.3.1.6 Dimeric DNA binding and cross-linking agents

As a class, major-groove DNA binding small molecules show poor sequence 

selectivity^^. Agents like nitrogen mustards and cisplatins can form mono and 

intrastrand adducts with the N7 position of guanine. These adducts form frequently all 

over the genome, which presumably contributes to the toxicity of these types of 

anticancer molecules. Statistically it has been estimated that a drug selectively spanning 

16-17 base pairs is ideal to target one particular gene. Considering the poor sequence 

specificity of approximately 3-4 base pairs for the major-groove binders, they form 

random adducts throughout the genome and kill all rapidly dividing cells, including the 

cancer cells. This is why bone marrow depression and gut epithelial erosion are 

common side effects associated with cancer chemotherapy. Additionally, major-groove 

guanine N7 adducts are readily repaired by the DNA repair mechanisms resulting in 

drug resistance, which limits their use in chemotherapy after a specific period of time. 

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

which specifically bind to the DNA minor-groove"^^’"̂ .̂
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1.7 Minor-groove binding

Minor-groove binding is characteristic of small molecules of both natural and synthetic 

origin and is one of the most extensively studied ligand-DNA interactions. Binding 

occurs when small molecules with suitable structural features fit into the minor grove 

and interact with the floor or walls of the groove. This interaction is mostly non- 

covalent and depends on weak electrostatic forces such as hydrogen bonding or even 

weaker van der Waal’s interactions. Although both major and minor-grooves are 

targeted by ligands, low molecular weight ligands usually prefer the minor-groove for 

tighter and more extensive contact with the narrower groove. Ligand-DNA association 

in the minor-groove does not significantly alter the structure of the DNA helix. Most of 

the minor-groove binding agents studied to date are composed of aromatic heterocycles 

with different linkers; very few of them contain fused ring systems^ \  Biological studies 

of minor-groove binders have shown significant antibacterial, antiviral, antiprotozoal 

and antitumour activities^\ Ligands that bind in the minor-groove have a significant 

preference for A/T sequences over G/C sequences^^. This preference is attributed to the 

following factors -

i) AT rich regions of the minor-groove are narrower than G/C rich sequences, 

allowing tighter contact and stronger van der Waal’s interactions.

ii) Minor-groove regions with A/T rich sequences are more negative than

similar regions with G/C rich sequences. Most of the minor-groove binders 

are either positively charged or gets positively charged in and these

positively charged species can interact strongly with the negative charged 

A/T base pair floor.

iii) The exocyclic 2-amino group of guanine sterically hinders ligands from 

associating closely with the minor-groove

Wellenzohn and co-workers in 2001 demonstrated that ligand tails exert significant 

influence in sequence specific recognition and accommodation of the ligand within the 

minor-groove^^. The groove width has been shown to be sensitive to the conformational 

transitions of different ligand tails.
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Figure 1.14: Structures of some minor-groove binders showing their positive charges.

Thurston and co-workers have reported the synthesis of sequence selective minor- 

groove interstrand cross-linking agents based on naturally occurring 

pyrrolobenzodiazepines Unlike traditional minor-groove binders these

molecules bind covalently to guanine residues in the minor-groove and have shown 

significant antitumour and antibacterial activity^ '̂^^. SJG-136, a sequence-selective 

pyrrolobenzodiazepine (PBD) dimer, developed by the Thurston and Howard group is 

shortly to enter Phase II clinical trials in USA and

SJG 136 (1.17)

Figure 1.15: Interstrand cross-linking minor grove binding agent, SJG 136
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1.7.1 Effects of compound curvature on minor-groove binding

Compound curvature is thought to play a significant role in minor-groove binding that is 

additional to hydrogen bond donor-acceptor relationships established with the DNA 

base pairs. Classical minor-groove binders like netropsin and distamycin are crescent 

shaped and effectively complement the curvature of the minor-groove of DNA, ensuring 

improved van der Waals contacts and strong hydrogen bonding interactions^^’̂ ’̂̂ ’̂"̂  ̂

This complementary shape also ensures proper functional group positioning. It is 

believed that ligands curvature is a critical factor for compounds to have strong and 

specific binding to the minor-groove.

HN
NH

HN

NHNH

Netropsin (1.3)

HN

NH NH

Distamycin (1.2)

Fig 1.16: Crescent shape of natural minor-groove binder, netropsin and distamycin

It is assumed that compounds with too much curvature, or with a linear shape will lose 

binding affinity due to un-optimized surface contacts with the floor and walls of the 

minor-groove^\ The bis-amidine compound DB 555, a structural isomer of DB 75, has 

a para-substituted terminal amidine group on one phenyl ring and a meta-substituted 

amidine in the other phenyl ring^ .̂

DB 75 (1.16)

HoN

:NH;

DB 555 (1.18)

N N

CGP 40215 A (1.19)

Figure 1.17: Structure of diamidine analogues and linear diamidine CGP 40215
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This change of amidine position imparts a different shape to the bis-amidine 

compound. It is too curved to match the shape of the minor-groove. Studies revealed 

that it lacks the required contact interactions and as expected has less specific binding 

and binding affinity^^. A notable exception in molecular curvature and binding affinity 

is found in a recent study in which a near linear bis-amidine, CGP 40215 A, has been 

reported to have strong binding affinity for A-T rich sequences although it does not 

match the curvature of the minor-groove. It has strong binding affinity which is due to 

the presence of a favourable linker and water mediated interaction. It has been found 

that the bound water molecules impart the required curvature to the complex which 

matches the shape of the minor-groove^" '̂^^.

1.7.2 Minor-groove binding by netropsin and distamycin

A number of minor-groove binders have been extensively studied to determine their 

exact DNA binding parameters and binding motif. Techniques such as X-ray 

crystallography, NMR, and footprinting have revealed valuable information on the 

nature of DNA-ligand interactions and resulted in a better understanding of DNA 

sequence discrimination by minor-groove binders.

Netropsin is a natural product with significant in vitro antibiotic and antiviral activities 

and notable DNA sequence discrimination in the DNA minor-groove. The crescent 

shaped molecule contains two pyrrole rings and three amide groups with a cationic C- 

terminal amidine and an N-terminal guanidine group. Netropsin is a classic minor- 

groove binding agent with an A-T base pair preference^^’̂ .̂ A number of 

crystallographic structures showing netropsin bound to A-T rich DNA sequence in the 

minor-groove have been resolved^^’̂ '̂^  ̂ The first crystallographic structure of 

netropsin-DNA complex was obtained by Dickerson and co-workers in 1985 which 

shows that netropsin binds to the minor-groove of d(CGCAATTGCG)2  DNA at the 

central AATT region with a 1:1 stoichiometry^^. It fits snugly within the minor-groove 

ensuring extensive van der Waal’s contacts with the wall of the minor-groove. The three 

amide groups of netropsin act as hydrogen bond donors and form interactions with N3 

of adenine and 02 of thymine of A-T base pairs.
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Figure 1.18: X ray crystal structure o f  1:1 netropsin -  DNA complex (From Dervan, P. B., Bioorg Med 

Chem; 2001; 9(9), 2215-35)

Distamycin binds to A-T rich DNA sequences in a similar fashion to netropsin. This 

oligopeptide antibiotic has one additional pyrrole ring and a formyl group at the N- 

terminus. It is believed that the formyl group plays a significant role in the association 

of distamycin with the minor grove of Like netropsin, the binding of

distamycin to DNA can be divided into two stages. First, a fast association due to 

electrostatic interactions, followed by a gradual positioning of the ligand in the minor- 

groove. The hydrated nature of the DNA minor-groove favours thermodynamic 

association as, upon binding, distamycin redistributes water molecules into the bulk 

solvent thus providing a favourable entropie contribution. Recently van Gunsteren and 

co-workers have published insights into the structural aspects of binding using 

molecular dynamics simulation^*^.
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Figure 1.19: A schematic representation o f  the hydrogen bonds that Netropsin (A) and Distamycin (B) 

form with the DNA and water when they are bound to the minor-groove o f  the d((CG)2 A5 (CG)2 ) - 

(CG)2 T;(CG)2 )) duplex in aqueous solution. Hydrogen bonds with DNA are shown in red and hydrogen 

bonds with water are shown in blue. Nucleotides in the second strand o f  DNA duplex are marked with an 

asterix. (From Nucl. Acids Res., 2005, 33(2), 725-733).

Figure 1.20: Crystal structure o f  distamycin bound to the sequence d(CGCAAATTTGCG) 43
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In 1989 Wemmer and Pelton made the unique observation that distamycin can bind to 

A-T sequences in the minor-groove of DNA in an antiparallel fashion, in a 2:1 

stoichiometric ratio, even at low ligand:DNA concentrations^^ Their study revealed that 

two distamycin molecules bind simultaneously in the minor-groove of the central 5'- 

AAATT-3' segment and remain in close contact with both the DNA and one another. 

The minor-groove expands to accommodate two molecules of distamycin, and Py/Py 

pairs in the 2:1 ligand:DNA complex show the preference for A-T sequences over G-C 

sequences.

>=0

H N
MM-

NH-

Figure 1.21: NM R structure o f  2:1 complex o f  Distamycin -  DNA complex 85

1.7.3 Minor-groove binding of netropsin and distamycin analogues

Researchers discovered the detailed binding pattern of netropsin in the minor-groove 

through crystallographic studies^\ Later the structure of distamycin-DNA complexes 

were solved by both NMR and crystallographic techniques'^ Netropsin and distamycin 

prefer A-T rich sequences to G-C rich sequences. The principle difference in base pairs 

is that the G-C base pair contains an exocyclic amino group that protrudes into the 

groove. This amino group makes the steric and electronic environment of the minor- 

groove at G-C base pairs significantly different from that of A-T base pairs and 

contribute to the poor binding affinity of the ligands to G-C rich sequences.
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1.7.3.1 Saturated and benzofused analogues

Boger and co-workers synthesised distamycin analogues with benzo-fused building 

blocks, which retained A-T preference, while saturated distamycin analogues failed to 

show significant DNA binding^^’̂ .̂

Distamycin (1.2)

1.20 NCBz
1.21 NH
1.22 0
1.23 CH2
1.24 NMe

H,N
NH

NH

H

HN^O

6  H } ~ X

0

1.25 NCBz
1.26 NH
1.27 0

HgN
NH

NH

HN

H
A ,

°

MeOGG

HNV/ V n , J - \  ^

Figure 1.22: Distamycin and saturated analogues (1.20-1.27) and benzofused duocarmycins (1.28) 

developed by Boger and co-workers.

1.7.3.2 Lexitropsins and hairpin polyamides

Based on the X-ray structure of netropsin bound, as a 1:1 complex to DNA, Dickerson 

and Town suggested that replacement of pyrrole with imidazole would confer G-C 

recognition by simultaneously abolishing the steric conflict and forming a hydrogen 

bond from G-NH2 to the Town’s group synthesised such molecules

naming them lexitropsins. Footprinting studies revealed that such molecules tolerate G- 

C base pairs but show little sequence selectivity and have modest binding affinity.

Town and co-workers continued their work on lexitropsin models to discover ligands 

which can effectively bind to mixed A/T -  G/C sequences and developed thiazole, 

furan, thiophene and oxazole based lexitropsins^^’̂ ’̂̂ .̂ Among these, imidazole 

lexitropsins exhibit the most pronounced ability to discriminate G-C sequences^^. Furan 

and thiazole lexitropsins showed variable effects depending on the position of the 

sulphur atom and some of them completely avoided G-C sequences^"^’*̂ ’̂ .̂ The 

lexitropsin approach based on a 1:1 ligand-DNA complex failed to generate G-C 

specific ligands.
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Following the work of Wemmer and Pelton^^ establishing 2:1 binding stoichiometry of 

the distamycin-DNA complex, it was revealed that the minor-groove of DNA can 

expand slightly to accommodate two distamycin molecules which associate themselves 

in a side by side fashion. These findings regenerated interest in the design of homo and 

heterodimeric lexitropsins with an anti-parallel head-to-tail orientation Wemmer 

and co-workers in 1994 designed an imidazole containing homodimer lexitropsin 

which was the first molecule directed to G-C sites^^. It is also demonstrated that side by 

side combination of pyrrole and imidazole rings permits G-C base pairs to be

differentiated from C-G base pairs

A

93,97,98

netropsin

HbN. C - H H ,

NH

Itiiazoie furanlexitropsin

pyrazole

tfilazole
N Invnud

NH,

NH,

oxazofe

Figure 1.23: Comparison of binding of netropsin (A) with lexitropsin model (B); heavy arrows are 
hydrogen bonds and a dashed line represents closed van der Waal’s interaction. (From, Bioconjug Chem; 
1998; 9(5) 513-38)

Dervan and co-workers investigated the lexitropsin model and developed hairpin 

polyamides. They showed that the unsymmetrical ring pair Im/Py distinguishes C-G 

from G-C, and Hp/Py (Hp = 3- hydroxypyrrole) can distinguish A-T from T-A^\ In 

these hairpin polyamides two covalently connected lexitropsin molecules were
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connected end-to-end via a y-amino butyric acid linker. The Dervan group completed a

recognition code to target all four base pairs in the minor-groove of DNA^^’̂ .̂

(a)

H »

c [0 0 —Ô c

4 %̂•  R

a |"0—G"0]t

(b)

<= 3 Py/lm targets C*G

< = i  Py/Hp targets A-T

Hp/Py targets T-A

<= J Im/Py targets G-C

C urrent Opinion in C hem ical Biology

Figure 1.24: Pairing rules to target all four Watson -  Crick base pairs in DNA minor-groove99

Extensive research also focused on antiparallel polyamide subunits in the 2:1 binding 

motif Kelly and co-workers in 1996 reported that polyamides which contain multiple 

continuous Py and Im residues are over curved with respect to the DNA helix^® .̂ The 

problem was solved by the introduction of flexible A-T preferring Z>e/a-alanine residues 

(p) in place of Py residues that relaxed ligand curvature and restored ligand-DNA 

alignment, resulting in enhanced binding affmity^^^’̂ ^ .̂
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F igure 1.25: Polyamide -  DNA binding motifs [(a) Chiral turn (b) Cycle (c,d) |3-alanine/ring pair (e,f) H- 

pin and U-pin] with equilibrium association constants

Key : Black circle -  Im, White circle -  Py, Diamond - (3 alanine residue, Plus next to diamond -  Dp 

residue (Dp = dimethylaminopropylamide).

Despite continuous research and modification of the design strategy for 

lexitropsin/DNA complexes and hairpin polyamide/DNA complexes the biological 

activity of the minor-groove binders has not yet yielded a clinically useful drug, 

although some potential antiviral and antiprotozoal activities have been reported 

Janssen and co-workers reported the use of Py/Im polyamides to achieve phenotypic 

changes in Drosophilia melanogaster^^^. One of the main limitations of the hairpin 

polyamide strategy is the dramatic increase in molecular weight of the ligand with 

increases in binding site size. This limits cellular and nuclear uptake that is essential for 

in vivo activity.
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1.8 Strategies for the design of hybrid distamycin and netropsin analogues

In addition to designing lexitropsins and hairpin polyamides researchers envisioned 

different strategies for developing new and diverse analogues of distamycin and 

netropsin. All these strategies involve linkage of netropsin or distamycin analogues 

(DNA recognition component) to other DNA binding ligands (alkylators, intercalators 

etc.) to generate hybrid molecules with increased binding affinity.

1.8.1 Microgonotropenes

Microgonotropenes developed by Bruice and co-workers successfully increased the 

affinity for DNA through a combined mechanism of major- and minor-groove 

association^®*’̂ ®̂. In these molecules the methyl substituent on the central pyrrole ring of 

distamycin is replaced with a branched polyamine. Some of these molecules can 

efficiently compete with the sequence specific binding of regulatory proteins to 

DNA"'’-'".

CH.

N c —1
NH

n=3-5 
R = H, CH;

1.29

Figure 1.26: Microgonotropenes developed by Bruice and co-workers 

1.8.2 Alkylating minor-groove binding agents

Lown and co-workers first linked alkylating agents to the classical minor-groove 

binding agent netropsin and distamycin in 1988^^ .̂ This opened up a new strategy for 

the design of compounds with linkages to various alkylating agents. The Broggini, 

Lown and Hartley research groups developed a number of alkylating minor-groove 

binding agents^ Broggini and co-workers successfully synthesised tallimustine (a 

distamycin analogue-A-mustard conjugate) which showed significant anti-cancer 

activity in animal models and is currently undergoing clinical trial^^^’̂ ^̂ .
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Figure 1.27: Alkylating lexitropsin, Tallimustine (1.30).

As part of ongoing research on alkylating netropsin/distamycin analogues Walker and 

co-workers designed a netropsin-anthramycin conjugate which recognizes the sequence 

RGAAA from the HIV-1 polypurine tract and Gupta synthesised a complex compound 

containing naphthalimide, nitrogen mustard and distamycin motifs^ Their finding 

indicated that the naphthalimide nitrogen mustards alkylate DNA at accessible guanine 

N7 sites within the major-groove.
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Figure 1.28: (a) -  Anthramycin-netropsin conjugate (b) Complex compound developed by Gupta

1.8.3 Combilexins

Some intercalators often exhibit mixed modes of binding due to the presence of a 

heterocyclic chromophore substituted with peptide, alkyl or carbohydrate side chains 

that participate in DNA recognition. They are regarded as intercalator-minor-groove 

reading hybrid molecules and are given the name com bilexins^B ased on the mode of 

binding of these hybrid molecules Krivtsora and co-workers designed a series of new 

molecules known as distacins in which the phenoxazone chromophore is substituted at 

positions 1 and 9 with one, two or three V-methylpyrrole carboxamide u n i t s T h e  

combilexin strategy was exploited by other researchers and compounds like the 

netropsin-acridine hybrid, distel 1+ and distel 2+, net-OPC and netropsin -  amascarine 

hybrid were synthesised^^.
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Figure 1.29: Structures of two representative intercalator-minor-groove binder hybrid molecules -  
combilexins.

1.8.4 Miscellaneous strategies

Researchers have also linked netropsin and distamycin with enediyene antibiotics. 

Enediyene antibiotics are some of the most cytotoxic compounds which, upon 

activation, trigger a Bergman cyclization reaction that generates highly reactive 

benzenoid diradicals and cause severe DNA d am a g e A d d itio n  of a DNA recognition 

component significantly increased the DNA cleavage potency of the enediyenes but a 

simultaneous increase in potency against tumour cells was not observed.

Another notable strategy involved the linkage of netropsin and distamycin with the 

metal complex iron-EDTA. Dervan and co-workers synthesised distamycin- 

EDTA.Fe(II) complex which exhibited sequence selective DNA cleavage^^\ 

Researchers are increasingly using netropsin and distamycin analogues to deliver 

cytotoxic drugs to specific sequences in DNA and they are also trying to explore this 

principle to deliver to the DNA of the cells^^.

Ongoing research is continuing to generate more complex hybrid molecules with DNA 

sequence recognition components. Researchers are still trying to develop lead 

distamycin and netropsin analogues with more specific sequence recognition by 

synthesising diverse molecules with novel building blocks using a combinatorial 

chemistry approach^^ '̂^^" .̂ New and efficient biological screening methods using hairpin 

oligonucleotides have been developed to screen combinatorial libraries against all 

possible 5-base pair DNA sequences^^ '̂^^^.
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1.9 Strategies employed for synthesis of distamycin and netropsin analogues

Organic chemistry has evolved over the last few decades allowing the development of 

novel strategies to synthesise minor-groove binders. Lown and co-workers in the early 

days of netropsin and distamycin research employed classical synthetic 

methodologies^ as the tool for synthesizing analogues. Recent publications by this 

group show a change of synthetic approach from orthodox chemistry to combinatorial 

chemistry^^^’̂ ^̂ . The scenario is similar with another pioneer in the relevant field, Peter 

B Dervan and co-workers^^^’̂ ^̂ ’̂ ’̂̂ ‘̂̂ ’̂̂ ^̂ . More recently Boger and co-workers have 

employed solution phase combinatorial approaches to synthesise DNA binding 

agents.'":^'''"-''"''"'

Combinatorial chemistry has opened up a new arena in drug discovery. Combined with 

the conceptual advances in heterocyclic chemistry, combinatorial strategies can produce 

a much larger number of structurally related lead like molecules in a short time. In the 

field of minor-groove binding agents, where sequence recognition by small molecules is 

the key, a combinatorial approach to synthesising distamycin and netropsin analogues 

appears to be the most effective strategy.

The minor-groove binding ligands can be broadly classified into classical 

netropsin/distamycin analogues, lexitropsins, hairpin polyamides, combilexins and 

hybrid molecules with a DNA recognition component. Synthetic strategies vary widely 

depending on the type of ligands synthesised. Research in the field of lexitropsins and 

hairpin polyamides was mainly driven by a combinatorial strategy to synthesise a 

variety of analogues in order to identify the recognition code of Watson -  Crick base 

pairs in the DNA minor-groove. Dervan and Lown mainly employed solid phase 

synthesis to generate libraries of polyamides and lexitropsins*^^’*̂ ’̂ ^̂ .

In the combinatorial approach, solid phase methodology increases both the number and 

complexity of minor-groove binding molecules which can be synthesised and analysed 

with regards to DNA binding affinity and sequence specificity^^®. Recently, Boger and 

co-workers instead reported a combinatorial solution phase synthesis of polyamides. 

Their approach employed a multi-step convergent strategy for a rapid introduction of 

analogue variety which contrasts with the linear and/or divergent solid phase 

synthesis^^®’’̂ ® . In the case of hybrid molecules the synthetic strategy has involved a 

combined combinatorial chemistry and traditional organic synthesis approach
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1.10 PBDs as covalent minor-groove binding agents

Pyrrolobenzodiazepines (PBD) are naturally occurring sequence selective minor-groove 

binders. PBDs show a unique selectivity towards binding to Pu-G-Pu sequences through 

a covalent, aminal linkage with the N2 of guanine in the minor-groove of DNA. The 

first pyrrolobenzodiazepine isolated from a natural source was anthramycin^"^. The 

cytotoxic potential of anthramycin encouraged active research in the PBD area which 

led to the discovery of a number of naturally occurring antitumour antibiotics shown in 

Figure 1.30. A number of research groups in different parts of the world have focused 

on the synthesis of different naturally occurring PBDs and their analogues. 

Anthramycin, sibiromycin and neothramycin are naturally occurring PBDs which have 

undergone clinical trials, while SJG-136^^, a synthetic PBD dimer, from the Thurston 

group is currently undergoing phase II clinical trials in the USA and
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Me
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Anthramycin (1.35)

OR9  H OR

R:

Porothramycin A: R^ = Rs = H, Rg = R̂  = R2  = CH3  (1.36) 
Porothramycin B: Rg = H, R̂  ̂ = Rg = R̂  = R2  = CH3  (1.37) 
Mazethramycin A: R^ = Rg = Ri = CH3 , Rg = R2  = H (1.38)

H3 CHN
HO

OHOH

Sibiromycin (1.39)

H

Tomaymycin: R7  = CH3 O; Rg = OH, R2  = CH3  (1.40) 
Prothracarcin: Ry = Rg = H, R2  = CH3  (1.41)
Sibanomicin: Ry = Pyranose as in 5, Rg = H. R2  = C2 H5  (1.42)

HO

H3 CO

H OCH3

'OH

H OCH3

O OH

Chicamycin (1.43) Abbeymycin (1.44)

H3 CO

'3a

DC-81 (1.45) Neothramycin A: Rga = H; Rgp = OH (1.46) 
Neothramycin B: Rg  ̂= OH; Rgp = H (1.47)

Figure 1.30: Naturally occurring PBDs.
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1.10.1 PBD ring system and numbering

The core PBD structure is a highly conserved tricyclic skeleton which contains a 

substituted benzene ring (A ring), a diazepine ring (B) and a pyrrolidine ring (C-ring). 

However, the pyrrolidine ring can accommodate unsaturation and have different 

substitutions at the C-2 positions.

10

o 3
Figure 1.31: PBD ring system and numbering

1.10.2 PBD interconvertible forms

Pyrrolobenzodiazepine natural products all feature (^-stereochemistry at the chiral C- 

11a position. Although the NlO-Cl 1 functionality is generally drawn as an imine bond, 

it can be in dynamic equilibrium with two other forms depending on the ambient 

medium. A PBD dissolved in an aprotic and non-nucleophilic solvent like chloroform 

will exist as an imine. However, on dissolving the same PBD molecule in water or 

methanol, the equilibrium will be shifted towards the formation of a carbinolamine or a 

carbinolamine methyl ether respectively^^’̂ '̂ '̂ '̂ '̂ .̂

N = \ H

HoO

H OH

U y O
o

Carbinolamine

N 

O
Imine MeOH H OMe

cçS
o

Carbinolamine 
methyl ether

Figure 1.32: PBD interconvertible forms

In an aqueous biological system PBDs will mainly exist in the carbinolamine form 

which is equally active as the imine form. However, the imine-carbinolamine 

equilibrium might favour the imine form in the relatively hydrophilic environment of 

the DNA minor-groove.
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1.10.3 Mode of action of PBD

PBDs highly selectively bonds covalently with 1:1 stoichiometry to Cl-NH] 

functionalities of guanine bases via their Cl 1-position. This alkylation of DNA through 

an aminal linkage is catalysed by acid, but can be reversed below pH 3. Due to this 

reversible nature of the bonding, PBDs are released intact if the DNA is digested by 

DNase I and by snake venom phosphodiesterease. It is reported that the relative 

weakness of the PBD-DNA bond helps the molecule in its remarkable Pu-G-Pu 

sequence selectivity The tricyclic structure of the PBD is complementary to

and fits snugly into the minor-groove. After the initial attachment through aminal 

linkage formation, the PBD-DNA complex is further stabilized by hydrogen bonds. In 

the case of PBD-polyamide conjugates, the polyamide component helps the PBD to 

align with the preferred sequences in the DNA minor-groove and it can greatly 

influence the rate of reaction between PBDs and DNA. Recently a study by the 

Thurston group (unpublished results) using designed oligonucleotides showed that the 

polyamide component can affect the rate of the reaction in vitro.

After alkylating DNA, PBDs can prevent DNA replication and transcription leading to 

inhibition of gene expression and cell death. Although DNA repair mechanisms can 

result in DNA strand breakage or excision of the drug, PBDs can still pose significant 

threat to the survival of the cell̂ ^®.

1.10.3.1 Mechanism of alkylation

Both imine and carbinolamine forms of PBDs are capable of alkylating guanine. Due to 

the prevalence of carbinolamine molecules in the aqueous biological environment, it 

was believed that the carbinolamine form is responsible for in vivo alkylation of DNA. 

However, a study led by Barkley has shown that the imine/iminium based mechanism of 

alkylation can explain most experimental observations, including the correlation 

between the proportion of the two conformational forms of tomaymycin on DNA (1 IS 

and HR) and the proportion of the two carbinolamine diasteroisomers, and is the most 

likely mode of alkylation of guanine in the DNA m inor-groove^In  this acid catalyzed 

mechanism, the imine can be protonated to provide the highly electrophilic iminium 

species which reacts with NH2 of guanine. This mechanism could be exploited to target 

preferentially cancer cells which normally have a more acidic pH compared with normal 

cells.
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1.10.4 Sequence selectivity of PBD

The preferred DNA binding sequence of PBDs has been confirmed using DNase I 

footprinting experiments'"^^’'̂ .̂ The ranking in binding preference of PBDs is 

AGA>AGG>GGA>GGG. In 1997 an m vitro transcription stop assay T7 DNA 

dependent RNA polymerase by Puvvada et al. has further confirmed the pu-G-pu 

sequence selectivity of PBD molecules'^^.

T7 Prom oter N -ras (3 0 0 b p )

Under th e  cond itions of 
sin g le  hit kinetics

Transcription Buffer

[a-32p]-rUTP*
rGTP

rCTP

rATP

T7 RNA P olym erase

D r u g

Labelled mRNA transcripts

Figure 1.33: In vitro transcription by T7 DNA dependent RNA polymerase to determine the 

DNA binding sequence of PBD.
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1.10.5 Structure-activity relationship of PBD (SAR)

The complete structure activity relationships of different PBD analogues have not been 

established yet. However, the key relationships have been determined through 

biological evaluation of a large number of natural and synthetic PBDs. Amongst them; 

electron-donating groups in the A-ring, stereochemistry of the B ring and unsaturation 

of the C ring were found to be critical.

1.10.5.1 Essential features

DNA interactive PBDs (Figure 1.31) possess a NlO-Cl 1 moiety (e.g. imine, 

carbinolamine and carbinolamine methyl ether) which can alkylate the DNA by forming 

a covalent aminal linkage with the C2-NH2 of the guanine base. The molecules also 

have a chiral (S) Cl la  position which provide them with the correct shape that allows 

them to fit snugly in the minor-groove of DNA. These are the key features which must 

be retained to obtain therapeutically active PBD analogues.

1.10.5.2 A-ring SAR

A-ring substitution and the type of A ring have significant influence on the cytotoxicity 

of PBDs. This influence is considered to be dominated by electronic factors. In general 

electron withdrawing substitutions in the A ring significantly reduces the alkylation 

potential of the NlO-Cl 1 moiety and thereby reduce the cytotoxicity of the PBDs. 

Conversely, electron donating groups in the A-ring enhance the biological activity of 

PBDs and is consistent with the acid-catalysed iminium alkylation mechanism of 

action of PBDs. Electron donating substituents increase the electron density in the 

vicinity of the N 10-nitrogen by resonance stabilization. The resultant increase in 

basicity increases the likelihood of it being protonated as the activated iminium species 

and makes it more prone to nucleophilic attack by the N2 of guanine. Thurston and co

workers have shown that electron donating groups facilitate the stability of the imine 

form of PBDs, whereas electron withdrawing groups such as C7-nitro can stabilise the 

carbinolamine form^"^.

Extensive work has been done in the past by different research groups to investigate the 

opportunity of C-8 substitution on the cytotoxic potential of PBD analogues. SAR 

studies have indicated that substituents of various lengths at the C-8 position are well 

tolerated in the minor-groove of host DNA and might well assist the PBD to stay in
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close contact with the DNA minor-groove once the covalent bond is formed. A number 

of PBD hybrid molecules have been synthesized exploring the C-8 position which 

includes PBD-chrysene conjugates, PBD-polyamides, PBD-benzamidazoles, PBD- 

acridines and PBD-dimers^’̂ ^̂ .

H3C0

n = 1,2
1.48

NH

1.50

H Me

MeO

MeO

GWL-78 (1.49)

n ~ y " ^ ^ 0 CH3 H3C0
0

DRG-16(1.52)

H3C0
o

SJG 136 (1.51)

OCH3 H3CO

ELB-21 (1.53)

Figure 1.34: PBD-hybrids; PBD-acridines (1.48), PBD-polyamide (1.49), PBD-chrysene (1.50) and 
PBD-dimers (1.51-1.53).

Most PBD-hybrids which exploited C-8 substitution possess a common spacer unit 

which extends from the C8-position and is comprised of two or more methylene groups. 

The additional moieties are typically incorporated in the PBD capping unit using an 

amide linkage. Research groups of Kamal^^ '̂^^  ̂ and Hurley incorporated a number of 

alkylating a g e n t s s e v e r a l  of which were based on known anticancer agents, to the 

PBD moiety. The compounds showed cytotoxicity against the melanoma panel in the 60 

cell-line NCI screen and significantly stabilized duplex DNA in vitro (ATm = 22.6 °C 

after 18 hours of incubation at 37 °C).

The C l position of the PBD ring is typically the attachment point of different sugar 

units (e.g. sibiromycin). However, unlike the C8 position, the C l substituents point out 

of the minor-groove and make the position unsuitable for DNA recognising agents.
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Although the C-9 substituents, like the hydroxyl group in anthramycin, are involved in 

the hydrogen bond interaction with DNA, it was found to induce dose dependent 

cardiotoxicty^^^, which ultimately led to the withdrawal of anthramycin from the clinical 

trial. The cardiotoxicity induced by anthramycin mimics very closely that produced by 

the para quinine ring containing anthracyclines, adriamycin and daunomycin. 

Anthramycin can undergo oxidation or tautomerization to form quinoneimines which 

are responsible for the cardiotoxicity.

OH H
H,C

-HoO

( o )

Tautomerization

PH
HoC

NH

1.54

NH

1.54

Figure 1.35: Proposed mechanisms for the formation of cardiotoxic quiononeimines (1.54)

1.10.5.3 B ring SAR

The B-ring of the PBD possesses the functional NlO-Cl 1 moiety (e.g. imine, 

carbinolamine and carbinolamine methyl ether), which can alkylate the DNA by 

forming a covalent aminal linkage with the C2-NH2 of a guanine base. Additionally, 

the crucial chiral (5) Cl la  position, which provides PBDs with the correct shape that 

allows them to fit snugly in the minor-groove of DNA, is also present in ring-B. Hurley 

and co-workers have shown that compounds possessing the {R) -  configuration fail to 

interact with DNA efficiently and show significantly less cytotoxicity compared with 

the {S)~ isomers.
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1.10.5.4 Absence of N lO -C ll alkylating functionality: non-covalent interactions of 
PBDs

PBDs that lack the functional NlO-Cll moiety (e.g. imine, carbinolamine and 

carbinolamine methyl ether) can interact non-covalently with duplex DNA. Several 

research groups have synthesized non-covalent PBDs like PBD dilactams, amidines and 

secondary amines and studied their biological activity. However, as anticipated, these 

non-covalent interactions are relatively weak in nature and the change in DNA melting 

temperatures were significantly lower than those obtained by alkylating the NlO-Cll 

functionality containing PBDs. The only exception was shown by mixed imine/dilactam 

PBD dimers reported by Kamal and co-workers in 2002̂ ^®. The imine/dilactam PBD 

dimer elevated the CT DNA melting temperature by 17 °C compared to 15.4 °C raised 

by the corresponding imine/imine PBD dimer DSB-120. More recently, the same group 

has shown that mixed amine/imine PBD dimers could also elevate the CT DNA melting 

temperature by 11 °C, which is lower than DSB-120.

3'
o-

-o-p=o
Minor Groove

3'

Figure 1.36: Non-covalent interactions of dilactam with DNA.

Jones et al. has shown that certain PBD-dilactams can elevate the melting temperature 

of CT DNA by 2-3 but no significant biological activity was observed with

dilactam PBDs. Foloppe and co-workers reported 11 PBD-amidines which 

insignificantly (0.7 °C) raised the melting temperature of CT DNA^^^’̂ ^. Interestingly 

the rise of Tm observed by PBD-amidines was comparable to that observed for DC-81,
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which has hydroxy and methoxy substitutions at C- 8  and C-7 positions of the A ring, 

respectively^^^.

HO

MeO'OMe MeO

DSB120 (1.55), ATm =15.4 °C DC-81 (1.45), Aim = 0.7 °C

OMe MeOOMe MeO

1.56, Aim = 11.0 °C 1.57 ATm = 17.0 °C

RgO

MeO
O ORi

ATm = 3.0 °C
1.58 Ri =0H  or OH
1.59 R2 = OAc or OAc

NHR

1.60 ATm = 0.7 °C

Figure 1.37: The effect of NlO-Cl 1 modification on thermal dénaturation (ATm) with CT-DNA 

(ATm is a measure of DNA binding affinity).

The N-10 position of the PBDs can be exploited for targeted therapy using a pro-drug 

approach. Different protecting groups can be incorporated, which will be cleaved under 

specific conditions and the active PBD moiety will be released. The more acidic 

environment surrounding the cancer cells can be utilized to deliver drugs specifically to 

cancer cells at a much higher concentration than the healthy tissues. The selective 

activation of prodrug(s) in tumour tissues by exogenous enzyme(s) for cancer therapy 

can be accomplished in several ways, including gene-directed enzyme prodrug therapy 

(GDEPT), virus-directed enzyme prodrug therapy (VDEPT), and antibody-directed 

enzyme prodrug therapy (ADEPT) The central part of enzyme/prodrug cancer 

therapy is to deliver drug-activating enzyme gene or functional protein to tumour 

tissues, followed by systemic administration of a prodrug. The N-10 position of the 

PBD holds much prospect for both ADEPT and GDEPT therapy and is currently under 

investigation by Howard and Thurston group'
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1.10.5.5 C-ring SAR

Naturally occurring PBDs like anthramycin, tomaymycin and sibiromycin, which 

possesses a sp2 carbon at the C-2 position showed greater DNA binding potency and 

biological activity compared with un-substituted analogues possessing a sp3 carbon. A 

series of synthetic analogues synthesized by Howard and Thurston group has further 

proved the correlation.

C-2 unsaturated PBDs can more efficiently and selectively interact with DNA compared 

with their saturated counterparts. This selectivity results in better affinity and greater 

cytotoxicity. However, this gain of activity of C2-unsaturated PBDs can be attributed to 

a combination of factors

1.10.5.5.1 Molecular shape

Introduction of un-saturation at the C-2 position results in flattening of the C-ring 

causing a change in torsion angles between the C-ring and the B-ring. This shape 

characteristic allows C2-unsaturated PBDs to fit better to the DNA minor-groove. The 

molecule can effectively remain invisible from the DNA repair mechanisms for a longer 

period of time due to its deep fit. It is believed that this allows the PBD-DNA adduct to 

remain undetected for a longer period of time^^.

1.10.5.5.2 Projection of C2-substituents

C2 substituents in unsaturated PBDs project nicely along the groove and potentially 

increase the opportunity to pick up favorable electrostatic or hydrogen bonding 

interactions. C2-aryl PBDs synthesized by Howard and Thurston group showed a 

greater degree of antitumour potential compared with saturated PBD analogues*

1.10.5.5.3 Reducing reactivity towards cellular nucleophiles

Protein alkylation and scavenging by cellular thiols, prior to reaching the tumour site, 

result in lack of efficacy and in vivo cytotoxicity of saturated PBD analogues. C2-exo 

unsaturation can lead to lower electrophilicity at the NlO-Cll position*reducing the 

vulnerability to attack of cellular nucleophiles, such as thiols .

It is interesting to note that C2 unsaturated PBDs have a unique characteristic in which 

the double bond at the C2 position has a tendency to migrate into the C-ring (endo) to
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benefit from the conjugation with nitrogen at the 4-position through overlapping of 

molecular orbitals.

1.10.6 Summary of SAR

A summary of the SAR of PBDs is shown below in Figure 1.38.

Bulky substituents at NIO (e.g.acetyl, 
carbamate, hemiaminal) inhibit DNA binding 
affinity and cytotoxicity.

Electron-donating An imine, carbinolamine or carbinolamine
substituents required methyl ether required at N lO -C ll position,
at position 7,8 or 9 of 
the A-ring.

(^^-stereochemistry required at C l la.

replacement o f Cl with an oxygen 
atom maintains cytotoxicity.

endo or exo unsaturation is well desired, 
C2/C3-endo unsaturation in combination 
with aryl substituents drastically improve 
activity, however, an aromatic C-ring leads 
to complete loss o f activity.

Sugar moiety at C l  
enhances DNA binding 
affinity and cytotoxicity in 
some cell lines.

Small substitutents are well (e.g. 
OH), tolerated at C3 in fully 
unsaturated C-ring compounds.

Figure 1.38: Structure-Activity relationships of PBD ring system.

1.10.7 Synthesis of PBDs

1.10.7.1 Retrosynthetic analysis of the reported methods for the synthesis of PBD

PBDs offer a range of challenges to synthetic chemists as they have a combination of 

sensitive moieties which require careful introduction techniques, a chiral centre, 

substitution at different positions of the ring, a well understood structure activity 

relationship and have got the potential to be clinical candidates as anticancer agents. 

Since publication of the total synthesis of anthramycin by Leimgruber and co-workers 

in 1968^^\ a number of research groups have explored different synthetic strategies to 

build the core PBD units and introduce substitutions at the desired positions. The key 

functional group of all PBD molecules is the N lO-Cll electrophilic moiety (e.g. imine, 

carbinolamine and carbinolamine methyl ether) and most synthetic routes reported to
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date leave the formation of the NlO-Cll moiety to the very end of the synthetic steps 

and usually employ milder conditions to avoid formation of unreactive amines or 

dilactams. Care should be employed to select NIG and Cl 1 protecting groups so that the 

final deprotection step which yields the functional electrophilic moiety also ensures 

correct (S) stereochemistry at the Cl la  position, which is essential for biological 

activity.

The retrosynthetic analysis of PBDs (Scheme 1.1) reveals two major strategies of 

installing the NlO-Cll moiety. After considering the inter-conversion from imine to 

carbinolamine, the first strategy involves direct disconnection of the N lO-Cll bond to 

obtain synthon A (Thurston, Langlois, Molina-Eguchi, Tozuka and Kaneko)^^^’̂ ^̂ ’̂ ^̂  

177,178 second strategy employs initial functional group inter-conversion to obtain 

the non-covalent dilactam moiety (Leimgruber, Pefia-stille, Mori, Reed-Snieckus and 

which is subsequently disconnected at the NlO-Cll (everyone mentioned 

except Mori) position to obtain the synthon A or or C5-N4 position to obtain synthon B 

(only M ori). The synthon A is further disconnected at the N4-C5 to obtain the A and C 

ring precursors. Synthon B can be disconnected at the NlO-Cl 1 position to obtain A and 

C ring precursors. One major exception from these two strategies is the synthesis of 

neothramycin by Miyamoto and Fukuyama. Both Miyamoto and Fukuyama first 

performed C3-N4 disconnection, which was followed by NlO-Cll disconnection to 

obtain synthon C.

A-ring building blocks are readily accessible depending on the substituent present in the 

target PBD. On the other hand C-ring precursors are mostly pyrrolidine derivatives. The 

Cl 1 electrophiles are the key functional groups for most of the intermediates in the two 

major strategies mentioned above. These electrophiles assist in the B-ring closure and 

are often part of the suitably substituted C-ring building blocks. On most occasions C- 

ring substituents are introduced after B-ring closure step and often involve C-C coupling 

reactions (Heck and Suzuki couplings) or olefinations (Wittig).
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1.10.7.2 The Leimgruber approach

In 1968, Leimgruber et al, reported the total synthesis of anthramycin Scheme 1.2. The 

16 step synthesis of anthramycin involved the key reduction of the O9-N10 benzal 

protected dilactam to the corresponding carbinolamine form̂ "̂̂ .
OBn

OH
i). ii)

OBn

v u
1.61 1.62

.CO2M6

r̂ OH

v), V i)

OBn OBn OBn

1.64 1.65 ix ) r
^  X = CHO(1.67)

x C x =

X = CO2 CH2 CH3  (1.66) 
OHO (1.67) 

CH(OH)CN (1.68)

X= CH(OMs)CN (1.69)

OR
TMe MeMe xv), xvi)xili), xlv) ^

NH;NH

anthramycin (1.35)1.72R = Bn,X = CN(1.70) 
R = H,X = CN (1.71)

I) K2 CO3 , DMF, PhCH2 Br; ii) KOH, H2 O, THF; iii) (0 0 0 1 )2 , CH2 CI2 : iv) methyl-L-hydroxyproline hydrochloride, THF, 
TEA; v) N8 2 S 2 0 4 , THF, water; vi) H2 O/HCI, THF; vii) Cr0 3 /H2 S 0 4 /Acetone; viii) sodium triethylphosphonoacetate, THF; 
ix) DIBAL, toluene, - 60 °C, x) 1. NaHSOg 2. KCN; k) MsCI, pyridine, 5 °C; xi) TEA, benzene, reflux; xii) TFA, BFg Et2 0 , 
r.t., HOI, MeOH; xiii) PhCH(0 Me)2 , H2 O/HCI, THF; xiv) PPA (aqueous workup); xv) NaBH4 , MeOH; xvi) 0.01 M HOI, 
MeOH.

Scheme 1.2: Leimgruber’s total synthesis of anthramycin

The amino acid derivative L-hydroxyproline methyl ester was coupled with the acid 

chloride derivative of 1.62 in the presence of triethylamine to generate the amide 1.63. 

Sodium dithionite mediated reduction of the nitro group produced an aniline 

intermediate which was cyclised to the dilactam 1.64 with aqueous hydrochloric acid. 

The cyclized dilactam was subjected to Jones oxidation and the resulting ketone 1.65 

was the substrate for the Wadsworth-Emmons olefination, which generated the key a, y- 

unsaturated ester 1.66. The ester was reduced with diisobutylaluminium hydride
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(DIBAL-H) in toluene, which afforded the aldehyde 1.67, and the labile aldehyde was 

converted in situ to the sodium bisulphite adduct. This was converted to the epimeric 

cyanohydrins 1.68 and mesylates 1.69 by reaction with potassium cyanide and 

methanesulphonyl chloride, respectively. The epimeric mesylate was subjected to 

elimination in the presence of triethylamine to afford a trans mixture of conjugated 

nitriles 1.70 at a ratio of 4:1. Deprotection of the benzyl group with TFA in the 

presence of boron trifluoride etherate afforded the phenol 1.71, which was converted to 

the benzal derivative by condensation with benzaldehyde dimethylacetal. Hydrolysis of 

the nitrile by polyphosphoric acid generated the amide 1.72, which is the immediate 

precursor of anthramycin. The benzal protected dilactam 1.72 was reduced to the 

analogous carbinolamine with sodium borohydride in methanol, and finally deprotection 

of the benzal protecting group with aqueous HCl in methanol afforded the natural 

product anthramycin methyl ether 1.35.

1.10.7.3 The Mori approach

Mori et al. reported the total synthesis of neothramycin (Scheme 1.3) using palladium 

catalyzed carbonylation in 1986 The same group later synthesized the E- and Z- 

isomers of the tomaymycin natural product using the same synthetic methodology

The amide 1.75 was prepared by amide coupling of the acid chloride of N- 

trifluoroacetyl-protected /r<3«5 -hydroxy-L-proline 1.74 to the substituted aniline 

derivative. The secondary amine 1.76 was obtained through methoxymethylation of 

both the amide and the hydroxy-functionalities followed by the cleavage of the N- 

trifiuoroacetyl group. The cyclisation to the dilactam 1.77 was achieved in good yield 

(69%) via insertion of carbon monoxide under 10 atm pressure in the presence of 

Pd(PPh3)4 . In addition, formation of the quinoxaline derivative 1.78 was observed in 

23% yield. The O-methoxymethyl group was removed using aqueous HCl in methanol 

to obtain the free secondary alcohol 1.79 in 6 8 % yield. Additionally, the second reaction 

in which the loss of both MOM groups was observed, produced 1.80 in 27% yield. 

Mesylation of 1.79 followed by elimination afforded olefin 1.82 in 90% yield. Mom- 

protected compounds (1.83a) and (1.83b) were prepared in 1:1 ratio by allowing 1.82 to 

stand in methanol with catalytic amounts of camphorsulphonic acid (CSA) for several 

days at 50 °C. Deprotection of the tosyl group furnished (1.84a) and (1.84b) in 

quantitative yield. The MOM protecting group at N-10 was removed by selective
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reduction with LiAlH4 followed by treatment with silica gel to afford imine 1.85a and 

1.85b. The resulting methyl neothramycins were treated with 0.01 M HCl to obtain 

neothramycin A (1.46a) and B (1.47b).
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xiv)
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MeO & xv)

Neothramycin A and B

R3 P — OMe, R3 (x— H (1.84a) 
R3 P = H, R3 tt = OMe (1.84b)

R3 P = OMe, R3 «= H (1.85a) 
R3 P = H, R3 tt = OMe (1.85b)

R3 P — OH, R3 (x— H (1.46a) 
R3 P — H, R3 0 t “ OH (1.47b)

i) (CF3 C0 )2 : ii) PCI5 : iii) 2-bromo-4-methoxy-5-tosyloxy-aniline; iv) aq.NaHS0 3 : v) MOM-CI, i-Pr2 NEt; vi) MOM-CI, 
NaH; vii) NH3 -MeOH; viii) Pd(PPp3 )4 , CO (10 atm.), n-Bu3 N, PhCH3 ; ix) aq.HCI, MeOH; x) MsCI; xi) DBU;
xii) MeOH, CSA, 50 °C, 4 days; xiii) aq. KOH; xiv) 1. NaBH  ̂2. Silica gel; v) 0.01 M HCl, dioxane, 0 °C, 20 min.

Scheme 1.3: Mori’s total synthesis of neothramycin A and B. 
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1.10.7.4 The Pena-Stille approach

Following the initial report of the attachment of the anthramycin acrylamide side chains 

by the palladium-catalysed coupling reaction (Heck coupling) of vinyl triflates^^^, Pena 

and Stille reported the total synthesis of anthramycin using a procedure similar to that of 

Leimgruber^^^.

CO2H
R ,. NO2 NO2HN

^  COON ^  COOH

Rg = OBn, Rg = Me (1.62) Rg = OH, Rg = Me (1.61)
bH

1.73 1.72Rg = H, Rg = H(1.90)

xiv)'
Isatoic Anhydride 
Approach (Route B)

V), vi)
Reductive Cyclisation 
Approach (route A)

MeO.

vii), viii)XV), xvi) Me

-OH
'OH'0 -Si-

Key dilactam precursor
1.92 1.86xvii)

Rg OBn, Rg = Me (1.64)
MeO.

Me.

1.93 1.87
xviii)

O
1.94

xix)

Ph
p4

Me

OTf

1.88

MeO.

OTf

1.95

MeO.

CONH2

1.96

Ph

Me

CONH2

1.72

OH u pMe 
' H xiii)

CONH2

anthramycin (1.35)

Ph
O'X PH

‘ b Ç ?
0

1.89
CONH2

Reductive cyclisation route: i) K2CO3 , DMF, PhCH2Br; ii) KOH, H2O, THF; iii) (0 0 0 1 )2 , CH2OI2 ; iv) methyl-L-hydroxyproline hydrochloride, THF, TEA; 
V) Na2S2 0 4 , THF, water; vi) H2O/HOI, THF; vii) Pd/0, H;, MeOH; viii) PhOH(OMe)2 , H2O/HOI, THF; ix) DMSO, (0 0 0 1 )2 , TEA, OH2OI2 ; 
x) Pyridine, Tf2 0 ; xi) OH2=CHCONH2 , (OHgON)3PdOl2 , DABOO, MeOH; xii) NaBĤ , MeOH; xiii) 0.01 M HOI, MeOH. Isatoic anhydride route (B): 
xiv) DMSO, 115-120 "0; xv) TBDMSOI, imidazole, DMF; xvi) NaH, THF, OH3OOH2OI; xvii) BF3 0Et, THF, H2O; xviii) (0 0 0 1 )2 , CH2 OI2 , TEA, 
xix) Pyridine, Tf2 0 ; xx) OH2=OHOONH2 , (0 H3 0 N)2 Pd0 l2 , DABOO, MeOH;

Scheme 1.4: Pena and Stille total synthesis of anthramycin

Page 54



They generated the key dilactam precursor by reductive cyclization of the nitro-ester 

amide and the selective hydride reduction of 09-0H  NlO-phenoxazoline protected 

dilactam. Unlike Leimgruber, an enol triflate 1.88 was introduced after 9-OH and NIO 

phenoxazoline protection. This allowed the acrylamide side chain to be attached via 

palladium catalyzed Heck-coupling in one step to provide the diene 1.72. Selective 

reduction of the protected dilactam 1.72 with sodium borohydride provided the 

carbinolamine 1.88, which was subsequently deprotected with 0.1 M HCl in MeOH to 

obtain the anthramycin 1.35. To attach different acrylic moieties at the C-2 position of 

the vinyl triflate 1.95, Pena and Stille successfully employed the palladium catalyzed 

Stille coupling reaction with acrylamide stannanes to obtain a number of anthramycin 

precursors 1.96.

1.10.7.5 The Hu approach

DC-81 (1.45), a PBD natural product from Streptomyces roseiscleroticus, contains the 

simplest C-ring system amongst the naturally occurring PBDs. In 2001, Hu and co

workers reported a very short and efficient synthesis (Scheme 1.5) of DC81

H

O
1.98 1.99

MeO ^  CO2 H 

1.97

PhCH2 0

1.100

MeO

1.102

MeO

PhCH2 0 .

MeO

1.101

HO

MeO

DC-81 (1.45)

V)

i) SnCl2 .2 H2 0 , MeOH; ii) Triphosgene, THF, iii) L-proline, DMSO, 120 °C, iv) NaH, THF, CH3 OCH2 CI; 
v) UBH4 , THF vi) 10% Pd/C cyclohexadiene.

Scheme 1.5: Hu et al’s total synthesis of DC-81.
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Like Leimgruber and Pena-Stille, the key imine functionality was generated via 

selective borohydride reduction of the MOM-protected dilactam 1.101^^ .̂ Finally the 

benzyl protected imine was subjected to 10% Pd-C and cyclohexadiene to cleave the 

benzyl group and obtain DC-81 (1.45).

1.10.7.6 The Howard-Thurston approach

In 2002, the research group of Howard and Thurston reported the synthesis of C2-aryl 

substituted PBDs using a novel SEM protecting group at N-10 position and employing 

palladium catalyzed Suzuki coupling to introduce substituents at the C-2 position of the

PBDs 184

MeO

i)

1.103

CO2H MeO^Q

1.104 OH

MeO

MeO

^O

O 
1.105

^OH

II)

SiMe-

MeO
MeOMeO

MeO
MeOMeO

Ri =H, R2 = H (1.106)
. t  Ri = H, R2 = TBS (1.107)
IV )

^  Ri = SEM, R2  = TBS (1.108) 

R1 =SEM, R2 = H (1.109)

1.110 1.111

viii)

SiMe

MeO

MeO

MeO

MeO

C2-aryl PBDs

R = H (1.112)
R = Me (1.113)
R = OMe (1.114)

R = H (1.115)
R = Me (1.116)
R = OMe (1.117)

i) (0001)2, DMF, TEA, OH2 OI2 , 57%; ii) 10% Pd/0, H2 , EtOH, 75%; iii) TBS-OI, imidazole, DMF, 95%; iv) SEM-OI, 
NaH, DMF, 0 "0, 77%; v) TBAF, THF, 70%; vi) (0001)2. DMSO, TEA, OH2 OI2 , 0 °0, 49%; vii) triflic anhydride, 
pyridine, OH2 OI2 , 60%; viii) PhB(0H)2, Pd(PPh3 )4 , Na2 0 0 3 , H2 O, EtOH, benzene, 78% (65); MePhB(0H)2, 
Pd(PPh3 )4 , Na2 0 0 3 , H2 O, EtOH, benzene, 66% (66); MeOPhB(OH)2 , Pd(PPh3 )4 , Na2 0 0 3 , H2 O, EtOH, benzene, 
90% (67); ix) NaBH4 , Silica gel, EtOH, THF, 74% (68), 38% (69), 72% (70).

Scheme 1.6: Howard-Thurston’s synthesis of C2-aryl C2-C3 unsaturated PBDs.

Page 56



The synthetic strategy was initially based on the Mori approach with the exception of 

protecting the N-10 position with SEM-Cl under basic conditions to provide the 

dilactam 1.108. The SEM-protected dilactam was subjected to the classical Swem 

condition, followed by triflation to obtain the enol-triflate 1.111 Suzuki conditions 

were successfully employed on 1.111 to install the aryl substituents at the C-2 position 

(1.112-1.114). Finally, the SEM group was deprotected to afford the C-2 aryl PBD 

imines (1.115-1.117) via sodium borohydride reduction followed by silica gel treatment.

1.10.7.7 The Thurston-Langley approach

After reporting the mercuric chloride mediated cyclisation of N-(2- 

aminobenzoyl)pyrrolidine-2 -carboxaldehyde diethyl thioacetal for the total synthesis of 

prothracarcin in 1987^^ ,̂ Thurston and co-workers applied a similar strategy to 

synthesize DC-81 . They employed the diethyl thioacetal group as an aldehyde

masked C-11 electrophile. The imine group was generated by deprotecting the 

thioacetal group with mercuric chloride (Scheme 1.7, pathway A). However, the 

method required a final deprotection of 9-OBn, after generation of the imine, in the 

presence of cyclohexadiene and Pd-C. This step represented a major drawback in the 

synthesis as it was performed after NlO-Cll imine formation; as a result, a significant 

amount of undesirable secondary amine by-product was also observed.

To overcome this drawback, the same research group later in 1992 reported an alternate 

synthesis (Scheme 1.7, pathway B & C) of DC-81 They suggested that 9-OBn 

deprotection could be carried out prior to B-ring cyclisation and the new intermediate 

1.125 can be treated with HgCb and CaCOg to obtain DC-81 (1.45) thus avoiding the 

formation of undesirable secondary amine by product.
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DC-81 (1.45)

EtS
H*̂ 'V''"'==̂ NH2 /  

MeO
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1.125

i) PhCH2CI, THF, NaOH, H2O, ii) SnCU, HNO3 , CH2CI2 . -25 °C; iii) 1. (C0 Ci)2 , THF; 2. THF, TEA, H2O; iv) SnC^ H2O, MeOH, 
V ) HgCl2 , CaC0 3 , CH3CN, H2O; vi) 10% Pd-C, cyclohexadiene, EtOH, 20 °C; vii) BF3 0Et-EtSH; viii) (C0 CI)2 , THF;
ix) (C0 CI)2 , MeOH; x) DIBAL-H, PhCH3 , 20 °C xi) (CH3 0 )3CH. Dowex 50X resin, CH2CI2 : xii) 10% Pd-C, H2 , EtOH;
xiii) Amberlite IR-120(H^), CH3CN, H2O.

Scheme 1.7: Thurston-Langley’s synthesis of DC-81 via a three reaction pathway (A, B and C).
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1.10.7.8 The Fukuyama approach

In 1993, Fukuyama et ah reported the first total synthesis of porothramycin B via a 

novel cyclisation technique based on the oxidation and deprotection of an NIO-Alloc 

protected amino alcohol
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i ) ,  ii)
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v i i )
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v i i i )

MeO OMe

1.137

'COgMe

MeO OMe 
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xi)

OMe CHgOAc
*2 '
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x i i )
OMe.N0 2 ?̂ 2̂0Ac
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NMe;
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MeO
CHgOH

1.143

H pCH;

x v i i i )

NMe;NMe;

porothramycin B (1.37)
1.144

I) CBzCI, NaOH; 11) (CH20)n, p-TsOH, benzene; iii) EtSH, DCC, DMAP, CH3CN; iv) EtaSiH, 10% Pd-C, acetone;
V) CSA, CH(0Me)3, MeOH; vi) NaOMe, MeOH; vii) Hg, 10% Pd-C, EtOH;
vii) 3-methoxy-2-nitrobenzoyl chloride, satd. NaHC0 3 , CH2 CI2 ; ix) UBH4 , THF, LiBEt3 H.
x) AC2 O, pyridine, xi) CSA, quinoline, benzene; xii) 1. POCI3 , DMF; 2. NaOAc, H2 O;
xiii) Ph3 P=CHCON(Me)2 , benzene; xiv) Zn, AcOH, CH2 CI2 ; xv) satd. Na2 C0 3 , MeOH.
xvi) CIC02CH2CH=CH2, pyridine, DCM. xvii) (C0CI)2, DMSO, TEA, CH2 CI2 . xviii) Pd(PPh3 )4 , pyrrolidine.

Scheme 1.8: Fukuyama’s total synthesis of porothramycin B.

The key enamide 1.140 was prepared by subjecting the acetal 1.139 to a facile 

cyclisation-elimination reaction in the presence of quinolinium camphosulfonate (QCS). 

The resulting enamide 1.140 was subjected to a Vilsmeier-Haack formylation to furnish 

the key enamidoaldehyde intermediate 1.141 which was further functionalised with 

phosphorus based olefinating reagents. Reduction of the nitro group followed by N-10
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Alloc protection using allyl chloroformate in the presence of pyridine furnished the 

Swem substrate 1.143. Cyclisation of the N-10 protected dilactam was achieved by 

Swem oxidation of 1.143. Finally the NIC-Alloc group was deprotected with 

Pd(Ph3)4/pyrrolidine according to Deiziel’s procedure to obtain the unstable 

porothramycin B which was crystallised from EtOAc/MeOH to afford pure 

porothramycin B (1.37).

1.10.7.9 The Langlois approach

In 1993, Langlois and co-workers reported the total synthesis of porothramycin B̂ ^̂  

using the methodology that had been first reported by the same group earlier for the 

synthesis of the neothramycins*^^.

OCH(Me)OEtDCH(Me)OEt OMe OMe

1.146 1.1471.145

1.150

OMe OH 
.NOz/

iv)

OMe
1.148

1.151

OMe PH
NOz /

vi), vii)

1.152

OMe

viii)
N O z  V = ^ 0

^^ÿ^^NMez

1.153

WeO H pCHa

porothramycin B (1.37)

i) 1. NaH, THF, Kl; 2. 3-methoxy-2-nitrobenzoyl; ii) DIBAL-H, THF; iii) TsOH, THF, H2 O, MeOH; iv) AC2 O, pyridine; 
V) CSA, quinoline, PhCHa; vi) POCI3 , DMF; vii) 1. (Et0 )2 P(0 )CH2 C0 NMe2 ; 2 . 1N Ba(0 H)2 ; viii) (0 0 0 1 )2 , DMSO, 
DIPEA, DOM; ix) 1. Raney-Ni; 2. TFA (0.002%) DOM, MeOH (9:1).

Scheme 1.9: Langlois’s total synthesis of porothramycin B.

The key step in the synthesis employed elimination of methanol from 1.149 in the 

presence of quinolinium camphosulfonate (QCS) to introduce unsaturation in ring C. 

The resulting enamide 1.150 was subjected to a Vilsmeier-Haack formylation to furnish 

the key enamidoaldehyde intermediate 1.151, which was further functionalised using a 

Homer-Emmons Olefination. Swem oxidation of the functionalised 1.151 in the 

presence of DIPEA generated the key aldehyde intermediate 1.153, which was cyclised 

by treatment with excess Raney nickel at room temperature, and subsequently treated 

with a dilute solution of TFA in a DCM:MeOH mixture to obtain porothramycin B 

(1.37) in 45% yield.
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1.10.8 G-quadruplex targeting agents

Small molecules that selectively bind and stabilize G-quadruplex DNA are drawing 

significant interest from researchers and have the potential to be a major class of 

anticancer agents. Stabilization of the 3 '-end single-stranded overhang of telomeric 

DNA as G-quadruplex structures can inhibit the telomerase enzyme complex (which is 

expressed in most cancer cells) from synthesising further telomeric DNA repeats, 

resulting in selective cell growth inhibition. G-quadruplex formation in telomeric DNA 

in vitro was found to inhibit the binding of telomerase and hence its function^ 

Furthermore, G-quadruplex stabilisation in promoter regions of genes potentially 

represents a new method of affecting the expression of proteins important for cancer 

cell proliferation*^®’̂ ^̂

Therefore, small molecules that selectively bind and stabilize G-quadruplex nucleic 

acids are of interest as a new class of anticancer agents. The majority of the quadruplex- 

binding molecules studied to date comprise functionalised polycyclic aromatic systems 

such as acridines, anthraquinones, indoloquinolines and p o r p h y r i n s a  number of 

these molecules have the ability to provide quadruplex-related biological effects, 

although their physico-chemical features are generally non-drug-like. More recently, a 

number of ligands have been reported that have non-conjugated groupings, whilst still 

maintaining the essential co-planarity with the G-quartet motif.

G-quadruplex DNA can be selectively targeted due to its globular nature coupled with 

other distinctive properties which separates it from the common duplex DNA. However, 

researchers still face the challenge to avoid interference with duplex DNA, which 

inevitably shares some structural characteristics with G-quadruplex DNA and also 

forms the loop structures of the quadruplexes. Structural analysis of G-quadruplexes 

provided key information for the design of selective G-quadruplex targeting ligands. 

The crystal structure of the human telomeric G - q u a d r u p l e x h a s  been of key 

importance and structural basis for the design of most ligands.

The large planar surfaces formed by the four interconnected guanines of the G-quartets 

are the most distinctive feature of G-quadruplex DNA. Any ligand which can 

effectively interact with the surface would have significant influence on the stabilization 

of the G-quadruplexes. This structure is approximately twice as large as the equivalent 

structure in duplex DNA. This is of primary importance in ligand discrimination
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between duplex and G-quadruplex DNA. The most common approach to G-quadruplex 

ligand design is the use of relatively large aromatic groups to interact with the G- 

quartets through n-n  interactions and the majority of quadruplex-binding molecules 

studied to date comprise functionalised polycyclic aromatic systems. As the aromatic 

groups alone are generally insufficient for tight binding and often the hydrophobicity of 

these groups makes them poorly soluble, these are generally functionalized with a 

cationic side chain which not only aids solubilisation but also improves the interactions 

with the overall electronegative G-quadruplex DNA structure. However, introduction of 

cationic functional groups increases the likelihood of duplex DNA interaction. 

Therefore, the designs of the G-quadruplex targeting ligands are dominated by the shape 

characteristics which make them unsuitable for duplex interaction and introduction of 

cationic functional groups would have minimal influence on the selectivity of the 

ligands.

Another strategy is to target the loops and grooves of the G-quadruplex structures to 

achieve tighter interaction and stronger stabilization of the G-quadruplexes. Ligands 

with cationic side chains can potentially interact with loops, grooves and 

phosphorylated backbones to achieve the objective. Recently, incorporation of suitable 

side chains has been one of the most important aspects of quadruplex ligand design as 

they are of critical importance for tight binding and discriminatory ability.

1.10.8.1 Existing G-quadruplex Targeting Ligands

The first small molecule reported to bind with G-quadruplex DNA was an 

anthraquinone derivative 145. This molecule, originally developed as a duplex and 

triplex DNA interacting agent, was shown to inhibit telomerase activity (EC50 = 23 pM) 

through a G-quadruplex mediated mechanism. This led to development of several series 

of analogues and although higher telomerase potency was achieved (EC50 ~ 1

further development of these compounds as G-quadruplex ligands was not 

pursued due to their affinity towards duplex DNA and associated toxicity. After 

observing the G-quadruplex targeting potential with anthraquinones, molecules 

containing similar structural motifs (i.e., disubstituted tricyclic cores) like fluorenones 

146̂ ^̂ , and acridines 147 were developed (Figure 1.39). The acridines were found to 

be less toxic and more potent telomerase inhibitors and were further evaluated through 

derivatisation studies. Structure-based studies of new acridine G-quadruplex ligands
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suggested that 3,6,9- trisubstituted acridines are superior to the 3,6-disubstituted

analogues in terms of both potency and selectivity^^^.

x / —  H

1.154

1.157

1.155

1.158

Figure 1.39: Structures of some G-quadruplex targeting compounds. 1.154: Anthraquinone 

derivatives; 1.155: Fluorenone derivatives; 1.156: 3,6-disubstituted acridines; 1.157: Braco 19; 

1.158: BSG-17

A subset of these compounds revealed nanomolar telomerase inhibitory potency. 

Computational studies showed that the side chains of these compounds could interact 

with three of the grooves of the G-quadruplex structure, which is responsible for their 

greater degree of stabilisation. BRACO-19 (1.157) was taken as the lead compound of 

the series and was extensively evaluated through different biophysical analysis to 

understand the exact mode of action, which was followed by a series of biological 

evaluation. BRACO-19 exposure produced a number of biological responses which 

included decrease of intracellular telomerase activity^^^’̂ ^̂ , onset of the senescent 

phenotype^^^’̂ ^̂ ’̂®"̂, telomere shortening formation of chromosomal end-to-end

fusions^^^ and displacement jhom the telomeres of the telomere associated protein 

POTl. Interestingly, BRACO-19 was found to inhibit cell growth at sub-cytotoxic 

concentrations with a number of cancer cell lines. In vivo studies showed that BRACO- 

19 inhibited tumour growth as a single agent in uterine carcinoma UXF1138L 

xenograft models and also administered post-paclitaxel in vulval carcinoma A431^^  ̂

xenograft models. Furthermore, xenograft experiments with UXF1138L showed loss of 

cellular telomerase activity and presence of irregular mitotic figures, such as anaphase 

bridges^^" ,̂ which supported the in vitro observations and the proposed mechanism of
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action of BRACO-19 as a G-quadruplex binding agent. Further structural modifications 

of acridines^^ '̂^^  ̂ led to the development of a new lead compound, BSG-17 (1.158), 

which entered pre-clinical trials as an anti-cancer telomeric targeting agent.

A perylene derivative PIPER (1.159) was designed as a G-quadruplex ligand and NMR 

studies demonstrated that it interacts with G-quadruplex DNA through Ji-n stacking to 

the G-quartets PIPER was found to act as a molecular chaperone for G-quadruplex 

formation under physiological conditions using single stranded DNA^®  ̂ but also 

duplex DNA in the c-myc promoter region^ Later it was found that PIPER-mediated 

stabilisation of a G-quadruplex can avoid its unwinding by the G-quadruplex specific 

helicases Sgsl^®  ̂ and T-ag^^ .̂ These encouraging results led to further development of 

this compound through side chain optimisation studies^'^'^^^ and telomerase inhibitory 

potency was improved for some newer analogues. However, the biological investigation 

of this series is insufficient and this is a major drawback for the prospect of PIPER 

derivatives as potential clinical candidates.

\

1.159

N=r
t  /

NH
HN

\1.160

1.161 1.162

Figure 1.40: The structure of some G-quadruplex DNA interacting compounds. 1.159: PIPER; 

1.160: TMPyP4; 1.161: Telomestatin; 1.162: RHPS4.
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Hurley and co-workers developed a cationic porphyrin TMPyP4 (1.160) and evaluated 

it as a G-quadruplex targeting ligand^^^. Molecular modeling studies showed a good 

stacking of the porphyrin core to the G-quartet and the four cationic side chains were 

shown to interact with each of the four grooves^^^. Interestingly, crystallographic studies 

showed a different binding mode that did not involve stacking to G-quartet but stacking 

to base pairs formed by the loopŝ "̂ . The finding of the crystallographic study was 

consistent with previous evidence that showed a poor selectivity of TMPyP4 for G- 

quadruplex with respect to duplex DNA"̂ .̂ TMPyP4 and analogues were found to be 

less potent than PIPER derivatives and inhibited telomerase in the low micromolar 

range However, like PIPER, TMPyP4 analogues were shown to inhibit the 

unwinding of G-quadruplex DNA by Sgsl^^^. They also showed low toxicity against a 

number of cancer cell lines with IC50 values generally over 50 TMPyP4 and

its analogues showed some degree of selectivity towards c-myc with Se2SAP 

quadruplexes^^^. Furthermore, TMPyP4 was found to be effective at inhibiting the 

expression of c-myc and k-ras genes^^.

In 2001, Shin-Ya and co-workers reported Telomestatin (1.161), a natural product 

isolated from Streptomyces anulatus, as a highly potent telomerase inhibitor^^^. Its 

unique cyclic aromatic structure was found to interact selectively with the guanine plane 

of the telomeric G-quadruplex. Telomestatin displayed very encouraging growth 

inhibitory activity in a number of cancer cell lines through a telomere mediated 

mechanism related to G-overhang, overall telomere shortening, onset of senescence and 

apoptosis and displacement of POTl and TRF2 from telomeres^^^’̂ *̂. In 2006, 

Takahashi and co-workers reported the total synthesis of telomestatin, which is very 

complex and challenging^^^; a number of other research groups have studied structurally 

related molecules with the Objectives of reproducing its activity^^^’̂ ’̂̂ ^^

In 2001, Gowan and co-workers reported RHPS4 (1.162), a polycyclic acridine, which 

exhibited in vitro telomerase inhibitory activity and found to inhibit intracellular 

telomerase activity at sub-cytotoxic concentrations^^^. RHPS4 has shown significant 

anti-proliferative activity in a number of melanoma cell lines with a mechanism 

consistent with telomere targeting^^^. It provoked interruption of the cell cycle, 

senescence and apoptosis together with a high number of telomere fusions. Moreover, 

RHPS4 was found to be able to localise in the nuclei of MCF7 cells after only 30 

minute exposure The efficacy of RHPS4 was dependent on the initial length of 

telomeres in cell culture^^^. In vivo studies showed RHPS4 to be effective as a single
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agent and also in combination with taxol in xenografts of uterine carcinoma UXF1138L 

and the activity was thought to occur through teleomere dysfunction Further 

xenograft studies in different models revealed RHPS4 activity is related to telomere 

damage and apoptotic cell death, an effect inhibited by overexpression of POTl or 

TRF2, which confirmed the previously proposed mechanism of action^^^.

Other, compounds which were investigated for selective G-quadruplex targeting using a 

series of biophysical and biological techniques include 2 ,6 -pyridine dicarboxylate 

derivatives such as 360A^^  ̂ (1.163), found to bind to telomeres in vivoi^ ,̂ triazine 

derivatives such as 12459^^  ̂(1.164), the phenanthroline analogue EDL35 "̂^  ̂(1.165) and 

isoalloxazines (1.166) which showed inhibition of c-kit expression. The 

compounds described in this section constitute a representative sample of molecules 

developed to date as G-quadruplex targeting agents. However, novel molecules are 

reported on a regular basis as the G-quadruplex area is one of the most active branches 

of nucleic acid research. A more comprehensive insight into G-quadruplex ligands can

be found in the recently published reviews on the subject.241,242

N "  N

N N

1.163 1.164

N—
O

NH HN

—N N—

1.165

N

N

O

N.

1.166

Figure 1.41: The structure of some G-quadruplex DNA interacting compounds. 1.163: 360A; 

1.164: 12459; 1.165: EDL35; 1.166: An isoalloxazine analogue.
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1.10.9 Biological consequences of G-quadruplex targeting

In vivo studies of G-quadruplex targeting ligands have produced a number of biological 

responses, which in many cases supported the in vitro observations and hypothesized 

mechanism of action of these agents. The cellular effects include antiproliferative 

activity and growth arrest at sub-cytotoxic concentrations in different cancer cell lines, 

inhibition of intracellular telomerase activity, senescence and apoptotic responses, 

telomere and 3 ' overhang shortening, chromosomal end-to-end fusions and activation of 

DNA damage responses. A series of cancer xenografts using different models has 

shown anti-tumour activity of individual ligands and in combination with other anti 

cancer drugs. Initially telomerase inhibition was the basis of explanation of most of the 

activity observed with G-quadruplex targeting ligands, but the lack of the expected time 

lag in the response to these agents, the absence of telomere shortening in some cases 

and the evidence of the displacement of TRF2 and POTl from telomeres by some 

ligands suggest the existence of some alternate mechanisms of action. It is now 

believed that in addition to the inhibition of telomerase, binding to telomeres and the 

consequent telomere uncapping are also responsible for most of the observed cellular 

effects

It has been recently suggested that telomerase may play a part in stabilising telomeres 

independent of its telomeric DNA synthesizing rolê "̂ .̂ The differences in telomere 

length between normal and cancer cells and the presence of telomerase, which could 

play a structural role in the telomeres of cancer cells, may suggest a structural difference 

in the telomeres of normal and cancer cells, which could account for the observed 

selective toxicity of G-quadruplex ligands for cancer cells.

A number of studies have shown the inhibitory potential of G-quadruplex ligands on the 

expression of several oncogenes. Reduced telomerase activity in the presence of G- 

quadruplex ligands could be correlated with the reduced expression of oncogenes such 

as c-myc, which encodes for the transcription factor that regulates the expression of 

hTERT amongst others geneŝ "̂ "̂ . Another possibility is the direct inhibition of the 

expression of hTERT, which also contains a G-quadruplex forming sequence.

The biological results obtained so far suggest a possible dual mode of action for G- 

quadruplex ligands. Telomerase inhibition is still considered as the major mode of 

action of most G-quadruplex ligands and the reason behind observed biological
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activities, but some of the biological responses suggest that some ligands may also be 

capable of inhibiting the transcription of particular genes. This uncertainty has recently 

led researchers to focus on ligands which can discriminate between different G- 

quadruplex forming sequences. In this way, there is scope for developing ligands which 

may act on specific oncogenes while sparing others and produce a more selective 

biological response.

Page 68



Chapter Two: Synthesis and Evaluation of Biaryl Polyamides

2.0 Background and Objectives

DNA has long been a target for chemotherapeutic intervention and the function of many 

therapeutically effective drugs involves binding to DNA and subsequent inhibition of 

gene transcription, translation and other cellular processes. To date, a wide variety of 

structural analogues of netropsin and distamycin have been synthesised and their 

binding profiles have been studied. An understanding of why some of these molecules 

can bind with high affinity and specificity to certain DNA sequences is essential to the 

design and synthesis of drugs targeted to DNA. Since compounds with non classical 

structures might have different biological activity, it is essential to study more non- 

classical and structurally diverse minor-groove binders.

Molecular modeling has long served as a very important tool for designing new minor- 

groove binding ligands "̂^  ̂ and, more recently, molecular dynamics simulation provided 

very useful information about the mobility of ligands in the minor-groove of DNA and 

their hydrogen bonding pattems^" .̂

Researchers have extensively studied different heterocyclic polyamides analogous to 

netropsin and distamycin to understand the sequence rule and design new molecules. 

Most of this work, including polyamides and lexitropsins, involved unfused five 

membered aromatic heterocycles with different evolved tails^^; one notable exception 

came from Boger and co-workers who worked with saturated heterocycles and 

benzofused rings^ '̂"^ '̂ \̂

The main objective of the current research project is to design and understand the 

interactions between Watson-Crick base pair sequences and ligands. These ligands have 

different structural and shape characteristics required to establish rules of recognition 

which may lead to identify new DNA minor-groove binding compounds.

To achieve our objective, a solution phase combinatorial synthesis approach has been 

adopted and libraries of compounds were synthesised in parallel using novel biaryl and 

some established building blocks. After synthesis, these compounds have been screened 

against a 512 member hairpin-DNA oligonucleotide library containing all possible (non
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degenerate) sequences. The screening has been performed by fluorescent intercalator 

displacement (FID) assay, previously reported by Boger and co-workers^^^’̂ "̂ ’̂̂ ^̂ .

Synthesis of solution phase libraries

i
Screening Vs Hairpin Oligonucleotides cgxxx̂ c ^ A

i
Ranking the Ligands Based on Binding Affinity

i
Optimisation to Generate Focused Library

i
Couple to PBD Capping Unit

i
Further Target Oriented Evaluation

F ig u re  2.1: Overview o f  the research project

2.1 Combinatorial approach in drug discovery

Combinatorial chemistry is a powerful organic chemistry tool for the rapid synthesis of 

structurally related compounds. Large numbers of molecules can be quickly obtained 

when they are synthesised in a combinatorial fashion. Library sizes that can be obtained 

using combinatorial approach can be illustrated as

N = Where, N = Library size

B = Number of building blocks 

C = Number of reactions or point of diversity

This powerful technology is helping researchers find new drug candidates quickly, 

saving significant money in preclinical development costs and slowly changing the 

fundamental approach to drug discovery^"^ .̂
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Merrifield and co-workers in 1964 first reported the synthesis of peptides on a solid 

support, which is regarded as the starting point of combinatorial chemistry^"^ .̂ The 

research groups of Lam, Houghten, Bradley, Ellman and others have exploited the 

advantages of solid phase synthesis to develop combinatorial chemistry and

revolutionize the drug discovery process.249-252

The emergence of combinatorial chemistry in the last three decades has effectively 

shifted the drug discovery procedure from validated target to target validation and lead 

optimization to lead generation. Researchers create ‘libraries’ of many different but 

structurally related compounds to discover the activity profile of a pharmacophore. 

Advances in robotics have further enhanced the utilization of combinatorial approaches 

in industrial research. Combinatorial or high throughput chemistry is currently regarded 

as a critical tool for drug discovery research programs^^^.

Solid phase and solution phase organic synthesis are the two major areas of 

combinatorial chemistry.

2.1.1 Solid phase synthesis

Solid-phase synthesis is a method in which molecules are bound to a resin bead and 

synthesised step-by-step in a linear fashion. It is easy to remove excess reagent or by

products by filtration.

Functional g ra u p l (Protected)

A — Functional group 2 (Protected) vww

FG1(P)

A — FG2(P)

FG1(P) FG3(P) FG5(P)

A — F G 2 - B —  F G 4 -  C — FG6(P)

FG1(P) FG3(P) 

FG2— B —  FG4(P)

F igure 2.2: Interconnection in solid phase combinatorial approach
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Three interconnected requirements form the basis of the solid phase combinatorial 

approach

• A cross linked insoluble polymeric material that is inert to the condition of 

synthesis,

• A means of linking the substrate to this solid phase that permits selective 

cleavage of some or all of the product from the solid support during 

synthesis for analysis of the extent of reaction(s), and ultimately to give the 

final product of interest.

• A chemical protection strategy to allow selective protection and deprotection 

of reactive groups.

While solid phase synthesis offers a number of advantages to the medicinal chemist it 

has two inherent drawbacks which have limited its success in drug discovery chemistry.

• Firstly, the range of chemistry available on a solid phase is limited, which in turn 

limits the desired diversity in library structures.

• Secondly, it is difficult to monitor the progress of reaction when the substrate 

and product are attached to the solid phase.

2.1.2 Solution phase synthesis

Solution phase work is free from some of the constraints of solid phase approaches but 

has some inherent limitations with respect to purification. In the early days of 

combinatorial chemistry, solid phase organic synthesis was the leading strategy for the 

production of structurally diverse libraries for lead generation^^" .̂ With continuous 

refinement in organic chemistry, solution phase synthesis of smaller, targeted libraries 

containing discrete and pure compounds is gaining more attention and popularity^^^’̂ ^̂ .

In the solution phase strategy, the products are synthesised using reliable coupling and 

functional group interconversion chemistry. Solution phase synthesis offers a flexible 

choice of chemistry and requires less development time for library generation compared 

with solid-phase synthesis. The solution phase combinatorial approach differs 

significantly from orthodox synthesis in analogue generation and screening. Orthodox 

synthesis usually involves a multi-step sequence, e.g. from A through to the final
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product D, which is purified and fully characterised before sereening. Biological 

activity guides the design of the next analogue and the process is repeated to optimize 

both activity and selectivity.

Orthodox analogue synthesis and screening

B

Next
Compound

Purify & \ C haracterise  

Low throughput screeing

ify & j

/ '
Combinatorial solution ch ase  synthesis and screenino

S R 1

Next (  SB 3 )
step s  1\  I

High throughput screening

F igure 2.3: Comparison o f  orthodox synthesis and combinatorial solution phase synthesis

On the other hand, combinatorial solution phase synthesis involves reaction of a 

substrate S with available building blocks to produce large number of compounds. The 

library is screened, often without purification, and with only minimal characterisation of 

the individual compounds, using a rapid throughput screening techniques.

ER+ LR Product + ER + 

Filtration

O - S

v  /  O ' SER

Y
Product

Filter
— R + SM -----  \  >  Product

T
( J - R

ER = Excess Reagent 
LR = Limiting Reagent

^ — S = polymer Supported Scavenger 

^  R = polymer Supported Reagent

Figure 2.4: Polymer supported reagents and scavengers in solution phase synthesis.
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Recent integration of microwave technologies with high throughput synthesis has 

further enhanced the speed of library generation using solution phase chemistry and 

more complex reactions can be optimized and carried out to find structurally diverse 

compounds with relative ease^^ .̂ The emergence of mass directed purification 

(HPLC/MS) in the 1990s further encouraged researchers to use solution phase synthesis 

and more recently the development of hydroxylated polystyrene divinylbenzene resin 

based cartridges and silica-based sulphonic acid cartridges can make the purification 

stage of solution phase libraries relatively straightforward.

Continuous development in solution phase synthesis led to the development of a mixed 

approach employing polymer bound electrophilic, nucleophilic or ionic reagents, 

catalysts and scavengers for application in solution phase synthesis, which have 

enormous potential for the synthesis of focused libraries^^^’̂ *̂. The emergence of this 

hybrid approach combines the advantages of product isolation and purification of solid 

phase synthesis with the high speed development and flexible choice of chemistries 

available in solution phase reactions.

More recently researchers have created virtual libraries which are obtained through a 

computational enumeration of all possible structures of a given pharmacophore with all 

available reactants. Depending on various calculations and predicted ADME, 

computational chemistry and QS AR studies, a subset of the virtual library is selected for 

synthesis.

2.2 Use of biaryl building blocks to synthesize library compounds

Extensive research has been conducted over the last two decades on distamycin and 

netropsin analogues using classical building blocks such as A-methylpyrroles and N- 

methyl imidazoles' 05,259,43 ,11 Dgj-yan and co-workers reported that polyamides 

containing repetitive sequences of these building blocks tend to be over-curved relative 

to the DNA helix and each of the heterocycles exceeds the length of one DNA base pair, 

and polyamides containing these heterocycles tend to fall out of register within the 

DNA binding sitê ^®. This register mismatch accounts for the reduced sequence 

specificity of longer polyamides. Searle and co-workers reported that DNA minor- 

groove recognition by some distamycin analogues involves a combination of 

conformational selection and induced fit which is governed by optimised van der
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Waal’s contacts rather than binding to a pre-organized site^^ .̂ Related aryl heterocyclic 

furamidine compounds, such as DB 75, were first synthesised by David Boykin’s group 

and in addition to a significant DNA minor-groove binding property, the molecule 

showed notable biological activity against a broad spectrum of protozoal 

microorganisms^^\ Neidle and co-workers, in 1997, obtained an X-ray crystal structure 

of DB75 with d (CGCGAATTCGCG)2  DNA duplex, which indicated that DB-75 

(Figure 2.6) binds to the minor-groove at the AATT region of the duplex. The crescent 

shape of this aryl heterocycle helped its DNA binding affinity and results indicated that 

the two amidine groups form hydrogen bonds with 02  of thymine at the floor of the 

groove and two phenyl groups have van der Waals interactions with the wall of the 

groove^^^.

1.16

Figure 2.6: Structure o f  2,5-bis(4-guanylphenyl)furan, DB-75 (1.16)

Preliminary molecular modeling studies (G Wells, unpublished results) conducted 

indicated that biaryl building blocks should span two base pairs (Figure 2.7) and offer a 

solution for the H-bonding registry problem and matches with the curvature and helical 

parameters of B-form DNA. Moreover the presence of a phenyl component in the biaryl 

building blocks should offer better van der Waal’s contact with the wall of the minor- 

groove compared with the classical building blocks, which may result in better sequence 

specificity. Each of these biaryl building blocks contains a heterocyclic and a 

carbocyclic component. Increased diversity in the target library is achieved by subtle 

modifications and substitutions to the heterocyclic and carbocyclic components of the 

units. This structural diversity resulted in molecules having different curvatures and 

different hydrogen bonding components to complement functional groups and hydrogen 

bond donor and acceptors present on the floor and wall of the minor-groove.
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NHR

Figure 2.7: A, M olecular model showing biaryl building block spans two base pair (AT); B, Structure o f a 

biaryl building block

2.3 Design of library types

Two different types of solution phase libraries were planned on the basis of the position 

of the biaryl building blocks in the target molecules (Figure 2.8). All molecules of these 

libraries contain 4 aromatic rings and a dimethylaminopropylamine tail and are 

expected to span 4-5 base pairs in the minor-groove.

L ib ra ry  M o tif  1

&
o

NH H

X = C, N 
Y = 0 ,  N, S

L ib ra ry  M o tif  2

X = N, S  
Y = 0 ,  N, S 
Z = 0 ,  N

F igure 2.8: Library types showing the relative position o f  the biaryl building blocks (shown in red).
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2.3.1 Type 1 Motif library

The Type 1 Motif library contains biaryl building blocks set between two five 

membered heterocycles. In every case the biaryl ring contains a phenyl ring with an 

amino group either at the para or meta position. The presence of a biaryl building block 

in the centre of each molecule provides the molecules with a certain amount of rigidity 

and offers significant van der Waal’s interaction with the minor-groove. The molecular 

weight of members of Type-1 motif library varies between 471-544.

Initially, a small trial library consisting of 20 members was investigated and after initial 

synthetic success, a total of 120 molecules containing the Type-1 structural motif was 

synthesised. Depending on the arrangement of the building block, the Type-1 motif had 

the following structural types.

Y
HN

NH
,Z

X = c, N 
Y = N.S 
Z = 0 ,S

Figure 2.9: Structural types o f  M otif-1 library

2.3.2 Synthesis of type -1 Motif library

A linear synthetic approach was adopted for the synthesis of the Motif-1 library 

members. Starting from the A-methyl pyrrole building block, the compounds were 

synthesised in a total of eight steps (Scheme-1). Every molecule in the Type-1 motif 

library contains an A,A^-dimethylaminopropyl tail, which offered the advantage of using 

s e x  cartridges for purification after every synthetic step.
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The first step involved electrophilic substitution at C2 of pyrrole using 

trichloroacetyl chloride. Reaction was complete yielding 79.5% product (2.2) in 3 

hours. The next step involved nitration using concentrated nitric acid and acetic 

anhydride, which was conducted at -5 °C. The nitric acid was added very slowly 

over a period of 1 hour, to avoid dangerous exotherms, giving 80% yield (2.3). The 

tail unit was then introduced through coupling with #,#-dimethylaminopropyl amine 

to obtain intermediate 2.4. Reaction proceeded smoothly without utilizing any 

coupling reagents.

V
I

2.1

V i)

vii, viii)

o I 
2.2

-NH

d

W
2.5

NHz

CkC

2.7

72-82%

NOz

2.3

-NH

N'
I 2.6

NÛ2

2.4

NHz
ix). X )

HNH

N
/

2.8X= N,  O, S 
Y= C,  N
R = Phenyl, heterocycle

Reagents and conditions

i) Trichloroacetyl chloride, THF, RT, 4 h ii) Cone. HNO 3 , acetic anhydride, -5° 0 , 3 h iii) N , N -  dimethylaminopropyl 
amine, dry THF, RT, 6 h iv) H2, Pd/C, 4 h v) 5-bromoheterocyclic acid, DIG, HOBt, DOM, RT, 16 h vi) 4-aminoboronic 
acid, Pd(PPh3)4, K2CO3, Ethanol : Tolune: Water - 9:3:1, MW, 12-23 Minutes vii) 3-nitroboronic acid, Pd(PPh3)4, K2CÜ3, 
Ethanol : Tolune: Water - 9:3:1, MW, 8-15 Minutes: viii) H2, Pd/C, EtOAC, 4 h ix) heterocyclic carbonyl chloride, Dry 
DMF, RT, 2 h X )  heterocyclic carboxylic acid, QIC, HOBT, DCM, RT, 16 h

Schem e 2.1: General synthetic steps utilized for M otif-1 library

The nitro group of intermediate 2.4 was then reduced to obtain the pyrrole 

carboxamide (2.5) using a Parr hydrogenator and 0.1 eq. Pd/C as catalyst. This was 

used as the starting point for the synthesis of all molecules containing the Type-1 

structural motifs. The pyrrrole carboxamide 2.5 was coupled to five different 5- 

membered bromoheterocyclic acids to provide the Suzuki substrate 2.6 in excellent 

yield. The reactions were carried out in parallel fashion with 2 equivalents of HOBt 

used to activate the carboxylic acids and 1.75 equivalents of DIG was used as the 

coupling reagent. 1-Hydroxybenzotriazole (HOBt) is one of the most widely used
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reagents in amide coupling because of its excellent reactivity and the chiral stability 

of benzotriazolyl esters. DIC is one of the most convenient carbodiimide reagents as 

the urea by-product is soluble in most solvents^^^’̂ ^̂ .

+HW=C=N

BocHh

R

HN.

BocHN

H H

j  "

X= HOBt
HzN"

-*■ BocHN._JL. R 

Product

OH

N = C = N

HOBtDIC

Schem e 2.2 : General reaction mechanism o f  amide coupling using DIC and HOBt

The next step in the synthetic route was a cross coupling reaction to attach an aryl 

moiety directly to the terminal 5-membered heterocycle of the intermediate 2 . 6  using a 

C-C bond formation reaction. A Suzuki cross coupling reaction under microwave 

conditions was selected for its convenience and high yield in similar reactions^^^’̂ ^̂ . 

The Suzuki cross-coupling reaction was first reported by Akira Suzuki in 1979 and 

couples aryl/vinyl boronic acid with aryl/vinyl halides using Palladium catalysts and a 

base^^ .̂

Pd
catalyst

BYg +  R2~X  ----------------►  R i ~R 2
Base

Figure 2.10: Principles o f  Suzuki cross-coupling reaction.

The reaction also works with pseuodohalides such triflates (OTf) and also with borate 

esters instead of boronic acids with relative reactivity R2I > R2-0 Tf > R2-Br »  R2-CI.
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The mechanism of the Suzuki cross coupling reaction can be best illustrated from the 

perspective of the palladium catalyst

R1-R2
S9

OH NaOH

Pd°
S1

Reductive elimination
R2-Pd"-Ri

S8

HO—B-OH 
OH

Na+ S7

Ri—
I

S5

Ri— B—OH
OH

Transmetallation

R2-Pd"-0H
S4

R2-Pd"-X

Oxidative Addition

NaOH

NaX

Schem e 2.3: The Suzuki cross-coupling catalytic cycle.

The first step is the oxidative addition of palladium (0) SI (Scheme 2.3) to the organic 

halide S2 which forms the organo-palladium species S3. Base reacts with S3 to form 

intermediate S4, which undergoes transmetallation^^ with the boronate complex S6 to 

form the organopalladium species S8. The final step is the reductive elimination of the 

desired product S9 and regeneration of the original palladium catalyst.

Reaction conditions, solvents and microwave heating time were optimized through 

small scale trial reactions. Finally, a mixture of ethanol, toluene and water (9:3:1) was 

selected as the solvent with 0 . 1  equivalents tetrakis triphenyl palladium as catalyst, and

1.2 equivalents of boronic acid and 2 equivalents of K2CO3 as base. Reaction times 

varied between 8 to 23 minutes depending on the substrates and boronic acid (Table 1). 

Difficulty was only encountered with bromo-thiazole derivatives where reaction yields 

were between 32-70% despite numerous attempts to optimize the reaction. Reactions 

involving 4-nitrophenyl boronic acid were relatively faster compared with reactions 

involving 3-aminophenyl boronic acid. Intermediates with nitro groups at the 4 position 

of the phenyl ring were reduced to 4-amino derivatives by reducing them in a Parr 

hydrogenator using 0.1 equivalent of Pd/C as the catalyst. The reduction was very slow 

and took about 72 hours to reduce each of the nitro intermediates.
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Table 2.1: Optimisation of Suzuki cross-coupling reaction for the synthesis of 2.7

Experiment Suzuki Substrate
Boronic acid

Catalytic
System
(Eq.)

Base
(Eq.)

React!
on

times
(mins)

Yields"
(%)

4-aminophenylboronic 
acid pinacol ester

Pd(PPh3)4
(0 .1 )

K2CO3

(2 .0 )
8 , 1 2 ,

23
65, 65, 

56

4-nitrophenylboronic 
acid pinacol ester

Pd(PPh3)4
(0 .1 )

K2CO3

(2.0)
8, 12 97,96

3-aminophenylboronic 
acid pinacol ester

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8, 12 92, 93

3-nitrophenylboronic 
acid pinacol ester

Pd(PPh,)4
(0.1)

K2CO3

(2.0)
8, 12 94,96

4 -am in op h en ylb oron ic  
acid  p inacol ester

Pd(PPhi)4
(0.1)

K2CO3

(2.0)
8, 12, 

23
97,96, 

98

4 -n itrop h en ylb oron ic  
acid pinacol ester

Pd(PPh,)4
(0.1)

K2CO3

(2.0)
8, 12 97,96

3-am in op henylb oron ic  
acid  pinacol ester

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8, 12 96,98

3-n itrop h en ylb oron ic  
acid p inacol ester

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8 J2 94,93

4 - n m i n r > n h f * n v l h n r n n i f

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8.12.

23
96,97.
97

acid pinacol ester

4-nitrophenylboronic 
acid pinacol ester

3-aminophenylboronic 
acid pinacol ester

3-nitrophenylboronic 
acid pinacol ester

4-aminophenylboronic 
acid pinacol ester

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8, 12 94,98

Pd(PPhj)4
(0.1)

K2CO3

(2.0)
8, 12 94,95

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8, 12 91,87

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8, 12,

23
97,98,

97

4-n itrop h en ylb oron ic  
acid p inacol ester

Pd(PPh,)4
(0.1)

K2CO3

(2.0)
8, 12 93,92

3-am in op h en ylb oron ic  
acid p inacol ester

Pd(PPh,)4
(0.1)

K2CO3

(2.0)
8, 12 95,97

3-n itrop h en ylb oron ic  
acid p inacol ester

Pd(PPh3)4
(0.1)

K2CO3

(2.0)
8, 12 94,96

4-am in op h en ylb oron ic
Pd(PPh3)4

(0.1)
K2CO3

(2.0)
8, 12, 
23

32,36.^
38

acid pinacol ester

4-nitrophenylboronic 
acid pinacol ester

3-aminophenylboronic 
acid pinacol ester

3-nitrophenylboronic 
acid pinacol ester

Pd(PPh3)4 KzCOa 8, 12 5^68
(0.1) (2.0)

Pd(PPh3)4 K2CO3 8, 12 46, 65
(0.1) (2.0)

Pd(PPh3)4 K2CO3 8. 12 65, 70
(0.1) (2.0)
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The resulting amine analogues (2.7) were subjected to coupling reactions with either 

commercially available heterocyclic carbonyl chloride or carboxylic acid to give the 

biaryl polyamides (2.8) of Motif-1, in excellent yields.

For the initial library, 10 structural analogues of intermediate 2.7 were coupled with two 

different 5-membered heterocyclic carbonyl chlorides (Furan-2-carbonyl chloride and 1- 

methy 1-177 -pyrrole-2- carbonyl chloride) to obtain 20 final compounds.

“ v V  ' W
O O I

furan-2-carbonyl chloride 1 -methyl-1 H-pyrrole-2-carbonyl chloride

Figure 2.11: Acid chlorides for initial 20 member type -  3 library.

The coupling reactions were conducted in a Greenhouse^^ parallel synthesizer after 

initial optimization through a series of trial reactions. Initial reactions using dry THF 

failed due to poor solubility of the starting materials. Finally the reactions were 

successfully conducted using dry DMF as the solvent and without using any base.

After the successful synthesis of 20 compounds, a similar synthetic protocol was 

applied to obtain a further 120 analogues. The compounds were synthesized using 12 

different heterocyclic carbonyl chlorides (Figure 2.12).

Capping units commercially available as carboxylic acids, but not as carbonyl chloride, 

were converted to the carbonyl chloride using oxalyl chloride in dichloromethane and 

DMF in catalytic amount.

HO i c k
N II N

O

R eagents and conditions i) Oxalyl chloride, CH2CI2 , DMF, 2 h, RT 

Scheme 2.4: Synthesis of acid chloride
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Cl  ̂ w MCI À .0

O Cl K ->
1-Methyl-1H-imidazole-2-carbonyl chloride 1-Methyl-1H-imidazole-5-carbonyl chloride 2-pyrazinecarbonyl chloride

Cl

'S'
Cl

Thiophene-2-carbonyl chloride

N -N

Thiophene-3-carbonyl chloride
.Cl

Cl
[1,3,4]Thiadiazole-2-carbonyl chloride

Cl
Isonicotinoyl chloride

G

5-Methylisooxazole-3-carbonyl chloride

Cl

o

1-Benzofuran-2-carbonyl chloride

Cl

3-Furoyl chloride

Cl

lsooxazole-5-carbonyl chloride

F igure 2.12: Acid chlorides used for 120 member Motif-1 library.

2.3.3 Type -2 Motif library

Type-2 biaryl polyamides (Figure 2.13) contain two different biaryl units. Biaryl 

building blocks containing the acid functionality are commercially available and the 

amine biaryl building blocks were synthesised in-house to ensure structural diversity. A 

solution phase combinatorial approach was utilized to synthesise library members with 

reasonable purity.

O

X =N , S 
Y = 0 . N, S 
Z = 0 . N

Figure 2.13: General structure o f  Type-2 library
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The library members fall into four distinct structural motifs para-para, meta-para, 

para-meta & meta-meta based on the orientation of the biaryl building blocks (Figure 

2.14).

HN HN

m-p

N—

X = N,S 
Y = 0,N ,S  
Z = 0. N

HN

p-p

N—

Figure 2.14: Structural types o f  Motif-2 library 

2.3.3.1 Amine building block synthesis for Motif-2 library

A linear synthetic approach was adopted to obtain amine building blocks from 

commercially available starting materials. Four different biaryl amine building blocks 

containing the N, N-dimethyl aminopropyl tail were synthesized and coupled with 

different commercially available biaryl carboxylic acids to obtain the biaryl dimer 

polyamides (Scheme 2.4). For #-methyl pyrrole-containing biaryl amines, the synthesis 

started from trichloroacetyl A^-methyl pyrrole 2.2 (Scheme 2.1). Bromination of 2.2 

using A-bromosuccinamide in THF at -10 °C proceeded smoothly and the resulting 3- 

bromo compound 2.11 was coupled with the N, N-dimethylaminopropyl tail in THF 

without addition of any coupling reagent to obtain the Suzuki substrate 2.12 (Scheme 

2.6). For furan and thiophene containing biaryl amines, the synthesis started from the 

commercially available bromo-heterocyclic acids (2.9), which were coupled to the tail 

using the HOBt/DIC coupling system to obtain 2.12. The Suzuki coupling reaction 

between 2.12 and the 4-amino/3-nitroboronic acids proceeded well under microwave 

conditions, with high yields, except for pyrrole carboxamide, over two steps to obtain 

the biaryl amine building block 2.13. Suzuki conditions optimized for Motif-1 library 

synthesis were also employed for Motif-2 amine building block synthesis. The Suzuki

Page 84



reactions produced high yields except for pyrrole carboxamide substrates (45-70%). 

Boc-deprotection was carried out using 4M HCl in dioxane^^^.

NH-
■ NH;

■NH

— N

NH NH

NH;

NH

Figure 2.15: Amine biaryl building blocks o f  Library - 1

o
2.9 2.10

iii)

2.12

10
Br

O I 
2.2

o I
2.11

X= o , 8 , N-CH3 
Y = N, O, S 
Z = C, N

R eagents and conditions

iv)

V, vi)

—N

vi)

2.15

i) DIC, HOBT, DCM, RT, 16 h ii) MBS, Dry T H F ,-10 0 0  for 2 h, RT for 4  h iii) Dry THF, RT, 6  h,
iv) 4-am inoboronic acid, P d (P P h 3 )4 , K2 C O 3 , Ethanol : Tolune: W a te r -9 :3 :1 , MW, 12-23 M inutes
v) 3-nitroboronic acid, P d (P P h 3 )4 , K2 CO 3 , Ethanol : Toluene: W ater - 9:3:1, MW, 8-15 Minutes;
vi) Hz, Pd/C, EtOAC, 4 h vi) DIC, HOBt, DCM, RT, 16 h

Schem e 2.6: Synthesis o f  A-methyl pyrrole containing building blocks.
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2.3.3.2 Coupling of amines and acids using Greenhouse^^ reactor

After synthesizing the amine building blocks, 11 commercially available biaryl acid 

building blocks were selected for the Motif-2 library (Figure 2.16). Structural diversity 

and pairing of biaryl-biaryl substitution pattern were the main criteria for selection.

HOHO.
HO

HO.

HO.HO.

HO.HO.

HO. HO
HO.

Figure 2.16: Biaryl acid building blocks selected Type-2 Library

Biaryl-biaryl dimer compounds of library Motif-2 were synthesised in a Greenhouse™ 

parallel reactor. For analogous coupling reactions in the Motif-1 library the DIC/HOBt 

coupling system had been employed. Use of similar conditions in coupling two biaryl 

units failed to produce a significant result and LC-MS analysis revealed incomplete 

reactions with notable amounts of starting material left unreacted. After this initial 

failure, the decision was taken to modify conditions for the coupling by using the 

HOAt/HATU coupling system. Carpino reported that the HOAt/HATU coupling system 

is more effective than the HOBt/DIC system, but requires precise maintenance of 

conditions due to the higher reactivity of HOAt compared with HOBt^^^. The 

HOAt/HATU coupling system regenerates HOAt, which helps to drive the reaction in a 

forward direction (Scheme 2.7).

A trial reaction was conducted using the HOAt/HATU coupling system in which the 

reagents were added at -5 °C and gradually the temperature of the reaction mixture was 

raised to room temperature. The trial reaction proceeded smoothly and LCMS and TLC 

analysis revealed completion of reaction with only trace amounts of unreacted starting 

material left. Further optimization of the HOAt/HATU coupling system by introducing
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DIPEA as base, allowed the method to be applied to a parallel synthesis campaign using 

the Greenhouse™.

0 | i .
NMeg

HOAt

FT— N H  O ;

Intramolecular general base 
catalysis enhances reactivity

Schem e 2.7: Proposed reaction mechanism for HOAt and HATU

The parallel synthesis campaign proceeded well with coupling reactions found to be 

complete within 4 hours. Progress of library synthesis was monitored by both TLC and 

LCMS.

HjN
OH

C"NH

Purity -  80 - 99.9% (after cartridge)

X = N,S 
Y = O, N. S 
Z = 0 ,N

i) 1 eq Amine, 1.1 eq Acid, 1.3 eq HATU, 1.75 eq HOAt, Dry DMF, 0°C to room temperature, 4 h. Green House Parallel Synthesizer

Schem e 2.8: Greenhouse™ coupling reaction.
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2.4 Purification of biaryl polyamide library members

The intermediates and each library member contained an N, A^-dimethylaminopropyl 

side chain which assisted in the purification of these compounds by the “catch and 

release” method using sulphonic acid based SCX-2 cartridges. These cartridges are 

packed with silica-based sulphonic acid cation exchange resins. Due to the presence of a 

dimethylaminopropyl tail, which contains the tertiary amine, all tailed compounds were 

retained in the cartridge. The cartridges were then sequentially washed with 

dichloromethane, methanol and dimethyl formamide which removed impurities and 

excess reagents used in the reaction. The trapped compounds were released using 5-10 

mL of 2M NH3 in methanol. This trap and release method is effective and is widely 

employed for compounds containing similar amines.

TLC and LCMS analysis showed that about 25% compounds were more than 90% pure 

after the SCX-2 resin purification and did not require further purification. Compounds 

with minor impurities (30%) were purified using a tailor made column chromatography 

system employing an 8:1:1 ratio of DCM:MeOH:2M NH3 in methanol as the mobile 

phase. Short columns were packed using conventional column grade silica gel in a SPE 

separator and 30-50 mL of mobile phase was passed through each of the columns, 

which proved sufficient to remove the minor impurities. This approach was more 

successful than preparative HPLC in terms of yield (65-86% compared with 45-60%). 

Biaryl polyamides with significant amounts of impurities after the SCX-2 cartridge 

treatment were purified using preparative HPLC.

2.5 Characterization and purity assessment of biaryl polyamides

All library members had been either fully characterized or identified by high resolution 

mass spectrometry. All samples had their purity assessed prior to their biological or 

biophysical evaluation using different HPLC solvent systems. Reversed phase HPLC 

columns were employed for analysis of the biaryl polyamides and purity was based on 

the integration of HPLC peak areas. Purified biaryl polyamides were either stored as 

solid samples or dissolved in DMSO at -20°C and re-assessed over different time 

periods to confirm their stability (see experimental section for different HPLC solvent 

systems employed to assess HPLC purity of biaryl polyamides).
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2.6 Fluorescent Intercalator Displacement (FID) assay

The fluorescent intercalator displacement (FID) assay is a relatively simple high 

throughput method which has been shown to be a reliable and high resolution technique 

for establishing the DNA binding affinity and sequence selectivity of minor-groove 

binding small moleeules'^^’̂ ^̂ ’̂ ^̂ ’'̂ .̂ Additionally, this method allows the determination 

of binding constants and as a result the molecules can be ranked based on their binding 

affinity to all possible s e q u e n c e s F I D  assay is believed to be superior to the classical 

techniques like DNA footprinting or affinity cleavage due to its simplicity and ability to 

evaluate large libraries of compounds within a short period of time.

Major Groove Binder Minor Groove Binder Intercalator

DNA covalently bound 
To Cisplatin

DNA covalently bound 
To SJG-136

DNA non-covalently complexed 
With Doxorubicin

Figure 2.17: Different types o f  drug-DNA interaction

A selection of the biaryl polyamide library members was screened against a 512 

member hairpin-DNA combinatorial library. The DNA sequence contained a variable 

region that encoded all possible non-degenerate five base pair sequences. The assay 

used was an optimized version of the fluorescent intercalator displacement (FID) assay 

originally developed by Boger and eo-workers*^^’̂ ^̂ ’̂ '̂’*̂ .̂ The most notable difference 

between the approach described in this thesis and that of Boger is that we screened pure 

single compounds rather than complex mixtures.
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5 b ase pair variable region hairpin

5 -CGXXXXXC A A 
3 -GCXXXXXG A

X = A, T. G, C

Figure 2.18: Commercially available DNA hairpin deoxyoligonucleotides representing all possible

combinations o f  five base pairs.

2.6.1 Principle of the FID assay

The assay utilizes the displacement of ethidium bromide (or thiazole orange) from 

hairpin deoxyoligonucleotides (Figure 2.19). Hairpin DNAs are treated with the 

intercalator, the binding of the intercalating agent to DNA results in an increase in the 

observed fluorescence. Incubation with a DNA interactive agent displaces the bound 

intercalator resulting in a decrease in fluorescence. The percentage decrease in 

fluorescence is directly proportional to the extent of the DNA binding of the ligand. 

This provides a relative binding affinity and a rank order of binding to all possible five 

base pair sequences. With individual sequences, quantitative titration of a compound 

against a hairpin DNA sequence pre-treated with ethidium bromide^^ (intercalator) 

provides reliable binding constants and allows the stoichiometry of binding to be 

determined.

A d d itio n  o f e th id iu m  b r o m id e

N o n s p e c i f ic  i n t e r c a la t io n  
r e s u l t s  in f l u o r e s c e n c e

A d d itio n  o f  a  D N A  
b in d in g  c o m p o u n d

F.tBr interralales 

dsDNA
Drug displaces KtBr

Z f lu o r escen ce  
( 1 0 0 % flu o r escen ce )

Y % flu o r e sc e n c e

D N A  affin ity  is  m e a s u r e d  a s  a  d e c r e a s e  
in  r e la t iv e  f l u o r e s c e n c e  in d ic a t in g  b in d in g  
w ith  d i s p l a c e m e n t  o f  e th id iu m  b r o m id e

E s ta b l i s h  r a n k  o r d e r  b in d in g  D e f in e  D N A  
s e q u e n c e  s e le c t iv i ty  o f  a  g iv e n  c o m p o u n d  
o r  s e l e c t  c o m p o u n d s  w ith  a f f in ity  fo r  a  
g iv e n  D N A  s e q u e n c e

Relative Binding Affinity (96)= 100-(Y /Z  x 100)

0% relative binding 
affinity = No binding

40% of fluorescence 
60% of relative binding 
affinity_______________

Figure 2.19: General procedure for determination o f  sequence selectivity for a DNA binding agent using 

the fluorescence intercalator displacement assay (adapted from Acc Chem Res 2004, i7 ,  61-69).
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These two systems may be used in a complementary fashion, one intended for a high- 

throughput screen capable of handling large compound libraries or providing 

comprehensive sequence preference data, and one intended for quantitative elucidation 

of DNA-ligand interactions and establishing binding constants.

The hairpin deoxyoligonucleotides were diluted to a concentration of 10 pM in purified 

water and each well was loaded with 4:1 ratio of hairpin and EtBr. The plate was 

centrifuged and incubated for 15 min to ensure equilibration. Finally, the drug solution 

(2:1 ratio of Drug: DNA) was added to each well, centrifuged for 45 seconds and 

incubated for 45 mins. The plate was read on an EnVision fluorescence plate reader 

before the drug was added, and after the final period of incubation with the drug. 

Fluorescence readings were converted to relative binding percentage using the formula: 

100 -  (2"  ̂fluorescence reading/fluorescence reading x 100).

2.6.2 Results of the FID assay

The biaryl polyamide library members were screened against a 512-member 

combinatorial DNA hairpin library containing all possible five base-pair sequence 

permutations using the fluorescence-based intercalator displacement (FID) assay. The 

top 25 sequences based on the binding affinity of the ligands were ranked and analyzed 

to establish the sequence preference of the ligands.

The assay was initially validated using the AT preferring tripyrrole polyamides 

distamycin^' ,62,83,272 f-Py-Py-Py. The top 25 sequences obtained with these two AT 

selective ligands were compared with those obtained by Boger. After the successful 

validation of the assay procedure, the biaryl polyamide library members (both Motif-1 

and Motif-2) were screened to determine their DNA binding profile.
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DNA Binding Piofil» of 25 High Affinin- Scqutncrs using 
Distamydn (2uM)

IÉ .  _  .  _ 1 r T

DNA Binding Piofile of 25 H igh Affinity Sequences using 

f-PyPyPy (2uM)

Figure 2.20: Top 25 DNA binding sequences o f  distamycin (A) and f-Py-Py-Py (B).

R e la t iv e  b in d in g  a f f in i ty  o f  library  m e m b e r s

D i s t a m y c i n

K M R - 6 6 - 6 6

K M R - 0 4 - 1 2

K M R - 6 6 - 7 7

K M R - 6 6 - T L - 1 0

K M R - 6 6 - T L - 0 9

6 6 . 8 2

1 3 . 6

1 4 . 0 2

3 3 . 9 6  '

3 2 . 7 6

3 3 . 8 4  ^

Two biaryl units

One biaryl unit

Figure 2.21: Relative binding affinity o f  library members showing decrease in binding affinity with 

increase in number o f  biaryl units (within top 25 sequences).

The screening results showed a mixed sequence preference for the majority of the 

Motif-1 library members with a significant number of GC-sequences within the top-25 

sequences (Figure 2.22 A), while in some cases the library members retained AT 

preferences (Figure 2.22 B). However, in almost all cases the overall DNA binding 

affinity of the Motif-1 library members was significantly lower than that of the AT 

sequence preferring distamycin (Figure 2.20A) and f-Py-Py-Py (Figure 2.20 B). In the 

case of Motif-2 library members, which are dimers of biaryl building blocks, showed 

significantly less DNA binding affinity than Motif-1 library members, suggesting a 

possible role for the biaryl units in reducing DNA binding affinity. In general, the 

screening results indicated a mixed sequence preference and a number of GC-sequences
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showed up within the top 25 sequences (Figure 2.22). These results suggested that 

replacing pyrrole units of distamycin with biaryl building blocks resulted in the loss of 

the AT preference of the polyamides and imparted some GC tolerance within the set of 

molecules.

“I

Top 25 high affinity  s eq u en ces  for KMR-55-75

lltllliililiiiiiiiiiiilii
i i y  I s I y  1 1 1 Ï I ; 11 i i I Ï s H I

Top 25 high affinity  s eq u en ces  fo r KMR-66-66

r  n i i i i i  i i i i i T i i i
t i l l i f i

Top 25 high a ffinity  s eq u en ces  for KMR-66-TL-02 Top 25 high affinity  seq u en ces  for KMR-66-TL-14

DNA M qu«m

c

y Ü W K W 3
8 3 S y 5

DNA scqucfic

Figure 2.22: Top 25 DNA binding sequences; A, KMR-66-75 (2.35) showing mixed sequence 

preference; B, KMR-66-66 (2.22) showing AT preference; C, KM R-66-TL-02 (2.108) and D, KMR-66- 

TL-14 (2.120).
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Table 2.5: Summary of FID assay (Top 25 sequences) of some selected library 

members (please see experimental section for the structures of the biaryl polyamides, 

page 314- page 323)

Compound Code Top 25 Sequence

Motif-1 AT Content (%) GC Content (%)

KMR-66-60 (2.16) 36.8 63.2

KMR-66-62 (2.18) 43.2 56.8

KMR-66-63 (2.19) 52.8 47.2

KMR-66-64 (2.20) 32 68

KMR-66-65 (2.21) 45.6 54.4

KMR-66-66 (2.22) 69.6 30.4

KMR-66-68 (2.23) 67.2 32.8

KMR-66-75 (2.30) 40.8 59.2

KMR-66-76 (2.31) 44.8 56.2

KMR-66-77 (2.32) 28 72

KMR-66-95 (2.35) 30.6 69.4

KMR-04-12 (2.81) 21.6 78.4

KMR-04-16 (2.85) 35.6 64.4

Motif-2
KMR-66-TL-01(2.107) 58.4 41.6
KMR-66-TL-02 (2.108) 46.4 53.6

KMR-66-TL-03 (2.109) 44 56

KMR-66-TL-04 (2.110) 61.6 38.4

KMR-66-TL-05 (2.111) 51.2 48.8

KMR-66-TL-06 (2.112) 72 28

KMR-66-TL-07 (2.113) 65.6 34.4

KMR-66-TL-08 (2.114) 59.2 40.8

KMR-66-TL-09 (2.115) 24 76

KMR-66-TL-10 (2.116) 28.8 71.2

KMR-66-TL-13 (2.119) 63.2 36.8

KMR-66-TL-14 (2.120) 30.4 69.6

KMR-66-TL-15 (2.121) 40.8 59.2

KMR-66-TL-16 (2.122) 39.2 60.8

KMR-66-TL-17 (2.123) 44.8 55.2

KMR-66-TL-18 (2.124) 44 56

KMR-66-TL-19 (2.125) 60 40

KMR-66-TL-20 (2.126) 65.6 34.4
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However, it was surprising to see that the polyamide library members (both Motif-1 and 

Motif-2) containing a 4-(l-methyl-1//-pyrrol-3-yl)benzenamine (MPB) motif switched 

binding preference from AT-rich to GC-rich sequences (Figure 2.23). Whilst the top 25 

sequences for distamycin and f-Py-Py-Py exhibited a significant AT selectivity without 

any representation of sequences with 5 or 4 GC base pairs, compounds containing the 

MPB biaryl motif bound to 14-18 sequences containing 4 or 5 GC base pairs (Table 

2 .6).

Top 25 high affinity sequences for KMR-66-77

S S S 8

Top 25 high affinity sequences for KMR-04-12

111 i I § y

Top 25 high affinity sequences for KMR -66-TL-09 Top 25 high affinity sequences for KMR-66-TL-10

l l l l l l l l l

Figure 2.23: Top 25 DNA binding sequences; A, KMR-66-77 (Py-M PB-Py, 2.32); B, KMR-04-12 (Im- 

MPB-Py. 2.81); C, KMR-66-TL-09 [M PB-Phe-Thiazole {p -m \  2.115] and D, KM R-66-TL-10 [MPB- 

Phe-Thiazole ip-p), 2.116].

The percentage GC content of the 25 most preferred sequences of the FID assay was 

72.0, 78.4, 71.2 and 76.0% for compounds Py-MPB-Py, Py-MPB-Im, MPB-Phe- 

Thiazole ip-m) and MPB-Phe-Thiazole (p-p), respectively, compared with 12% for 

distamycin and 9% for the tripyrrole polyamide f-Py-Py-Py. In the case of the top 5 

most preferred sequences the percentage GC content increased still further, as shown in 

Figure 2.24.
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I  AT Content 

■ GC Content

I AT Content 

i GC Content

Im-MPB-Py Py-MPB-Py MPB-Phe-Th MPB-Phe-Th Distamycin f-Py-Py-Py 
{p-m) (p-p)

■n-MPB-Py Py-MPB-Py MPB-Phe-Th MPB-Phe-Th Distamycin f-Py-Py-Py 
(p-m) (p-p)

Figure 2.24: Results o f  the FID assay showing the GC preference o f  the MPB biaryls- A, top 25 

sequences; B, top 5 sequences.

Table 2.6: GC preference of the MPB biaryl polyamides

Top 25 Sequence

Compound GC

content

(%)

5GC 

base pairs

4G C 

base pairs

5 AT base 

pairs

4 AT base 

pairs

Distamycin 12.0 - - 15 10

f-Py-Py-Py 9.6 - - 13 12

Py-MPB-Py (2.32) 72.0 5 9 - -

Py-MPB-Im (2.81) 78.4 6 12 - -

MPB-Phe-Thiazole 

ip-m) (2.115)

76.0 8 9

MPB-Phe-Thiazole

W )  (2.116)

71.2 8 6

2.7 Conclusion

The fluorescent intercalator displacement assay identified the 4-( 1-methyl-1//-pyrrol-3- 

yl)benzenamine (MPB) unit as the key GC recognising motif. Polyamides containing a 

MPB motif switched binding preference from AT-rich to GC-rich sequences. This 

change of base pair preference due to the insertion of MPB units in place of N- 

methylpyrrole is novel and provides the basis for new ways to modify the sequence 

selectivity of minor-groove binding ligands. It was found that the presence of the MPB 

units within the polyamide structure changed the curvature of the molecules allowing 

them to interact within the relatively wide GC-rich groove while avoiding the narrow 

AT groove.
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Chapter Three: Evaluation of MPB as GC-sequence Preferring Building Block

3.0 Background and Aim

Pyrrolo[2,l-c][l,4]benzodiazepines (PBDs) are sequence-selective DNA minor-groove 

binding agents^^^’̂ ^̂ . These molecules have a chiral Cl la(6 )-position which provides 

them with an appropriate shape to fit securely in the minor-groove of DNA^^ .̂ In 

addition, they possess an electrophilic NlO-Cll moiety {i.e., interconvertible imine, 

carbinolamine or carbinolamine methyl ether functionalities) that can form a covalent 

aminal linkage between their Cl 1-position and the nucleophilic C2 -NH2 group of a 

guanine base^^ .̂ PBD monomers {e.g., anthramycin and tomaymycin, Figure 1.30) 

typically span three base pairs of DNA with a preference for 5 '-Pu-G-Pu-3'sequences. 

They have been shown to mediate a number of biological effects including the 

inhibition of endonucleases^^^, RNA polym erase^ 'and  transcription factor binding^^^.

As the biaryl MPB motif is a non-covalent DNA minor-groove binder, it was decided to 

join it to a pyrrolobenzodiazepine (PBD) to establish whether a longer GC-rich DNA 

sequence could be recognized. The sequence preference of such MPB-heterocycle 

conjugates could be easily determined by designed oligonucleotides with different DNA 

base pair sequences around the PBD binding sites, DNA thermal dénaturation and 

footprinting study. To achieve this goal a series of 8  PBD-MPB-heterocycle conjugates 

with associated matching oligonucleotides were designed which could be studied by 

HPLC. The MPB units were separated from the PBD core by a 4-carbon linker 

connected to the C8  position of the PBD. The study focused on pyrrole and imidazole as 

the 5-membered heterocycles and the MPB-heterocycle arrangements had different 

combinations of MPB, pyrrole and imidazole.

3.1 Synthesis of PBD-MPB conjugates

3.1.1 Synthesis of MPB biaryl arrangements

The MPB unit was synthesized according to Scheme 3.1. The 4-bromo-2- 

tricholoroacetylpyrrole 2.11 (Scheme 3.1) was converted to its methyl ester 3.1 by 

heating for 30 mins in a freshly prepared solution of sodium methoxide. A few drops 

of concentrated H2 SO4 acid were added after completion of the reaction to neutralise
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the base. Compound 3.1 was subjected to a Suzuki coupling^^^ reaction under 

microwave conditions with 4-(/^r/-butoxycarbonylamino)phenylboronic acid to 

obtain the #-Boc MPB methyl ester 3.2. The reaction was initially attempted with 

4-aminophenylboronic acid pinnacol ester, but the yield was poor after microwave 

heating ranging over 5 to 30 minutes. There were a number of impurities in the 

reaction mixture, some of which were very difficult to separate by column 

chromatography. A number of small scale reactions were carried out using different 

solvent systems, bases and palladium catalysts, which failed to improve the yield. 

However, changing the boronic acid to 4-(A-Boc-amino)phenylboronic acid 

pinnacol ester markedly improved the reaction yield. The amount of palladium 

catalyst required for the Suzuki reaction was also investigated, as lowering the 

catalyst stoichiometry improved the yield of the reaction (Table 3.1). Finally, it was 

found that 0.04 equivalents of tetrakistriphenylphosphine palladium was optimal for 

the Suzuki cross-coupling reaction between 3.1 and 4-(A-Boc-amino)phenylboronic 

acid pinnacol ester.

Table 3.1. Optimisation of Suzuki cross-coupling reaction for the synthesis of 3.2

Experiment
Boronic acid

Catalytic 
System (Eq.)

Base
(Eq.)

Solvent Reaction 
times (mins)

Yields"
(%)

1 4-aminophenylboronic acid 
pinaccol ester

Pd(PPh3>4
(0 .2 )

K2CO3

(2 .0 )
toluene/EtOH/H2 0

9/3/1
5,15,25 14, 16,12

2 4-aminophenylboronic acid 
pinaccol ester

Pd(PPh,)4
(0 , 1 )

K2CO3

(2 .0 )
toluene/EtOH/H2Ü

9/3/1
5,10,15 13,22, 16

3 4-aminophenylboronic acid 
pinacol ester

Pd(PPh3)4
(0 .1 )

K2CO3

( 1 .0 )
ACN/H2O

1 / 1

10, 12, 15 16, 18, 14

4 4-aminophenylboronic acid 
pinacol ester

Pd(PPh,)4
(0 . 1 )

CS2CO3

(2 .0 )
toluene/EtOH/H2 0

9/3/1
1 0 , 1 2 2 2 , 18

5 4-aminophenylboronic acid 
pinacol ester

Pd(PPh3)4
(0 .1 )

CS2CO3

( 1 .0 )
DMF/H2O

9/1
8 , 1 2 18,16

6 4-aminophenylboronic acid 
pinacol ester

Pd(dba) 2 (0.1) CS2CO3

( 1 .0 )
toluene/EtOH/HiO

9/3/1
8 24

7 4-(V-Boc- 
amino)phenylboronic acid 

pinacol ester

Pd(PPh3)4
(0 .1 )

K2C0 3

(2 .0 )
toluene/EtOH/H2 0

9/3/1
8 , 1 2 48,40

8 4-(V-Boc- 
amino)phenylboronic acid 

pinacol ester

Pd(PPh,)4
(0 .1 )

K2CO3

(2.0)
ACN/H2O

I/I
8, 12 30,28

9 4-(V-Boc- 
amino)phenylboronic acid 

pinacol ester

Pd(PPh3)4
(0.08)

K2CO3

(2.0)
toluene/EtOH/H20

9/3/1
8, 12 48,44

10 4-(V-Boc- 
amino)phenylboronic acid 

pinacol ester

Pd(PPhi)4
(0.06)

K2CO3

(3.0)
toluene/EtOH/H20

9/3/1
8, 12 78, 97

11 4-(V-Boc- 
amino)phenylboronic acid 

pinacol ester

Pd(PPh3)4
(0.04)

K2CO3

(2.0)
toluene/EtOH/H20

9/3/1
8,12 70, 84

12 4-(V-Boc- 
amino)phenylboronic acid 

pinacol ester

Pd(PPhi)4
(0.04)

K2CO3

(1.0)
toluene/EtOH/H20

9/3/1
8, 12 54,48

Isolated yield.
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Saponification of 3.2 afforded the #-Boc MPB acid 3.3. Deprotection of A^-Boc 

MPB methyl ester using 4M HCl in Dioxane gave the core MPB ester 3.4, which 

was coupled with 3.3 and subsequently deprotected to afford the MPB-dimer ester 

3.5. 3.4 was also coupled with 4-Boc amino pyrrole/imidazole carboxylic acids, 

which were deprotected to give the MPB-Py/Imidazole amines (3.6, 3.7). The 7V-Boc 

MPB acid 3.3 was coupled with the 4-amino pyrrole/imidazole esters to afford the 

Py/Im-MPB combinations (3.8, 3.9).

NHBoc NHBoc

O I 
2.11

Br

95% 91%68%

3.1 3.2

3.2

18

iv)

91%

iv ) ,  v i ) ,  iv )

v i i ) ,  iv )

OCH3
V ), iv )

3.3

3.4

OCH 3

3 .6 , 3.7

3 .8 , 3.9

i) Sodium methoxide, MeOH (anhydrous), H2 SO 4 , 30 min reflux ii) 4-(tert- 
butoxycarbonylamino)phenylboronic acid pinnacol ester, (PPh3 )4 Pd, K2 CO3 , Ethanol : Toluene: Water 

- 9:3:1, MW, 8 mins iii) 2M NaOH in Dioxane, 16 h iv) 4M HCl in Dioxane, 4 h v) EDCI/DMAP, DMF, 5 

h vi) 4-(ferf-butoxycarbonylamino)heterocyclic acid, EDCI/DMAP, DMF, 5 h vii) 4-amino heterocyclic 

ester, EDCI/DMAP, DMF, 5 h

Scheme 3.1: Synthesis of the MPB heterocycle combinations.

Three more 4-amino-pyrrole/imidazole-Pyrrole/Imidazole diamide methyl esters 

were synthesized according to Scheme 3.2 which were eventually coupled with 

Alloc-THP-proteted PBD-MPB acid according to procedure described later in this 

chapter.
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NOz

—o I
2.3

^ 0 0  H
NO: NH:

i i )

O

3.10 3.11

X = C, N 
Y = C, N

NHBoc

3.12

iii)

NHBocH3CO
H3CO

3.14:X  = C, Y = C 
3 .15:X  = C,Y = N 
3.16 :X = N, Y = C

3.13

i) Sodium methoxide, MeOH (anhydrous), H2SO4, 30 min reflux ii) H2. Pd/C, ethyl acetate, 3 h iii) 
EDCI/ DMAP, DMF, RT, 6h iv) 4M HCl in Dioxane, 4h

Scheme 3.2: Synthesis of 4-amino-Py/Im-Py/Im-methyl esters

The trichloroacetyl ester of nitro pyrrole/imidazole (2.3) was converted to 

corresponding methyl ester (3.10) refluxing its solution in dry methanol with Na- 

methoxide for 30 minutes followed neutralisation of base by few drops of concentrated 

H2SO4. The nitro ester was subsequently reduced to the corresponding amine (3.11) and 

coupled with a 4-Boc-protected heterocyclic (Py or Im) acid (3.12) to obtain the 4-Boc- 

Py/Im-Py/Im methyl ester (3.13). Finally the the Boc group was deprotected using 4M HCl 

in dioxane to obtain 4-amino-Py/Im-Py/Im-methyl esters (3.14-3.16).

3.1.2 Synthesis of 4C-Alloc-THP-protected PBD capping unit

The 4C-Alloc-THP-protected PBD capping unit was synthesized according to a 

modified procedure originally reported by Wells and co-workers^^^ with improved 

yields and shorter reaction times (Scheme 3.3). The phenolic OH of vanillin (3.17) was 

coupled to methyl 4-bromobutyrate under mild basic conditions to give the ester 

aldehyde 3.18 with an 88% yield. Subsequent nitration of the aldehyde using (70%) 

nitric acid provided the nitrobenzaldehyde 3.19 in 86% yield. The work-up time of the 

reaction using ice-water mixture was found to be crucial as extended exposure to the
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ice-water mixture resulted in hydrolysis of the methyl ester and significantly reduced 

reaction yield (38%). Oxidation of the aldehyde with potassium permanganate afforded 

the acid 3.20 in 85% yield. Activation of the resulting acid using oxalyl chloride and 

coupling to (iS)-pyrrolidine methanol gave the key nitro alcohol 3.21 (82%), which was 

subsequently reduced using a Parr hydrogenation apparatus at 30 psi using 10% 

palladium on charcoal catalyst to furnish the aniline 3.22 (91%). The pro-N 10-amino 

group was Alloc-protected using allyl chloroformate and pyridine and the A-Alloc- 

protected methyl ester 3.23 was obtained in 78% yield. Oxidative cyclization of 3.23 

under TEMPO/BAIB^^^ conditions gave the cyclized N 10-Alloc-protected PBD ring 

system (3.24). The Cl la  stereochemistry of the PBD ring system was preserved using a 

THP protecting group, which was easily introduced using DHP and a catalytic amount 

of 4-toluenesulphonic acid to give 3.25 in quantitative yield. The Alloc-THP protected 

methyl ester 3.25 was a mixture of diastereoisomers due to the mixed stereochemistry at 

the pyran C-2 position of the THP group. Finally, the 4C-Alloc-THP-protected PBD 

acid (3.26) was obtained by ester hydrolysis.

H^O
3.17

i) K2CO3, DMF, 16 h. ii) HNO3, AC2O, 0 °C, 2.5 h iii) KMnO ,̂ acetone, water reflux, 2 h iv) Oxalyl chloride, 

(S)pyrrolidinemethanol, DCM, -30°C v) H2, 10 % Pd on charcoal, 4 h. vi) Allyl chloroformate, pyridine, DCM vii) 

TEMPO, BAIB viii) DHP, PISA, ix) 2 M NaOH in Dioxane, 16 h

Scheme 3.3 : Synthesis of 4C Alloc THP PBD capping unit.
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3.1.3 Coupling of MPB biaryl arrangements with 4C-Alloc-THP-PBD capping 
unit

Initial attempts to synthesize the protected PBD-MPB conjugates focussed on a 

HOBt/DIC mediated coupling reaction. However, the reaction did not go to 

completion, even after 20 hours, and the overall yield of the reaction was quite low 

(35%). This prompted a change in the coupling condition to the EDCI/DMAP 

system previously reported for synthesizing polyheterocycle-PBD conjugates^. The 

reaction was initially carried out in dichloromethane (DCM), but the low solubility 

of 3.5 and 3.7 proved to be problematic. Therefore, it was decided to perform the 

reaction in DMF where all MPB-heterocycle arrangements (3.4-3.9) were soluble.

Reaction Product Structure Yield

(%)

Protected PBD-MPB 

(3.27) \ N-(H 0 ^
) L ^ ° ' Q _ nO

0  M Meo J

88

Protected PBD-

MPB-MPB

(3.28)

P - O\ N-(Hb-/

° ^  H MeO 0
/

89

Protected PBD-

MPB-Py

(3.29)

91

Protected PBD-

MPB-Im

(3.30)

83

Protected PBD-Py-

MPB

(3.31)
H 3 c o % ] r ^  °

/

93

Protected PBD-Im-

MPB

(3.32)
H 3 C 0 % T ^  0

/

91
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The reaction time significantly differed depending on the type of amine offered to 

the 4C-Alloc-THP-PBD capping unit. Whilst the reaction between pyrrole and 

imidazole amines went smoothly ( 6  hours), anilines required much longer reaction 

times (16 hours), but the overall yields of the reactions were comparable (83-93%).

The Alloc-THP-protected PBD-MPB conjugate 3.27 was hydrolysed to the 

corresponding 4C-Alloc-THP-protected PBD-MPB acid (3.33) by ester hydrolysis. 

The protected PBD-MPB conjugates (3.34-3.36) were synthesized by coupling 3.33 

with 4-amino-Py/Im-Py/Im-methyl esters (3.14-3.16).

Reaction Product Structure Yield

(%)

Protected PBD-MPB-

Im-Py

(3.34) H 0  MeO J

89

Protected PBD-MPB-

Py-Py

(3.35) r  H 0 MeO J

8 8

Protected PBD-MPB-

Py-Im

(3.36) H 0 M e o  J

91
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3.1.4 Alloc and THP deprotection to form final compounds

Finally the Alloc THF protecting groups of the protected carbinolamines (3.27-3.36) 

were simultaneously removed using palladium /e/raÂ:/5 [triphenylphospine], triphenyl 

phosphine and pyrrolidine in DCM to obtain the PBD-MPB conjugate in its NlO- 

C ll  imine form (3.37-3.45) with 92-97% yield before preparative HPLC. The 

compounds were reasonably pure (74-86%) before preparative HPLC, but the yields 

of the purified compounds were significantly lower (40-52%) due to losses 

associated with the preparative HPLC purification. The coupling reactions and the 

Alloc-THP-deprotection reactions were performed in parallel using a Green 

House™ Parallel Synthesizer.

Reaction Product Structure Yield (%)"

MPB- PBD (3.37) \, N==\ H 

0  H MeO J

77

PBD-MPB-MPB

(3.38)

\ N=\ H

/

89

PBD-MPB-Py (3.39) 91

PBD-MPB-Im (3.40) 83

PBD-Py-MPB (3.41)

/

93

PBD-Im-MPB (3.42)

/

91

PBD-MPB-Im-Py

(3.43)

89

PBD-MPB-Py-Py

(3.44) H3G0
I  H /N 0 H MeO g

8 8

PBD-MPB-Py-Im

(3.45) g  ̂  ̂ 0  Meo g

8 8

Crude yield before preparative HPLC.
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3.2 Evaluation of MPB as GC targeting building block

A new set of biaryl building blocks with the potential to alter the curvature of 

polyamides, thus increasing the number of van der Waal’s contacts within GC tracts of 

the DNA minor-groove have been developed. These biaryl building blocks are phenyl- 

substituted heterocycles which are long enough to span two DNA base pairs. A number 

of biophysical studies have demonstrated that library members containing a 4-(l- 

methyl-1//-pyrrol-3-yl)benzenamine (MPB) motif switch binding preference from AT- 

rich to GC-rich sequences. To further confirm the sequence preference of the MPB 

building block nine covalent binding pyrrolobenzodiazepine (PBD)-MPB conjugates 

(3.37-3.45) have been synthesized in which the MPB units are separated from the PBD 

moieties through a four carbon linker. We designed following biophysical experiments 

to evaluate the potential of MPB as GC-sequence targeting building block.

• HPLC/MS assay with designed oligonucleotides

• FRET-based DNA melting assay

• DNase I footprinting

Antibacterial study was also performed to determine whether this sequence preference 

was retained within the biological system using GC and AT rich bacteria.

i  H C

GWL-78 (1.49) Anthramycin (1.35)

O
HO

MeO'

PBD acid (3.46)

N;

o
DC-81 (1.45)

H Me

o MeO
Ô

RMH-67 (PBD-lm-lm) (3.47)

Figure 3.1: Structures of PBDs used in the evaluation of the PBD-MPB conjugates
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3.2.1 HPLC/MS assay with designed oligonucleotides

An Ion Pair Reversed-Phase HPLC/MS assay^*  ̂ based on AT- and GC-rich 

oligonucleotides was used to explore the sequence preference and rate of reaction of the 

PBD-MPBs and dipyrrole-PBD (AT preferring) conjugates with DNA. Short 

oligonucleotides containing an appropriate PBD binding sequence are injected onto the 

HPLC and the reference DNA peak is identified. Incubation of PBD compounds with 

the oligonucleotides for specific time periods and subsequent injection onto the HPLC 

gives distinct alkylated DNA adduct peaks. These peaks are collected, lyophilized and 

subjected to MALDI-TOF-MS to confirm identity. This method can be used to obtain 

kinetic data regarding the rate of alkylation for any given sequence. PBDs require a 

minor-groove environment to covalently bond to N2 of guanine, which can be provided 

by either duplex DNA sequences or hairpin DNA sequences. After obtaining evidence 

that PBDs can form covalent adducts with hairpin forming oligonucleotides^^^, hairpin 

DNA sequences were preferred as they do not break down under the HPLC conditions, 

and peak (DNA) to peak (DNA adduct) conversion can be observed.

Table 3.2: Single Stranded 17-Mer Hairpin Oligonucleotides used in the Study. The hairpin 

forming oligonucleotides used in the study had only one binding site (AGA) for covalent 

binding of a PBD.

Label Hairpin DNA Sequence

Seq-1 5 '-T AT A-AG A-TTT-TCT-T AT A-3 '

Seq-2 5'-GCGC-AGA-TTT-TCT-GCGC-3'

In particular, the simplest PBD-MPB conjugate (3.37) and the dipyrrole-PBD conjugate 

(GWL-78^, 1.49, Figure 3.1) were used to compare the GC versus AT sequence 

preference of these two ligands. The hairpin forming oligonucleotides used in the study 

had only one site (AGA) suitable for covalent binding of a PBD containing ligand 

(Table 3.2). The HPLC assay utilized an X-Terra MS CIS 2.5 pM column (4.6 x 50 

mm) and a gradient of 40% acetonitrile/water and 100 mM TEAB/water as mobile 

phase with a flow rate of 0.5 mL/min and UV detection at 254 nm. A ratio of 4:1 

ligandihairpin oligonucleotides was used.
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AT rich hairpin seq 1

0 Hour

1:1 Seq 1 Adduct

/1

GC rich hairpin
4 0 0 -

2 0 0 -

0 Hour

2 0

1:1 Adduct

3 0

■ 4 0 0

-  2 0 0

F igure 3.2: HPLC Chromatograms, Reaction of PBD-MPB (3.37) with; A, AT-rich hairpin Seq-1 

showing insignificant amount o f adduct formation; B, GC-rich hairpin Seq-2 showing rapid adduct 

formation at 0 hour (i.e., ~5 mins).

Annealed AT-rich Seq-1 alone gave a distinct peak at RT 26.9 mins. After addition of 

the dipyrrole-PBD conjugate 1.49 to Seq-1 followed by immediate injection onto the 

HPLC column, rapid appearance of an adduct peak at RT 28.7 mins was observed, and 

the unreacted oligonucleotide peak at RT 26.9 mins started to decrease. Reaction was 

complete after 3 hours and the 26.9 min peak had completely disappeared. The identity 

of the 28.7 min peak was confirmed by MALDI-TOF MS and was found to be a 1:1 

\A9!Seq-1 covalent adduct. It was anticipated that 1.49 would react more rapidly with 

Seq-1 owing to its dipyrrole component which is known to prefer AT-rich sequences^. 

A similar experiment with PBD-MPB (3.37) and Seq-1 showed very slow adduct 

formation (RT 28.1 mins) with insignificant amounts at 0 hours (Figure 3.2). The 

reaction was still not complete after 24 hours. This result was consistent with the 

findings of the FID a s s a y w h e r e  the polyamides containing biaryl units had poor AT 

tolerance.

As anticipated, repeating the HPLC experiment with the GC-rich Seq-2 gave the 

opposite result. 1.49 failing to provide significant amounts of covalent adduct (27.6 

mins) after approximately 5 mins (Figure 3.3). This poor tolerance of 1.49 for GC- 

sequences was attributed to its dipyrrole component. Conversely, 3.37 rapidly formed
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an adduct with Seq-2 and a major new adduct peak at RT 28.1 mins was observed in just 

5 mins. This was collected and its identity confirmed as the 1:1 '^31!Seq-2 adduct by 

MALDI-TOF MS. As the PBD unit of both conjugates and oligonucleotides remained 

constant, the rate of adduct formation could be directly related to the biaryl and 

dipyrrole components of 1.49 and 3.37, respectively. The suggests that the MPB 

component prefers the GC-sequences near to the PBD binding site and thus enhance the 

covalent interaction of the PBD with the guanine C2 -NH2 . On the other hand, the MPB 

and dipyrrole moieties of 3.37 and 1.49 showed poor tolerance for AT and GC- 

sequences, respectively, and this was characterized by slow adduct formation. This 

observation was supported by the quantitative binding data obtained fi*om the 

HPLC/MS assay. It showed that MPB units preferred GC-sequences near to the PBD 

binding site (67% binding within 5 mins) and showed poor tolerance for AT sequences 

(3% binding within 5 mins). On the other hand, dipyrrole-PBDs showed poor tolerance 

for GC-rich sequences (12% binding within 5 mins), but had a strong preference for 

AT-rich ones (70% binding within 5 mins). Therefore, the HPLC/MS assay using 

designed oligonucleotides reinforced our observation with MPB building in the 

Fluorescent Intercalator Displacement assay (FID assay).

1 0  0 0 -1

I  5 0 0

0 -

AT rich hairpin

0 Holt

1 0

Seq 1 1:1 Seq 1 Adduct

2 0 3 0
M in u le s

4 0

1 0  0 0

5 0 0 I

4 0 0

2 0 0

GCrich hairpin

0 Holt

Seq 2
1:1 Seq 2 Adduct

1 0 2 0 3 0
M in u te s

4 0

4 0 0

2 0 0

—  0

Figure 3.3: HPLC Chromatograms, Reaction of PBD-Py-Py (1.49) with: A, AT-rich hairpin Seq-1 
showing rapid adduct formation; B, GC-rich hairpin Seq-2 showing insignificant adduct formation at 0 

hour (i.e., ~5 mins).
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3.2.2 FRET-based DNA melting study

Previously, the DNA binding affinity of PBD moleeules has been measured using a 

ealf-thymus DNA thermal dénaturation assay^^. However, this method has a number of 

limitations. For example, ealf-thymus DNA eontains long genomie DNA sequences 

containing a large number of PBD binding sites which mask the effect of subtle changes 

in sequence selectivity. Therefore, to more accurately assess the DNA binding affinity 

and sequence preference of the new PBD-MPB moleeules, we designed a FRET-based 

DNA melting assay^^  ̂ (Figure 3.4) based on a hairpin forming oligonucleotide with 

only one PBD binding site. This had the advantage that the sequences around the 

binding site could be modified to be either AT- or GC-rieh to observe the effect on 

binding affinities of individual moleeules.

h v l

h v l

5'-Fam-TATAAGA^ ^  \
^ FRET ' T — ^  5'-Fam-TA T AAGAT T T T C T T A T A  Tamra 3

3--Tamra-ATATTCT^

Figure 3.4: Principle o f  the FRET-based duplex D N A  melting assay.

3.2.2.1 Principle of the FRET-based DNA melting assay

The transition between two conformations of a DNA molecule labeled with 

appropriately designed fluorophores can be monitored by measuring the efficiency of 

FRET throughout the process. In the FRET-based DNA melting assay, 6 - 

earboxyfluorescein (FAM) is used as the donor fiuorophore while 6 - 

earboxytetramethylrhodamine (TAMRA) acts as the aeeeptor^ '̂ ,̂ they are attached to the 

5' and 3' ends of the DNA, respectively via 6 -earbon linkers. When the labeled hairpin 

sequence is annealed, the pair lay close enough to each other to allow FRET to occur 

efficiently. Application of external energy can unfold the hairpin so that the 

fluorophores are separated from each other and the FRET efficiency is significantly 

reduced. The melting process of FAM/TAMRA labeled hairpin DNA can be monitored 

as the melting will be accompanied by a decrease in the FRET efficiency and 

consequent increase in the intensity of the radiation emitted by the donor.
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The association of DNA and a ligand results in a complex with lower energy. This 

complex melts, consequently, at a higher temperature. The affinity of different ligands 

for DNA can be assessed using FRET by measuring the change in stabilisation that they 

cause. FRET results have been shown to correlate with results from UV melting 

profiles^^^. By monitoring of the melting process of a DNA sequence in the presence of 

increasing concentrations of ligand, curves representing melting temperatures (Tm) 

against ligand concentration can be obtained or, similarly, change in the melting 

temperature with respect to a control experiment (ATm) against ligand concentration 

can be determined.

Table 3.3: Fluorescent tagged 20-Mer Hairpin Oligonucleotides used in the Study.

Label Fluorescent tagged hairpin DNA Sequence

FSeq-3 F AM-5 '-TATA-AGA-TTT-TTT-TCT-TATA-3 '-TAMRA

FSeq-4 F AM-5 '-GCGC-AGA-TTT-TTT-TCT-GCGC-3 '-TAMRA

3.2.2.2 Results of the FRET-based DNA melting assay

The results of the FRET-based melting assay are summarized in Table 3.4. From these 

data, it is clear that the relative positions of the pyrrole, imidazole and MPB units play 

an important role in the abilities of the compounds to stabilize DNA. The presence of 

pyrrole or imidazole ring immediately adjacent to the 4-carbon linker provided a greater 

DNA stabilizing effect towards the AT-rich hairpin while MPB units in this position 

diminished the DNA stabilizing properties. In the case of the GC-rich hairpin, the 

opposite effect was observed with the exception of PBD-Im-MPB (3.42) which retained 

its DNA stabilizing effect on both types of oligonucleotides. This effect was anticipated 

as imidazoles are known to tolerate GC-sequences well. Furthermore, although an MPB 

unit immediately next to the linker significantly enhanced ATm for the GC-rich hatpin, 

switching the position of the MPB unit with a pyrrole or replacement of both MPB units 

with pyrroles resulted in a decrease in ATm. The PBD-MPB conjugate 3.37 showed an 

approximately 13-fold stabilization of the GC-rich compared with the AT-rich hairpin, 

with the other PBD-MPBs showing a significant but lesser stabilization of the GC-rich 

oligonucleotides. These results correlated well with the HPLC/MS study where it was 

found that PBD-MPB 3.37 rapidly formed an adduct with a GC-rich hairpin while the 

PBD-dipyrrole 1.49 formed an adduct rapidly with AT-rich hairpins.
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Table 3.4: ATm values of different PBD-MPBs with AT- and GC-rich hairpin 

oligonucleotides after 24h incubation.

H

Ligand X ATm(AT) 

at 1 pM

ATm (GC) 

at 1 pM

ATm(GC)/ 

ATm(AT) at 1 pMUnit 1 Unit 2

3.46 OH - 0.4 0 . 2 0.5

1.45 - - 0 . 2 0 0

1.49 Pyrrole Pyrrole 7.4 1 .1 0.15

3.37 MPB — 0.3 3.9 13.0

3.38 MPB MPB 0 . 8 3.6 3.6

3.39 MPB Py 2 . 1 3.1 1.48

3.40 MPB Im 0.5 2 . 8 5.6

3.41 Py MPB 5 1.4 0.28

3.42 Im MPB 6 6.2 1.03

3.43 MPB Im-Py 0.5 3.1 6 . 2

3.44 MPB Py-Py 2.4 3.0 1.25

3.45 MPB Py-Im 2 . 2 3.1 1.40

Note: Unit 1 and unit 2 are joined by amide linkage and the terminal unit has the ester substitution.

3.2.3 DNase I footprinting study

Footprinting, originally developed to study protein-DNA interaction, is a simple method 

which can be used for assessing the sequence selectivity and affinity of DNA-binding 

small molecules^^^. The method is based on the ability of the ligand to protect DNA 

from cleavage at its binding site. In DNasel footprinting the digestion of double 

stranded DNA by the DNase I enzyme, which acts as a cleavage agent, is locally 

inhibited by the binding of the small molecules within a specific site within the DNA 

fragment. This protection by the DNA binding ligand will appear as a gap in the gel 

compared with the reference DNA without any DNA binding ligand. This gap is termed 

the footprint of the ligand (Figure 3.5).
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ligand

'''>\ i ! /X  DNase I l / ^
cleavage

Denaturing
polyacrylamide ^ footprint
get electrophoresis D

Figure 3.5: Principle o f  DNase 1 fbotprinting^^^.

The sequence selectivity profiles of the PBD-MPB conjugates were evaluated by DNase 

I footprinting using the Hex A and Hex B fragments and their reverse fragments (HexA 

R and Hex B R) designed by Fox and eo-workers to contain every possible combination 

of hexanucleotides^^^. The HexA and HexB sequences were cut from the plasmid using 

Hindlll and SacI and was labeled at the 3'-end of the Hindlll site. Radiolabeled DNA 

was mixed with ligand solution and after equilibration of the ligand-DNA complexes 

the mixtures were digested by adding DNase I enzyme. After 1 min the reaction was 

stopped by adding DNase I stop solution. The DNA was denatured by incubating at 100 

°C for 3 mins followed by rapid cooling on ice and then separated on a polyacrylamide 

gel. After the run, the gel plates were then separated, dried under vacuum and exposed 

to a phosphor imager screen before scanning.

3.2.3.1 Results and Discussion of DNase I footprinting

The PBD-MPB conjugates (3.37-3.42) were found to bind to both Hex A and Hex B 

fragments at several locations (Figure 3.6). However, despite differences in binding 

affinity between each compound in the set, their footprinting patterns were similar and 

consistent between molecules in the set. The sequence preference for the molecules 

appeared to depend on the relative position o f the MPB building block within the 

structure. For example, the PBD-Linker-MPB-Heterocycle arrangement gave a general 

footprinting preference for 5 -WGCGCW-3', 5'-WGCGGW-3' and 5'-WGWAGW-3' 

sequences (where, W = A or T base pairs). On the other hand, PBD-Linker-Py/Im-MPB 

conjugates had a preference for 5'-WGCTAGW-3', 5'-CGCAGGW-3' and 5'-
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WGCTACG-3' sequences, further confirming the potential role of the MPB building 

blocks in recognizing GC sequences.

Ç 3.37 3.38 c  3 3 9

f-

t :

3.44

I
- a

)  3.41 3.42 3.43

B

I

Figure 3.6: Footprinting gels. A & B, footprints o f com pounds 3.37-3.40 and 3.43 in Hex B sequence; C, 

footprints o f  com pounds 3.41, 3.42 and 3.43 in Hex A reverse sequence.

3.2.4 Antibacterial study of MPB polyamides

After observing the GC-preference of the MPB biaryl unit it was decided to explore the 

effects of these compounds in bacteria. There are a number of bacteria which have 

either GC-rich or AT-rich genomes. EMRSA-16 which has 67.2% AT base pairs in its 

genome and Micrococcus luteus with a 72.9% GC-containing genome were selected for 

the study. Although antibacterial activity depends on a number of factors including 

cellular uptake, this approach has been used previously to distinguish between GC-rich 

and AT-rich molecules. Two non-covalent binding MPB biaryl polyamides Py-MPB-Py 

(KMR-66-77, 2.32) and Py-MPB-Im (KMR-04-12, 2.81) (both Motif 1) were chosen 

for this study, as PBD-MPBs are covalent DNA binders and PBDs have been previously 

reported to have bactericidal activity^^ "̂ .̂ Interestingly, while both compounds failed to 

show significant antibacterial activity towards the AT-rich EMRSA-16, both showed
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activity towards Micrococcus luteus (MIC = ~ 8 |ag/mL), possibly due to their GC- 

preference. Thus, these results further support the GC targeting properties of the MPB 

biaryl ligands.

3.2.5 Molecular modeling

Molecular models were constructed to gain insight on the GC-sequence preference of 

MPB building blocks and to compare it with the AT sequence preference of dipyrrole- 

PBD conjugate GWL-78 (1.49, Figure 1.34).

B

F igure 3.7 : A, GW L-78 covalently bound to 0 6  o f the 5’-TATA-AGA-TTT-TCT-TATA-3’ hairpin 

oligonucleotide and B, GWL-78 covalently bound to G6 o f the 5 '-GCGC-AGA-TTT-TCT-GCGC-3' 

hairpin oligonucleotide, after energy minimization and viewed from the “m ajor-groove” side.

In the case of the AT rich hairpin (Figure 3.1 A), the inward facing -CH- proton of the 

terminal A-methylpyrrole moiety of GWL-78 is close to, and in the same plane as, the 

centre of the hydrogen-bonding edges of the A2-T16 base pairs (indicated with white 

arrow in Figure 3.7A). This is also true of the -CH- proton of the other N- 

methylpyrrole ring which is on the same plane as the T3-A15 base pairs. On the other 

hand, with the GC rich hairpin (Figure 3.7B), the inward facing -CH- proton of the 

terminal A^-methylpyrrole moiety of GWL-78 has moved upwards from the hydrogen- 

bonding edges of the C2-G16 base pairs due to the bulk of the C2-NH2 functionality of
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the G16 guanine. The inward facing -CH- of the neighbouring 7V-methylpyrrole has 

similarly moved up so that it can be accommodated in between G3/C15 and C4G14. 

(Indicated with white arrow).

F igure  3.8: A, KMR-04-54 (3.37) covalently bound to G6 o f  the 5’-TATA-AGA-TTT-TCT-TATA-3’ 

hairpin oligonucleotide and B, KMR-54 covalently bound to G6 o f  the 5 ’-GCGC-AGA-TTT-TCT- 

G C G C -3’ hairpin oligonucleotide, after energy minimization and viewed from the “m inor-groove” side.

In the case of the interaction of KMR-04-54 (PBD-MPB, 3.37) with the AT rich hairpin 

(Figure 3.8 A), it appears that the molecule is much straighter in the groove compared 

to GWL-78 (1.49), causing it to protrude from the groove at the terminal bases end 

rather than hugging the groove, as in the case of 1.49. It starts to leave the confines of 

the groove after the amide bond connecting the linker to the first (benzene) ring. The -  

NH- of this amide appears to sit equidistant between the planes of the T3/A15 and 

A4/T14 base pairs (Indicated with white arrow). On the other hand, with the GC rich 

hairpin (Figure 3.8 B), the amidic -NH- (indicated by white arrow) is now in a position 

to produce a bifurcated hydrogen bond with the C2-NH2 functionalities of G3/C15 and 

C4/G14 base pairs. These hydrogen bonds are not possible in the 5 '-T AT A-AG A-TTT - 

TCT-TATA-3' sequence and could explain the preference of KMR-54 for the GC-rich 

sequence. It is also important to note that similar interactions that could hypothetically 

occur with GWL-78 (which has an identical amidic group) would be disfavoured as the 

molecule hugs the floor of the minor-groove and the contacts are too close.

Although the molecular modeling study failed to provide unambiguous proof of why 

MPB building block containing KMR-04-54 (3.37) should react with GC rich sequences 

at a faster rate, as observed in the HPLC/MS assay, compared to dipyrrole building 

block containing 1.49, it provided a reasonable explanation for the GC-sequence 

preference of KMR-04-54 (PBD-MPB, 3.37) over the AT sequences. However, we
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could not establish the direct correlation between MPB building block and GC-sequence 

preference, which was unambiguously observed in different laboratory based 

experiments (FID assay, HPLC/MS assay and Footprinting), from the molecular 

modeling study.

3.3 Biological evaluation of PBD-MPBs 

3.3.1 Background and Objectives

After observing the GC-sequence preference of MPB building blocks by different 

biophysical experiments, it was decided to explore the potential impact of this GC 

preference on the biological activity of pyrrolobenzodiazepines (PBDs). As naturally 

occurring PBDŝ "̂  ̂(e.g. anthramycin) and synthetic PBDs (SJG-136, ELB-21 etc.) show 

antibacterial and antitumour activities^*^’̂ ,̂ we tested PBD-MPBs for their antibacterial 

and antitumour potential. The Objectives of these biological evaluations was to assess 

the role of MPB building blocks on the therapeutic potential of pyrrolobenzodiazepines.

3.3.2 Antibacterial activity

Although the antibacterial potential of PBDs has been known for many years, they are 

considered as unattractive candidates for the treatment of infection in humans due to 

their cytotoxicity. However, the increasing prevalence of multidrug resistance, 

associated, in particular, with hospital associated pathogens has created circumstances 

under which such molecules may have therapeutic utility. They can be considered as the 

last resort life saving molecules where existing therapy fails to treat multidrug resistant 

pathogens. The recent advances in the design and synthesis of DNA-binding agents that 

impact on their selective interactions with key gene sequences have prompted a number 

of recent investigations of DNA interactive agents as potential antibacterial 

therapeutics. Recently, PBD dimers have shown potent bactericidal activity against 

clinically resistant MRSA strains^^^’̂ .̂ Unlike PBD dimers, PBD-MPBs are DNA 

monoalkylating agents and are expected to be less cytotoxic than the dimers. Moreover, 

we believed that due to the GC-sequence preferring component (MPBs) of these PBD 

conjugates may behave differently compared to the classic PBD molecules. Therefore, 

we assessed PBD-MPBs (3.37-3.44) against five different MRSA clinical isolates and 

three different vancomycin resistant enterococci (VRE) strains.
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3.3.2.1 Results and Discussion of antibacterial study

PBD-MPBs showed a range of bactericidal activity against MRSA and VRE strains. 

The results are summarized in Table 3.5.

Table 3.5: MIC values (|ig/mL) of PBD-MPB conjugates

Compound MRSA Strains VRE strains

EMRSA-15 EMRSA-16 BB-568 USA-300 VRE-1 VRE-10

PBD acid (3.46) >32 >32 >32 >32 >32 >32

MPB (3.4) >32 >32 >32 >32 >32 >32

PBD-MPB (3.37) 2 4 4 2 4 2

PBD-MPB-MPB (3.38) >32 >32 >32 >32 >32 >32

PBD-MPB-Py (3.39) 1 1 1 1 0.5 0.5

PBD-MPB-Im (3.40) 2 2 2 1 1 1

PBD-Py-MPB (3.41) 0.06 0.125 0.06 0.06 0.06 0.06

PBD-Im-MPB (3.42) 0.06 0.06 0.06 0.06 0.06 0.06

PBD-MPB-Py-Py (3.43) 0.06 0.125 0.125 0.06 0.125 0.06

PBD-MPB-Im-Im (3.44) 0.125 0.25 0.25 0.125 0.25 0.25

PBD-Im-Im (3.47) 4 16 16 4 8 4

PBD-Py-Py (1.49) 0.5 2 2 0.5 1 0.5

Independent PBD and MPB units were inactive against all strains (MICs >32 pg/mL), 

whereas the PBD-MPB conjugates ranged from inactive to potent. The results indicated 

that a single MPB unit is essential for activity of the PBD-MPB conjugates: PBD-Im-Im 

(3.47) had only weak activity (4-16 pg/mL) whereas PBD-Py-Py (1.49) showed 

significant antibacterial activity (0.5-2 pg/mL). The PBD-MPB-MPB conjugate (3.38), 

which has a MPB dimer attached to a PBD unit, was inactive against both MRSA and 

VRE. Among the tested compounds, PBD-Pyrrole (Py)-MPB (3.41) and PBD- 

Imidazole (Im)-MPB (3.42) have very potent bactericidal activity against both MRSA 

(MIC90 0.06 pg/mL) and VRE (MIC90 0.06 pg/mL) clinical isolates. Interestingly, we 

could establish a structure activity relationship for the PBD-MPB conjugates from the 

result of the antibacterial study.
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3.3.2.2 Structure activity relationship (SAR) of PBD-MPB conjugates

• A single MPB unit is essential for activity. Introduction of more than one MPB 

unit makes the compound inactive.

• A five membered heterocycle between MPB and PBD units gives optimum 

activity. PBD-Py-MPB and PBD-Im-MPB are very potent ( MIC - 0.06 pg/mL) 

antibacterial agent.

• Switching the position of the MPB unit {e.g., PBD-MPB-Im in place of PBD- 

Im-MPB) reduces activity by 20-50-fold.

• Introduction of a second five membered heterocycle after MPB increases 

potency by 10-50 fold (compared with PBD-MPB).

X,RO

Ü
M eO '

Figure 3.9: Structural m otif for most potent antibacterial PBD-MPB conjugate.
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3.3.3 Cytotoxicity study

A panel of several types of human cancer cells lines, namely epidermoid (A431), lung 

(A549), ovarian (A2780) and breast cancer (MCF7 and MDAMB-231), as well as the 

non tumour cell line WI38, were used for determination of the cytotoxicity of the PBD 

compounds. The cytotoxicity of the PBD-MPB conjugates, the PBD acid (3.46), MPB 

(3.4), PBD-Py-Py (1.49), DC-81 (1.45), anthramycin (1.35) and two non-covalent MPB 

motif containing biaryl polyamides, Py-MPB-Py (2.32) and MPB-Phe-Thiazole (2.115), 

following 96-h exposure were determined in a panel of cancer cell lines, as well as in a 

non-cancer cell line (WI38). Cytotoxicity was determined using the MTT [(3-(4,5- 

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)] colorimetric assay, and the 

results are shown in Table 3.6.

As anticipated from the thermal dénaturation and footprinting data, the non-conjugated 

PBD and MPB units were inactive in all cell lines, whereas the PBD-MPB conjugates 

ranged from moderately active to highly potent. Taken together, these results illustrate 

the synergy of joining a PBD unit to the MPB-heterocycle system with the combination 

providing a dramatic increase in cytotoxicity and DNA-binding affinity compared with 

the component units. For example, PBD-Pyrrole(Py)-MPB (3.41) and PBD- 

Imidazole(Im)-MPB (3.42) had low nanomolar to femtomolar IC50 values in different 

cancer cell lines and a remarkable selectivity between some cancer cell lines {i.e., 

MCF7 and MDAMB231) and the normal cell line WI 38. For example, 3.42 has an 

IC50 of 65 frn in the MDAMB-231 cell line, approximately 9 orders of magnitude more 

cytotoxic than in the normal cell line WI38. Interestingly, a single MPB unit was again 

found to be essential for cytotoxic activity: PBD-Im-MPB (3.42) and PBD-Py-MPB 

(3.41) showed much greater cytotoxicity compared with PBD-Py-Py (1.49) and PBD- 

MPB-MPB (3.38). The relative position of the MPB unit in the conjugate was also 

found to be crucial for optimal cytotoxicity as PBD-MPB-Im (3.40) and PBD-MPB-Py 

(3.39) had significantly reduced activity compared with PBD-Im-MPB (3.42) and PBD- 

Py-MPB (3.41), respectively. These results demonstrate that conjugation of a single 

MPB unit to a PBD skeleton at a preferred distance and in a configuration that allows 

binding within the minor-groove of DNA confers potent cytotoxicity against a number 

of cancer cell lines.
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Table 3.6: IC50 values (pM) determined for the PBD-based DNA binding agents in a panel of 

human cancer cell lines (A431, A549, A2780, MCF7 and MDAMB-231) and the non-cancer 

cell line WI38. The cytotoxicity of the compounds was evaluated by the colorimetric MTT 

assay after 96 h of continuous exposure.
IC50 (pM )

SI PBD A431 A549 A2780 M CF7 M DAM B-231 W I38

1 PBD-MPB (3.37) 0.0231 0.0750 0.0187 0.0191 0.0211 0.1599

2 PBD-MPB-MPB

(3.38)

2.9x10'^ 5.4x10'^ 5.6x10"* 9.0x10"* 4.6x10"* 0.1587

3 PBD-MPB-Py (3.39) 4.6x10'^ 0.0191 9.6x10"* 1.7x10'^ 2.7x10'^ 0.4259

4 PBD-MPB-Im (3.40) 0.0199 0.0467 1.5x10’̂ 3.7x10'^ 4.5x10'^ 1.2401

5 PBD-MPB-Py-Py

(3.43)

8 .6x 10 '̂ 2.3x10'^ 2.4x10"* 3.1x10"* 5.9x10"* 0.0413

6 PBD-Py-MPB (3.41) 5.6x10'^ 2 .8x 10 '̂ 1.3x10'^ n.d." 6.5x10'* 0.4738

7 PBD-lm-M PB (3.42) 1.8x 10"̂ 3.4x10"* 2.1 xlO'^ n.d.= 1.8x 10 '̂ 0.1292

8 PBD linker acid 

(3.46)

1.0899 1.4951 3.7564 0.7023 1.6683 4.6631

9 MPB (3.4) n.d.*’ n.d.*’ n.d.*' n.d.*’ n.d.*' n.d.**

10 PBD-Py-Py (1.49) 5.5x10"^ 6 .1x 10 '̂ 5.7x10'^ 3.2x10'^ 1.2 x 10"* 0.0413

11 DC-81 (1.45) 1.7273 4.0754 1.0552 0.5348 0.8160 14.0953

12 Anthramycin (1.35) 0.0482 0.0967 0.04757 0.02462 0.0355 0.6255

13 Py-MPB-Py (2.32) 9.8621 12.0265 11.5586 9.4784 10.563 14.0379

14 MPB-Phenyl- 

Thiazole (2.115)

13.2835 16.4799 13.1329 12.5897 10.4585 10.3716

Under the conditions o f  the experiment, the relative cell survival was lower than 50% (IC50 < 1 x 1 0  
uM).
Under the conditions o f  the experiment, the relative cell survival was higher than 50%. (IC50 > 20 pM).
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Figure 3.10: Summary of the cytotoxicity study on the PBD-MPB conjugates showing 

selectivity of the conjugates between cancer cell lines and normal cell line.

The selectivity of PBD-MPB conjugates for the cancer cell lines are shown in Figure 

3.10. The relative inactivity of these compounds in the normal cell line WI38 (by at 

least 2  orders of magnitude) suggests that molecules of this type may have potential 

therapeutic utility.
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3.4 Conclusion and future work

A new type of building block has been successfully designed that changes the curvature 

of distamycin'^^-type polyamides, and that alters the sequence preference. The (MPB) 

biaryl motif either alone, or conjugated to a covalent binding PBD, has a very strong 

preference for GC-sequences according to the results of FID, HPLC/MS, FRET and 

footprinting studies. This is the first report of a heteroaryl building block that can drive 

molecules towards GC-sequences, which under normal circumstances are difficult to 

target. Furthermore, two of the PBD-MPB conjugates (PBD-Py-MPB, 3.41 and PBD- 

Im-MPB, 3.42) with GC-selective DNA-binding profiles have significant selective in 

vitro cytotoxicity in some tumour cell lines {e.g., MCF7 and MDAMB231). Future 

studies will focus on the application of MPB-containing conjugates in gene-targeting 

technologies.
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Chapter 4 : Biaryl Polyamides as Selective G-quadruplex Targeting 
Ligands

4.0 Background and Objectives

Guanine-rich nucleic acid sequences can fold into four-stranded G-quadruplex 

structures^^^. These structures may be adopted by telomeric DNA repeats as well as 

sequences in promoter and other regulatory regions within human and other 

genomes^^^. Stabilization of the 3 '-end single-stranded overhang of telomeric DNA 

as G-quadruplex structures can prevent the telomerase enzyme complex (which is 

expressed in most cancer cells) from synthesising further telomeric DNA repeats, 

resulting in selective cell growth inhibition. The prevalence of quadruplex sequences 

in gene promoter regions suggests a potential role of quadruplex structures in 

transcription^^’̂ ,̂ and such quadruplexes have been characterised in the promoter 

sequences of a number of proto-oncogenes and cancer-associated growth factors 

notably c-myc, c-kit, k-ras, PDGF-A and bcl-2. G-quadruplex structures in the 5' 

untranslated regions of gene transcripts have the potential to modulate 

translation^"^’̂ ’̂. Therefore, small molecules that selectively bind and stabilize G- 

quadruplex nucleic acids are of interest as a new class of anti cancer agents. The 

majority of quadruplex-binding molecules studied to date comprise functionalised 

polycyclic aromatic systems such as acridines, anthraquinones, indoloquinolines and 

porphyrins a number of these molecules have the ability to provide

quadruplex-related biological effects, although their physico-chemical features are 

generally non-drug-like. More recently, a number of ligands have been reported that 

have non-conjugated groupings, whilst still maintaining the essential co-planarity 

with the G-quartet motif^^'^^^'^^^. The objective of this study was to establish 

whether biaryl polyamides interact with G-quadruplex DNA.

4.1 Biaryl Polyamides as G-quadruplex targeting agents

An extended heteroaromatic chromophore is not an essential feature of quadruplex- 

binding ligands, as shown by molecules such as the cyclic oxazole natural product 

telomestatin^^^, and by pyridine derivatives^^^ and triazines bearing

aminoalkyl substituents. Attempts have been made in the past to design and 

synthesize quadruplex targeting ligands based on the polyamide architecture that has 

been extensively explored for sequence-selective binding to duplex DNA. However,
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previous attempts to devise quadruplex-binding acyclic polyamides, based on a 

distamycin motif, have not resulted in molecules with significant selectivity over 

duplex DNA and the polyamide ligands showed poor quadruplex stabilization in an 

in vitro quadruplex melting studies^^^. To obtain successful G-quadruplex targeting 

ligands, the study focused on the shape characteristics of the molecule. A distamycin 

scaffold was used as a starting point and biaryl building blocks were introduced in 

place of pyrroles to switch their preference from duplex to quadruplex DNA. The 

design of the new polyamides allowed the positioning of biaryl units at either end of 

the polyamide core in order to introduce ligand diversity. Introduction of the biaryl 

unit significantly altered the classical crescent shaped structure of distamycin 

analogues,the new molecules adopt a U-shaped scaffold. It was anticipated that this 

alteration in shape might help the molecules to avoid duplex DNA, whilst increasing 

their probability of interacting with the G-quartets.

4.2 Molecular modeling guided study

One of the basic tenets of medicinal chemistry is that biological activity is 

dependent on the three-dimensional placement of specific functional groups (the 

pharmacophore). Molecular modeling is assuming an important role in the 

understanding of three-dimensional aspects in the specificity of ligand-therapeutic 

target interactions at the molecular leveP^^. It has created unprecedented 

opportunities in assisting medicinal chemists in the design of new therapeutic 

agents^^^. A molecular modeling guided approach was taken in search for polyamide 

molecules with selective quadruplex targeting properties. The key to the successful 

development of polyamide ligands as a quadruplex binding and stabilizing agents is 

the ability to target selectively G-quadruplex forming DNA sequences while 

avoiding duplex DNA.

The crystal structure of the parallel form of the native human intramolecular quadruplex 

DNA was used as the basis for the modeling studies'^^, since all known ligand-complex 

structures with human quadruplexes also have this parallel topology^^^. Low-energy 

conformations of the biaryl polyamides form planar U-shaped structures (Figure 4.1) 

that match the surface area dimensions of a terminal G-quartet in quadruplex structures 

but are too large to be accommodated within the major or minor-grooves of duplex 

DNA. After obtaining encouraging results from an initial molecular modeling study it
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was decided to screen the biaryl polyamides against three different quadruplex forming 

sequences using a fluorescence resonance energy transfer (FRET) based DNA thermal 

dénaturation assay^^ .̂

Figure 4.1: Molecular modeling showing that the U shape of biaryl polyamides enables 

overlap with the bases in a G-quartet, and would not enable duplex binding to take 

place.

4.3 Biophysical evaluation of G-quadruplex targeting agents

Biophysical evaluation plays a very important role in understanding the interaction of 

compounds with DNA and is often regarded as the basis of biological evaluation of 

DNA targeting compounds. A number of techniques have been employed over the years 

to evaluate the structural changes of DNA upon addition of a ligand. Although a number 

of newer techniques have been evaluated, spectroscopic techniques are mostly 

employed for biophysical evaluation of G-quadruplex targeting ligands. A brief 

summary of the techniques are given below -

4.3.1 UV/fluorescence techniques.

The change in the UV or fluorescence spectra of molecules/DNA upon addition of the 

ligands can be exploited to assess the binding ability of small molecules to DNA. These 

changes can be measured by monitoring the variations in intensity or wavelength of 

their absorption and/or emission signals. UV techniques are frequently employed to 

study the stoichiometry and binding constants of small molecules with DNA^^ .̂ The 

degree of DNA helix stabilization can be also measured using thermal dénaturation
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studies where the change in UV absorbance of the DNA-ligand complex is monitored 

over a range of temperatures at a particular wavelength.

4.3.2 Circular dichroism.

Circular dichroism (CD) spectroscopy measures differences in the absorption of left- 

handed polarized light versus right-handed polarized light that arise due to structural 

asymmetry. The absence of a regular structure results in zero CD intensity, while an 

ordered structure results in a spectrum which can contain both positive and negative 

signals. This property has been used in structural analysis of proteins and nucleic acids. 

The addition of ligands or change in salt concentration can significantly alter the 

secondary structure of DNA and this change can cause changes in some of the 

characteristic peaks in the CD spectrum. CD spectroscopy is also used to determine the 

binding mode and affinity of DNA binding ligands^^^'^^\

4.3.3 DNA footprinting

DNA footprinting is used to investigate the sequence selectivity and affinity of DNA- 

binding ligands. In DNase I footprinting assays, a radiolabelled DNA fragment is first 

incubated with the ligand and then digested with DNase I enzyme. The enzyme cuts the 

DNA at random locations in a sequence independent manner; a ligand which binds to a 

specific sequence of DNA protects the DNA from the enzyme. The resulting fragments 

of DNA are separated using polyacrylamide gel electrophoresis and visualised using a 

phosphor imager screen. The binding of a ligand to a specific region of the DNA 

sequence is detected by the absence of the fragments corresponding to cleavage of the 

DNA in that region. Footprinting experiments at several ligand concentrations can be 

used to study the binding affinity and sequence specificity of the ligands.

4.3.4 Equilibrium dialysis

Equilibrium dialysis is a simple but effective tool for the study of interactions between 

molecules. The technique relies on the diffusion of small molecules through a 

selectively permeable membrane that separates the DNA and ligand solutions^^^’̂ "̂̂ . The 

system is allowed to equilibrate until the concentration of free ligand in both chambers 

becomes equal. Equilibrium binding constants for the ligands can be calculated by 

measuring the concentrations of free ligand and DNA-bound ligand. Since the results of 

the assay are obtained under equilibrium conditions, the true nature of the interaction
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can be studied. Equilibrium dialysis can be used to study low affinity interactions that 

are undetectable using other methods.

4.3.5 Isothermal Titration Calorimetry

Isothermal Titration Calorimetry (ITC) is used to make accurate measurements of the 

affinity and stoichiometry of interactions between DNA and ligands. When substances 

interact, heat is either generated or absorbed. ITC is a technique that directly measures 

the heat released or absorbed during ligand-DNA interactions. Measurement of this 

heat allows accurate determination of binding constants (K b ) , reaction stoichiometry 

(n), enthalpy (AH) and entropy (AS), thereby providing a complete thermodynamic 

profile of the ligand-DNA interaction in a single experiment. It has been successfully 

used in many studies including that of acridine-based G-quadruplex DNA targeting 

ligandŝ ^^

4.3.6 Voltammetric methods

Voltammetric methods have been used to probe the interaction of ligands with DNA. 

Binding constants (K) and the binding site size can be easily determined from the 

voltammetric data. The square wave voltammograms are a useful way of measuring 

this interaction. The electro-stimulation of a solution of an electroactive species by 

application of a voltage creates an increase in the electric current, the intensity of which 

is dependent on the concentration of the species under study. Molecules that bind to 

DNA decrease the diffusion rate and significantly reduce the observed current.

4.3.7 Viscosimetry titrations

The change in viscosity of aqueous DNA solutions upon addition of ligands can be used 

to determine the binding affinity of DNA interactive agents. DNA intercalators usually 

cause a structural distortion as the DNA expands to accommodate the ligand between 

two pairs of bases. This structural distortion results in an increase in the length of the 

DNA helix. The viscosity of DNA solutions is dependent on the concentration and 

length of the DNA. Titrations of duplex DNA with intercalating ligands progressively 

increase the relative specific viscosity as the molar ratio of the compound to DNA base 

pairs is increased. The binding affinity and stoichiometry of DNA interactive ligands 

can be determined using this technique.
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4.3.8 Melting experiments

DNA interactive ligands tend to stabilize the secondary structure of DNA. The strands 

of duplex and quadruplex DNA structures can separate when heated, the temperature at 

which 50% of the DNA is denatured is known as the melting temperature of the 

sequence. In the case of ligand-DNA complexes the melting temperature can be 

significantly increased depending on the nature and affinity of ligand-DNA interactions. 

This stabilization also depends on the sequence preference of the respective ligands. 

The process of melting can be monitored by the use of several techniques, including 

UV, CD or fluorescence spectroscopy

4.4 Fluorescence Resonance Energy Transfer assay (FRET)

The Fluorescence Resonance Energy Transfer (FRET) assays are widely used to 

determine melting temperatures of different DNA sequences and ligand-DNA
o  f  O C/1____ ___

complexes ’ . The assay is based on the fluorescence resonance energy transfer

(FRET) phenomenon.

4.4.1 Principle of FRET assay

FRET is a fluorescence-based method of detecting biological interactions. Energy 

transfer is achieved by the direct resonance interaction of the transition dipole moments 

of a donor and an acceptor molecule (which may be either fluorescent or non- 

fluorescent). The energy gained through irradiation of the donor fluorophore, with an 

appropriate light source, is subsequently released as vibrational energy first and finally 

as radiation. When an acceptor is appropriately located, the released energy is 

transferred to it by a non-radiative process and this energy transfer is known as FRET. 

The donor and acceptor must accomplish a series of requirements^^"^:

• The donor probe must have a high quantum yield.

• The emission spectrum of the donor probe must overlap considerably with the 

absorption spectrum of the acceptor probe.

• There is an appropriate alignment of the absorption and emission moments and 

their separation vector.

• The FRET phenomenon can occur freely when both fluorophores are 

independent molecules in solution
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4.4.2 Use of FRET based DNA melting in analysing nucleic acid structure

The FRET phenomenon has been extensively used to study the stability of nucleic acid 

structures and, in particular, G-quadruplex DNA^^ ,̂ The transition between two 

conformations of a DNA molecule labeled with appropriately designed fluorophores can 

be monitored by measuring the efficiency of FRET throughout the process. In the 

FRET-based G-quadruplex melting assay, 6 -carboxyfluorescein (FAM) is used as the 

donor fluorophore while 6 -carboxytetramethylrhodamine (TAMRA) acts as the 

acceptor^^" ,̂ they are attached to the 5’ and 3’ ends of the DNA, respectively via 6 - 

carbon linkers. The FAM/TAMRA fluorophore pair has a Forster radius Ro of 

approximately 5 nm. When the labeled sequences form G-quadruplexes, the pair lay 

close enough to each other to allow FRET to occur efficiently. Application of external 

energy can unfold the quadruplex so that the fluorophores are separated from each other 

and the FRET efficiency is significantly reduced.

The melting process of FAM/TAMRA labeled G-quadruplex structures can be 

monitored as the melting will be accompanied by a decrease in the FRET efficiency and 

consequent increase in the intensity of the radiation emitted by the donor. Fluorescence 

measurement is determined throughout the melting process and the measured 

fluorescence is plotted against the temperature, resulting in a sigmoidal curve. The 

melting temperature of the G-quadruplex structure can be obtained from this sigmoidal 

curve (corresponding to the point with maximum slope). However, the melting process 

is unlikely to occur in one single step, instead, several partially unfolded intermediate 

structures are likely to be formed. The different intermediates may have different FRET 

efficiencies and this may result in a multiphasic melting process. Furthermore, G- 

quadruplexes are highly polymorphic and different conformations can be in equilibrium 

after the annealing process and/or in different buffer solutions. The different structures 

may display different stabilities under the conditions of the experiment and this may 

also contribute to an apparent multiphasic melting process.

4.4.3 Advantages of FRET

The FRET-based measurement of DNA melting processes have several advantages over 

other conventional assays such as CD or FRET is relatively cheap and requires a

very small amount of sample to monitor the melting process. FRET-based assay has 

successfully been adopted in a high throughput format resulting in rapid measurement 

of the quadruplex stabilization potential of synthetic ligands. On the other hand, CD
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utilises sophisticated apparatus and both CD and UV requires high concentrations of 

oligonucleotide, resulting in high costs. Furthermore, the absorbance changes detected 

using UV are small in comparison with the larger signal changes obtainable using 

fluorescence. In addition, UV and CD measurements cannot easily be conducted in a 

high-throughput format.

4.4.4 Use of FRET-based DNA melting assay for biaryl ligands screening

FRET has been extensively used for the evaluation of the binding affinities of G- 

quadruplex ligands^® ’̂̂®*’̂ ^̂ . The association of DNA and a ligand results in a complex 

with lower energy. This complex melts, consequently, at a higher temperature. The 

affinity of different ligands for DNA can be assessed using FRET by measuring the 

change in stabilisation that they cause. FRET results have been shown to correlate with 

results from UV melting profiles^^^. By monitoring of the melting process of a DNA 

sequence in the presence of increasing concentrations of ligand, curves representing 

melting temperatures (Tm) against ligand concentration can be obtained or, similarly, 

change in the melting temperature with respect to a control experiment (ATm) against 

ligand concentration can be determined.

To assess the G-quadruplex stabilisation of the biaryl polyamides, three different 

intramolecular DNA G-quadruplex sequences were used; human telomeric G- 

quadruplex (HT4, FAM-di{G3,[TTAG^'\t,-TAMRA) and two different c-kit promoter G- 

quadruplexes {c-kit 1, FAM-d{G3 AG 3 CGCTG2 AG 2 AG 3 )-TAMRA and c-kit 2, FAM- 

d(G3CG3CGCGAG3AG4)-E 4 M ^ ) .  A DNA duplex hairpin sequence [FAM- 

(TA)2GC(TA)2T6(TA)2GC(TA)2-E<4 M/M] was used as a control. Melting data from 

both G-quadruplex and duplex sequences enabled assessment of the selectivity of 

the ligands for different G-quadruplex sequences and selectivity for G-quadruplex 

versus duplex DNA. The minor-groove binding polyamide distamycin with 

established DNA duplex stabilizing ability^^^, was used as a control ligand.

The stability of the DNA structures, hence their melting temperature, depend on a 

number of factors such as salinity and pH. Critically, in the case of the G-quadruplexes, 

the type of monovalent cation can determine the conformation that is adopted by a 

particular sequence. This has been previously reported for the human telomeric G- 

quadruplex. In the presence of Na"̂  counter ions the sequence adopted an antiparallel 

conformation, however with counter ions, the structure adopted was all parallel
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To obtain a set of conditions analogous to the physiological conditions within a cell 

nucleus the FRET experiment was run in a based buffer at pH 7.4, from now on 

referred to as “FRET buffer” (50 mM potassium cacodylate, pH 7.4). Annealed 

fluorescence tagged quadruplex sequences (in FRET buffer) were added to a 96 well 

plate to which the ligand solutions (in FRET buffer) were added. The plates were read 

after a brief (3 minutes) incubation period in a DNA Engine Opticon. Fluorescence 

readings were taken at intervals of 0.5°C over the range 30-100°C, with a constant 

temperature maintained for 30 seconds prior to each reading. The difference between 

the melting temperature of each sample and that of the blank (ATm) was used for 

comparative purposes.

4.4.5 Results of the FRET-based DNA melting assay

A total of 84 biaryl polyamides synthesized using solution phase combinatorial 

chemistry were tested against three quadruplex forming sequences (F21T, c-kit-1 

and c-kit-2) at 50 pM concentration to assess their quadruplex DNA stabilization 

potential. Compounds which exhibited at least 25°C stabilization at 50 pM 

concentration were selected for further analysis. A total of 25 compounds, which 

showed 25°C or greater stabilization at 50 pM concentration, were tested at lOpM 

concentration against the quadruplex sequences. These compounds were also 

screened against the hairpin forming duplex DNA sequence. Melting data from both 

G-quadruplex and duplex sequences enabled assessment of the selectivity of the 

ligands for different G-quadruplex sequences and selectivity for G-quadruplex 

versus duplex DNA. The minor-groove binding polyamide distamycin with 

established DNA duplex stabilizing ability^, was used as a control ligand. Finally, 

six biaryl polyamides (Figure 4.2) that showed 15°C or greater stabilization against 

any of the three quadruplex sequences and exhibited insignificant duplex 

stabilisation were selected for detailed analysis using different biophysical 

techniques and the cytotoxic potential of these compounds was tested using a short 

term growth inhibitory assay. Biaryl ligands 1-6 were tested at 0.25, 0.5, 1, 2, 5, 10 

and 20 pM concentration using the FRET-based DNA melting assay.
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Biaryl ligand -1 
KMR-04-12 (2.81)

Biaryl ligand - 2 
KMR-66-75 (2.30)

N. tH S  HN

Biaryl ligand - 4 
KMR-102-6 (2.40)

Biaryl ligand - 5 
KMR-TL-08 (2.114)

Biaryl ligand - 3 
KMR-66-95 (2.35)

HN-/ \

Biaryl ligand - 6 
KMR-TL-15(2.121)

Figure 4.2: Structures of the selected G-quadruplex ligands.

The data in Tables 4.1 and 4.2 show that all of the biaryl polyamide compounds 1-6 

showed significant selectivity towards G-quadruplex compared with duplex DNA, 

and the best molecule in the series, 3 (2.35), did not have any significant action on 

duplex DNA at a concentration of 1 pM. The selectivity became more evident when 

compared with distamycin, which has only very modest quadruplex affinity and a 

high preference for duplex DNA.

Table 4.1: DNA G-Quadruplex stabilization by 1-6 through FRET melting experiments

Code ATm (”C)

F21T c-kit-1 c-kit-2

1

pM

2

pM

5

pM

10

pM

1

pM

2

pM

5

pM

10

pM

1

pM

2

pM

5 pM 10 pM

1 (2.81) 8.8 12.7 19.5 23.1 6.1 7.7 12.9 22.1 3.2 8.6 19.1 27.8

2 (2.30) 2.4 4.6 8.2 13.5 2.5 2.6 8.42 18.4 3.5 4.4 12.9 22.2

3 (2.35) 11.8 14.1 19.6 23.1 6.0 6.9 15.0 19.8 5.6 8.7 > 3 5 > 3 5

4 (2.40) 6.8 12 18.3 23.2 4.8 5.8 13.1 22.7 4.7 5.4 10.9 24.9

5(2.114) 5.9 8.9 16.3 18.5 4.3 6.4 10.3 17.7 2.4 3.2 9.5 16.3

6 (2.121) 1.0 1.5 12.1 25.1 4.4 8.7 12.1 33.8 4.6 8.7 17.9 30.4

Compounds 1 (2.81), 3 (2.35), 4 (2.40) and 5 (2.114) exhibited greater G-quadruplex 

stabilizing ability with the telomeric HT4 quadruplex compared with the two c-kit 

sequences. Compound 2 (2.30) has weak though comparable stabilizing ability for 

all three quadruplexes, whereas compound 6 (2.121) exhibited distinctly superior
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stabilizing ability for the two c-kit quadruplexes. Compound 3 (2.35) has the greatest 

selectivity in the series for the telomeric HT4 quadruplex, notably accompanied by 

no detectable duplex stabilization. The difference between compounds 3 (2.35) and 

4 (2.40), which have high chemical structural similarity, are likely to be due to the 

greater polarisibility of the A^-methyl imidazole group in the former compared to the 

benzofuran group in the latter, which would result in a somewhat higher 7c-stacking 

energy with a terminal G-quartet in these quadruplexes. Compounds 5 (2.114) and 6 

(2 .1 2 1 ) are biaryl dimers with the identical first biaryl units having distinct meta vs 

para orientations. The ATm data show a clear preference of 5 (2.114) for the 

telomeric quadruplex compared with 6 (2.121). Surprisingly, the affinity of 

compound 6  (2 .1 2 1 ) for the c-kit quadruplexes was not diminished, suggesting that 

this ligand is sensitive to the significant structural differences between these three 

quadruplexes.

Table 4.2: Selectivity of 1-6 for quadruplex sequences compared with duplex at 1 |JM 

concentration.

Ligand ATm Q at l^ M  cone. ( ”C) Selectivity ATmQ/ATmD

HT4 c-kit-1 c-kit-2 Duplex HT4 c-kit-1 c-kit-2

1 (2.81) 8.8 6.1 3.2 0.4 22 15.25 8

2 (2.30) 2.4 2.5 3.5 0.2 12 12.5 17.5

3 (2.35) 11.8 6.0 5.6 0.0 >100 >100 >100

4 (2.40) 6.8 4.8 4.7 0.3 22.6 16 16

5(2 .114 ) 5.9 4.3 2.4 0.1 59 43 24

6 (2.121) 1.0 4.4 4.6 0.0 >100 >100 >100

Distamycin 0.6 0.3 0.4 11.5 0.05 0.025 0.034
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4.4.5.1 FRET Melting Curves for Ligands 1-6
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4.5 Circular dichroism (CD) studies

4.5.1 Circular dichroism (CD) and quadruplex topology

Intramolecular quadruplexes can adopt a variety of different topologies in which the 

strands run in different orientations with lateral, edgewise or diagonal loops. Circular 

dichroism (CD) can be used to indicate whether these fold in a parallel or antiparallel 

configuration^^^. Parallel quadruplexes, in which the glycosidic bonds are all anti, 

display a positive CD signal around 265 nm, with a negative peak around 240 nm. In 

contrast, antiparallel structures, with both syn and anti geometries, exhibit a positive 

signal at around 295 nm, with a negative signal or shoulder around 260 nm^^'.

4.5.2 Circular dichroism study of the biaryl polyamide ligands

The objectives of the CD study was to find out whether -

(i) the presence of ligands affects the preferred structure of the quadruplex 

sequences through enhancement/reduction of CD signals of major peaks.

(ii) the ligands show any preference to induce folding of a particular quadruplex 

structure

(iii) the effects of the ligands are concentration dependent

(iv) the ligands cause any major change in the conformation of the existing 

quadruplex structure.
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All DNA samples were dissolved in Tris-HCl buffer (50 mM, pH 7.4); the samples of human 

telomeric G-quadruplexes also contained 100 mM KCl. The CD titration of c-kit-1 and 

c-kit-2 quadruplexes was performed in the absence of salts. Spectra were recorded between 

220 - 320 nm and 220 - 400 nm in 5 mm path length cuvettes. Results were averaged over 5 

scans and buffer baseline corrected. The spectra were normalized to have zero ellipticity at 

320 nm. The ligands do not have any chiral centre and were CD inactive.

4.5.3 Results of the circular dichroism study of biaryl polyamide ligands

4.5.3.1 CD Titration with H-Telo G-quadruplex DNA:

Quadruplex forming sequence: d(G3 [TTAG3]3)

The CD spectrum of the HT4 sequence showed the presence of mixed parallel and 

antiparallel structures with positive peaks aroimd 295 nm and a negative peak aroimd 

240 nm. In general, titrations with the ligands 1-6 exhibited selective induction of anti

parallel G-quadruplex structures. For ligands 1-6, a concentration-dependent 

enhancement of the major positive peak at 295 nm was observed, concentration 

dependent appearance of a major negative peak around 260 nm, and concentration 

dependent disappearance of the negative peak around 240 nm (Figure 4.6). It should be 

noted that for 4 (2.40) and 6 (2.121), a concentration dependent enhancement of the 

major peak at 295 nm was observed, but the concentration dependent appearance of the 

negative peak aroimd 260 nm was not complete, even at highest concentration. These 

observations are supportive of selective induction of an anti-parallel structure upon 

addition of the ligands to the native quadruplex sequence.

However, with the exception of compounds 3 (2.35) and 4 (2.40), the ligands showed a 

reduction in intensity of the CD signal at 295 nm at higher ligand concentrations (higher 

than 3 equivalents), but all ligands exhibited a concentration dependent appearance of 

the major negative peak at 260 nm (characteristic of anti-parallel structure) and 

disappearance of the negative peak at 240 nm (characteristic of parallel structure) at the 

concentrations used in the study (1 - 6  equivalents).
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Figure 4.6: C D  spectra o f  HT4 (h-telo): 5 |JM DNA in Tris buffer (pH 7.4) in presence o f  100 mM 

KCl, 0-6 equivalent o f  ligands; A, 1 (2.81); B, 3 (2.35); C, 4 (2.40); D, 5 (2.114); E, 6 (2.121).

4.5.3.2 CD titration with c-kit-1  G-quadruplex DNA (in absence of salt)

Quadruplex forming sequence; AGGGAGGGCGCTGGGAGGAGGG

The CD spectrum of the c-kit-1 sequence showed a parallel structure with a positive CD 

signal around 265 nm and a negative peak around 240 nm. In general, compounds 1-4 

and 6 (2.121) showed concentration dependent enhancement of the CD signal around 

265 nm while compound 5 (2.114) exhibited a unique change in CD signals (Figure

4.7).
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Figure 4.7: CD  spectra o f  c-kit-1: 5 |JM DNA in Tris buffer (pH 7.4), 0-6 equivalent o f  ligands; A, 

1 (2.81); B, 2 (2.30); C, 3 (2.35); D, 4 (2.40); E, 5 (2.114); F, 6 (2 .121)

Biaryl polyamide 1 (2.81), 2 (2.30) and 4 (2.40) exhibited small enhaneements in 

positive CD signals around 265 nm and a negative peak around 240 nm. A shift in 

wavelength towards higher wavelength for the positive CD peak was also observed for 

these three compounds. On the other hand, 3 (2.35) and 6 (2.121) showed very 

significant concentration dependent enhancement of the positive CD signal upon 

addition of the ligands to the native quadruplex sequence. The effect appeared to persist 

up to 6  equivalents for 3 (2.35) while the maximum enhancement was observed after 

addition of 5 equivalents of 6 (2.121). This enhancement of the positive CD signal is 

believed to be due to the stabilization of the anti-parallel structure of the c-kit-1 

quadruplex structure upon addition of the ligands. Interestingly, for both 3 and 6 the
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change in the negative CD signal around 240 nm was insignificant compared with the 

native quadruplex sequence, even at the highest concentration.

Compound 5 (2.114) exhibited a very different CD titration profile compared with other 

biaryl polyamides. Upon titration with 5 (2.114), the peak at 260 nm completely 

disappeared and a concentration dependent appearance of a positive peak at 295 nm was 

observed. A gradual enhancement of the negative peak at 265 nm with increasing 

concentration of ligand was also observed. These observations are supportive of 

selective induction of an anti-parallel structure at higher concentrations of ligand.

4.S.3.3 CD titration with c-kit-2  G-quadruplex DNA (in absence of salt)

Quadruplex forming sequence: CGGGCGGGCGCGAGGGAGGGG

While titrations with c-kit-2 sequences did not show any induction of folding of a 

particular quadruplex structure, an apparent unfolding of quadruplex structures at 

higher concentrations of 4 (2.40), 5 (2.114) and 6 (2.121) was observed (Figure

4.8). 3 (2.35) showed a very different CD profile upon real-time titration. An 

unprecedented concentration-dependent appearance of a positive peak was observed 

around 370 nm with a negative peak around 325 nm. A concentration-dependent 

enhancement of the positive peak around 260 nm was also observed. However, the 

highest two concentrations (5 and 6  eq) exhibited a sudden significant enhancement 

in CD signal around 260 nm. These changes are probably indicative of a major 

structural change upon addition of the ligand, but the nature and extent of structural 

change could not be confirmed without further studies. Compounds 1 and 2 did not 

induce any changes in the CD signal for the c-kit-2 sequence.
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Figure 4.8: CD  spectra o f  c-kit-2: 5 |JM DNA in Tris buffer (pH 7.4), 0-6 equivalent o f  ligands; A, 

3 (2.35); B, 4 (2.40); C, 5 (2.114); D, 6 (2.121).

4.5.4 DNase I footprinting experiment

The study was carried out using the Hex A fragment and its reverse fragments (HexA 

R) designed by Fox and co-workers to contain every possible combination of 

hexanucleotides^^^. The HexA sequence was cut from the plasmid using Hindlll and 

Sacl and was labeled at the 3'-end of the Hindlll site. Radiolabelled DNA was mixed 

with ligand solution and after equilibration of the ligand-DNA complexes the mixtures 

were digested by adding DNase I enzyme. After 1 min the reaction was stopped by 

adding DNase I stop solution. The DNA was denatured by incubating at 100 °C for 3 

mins followed by rapid cooling on ice and then separated on a polyacrylamide gel. 

After the run, the gel plates were then separated, dried under vacuum and exposed to a 

phosphorimager screen before scanning.

After observing the high degree of selectivity of the biaryl polyamides 1-6 towards the 

G-quadruplexes compared with the duplex DNA, the inability of these molecules to 

bind with duplex DNA was further confirmed by DNasel footprinting^^^ experiments 

against Hex A and Hex B sequences. The compounds did not provide any footprint even 

at a concentration of 100 pM (Figure 4.9).
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4.6 Biological Evaluation of G-quadruplex ligands

4.6.1 Background

Ligands with preferred biophysical properties are screened for biological activities to 

obtain suitable clinical candidates. Prior to the clinical evaluation, a potential drug 

candidate must undergo a number of pre-clinical studies which include both in vitro and 

in vivo experiments. These experiments help in understanding the mode of action and 

therapeutic potency of the ligands and also help in developing an appropriate 

therapeutic strategy for the clinical development stage. Assessment of cytotoxicity of 

potential clinical candidates using different cancer cell lines established from clinical 

tumour samples can offer a preliminary insight into the mechanism of action and 

potential secondary effects.

The process of immortalisation of the cancer cells to allow them to grow in the 

laboratory necessarily implies the abrogation of some of the native characteristics of the 

cells. This drawback is compensated for by the reduced use of laboratory animals, and 

the superior time and cost efficiency of these in vitro models of cancer when compared 

to the alternative in vivo pre-clinical models, such as xenografts. In vitro assessment of 

cytotoxicity using cancer cell lines has some disadvantages including the inability to 

predict systemic toxicity and to detect the effects of the metabolic system of a living 

animal on the efficiency of the test compound. However, the in vitro screening is a 

validated method that forms part of the pre-clinical testing procedure of anti-cancer 

agents. It is one of the screening methods of choice for leading research organizations 

including NCI and CRUK in the development of novel therapeutic agents.

Although there is growing evidence of formation of G-quadruplex in the promoter 

region of different oncogenes, the interaction of ligands with G-quadruplexes within 

cells cannot be directly detected or measured. Therefore, cell lines that express 

oncogenes that contain quadruplex forming sequences in their promoter region are 

particularly favoured for determining the short term growth inhibitory activity of 

quadruplex ligands.
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4.6.2 Cell lines used in the biological screening

The compounds were evaluated against a small panel of cell lines: MCF7, human breast 

adenocarcinoma derived cell line; A549, human lung adenocarcinoma derived cell line; 

and a clinical tumour cell line GIST 882, colon carcinoma derived HT 29, WI 38 

derived from human foetal lung fibroblasts. MCF7 and A549 are models for two of the 

most common types of cancer and both express telomerase^^^’̂ ^̂ . WI 38 was used as a 

model for healthy somatic tissue, necessary to assess the selectivity of the compounds 

between healthy and cancerous cells.

4.6.3 Cytotoxicity screening using Sulphorhodamine B (SRB)

Assays to evaluate the ability of compounds to produce short-term cell growth 

inhibition have been adapted to the high-throughput needs of the modem drug discovery 

industry. The first method that implemented these needs used a tétrazolium salt to detect 

and quantify metabolically active cells.

The Sulphorhodamine B assay (SRB) was developed as an alternative method and was 

quickly adopted as the routine method used by the NCI for their cell line panel 

screening p r o g r a m ^ * T h e  assay presented improved performance compared to 

tetrazolium-based assays in terms of linearity, sensitivity, cost and reproducibility^*^.

The SRB assay is performed in 96-well plates and utilises the dye sulphorhodamine B, 

which binds to the basic residues of proteins, to quantify the amount of living cells after 

short-term exposure to the test compound. The amount of dye per well, which can be 

quantified spectroscopically as a function of the absorbance at 540 nm, is related to the 

total protein content and consequently to the number of cells. Different modifications to 

optimise this assay have been implemented since it was first described. The protocol 

followed herein was adapted from the method of Papazisis and co-workers^ and has 

been extensively used for evaluation of G-quadmplex ligands^^^’̂**̂.

4.6.4 Biological screening results for biaryl polyamides 1-6

The results of the short term growth inhibitory activity using the SRB assay are 

shown in Table 4.3. The biaryl ligands generally exhibited greater cell growth 

inhibition against human colorectal carcinoma (HT29) and human lung carcinoma 

(A549) lines. The Objectives when targeting cancer cells is to achieve selectivity 

over normal cells. Although cell culture data can only be indicative compared with

----------------------------------------------------  Page 143 -------------------------------------------------



in vivo results, the data here shows that some ligands, in some cell lines, have 

significant selectivity. Compound 3 (2.35) has the best overall profile, especially for 

the A549 and HT29 cell lines. This compound is also the most effective at 

stabilising a human telomeric quadruplex (Table 4.1), although further studies will 

be required to unequivocally demonstrate that this compound is targeting telomer 

maintenance in cancer cells.

All biaryl ligands except 3 (2.35) showed moderate cell inhibitory activity against 

human gastrointestinal stromal tumor cell line (GIST 882) which was established 

from a clinical tumour sample. Gastrointestinal stromal tumours (GISTs) are the 

most common mesenchymal cancer of the gastrointestinal tract^ '̂ .̂ They are 

characterized by the expression of kit. Currently Imatinib, a tyrosine kinase 

inhibitor, is used to treat GISTs^*" .̂ All biaryl polyamides except 3 (2.35) exhibited 

moderate cell inhibitory activity against GIST 882 with IC50 values between 10.52- 

14.69 pM. This is the first report of G-quadruplex ligands with cell inhibitory 

activity against GIST cell lines. Although the ligands show moderate activity, this 

provides a new structural motif for lead optimization.

Table 4.3: I C 5 0  (pM) of the biaryl polyamides against 4 different cancer cell lines and a 

normal cell line using the Sulphorhodamine B assay.

Ligand MCF7 A549 HT29 GIST882 WI38

1 (2.81) 9.4 5.9 2.5 13.9 1 1 . 8

2 (2.30) 2 . 1 2 . 0 0.4 13.9 9.2

3 (2.35) 1 2 . 8 3.3 2 . 1 >50 25.4

4 (2.40) >50 17.0 9.2 13.2 13.2

5(2.114) 3.6 2 . 6 0 . 6 10.5 5.1

6  (2 .1 2 1 ) 2 . 1 2 . 6 2.5 14.6 1 1 . 6

The compounds exhibited up to 20 fold selectivity for cancer cell lines compared to 

non-cancerous WI 38 line. The biaryl dimers 5 (2.114) & 6  (1.121) had a better 

toxicity profile against cancer cell lines comapred with ligands 1-4 that contain one 

biaryl unit, suggesting a possible correlation between the number of biaryl units and 

cell inhibitory activity.
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4.7 Conclusion and future work

In summary, a new class of G-quadruplex ligands with high selectivity for duplex 

DNA has been developed. The ligands can be used as a template for generating 

more-potent molecules while retaining this selectivity, as well as for manipulating 

their selectivity to favour a particular type of quadruplex. It is noted that there is a 

high potential for diversity in the terminal heterocyclic group, which should also be 

amenable to optimisation to enhance drug-like characteristics. CD spectroscopic 

analysis has revealed strong interactions between a number of ligands and different 

quadruplex sequences. The ligand-dependent selective induction of a particular 

quadruplex structure may ultimately provide important information about the 

formation and biological function of G-quadruplexes in vivo.
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Chapter 5: HPLC/MS Assay To Evaluate PBD-DNA Covalent

Interaction

5.0 Background

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 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 on large 

numbers of both synthetic and naturally-occurring compounds, it is still not possible to 

inhibit selectivity gene expression in vivo using specifically-designed small molecules 

Of 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 “PHD”) 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 of 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 204,205,327 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 2̂8,23  ̂ DNA 

recombination and the facilitation of 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 These were important findings, as DNA
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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 high field NMR structural studies, Hald and 

co-workers established that duplexes are more stable 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 for palindromic sequences. 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

5.1 Effect of pyrrolobenzodiazepines (PBDs) on duplex-hairpin equilibrium

5.1.1 Objectives

Complementary or self-complementary oligonucleotides are known to exist in 

equilibrium between unimolecular hairpin and bimolecular duplex forms.^^"  ̂ This 

phenomenon is known to be dependent on factors including oligonucleotide length 

and sequence, ionic strength, presence of cationic molecules, pH and temperature.^^ ̂ 

The position of the equilibrium for a particular oligonucleotide pair may be 

determined by native PAGE gel electrophoresis^^^. Circular dichroism (CD) 

measurements^^"^ can be used to study the structure of individual species.

All studies to date with PBD-based compounds suggest that PBDs bind 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 

with the exception of a work carried out by Gambari and co-workers where they
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reported binding of hybrid PBD molecules with human immunodeficiency type 1 virus 

TAR RNA^^ .̂ It is well established that PBDs require a duplex DNA structures and a 

minor-groove environment to bond covalently to C2 -NH2 functionalities of guanine 

bases via their Cll-position^^^, and that it has been previously demonstrated that 

dénaturation of a PBD-DNA adduct either by heat or enzymatic degradation leads to the 

loss of up to 70% of bound ligand due to a change in secondary structure of the DNA.^^^ 

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

binding DNA-interactive molecules on the duplex-hairpin equilibrium, it was decided to 

investigate interaction of the pyrrolobenzodiazepine (PBD) heterocycle conjugate, 

GWL-78 (Figure 5.1) with the non-self-complementary hairpin oligonucleotides 5'- 

(TATAAGAAAATCTTATA)-375'-(TATAAGATTTTCTTATA)-3' {Seq-1 and Seq-2) 

(Figure 5.2 and Tables 5.1 and 5.2) and the resulting Duplex DNA.

C-Terminus Amide-Coupled 
Bls-(N-Methyipyrroie) Unit

 1
4-Carbon
Linker

H Me
PBD Monomer

MeO

:
MeO

GWL-78 (1.49)

H3C
HO H PMe 

H

Anthramycin (1.35)

Figure 5.1: Pyrrolobenzodiazepine conjugate GWL-78 and naturally occurring PBD, anthramycin

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

methyl ester terminated 6 zj-(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 A-methylpyrrole units. A remarkable synergy was observed by 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 vitro transcription stop” 

assay profiles were greatly enhanced compared with either the PBD or bis-{N- 

methylpyrrole) components alone.
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The study was carried out using the oligonucleotides shown in Table 5.1, and an 

HPLC assay utilizing an X-Terra MS C l82.5 |iM column (4.6 x 50 mm) and a 

gradient of 40% acetonitrile/water and 100 mM TEAB/water as mobile phase with a 

flow rate of 0.5 mL/min and UV detection at 254 nm. A 4:1 molar ratio of GWL- 

78 loligonucleotide was used for the study, and each single-stranded oligonucleotide 

was dissolved in IM ammonium acetate to form a stock solution of 1 mM. Working 

solutions of oligonucleotides of 50 pM were prepared by diluting the stock solutions 

with 100 mM ammonium acetate. HPLC fractions were collected, lyophilised and 

subjected to MALDI TOP and ESI MS to identify constituents.

Table 5.1: Structures and average masses of the single stranded (SS) oligonucleotides used in 

the study and the average mass of the adducts formed from their covalent interaction with 

GWL-78.

Label SS D N A  Sequence A verage M ass o f  SS 

DNA

A verage M ass o f  1:1 

Adduct

Seq-1 5 '-TATA AG AAAATCTTATA-3 ' 5200.49 5791.10

Seq-2 5 '-TATA AG ATTTTCTTATA-3 ' 5173.45 5764.06

Seq-3 5 '-GCGC AG ATTTTCTTATA-3 ' 5175.45 n/a

Seq-4 5 '-TATA AI A AA ATCTTATA-3 ' 5185.43 n/a

Table 5.2: Structure and average mass of the double stranded (DS) oligonucleotide duplex used 

in the study and the average mass of the adduct formed from its covalent interaction with GWL- 

78.

Label
DS DNA Sequence

Average M ass o f  DS  

DNA

A verage M ass o f  2:1 

Adduct

Seq-1/Seq-2
5 '-TATAAG AAAATCTTATA-3 ' 

3 '-ATATTCTTTTAG AATAT-5 '
10373.94 11555.16

5.1.2 Results and Discussion

5.1.2.1 HPLC/MS study

17-mer oligonucleotides designed for the experiments (Tables 5.1) were based on the 

known binding preference {i.e., Pu-G-Pu) of GWL-78 Seq-1 and Seq-2 (Table
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5.1) were well resolved using this HPLC method (Figure 5.2). Simply mixing the two 

oligonucleotides together at room temperature gave a trace reflecting two components 

(Figure 5.2 A). Seq-1 and Seq-2 appeared at RT 26.4 mins and 26.9 mins, respectively.

RT 26.4 mins 
RT 26.9 mins

1000 600

I I

RT 26.4 mins 
RT 26.9 mins 
RT 27.8 mins

0 10 20
Minutes

20 30
Minutes

Figure 5.2: HPLC chrom atogram s - A, M ixed non-annealed S eq-1 /S eq-2  after 24 hours; B,

annealed Seq-1!Seq-2  after 24 hours

However, mixing followed by an annealing process (heating to 90 °C for 10 mins, 

followed by cooling slowly to room temperature and storage at -20 °C) gave a 

chromatogram indicating a mixture of single stranded and duplex species (Figure 5.2 

B). In addition to the peaks at RT 26.4 mins and 26.9 mins, a new peak at RT 27.8 mins 

was observed which was identified as a duplex species using MALDl-TOF MS. 

Obserxation of three species indicated that duplex structure had formed under the 

annealing conditions used at the beginning of the experiment and it partially denaturated 

under the conditions of the HPLC assay. On the other hand, little or no duplex structure 

had formed after simply mixing the two sequences.

M ixtures of 1:1 
A dducts, RT 29 .0  m ins

M ixtures o f  1:1 
A dducts, RT 29 .0  m ins

2 : la d d u c ts ,  
RT 31.1 and  
32 .0  m ins

2:1 ad d u c ts, 
RT 31.1 and 
32 .0  m ins

Seq-1 and  Seq-2 mixed 
in cu b a ted  witfi GWL-78

Seq-1 and  Seq-2 an n e a led  
in cu b a ted  w ith  GWL-78

20
M inutes

Figure 5.3: HPLC chromatograms - A, M ixed non-annealed S eq-l iS eq-2  after incubating with GW L-78 

for 24 hours; B, Annealed S eq-l iS eq-2  after incubating with GW L-78 for 24 hours

Incubating either the annealed or non-annealed mixtures with GWL-78 for 24 hours 

at room temperature in 100 mM ammonium acetate buffer at pH 6.93 gave similar 

chromatographic profiles (Figures 5.3 A and B), indicating a complete loss of 

unimolecular and bimolecular DNA species, and their replacement with three new 

peaks. One peak at 29.0 mins was identified by MS as co-eluting 1:1 adducts of
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GWL-78/iS'g^-y and GWL-78/5^^-2. The two other peaks at 31.1 and 32.0 mins 

were identified by MS as covalent adducts of GWL-78 and the Seq-1 /Seq-2 duplex 

with 2:1 stoichiometry (Figure 5.4).

krt' îéîK>' «feo' «Me' 4 » 'H oc’ «*•*' «ito ' «4o*' «W
•Jjé, LjL

Figure 5.4: Primary negative-ion ESI-MS o f duplex adduct peaks in F igure 5.3 A & B, 31.1 min peak. 

Ions at m/z 1924.6 ([M-6H]^') and 1649.6 ([M-7H]^') are consistent with a 2:1 GyM L-7S/(Seq-l/Seq-2) 

adduct; B, 32.0 min peak. Ions at m/z 1924.8 ([M-6H]^'), 1649.7 ([M-7H]^') and 1732.5 ([M -3H ]”) are 

consistent with a 2:1 G y^L-78l{Seq-l/Seq-2)  adduct.

Seq 1 RT 26.4 Seq 2 RT 26.9

0 H our

S e q l
RT26.4

1:1 Seq 1 Adduct 
RT27.9

GWL-78 0  H our

Seq 2 
RT 26.9 1:1 Seq 2 Adduct 

RT28.7

GWL-78 250

1:1 Seq 1 Adduct 
RT27.9

1:1 Seq 2 Adduct ri500 
RT 28.7

1 H our GWL-78 3 H ours GWL-78

F ig u re  5.5: HPLC chrom atogram s - A, Seq-1, retention tim e 26.4 m ins; B, Seq-1  im m ediately after 

incubating with G W L -78 , gradual appearance o f  1:1 Seq  1 adduct, retention tim e 27.9 mins; C, Seq- 

1 after incubating with G W L -78  for 1 hour, 1:1 Seq-1  adduct form ation is com plete, retention time 

27.9 mins. D, Seq-2, retention tim e 26.9 mins; E, Seq-2  im m ediately after incubating with G W L -78, 

gradual appearance o f  1:1 Seq 2 adduct, retention tim e 28.7 m ins; F, Seq-2  after incubating with 

G W L -78 for 3 hours, 1:1 Seq-2  adduct form ation is com plete, retention tim e 28.7 m ins .
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R T 2 7 . 9

+

B
R T 2 8 7

1 :1 Adducts 
RT29.0

2:1 Adducts 
R T 31.1& 32.0

50
Mixture of 1:1 
ad d u cts  R T 2 9 .0

25 Re-injection of  2:1 adduct  RT 31.1

2:1 adducts  
R T31.1  & 3 2 .0

hso

H 0

F ig u re  5.6: HPLC chrom atogram s -  A & B, 1:1 G W lu -lS IS e q -l and 1:1 GWL-78/S'e<7-2 adducts, 

respectively, after incubating each o ligonucleotide with G W L -78  for 24 hours; C, Chrom atogram  

obtained after m ixing 1:1 Seq-1  and 1:1 Seq-2  adducts (i.e ., from A and B) at RT for one hour (note 

sim ilarity to 5.4); D. Chrom atogram  obtained after re-injection o f  the 2:1 adduct peak o f  retention 

tim e 31.1 mins.

To confirm that GWL-78 forms covalent adducts with 1:1 stoichiometry with 

unimolecular oligonucleotides, it was reacted separately with Seq-1 and Seq-2 at 

room temperature in identical conditions to provide two discrete adducts of retention 

times 27.9 and 28.7 min (Figures 5.5 C and 5.5 F), both confirmed by MS. These 

adducts were formed rapidly and completely (i.e., within 1-3 hrs; Seq-1 faster), and 

were stable on storage at -20°C for at least 30 days. 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 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 was considered, as 

such species may have sufficient duplex structure to provide a minor-groove suitable 

for a PBD to interact with.
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Interestingly, after mixing together the two 1:1 adducts, which were allowed to form 

over a 24 hour period to ensure completion of the reaction (Figures 5.6 A and 5.6 

B), a rapid appearance of the 2:1 adducts was observed. Allowing to stand at room 

temperature for 1 hour produced a chromatogram (Figures 5.6 C) identical to 

Figure 5.3 B or Figure 5.3 D A time course study after mixing the 1:1 adducts 

showed that equilibrium was established within 1 hour, and chromatograms obtained 

after 1, 2, 3, 4 and 24 hours were essentially identical. This observation which is 

indicative of an equilibrium between the PBD-hairpin and PBD-duplex covalent 

adducts is surprising given that it is well established that PBDs require a duplex 

DNA structures and a minor-groove environment to bond covalently to C2-NH2 

functionalities of guanine bases via their Cl 1-position^^^, and that it has been 

previously demonstrated that dénaturation of a PBD-DNA adduct either by heat or 

enzymatic degradation leads to the loss of up to 70% of bound ligand due to a 

change in secondary structure of the DNA.^^^ The time course study suggested the 

rapid establishment of equilibrium (Figure 5.7). Therefore, this observation of an 

equilibrium between hairpin/duplex covalent adducts (Figure 5.8) suggests a 

mechanism in which the PBD molecules stay attached to each DNA strand during 

the changes in secondary structure, despite the likely disruption of minor-groove 

environment during the transition process.

After 1 hour

2:1 adducts

GWL-78

I I

After 3 hours

2:1 adducts

GWL-78

20 30
Minutes

20 30
Minutes

After2 hours

2:1 adducts

I I
After4 hours

20 30
Minutes

20 30 40
Minutes

F ig u re  5.7: Time course HPLC chrom atogram s after m ixing the 1:1 Seq-1  and Seq-2  adducts. The 

chrom atogram s obtained after 1, 2, 3 and 24 hours w ere essentially  identical to 5.4 A an d  B 

indicating equilibrium  has been established w ithin 1 hour. A, chrom atogram  obtained after 1 hour o f  

m ixing; B, after 2 hours o f  m ixing; C, after 3 hours o f  m ixing; D, after 4 hours o f  m ixing.
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5 '- T A T A A G A  A  A  A T C T T A T A - 3 '
B

3 ' - A T A T T C T T T T A G A A T A T - 5 '  

Duplex DNA + Ligand

(Ligand)

5 - T  A T  A A G A  A  A  A T C T T A T A - 3 '  (Seq-1)

3 - A T A T T C T T T T A G A A T A T - 5 '  (Seq-2)  

Duplex DNA

5 - T A T A A G A

3 ' - A T A T T C  T 
Hairpin

5 - T A T A A G A

A
5 - T A T A A G A

3 - A T A T T C T
Hairpin

T D

(Ligand)

A

3 - A T A T T C  T 

Hairpin + Ligand

A

5 - T A T A A G A

3 ' - A T A T T C T  

Hairpin + Ligand

(Ligand)

5 ' - T A T  A A G A  A  A  A T C T T A T A - 3 '

3 ' - A T A T T C T T T T A G A A T A T - 5 '

Duplex DNA + Ligand

Figure 5.8: 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 G W L-78 - A, DS Seq- 

USeq-2\ B, Adduct o f  two molecules o f G W L-78 and DS Seq-1!Seq-2  (four possible configurations); C, 

SS Seq-1 (hairpin form); D, SS Seq-2  (hairpin form); E, 1:1 G W L-78/S'e^-/ hairpin adduct; F, 1:1 G W L- 

lS /Seq-2  hairpin adduct, G, Adduct o f  two molecules o f  G W L-78 and DS Seq-l/Seq-2  (same as B), in 

equilibrium with species E and F
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It is noteworthy that the peak obtained for the mixture of Seq-1 and Seq-2 adducts 

had a different retention time (29.0 mins) compared with the isolated adducts (i.e., 

27.9 and 28.7 mins), suggesting that it could be an intermediate complex of the two 

hairpin adducts. The dynamic nature of the equilibrium was further confirmed by 

isolating the two 2:1 adduct peaks from Figure 5.6 C and immediately re-injecting 

them onto the HPLC, both of which gave a chromatogram (Figure 5.6 D) essentially 

identical to Figure 5.3 A, 5.3 B,D or 5.6 C. The identities of the adduct peaks were 

confirmed by MALDI-TOF-MS and ESI-MS (Figure 5.9)

V oyager Spec «1«>SM25*>SM25[BP •  5199.3, 99551 V oyager Spec  «1»NF0.7«>APvBC(23.0.5.0.11«>NF0.7rBP « 5203 7. 20178]

»M70 M»5.2 M43.4 S991.6 6139.9 62»

V oyager Spec n»N F 0 .7 -> N F 0 .7 » S M 9 « > S M 5 » 8 M 5 » A d v 8 C (2 3 .0  5,0 1)fBP •  5176 8 16563]

B

6869 0 6709 4

Figure 5.9: MALDI TOP MS spectra o f  HPLC peaks in F igure 5.7 A, 5.7 B and 5.7 C (co-eluting 1:1 

adducts). A, MALDI TOP MS o f HPLC peak at RT 27.9 mins (F igure  5.7 A), [M+H]* ion at 5790.4 is 

consistent with 1:1 G W L-78/S'e^-/ adduct ; B, MALDI TOP MS o f HPLC peak at RT 28.7 mins (F igure 

5.7 B), [M +H]' ion at 5766.1 is consistent with 1:1 GWL-78/Se<?-2 adduct; C, MALDI TOP MS o f 

HPLC peak at RT 29.0 mins (F igure  5.7 C), [M+H]" ions at 5789.7 and 5764.4 are consistent with both 

the GWL-78/S'g^-y and GW L-78/S'e^-2 adducts, confirming that they are co-eluting; D, Primary 

negative-ion ESl-M S o f HPLC peak at 29.0 min peak. Ions at m/z 1929.4 and 1920.3 ([M-3H]^'), 1446.8 

([M-4H]^') and 1723.4 ([M-3H]^') are consistent with both the GWL-78/S'g(y-/ and G V ^h-l^ lSeq -2  

adducts;
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5.1.2.2 Thermal dénaturation study

UV thermal dénaturation studies at 220 nm and 260 nm using a Chirascan™ 

instrument demonstrated that both Seq-1 and Seq -2 undergo two-phase transitions 

upon heating (Figure 5.10). In both cases the first and second transitions were 

considered to be due to initial unfolding of the hairpin structure followed by 

unfolding of their helical structure. After addition of GWL-78 to Seq-1 and Seq-2 in 

separate experiments and allowing reaction for 3 hours at room temperature at the 

same molar ratios used in the HPLC studies, the melting temperatures for both 

transitions increased significantly providing an overall stabilization in the region of 

26 C and 29 C, respectively, for each oligonucleotide for the first transition. The Tm 

of the Seq-l/Seq-2 duplex increased by 35 C for the first transition after reaction 

with GWL-78 for 3 hours, although this ATm requires careful interpretation as the 

duplex adduct is known to be in equilibrium with the corresponding hairpin forms.

6
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3

2

0
280 300 320 340 360 380

16
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10

8

6

2

0
280 300 320 340 360
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T e m p e r a tu r e  (K)

Tem perature profile of Seq-1 and Seq-2  annealed

’o
I

T e m p é r a tu r e  (K)

Tem perature profile of Seq-1 and Seq-2  annealed 
in presence of GWL-78

Figure 5.10: A, M elting profile o f Seq-1 (black) & Seq-2  (red) at 222 nm; B, Melting profile o f  G W L- 

1^!Seq-1 (black) and GW L-78/S'e^-2 (red) adducts at 260 nm; C, Melting profile o f  Seq-1 and Seq-2  

annealed together, 2 0 ^ 9 5 °C  (black), 20<—95°C (red); D, Melting profile o f  Seq-1 and Seq-2

annealed together, 20—»95°C (black), 20+—95°C (red).
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Therefore, the observed dynamic equilibrium, which must require unfolding of both 

the 1 :1  and 2 : 1  adducts to proceed, was unexpected given that it occured at room 

temperature and with no additional energy input. Although it might have been 

anticipated that the two hairpin adducts, if mixed, would form a duplex adduct due 

to the stability gained from 14 DNA base-pairing interactions rather than 7 in each 

hairpin, and the presence of two drug molecules rather than one with the potential 

for overlap of the C8 -heterocyclic rings, reversion of the duplex adducts to hairpin 

forms was unpredicted.

5.1.2.3 Circular dichroism study

Although MS indicated the correct molecular masses for the adducts, further evidence 

for 1:1 hairpin adduct formation was obtained from CD experiments with Seq-1 and 

Seq-2, and the non-hairpin forming Seq-3 (Table 5.1) which failed to react with GWL- 

78 according to HPLC or CD.

20

-10

-10 -20
250 300 350 400 250 300 350 400

Wavelength (nm) Wavelength (nm)

F igure 5.11: A, CD spectra o f G W L-78 alone (— ) and oligonucleotides in 100 mM ammonium 

acetate buffer: Seq-1 ( ), Seq-2 (—  —  — ) and Seq-4  (— • • — ); B, CD spectra o f  G W L -78 alone

(---------- ) and oligonucleotide: G W L-78/5e^-7 (---------- ), G W L-78/5e^-2 (--------------), G W L -78 /5e^-i

(— • • — )•

Upon binding to GWL-78, Seq-1 and Seq-2 underwent a significant change in their 

CD spectra. New positive CD signals were observed at 314 nm and 260 nm, 

however no significant change was observed after addition of GWL-78 to Seq-3 

(Figure 5.11). Similarly, according to HPLC, Seq-4 (Table 5.1), which could form 

a hairpin but in which the guanine (G) had been replaced by the non-nucleophilic 

inosine (I) failed to react with GWL-78.
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F ig u re  5.12 : CD spectra; A, Seq-1  and Seq-2  mixed together and incubated with G W L -78. B, Seq- 

I and Seq-2  annealed together and incubated with G W L -78.

CD experiments were also carried out for the Seq-l/Seq-2 duplex species. GWL-78 

was incubated with a simple mixture of Seq-1 and Seq-2 and also with the annealed 

mixture of Seq-1 and Seq-2. On both occasions evidence of bond formation between 

the oligonucleotides and GWL-78 was found (Figure 5.12).

5.1.2.4 Molecular modeling study

Based on the known characteristic of PBD molecules to attach covalently to C2 -NH2 

functionalities of guanines within Pu-G-Pu duplex DNA sequences^^\ for the Seq-1 

and Seq-2 hairpin adducts the site of covalent attachment could be confidently 

predicted due to the presence of only one guanine residue, although the orientation 

of the molecule was initially less clear.
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5'-TATAAGA

3’-A TA TTCT
17 11

Seq-1 \ X = A 
Seq-2: X = T

X

x"

5-TATAAGA
X

3’-A TA TTCT

A: (X = A)
C: (X = T)

S’-TATAAGA

3'-ATATTCT

B: (X -  A) 
D: (X -  T)

F igure 5.13: 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  G W L-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).

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'

F igure 5.14: M olecular models o f the energy minimized structures o f the four possible adducts o f  G W L- 

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 

G W L-78 in van der W aal’s representation with atom type colouring.

Molecular modeling studies [AMBER (v9)] suggested that hairpin adducts of Seq-1 

and Seq-2 with the C8 -heterocyclic side chain of GWL-78 pointing towards the 5'- 

end of the covalently-modified guanine are of lower energy than 3'-adducts (where 

protrusion of GWL-78 through the loop region occurs), with GWL-78 fitting snugly
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into the minor-groove structure of the hairpins to form highly compact structures 

(Figure 5.14). Although it remains to be confirmed by NMR or X-ray 

crystallography, this 5'-orientation is unusual as previous reports of duplex PBD- 

DNA adducts indicate that the molecules prefer to orientate with their aromatic A- 

ring towards the 3'-end of the covalently-bound strand^^^.

To provide further support for this hypothesis, a detailed molecular modeling study 

using AMBER was carried out to compare the energies of the four possible hairpin 

structures for adducts of GWL-78 with Seq-1 and Seq-2 (Figures 5.14 A D) Table 5.3 

shows the potential energies of the structures after addition of GWL-78 using 'Xleap' 

and after local minimization. The calculations confirm that Figures 5.14B and 5.14D 

are the least preferred (having the highest energies) and support the view derived from 

visual inspection of the models that the polypyrrole tail of GWL-78 would pass through 

the AAA or TTT loops of the hairpins without forming any preferred minor-groove 

interactions. Figure 5.15 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 5.14 A and 5.14 B)

Table 5.3: Potential energies (kcal/mol) of minimised structures of SS hairpin DNAs Seq-1 and 

Seq-2, and the four possible adducts formed from covalent interaction with PBD GWL-78 (See 

Figures 5.13 and 5.14 A-D).

Oligonucleotides

Hairpin

Structure

Alone

5 -Adduct 

(5.13A & C)'

3 -Adduct 

(5.13B & D)*

5’-TATAAGAAAATCTTATA-3’

{Seq-1)

-3134.12

(-2697.8)2

-3138.9

(-2633.4)

-3102.3

(-2605.3)

5’-TATAAGATTTTCTTATA-3’

{Seq-2)

-2973.7

(-2567.1)

-2975.2

(-2486.1)

-2950.1

(-2458.6)

*5'- and 3'- designations refer to the direction in which the è«-(A-methylpyrrole) side chain is oriented 

(see Figures 5.13 and 5.14 A-D); ^The potential energy (PE) of the initially minimized structure; 

^Average total potential energy during dynamics.
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AAA H a irp in  M a tc h e d  N u c le a t id e s
5" -TATA-AGA-AM - TCT- TATA- 3 '

S e q -1  alone
A -ring  of ligand 1 orien ted  to 5 '—end 
A -ring  of ligond 1 orien ted  to 3 ’—end

500  1000

Dynamics fro m es of 0 .2 p s

TTT H a irp in  M a tc h e d  N u c le a t id e s
5'-TATA-AGA-TTT-TCT-TATA-3'

S e q - 2  alone
A -rin g  of ligond 1 o rien ted  to  5 ’-e n d  
A -rin g  of ligand 1 o rien te d  to 3 '- e n d

5 0 0  1000

Dynamics fra m e s  of 0 .2 p s

Figure 5.15: RMS deviation for models o i  Seq-1 and Seq-2 hairpin DNA structures with and without 

PBD GW L-78 covalently bound during dynamics simulations. Each dynamics frame was “rigid body” 

fitted to the initial frame and the RMS deviation for all corresponding atoms measured (excluding the 

ligand, GW L-78). With the A-ring o f GW L-78 pointing towards the 5 '-end o f  the covalently-modified 

guanine, movement within the DNA was significantly less than for the other binding modes examined. 

The temperature was maintained throughout all simulations with an average RMS variation o f 16K.

The rapid and quantitative reaction of GWL-78 with Seq-1 compared with Seq-2 is 

reflected in the calculated energy values shown in Table 5.3. Structures 5.13 A and 

5.13 C have lower potential energies {i.e., -3138.9/[-2633.4] and -2975.2/[-2486.1] 

kcal/mol, respectively) than the least preferred adducts 5.13 B and 5.13 D. The 

preference for 5.13 A and 5.13 C is further supported by visual inspection of the energy 

minimized models (Figure 5.14) where 5.14 A and 5.14 C illustrate the snug fit of the 

6zT-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 WaaTs 

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 5.14 B and 5.14 D, the 6zT-heterocycle fragment protrudes through the AAA 

or TTT hairpin loops leading to loss of stabilisation and with no narrowing of the 

minor-groove. This can be seen graphically in the dynamics plots of minor-groove 

width versus time for Seq-1 and Seq-2 shown in 5.16A and 5.16B, respectively
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E ffect of L iqond 1 o n  Minor G roove Width for S e q - 1  E ffect o f L iqond 1 o n  Minor G roove Width fo r S e q - 2

I"
Ix.
I
I  19

$• -  TATA - ̂ CA - AAA - TCT -  TATA- )

Seq t Qk>f̂
A-riftQ  ot k y y v î  t to
A-rtrwj o< to 3 '-eivj

5 0 0  1000

O^grrMCT fro rr^ »  of 0  2p»

r "
i .
s
I  19

S* -  TATA - ACA -  m  -  TCT -  TATA -  3 •

Seq-5 0*0r**
A-f>rwj of 1 o fx en tfd  to
A-fir»q of 1 oriof^ted to

500 1000
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Figure 5.16 : C ovalent b inding o f  PBD G W L-78 to Seq -I  or Seq-2  leads to narrow ing o f  the m inor- 

groove as dem onstrated  in the graphs. The distance between the average positions o f  the phosphorus 

atom s on nucleo tides 3 and 4 and the average position o f  the phosphorus atom s on residues 14 and 

15 for each dynam ics fram e is swon here.

B
5'-TATAAGAAAATCTTATA-3'

3 '-ATATTCTTTTAGAATAT-5'

5'-TATAAGAAAATCTTATA-3'

3'-ATATTCTTTTAGAATAT-5'

C D

5-TATAAGAAAATCTTATA-3' 5'-TATAAGA A AATCTTATA-3'

3'-ATATTCTTTTAGAATAT-5' 3'-ATATTCTTTTAGAATAT-5'

Figure 5.17: Schem atic representation o f the four possible configurations o f  duplex DNA adducts

formed from the covalent binding o f  GW L-78 to both 5 '-guanine-6 positions o f  annealed Seq-I/Seq-2  

DNA, with the PBD A-rings oriented either both to the 3'- (A) or 5'- (C) ends, or to opposing 3'/5' (B) or 

5'/3'(D ) ends.

In contrast, the 2:1 duplex adducts could have two possible orientations of GWL-78 

leading to a total of four possible adducts. However, assuming the preferred 3'- 

orientation for duplex DNA, the adduct shown in Figure 5.17 A is predicted to be 

the most preferred due to the additional hydrogen bonding interactions generated 

through overlap of the C8-A-methyl(pyrrole) rings in the centre of the duplex, and 

so is likely to be represented in one of the 2:1 adduct peaks in Figures 5.6 A & B, 

and 5.7 C. Although the distribution of the four 2:1 duplex adducts between the 31.1
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and 32 minute peaks is presently unknown, the adduct shown in Figure 5.18 A is 

likely to be less polar than the others (due to the hydrogen bonding/donating 

functional groups of the C8-iV-methyl(pyrrole) rings of both molecules of GWL-78 

being “buried” in the centre of the minor-groove) and so may be represented 

uniquely by the later 32 min peak. This might explain the greater area of the 31.1 

min peak, which could consist of up to three other co-eluting adducts.

Figure 5.18: Molecular models o f the energy minimized structures o f the four possible adducts o f GW L- 

78 covalently bound to 5 '-guanine-6 o f  both strands o f  duplex Seq-l/Seq-2  DNA according to Figure 

5.17, 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 GW L-78 in van deer W aal’s representation with atom type colouring.

Table 5.4: Potential energies (kcal/mol) of the four possible energy minimised adducts of DS 

DNA Seq-1 ISeq-2 with two molecules of PBD GWL-78 (see Figures 5.17 and 5.18 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
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The assumption that orinetation A is (Figure 5.17) the most stable compared to 

orientation B & D was further supported by comparing the potential energies of the 

energy minimized adducts. The molecular modeling studies (Table 5.4) 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. 

Therefore, the modeling studies predicted an order of preference of A > (B or D) > 

C (Figure 5.18)

Therefore, the molecular modeling studies provided strong evidence that the 

energetically preferred hairpin adducts were arranged with Cl l(S)-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 bis-(N- 

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 ’ - AG A AAAT CT-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 Z)Z5-(A-methylpyrrole) side chains of the two molecules, as occurs in 2:1 

DNA adducts of distamycin and Dervan type polyamides

5.1.3 Concluding remarks on observation of dynamic equilibrium

The results demonstrate that PBD conjugate GWL-78 can bind to single stranded 17- 

mer oligonucleotides to form previously unobserved stable hairpin adducts. The 

rapidity of adduct formation is sequence dependent and it is a quantitative process. A 

proportion of the single stranded 17-mer oligonucleotides remain in hairpin form 

irrespective of the annealing process. While simply mixing the two strands does not 

produce detectable duplex species, annealing them under appropriate condition 

produces sufficient duplex species to be detected, even using a denaturing HPLC 

system. This result indicates that the hairpin form is energetically 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.

-----------------------------------------------------  Page 164 -------------------------------------------------



The observation of a dynamic equilibrium between 1:1 hairpin and 2:1 duplex 

covalent DNA adducts of GWL-78 is unusual as a DNA duplex adduct alone would 

be anticipated based on previous literature reports.^^^’̂  ̂ The observation of an 

equilibrium suggests that the PBD molecule remains covalently attached while the 

secondary structure of the DNA transforms. This phenomenon has not been 

previously observed, as PBDs are thought to require a minor-groove structure for 

binding and are reported to dissociate from DNA if the minor-groove structure is 

lost.^ Given that PBDs normally require 24 hours for complete covalent binding to 

duplex DNA, the fact that GWL-78 most likely stays covalently attached to Seq-1 

and Seq-2 during the structural transformations might be explained by the rapid 

nature of the equilibrium. This is particularly interesting from an energetics 

perspective as it must require the unfolding of highly stable DNA adducts (e.g., 

particularly the 2:1 adducts, which are significantly stabilized by two overlapping 

molecules of GWL-78). Furthermore, the apparent absence of duplex DNA species 

according to HPLC in a mixture of non-annealed (Seq-1 + Seq-2) oligonucleotides, 

but the formation of 2:1 duplex adducts in the presence of GWL-78 suggests that the 

PBD may shift the equilibrium towards the duplex species. Finally, the observations 

reported here are relevant to the cellular and in vivo biological activity of PBDs, as 

DNA hairpin and loop structures are known to feature in processes such as 

transcription and DNA replication.^^^ Therefore, these findings could also be 

relevant to the future design of gene-targeted agents, including novel anticancer 

drugs. For example, it may prove possible to modify the structure of compounds of 

this type to favour binding to hairpins and loops of defined sequence rather than 

duplex structures, thus providing a means to target selectively the transcription of 

certain genes.
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5.2 Observation of Reversibility of PBD-DNA Covalent Linkage

5.2.1 Background and Objectives

It has been previously demonstrated that dénaturation of a PBD-DNA adduct either by 

heat or enzymatic degradation leads to the loss of up to 70% of bound ligand due to a 

change in the secondary structure of DNA.^^^ Hurley and co-workers have reported that 

anthramycin (Figure 5.1) cleaves from the DNA after heating due to oxidative 

formation of a Cl la-Cl-dehydro analogue which is not nucleophilic at the NlO-Cll 

position^^^ (Scheme 5.1). However, it is believed that PBD-DNA covalent interactions 

are reversible, and cooling followed by heating should result in re-formation of the 

aminal linkage between the PBD and DNA. PBDs which are not prone to oxidation 

upon heating are expected to cleave from the DNA after heating and then re-form the 

adduct once the solution is cooled.

The Objectives of the study were to monitor the PBD-DNA adduct formation^*^, PBD- 

DNA aminal bond cleavage and re-formation. The HPLC/MS assay was initially used, 

as previously described, and finally polarized light spectroscopy (Circular dichroism) to 

validate the findings of the HPLC/MS assay.

OH H
H,C

Anthramycin Methyl Ether

- CH3 OH * 3̂^

-He

Anthramycin N10-C11 Imine, C11a-C1 Dehydro

Scheme 5.1: Formation of non-nucleophilic C11 a-Cl-dehydro analogue of anthramycin

Table 5.5: Structures and average masses of the single stranded (SS) oligonucleotides used in 

the study and the average mass of the adducts formed from their covalent interaction with 

GWL-78 and anthramycin.

Label SS DNA Sequence Average Mass 
ofSSDNA

Average Mass 
of 1:1 GWL-78 
Adduct

Average Mass of 
1:1 anthramycin 
Adduct

Seq-2 5 '-TATA AG ATTTTCTTATA-3 ' 5173.45 5764.12 5502.84

GSeq-2 5 '-GCGC AG ATTTTCTGCGC-3 ' 5177.45 5768.04 5506.76
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The study was carried out using the oligonucleotides shown in Table 5.5, and an 

HPLC assay utilizing an X-Terra MS C l82.5 |iM column (4.6 x 50 mm) and a 

gradient of 40% acetonitrile/water and 100 mM TEAB/water as mobile phase with a 

flow rate of 0.5 mL/min and UV detection at 254 nm. A 4:1 molar ratio of 

ligandioligonucleotide was used for the study, and each single-stranded 

oligonucleotide was dissolved in IM ammonium acetate to form a stock solution of 

1 mM. Working solutions of oligonucleotides of 50 pM were prepared by diluting 

the stock solutions with 100 mM ammonium acetate. HPLC fractions were 

collected, lyophilised and subjected to MALDI TOP and ESI MS to identify 

constituents. The UV & CD spectra of the oligonucleotides (DNA) and their DNA- 

ligand solutions were acquired on the Applied Photophysics Chirascan spectrometer. 

Addition of ligand to oligonucleotides was carried out while maintaining the 

concentration of DNA constant. All spectra were acquired at room temperature and 

the buffer baseline was corrected. For temperature stability, the CD spectrum was 

first recorded at room temperature (20°C), then the highest temperature (90°C), and 

re-cooled to 20°C after heating. Melting profiles were recorded during the heating 

and cooling processes.

5.2.2 Results and discussion on reversibility of PBD-DNA covalent linkage

5.2.2.1 HPLC/MS study

Annealed Seq-2 gave a single peak at RT 27.0 mins in the HPLC chromatogram, which 

was collected and identified by MALDI-TOF-MS. Incubation of GWL-78 with Seq-2 

and immediately injecting it onto the HPLC resulted in the appearance of a new peak at 

RT 28.5 mins (Figure 5.19). A time course study showed rapid adduct formation and 

the reaction was complete (-95%) within 3 hours with the disappearance of the DNA 

peak. The adduct peak at RT 28.5 mins was collected and subjected to MALDI-TOF- 

MS and was identified as 1:1 GWL-78/5e^-2 adduct.
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Seq-2, RT 27.1 m ins

\
Seq-2, RT 27.1 m ins

1:1 l/S eq -2  adduc t, 
RT 28.8 m ins

0-"

0 20
Minutes

1:1 l/S eq -2  adduc t,
RT 28.8 m ins 1500

1000  ^  1000

After 24 hours

20

/
1:1 l/S e q -2  adduct,
RT 28.8 m ins 1500

20
Minutes

20
Minutes

Figure 5.19: HPLC chrom atogram s - A, Seq-2, retention tim e 27.1 m ins; B, Seq-2  im m ediately 

after incubating with G W L-78, gradual appearance o f  1:1 Seq 2 adduct, retention tim e 28.8 mins; C, 

Seq-2  after incubating with GW L-78 for 3 hours, 1:1 Seq-2  adduct form ation is com plete, retention 

time 28.8 mins. D, A fter 24 hours incubation

Similarly, Seq-2 was incubated with anthramycin and immediate HPLC analysis 

revealed the appearance of a minor peak at RT 26.4 mins (Figure 5.20). Unlike GWL- 

78, the reaction between anthramycin and Seq-2 was quite slow and adduct formation 

was only complete after 20 hours. Interestingly, in the case of anthramycin, the 1:1 

anthramycin/S'g^-2 adduct peak appeared before the DNA peak, which was not observed 

for other drugs (GWL-78, SJG-136, ELB-21 etc.) studied using the HPLC/MS assay. 

The identity of the adduct peak at RT 26.4 mins was confirmed by MALDI-TOF-MS.
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Figure 5.20: HPLC chromatograms - A, Seq -2 , retention time 27.1 mins; B, S eq-2  immediately  

after incubating with anthramycin show ing  appearance o f  1:1 anthram ycin/5c^ 2 adduct, retention 

time 26.4 mins; C, S eq-2  after incubating with anthram ycin  for 12 hours, 1:1 anthram ycin/5'e^-2  

adduct is more prominent. D, S eq-2  after incubating with anthram ycin  for 12 hour, 1:1 

anthramycinASg^-2 adduct formation complete.

After obtaining the evidenee of hairpin adduct formation with 17-mer oligonucleotides 

by both GWL-78 and anthramycin, the study focussed to investigate the reversibility of 

the PBD-DNA adducts. For this study, GWL-78 and anthramycin with Seq-2 were 

incubated separately and the solutions were left for 24 hours to ensure completion of 

reaction. HPLC analysis revealed the presence of the adduct peak only and an 

insignificant amount of DNA peak was present. Initially, the GWL-78/&^-2 incubation 

mixture was heated to 90°C over a period of 10 minutes using a Grant Incubator. The 

Eppendorf tube containing the incubation mixture was immediately placed into ice once 

the temperature of the heating block reached 90°C. Immediate injection of the 

incubation mixture onto the HPLC revealed that a major amount of adduct peak had 

reverted back to the DNA peak indicating that the GWL-78 had come off the DNA and 

the aminal bond between the N 10-C11 imine group and the CZ-NH] of guanine base 

had been broken. This was consistent with a previous report that heat can result in the 

loss of up to 70% of bound ligand due to a change in the secondary structure of DNA. 

In the next experiment, the Seq-2 incubation mixture was left in the ice for 10

minutes before injecting onto the HPLC. Surprisingly, it was found that the adduct peak 

at RT 28.5 had re-appeared as the major peak (>90%) and the DNA peak at RT 27.0 

minutes was insignificant compared with the peak in the chromatogram obtained right
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Figure 5.21: HPLC chrom atogram s - A, Seq-2  afte r incubating  w ith G W L -78  for 24 hour showing 

the 1:1 G W L -78/5e^-2  adduct; B, 1:1 GWL-78AS'g(y-2 adduct afte r heating to 95°C follow ed by a 10 

minute cooling period.

after heating the incubation mixture (Figure 5.21). The HPLC profile of the incubation 

mixtures immediately after heating and heating followed by a 10 minutes cooling period 

suggests that, PBD-DNA bond was broken during the heating procedures, but the bond 

had been reformed within 10 minutes. The speed of the adduct reformation is surprising 

as PBDs can take up to 24 hours to react with a DNA species and the reaction between 

GWL-78 and Seq-2 initially took 3 hours to complete. This suggests that although the 

PBD-DNA aminal bond is broken during the heating procedure, GWL-78 did not come 

out of the groove and remained snugly fitted within it due to secondary interactions 

associated with the dipyrrole unit of the molecule. Once heat was withdrawn and the 

incubation mixture was placed in the ice, the reactive groups of the PBD and guanine 

base of the DNA were close enough to reform the adduct immediately. This was not the 

case when GWL-78 was initially incubated with Seq-2 as GWL-78 had to align itself 

properly within the minor-groove to allow the covalent bond formation to occur 

between the N 10-C 11 imine functionality and C2-NH2 of guanine.

1:12/Seq-2 adduct. 1000 g 1000
RT 26.4 m in s ' ' 7 5 0  Seq-2, RT 27.1 mins

\  V
< 500 - 1 :1 2/Seq-2 adduct,  ̂ 500

Anthramycin ^ RT26.4 mins

After 10 m inutes \  Anthramycin derivative
250-1 RT 29.2 mins 250

: 2 4 H .u r a d d u c t  /

10 20 30 40 0 10 20 30
M inutes M inutes

Figure 5.22: HPLC chrom atogram s - A, Seq-2  after incubating with G W L -7 8  for 24 hours show ing 

the 1:1 anthramycin/5e<7-2 adduct, RT 26.4 mins and anthram ycin, RT 29.2 m ins; B, 1:1 

anthramyein/S'e(7-2 adduct after heating to 95°C followed by a 10 m ins cooling period show ing 

m ajority o f  adduct had reverted back to DNA and a new peak at RT 29.9 mins.
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Next the interaction between anthramycin and Seq-2 was studied. Similar to GWL-78 

experiments, anthramycin/5'^^-2 incubation mixture was heated to 90°C over a period of 

10 minutes and then immediately placed into ice once the temperature of the heating 

block reached 90°C. Immediate injection of the incubation mixture onto the HPLC 

showed almost no adduct peak at the previously observed RT 26.4 minutes and the 

DNA peak at RT 27.0 minutes constituted more than 95% of the DNA peaks in the 

HPLC chromatogram (Figure 5.22) indicating that anthramycin had come off the DNA 

and the aminal bond between the NlO-Cll imine group and the C2-NH2 of guanine 

base had been broken. Interestingly, the peak corresponding to anthramycin that 

appeared at RT 29.2 mins before the heating procedure appeared at a different retention 

time at RT 29.9 minutes. The peak was collected and subjected to ESI/MS and the mass 

was found to be 295, which is 34 units lower than anthramycin and corresponds to the 

mass of Cl la-Cl dehydro anthramycin imine suggesting a chemical conversion has 

taken place during the heating procedure.

Hurley and co-workers have previously reported that this conversion takes place in the 

presence of TEA, but no acidic reagents were used during the incubation procedure and 

100 mM Na acetate buffer of pH 6.93 was used to prepare the working solutions of 

DNA and drug. Interestingly, when the anthramycin/.Se^-2 incubation mixture was left 

in the ice for 10 minutes before injecting onto the HPLC, the adduct peak did not 

reappear in the chromatogram, which remained almost identical to that obtained 

immediately after heating. This was in complete contrast with the results of the GW 78 

post heating experiment where the adduct peak completely re-appeared after 10 minutes 

of cooling. This finding further suggested the formation of non-nucleophilic Cl la-Cl 

dehydro anthramycin, which is unable to form an adduct with DNA.

To further confirm the formation of Cl la-Cl dehydro anthramycin, the cooled 

anthramycin/iS'e^-2 incubation mixture was left at room temperature for 24 hours. HPLC 

chromatograms obtained after 2, 4, 6, 12 and 24 hours post-heating did not show re

formation of the adduct and the chromatograms remained almost identical with the 

DNA peak at RT 27.0 mins and the peak at RT 29.9 mins, which gave an ion at m/z 295 

in the ESI/MS. This time course experiment further confirmed that the chemical 

conversion first observed by Hurley and co-workers had taken place and possibly the 

DNA itself had acted as the catalyst. MALDI-TOF-MS analysis of the RT 27.0 mins
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peak collected from the pre- and post-heating chromatograms showed no change in 

mass and was identified as Seq-2.

G Seq-2, RT 24.4 m ins

\
7 5 0  400

G Seq-2, RT 24 .4  m ins

\

l : l l /G S e q - 2  ad d u c t, 
RT 28 .7  m ins

20  30
M inutes

20  30

Figure 5.23: HPLC chrom atogram s - A, GSeq-2, retention tim e 24.4 m ins; B, G Seq-2  after

incubating with G W L -78  for 24 hours, 1:1 G W L-78/5 'e^-2 adduct form ation is still not com plete, 

retention tim e 28.7 mins.

After observing the reversibility of the PBD-DNA covalent bond between GWL-78 and 

AT rich Seq-2 and the irreversible detachment of anthramycin from Seq-2 due to 

chemical conversion into a non-nucleophilic derivative, the study focused on the 

interaction between GWL-78 and anthramycin with GC rich GSeq-2 to investigate the 

effect of sequence recognition/DNA on the PBD-DNA reversible interaction and 

chemical conversion of anthramycin. Annealed GSeq-2 gave a single peak at RT 24.4 

mins in the HPLC chromatogram, which was collected and identified by MALDI-TOF- 

MS. Incubation of GWL-78 with GSeq-2 and immediately injecting it onto the HPLC 

resulted in the appearance of a new peak at RT 28.7 mins (Figure 5.23). However, the 

reaction was very slow and only 10% DNA was converted into adduct at 0 hour (~5 

minutes). A time course study showed that the reaction progressed at a much slower 

pace than anticipated and the reaction was not complete after 24 hours. It was found that 

about 70% DNA had been converted into adduct at the end of 24 hours incubation. The 

adduct peak at RT 28.6 mins, collected and subjected to MALDI-TOF-MS, was 

identified as 1:1 G'WL-lS/GSeq-2 adduct.
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Figure 5.24; HPLC chrom atogram s - A, 1:1 anthramycin/G5ec7-2 adduct im m ediately after 

heating to 95°C followed by a 10 m inute cooling  period show ing m ajority  o f  adduct had reverted 

back to DNA. B, 26 hours post heating-cooling experim ent show ing reform ation o f  1:1 

anthram ycin/G 5e^-2 adduct.

Similar to the GWL-78/tSe^-2 incubation mixture, the GWL-78/G5e^-2 24 hour 

incubation mixture was heated to 90°C over a period of 10 minutes and was 

immediately placed into ice once the temperature of the heating block reached 90°C. 

Immediate injection of the cooled solution onto the HPLC showed that almost all the 

1:1 GSeq-2 adduct peak has reverted back to the DNA peak, indicating the

GWL-78 had come off the DNA due to the breakdown of the aminal bond between the 

NlO-Cl 1 imine group and the Cl-NH] of the guanine base. When the GWL-78/GS’e^-2 

incubation mixture was left in the ice for 10 minutes before injecting onto the HPLC, a 

slight (10%) increase in the adduct peak was observed and the DNA peak at RT 24.4 

minutes remained prominent (Figure 5.24A). This was in contrast to the GWL-78/^e^- 

2 heating-cooling experiment where about 90% of 1:1 GWL-78/5'eg-2 adduct reformed 

within 10 minutes of the cooling procedure. This suggests that a significant amount of 

GWL-78 did come out of the minor-groove when the PBD-DNA aminal bond was 

broken as the interaction between the dipyrrole unit of GWL-78 and GC rich GSeq-2 is 

less favourable than the interaction with AT rich Seq-2. A  post heating-cooling time 

course experiment showed that it took about 26 hours to regain the same amount of 1:1 

GWL-78/G5e^-2 adduct that was present before the heating cooling experiment 

(Figure 5.24B). This difference in adduct reformation rate further outlined the 

importance of the sequence preference of the non-covalent component of the PBD 

conjugates like GWL-78 on covalent bond formation with DNA.
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A similar experiment with GC rich GSeq-2 and anthramycin showed no significant 

change in results compared with those obtained with AT rich Seq-2 and anthramycin, 

except for the slowness in adduct formation. Like GWL-78, the 1:1 anthramycin/G5e^- 

2 adduct formation was not complete after 24 hours, and once anthramycin came off the 

DNA after the heating procedure, it failed to reform the adduct even after 24 hours, 

which was consistent with the anthramycin/5c^-2 experiment. It further confirmed the 

chemical conversion of anthramycin to non-nucleophilic Cl la-Cl dehydro anthramycin 

in the presence of nucleic acid when heated to higher temperature.

5.2.2.2 Circular dichroism study

After observing by the HPLC/MS method, the reversibility of the PBD-DNA aminal 

linkage with GWL-78 and irreversibility of the anthramycin-DNA covalent bond due to 

chemical conversion of anthramycin at high temperature, polarized light spectroscopy 

was used to obtain further evidence for the reversible nature of the PBD-DNA aminal 

bond and also on the inability of anthramycin to reform the covalent adduct due to 

chemical conversion at high temperature.
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Figure 5.25: UV and CD spectra o f  Seq-2, A, as a function o f  G W L-78 and B, as a function o f 

anthramycin.
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F igure 5.26: UV and CD spectra o f  GSeq-2, A, as a function o f  G W L-78 and B, as a function o f  

anthramycin.

Circular dichroism (CD) changes of GWL-78 and anthramycin adducts over a 

temperature range and also CD and UV melting data of the adducts were used to further 

establish the findings of the HPLC/MS assay. Both GWL-78 and anthramycin are chiral 

molecules and have their own characteristic CD signal. The CD spectrum of Seq-2 alone 

showed the presence of a double helical DNA structure. Incubation of GWL-78 with 

Seq-2 for 3 hours and subsequent CD analysis showed significant enhancement of the 

CD signals at 260 nm and the drug induced enhancement of the CD signal at 320 nm 

confirming the covalent adduct formed between GWL-78 and Seq-2. Titration of Seq-2 

with 1-4 equivalents of GWL-78 showed that the effect is more pronounced at the same 

ratio used in the HPLC study (4:1) (Figure 5.25A). A similar CD study with Seq-2 and 

anthramycin also showed significant concentration dependent enhancement of CD 

signals, and the drug induced CD signal was observed at 360 nm (Figure 5.25B).

In the second set of experiments, the CD spectrum of GWL-78/5e^-2 incubation 

mixture (4:1) was recorded at 20°C, followed by heating at a rate of 3®C/min to 95°C 

and the CD spectrum was recorded at 95°C. The incubation mixture was then cooled to 

20°C at the same rate and the CD spectrum was again recorded. The comparison of the 

CD spectrum at 20°C, 95°C and after cooling to 20°C is shown in Figure 5.27. GWL- 

78 induced enhancement of the CD signal at 320 nm is visible at 20°C, but this induced
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F igure 5.27 : A, UV and CD spectra o f  G W L-78 : Seq-2  (4:1) at 20°C (black), after heating to 95°C 

(red) and re-cooling to 20°C (blue); B, UV and CD spectra o f Anthramycin : Seq-2 (4:1) at 20°C (black), 

after heating to 95°C (red) and re-cooling to 20°C (blue),

signal was absent in the spectrum recorded at 90 °C, indicating the loss of the drug 

molecule from the DNA sequence (Figure 5.27A). However, the drug induced CD 

signal at 320 nm reappeared in the CD spectrum taken after cooling the incubation 

mixture at 20°C suggesting the reformation of the 1:1 GWL-78/&^-2 adduct This 

result is consistent with the findings of the HPLC/MS assay where the adduct 

reformation was observed after a 10 minutes cooling period and confirms the 

reversibility of the PBD-DNA aminal linkage. As the cooling procedure from 90°C to 

20°C took about 23 minutes, it also confirmed the rapid nature of adduct reformation 

suggesting GWL-78 did not completely come off the minor-groove despite the 

breakdown of the covalent linkage.

Next the CD experiments were performed with anthramycin and Seq-2 incubation 

mixtures. The CD spectrum recorded at 20°C showed the presence of a drug induced 

CD peak at 360 nm. However, the CD signal at 360 nm was lost after heating the 

incubation mixture to 90°C at a rate of 3°C/min suggesting the loss of anthramycin from 

the DNA molecule. Interestingly, the CD signal remained absent in the CD spectrum 

recorded after cooling the incubation mixture to 20°C (Figure 5.27B) indicating the 

non-bonding of anthramycin with Seq-2 after it came off at a higher temperature. The 

CD spectrum recorded 3 hours after the cooling procedure also failed to show the drug 

induced CD signal at 360 nm. It clearly showed that anthramycin was chemically
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converted to non nucleophilic Cl la-Cl dehydro anthramycin at high temperature which 

failed to bind with DNA after the incubation mixture was cooled and left at room 

temperature. This result was also consistent with the results obtained with the 

HPLC/MS study and further confirmed the chemical conversion of anthramycin.
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F igure 5.28: A, UV and CD spectra o f G W L-78 : GSeq-2  (4:1) at 20°C (black), after heating to 95°C 

(red) and re-cooling to 20°C (blue); B, UV and CD spectra o f  Anthramycin : GSeq-2 (4:1) at 20°C 

(black), after heating to 95°C (red) and re-cooling to 20°C (blue).

Similar CD analysis with 1:1 G'WL-lS/GSeq-2 adduct and 1:1 anthramycin/GS'e^'-i 

adducts (Figure 5.26 and Figure 5.28) showed results consistent with the AT rich Seq- 

2 experiments. In the case of GWL-78 the drug induced negative CD signal was 

observed at 305 nm, which disappeared after heating to 95°C and re-appeared after 

cooling, showing the reversibility of the covalent bond formed between GWL-78 and 

GSeq-2 (Figure 5.28A). Interestingly, the HPLC/MS study showed that only a minor 

amount of adduct was reformed after about 10 minutes of cooling. Therefore, the 

observed drug induced CD signal after cooling to 20°C can be attributed to adduct 

species which have been reformed within the short time period. This observation shows 

relative lack of sensitivity of CD analysis compared with the HPLC/MS assay. On the 

other hand, in the case of anthramycin, the drug induced positive CD signal was 

observed at 360 nm, which disappeared after heating to 95°C and never re-appeared 

over the course of the experiment, suggesting the permanent loss of the bound 

anthramycin (Figure 5.28B).
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5.2.2.3 Thermal dénaturation study

Comparative melting studies were carried out on all four adducts, and the results are 

shown in Table 5.6 and Figure 5.29. The Tm values of the adducts were consistently 

higher than those of the hairpin sequences alone, confirming that stabilization through 

ligand binding was occurring in each case.

Temperature profile of Seq2:GW78 (5:20nM) 
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Figure 5.29: A, Temperature profile o f G W L-78: Seq-2  (4:1), heating procedure (black) and cooling 

procedure (red) B, Temperature profile o f  Anthramycin : Seq-2  (4:1), heating procedure (black) and 

cooling procedure (red).

Table 5.6: Melting temperatures of hairpin sequences and covalent adducts of GWL-78 

and anthramycin.

Label Tm of DNA 

hairpin alone 

(°C).

Tm of DNA hairpin 

adducts (°C).

ATm (°C)

Seq-2 38 - -

GSeq-2 44 - -

GWL-78/Seq-2 41 80 39

GWL-78/GSeq-2 44 56 12

anthramycin/Seq-2 41 79 38

anthramycin/GSeq-2 44 75 31

As anticipated, GWL-78/5'^^-2 adduct showed greater stabilization compared with the 

anthramycin/&^-2 adduct, reflecting the effect of the dipyrrole unit of GWL-78 on 

enhanced stabilization of AT rich DNA. Conversely, anthramycin/G6'g^-2 showed
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greater stability compared with GWL-78/G.Se^-2 adduct as the dipyrrole unit of GWL- 

78 shows poor tolerance to GC-sequences. Results for temperature/time-course 

experiments for GWL-78/*Se^-2 and anthramycin/5'e^-2 adducts are shown in Figure 

5.29, along with associated cooling data. The non-coincidence of the heating and 

cooling curves for the adducts is a significant feature, reflecting disconnection of the 

drugs from the DNA hairpins at higher temperatures with an inability to react again 

within the time-frame of the experiment. However, it can be noticed from Figure 5.29 

that the GWL-78 curve showed the tendency to go back to the original position as the 

adducts are gradually reformed, but the anthramycin curves remain linear indicating the 

inability of the molecule to bind again with the DNA.

5.2.3 Conclusion

Using HPLC/MS methodology and polarized light spectroscopy, it was possible to 

establish the reversible nature of the PBD-DNA aminal linkage. It was found that while 

the rate of aminal bond cleavage does not depend on DNA sequence, the rate of re

formation of PBD-DNA adducts does. Interestingly, it was further confirmed that 

heating results in the irreversible anthramycin-DNA cleavage and spontaneous Cl la-Cl 

dehydration, possibly due to acidity of DNA. It was previously reported by Hurley that 

the addition of TFA is required for the dehydration reaction^^^. These findings add to 

the knowledge of PBD chemistry and will help understanding of the mechanism of 

action of PBDs, and may help in the design of future PBD-based anticancer agents.
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Chapter 6: Sequence-Dependent DNA Cross-Linked Adducts 

Formation by the Pyrrolobenzodiazepine Dimers

6.0 Background and Objectives

The majority of clinically employed bifunctional alkylating agents form interstrand 

and/or intrastrand DNA cross-links that cause arrest of the replication fork^^ .̂ In 

addition to this effect on replication, such agents can also prevent the DNA-binding of 

control and processing proteins critical for transcription '̂^®’̂ '̂ '. DNA cross-linking 

agents, whether intra- or interstrand adduct-forming (or both), can be highly toxic to 

healthy cells as well as tumour cells, thus leading to their well-known side effects^ 

The most likely basis for selectivity appears to be preferential DNA repair in healthy 

cells, with the repair response to different cross-linking agents in tumour cells varying 

depending on cell type and the extent and duration of exposure to a particular agent̂ "̂ .̂ 

The ability of tumour cells to carry out DNA repair will, along with other factors, lead 

to the development of resistance which can influence both in vitro and in vivo efficacy.

Pyrrolo[2,1 -c] [ 1,4]benzodiazepine (PBD) dimers are synthetic sequence-selective DNA 

minor-groove cross-linking agents developed from the tricyclic anthramycin family of 

naturally-occurring antitumor antibiotics (Figure 6.1A)̂ ^̂ '̂ ^̂ . These molecules have a 

chiral Cl la(*S)-position which provides them with an appropriate shape to fit securely in 

the minor-groove of DNA^^ .̂ In addition, they possess an electrophilic NlO-Cll 

moiety {i.e., interconvertible imine, carbinolamine or carbinolamine methyl ether 

functionalities) that can form a covalent aminal linkage between their Cl 1-position and 

the nucleophilic C2-NH2 group of a guanine base (Figure 6.1B)^^ .̂ PBD monomers 

{e.g., anthramycin and tomaymycin; Figure 6.1A) typically span three base pairs of 

DNA with a preference for 5 '-Pu-G-Pu-3'sequences. However, the synthetic PBD 

dimers such as SJG-136 and DSB-120 (Figure 6.1A) can span 6 or more base pairs 

depending on the length of the linker connecting the monomeric units^^^’̂ "̂ .̂ PBD 

monomers and dimers have been shown to mediate a number of biological effects 

including the inhibition of endonucleases^^^, RNA polymerase^’ and transcription 

factor binding^^*.
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F ig u re  6.1: A, Structures o f  the naturally-occurring m ono-alkylating pyrrolobenzodiazepine (PBD) 

m onom ers, anthram ycin and tom aym ycin, and the synthetic PBD dimers SJG-136, ELB-21, DRG-16 and 

DSB-120. B, Schem atic diagram  o f  a m onom eric PBD  binding covalently through its C l 1-position to the 

C 2 -NH 2  o f  a guanine base within the m inor-groove o f  DNA.

To date, the biological activity of PBD dimers has been thought to reside mainly in their 

ability to form sequence-selective interstrand guanine-guanine cross-links. The 

structure of these adducts has been studied by high-field molecular

modeling '̂^^’̂ ^̂ ’̂ '̂ ’̂̂ '̂ , mass spectrometry^^^ and biochemical methods^^, and they have 

been used as a pharmacodynamic biomarker during the Phase I clinical trials of SJG- 

136^^ .̂ The molecule is known to form interstrand cross-links at Pu-GATC-Py 

sequences, the molecule laying snugly in the minor-groove with its two PBD units 

forming covalent bonds to the C2 -NH2 groups of the guanines on either strand. 

Through this arrangement, the molecule spans a total of six base pairs while specifically 

recognizing the central GATC palindrome (Figure 6.2A and Cf^.  This binding 

preference has been rationalized based on NMR and molecular modeling studies of the 

C2-unsubstituted parent molecule DSB-120 (4)̂ 47,348̂  and through COMET and gel 

electrophoresis {i.e., agarose gel cross-linking^"^  ̂ and foot-printing^^) studies on SJG-
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136. In particular, hydrogen bonds between the N 10 protons of the two PBD units and 

their adjacent central adenines on either strand are thought to give rise to the selectivity 

for the inner A.T/T.A base pairs^ .̂

5-X

M eO ,

MeO

3'-Y-

5-X

'O C H ; H 3C 0

3-Y C T T A -c- X

F igure 6.2: A and  C, Schematic diagram and molecular model, respectively, o f  the interstrand  cross- 

linked adduct formed by interaction o f SJG-136 with Pu-GATC-Py. B and  D, Schematic diagram and 

molecular model, respectively, o f the intrastrand adduct formed by interaction o f SJG -136 with Pu- 

GAATG-Py. Note: In models C and D, the DNA, SJG-136, and the guanines to which SJG -136 is 

covalently bound are colored grey, blue and magenta, respectively.

Until now, this interstrand cross-link was assumed to be the only type of adduct formed 

by SJG-136. However, recent high-field NMR data (Thompson, A.S., unpublished 

results) demonstrated that intrastrand cross-links may also form at Pu-GATG-Py 

sequences. The Objectives of the current study was to investigate the possibility of 

intrastrand cross-link adduct formation by SJG-136 with intrastrand binding sequences. 

It was decided to include two extended sequences, interstrand Pu-GAATC-Py and 

intrastrand Pu-GAATG-Py, to explore the variety of adduct that can be formed by SJG- 

136 using a recently developed HPLC/MS-based assay^^' for studying the interaction of 

DNA-binding agents with oligonucleotides of varying length and sequence.
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Table 6.1: Structures of the single-stranded (SS) oligonucleotides used in the study and 

the duplexes formed from them. (Potential PBD binding sites are shown in red).

Label SS DNA Sequence Label DS DNA Sequence

Seq-\ 5 '-TATAGATCTAT A-3 ' Duplex-1 5 '-TATAGATCTATA-3 ' 

3 '-ATATCTAGATAT-5 '

Seq-2 5'-TATAGATGTATA-3' Duplex-2 5 '-T ATAG ATGTATA-3 ' 

3 '-AT ATCT AC ATAT-5 'Seq-3 5 '-TATAC ATCTATA-3 '

Seq-4 5 '-TATAGAATCTATA-3 ' Duplex-3 5 '-TATAGA ATCTATA-3 ' 

3 ATATCTTAGAT AT-5 'Seq-5 5 '-TATAGATTCTATA-3 '

Seq-6 5 '-TATAG AATGTATA-3 ' Duplex-4 5 '-TATAGAATGTATA-3 ' 

3 '-ATATCTTACATAT-5 'Seq-1 5 '-TATAC ATTCTATA-3 '

Seq-

lAino
5'-TATAGATITATA-3'

Duplex-

lAino
5 '-TATAG ATITATA-3 ' 

3 '-ATATCTAC ATAT-5 '

Seq-

TQino
5 '-TAXAI ATGTATA-3 '

Duplex-

IBino
5'-TATAIATGTATA-3' 

3 '-AT ATCT AC AT AT-5 '

Seq-S 5’-TATAGCTATA-3' Duplex-5 5'-TATAGCTATA-3'

3'-ATATCGATAT-5'

Seq-9 5'-TATAGGTATA-3' Duplex-6 5'-TATAGGTATA-3'

3'-ATATCCATAT-5'Seq-\0 5'-TATACCTATA-3'

Seq-\l 5'-TATAGAAAATGTATA-3' Duplex-7 5'-TATAGAAAATGTATA-3'

3'-ATATCTTTTACATAT-5'Seq-U 5'-TATACATTTTCTATA-3'
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Table 6.2: Theoretical and observed masses of single-stranded (SS) and double

stranded (DS) oligonucleotides and their 1:1 adducts with SJG-136.

DNA Sequence DNA Mass Theoretical 
DNA/SJG-136 Adduct 

Mass (1:1)
(DNA Mass + 556.61)

Observed 

DNA/SJG-136 

adduct mass (1:1)

Duplex 1 

(Seq-llSeq-1)

7287.4 7844.01 7841.3

Seq-1 3643.37 4199.98 4200.6

Duplex 2

{Seq-2!Seq-3)

7286.74 7843.35 7842.06

Seq-2 3683.39 4240.0 4240.6 & 4241.46

Duplex 3

{Seq-4ISeq-5)

7904.13 8460.74 8458.3

Duplex 4 

{Seq-6!Seq-7)

7904.13 8460.74 8459.1

Seq-6 3996.59 4553.2 4550.26

Seq-2Aino 3668.29 4224.61 4222.19

Seq-2Bino 3668.29 4224.61 4222.73

6.1 Results and Discussion

6.1.1 HPLC/MS study

Using a modification of the group’s previously reported HPLC/MS methodology^^\ the 

initial focus was on confirming that an interstrand cross-link could form at the Pu- 

GATC-Py sequence^^ contained within the duplex formed by the self-complementary 

12-mer oligonucleotide Seq-1 (Table 6.1) After annealing Seq-1 {i.e., heating to 85 °C 

for 10 mins followed by cooling to room temperature and finally storing at -20 °C), 

HPLC analysis resulted in a single peak at RT 24.4 mins identified as single-stranded 

(SS) Seq-1 by MALDI-TOF MS.
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Figure 6.4 : A, HPLC chromatogram o f self-complementary S eq -l/S eq l duplex, denatured under the 

HPLC conditions, Seq-1 retention time is 24.4 mins; B, S eq -I/S eq l duplex immediately after incubating 

with SJG-136, showing gradual appearance o f  interstrand 1:1 S3 G -\3 6 l(S eq -I/S eq -l)  duplex adduct o f  

retention time 28.7 mins; C , Seq -I/S eq l duplex 1 hour after incubating with SJG -136, showing 

interstrand 1:1 ^3G -\3(il{Seq-l/Seq-1)  adduct, retention time 28.7 mins; D, As in “C” above but after 2 

h incubation; E, As in “C” above but after 3 h incubation; F, As in “C” above but after 12 h incubation; 

Note: Seq-1 contains the Pu-G A T C -Py sequence.

This was consistent with the group’s previous report that DS oligonucleotides of this 

length denature under these HPLC conditions'^’. However, mixing the annealed duplex 

with SJG-136 followed by immediate analysis (~ 5 mins) showed the partial formation 

(approx 35%) of an adduct peak at RT 28.7 mins (Figure 6.4A). A time course study 

showed a gradual increase in intensity of this peak until, after 3 hours, it was the main 

product and the peak corresponding to Seq-1 had disappeared completely. Based on its 

retention time^^’, it was anticipated that this product was the 1:1 SHG-\3^6l{Seq-l/Seq-1) 

Pu-GATC-Py interstrand cross-linked adduct, and this was confirmed by MS (Figure 

6.5). Excess SJG-136 appeared as three peaks, one major (38.2 mins) and two minor 

(39.2 and 40.2 mins) assumed to represent both symmetrical and unsymmetrical NlO- 

Cl 1 imine and carbinolamine forms known to be present in an aqueous environment^^’.
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Figure 6.5: MALDI-TOF MS spectrum of interstrand 1:1 S3G-\2>6l{Seq-I/Seq-l) duplex adduct in peak 

o f RT 28.7 mins; m/z 7844 .01, observed m/z 7841.3.

Next, attention was tumetd to the possibility of intrastrand cross-link formation between 

SJG-136 and the non-self-complementary duplex formed from oligonucleotides Seq- 

2ISeq-3 in which cytosine-8 of Seq-1 (5'-TATAGATCTATA-3') is changed to a 

guanine {i.e., 5'-TATAGATGTATA-3', Table 6.1). Analysis of the annealed duplex 

alone using identical HPLC conditions gave two peaks at RT 26.4 and 27.3 mins, 

confirmed by MALDI-TOF MS to be the single-stranded Seq-2 and Seq-3, respectively. 

Mixing the annealed Seq-2/Seq-3 duplex with SJG-136 showed the gradual emergence 

of three new peaks at RTs 30.3, 33.9 and 35.5 mins (Figure 6.6B), which were 

characterised by RT and MALDI-TOF MS (Figure 6.7).
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Figure 6.6: HPLC chromatograms; A, Seq-2/Seq3  duplex, denatured under HPLC condition, Seq-2  and 

Seq-3  retention times are 26.4 mins and 27.3 mins, respectively, B, Seq-2/Seq3  duplex immediately after 

incubating with SJG-136 (i.e., ~ 5 minutes), gradual appearance o f  intrastrand 1:1 %3G-\2>(il{Seq-2/Seq- 

3) duplex adduct, retention time 30.3 mins; C, Seq-2/Seq3  duplex 1 hour after incubating with SJG-136, 

showing intrastrand 1:1 ^3G-\2>6l{Seq-2/Seq-3) duplex adduct at retention time 30.3 mins,

monoalkylated 1:1 SJG-136/S'e<7-2 adduct at retention time 33.9 mins and intrastrand 1:1 SJG-136/5e^-2 

adduct (minor peak at this point) at retention time 35.5 mins; D, Seq-2/Seq3  duplex 4 h after incubating 

with SJG-136, showing intrastrand 1:1 S3G -\36l{Seq-2/Seq-3) duplex adduct at retention time 30.3 

mins, monoalkylated 1:1 SJG-136/5e^-2 adduct at retention time 33.9 mins and intrastrand 1:1 SJG- 

136/5e^-2 adduct at retention time 35.5 mins (formed by dissociation o f  the S^G -\i6 l{Seq-2 /Seq-3)  

duplex adduct under the conditions o f  the HPLC) ; E, Seq-2/Seq3  duplex 6 h after incubating with SJG- 

136, showing intrastrand 1:1 ^AG-\2>6!{Seq-2/Seq-3) duplex adduct at retention time 30.3 mins, 

monoalkylated 1:1 SJG-136/5e^-2 adduct at retention tim e 33.9 mins and intrastrand 1:1 SJG-136/5e^-2 

adduct at retention time 35.5 mins; F, As in “E” but after 24 h incubation. Note: Seq-2  contains the Pu- 

GATG-Py sequence.

The 30.3 min peak was confirmed as the Seq-2/Seq-3 intrastrand adduct by MALDI- 

TOF MS, and a time course study showed that it remained prominent with time and 

accounted for 68% of the adduct peaks at the end of the experiment. Interestingly, the 

ratio of peaks relating to the unreacted SS DNA species (RT = 26.4 and 27.3 mins)
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changed in favour of the 27.3 min peak {i.e., Seq-3) during the course of the experiment, 

suggesting that SJG-136 was reacting preferentially with the Pu-GATG-Py-containing 

strand {Seq-2). Furthermore, the overall rate of reaction was very slow with SJG- 

\3(il{Seq-2!Seq-3) intrastrand cross-link formation incomplete even after 24 hours in 

contrast to reaction with Seq-1!Seq-1 which was complete after 3 hours under the same 

conditions.

V o y a g e r  S p e c  #1= > B C = > A d v B C (3 2 ,0 .5 ,0 .1 )[B P  = 36 0 8 .8 , « 1 4 4 ]
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F igure 6.7: MALDI-TOF MS spectra - A, Intrastrand 1:1 SJG -\36/{Seq-2/Seq-3) duplex adduct from 

peak at retention time 30.3 mins, m/z 7843.35, observed m/z 7842.06; B, Monoalkylated 1:1 S JG - 

\36/Seq-2  adduct from peak at retention time 33.9 mins, m/z 4240, observed m/z 4240.6; C, Intrastrand 

1:1 SJG-136/5ef7-2 SS adduct from peak at RT 35.5 mins, m/z 4240, observed m/z 4241.46.

Assignment of the 33.9 and 35.5 min peaks as mono-alkylated and cross-linked single

stranded SJG-136/5c^-2 adducts, respectively, was confirmed by repeating the 

experiments with analogs of Seq-2 in which the guanine residues had been 

consecutively replaced with non-nucleophilic inosine bases. SJG-136 was incubated 

separately with the annealed duplexes Seq-2A,„o!Seq-3 and Seq-2B,„o!Seq-3 (Table 6.1), 

respectively, which provided only single guanine binding sites {i.e., 5 "-GATI-3 ' and 

5 -IATG-3 ), thus allowing only mono-alkylation. It was assumed that swapping 

inosine for guanine would have only a small effect on the retention time of the adduct- 

DNA strand peak due to the similarity of their chemical nature.
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Figure 6.8: HPLC chromatograms - A, Seq-2Aino/Seq-3 duplex, denatured under the HPLC conditions, 

Seq-2Aino  and Seq-3  retention times are 24.7 mins and 26.8 mins, respectively, B, Seq-2Aino/Seq-3 6 h 

after incubating with SJG -136 showing monoalkylated 1:1 S JG -136/5^(7-2/1 mo adduct, retention time 

33.3 mins. Note: Seq-2 Aino  contains the Pu-G A T I-Py sequence and offers only one guanine site to 

alkylate; C, MALDI-TOF MS spectrum: M onoalkylated 1:1 S>^G-M6I Seq-2 Aino  adduct from peak at 

RT 33.3 mins, m/z 4224.61, observed m/z 4222.19. D, Seq-2Bino/Seq-3  duplex, denatured under the 

HPLC conditions, Seq-2Bino  and Seq-3  retention times are 25.1 mins and 26.8 mins, respectively; E, 

Seq-2Bino/Seq-3  6 h after incubating with SJG -136 showing mono-alkylated 1:1 SJG-136/5g(7-25mo 

adduct, retention time 33.7 mins. Note: Seq-2Bino  contains the P u-IA TG -Py sequence and offers only 

one guanine site for alkylation. F, M ALDI-TOF MS spectrum: M onoalkylated 1:1 S>^G-^2>6ISeq-2Bino 

adduct from peak at RT 33.7 mins, m/z 4224.61, observed m/z 4222.73.

In both cases, peaks in the 33.9 min region (RT 33.4 and 33.7 mins, Figure 6.8B and 

8E) were obtained, identified as Seq-2 Aino and Seq-2 Bino adducts

by MALDI-TOF MS (Figure 6.8C and 6.8F). Therefore, the RT 33.9 min peak was 

assigned as the mono-alkylated SJG-136/S'c^-2 adduct, and the RT 35.5 min peak as the 

cross-linked SJG-136/S'c^-2 adduct by default. Direct reaction of SJG-136 with single 

stranded oligonucleotides Seq-2, Seq-2 Aino and Seq-2 Bino was attempted as a control 

but failed in each case, thus confirming that duplex DNA is required for PBDs to react
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covalently with DNA. This suggested that the single-stranded adducts at RT 33.4 and 

33.7 mins must arise from dénaturation of the equivalent duplex adducts, also 

explaining the excess of the non-guanine-containing Seq-3 in the HPLC traces.

Further observation showed that SJG-136 initially formed the duplex intrastrand cross- 

linked adduct (RT 30.3 mins; m/z 7842) with the Seq2/Seq-3 duplex thus consuming 

both SS DNA species at an equal rate. However, unlike the duplex interstrand cross- 

linked adduct which is stable to the HPLC conditions due to the covalent bonds linking 

both oligonucleotides strands^^', a fraction of the intrastrand S3G-136/{Seq-2/Seq-3) 

adduct dissociates into the SJG-136/5^^-2 intrastrand adduct (35.5 mins; m/z 4240) and 

the free Seq-3 strand (27.3 mins), causing a relative increase in the 27.3 min (Seq-3) 

peak compared to the 26.4 min (Seq-2) peak. Similarly, the peak at 33.9 mins assigned 

to the SJG-136/5’c^-2 mono-alkylated adduct through the inosine substitution 

experiments, presumably results from a dénaturation of a mono-alkylated duplex 

intermediate formed en-route to the duplex intrastrand cross-linked adduct.
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Figure 6.9: HPLC chromatograms - A, Annealed self-complem entary Seq-8/Seq-8  duplex, denatured 

under the HPLC conditions; B, Seq-8/Seq-8  duplex 6 h after incubating with SJG-136 showing 

m onoalkylated 1:1 SJG-136/S'e^-5 adduct o f  retention time 33.2 mins along with unreacted Seq-1. Note: 

Seq-8  contains the Pu-GC-Py binding site which is too short for cross-link formation. C, Annealed Seq- 

9/Seq-lO  duplex, denatured under the HPLC conditions. Retention times o f  Seq-9 and Seq-10 are 26.1 

and 27.0 mins, respectively. D, Seq-9/Seq-IO  duplex 12 h after incubating with SJG-136 showing 

m onoalkylated 1:1 SJG-136/S'e^-9 adduct o f  retention time 34.4 mins. Note: Seq-9  contains the Pu-GG- 

Py binding site which is too short for cross-link formation.
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Further evidence for mono-alkylation, previously unobserved for PBD dimers, was 

obtained by challenging SJG-136 with oligonucleotides containing sequences which 

were either too short {i.e., Pu-GC-Py and Pu-GG-Py duplexes, Seq-8!Seq-8 and Seq- 

9iSeq-10, Table 6.1, Figure 6.9) or too long {i.e., Pu-GAAATG-Py duplex, Seq-1 llSeq- 

12, Table 6.1) for cross-link formation (Figure 6.10) These duplexes offered guanine- 

containing binding sites where only one PBD unit of SJG-136 could react covalently 

with the other PBD binding site either too close, making it sterically impossible to react, 

or too far away so that the linker could not stretch far enough for cross-link formation. 

In each case mono-alkylated adducts were formed (structures confirmed by MS), 

although the reaction rate was much slower compared to sequences where cross-link 

formation was possible, with adduct formation not complete even after 24 hours.

Pu-GAAAATS-Pv (Seq- Pu-CATTTTC-Pÿ
n|,RT25.3 |Seq-12|.RT 27.8

  SJ6-136/(S«}-ll/Seq-12|
Pu-CATTTTC-Pv adduct. RT 31 8
(Seq-12).RT :

Pu-GAAAATG-Pv|Seq* 
111. RT 25.3
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Voy#o*f Sp«c n«>MC»AdvBC(32.0 6 0 1)(BP > 4513.t. 341S3]

SiG-136/S«q-n monoalkylated 
adduct from peak at RT 31.8

M2T0

Figure 6.10: HPLC chromatograms - A, Annealed Seq-1 l/Seq-12  duplex, denatured under the HPLC 

conditions. Retention times o f  Seq-11 and Seq-12 are 25.3 and 27.8 mins, respectively. B, S eq -lI/S eq -1 2  

duplex 12 h after incubating with SJG-136 showing monoalkylated 1:1 SJG-136/(Seq-11/Seq-12) duplex 

adduct o f  retention time 31.8 mins. Note: Due to the duplex stabilising effects o f SJG-136 and also the 

relatively longer DNA sequence, the SJG-136!(Seq-11/Seq -12) adduct did not denature under the HPLC 

condition. Seq-12  contains the Pu-GAAAATG-Py binding site which is too long for cross-link 

formation. C, M ALDI-TOF MS spectrum - M onoalkylated 1:1 SJG-\36i(Seq-11/Seq-12) duplex adduct 

from peak at retention time 31.8 mins. Note: The monoalkylated duplex adduct is unstable under 

M ALDI-TOF conditions and only the SJG-136/5'e^-// (Pu-GAAATG-Py) adduct was observed, m/z 

5179.6, observed m/z 5177. Note: The Seq-12  oligonucleotide (PU-CATTTTC-Py) does not have a 

guanine in its structure and so cannot form an adduct.
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Taken together, these results suggested that SJG-136 is not as adduct-type or DNA- 

sequence selective as previously thought. Although previous modeling studies had 

suggested that Pu-GATC-Py was the preferred cross-linking site for SJG-136 and 

related analogues (of similar length) '̂^ '̂^^^’̂ '̂ ,̂ and that an additional base pair between 

the covalently-modified guanines would not be tolerated^, the effect of including one 

additional AT base pair between reactive guanines for both the interstrand (Seq-4/Seq-5) 

and intrastrand {Seq-6/Seq-7) cross-linking sequences was investigated. After 

incubation of SJG-136 with the annealed Seq-4/Seq-5 duplex containing the extended 

Pu-GAATC-Py interstrand cross-linking site, gradual emergence of a new peak at 32.1 

mins was observed (Figure 6.1 IB), identified by retention time and MS as the SJG- 

136l(Seq-4/Seq-5) interstrand cross-linked adduct. The reaction was slower than for the 

standard Seq-l/Seq-1 duplex (with adduct formation still not complete after 24 hours), 

suggesting that this sequence is less preferred than Pu-GATC-Py.
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Figure 6 .11: HPLC chromatograms - A, Seq-4/Seq5  duplex, denatured under the HPLC conditions, Seq- 

4 and Seq-5  retention times are 26.2 mins and 26.8 mins, respectively; B, Seq-4/Seq5  duplex immediately 

(i.e., ~ 5 minutes) after incubating with SJG-136, gradual appearance o f  interstrand 1:1 SJC-136/(S'e<7- 

4/Seq-5) duplex adduct, retention time 32.1 mins; C , Seq-4/Seq5  duplex 1 hour after incubating with 

SJG-136, showing interstrand 1:1 SJG-136/(5'e^-//Se^-5) duplex adduct, retention time 32.1 mins; D, 

As in “C” but after 3 h incubation; E, As in “C” but after 12 h incubation; F, As in “C” but after 24 h 

incubation; Note: Seq-4  contains the Pu-GAATC-Py sequence.
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Figure 6.12: M ALDI-TOF MS spectrum - Interstrand 1:1 SJG-136/(5ei/-^/S'ec/-5) duplex adduct, 

retention time 32.1 mins; m/z 8460.74, observed m/z 8458.3.

Surprisingly, when SJG-136 was incubated with the annealed Seq-6!Seq-7 duplex 

containing the extended intrastrand Pu-GAATG-Py binding site, two new peaks rapidly 

emerged at 30.2 and 33.6 mins (Figure 6.13B), identified by retention time and MS as 

the SJG-136/(5'e^-d/5'(?^-7) intrastrand cross-linked duplex adduct and the SJG- 

\2)^ISeq-6 cross-linked single-stranded adduct (Figure 6.14), respectively, a similar 

result to the reaction of SJG-136 with Seq-2/Seq-3 although significantly faster. In the 

chromatogram shown in Figure 6.13B measured after only 5 mins incubation, 

denatured Seq-7 at 27.7 mins remains a significant peak, and the intrastrand SJG- 

\2t(ilSeq-6 cross-linked adduct at RT 33.6 mins is more prominent than the duplex SJG- 

\3^l{Seq-6lSeq-7) intrastrand cross-linked adduct at RT 30.2 mins. This behavior 

contrasts with the results for the Pu-GATG-Py (Seq-2/Seq-3) sequence where the duplex 

S3G-l36/{Seq-2/Seq-3) intrastrand cross-linked adduct was the major component. This 

might be accounted for by some distortion of the duplex adduct in the case of the 

extended Pu-GAATG-Py sequence leading to destabilization and greater dissociation of 

the adduct under the HPLC conditions with a shift of the equilibrium towards the 

intrastrand SJG-136/5'e^-b species. The rapidity of the reaction of SJG-136 with the 

Seq-6/Seq-7 duplex {i.e., 1 hour) appeared to exclude the formation of mono-alkylated 

adducts which were previously shown to form only slowly. Again, this result contrasted 

with the behavior of the Pu-GATG-Py {Seq-2/Seq-3) sequence which reacted slowly 

enough to allow the formation of mono-alkylated adducts (Figure 6.6).
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Figure 6.13: HPLC chromatograms - A, Seq-6/Seq-7  duplex, denatured under HPLC conditions, Seq-6  

and Seq-7  retention times are 27.1 mins and 28.3 mins, respectively, B, Seq-6/Seq-7  duplex immediately 

after incubating with SJG -136, gradual appearance o f  intrastrand 1:1 S3G -\i6 l{Seq-6/Seq-7) duplex

adduct at retention time 30.2 mins and intrastrand 1:1 SJG-136/5'e^-6 adduct at 33.6 mins; C, Seq-6/Seq7  

duplex 1 hour after incubating with SJG-136, showing intrastrand 1:1 S^G-\2>6l{Seq-6/Seq-7) duplex 

adduct at retention time 30.2 mins and intrastrand 1:1 S3G -M 6ISeq-6  adduct at retention time 33.6 mins; 

Note disappearance o f  Pu-GAATG-Py containing Seq-6  at this point. D, As in “C ” but after 2 h 

incubation; E, As in “C ” but after 3 h incubation; F, As in “C ” but after 12 h incubation. Note: Seq-6 

contains the Pu-G A A T G -Py sequence.
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Figure 6.14: M ALDI-TOF MS spectra - A, Intrastrand 1:1 SJG-136/(5er/-<5/Se^-7) duplex adduct from 

peak at retention time 30.2 mins, m /z 8460.74, observed m /z 8459.1; B, Intrastrand 1:1 SJG-136/5e<5'-d 

adduct from peak at retention time 33.6 mins, m/z 4553 .2 , observed m/z 4550 .26 .

Control experiments were conducted using single-stranded Seq-2 (Pu-GATG-Py) and 

Seq-6 (Pu-GAATG-Py) oligonucleotides which failed to react with SJG-136 (as judged 

by independent HPLC and MALDI-TOF MS experiments) after incubation for 24 

hours, again demonstrating the requirement of minor-groove structure for PBD 

interaction and covalent bond formation, consistent with previous literature reports 

(Figures 6.15 and 6.16). These control experiments also ruled out the possibility of 

hairpin formation by these two single-stranded DNA sequences.

Pu-GATG-Py (Seq-2) Pu-GATG-Pv (Seq-2)

20 30
Minutes

20 30
Minutes

Figure 6.15: Control experiment with Seq-2  oligonucleotide (Pu-G ATG-Py). HPLC chromatograms - A, 

Seq-2  alone, retention time 25.6  mins. B, Incubation mixture o f  SJG-136 and Seq-2  after 12 h show ing no 

reaction between SJG-136 and single stranded Seq-2.
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F igure 6.16: Control experiment with Seq-6  oligonucleotide (Pu-GAATG-Py). HPLC chromatograms - 

A, Seq-6  alone, retention time 26.0 mins. B, Incubation mixture o f  SJG -136 and Seq-6  after 12 h showing 

no reaction between SJG -136 and single stranded Seq-6.

Next, a direct competition experiment was carried out between the interstrand cross- 

linking Pu-GATC-Py (Seq-l/Seq-1) and intrastrand cross-linking Pu-GAATG-Py {Seq- 

6/Seq-7) duplexes in which one equivalent of SJG-136 was added to an equimolar 

mixture of annealed Seq-11 Seq-1 and Seq-6/Seq-7 at room temperature (Figure 6.17). 

Immediate HPLC analysis (~5 mins) showed the rapid emergence of peaks 

corresponding to the DS intrastrand ^3G-\2>(il{Seq-6/Seq-7) (RT 30.1 mins) and SS 

intrastrand SJG-136/S'e^-b (RT 33.5 mins) adducts, with no significant amount of DS 

interstrand SJG-136/(5e^-7/5e^-7) adduct. Later, a separate time course study with all 

four duplexes showed that at 0 hour (~ 5 mins), 82.2% of the intrastrand Seq-6/Seq-7 

(Pu-GAATG-Py) adduct had formed compared to only 35.0% of the interstrand Seq- 

l/Seq-1 (Pu-GATC-Py) adduct (Table 6.3). Furthermore, reaction with Seq-6/Seq-7 

was nearly complete (~ 95.0%) after one hour, whereas 3 hours were required for 

completion of reaction with Seq-l/Seq-1. These observations demonstrated 

unequivocally that SJG-136 prefers intrastrand cross-linking with Pu-GAATG-Py to 

interstrand cross-linking with Pu-GATC-Py by a factor of at least 2.5-times.
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Figure 6.17: Competition experiment between Pu-GATC-Py (Seq -l/Seq -I)  and Pu-GAATG-Py {Seq- 

6/Seq-7) using one equivalent o f  SJG-136. A, HPLC analysis o f  an equimolar mixture o f  Pu-GATC-Py 

{Seq-l/Seq-1) and Pu-GAATG-Py (Seq-6/Seq-7) oligonucleotide duplexes; B, 5 mins after addition o f  

one equivalent o f SJG-136 relative to the total DNA species to the mixture o f  duplex oligonucleotides as 

in A above at room temperature.
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Table 6.3: Completion (%) of reaction of SJG-136 with different cross-linking 

sequences at various time points (Note: Relevant oligonucleotide duplex sequences 

were used as external standards to obtain quantitative data).

Sequence Time Point (Hour) % Completion

Interstrand 

Seq-llSeq-1 Duplex 

(Pu-GATC-Py)

0 (i.e., 5 minutes) 35.1

1 87.5

2 92.5

3 94.6

4 95.1

12 95.9

24 97.8

Intrastrand 

Seq-2!Seq-3 Duplex 

(Pu-GATG-Py)

0 (i.e., 5 minutes) 5.6

1 32.4

2 70.4

3 72.5

4 72.7

12 72.9

24 73.6

Extended Interstrand 

Seq-4ISeq-5 Duplex 

(Pu-GAATC-Py)

0 (i.e., 5 minutes) 32.3

1 47.5

2 48.2

3 64.5

4 67.3

12 74.6

24 75.2

Extended Intrastrand 

Seq-6!Seq- 7 Duplex 

(Pu-GAATG-Py)

0 (i.e., 5 minutes) 82.2

1 94.9

2 97.5

3 98.1

4 99.3

12 99.8

24 99.8
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Further similar experiments allowed comparison of reaction rates with the intrastrand 

Seq-2/Seq-3 (Pu-GATG-Py) and interstrand Seq-4/Seq-5 (Pu-GAATC-Py) 

oligonucleotide duplexes (Figure 6.18). Both were relatively slow and did not 

complete reaction with SJG-136 even after 24 hours. The data shown in Figure 6.18 

provide a clear rank order of activity of Pu-GAATG-Py > Pu-GATC-Py »  Pu-GATG- 

Py & Pu-GAATC-Py.

■O
E

3

?<0<
Zo

120

100

80

60

4 0

20

3 12 240 1 2 4

•B'-Pu-GATC-Py

•S'-Pu-GATG-Py

•5'-Pu-GAATC-Py

■5'-Pu-GAATG-Py

Tim e (hours)

Figure 6.18: Comparison o f  reaction rates o f  SJG-136 w ith annealed Seq-l/Seq-1  (Pu-GATC-Py), Seq- 

2/Seq-3 (Pu-GATG-Py), Seq-4/Seq-5  (Pu-GAATC-Py) and Seq-6/Seq-7  (Pu-GAATG-Py) 

oligonucleotides. Reactions were monitored by HPLC in separate experiments for 4:1 molar equivalent 

mixtures o f  SJG -136 and the individual duplex oligonucleotides. Adduct peaks were quantified against 

external standards.
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6.1.2 Molecular dynamics simulation study for monoalkylated adduct

Interestingly, a molecular dynamics study of a duplex adduct with only one of the PBD 

units of SJG-136 covalently attached indicated a propensity for the non-attached PBD 

unit to become rotated by 180° and to become embedded in the minor-groove with the 

electrophilic Cl 1-position pointing outwards and unable to undergo nucleophilic attack 

by the potentially cross-linking guanine.

Figure 6.19: Molecular model o f the monoalkylated adduct o f  SJG -136 with the Seq-2/Seq-3  (Pu- 

GATG-Py) duplex - A, SJG-136 is bound to G5 and the reactive C l 1-position o f the second unbound 

PBD moiety is initially facing the minor-groove prior to the dynamics run (carbon = cyan); B, Last frame 

o f dynamics (carbon = green).

Molecular dynamics simulation studies were performed with one PBD unit of SJG-136 

bound to the guanine-5 of the Seq-2/Seq-3 (Pu-GATG-Py) duplex. In order to study the 

propensity of the free unbound PBD unit to reach the potential reaction site at guanine- 

8, two scenarios were investigated. First, dynamics was initiated with 180° torsions 

applied to both bonds connecting the terminal carbons of the central linker to the 8- and 

8'-oxygen atoms of the two PBD units so that SJG-136 had an ‘unnatural’ curvature 

less suited to fit in the DNA minor-groove. This caused the reactive Cl 1-position of the 

free PBD unit to face the minor-groove (Figure 6.19A). In a second dynamics 

simulation, the free PBD unit was rotated by a further 180° to cause the reactive Cl 1 - 

position site of the PBD to face away from the minor-groove (Figure 6.20A).
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In the first scenario, the connecting methylene units rearranged after approximately 100 

ps while the free PBD unit became embedded in the minor-groove with SJG-136 taking- 

up the preferred curved conformation that followed the profile of the minor-groove, and 

with the PBD unit in the correct orientation for a bonding reaction to occur with guanine 

(Figure 6.19B). In the second scenario, during dynamics a 180° rotation of the terminal 

linker-C to 08-PBD (bound) bond occurred after about 7 ps leading to the previously 

observed preferred curved conformation in this region but with the methoxy group of 

the free PBD unit slightly embedded in the minor-groove and thus causing the reactive 

C11 -group of the PBD unit to face outwards. After about 247 ps, the whole methylene 

linker had rearranged into the preferred conformation with the free PBD unit fully 

embedded in the minor-groove but with the PBD facing in the wrong direction for the 

second covalent bond to form to give a cross-link (Figure 6.20B).

F igure 6.20: M olecular model o f  monoalkylated adduct o f  SJG -136 with the Seq-2/Seq-3  duplex (Pu- 

GATG-Py) - A, SJG-136 bound to G5 and with the reactive C l 1-position o f  the second unbound PBD 

moiety initially facing away from minor-groove prior to dynamics (carbon = cyan); B, Last frame o f  

dynamics (carbon = green).

These simulations suggest a possible reason why both mono and cross-linked adducts 

form. It is likely that one PBD unit binds covalently in the first instance, leaving a 

tethered but free second PBD unit which can then react with a second guanine to form 

either an inter- or intrastrand cross-linked product with equal ease due to the similar
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positions of the guanine CZ-NH] groups on either strand. Alternatively, the free PBD is 

capable of becoming embedded the wrong way around in the minor-groove, thus 

forming a less stable monoalkylated product, but non-the-less offering some stability to 

the duplex.

6.1.3 Molecular modeling study

Molecular models were constructed to gain insight into the structures of the previously 

unobserved intrastrand cross-linked adducts of SJG-136 with Pu-GATG-Py (Seq-2/Seq- 

3; Duplex-2) and Pu-GAATG-Py (Seq-6/Seq-7; Duplex-4) sequences, the extended 

interstrand Pu-GAATC-Py (Seq-4/Seq-5; Duplex 3) adduct, and also the mono- 

alkylated adduct formed with Pu-GATG-Py (Seq-2/Seq-3). From minimized models 

constructed with the AMBER(v9) software, SJG-136 appears to be easily 

accommodated by the participating guanines in the Pu-GATC-Py {Seq-l/Seq-1; Duplex- 

1) and Pu-GATG-Py {Seq-2/Seq-3; Duplex-2) sequences. However, in the extended 

sequences Pu-GAATC-Py {Seq-4/Seq-5; Duplex-3) and Pu-GAATG-Py {Seq-6/Seq-7; 

Duplex-4), SJG-136 appears to be accommodated only at the expense of some 

distortion of the DNA at the points of covalent attachment, with SJG-136 adopting a 

slightly lower position in the minor-groove in order to span the distance between the 

reactive C2-NH2 positions of guanines (i.e., 14.25Â in Pu-GAATG-Py compared to 

13.34Â for Pu-GATG-Py according to the models).
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F igure 6.21: M olecular models o f  the adducts o f SJG-136 with different duplex DNA binding

sequences constructed using the AMBER (V9) software - A, SSG-\2>(il{Seq-l/Seq-1) duplex (Pu-GATC- 

Py); B, ^^G -U (yl{Seq-2/Seq-3) duplex (Pu-GATG-Py); C , S^G-\2>b!{Seq-4/Seq-5) duplex (Pu-GAATC- 

Py); D, S3G -\56i{Seq-6/Seq-7) duplex (Pu-GAATG-Py). Note: All configurations appear to be

relatively well-tolerated with negligible distortion o f the helices.

The total energies of energy-minimized adducts of identical DNA base-pair length and 

compositions were also compared. The interstrand {Seq-1/Seq-1) Pu-GATC-

Py adduct had a slightly lower energy (-4326.2 KJ Mol ') compared to its isomeric 

intrastrand ^iG-n(,l(Seq-2/Seq-3) Pu-GATG-Py adduct (-4322.2 KJ Mol''). 

Conversely, for the isomeric extended binding sites, the total energy was lower for the 

intrastrand ^^G-\2t6l{Seq-6/Seq-7) Pu-GAATG-Py (-4671.5 KJ Mol"') compared to the 

interstrand ^3G-U^!{Seq-4/Seq-5) Pu-GAATC-Py adduct (-4662.7 KJ Mol ') (Table 

6.4). Although these energy differences are small and may not be significant, they 

appear to reflect the possibility that, for the pairs of oligonucleotide duplexes of 

identical length, the interstrand S5G-\'^^I{Seq-1/Seq-1) Pu-GATC-Py and intrastrand 

^^G-\3(il{Seq-6/Seq-7) Pu-GAATG-Py adducts from each pair are the
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thermodynamically preferred products. These two adducts were also found to be the 

most kinetically preferred from within each pair according to the HPLC experiments 

(Figure 6.18).

Table 6.4: Individual energy terms {KJ Mof^)  for duplexes 1-4 with SJG-136 (1)

Adduct Total

Energy

Bond VD

Waals

1-4

VDW

Angle EEL 1-4 EEL DIHed EGB

\l{Seq-

/ /& ? - /)
-4326.2 34.948 -524.955 184.348 141.359 3016.643 -1084.659 498.740 -6614.270

SJG-
136/(&^- -4322.2 35.179 -522.779 183.962 147.402 3087.635 -1085.453 491.499 -6681.601

SJG
M6l(Seq-

4ISeq-5)

-4662.^ 38.882 -579.112 197.904 153.004 3719.095 -1119.508 553.269 -7649.521

SJG
m /(S e q -

6/&9-T)
-4671.5 37.135 -572.804 198.009 151.605 3651.180 -1119.398 543.161 -7583.872

6.1.4 Molecular dynamics simulation with extended sequences

Next, molecular dynamics simulations were performed over 2 ns on the cross-linked 

adducts of SJG-136 with the extended Pu-GAATC-Py (Seq-4/Seq-5; Duplex-3) and Pu- 

GAATG-Py {Seq-6/Seq-7\ Duplex-4) duplexes. The strain observed in the initial 

models became more-evident during the course of the dynamics simulations, 

manifesting as conformational changes necessary to accommodate it. The distortion 

was observed to be greater in the case of the interstrand cross-linked model (Pu- 

GAATC-Py; ^g^-4/Sg^-J).
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Figure 6.22: Representative frames from the molecular dynamics simulations (at 220 ps): A, The SJG - 

\2>(il{Seq-4/Seq-5) adduct containing the extended interstrand cross-linking Pu-GAATC-Py binding site. 

Note that residue 0 5  (magenta) o f Seq-5 (Duplex-3) is distorted and has aligned along the axis o f  the 

helix causing the neighbouring A6 (red) to flip outward from the helix. Over the time-course studied (2 

ns), the A6 eventually recovered its base-pairing but there were subsequent further distortions including a 

loss o f  base pairing for 0 5  and further mismatches downstream; B, The S^G-\2>6l{Seq-6/Seq-7) adduct 

containing the extended intrastrand cross-linking Pu-OAATO-Py binding site. Note that 0 9  (magenta) o f 

Seq-6 to which SJG -136 is bound shows no major distortion. All atoms o f  SJG -136 are coloured blue, 

and the skeleton o f  the DNA duplex is grey.

Figure 6.22 shows representative frames from the molecular dynamics simulations at 

220 ps. While the distortions appear to be accommodated by more-global 

conformational changes with maintenance of base pairing in the case of the intrastrand 

cross-linked adduct (Pu-GAATG-Py; Duplex-4; Figure 6.22B), for the interstrand 

adduct (Pu-GAATC-Py; Duplex-3; Figure 6.22A) the relief of strain first manifested 

itself as a local distortion of the guanine-5 residue of Seq-5 (highlighted in magenta)
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which aligned along the axis of the helix causing the neighbouring adenine-6 

(highlighted in red) to flip outward from the helix. Over the time-course studied, the 

adenine-6 eventually recovered its base-pairing, but there were subsequent further 

distortions including a loss of base pairing for guanine-5 and further mismatches 

downstream. The greater distortion observed in the Pu-GAATC-Py interstrand model 

over the course of the simulation is also evident from graphs of RMS deviation of atom 

coordinates and the distance variation between the Cl 1/Cl 1' atoms of SJG-136 when 

bound to the respective guanines (Figure 6.23 and 6.24). Taken together, these results 

support the experimental observation that the intrastrand cross-linked adduct (Pu- 

GAATG-Py) is favoured in comparison to the Pu-GAATC-Py interstrand adduct.

TATAGAATiTATA /  S«G136 3oj--c (14 a S: end) D i s t a n c e  b e t w e e n  C l  I s  o f  S J G  - 1 3 6  
f ro n a e  12 .22  tc  M .7 3 , sh ift 2 .b \ .  A v- I 3 .5 3 )

Dyno-ics tim« >5) D ynom ics t,m e  (p s)  TAIAGAAIGTATA

F igure 6.23: Measurements for Duplex-4 with SJG -136 (Covalently Bound to G5 Seq-6  and G9 Seq-6) 

over the course o f  the dynamics simulation. A. RMS fluctuation o f the atoms measured for the whole 

sequence and for the central region over which the ligand SJG -136 is present. B . Distance between the 

Cl 1 and C l r  atoms o f SJG -136

TA“a->ATCTATA /  SJC '36 3cjnd { ntcr Sl'cnd)

FÛlï for cuple*. TATACAA?0?ATA 
RUS for cuplei. AGAAXT -

, '*'V

^yncjrrcs t Tw (ps)

D i s t a n c e  b e t w e e n  G i l s  o f  S J G - 1 3 6  
(ronqe  1 1 84 to  1 5 .91 . sh ift 4 0 7 . A v -1 4  28)

500 1000  1500
Dynomics tim e (p s)  TATAGAATCTATA

Figure 6.24: M easurements for Duplex-3 with SJG -136 (Covalently Bound to G5 Seq-4  and G5 Seq-5) 

over the course o f  the dynamics simulation. A, RMS fluctuation o f  the atoms measured for the whole 

sequence and for the central region over which the ligand SJG -136 is present. B, Distance between the 

C l 1 and Cl 1’ atoms o f  SJG -136
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6.1.5 Molecular dynamics simulation to study “pre-covalent association”

To gain insight into possible "pre-covalent association" complexes formed between 

SJG-136 and the DNA duplexes prior to covalent attachment, molecular dynamics 

simulations were performed over 2ns with SJG-136 bound non-covalently into the 

relevant four duplexes (Duplex-1 to Duplex-4) which allowed the free energy of the 

complexes to be calculated (Table 6.5). Again, although the differences in free energy 

are small and may be insignificant, the rank order of energies reflect the experimentally 

measured reaction rates for the four sequences as depicted in Figure 6.18. Interestingly, 

during the course of dynamics simulations, a degree of migration of SJG-136 along the 

minor-groove was observed for Duplex-2 and Duplex-4 which have reacting guanines 

on the same stand, but this occurred less significantly for Duplex-1 and Duplex-3 which 

have their guanines on opposite strands. For example, in one dynamics simulation with 

Duplex-4, the Cl 1-position of one PBD unit of SJG-136 was aligned with A6 of Seq-6 

at the beginning of the simulation but moved to slightly downstream of G5 by the end 

of the run. In another simulation with Duplex-2, the Cl 1-position of one PBD unit was 

initially aligned between G5 and A6 of Seq-2, but migrated to a position between A6 

and T7 by the end of the run. These lateral movements of SJG-136 in the minor-groove 

could be due, in part, to local electrostatic repulsion between the partial negative charge 

on the N 10-atom of SJG-136 (prior to covalent bond formation) and the negative partial 

charges present on the floor of the minor-groove generated by the nitrogen atom of 

adenine and the oxygen atoms of thymine and cytosine bases. The effect with cytosine 

may be less pronounced since the N 10-atom of SJG-136 is oriented nearer to the strand 

to which the ligand covalently binds. Conversely, the partial positive charge on the C2- 

NH2 hydrogens of guanine may provide an electrostatic attraction that pulls the NIO of 

SJG-136 towards it, thus placing the Cl 1-position in close proximity prior to covalent 

bond formation. It is noteworthy that despite the repulsive effects, SJG-136 showed no 

tendency to leave the minor-groove during the simulation studies which may be due to 

the close-packing Van der Waals attractions that exist.
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Table 6.5: Changes in free energy, AG, as calculated for the sequences shown.

Duplex Sequence Label AG  ̂(Kcal/Mol)

TATAGATCTATA

ATATCTAGATAT
Duplex-1 -54.58

TATAGATGTATA

ATATCTAGATAT
Duplex-2 -53.34

TATAGAATCTATA

ATATCTTAGATAT
Duplex-3 -51.99

TATAGAATGTATA

ATATCTTAGATAT
Duplex-4 -55.34

= free energy; AG = G(Com plex) - G(Receptor) -  G(Ligand);
Standard deviation values for AG values o f  D uplexes 1-4 were 3.14, 3.76, 3.23 and 4.12, 

respectively.

6.1.6 Molecular dynamics simulation with mono-covalent adducts

Finally, the possibility that DNA “flexing” may contribute to the ability of SJG-136 to 

effectively bridge between nucleophilic guanine Cl-NHi groups was supported by 

similar modeling studies on mono-covalent adducts. For example, one PBD unit of 

SJG-136 was covalently bound to guanine-5 of the first strand (Seq-6) of Duplex-4, 

with the other PBD unit left unbound throughout the simulation. At the beginning of 

the simulation, the distance between the free Cl 1-position of SJG-136 and the N2 of 

09 (Seq-6) was 7.94 Â. However, after 2 ns this distance had decreased to 3.11 Â 

(Figure 6.25 A-C mainly due to flexing of the DNA but in part due to changes in the 

conformation of SJG-136 as demonstrated by the variation in distance between the 

Cl 1-atoms of its two PBD units (Figure 6.25 C).
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500 1000 1500

Dynamics time (ps) TATAGAATGTATA (SJG -136 Mono Alkylated)
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F igure 6.25: M easurements for Duplex-4 with SJG -136 (M ono-alkylation) over the course o f the 

dynamics simulation. A, RMS fluctuation o f  the atoms measured for the whole sequence and for the 

central region over which the ligand SJG -136 is present. B, Distance between the free C l 1 o f  SJG-136 

and G9:N2. Min: 3.11 A Max: 7.94 A, Average = 5.10 A. C , Distance between the C l 1 and C l 1' atoms 

o f S JG -136.

In an identical experiment with the shorter Duplex-2, the equivalent distance did not 

shorten but instead fluctuated with a mean of 3.31 Â, so that the Cl 1-position of SJG- 

136 remained in the vicinity of the N2 of G8  {Seq-2) throughout (Figure 6.26A-C). 

These results suggest that covalent binding of SJG-136 across two guanines separated 

by three base pairs rather than two (the more apparent natural fit) is accommodated 

mainly by changes to the DNA conformation but with some contributory stretching of 

the C8 -O-CH2CH2CH2-O-C8 ’ linkage that joins the two PBD units of SJG-136.
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Figure 6.26: M easurements for Duplex-2 with SJG -136 (M ono-alkylation) over the course o f  the 

dynamics simulation. A, RMS fluctuation o f  the atoms measured for the whole sequence and for the 

central region over which the ligand S JG -136 is present. B, Distance between the free C l 1 o f SJG -136 

and G8:N2. Min: 2.69 A Max: 4.88 A, Average = 3.31 A. C, Distance between the C l 1 and C l 1' atoms 

o f SJG-136.

Taken together, these modeling results are consistent with the experimentally observed 

rates of reaction of SJG-136 with Duplex-1 to Duplex-4. They are also consistent with 

an overall mechanism in which SJG-136 enters the DNA minor-groove followed by a 

degree of lateral movement to an energetically-favoured position prior to covalent bond 

formation. Next, one PBD unit presumably alkylates a guanine to form a 

monoalkylated adduct that will be the end product if no neighboring guanines are 

available. However, if a second guanine is available at an appropriate distance from the 

first, either on the same or opposite strand, then the other PBD unit will react to form an 

intra- or interstrand cross-link, respectively. Although the most appropriate distance 

apart for reacting guanines according to the models is a separation of two bases pairs 

{i.e., GATC or GATG). it would appear that when an extra base pair is inserted (i.e., 

GAATC or GAATG) the DNA can flex so that the guanines move towards each other 

and into appropriate positions for 6A-covalent adduct formation with SJG-136.
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6.1.7 Circular Dichroism study

A circular dichroism (CD) study was carried out to provide confirmation that a covalent 

(duplex) complex was being formed between SJG-136 and the four oligonucleotides. 

The CD speetra of all duplexes ehanged signifieantly upon addition of SJG-136 in the 

same ratio as used in the HPLC study, thus eonfirming that covalent adducts had formed 

(Figure 6.27). It has been previously reported that PBDs such as SJG-136 do not react 

with non-hairpin-forming single-stranded oligonucleotides, and that no ehanges in CD 

signals are observed when PBDs are added to them^. Therefore, the enhaneement of 

CD signals upon addition of SJG-136 to the four oligonueleotides as shown in Figures 

6.27 A-D confirms that these oligonucleotides were in duplex form prior to addition of 

SJG-136.
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Figure 6.27: Far-UV Circular Dichroism (CD) measurements o f  DNA duplexes before and after 3 hour 

incubation with SJG-136. A, Interaction o f SJG -136 with Seq-1/Seq-1 duplex (Pu-GATC-Py); B, 

Interaction o f SJG -136 with Seq-2/Seq-S  duplex (Pu-GATG-Py); C, Interaction o f  SJG -136 with Seq- 

4/Seq-5 duplex (Pu-GAATC-Py); D, Interaction o f  S JG -136 with Seq-6/Seq-7  duplex (Pu-GAATG-Py). 

Key: Duplex ( ), SJG-136 (20 pM ) ( ), Duplex:SJG-136 (1:4) ( ).

However, the duplexes have low melting temperatures as the oligonueleotides are 

relatively short, so there is most likely an equilibrium between duplex and single

stranded forms. As the cross-linking agent SJG-136 is added to each solution, the 

equilibrium should shift towards the duplex species, as the latter are stabilized by
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interstrand or intrastrand cross-links and potentially by mono-alkylated adduct 

formation. In the presence of an excess of SJG-136, and given sufficient time, this 

process should drive cross-linked adduct formation to completion.

D1:SJG136

D3:SJG136

D2:SJG136

400 250

300 350

Wavelength (nm)

10

D4:SJG136
5

0

■5

10
250 300 350 400

Wavelength (nm)

Figure 6.28; Far-UV CD spectra o f S JG -\3 6 /D l(S eq -I/S eq -I) , SôG -\36/D 2{Seq-2/Seq-3), SJG - 

l36/D3(Seq-4/Seq-5) and SJG -\36/D 4(Seq-6/Seq-7) duplex adducts as a function o f temperature: ( ■)

20 °C, (—' ) 90 °C, and after cooling from 90 °C to 20 °C ( ).

The change in CD spectrum for the extended intrastrand Seq-6/Seq-7 duplex (Pu- 

GAATG-Py) as it reacts with SJG-136 was also monitored at different temperatures 

(Figure 6.29). It is known from the literature that PBDs can detach from DNA at 

temperatures higher than 70 °C. As anticipated, a gradual loss of the SJG-136-induced 

CD signal was observed at temperatures higher than 67 °C, with complete loss of signal 

by 85 T .
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Figure 6.29: Change in CD spectra with temperature for the intrastrand SJG -l36/(Seq-6/Seq-7) cross- 

linked adduct.

6.1.8 UV absorption study for extended Pu-GAATG-Py duplex

Finally, changes in UV absorption patterns over a range of temperatures were studied 

for the Seq-6/Seq-7 duplex (Pu-GAATG-Py) and its equivalent intrastrand cross-linked 

SJG-136/(Seq-d/5c^-7) adduct. A gradual increase in absorbance with temperature was 

observed at 260 nm for the Seq-6/Seq-7 duplex alone which started from 20 °C and 

continued until 37°C at which point the strands completely separated. However, for the 

SJG-136/(Seq-d/Sc^-7) adduct, no change in melting occurred until 52.5 °C due to the 

stabilizing effect of SJG-136 (Figure 6.30).
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Figure 6.30: Change in UV absorbance with temperature - A, D uplex-4 (Seq-6/Seq-7) alone; B, Duplex- 

4 {Seq-6/Seq-7) in presence o f  SJG -136 showing a distinct change in UV absorption pattern.
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6.1.9 Thermal dénaturation study

Comparative melting studies were carried out on all duplexes, and the results are shown 

in Table 6.6 and Figure 6.31.

Table 6.6: Melting temperatures of DNA duplexes and their respective interstrand and 

intrastrand cross-linked adducts with SJG-136.

DNA Duplexes Melting temperatures 

of DNA duplexes alone 

(Tm°C).

Melting temperatures of 

cross-linked duplex adducts 

(Tm °C).

ATm (°C)

Seq-l/Seq-1

(Pu-GATC-Py)

19 66 ±0.89 47±0.89

Seq-2/Seq-3

(Pu-GATG-Py)
20 64+0.21 44±0.21

Seq-4/Seq-5

(Pu-GAATC-Py)
22 57±0.63 35±0.63

Seq-6/Seq-7

(Pu-GAATG-Py)

20 53±0.35 33±0.35

<

1.5

1.4 -

1.3-

1 . 2 -

1.1 -

1 .0 -

0.9
10

-1--------- 1------- 1----------- 1--------- !------------ 1-------r
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Temperature °C

Heating process 
■ D1SJG136
•  D2SJG136
♦ D3SJG136 
4 D4SJG136

Cooling process 
□ D1SJG136 

D2:SJG136 
☆ D3SJG136 
< D4SJG136
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F igure 6.31: UV melting profiles o f  DNA duplexes and their cross-linked adducts. Key: D1 = S JG - 

\i6 l{S eq -l/S e q -l)  duplex adduct (Pu-GATC-Py), D2 = % iG -\'i6l{Seq-2/Seq-3) duplex adduct (Pu- 

GATG-Py), 03  = S3G -M 6l{Seq-4/Seq-5) duplex adduct (Pu-GAATC-Py), 0 4  = ^^G -U 6l{Seq-6/Seq-7) 

duplex adduct (Pu-GAATG-Py).
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The Tm values of the adducts (53-66 °C) were consistently higher than the duplexes 

alone (19-22 °C), confirming that stabilization through ligand binding was occurring in 

each case. As anticipated, the two interstrand cross-linked adducts SJG-136/(S'e^- 

1/Seq-l) (Pu-GATC-Py) and S3G-n6l{Seq-4/Seq-5) (Pu-GAATC-Py) had higher ATm 

values (47 °C and 35 °C, respectively) compared to the equivalent intrastrand adducts 

SiG-n6l{Seq-2/Seq-3) (Pu-GATG-Py) and SiG-U6l{Seq-6/Seq-7) (Pu-GAATG-Py) 

(44 °C and 33 °C, respectively), reflecting the covalent binding of both strands of the 

Seq-l/Seq-1 and Seq-4/Seq-5 duplexes.

Interestingly, the greatest DNA stabilization (47 °C) was observed for the interstrand 

SJG-136/{Seq-l/Seq-l) cross-linked adduct (Pu-GATC-Py) which is reported^^’̂ ’̂̂ ^̂  to 

be the preferred cross-linking sequence for SJG-136. The ATm value for the extended 

interstrand SJG-136/(Seq-4/Seq-5) cross-linked adduct (Pu-GAATC-Py) was 

significantly lower (35 °C), consistent with the slight distortion of the Pu-GAATC-Py 

cross-link (compared to the Pu-GATC-Py cross-link) observed in the molecular 

modeling studies. Similarly, the extended intrastrand Pu-GAATG-Py cross-linked 

adduct had a lower ATm value (33 °C) compared to the shorter Pu-GATG-Py adduct (44 

°C), again reflecting the slight distortion observed in modeling studies. Results for all 

the temperature/time-course experiment are shown in Figure 6.31 along with associated 

cooling data. The non-coincidence of the heating and cooling curves for all the adducts 

is a significant feature of the data set, most likely reflecting disconnection of SJG-136 

from the DNA duplexes at higher temperatures with an inability to react again within 

the time-frame of the experiment.

6.2 Concluding remarks on SJG-136 study

The observations reported here demonstrate that, in addition to the previously known 

interstrand cross-link at Pu-GATC-Py sequences, SJG-136 can form a longer interstrand 

cross-link at Pu-GAATC-Py sequences, an intrastrand cross-link at shorter Pu-GATG- 

Py and longer Pu-GAATG-Py sequences and, in addition, mono-alkylated adducts at 

suitable PBD binding sites where neither intra- nor interstrand cross-links are feasible 

due to steric constraints. Interestingly, there is a preference for formation of the 

extended intrastrand cross-link with Pu-GAATG-Py which forms more rapidly than the 

other cross-link types (Rank order: GAATG-Py > Pu-GATC-Py »  Pu-GATG-Py & 

Pu-GAATC-Py). However, thermal dénaturation studies suggest that the originally 

reported Pu-GATC-Py interstrand cross-link is more stable, consistent with covalent
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bonding of both strands of the duplex and a lower overall distortion according to the 

modeling studies.

These results may explain previously reported DNA footprinting and in vitro 

transcription stop assay data for SJG-136 which could not be completely explained on 

the basis of the interstrand Pu-GATC-Py cross-link alone^^. For example, using a 260- 

base pair fragment of MS2 T7 DNA, a significant footprint and corresponding in vitro 

transcription stop site were observed at an occurrence of 5’-TCTATCC-3’ (3’- 

AGATAGG-5’) which could be due to an extended intrastrand cross-link (3’-GATAG

S’) rather than the normal length interstrand Pu-GATC-Py adduct. Other sequences 

such as 5 ’-TGCGGATCCTC-3 ’ which also gave correlative footprint and in vitro stop 

assay sites contain both normal 5’-TGCGGATCCTC-3’ and extended 5’- 

TGCGGATCÇTC-3’ interstrand cross-link sites (reactive GC base pairs underlined).

Taken together, these results indicate that SJG-136 forms a much wider variety of 

adduct types than originally envisaged which has implications for its mechanism of 

action, the repair of adducts in cells and hence their resistance to the agent. It may also 

influence the choice of biomarker in future clinical trials, with assays such as the 

gamma yH2X foci^^  ̂ potentially being required to measure non-cross-linked adducts in 

addition to the COMET assaŷ "̂ ’̂̂ ^̂  which measures interstrand cross-links.
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6.3 DNA Cross-linking Rule for Pyrrolobenzodiazepine Dimers

6.3.1 Background and Objectives

The double helical structure of DNA contains the genetic information required for the 

growth and maintenance of every living organism^® .̂ DNA is replicated by DNA 

polymerases which utilize single-stranded DNA as a template upon which the 

complementary strand is synthesized. The process requires unfolding of the DNA and 

separation of the strands so that one strand can act as a template for synthesis of a new 

one. The point at which parental strand separation occurs is referred to as the replication 

fork^^ .̂ Blocking replication can initiate catastrophic cellular responses leading to cell 

death or apoptosis. The majority of clinically employed bifunctional alkylating agents 

form interstrand and/or intrastrand cross-links that can result in arrest of the replication 

fork^^ .̂ While DNA interstrand cross-linking agents can completely shutdown 

replication, intrastrand cross-linking agents, in addition to the effect on the replication 

process, can prevent binding of proteins to the major-groove required for DNA 

transcription^'^^’̂ ^  ̂ DNA cross-linking agents that form interstrand or intrastrand cross

links (or both) can be very toxic to healthy cells as well as tumour cells unless there is 

some sequence selectivity for tumour cell DNA or another mechanism of action. One 

example is that the responses of the DNA repair mechanism to different cross-linking 

agents can vary significantly depending on cell type, and this can affect the degree of 

resistance and both the in-vitro and in-vivo cytotoxicity of these drugs. Therefore, an 

understanding of which types of cross-links are formed can help in the design of more 

selective molecules and can also prevent or delay the development of resistance.

The biological activity of the PBD dimers is thought to be partially dependent on their 

sequence-selective interaction with genomic DNA that contains a predominance of their 

cognate sequence. Thus, the DNA recognition profile of simple PBD monomers and 

their derived synthetic dimers offers a means to target genomic DNA sequences for 

potential therapeutic purpose. Previous studies have shown that PBD dimers with an 

odd number of methylenes in their linkers are the most efficient cross-linking 

agentŝ "̂ ’̂̂ ^̂ ’̂ "̂ ’̂̂ ’̂ .̂ An ion pair reversed-phase HPLC/MS methodology as a tool to 

evaluate the interaction of DNA-interactive agents with oligonucleotides of varying 

sequences^^ '̂^^  ̂ has recently been developed in this laboratory. The objective of the 

current study was to develop a correlation between the type of cross-links formed, linker 

length and the size of the binding site for the PBD dimers. Three PBD dimers, SJG-136,
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ELB-21 and DRG-16 (Figure 6.1) were studied to establish a cross-linking rule for this 

type of molecules. It is believed that the finding of the study could help in the design of 

future generations of molecules targeted to specific sequences.

Interstrand Adducts Intrastrand Adducts

Al. 5 '-TA TA G A CTA TA -3' A2. 5'-TA TA G A G TA TA -3

3'-A TA TCTG A TA T-5' 3 -A T A T C T C A T A T -5 '

Bl. 5'-TATAGAT C T A T A  -3' 82. 5'-TATA(yAT G TA T A -3'

3'-A T A T C TAG A TA T-5' 3 '-ATA TCTA CATA T-5'

Cl. 5'-TATAGAAT CT AT A -3' C2. 5'-TATA(yAAT(^iT A T A -3'

3'-ATATCTTAG A TA T-5' 3'-ATATCTTAC A TA T-5'

Dl. 5'-TATA(yAT C T A T A  -3' D2. 5'-TATAGAT G TA TA  -3'

3'-ATATC TAG A TA T-5' 3'-A TA TCTA CA TA T-5'

El. 5'-TATA(^AAT C T A T A  -3' E2. 5'-TATAQAAT^i T AT A -3'(jiAATp

3'-ATATCTTAG ATA T-5' 3'-ATATCTTAC A TA T-5'

FI- 5'-TATA(^AAAT C T A T A  -3' F2. 5'-T ATAÇAAATÇ1T AT A -3'(^AAAT(p

3'-ATATCTT TAG A TA T-5' 3'-A TATCTTT AC A TA T-5'

SJG-136 DRG-16

F igure 6.32: Various different types o f  cross-linked adducts formed between different length o f binding 

sequences and PBD dimers. The cross-linking sequences are shown in red.
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Table 6.7: Oligonucleotides used for the study

Label SS DNA Sequence Label SS DNA Sequence

Seq-1 5 '-TATAGATCTATA-3 ' Seq-13 5'-TATAGACTATA-3'

Seq-2 5 '-TAT AGATGTATA-3 ' Seq-14 5'-TATAGTCTATA-3'

Seq-3 5 '-TATAC ATCTATA-3 ' Seq-15 5'-TATAGAGTATA-3'

Seq-4 5 '-TATAGAATCTATA-3 ' Seq-16 5'-TATACTCTATA-3'

Seq-5 5 '-TATAGATTCTATA-3 ' Seq-17 5-TATAGAAATCTATA-3'

Seq-6 5 '-TATAGAATGT AT A-3 ' Seq-18 5'-TATAGATTTCTATA-5’

Seq-7 5 '-TAT AC ATTCT ATA-3 ' Seq-19 5'-TATAGAAATGTATA-3'

Seq-20 5'-TATACATTTCTATA-3'

6.3.2 Results and Discussion

6.3.2.1 HPLC/MS study

The HPLC/MS study with SJG-136 revealed that the drug can form intrastrand cross

links in addition to the previously reported interstrand cross-linked adducts with Pu- 

GATC-Py binding sites. It was also found that while SJG-136 prefers interstrand Pu- 

GATC-Py sequences over intrastrand Pu-GATG-Py binding sites, insertion of one 

additional base between the reactive guanines reverses the sequence preference making 

the Pu-GAATG-Py intrastrand binding site more preferred. Interestingly, it was also 

observed that SJG-136 preferred the extended intrastrand binding site Pu-GAATG-Py 

compared with Pu-GATC-Py when both binding sites were equally accessible. The 

relatively fast nature of intrastrand cross-link formation to the extended 5 '-Pu-GAATG- 

Py sequence was further confirmed by a ligand limited competitive experiment between 

the interstrand ( 5 -Pu-GATC-Py) and intrastrand (5 -Pu-GAATG-Py) sequences. This 

clearly showed that although SJG-136 rapidly forms interstrand cross-links when the 

two guanines are separated by two A/T base pairs, it has a greater preference for the 

extended intrastrand sequence with three A/T base pairs between the two guanines on 

the same strand. This change in sequence preference and cross-link type with insertion 

of an additional base between the electrophilic centres is unreported and prompted us to 

investigate in more detail the effect on cross-linking of extended or shortened binding 

sites.
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After the initial study with previously reported ideal length (Pu-GATC-Py, Pu-GATG- 

Py) and extended (Pu-GAATC-Py, Pu-GAATG-Py) sequences, the study focused on the 

shortened interstrand 5'-Pu-GAC-Py {Seq-13/Seq-14 duplex; Table 6.7) and intrastrand 

5'-Pu-GAG-Py sequences {Seq-15/Seq-16 duplex; Table 6.7). Surprisingly, HPLC 

experiments showed that SJG-136 is capable of reacting with both sequences (Figure 

6.33). It was observed that SJG-136 reacted faster with the 5'-Pu-GAC-Py compared 

with the 5 -Pu-GAG-Py sequence indicating that it prefers interstrand eross-link 

formation compared with intrastrand cross-link formation for these shorter binding 

sequences. The reaction with 5'-Pu-GAC-Py sequence was nearly complete within 6 

hours (Figure 6.33C), but the reaction with the intrastrand 5 -Pu-GAG-Py sequence did 

not go into completion even after 24 hours (Figure 6.33D). Interestingly no duplex 

adduct was visible for Pu-GAG-Py duplex and single stranded SJG-136/5'^^-75 adduct 

was the predominant product. It suggests that there might be some sort of DNA 

distortion to accommodate SJG-136 within the shortened intrastrand 5 -Pu-GAG-Py 

sequence and the distortion prompted dissociation of the duplex adduct within the 

HPLC column. The evidence suggests that SJG-136 did not prefer the shortened 

sequence for intrastrand cross-link formation. Although the rate o f adduct formation for 

the 5'-Pu-GAC-Py sequence was much faster than 5 '-Pu-GAG-Py sequence, it was 

much slower than for the 5'-Pu-GATC-Py sequence. The identification of all adducts 

peaks was confirmed using MALDI-TOF MS data.

P u -G A C -P y (S e q -1 3 ) Pu-G TC-Py (S eq -14 )

R T 2 6 .4  « T 2 7 .9  4 0 0

Pu-G A G -Py (S e q -1 5 )  Pu-CTC -Py (S e q -1 6 )

R T 2 5 .6 R T 2 6 .8

10  2 0  30  40
Minutes

SJG-136/(Se<7-iJ/SeQl4) jQ O  3 0 0
Adduct, RT 31.3

/
100 I

Pu-CTC-Py (S e q -1 6 )  SJG-136/Sei)-J5 A dduct
r3 4 .0\

/

10  2 0  3 0  40
Minutes

10  2 0  3 0  4 0
Minutes

Figure 6.33: HPLC Chromatograms; A, annealed Pu-GAC-Py duplex {Seq-ISISeq-14)-, B, annealed Pu- 

GAG-Py duplex (Seq-}5/Seq-16); C , 6 hours after incubation o f  SJG-136 with Seql3/Seq-14  duplex 

showing appearance o f  the interstrand crosslink adduct at RT 31.8 minutes, D, 24 hours after incubation 

o f  SJG-136 with Seql5/Seq-16  duplex showing appearance o f  830 -1 3 6 /5 ^^-/0  adduct at RT 34.0 mins.
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Therefore, after completing HPLC/MS based sequence preference study with shortened 

(Pu-GWX-Py), normal (Pu-GWWX-Py) and extended (Pu-GWWWX-Py) sequences, 

where W is either A or T and X is either C or G, it was possible to hypothesize that the 

type and distribution of cross-linked adduct formed by PBD dimers could possibly 

depend on the positioning of the two reactive guanine bases (i.e., on same or opposite 

strands), their separation {i.e., the number of base pairs, usually ATs, between them) 

and the length of the C8/C8 -linker connecting the two PBD units in the dimers. We 

drafted an initial cross-linking rule for the PBD dimers based on the observations of the 

SJG-136 work.

Rule 1: When exposed to binding sequences where two guanines are separated by two 

A/T base pairs (normal sequence length according to previous modeling studies), they 

prefer interstrand over intrastrand cross-link formation.

Rule 2; When exposed to a shortened binding sequence (two guanines separated by a 

single A/T base pairs), interstrand crosslink formation is preferred. However, the speed 

of cross-link formation is significantly slower.

*
Rule 3: When exposed to an extended binding sequence (two guanines separated by 

three A/T base pairs), intrastrand cross-link formation is preferred.

To provide additional support for these rules, the PBD dimer ELB-21 that has a longer 

linker (5 methylenes) compared to SJG-136 (3 methylenes) between the two PBD 

monomeric units was investigated. Based on literature reports it was anticipated that the 

preferred binding site for ELB-21 was 5 '-Pu-GAATC-Py with an additional A/T base 

pair between the guanines compared to the SJG-136 binding site. The formation of 

interstrand cross-links with 5 '-Pu-GAATC-Py was investigated using the 13-mer 

oligonucleotide Seq-4/Seq-5 duplex (Table 6.7). Analysis of the annealed duplex 

formed from Seq-4 and Seq-5 resulted in two peaks at RT 27.1 and 27.3 mins identified 

by MALDI-TOF MS as denatured SS Seq-4 and Seq-5, respectively.
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Pu-GAATC-Py (Seq-1). Pu-GATTC-Py (Seq-5).

10  2 0  30
Minutes

ELB-21/(Seq-4/Seq-5) 
interstrand Adduct. RT 30.9 .

\

ELB-21/(Seq^/Seq-5) 
interstrand Adduct, RT 30.9

After -5  m inutes

\

ELfl.21/(Seq-4/Seq-5) 
interstrand Adduct. RT 30.9

\

10  20  30

Figure 6.34: HPLC Chromatograms; A, annealed Pu-GAATC-Py duplex {Seq-4!Seq-5)-, B, immediately 

(~5 mill) after mixing o f ELB-21 with Duplex Seq-4iSeq-5  showing appearance o f interstrand Pu- 

GAATC-Py adduct at RT 30.9 mins; C, 3 hours after mixing o f  ELB-21 with Duplex Seq-4ISeq-5  

showing completion o f reaction; D, 24 hours after mixing o f  ELB-21 with Duplex Seq-4iSeq-5.

Mixing the annealed duplex with ELB-21 followed by immediate analysis showed the 

partial (approx 70%) formation of an adduct peak at RT 30.9 mins as the major product. 

Another minor peak at RT 33.7 mins was also observed whose intensity declined over 

time. MALDI-TOF MS analysis of the isolated adduct peak at 30.8 mins confirmed its 

structure as the 1:1 ^'L^-2\l{Seq-4/Seq5) duplex interstrand cross-linked adduct 

(Figure 6.34). The minor peak at 33.7 mins (< 10%) was identified as the ELB-21 

4 SS DNA adduct. A time course study showed that the interstrand Pu-GAATC-Py 

adduct formation was completed (-95%) within 1 hour.

After obtaining the evidence of forming Pu-GAATC-Py interstrand cross link adduct, 

the possibility of intrastrand cross-link formation on the duplex formed from 

oligonucleotides Seq-6/Seq-7 in which the Cytosine-9 of Seq-4 (5'- 

TATAGAATCTATA-3') is mutated to a Guanine (5'- TATAGAATGTATA-3') (Table 

6.7) was investigated. Analysis of the annealed duplex alone using identical HPLC 

conditions resulted in two peaks at RT 27.1 and 28.2 mins, confirmed by MALDI-TOF 

MS to be the single stranded Seq-6 and Seq-7, respectively (Figure 6.35).
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g ELB-21/(Seq-6/Seq-7)
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Figure 6.35: H PIX  Chromatograms; A, annealed Pu-GAATG-Py duplex {Seq-6!Seq-7)-, B, immediately 

(~5 min) after - mixing o f ELB-21 with Duplex Seq-6ISeq-7  showing appearance o f intrastrand Pu- 

GAATG Py adduct at RT 29.8 mins; C, 1 hour after mixing o f  ELB-21 with Duplex Seq-6!Seq-7-, D, 24 

hours after mixing o f  ELB-21 with Duplex Seq-lO iSeq-11.

Mixing of ELB-21 with the annealed Seq-6!Seq-7 duplex, followed by immediate 

HPLC analysis showed a rapid emergence of a peak at RT 29.8 minutes, the identity of 

which was confirmed by MALDI-TOF MS as 1:1 ^\^B-2\i{Seq-6/Seq7) duplex adduct 

(Figure 6.37B), A time course study showed emergence of another two peaks at RT 

34.2 mins and 36.3 mins. However, the 29.8 min peak remained prominent with time 

and accounted for 90% of the adduct peaks at the end of the experiment. The speed of 

the adduct formation was surprising as the reaction with Pu-GAATG-Py (Seq-6) was 

completed within 1 hour as the peak corresponding to Seq-6 completely disappeared 

(Figure 6.35C). It was noticed from the 0 hour (i.e., ~5mins) chromatogram that the 

ratio of the peaks relating to the remaining un-reacted SS DNA species had changed in 

favour of the one at 28.2 mins {i.e., Seq-7), suggesting that ELB-21 had been reacting 

preferentially with the Pu-GAATG-Py-containing strand (Seq-6) (Figure 6.35B). The 

peak at 34.2 mins also had m/z 4609 and was assigned to 1:1 ELB-21/Seq-6 mono

alkylated adduct, presumably an intermediate en-route to the fully intra-strand cross- 

linked adduct. Interestingly, the MALDI-TOF MS data showed that the peak at 36.3 

mins corresponded to 2:1 ELB 2\ISeq-6 adduct where one ELB-21 was attached to each 

of the guanine residues of the Pu-GAATG-Py binding site.
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Figure 6.36: HPLC chromatograms; A, 5'-Pu-GATC-Py-3' {Seq-h'Seq-I)  duplex denatured under HPLC 

conditions. The se lf  complementary Seq-1 has a retention time o f  24 .6  mins. B, im mediately after m ixing 

o f  ELB-21 with Seq-I /Seq-I  (0 hours, i.e., ~5 min) show ing appearance o f  an interstrand Pu-GATC-Py  

duplex adduct at RT 28.7 mins. C, 1 hour after m ixing o f  ELB-21 with Seq-I /Seq-I  showing emergence 

o f  a minor peak at RT 34.2 mins, in addition to the major RT 28.7 mins peak. D, 3 hours after m ixing o f  

ELB-21 with Seq-I /Seq-I  show ing the completion o f  the reaction.
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Figure 6.37 : M ALDI-TOF MS show ing covalent adduct masses o f  ELB-21 with A, Pu-GAATC-Py  

(Seq-4/Seq-5); B, Pu-GAATG-Py (Seq-6/Seq-7); C , Pu-GATC-Py (S eq -l/S eq -1 ); D, Pu-GATG-Py (Seq- 

2/Seq-3).

Similar HPLC experiments were conducted with the shortened interstrand self- 

complementary Pu-GATC-Py duplex {SeqllSeql), which was reported as the preferred 

binding site for SJG-136, and shortened intrastrand Pu-GATG-Py duplex (Seq-2/Seq-3) 

(Table 6.7). The experiments showed that ELB-21 can form a crosslink adduct with 

binding sites which are smaller than its ideal binding sequences. It was observed that 

ELB-21 reacted faster with Pu-GATC-Py sequence compared with Pu-GATG-Py 

sequence. The reaction with Pu-GATC-Py sequence was completed within 3 hours 

(Figure 6.35) but the reaction with intrastrand Pu-GATG-Py was not completed even 

after 24 hours (Figure 6.38). However, both reactions were slower than those with 

either Pu-GAATC-Py or Pu-GAATG-Py sequences. The identification of the peaks was 

confirmed using MALDI-TOF MS data (Figure 6.37).
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intrastrand adduct, RT 30.9

7

20
Minutes

Pu-CATC-Py (Seq-3),

Pu-GATG-Py (Seq-2),

20
Minutes

ElB-21/(Seq-2/Seq-3) 
n lrastrand adduct. RT 30.9

\ RT37 |rT 34 6 J

After 24 hours

20
Minutes

Pu-CATC-Py (Seq-3), 
RT27.3

Pu-GATG-Py (Seq-2), 
RT 26.4

.N

\ /  RT 37.1
j R T 3 4  6 J

ELB-21/(Seq-2/Seq-3) 
intrastrand adduct, RT 30.9. 1 0 0

20
Minutes

Figure 6.38: HPLC chromatogram; A, Seq-2iSeq-3  duplex denatured under HPLC conditions. B, 

immediately (i.e., ~5mins) after mixing o f  ELB-21 with Seq-2/Seq-3  duplex showing appearance o f 

intrastrand Pu-GATG-Py duplex adduct at RT 30.9 mins. Additionally, two other peaks at RT 34.6 and 

RT 37.1 mins are observed. Note that Seq-2, which contains the intrastrand Pu-GATG-Py binding site, 

disappeared at a higher rate. C, 3 hours after mixing o f  ELB-21 with Seq-2!Seq-3 duplex showing 

emergence o f  a minor peak at RT 34.2 mins, in addition to the major RT 28.7 mins peak. D, 24 hours 

after mixing o f  E LB -21 with Seq-2ISeq-3 duplex showing that the reaction was not completed even after 

24 hours.

Finally, to investigate the effect of an extended sequence, two oligonucleotides were 

designed with one additional A/T base pair between the two guanines. The Seq-17/Seq- 

18 duplex offered the extended interstrand Pu-GAAATC-Py cross-linking site whereas 

the Seq-19/Seq-20 duplex offered an extended intrastrand Pu-GAAATG-Py cross- 

linking site. After incubation of ELB-21 with the Seq-17/Seq-18 duplex, subsequent 

HPLC analysis showed the emergence of a minor peak at RT 29.8 mins and a major 

peak at RT 33.4 mins (Figure 6.39C).
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F igure  6.39: HPLC chromatogram; A, Seq-17ISeq-I8  duplex denatured under HPLC conditions. B, 

immediately (i.e., ~5mins) after mixing o f  ELB-21 with Seq-I7ISeq-I8  duplex showing appearance o f 

m inor interstrand Pu-GAAATC-Py duplex adduct at RT 29.9 mins. C, after 4 hours, D, after 24 hours, 

the duplex intrastrand ELB-2\/(Seq-I7/Seq-18)  peak at RT 29.9 remains minor.

The identities of the peaks were confirmed by MALDI-TOF MS and the minor 30.8 

mins peak was found to be the interstrand ELB-21/{Seq-17/Seq-18) adduct peak 

whereas the RT 33.4 minutes peak was identified as co-eluting 1:1 ELB-21/Seq-I7 and 

1:1 ELB-2\/Seq-I8 mono-adducts (Figure 6.37, Table 6.8). A time course study 

showed that the adduct formation was still not complete even after 24 hours, and 

crucially the 30.8 mins peak (representing the interstrand cross-linked adduct) remained 

as the minor peak throughout the experiment. This result was significantly different 

from that obtained with SJG-136 and the extended interstrand Pu-GAATC-Py sequence 

where the interstrand adduct was the major peak. However, it clearly showed that ELB- 

21 did not have a preference for the extended interstrand binding site.
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Figure 6.40: HPLC chromatogram; A, Seq-i9 iSeq-20  duplex denatured under HPLC conditions. B, 

immediately (i.e., ~5mins) after mixing o f  ELB-21 with Seq-I9/Seq-20  duplex showing appearance of 

minor intrastrand Pu-GAAATG-Py duplex adduct at RT 29.8 mins. C, after 3 hours, D, after 24 hours, 

the duplex intrastrand E L ^ - 2 \! {Seq-19/Seq-20) peak at RT 29.9 remains major.

Next, ELB-21 was incubated with the extended intrastrand sequence. Annealed duplex 

{Seq-19/Seq-20) containing Pu-GAAATG-Py resulted in two peaks at RT 26.8 mins and 

RT 28.2 mins, identified as denatured SS Seq-19 and Seq-20, respectively, by MALDI- 

TOF. Incubating ELB-21 with annealed Seq-19/Seq-20 followed by immediate HPLC 

analysis showed rapid emergence of a major peak at RT 29.8 mins along with two 

minor peaks at RT 33.0 and 34.5 minutes. As anticipated, the RT 29.8 mins peak was 

identified as the intrastrand 1:1 ELQ-2\l{Seq-19/Seq-20) duplex adduct by MALDI- 

TOF (Figure 6.37, Table 6.8). Surprisingly, both the RT 33.0 and RT 34.1 mins peaks 

gave mass values corresponding to 1:1 ELB-21/S'e^-79 adducts. Based on previous 

studies with non-nucleophilic inosine containing oligonucleotides which are unable to 

form covalent linkages with PBDs (please see chapter 13), the 33.0 mins peak was 

assigned as the 1:1 intrastrand cross-linked ELB-2\!Seq-19 adduct and the 34.5 mins 

peak as the 1:1 ELQ-2MSeq-19 mono-alkylated adduct. However, it must be noted that 

the intrastrand cross-linked duplex adduct was clearly the most abundant species.

At this point of the study sufficient experimental data was obtained to confirm the 

proposed cross-link rule for the PBD dimers relating the positioning of the reactive 

guanines and linker length to predict the type of cross-link formed. However, ELB-21 

has an extra methyl group on the exocyclic double bond at each of the C-2 positions in
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the molecule (which are absent in SJG-136). Therefore, there is a possibility that in 

addition to the linker length (3 methylenes in SJG-136 and 5 methylenes in ELB-21), 

these two methyl groups might have also contributed in the overall reaction rate and 

type of cross-link adduct formation for a given sequence. For example, the rate of 

reaction with ideal length cross-linking sequence Pu-GAATC-Py and Pu-GAATG-Py 

was almost identical to slightly higher preference for interstrand cross-link formation, 

whereas in case of SJG-136 it clearly favoured the interstrand cross-link formation (i.e., 

Pu-GATC-Py over Pu-GATG-Py). To rule out the influence of the methyl substitution 

and to unambiguously establish the cross-link rule for the PBD dimers, we analyzed a 

third PBD dimer DRG-16 (Figure 6.1), a very close analogue of SJG-136 that has a 

longer linker (5 methylenes), but is otherwise identical. We challenged DRG-16 with 

same oligonucleotides sequences that were used for ELB-21, i.e., shortened interstrand 

Pu-GATC-Py, shortened intrastrand Pu-GATG-Py, interstrand Pu-GAATC-Py, 

intrastrand Pu-GAATG-Py, extended interstrand Pu-GAAATC-Py and finally extended 

intrastrand Pu-GAAATG-Py sequences.

Pu-GAATC-Py (Seq-4). Pu-GATTC-Py (Seq-5),
RT27.0 RT27.3

A /

150

200 100 

I100 50

DRG-16/(Seq^/Seq-5) 
interstrand Adduct, RT 29.8

After -5 minutes

\

(Seq-A/Seq-5)

\

2 0  30
Minutes

2 0  30
Minutes

I  100

DRG-16/(Seq-4/Seq-5) 
interstrand Adduct, RT 29.8

\

(Seq-4/Seq-S)

\

DRG-16 100

DRG-16/(Seq-4/Seq-5) 
interstrand Adduct, RT 29.8

After 24 hours

\

(Seqm/Seq-S)

\

DRG-16 100

2 0  30
Minutes

2 0  30
Minutes

F igure 6.41: HPLC Chromatograms; A, annealed Pu-GAATC-Py duplex (Seq-41 Seq-5); B, immediately 

(~5 min) after mixing o f  DRG-16 with Duplex Seq-4!Seq-5  showing appearance o f  interstrand Pu- 

GAATC-Py adduct at RT 29.8 mins; C, 3 hours after mixing o f  DRG-16 with Duplex Seq-4iSeq-5  

showing completion o f  reaction; D, 24 hours after mixing o f  DRG-16 with Duplex Seq-4!Seq-5.

Incubating Pu-GAATC-Py (Seq-4/Seq-5) duplex with DRG-16 followed by immediate 

analysis showed interstrand cross-linked adduct peak at RT 30.8 mins as the major 

product (Figure 6.41C) which was confirmed by MALDI-TOF MS analysis of the 

isolated adduct peak. A time course study showed that interstrand 5'-Pu-GAATC-Py
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adduct formation was complete (-95%) within 2 hours which was consistent with the 

results of SJG-136 but slower compared to ELB-21.

Pu-GAATG-Py (Seq-6 ), Pu-CATTC-Py (Seq-7),
RT 27.1 RT 28.2

\  y

20
Minutes

DRG-16/(Seq-6/Seq-7) 
intrastrand Adduct, RT 29.8

Pu-CATTC-Py (Seq-7) \

DRG-l6/(Seq-6/Seq-7) 
intrastrand Adduct, RT 29.8

Pu-CATTC-Py (Seq-7) \

After -5 minutes

2 0  3 0
Minutes

1 5 0  D
DRG-l6/(Seq-6/Seq-7) 
intrastrand Adduct, RT 29.8

Pu-CATTC-Py (Seq-7).\

Pu-GAATG-Py disappeared 
After 1 hour

2 0  30
Minutes

2 0  3 0
Minutes

F igure 6.42: HPLC Chromatograms; A, annealed Pu-GAATG-Py duplex {Seq-6!Seq-7)-, B, immediately 

( -5  min) after - mixing o f  DRG-16 with Duplex Seq-6ISeq-7  showing appearance o f  intrastrand Pu- 

GAATG Py adduct at RT 29.8 mins; C, 1 hour after mixing o f  DRG-16 with Duplex Seq-6!Seq-7-, D, 24 

hours after mixing o f  DRG-16 with Duplex Seq-6!Seq-7.

Intrastrand cross-link formation investigated using the duplex formed from 

oligonucleotides Seq-6ISeq-7 (5'-Pu-GAATG-Py) also produced near identical results. 

Incubating DRG-16 with the annealed Seq-6/Seq-7 duplex containing Pu-GAATG-Py 

sequence followed by immediate HPLC analysis showed a rapid emergence of a peak at 

RT 29.8 minutes, the identity of which was confirmed by MALDI-TOF MS as the 

intrastrand 1:1 DRG-l6/{Seq-6/Seq-7) duplex adduct. The reaction took approximately 

3 hours to complete, and the peak corresponding to Seq-6 (containing Pu-GAATG-Py) 

completely disappeared. The peak at 33.3 mins was shown to have an m/z 

corresponding to the 1:1 DRG-16/5'e^-b mono-alkylated adduct, presumably formed as 

an intermediate en-route to the fully intrastrand cross-linked adduct. As the reaction 

with the 5 '-Pu-GAATC-Py interstrand cross-linking site was complete within 2 hours, 

but reaction with Pu-GAATG-Py took 3 hours, this appeared to be consistent with the 

results for SJG-136 and ELB-21 in that when the reacting guanines are separated by the 

number of AT base pairs thought to be optimal for binding based on previous molecular 

modeling studies (i.e., 3 AT base pairs), then interstrand is preferred to intrastrand 

cross-linking.
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F igure 6.43: HPLC chromatograms; A, 5 '-Pu-GATC-Py-3' (Seq-I/Seq-1) duplex denatured under HPLC 

conditions. The self complementary Seq-1 has a retention time o f 24.6 mins. B, immediately after mixing 

o f DRG-16 with Seq -llSeq -I  (0 Hour, i.e., ~5 min) showing appearance o f interstrand Pu-GATC-Py 

duplex adduct at RT 30.1 mins. C, 1 hour after mixing o f  DRG-16 with Seq-l/Seq-1  showing emergence 

o f a minor peak at RT 33.7 mins in addition to the major RT 30.1 mins peak. D, 3 hours after mixing of 

DRG-16 with Seq-llSeq-1  showing the completion o f  the reaction.

HPLC experiments were repeated with the self-complementary Pu-GATC-Py duplex 

{Seq-1/Seq-I), which is reported as the preferred binding site for SJG-136, but too short 

a binding site for DRG-16, and the intrastrand Pu-GATG-Py duplex {Seq-2ISeq-3). In 

an analogous manner to the reaction of ELB-21, results showed that DRG-16 reacted 

faster with the Pu-GATC-Py compared to the Pu-GATG-Py sequence. The reaction with 

Pu-GATC-Py sequence was complete within 2 hours, whereas reaction with the 

intrastrand sequence Pu-GATG-Py was still not complete after 24 hours (Figure 6.44) 

demonstrating a clear preference for interstrand adduct formation when a shortened 

sequence is offered. The identification of all peaks was confirmed by MALDI-TOF MS 

data.
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F igure 6.44: HPLC chromatograin; A, Seq-21 Seq-3  duplex denatured under HPLC conditions. B, 

immediately (i.e., ~5mins) after mixing o f  DRG-16 with Seq-2ISeq-3  duplex showing appearance of 

intrastrand Pu-GATG-Py duplex adduct at RT 30.5 mins. Additionally, two other peaks at RT 33.6 and 

RT 36.2 mins are observed. Note that Seq-2 which contains the intrastrand Pu-GATG-Py binding site 

disappeared at a higher rate. C, 3 hours after m ixing o f  DRG-16 with Seq-2ISeq-3 duplex showing 

emergence o f a peak at RT 33.6 mins in addition to the major RT 30.5 mins peak. D, 24 hours after 

mixing o f  DRG-16 with Seq-2!Seq-3 duplex showing that the reaction was not complete

Finally, to investigate the effect of an extended sequence, DRG-16 was incubated with 

the Seq-17/Seq-18 duplex containing the extended interstrand Pu-GAAATC-Py binding 

site and Seq-19/Seq-20 duplex containing the extended intrastrand Pu-GAAATG-Py 

binding site. Subsequent HPLC analysis showed the presence of a minor interstrand 

duplex adduct peak at RT 30.8 mins for Pu-GAAATC-Py sequence (Figure 6.45) and a 

major intrastrand duplex adduct peak at RT 29.9 mins (Figure 6.46) for Pu-GAAATG- 

Py.
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F igure 6.45: HPLC chromatogram; A, Seq-l7ISeq-18  duplex denatured under HPLC conditions. B, 

immediately (i.e., ~5mins) after mixing o f DRG-16 with Seq-17/Seq-18  duplex showing appearance of 

minor interstrand Pu-GAATC-Py duplex adduct at RT 29.8 mins. C, after 4 hours, D, after 24 hours, the 

duplex intrastrand E LB -2\/(Seq-17/Seq-18) peak at RT 29.8 remains minor.

The difference in relative abundance of two different types of cross-link adduct clearly 

demonstrated the preference of DRG-16 for extended intrastrand Pu-GAAATG-Py 

sequence compared to extended interstrand Pu-GAAATC-Py sequence which is 

consistent with both SJG-136 and ELB-21. Whilst in the case of extended interstrand 

sequence Pu-GAATC-Py the monoadduet peaks at RT 32.1 and 33.2 mins (1:1 DRG- 

\6/Seq-16 and 1:1 DRG-\6/Seq-l7) were major products, for extended intrastrand Pu- 

GAAATG-Py sequence, the intrastrand cross-linked duplex adduct at RT 29.9 mins, 

DRG-\6/(Seq-19/Seq-20) adduct, was the major product. Two minor adducts were also 

observed with Pu-GAAATG-Py duplex and as anticipated, both the RT 33.0 and RT 

33.5 mins peaks gave mass values corresponding to 1:1 DRG-\6/Seq-I9 adducts 

(Figure 6.47). Based on previous studies with non-nucleophilic inosine and ELB-21, 

the 33.0 mins peak was assigned as the 1:1 intrastrand cross-linked DRG-\6/Seq-19 

adduct and the 33.5 mins peak as the 1:1 DRG-\6/Seq-J9 mono-alkylated adduct. The 

characterisation of all peaks was supported by MALDI-TOF MS data.
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F igure  6.46: HPLC chromatogram; A, Seq-I9/Seq-20  duplex denatured under HPLC conditions. B, 

immediately (i.e., ~5mins) after mixing o f  DRG-16 with Seq-19ISeq-20  duplex showing appearance o f  a 

m ajor intrastrand Pu-GAATG-Py duplex adduct at RT 29.8 mins. C, after 3 hours, D, after 24 hours, the 

duplex intrastrand \9KG-\6l{Seq-19/Seq-20) peak at RT 29.8 remains major product.

V oyager S pec #1=>AdvBC(32,0.5.0 1)[BP * 3963,9, 38701) 
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V oyager Spec #1->AdvBC(32,0.5,0.1)(BP = 3956.5, 23410] 
8488 7 5

I 50

8396.8 8528.2
M ats (m/z)
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F igure 6.47: M ALDI-TOF MS spectrum showing covalent adduct masses o f  DRG-16 with A, Pu- 

GAATC-Py (Seq-4/Seq-5); B, Pu-GAATG-Py (Seq-6/Seq-7); C, Pu-GATC-Py (Seq-l/Seq-1); D, Pu- 

GATG-Py (Seq-2/Seq-3).
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Table 6.8: Theoretical and observed masses of double-stranded (DS) oligonucleotides 

and their 1:1 adducts with SJG-136, ELB-21 and DRG-16.

DNA Sequence DNA

Mass

Observed 

DNA/SJG- 

136 adduct 

mass (1:1)
(DNA mass+5S6.61)

Observed 

DNA/ELB- 

21 adduct 

mass (1:1)
(DNA mass+612.72)

Observed 

DNA/DRG- 

16 adduct 

mass (1:1)
(DNA

mass+S84.66)

Pu-GATC-Py

(Seq-llSeq-l)
7287.4 7841.3 7902.45 7871.2

Pu-GATG-Py

(Seq-2/Seq-3)

7286.74 7842.06 7903.0 7873.2

Pu-GAATC-Py

(Seq-4/Seq-5)

7904.13 8458.3 8517.8 8485.6

Pu-GAATG-Py

{Seq-6!Seq-7)

7904.13 8459.1 8516 8488.7

Pu-GAC-Py

{Seq-13ISeq-14)

6669.17 7225.78 7253.83 7281.89

Pu-GAG-Py

{Seq-15!Seq-16)

6669.14 7225.61 7253.66 7281.72

Pu-GAAATC-Py 8522.03 9078.61 9106.66 9134.72

Pu-GAAATG-Py 8522.03 9078.61 9106.66 9134.72

Ô.3.2.2 Molecular modeling study

After these experiments with DRG-16, it was clear that all three PBD-dimers are 

following the proposed cross-link rule and there is little significant difference between 

the results obtained with ELB-21 and DRG-16 indicating that it is the linker length 

which is pivotal to the overall pattern of cross-link formation and the methyl group of 

ELB-21 has very little effect in this regard. Therefore, for modeling experiments, SJG- 

136 and DRG-16 were selected as the two representative PBD-dimers with 3-methylene 

and 5-methylene linker length, respectively.
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Interstrand cross-link adducts Intrastrand cross-link adducts

i

A1 A2

B1 B2

C1 C2

F igure 6.48: Molecular models o f SJG-136 cross-linked with DNA sequences o f  different length. A l and 

A2, shortened cross-link sequences (Pu-GAC-Py and Pu-GAG-Py); B l and B2, ideal length cross-link 

sequences (Pu-GATC-Py and Pu-GATG-Py); C l and C2, extended cross-link sequences (Pu-GAATC-Py 

and Pu-GAATG-Py) (energy minimized structures).

Molecular models were constructed to investigate the fit of the PBD dimers with 

different lengths of the cross-linking sequences (Figures 6.48 and 6.49). It appeared 

that both SJG-136 and DRG-16 could easily be accommodated within the shortened and 

ideal sequence lengths according to previous modeling studies. However, minor DNA 

distortions were observed in the case of extended sequences and the linker was forced to 

take up a slightly lower position in the minor-groove. The constructed models were 

used to compare the structural similarity of the SJG-136 adducts when cross linked to 

DNA in the interstrand and intrastrand sequencs.
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Interstrand cross-link adducts Intrastrand cross-link adducts

A1 A2

B1 B2

Cl C2

F igure 649: Molecular models o f DRG-16 cross-linked with DNA sequences o f  different length. A1 and 

A2, shortened cross-link sequences (Pu-GATC-Py and Pu-GATG-Py); B1 and 82, ideal length cross-link 

sequences (Pu-GAATC-Py and Pu-GAATG-Py); C l and € 2 , extended cross-link sequences (Pu- 

GAAATC-Py and Pu-GAAATG-Py). (energy minimized structure).

The initial models showed that if one PBD unit was covalently linked to guanine-5 of 

both strands (Pu-GATC-Py and Pu-GATG-Py), the other PBD unit was well-positioned 

to react with the N2-position of guanine-8 whether it was on the same or opposite 

strand. A spatial overlay of the two DNA models by alignment of the backbones 

emphasized the close proximity of the guanine C2 -NH2 groups of each structure 

implying that the PBD unit could react with either with equal facility.
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B

Figure 6.50: Overlay o f the molecular models o f SJG-136 covalently attached to interstrand Pu- 

GAATC-Py (purple) and intrastrand Pu-GAATG-Py (green); A, frame 1 o f  molecular simulation 

dynamics showing ordered structures; B, last frame (1000**’ frame) o f  the 100 ps dynamics showing the 

DNA distortion (residue A6 forced out o f  the DNA helix) in the case o f  the interstrand Pu-GAATC-Py 

cross-linked sequence.

However, to support the experimental observations with the extended cross-linking 

sequences, where a distinct preference for the intrastrand cross-link formation was 

observed, molecular dynamics simulation studies were performed over 100 ps for the 

sequences 5 '-TAT AG A ATCTATA-3 ' and 5'-TATAGAATGTATA-3' for the interstrand 

and intrastrand cases respectively with SJG136 as the ligand. In the case of the 

inter strand 5'-TAT AG A ATCTATA-3' sequence, a large gap soon develops between 

residues A4 and G5 with G22 on the opposite strand becoming unpaired. Residue A6 is 

forced outside the helical conformation altogether with G5 and A7 becoming stacked 

and G5 forming a distorted pairing with T21 on the opposite strand. The other base pairs 

in the sequence remained stacked throughout the simulation (Figure 6.50A). However, 

molecular dynamics simulations with the extended intrastrand 5 '-T AT AG A AT GT AT A- 

3' sequence showed more encouraging results consistent with the experimental
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observations. Although G9 is pulled away slightly from its ideal stacking position, it 

remains hydrogen bonded to its opposite C l8, with the whole helix remaining intact 

throughout (Figure 6.50B). Therefore, the molecular dynamics simulation clearly 

suggested that the intrastrand cross-linked adduct with the extended sequence is likely 

to be more stable and therefore more likely to be formed than the extended interstrand 

cross-linked adduct.

6.3.3 Conclusions

The results of these HPLC MS experiments showed that the three PBD dimers 

examined can form different types of DNA adducts (i.e., inter and intrastrand cross- 

linked duplex adducts, single stranded intrastrand duplex adducts, and mono-alkylated 

adducts) the type and distribution of which depend on the positioning of the two 

reactive guanine bases {i.e., same or opposite strands), their separation {i.e., the number 

of base pairs, usually ATs, between them) and the length of the C8/C8' linker 

connecting the two PBD units in the dimers (i.e., 3 or 5 methylenes) in the case of SJG- 

136, ELB-21 and DRG-16 showed here. Based on the data from this limited study, a set 

of rules have emerged that can be tested by further experiments. The rules suggest that 

given a choice between reacting covalently with guanines on either the same or opposite 

strands, PBD dimers prefer to form interstrand cross-linked adducts with guanines on 

opposite strands when separated by the requisite number of base pairs according to their 

linker length to provide a binding site thought to be optimal (based on molecular 

modeling) or shorter. However, the rate of adduct formation is significantly slower with 

the shorter compared with the optimal sequences. Conversely, with longer than optimal 

sequences, the dimers prefer to form intrastrand cross-linked adducts. Furthermore, the 

formation of mono-alkylated adducts as minor products was unexpected, and these may 

represent intermediate species en-route to the final cross-linked adducts.

These results, and the simple rules that appear to explain them, suggest that it may be 

possible to design PBD dimers to target predominantly one type of DNA sequence in 

biological systems. Future work will be aimed to refine these rules by studying the 

binding of PBD dimers with varying linker structures including those containing 

heteroatoms and other arrangements, to oligonucleotides with varying inter-guanine 

base pairs and flanking sequences.
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Finally, the various types of adducts shown to be formed by PBD dimers may be 

relevant to the mechanism of action of this class of antitumour agents, and may require 

the introduction of new types of assays to measure pharmacodynamic endpoints in 

clinical trials.
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Chapter 7: Effect of Microwave Irradiation on Covalent Ligand-DNA Interaction.

7.0 Background and Objectives

Microwave irradiation is known to increase the rate of different types of chemical 

reactions and is widely used to promote carbon-carbon and carbon-heteroatom bond 

formation^^"^’̂ ^̂ ’̂ ^̂ . However, the effect of microwaves on ligand-macromolecule 

covalent interactions has not been previously investigated, although there are reports of 

microwave-accelerated biochemical fluorescence assay procedures^^^. One reason why 

microwave irradiation has not been extensively investigated for accelerating 

biochemical interactions is that the high temperature typically associated with 

microwaves is widely assumed to be deleterious to macromolecules, leading to 

denaturation^^ '̂^^^.

The pyrrolobenzodiazepines (PBDs) are sequence-selective minor-groove binding 

molecules which react covalently via their Cl 1-position with the C2-NH2 functionalities 

of guanines with 1:1 stoichiometry. The reaction of pyrrolobenzodiazepines (PBDs) 

with DNA is generally slow and, depending on the precise structure of the compounds, 

a 3-24 hour incubation period is usually required for completion of covalent bond 

formation prior to in vitro evaluations such as DNase footprinting, in vitro transcription 

stop and DNA thermal dénaturation assays. The aim of the study was to assess the 

impact of microwave radiation on PBD-DNA interaction. It was hypothesised that the 

rate of covalent binding of pyrrolobenzodiazepine (PBD) agents to DNA can be 

enhanced by using short bursts of microwave irradiation at energy levels that do not 

cause significant heating of ligand/DNA mixtures or dénaturation of annealed DNA 

duplexes. One of the main reasons to explore this possibility was the potential use of 

microwave enhanced ligand-DNA interaction to develop non-damaging and less painful 

treatment of topical and localized cancers.

This study was carried out using three different types of pyrrolobenzodiazepine 

family members^^^, SJG-136^"^ ,̂ GWL-78^ and anthramycin^^^. The former is a 

sequence- selective DNA cross-linking agent which forms inter- and intrastrand 

cross-links with sequences such as Pu-GATC-Py and Pu-GAATG-Py, respectively. 

GWL-78 is a DNA monoalkylating agent with a preference for covalent binding to 

the central guanine of AG A sequences adjacent to AT-rich regions^, and
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anthramycin is the progenitor natural product with a preference for AGA 

sequences^^^. According to the literature, all of these agents require 24-hours 

incubation with DNA to achieve maximum covalent bonding^^^’̂ ^̂ ’̂ "̂ ’̂̂ .

The oligonucleotides of varying sequence and length designed for this study are shown 

in Table 7.1, and a recently developed HPLC/MS method^^ '̂^^  ̂ was used to evaluate 

their interaction with PBDs. The assay utilized an X-Terra MS CIS 2.5 pM column (4.6 

X 50 mm) and a gradient of 40% acetonitrile/water with 100 mM TEAB/water as mobile 

phase at a flow rate of 0.5 mL/min and UV detection at 254 nm. A 4:1 molar ratio of 

ligand:oligonucleotide in 100 mM ammonium acetate was used. HPLC fractions were 

collected, lyophilised and subjected to MALDI-TOF and ESI MS to identify 

constituents.

Table 7.1: Oligonucleotides used in the study

Labels SS DNA Sequences

Seq-1 5 '-TAT AG ATCTATA-3 '

Seq-2 5 '-TAT A AG ATTTTCTTATA-3 '

FSeq-5 F AM-5 '-TA T-A G A -TA TA-TA TA-TTT-TTT-TA TA -TA TA -TCT-ATA -3 '-TAM RA

The self-complementary 12-mer oligonucleotide was annealed to form the Seq-l/Seq-1 

duplex. The hairpin oligonucleotide Seq-2 was dissolved in IM ammonium acetate 

solution (Sigma-Aldrich UK) to form a stock solution of 1 mM. Although it has been 

previously observed that this sequence formed hairpins regardless of the annealing 

process, the annealing procedure was performed to ensure complete hairpin formation. 

The fluorescence tagged FSeq-5 was diluted with water to make a stock solution of 20 

pM. The stock solution was diluted to 400 nM using FRET buffer (50 mM potassium 

cacodylate, pH 7.4) and annealed by heating at 85°C for 5 minutes followed by cooling 

to room temperature over 5 hours.

The masses of the oligonucleotides alone, and for their covalent adducts with the PBD 

dimer SJG-136 and the PBD conjugate GW-78 are shown in Table 12.2.
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Table 7.2: Structures and average masses of oligonucleotides used in the study, and 

the average mass of the adducts formed from their covalent interaction with one 

molecule of SJG-136 and GWL-78 (as measured by MS).

Label DNA Sequence Average

Mass

Average Mass of Adduct

With

SJG-136

With

GWL-78

Seq-l/Seql

Duplex

5'-TATAGATCTATA-3' 

3 '-AT ATCTAG ATAT-5 ' 7287.4 7844.01

(1:1)

8468 (2:1)

Seq-2 5 '-TATAAG ATTTTCTTATA-3 ' 5173.45
n/a 5764.06

(1:1)

7.1 Results and Discussion

7.1.1 HPLC/MS study

Seq-1 is a self-complementary 12-mer which upon annealing forms a duplex 

containing the favoured Pu-GATC-Py interstrand cross-link site for SJG-136. Seq-2 

is a hairpin-forming 17-mer oligonucleotide with a T-loop. Our previous studies on 

this oligonucleotide have shown that it exists in a hairpin form irrespective of the 

annealing process^^'’̂ ^̂ . The hairpin-forming FSeq-5 was used for the fluorescence- 

based thermal dénaturation studies and contains an AGA sequence suitable for PBD 

binding^^^.

Page 243



400 - 400

A
Seq-1 RT 24.4

3 200- 200 3
1 1

W ithout m icrowave irradiation 

0 -  - 0

0 10 20  30 40
Minutes

100

90

80

70

! “
£  50

^  40

30 

20 

10

Voyager Spec #1=>AdvBC(32,0.5,0.1)[BP = 3647.7, 33148]
72897

B

Mass (m/2)

Figure 7.2 : A, HPLC chromatograms of Seq-l/Seql duplex without microwave 

irradiation; B, MALDI-TOF MS spectrum of Seq-l/Seq-1 duplex without microwave 

irradiation, m/z 7287.4, observed m/z 7289.7.

In the first experiment the interstrand cross-link formation between SJG-136 and 

Seq-l/Seq-1 duplex was studied. HPLC analysis of the annealed duplex of Seq-1 

gave a single peak at RT 24.4 mins identified as denatured SS Seq-1 by MALDl 

TOP MS. This was consistent with previous reports that annealed oligonucleotides 

of this length typically denature under these conditions'*’̂ '̂.
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F ig u r e  7.3: HPLC Chromatograms -  SJG-136/Pu-GATC-Py interstrand cross-linked

adduct formation after 5 mins: A, under normal conditions at room temperature; B, after 30 

seconds microwave irradiation at 40°C .

Incubating the annealed duplex with SJG-136 at room temperature followed by 

immediate injection (i.e., ~5 mins) onto the HPLC column gave a major adduct peak 

at RT 28.7 mins and another minor adduct peak at RT 32.7 mins (Figure 7.2A). A 

time course study showed a gradual increase in intensity of the 28.7 min adduct peak 

(but not the RT 32.7 min peak), and the eventual disappearance of the 24.4 min 

DNA peak. Isolation and MS analysis identified the 28.7 min peak as the SJG- 

{Seq-11 Seq-1) duplex interstrand cross-linked adduct. Immediate analysis after 

mixing {i.e., ~5 mins) showed that 36.7% conversion to the adduct had occurred, 

and reaction was near completion {i.e., -95%) after 4 hours. However, exposure of
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the incubation mixture immediately after mixing to microwave irradiation for 30 

seconds (40 °C) resulted in -95% conversion to the adduct, equivalent to a -360- 

fold increase in rate of reaction (Figure 7.2 B).

100
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80'

70

t “I  50

^40
30

20

10

7841 3 4322

7460.0 7633.8 7807.6 7981.4 8155.2
08329.0

Mass (m/z)

Figure 7.4: MALDI-TOF MS spectrum of 1:1 S3G-\3>6l{Seq-l/Seq-1) duplex adduct, m/z 

7844, observed m/z 7841.3.

For the monoalkylator GWL-78 a very slow reaction with the Seq-l/Seq-1 duplex 

was initially observed under normal incubation conditions. Only 10.8% conversion 

to the adduct occurred immediately after mixing {i.e., 5 mins), visible at RT 32.5 

mins (confirmed by MS as the {Seq-1/Seq-1) duplex adduct). However,

microwave irradiation of the incubation mixture for 30 seconds (40 °C) gave a 

significant increase in the rate of reaction with 67.1% conversion to the adduct after 

immediate HPLC analysis {i.e., -5  mins).
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Figure 7.5: HPLC chromatograms A, GV^\j-l^l{Seq-l/Seq-l) duplex adduct and un-reacted 

{Seq-l/Seq-1) duplex immediately after incubating GWL-78 with Seq-l/Seq-1 duplex and 

injecting onto the HPLC (no microwave irradiation); B, immediately after incubating GWL-78 

with Seq-l/Seq-1 duplex and injecting onto the HPLC (after 30 seconds of microwave 

irradiation at 40°C).

Due to the relative instability of the {Seq-1/Seq-1) duplex adduct (GWL-78

being a monoalkylator), a mass corresponding to 2:1 GV/G-lH!{Seq-l/Seq-1) was not 

observed in the MALDI-TOF-MS spectrum. Instead, a mass for the 1:1 GWL-78/5'^^-7 

adduct {m/z 4234.1, observed m/z 4235.25) was observed (Figure 7.6).
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Figure 7.6 : MALDI-TOF MS spectrum of 2:1 GV<J'L-l^l{Seq-l/Seq-l) duplex adduct peak 

of Figure 7.5. Note: mass of 1:1 Seq-1 adduct was observed.

Previously reported^^’ interaction of GWL-78 with the hairpin-forming Seq-2 

(Figures 7.7 A & B) was also investigated. Under the conditions o f the assay, 

immediately after mixing Seq-2 (26.9 min peak in Figure 7.7 A) with GWL-78 {i.e., 

5 mins), a new peak was observed at 28.7 mins (27.2% conversion) representing the 

1:1 GWL-78/,Sc^-2 adduct, with -95%  conversion reached after 3 hours (product 

identified by MALDI-TOF MS). However, exposing the incubation mixture to 

microwave irradiation (40°C) for 30 seconds resulted in 96.2% conversion (Figure 

7.7 B), again representing a -360-fold increase in reaction rate. This increase in 

reaction rate between covalent ligands (PBDs) and DNA is unprecedented. Initially 

it was assumed that in addition to the energy provided by microwave irraditaion, 

processes associated with irradiation, like pressure (microwave irradiations were 

carried out in sealed vials) and temperature changes are contributing to this 

exceptional increase in reaction rate.
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Figure 7.6: HPLC Chromatograms -  GV^L-7S/Seq-2 hairpin adduct formation after 5 mins: 

A, under normal conditions; B, after 30 seconds microwave irradiation at 40°C; C, MALDI- 

TOF MS spectrum of 1:1 G'WL-lS/Seq-2 hairpin adduct, m/z 5764.1, observed m/z 5766.1.

As a control, repeating these experiments after 5 mins of incubation of 1 and 2 with 

their relevant oligonucleotides at 40°C in ai standard ineubation block (Grant 

Instruments Ltd) failed to produce any significant change in the rate o f adduct 

formation compared with room temperature, thus confirming that the aceeleration of 

reaetion rate was due solely to the mierowave irradiation.
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Figure 7.8 : HPLC chromatograms after 3x10 seconds pulse of microwave irradiation at 

27°C A. ^iG-\2)6l{Seq-l/Seq-1) duplex adduct and \xn-VQ2iQiQ(M{Seq-l/Seq-l) duplex; B, 

GWL-78/5'e^-2 hairpin adduct and un-reacted Seq-2 hairpin.

To further assess the possible impact of microwave-associated temperature and/or 

pressure increases on reaction rate, a series o f experiments were conducted in which 

the {Seq-1/Seq-1) and G V/-l^!Seq-2  mixtures were separately exposed to

three consecutive 10 second pulses o f microwave irradiation at 27 °C (Figure 7.9). 

The observed reaction rates were identical to those for the original 30 second 

irradiation period at 40 °C. There was no increase in pressure during these 10 

second microwave pulse experiments, and the temperature remained low at 27 °C.

Seq-1 RT24.4

A fter 30 seco n d s  m icrow ave 
irrad ia tio n  (40®C)

20 30
Minutes

VoynffM #1 MCtBP - 36427 310J0J 
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Figure 7.9: HPLC chromatograms; A, Seq-l/Seq-1 after 30 seconds of microwave irradiation at 

40 °C; C, Seq-2 after 30 seconds of microwave irradiation at 40 °C, showing no change in 

retention time or peak pattern. MALDI-TOF-MS spectra of microwave irradiated B, Seq-1 and 

D, Seq-2 showing no change in mass compared with non-irradiated DNA sequences.
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Control experiments were also carried out to ascertain the effect of microwave 

irradiation on annealed and non-annealed Seq-1  and Seq-2  DNA alone. The 

chromatograms obtained before and after microwave exposure indicated that no 

changes in retention time or peak shape had occurred, and MALDI-TOF MS 

analysis o f the isolated DNA peaks confirmed that these small bursts of microwave 

energy had not adversely affected the DNA in any way. The reproducibility and 

sensitivity o f the assay was evaluated by constructing five-point calibration curves 

for both Seq-2  (one o f oligonucleotides used in the study) and SJG-136. Quantitation 

of the HPLC data, based on disappeamce o f the unbound oligonucleotides, was 

performed using the S eq -l/S eq -1  duplex and Seq-2  as external standards (Table 7.2).

Table 7.2: Quantitative HPLC data using Seq-l/Seq-1  duplex and Seq-2 as external 
standards.

Reaction type
% completion after immediate 

analysis {Le., 5 mins)

SJG-136 (1) with Seq-l/Seq-1  duplex at RT 
without microwave irradiation

36.7

SJG-136 (1) with Seq-l/Seq-1  duplex after 30 
seconds MW irradiation at 40 °C

92.8

SJG-136 (1) with Seq-l/Seq-1  duplex after 3 x 
10 seconds MW irradiation at 27 °C

92.6

SJG-136 (1) with Seq-l/Seq-1  duplex after 
heating at 40 °C in an incubation block for 5 
minutes

37.8

GW-78 (2) with Seq-l/Seq-1  duplex at RT 
without microwave irradiation

1 0 .8

GW-78 (2) with Seq-l/Seq-1  duplex after 30 
seconds MW irradiation at 40 °C

67.1

GW-78 (2) with Seq-2 hairpin at RT without 
microwave irradiation

27.5

GW-78 (2) with Seq-2 hairpin after 30 seconds 
MW irradiation at 40°C

96.2

GW-78 (2) with Seq-2 hairpin after 3 x 1 0  
seconds MW irradiation at 27°C

97.1

7.1.2 FRET-based DNA thermal dénaturation study

Finally, to investigate a potential application o f this microwave acceleration, a 

FRET-based^^^ DNA thermal dénaturation study was conducted using the 

fluorescent dye-labelled hairpin oligonucleotide F Seq-5, which contains only one 

PBD binding site thus allowing only 1:1 monoalkylation. This assay has been
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previously used in a 96-well plate format to evaluate the DNA binding affinity and 

sequence-selectivity o f PBD analogues. However, it is currently a time-consuming 

assay due to the 24-hour incubation step required to ensure complete covalent 

reaction o f all library members (unpublished data). In separate experiments, 

different concentrations o f SJG-136, GWL-78 and anthramycin were added to 

annealed FSeq-5 (heated to 85°C followed by slow cooling to room temperature). 

Each mixture was then separated into three groups. The first was subjected to 

microwave irradiation at 40 °C for 30 seconds, and the second and third were left to 

stand at room temperature for 5 and 24 hours, respectively (without irradiation) as 

controls.

Table 7.3: FRET-based DNA melting study o f the stabilisation of FSeq-5 (200 nM) by 

SJG-136, GWL-78 and Anthramycin.

Compound ATm values (°C)

Microwave 

irradiated group 

(30 seconds)

Control group (Non

irradiated, RT, 5 mins)

Control group (Non

irradiated, RT, 24 hours)

10  pM 

conc.

1 pM 

conc.

10 pM conc. 1 pM conc. 10 pM conc. 1 pM conc.

SJG-136 4 1.4 1 0 4 2

GWL-78 14.8 1 1 .8 6 1 15.3 1 2 .2

Anthramycin 16.7 6 3 1 17.2 7.3

The results (Table 7.3) show that the fluorescence readings taken immediately after 

irradiation {i.e., ~5 mins) provide ATm readings almost equivalent to those obtained 

after 24 hours incubation, whereas very low values were obtained after 5 mins with 

no irradiation. As a control, the melting temperature o f FSeq-5 in the absence of 

ligands was found to be constant before and after microwave irradiation. Therefore, 

the FRET-based melting assay provided further evidence that brief exposure to non

denaturing microwave irradiation can significantly increase the rate of PBD-DNA 

covalent interaction, and demonstrated the application o f this phenomenon to a 

semi-high throughput biophysical screen.
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7.2 Conclusion and Future Work

It was found that by using short bursts of microwave irradiation at energy levels that do 

not cause significant heating of ligand/DNA mixtures or dénaturation of annealed DNA 

duplexes under the same conditions, the rate of covalent binding of 

pyrrolobenzodiazepine (PBD) agents to DNA can be enhanced by up to ~360-fold. 

This is the first report o f the rate of a covalent drug-DNA interaction being enhanced by 

microwaves.

Apart from the scientific interest o f this observation, there is also a potential 

practical application in that the 24-hour incubation period which has routinely been 

used for PBDs prior to biochemical assays such as DNA footprinting, in vitro  

transcription stop or DNA theimal dénaturation could be reduced to -3 0  seconds 

with microwave exposure. Crucially, the microwave irradiation process can be 

carried out in 96-well plate format making the prospect o f a high-throughput screen 

for PBD molecules more feasible.

It is anticipated that the microwave-acceleration o f covalent bond formation will 

apply to other families o f DNA interactive agents, and future work will focus on 

establishing the universality o f this effect.

Future studies will focus on the potential use of this principle to develop non-damaging 

and less painful treatment o f topical and localized cancers. For example, currently 

microwave thermoablation is used for the treatment of localized prostate cancer which 

is a severely painful procedurê "̂̂ '̂ ^̂ . Application of non-damaging low energy 

microwave radiation coupled with local application of anticancer agents could 

potentially replace these painful procedures and become equally effective. A clinical 

study of this principle with SJG-136, which is currently undergoing clinical trial in 

USA, is planned for the future.
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Chapter 8: Overall Conclusions and Future Work

8.0 Overall Conclusions and Future Work

Understanding the sequence recognition properties of DNA-binding ligands is important 

for the development of gene targeting agents for the treatment o f cancer and other 

diseases. As a class, minor-groove non-covalent binding small molecules generally 

show A/T selectivity. The lack of G/C-specificity is thought to relate to the wider minor 

groove in G/C regions and the presence o f exocyclic 2-amino groups of guanines which 

project into the minor groove and prevent multiple close van der Waals contacts within 

the G/C-rich minor groove. A new set o f biaryl building blocks have been developed 

which alter the curvature of polyamides in which they are incorporated, thereby 

increasing the number of van der Waal’s contacts within GC tracts of the DNA minor 

groove. In particular, polyamides containing a 4-( 1-methyl-1//-pyrrol-3- 

yl)benzenamine (MPB) motif can switch binding preference from AT-rich to GC-rich 

sequences as indicated by FID assay, HPLC/MS, FRET-based DNA thermal 

dénaturation and DNA footprinting studies. This switch of base-pair preference for a 

minor-groove binding polyamide is novel and provides the basis for the design of new 

generations o f gene targeting agents with improved selectivity. Two polyamides, MPB- 

Py-MPB and Py-MPB-Im, were screened against the micro-organisms EMRSA-16 and 

Micrococcus luteus which possess AT- and GC-rich genomes, respectively. While both 

compounds failed to show significant antibacterial activity against EMRSA-16, they 

both showed significant activity against Micrococcus luteus, consistent with a 

mechanism of action involving sequence-selective interaction in the DNA minor 

groove. From this it was concluded that building blocks of this type could be 

incorporated into more-complex DNA-binding molecules to enhance sequence 

targeting.

This was attempted by conjugating a number o f MPB biaryl units to 

pyrrolobenzodiazepine (PBD) molecules to produce covalent-binding minor-groove 

interacting agents with extended GC-selectivity as indicated by the results of HPLC/MS 

and DNA footprinting experiments. Many of these MPB-PBD conjugates exhibited 

highly potent bactericidal activity against MRSA and VRE clinical isolates, and 

demonstrated clear structure activity relationships (SARs). These molecules also 

showed significant cytotoxicity towards different tumour cell lines. For example, PBD-
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Py-MPB and PBD-Im-MPB conjugates showed highly selective and potent in vitro 

cytotoxicity in breast cancer cell lines while being inactive towards corresponding non

tumour cell lines. Based on these results, it is concluded that the GC-preferring 

properties of the new biaryl building blocks are not diminished when they are included 

in larger more-complex molecules. The PBD-Py-MPB and PBD-Im-MPB conjugates 

were sufficiently active in the in vitro tumour cell lines to warrant evaluation in Human 

Tumour Xenograft studies, and these experiments are ongoing at the time of submitting 

this thesis.

Interestingly, it was also discovered that some biaryl polyamide structures can 

selectively interact with and stabilize G-quadruplex DNA while not recognizing 

duplex DNA. Low molecular weight ligands with these properties are in increasing 

demand as potentially novel anticancer agents since they can, for example, promote 

selective telomere destabilization or down-regulate oncogene expression in cancer 

cells. Molecular modeling studies suggest that these biaryl polyamides form planar 

U-shaped structures that match the surface area dimensions o f a terminal G-quartet 

in the quadruplex structures but cannot readily be accommodated within the minor 

groove of duplex DNA. Furthermore, biophysical studies suggest that some biaryl 

polyamides can induce folding o f particular quadruplex structures. These 

molecules are also selectively cytotoxic in several cancer cell lines, and future 

studies will be directed towards establishing that cell death is associated with DNA 

quadruplex stabilization. It is concluded that these biaryl polyamides represent a 

new structural scaffold for G-quadruplex inhibitors, and that there is great potential 

for modifying the terminal heterocyclic group o f the biaryl polyamide structure in a 

diverse manner to create further molecules for evaluation, and to enhance drug-like 

characteristics.

The scope of the ion pair reversed-phase HPLC/MS assay as a tool to evaluate the 

interaction of DNA-interactive agents with oligonucleotides of varying length and 

sequence was thoroughly investigated as part o f this project. Using the DNA sequence- 

selective interstrand cross-linking agent SJG-136 as a model compound, the binding-site 

preferences of SJG-136 were explored. Despite the molecule’s documented preference 

for forming interstrand cross-links at Pu-GATC-Py sites, the HPLC/MS assay 

demonstrated that it can also form a number of other adducts including an intrastrand 

cross-link at the longer Pu-GAATG-Py site. These surprising results impact on the
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proposed mechanism of action of SJG-136 both in vitro and in vivo, the repair of DNA 

adducts in cells thus potentially affecting the mechanism of resistance, and also on the 

pharmacodynamic assay used in the clinical trials (presently the COMET assay which 

detects only interstrand cross-links). HPLC/MS assay was also used to investigate the 

binding sequence preference o f PBD dimers. The results were used to develop a set of 

“rules” that allow us to predict the preferred mode of binding (i.e., inter- or intrastrand 

cross-linking) depending on the separation of guanine bases within a given DNA 

sequence, and the length of the C8 /C8 ' linker connecting the two PBD units in the 

dimer core. It should be possible to use this information in the future to design more- 

sophisticated PBD dimers targeted towards specific DNA sequences. The HPLC/MS 

assay was also utilized to establish that a dynamic equilibrium exists between covalent 

1:1 hairpin and 2:1 duplex DNA adducts of PBD minor-groove binding agents. This 

observation is not only interesting from an energetics perspective, but could have 

significance for the in vitro and in vivo biological activity o f PBDs, as DNA hairpin and 

loop structures are known to be important in cellular processes such as transcription and 

replication.

A combination of HPLC/MS methodology and polarized light spectroscopy was used to 

establish the reversible nature of the PBD-DNA aminal linkage. It was found that while the 

rate of aminal bond cleavage does not depend on DNA sequence, the rate of re-formation of 

PBD-DNA adducts does. Interestingly, it was further confirmed that heating results in the 

irreversible anthramycin-DNA cleavage and spontaneous C lla-C l dehydration, possibly 

due to acidity of DNA. These findings add to the knowledge of PBD chemistry and will 

help understanding of the mechanism of action of PBDs, and may help in the design of 

future PBD-based anticancer agents.

Finally, the HPLC/MS assay was used to establish that short bursts o f microwave 

irradiation at energy levels which do not cause significant heating o f a PBD/DNA 

mixture and which do not cause dénaturation o f annealed DNA duplexes, enhance 

the rate o f covalent binding by ~3 60-fold. Crucially, the microwave irradiation 

process can be carried out in a 96-well plate format making the prospect o f a high- 

throughput screen for PBD molecules targeted to a particular DNA sequence more 

feasible. This discovery might also have potential therapeutic application, as 

microwave thermoablation is already used for the localized treatment o f prostate
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cancer. Future studies will investigate the effect o f application o f lower-energy 

microwaves to tumours in xenograft models after systemic administration o f a PBD 

antitumour agent. This could lead to a novel treatment strategy.
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9.0 Experimental (Chemistry)

General (Chemistry)

Optical rotations were measured on an ADP 220 polarimeter (Bellingham Stanley Ltd) 

and concentrations (c) are given in g/lOOmL. Melting points were measured using a 

digital melting point apparatus (Electrothermal). IR spectra were recorded on a Perkin- 

Elmer Spectrum 1000 FT IR Spectrometer. ’H and NMR spectra were acquired at 

300 K using a Bruker Advance NMR spectrometer at 400 and 100 MHz, respectively. 

Chemical shifts are reported relative to TMS (ô = 0.0 ppm), and signals are designated 

as s (singlet), d (doublet), t (triplet), dt (double triplet), dd (doublet of doublets), ddd 

(double doublet o f doublets) or m (multiplet), with coupling constants given in Hertz 

(Hz). A pro-PBD numbering system is used for carbon and proton assignments for 

synthetic intermediates {i.e., based on the final tricyclic PBD ring system). Mass 

spectrometry data were collected using a Waters Micromass ZQ instrument coupled to a 

Waters 2695 HPLC with a Waters 2996 PDA. Waters Micromass ZQ parameters used 

were: Capillary (kV), 3.38; Cone (V), 35; Extractor (V), 3.0; Source temperature (°C), 

100; Desolvation Temperature (°C), 200; Cone flow rate (L/h), 50; De-solvation flow 

rate (L/h), 250. High-resolution mass spectrometry data were recorded on a Waters 

Micromass QTOF Global in positive W-mode using metal-coated borosilicate glass tips 

to introduce the samples into the instrument. Chiral HPLC was performed using a 

Waters 2695 separator module and a Chiralcel™ OD column (25 cm x 4.6 mm) coupled 

to a Waters 2996 photodiode array detector. A mobile phase of M-hexane/z-PrOH (1:1 

v/v) was used at a flow rate o f 0.6 mL/min. Thin Layer Chromatography (TLC) was 

performed on silica gel aluminum plates (Merck 60, F254), and flash chromatography 

utilized silica gel (Merck 60, 230-400 mesh ASTM). Parallel reactions were carried out 

using a Radleys™ Green House Synthesizer and parallel purifications were carried out 

using an 1ST Vacmaster™. For reactions carried out in parallel, solvents were 

evaporated using a Genevac VC 2000D (Genevac Technologies, UK). Purified 

compounds were freeze dried using a Heto-Lyolab 3000 freeze drier. Hydrogenation 

reactions were carried using UHP-60H hydrogen generator attached to a Parr 

hydrogenation apparatus. Synthetic building blocks were purchased from Maybridge 

Chemicals (UK), Bachem Chemicals (USA) and Sigma-Aldrich (UK). Reagents and 

solvents were purchased from Sigma-Aldrich (UK).

Page 258



General procedure for purification by “Catch and Release” method

The sulphonic acid based SCX-2 resin cartridges were purchased from Biotage 

Synthesis (Virginia, USA) with different sorbent capacities (500 mg, 1 gm, 2 gm, 5 gm, 

10 gm and 20 gm). The cartridges were initially washed and solvated with 2 column 

volumes DCM and 2 column volumes methanol. The reaction mixtures were poured 

onto the cartridge (sorbent mass should be 10 times that of the product mass) and the 

solvent was allowed to pass through the cartridge under gravity. The cartridge was 

washed with DCM (3 x) & DMT (3 x) twice and finally MeOH (2 x) to remove 

impurities (under vacuum to accelerate the elution). Products were released from the 

cartridge using 2M NH3 in MeOH and concentrated in vacuo to obtain a light brown 

solid. In the case of a parallel synthesis, a parallel purification procedure was employed 

and the excess solvents were removed using a GeneVac.

1 . C o lu m n  So lva t ion  2. S a m p le  L oa d ing  3. C o lu m n  W as h in g  4. T a r g e t  C o m p o u n d  Elution

V

é j

A /

è
/

E lu ted  I n t e r f e r e n c e s

# # #

T a r g e t
C o m p o u n d

Figure 8.1; “Catch and Release” purification procedure using SCX-2 cartridge (Image courtesy: Biotage)
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General methods

Method A - peptide coupling between a heterocyclic amine and a heterocyclic acid 

using HOBt and DIC: The acid (1.2 eq.) was dissolved in DCM/DMF (5 mL for 100 

mg of starting material) in a round bottom flask/Green House Parallel Synthesizer vial 

fitted with a magnetic stirrer. DIC (1.75 eq) and HOBt (2 eq) were added to the stirred 

solution at room temperature and the mixture was allowed to stir for between 45 

minutes and 6  hours depending on the reactivity o f the acid. The amine (1 eq) was 

added after the initial activating step and the reaction mixture was again allowed to stir 

until the reaction was deemed complete by TLC or LCMS. The reaction mixture was 

applied to a conditioned SCX-2 cartridge and the coupled product was purified by 

“Catch and Release” method described earlier.

Method B - peptide coupling between a heterocyclic amine and a heterocyclic acid 

using HO At, HATU and DIPEA: The acid (1.1 eq.) was dissolved in DMF (5 mL for 

100 mg of starting material) in a round bottom flask/Green House Parallel Synthesizer 

vial fitted with a magnetic stirrer. The reaction mixture was cooled to -5 °C using a 

mixture of dry ice, acetone and ice. HATU (1.3 eq), HO At (1.75 eq) and DIPEA (1.5 

eq) were added to the stirred solution while maintaining the temperature at -5 °C. The 

mixture was allowed to stir for between 25 minutes and 2 hours depending on the 

reactivity of the acid. The amine (1 eq) was added after the initial activating step and the 

reaction mixture was again allowed to stir until the reaction was deemed complete by 

TLC or LCMS (in most cases within 3 hours). The reaction mixture was applied to a 

conditioned SCX-2 cartridge and the coupled product was purified by the “Catch and 

Release” method described earlier. The method was successfully employed later 

without the use o f HO At. In the modified procedure 2.0 equivalents o f HATU and 3.0 

equivalents of DIPEA were used.

Method C - peptide coupling between a heterocyclic amine and a heterocyclic acid 

using EDCI and DMA?: The acid (1.2 eq.) was dissolved in DMF (5 mL for 100 mg 

of starting material) in a round bottom flask/Greenhouse™ Parallel Synthesizer vial 

fitted with a magnetic stirrer. EDCI (2.0 eq) and DMAP (2.5 eq) were added to the 

stirring solution at room temperature and the mixture was allowed to stir for 30 minutes 

prior to the addition of the amine (1.0 eq). The reaction mixture was again allowed to 

stir until the reaction was deemed complete either by TLC or LCMS. The reaction 

mixture was quenched by addition to an ice/water mixture (50 times the volume of 

DMF) and the resulting mixture was extracted with either DCM or ethyl acetate (3
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times) (if the product precipitated as a solid, it was collected on a sintered filter, washed 

with water and dried). The combined extracts were sequentially washed with citric acid 

solution, saturated aqueous NaHCOs, water, and brine, and finally dried over MgS0 4 . 

Excess solvents were evaporated under vacuum using a rotary evaporator and the crude 

product was purified by silica gel flash chromatography (MeOH: CHCI3 gradient). This 

EDCI/DMAP coupling system was employed for all reactions involving heterocyclic 

amino esters and Boc-protected heterocyclic acids.

Method D - peptide coupling between a heterocyclic amine and a heterocyclic 

carbonyl chloride: The amine (1 eq) was dissolved in dry THF (5 mL for every 50 mg 

starting material) in a dry round bottom flask fitted with a drying tube. The carbonyl 

chloride (1.25 eq) was dissolved in dry THF (5 mL) and added to the stirring solution of 

amine using a dry syringe/canula. The reaction mixture was allowed to stir under an 

inert nitrogen atmosphere until the reaction was deemed complete either by TLC or 

LCMS (usually between 30 -  90 minutes). Excess THF was removed under vacuum 

using a rotary evaporator. The resulting solid was re-dissolved in methanol, applied to a 

pre-conditioned SCX-2 cartridge and purified using the “Catch and Release” method 

described earlier.

Method E -  microwave assisted Suzuki coupling between heterocyclic bromides 

and different boronic acids (Boc-protected, pinacol ester etc.): The heterocyclic 

bromide (1.0 eq), the boronic acid (1.2 eq), K2CO3 (3.0 eq) and tetrakis Pd(PPh3)4 (0.02 

to 0.1 eq) were added in an Emrys™ Process microwave vial containing a magnetic 

stirrer under nitrogen. Appropriate amount (5 mL for every 125 mg substrate) of solvent 

mixture (Ethanol/Toluene/Water - 9:3:1) was added to the microwave vial under 

nitrogen atmosphere. The vial was sealed with a Reseal™ septum, and then the 

suspension was irradiated at microwave wavelengths and kept at 100 °C for 4-23 

minutes depending on the substrate. The progress of the reaction was monitored by 

LCMS. For heterocyclic bromides containing the A-dimethylaminopropy 1 tail, the

reaction mixtures were applied to a SCX-2 cartridge and purified using the “Catch and 

Release” method described earlier. For heterocyclic bromides without the tail, water 

was added to the reaction, and the product was extracted with EtOAc (3 x 40 mL). The 

extracts were combined and dried over MgS0 4 , and then concentrated under vacuum. 

The resulting crude products were subjected to flash chromatography (w-hexane/EtOAc 

9:1 to 7:3) to give the pure product.
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Method F -  saponification of aromatic methyl ester: A 0.5 M aqueous solution of 

NaOH was added to a solution of the methyl ester in dioxane (1 mL for every 25 mg of 

ester). The reaction mixture was allowed to stir for 6  hours at which point TLC showed 

completion of the reaction. Excess 1,4-dioxane was evaporated under vacuum and the 

residue was dissolved with water. The aqueous solution was acidified with IM citric 

acid. The product was extracted with ethyl acetate and the organic layer was 

sequentially washed with water, brine and finally dried over MgS0 4 . The excess solvent 

was removed under vacuum and the product dried in a vacuum oven.

Method G -  standard hydrogenation procedure: The starting material was dissolved 

in ethyl acetate (maximum 150 mL) and a slurry of 10% Pd/C (10% w/w compared to 

the starting material) in EtOH was added. The mixture was hydrogenated in a Parr 

hydrogenator at 45 psi until the H2 uptake ceased. The progress of the reaction was 

monitored with TLC and the reaction mixture was filtered through a layer of celite and 

the residue washed with ethyl acetate. The solvent was removed under vacuum using a 

rotary evaporator to give the reduced product.

Method H -  Boc deprotection of aromatic amines: The Boc-protected aromatic 

amine was dissolved in a small volume of MeOH (1 mL for every 20 mg of starting 

material) and 4M HCl in dioxane (2 mL for every 25 mg) was added slowly to the 

stirring solution in a round bottom flask. The reaction mixture was stirred for 2 hours at 

which point TLC showed completion of the reaction. Excess solvent was evaporated 

under vacuum to obtain the deprotected compound. The solid product was used in the 

next step without further purification.

Method I - Alloc deprotection and activation of the FED moiety: A catalytic amount 

of tetrakis Pd(PPhs)4 (0 .0 1  eq for large scale and 0.06 eq for small scale) was added to 

stirred solution of the protected PBD carbinolamine (1 eq), pyrrolidine (2 eq) and 

triphenyl phosphine (2 eq) in DCM (1 mL per 20 mg of protected PBD). The reaction 

was allowed to stir under room temperature for 2 hours at which point TLC showed 

completion of the reaction. The excess solvent was evaporated under vacuum and the 

resulting residue was subjected to either flash chromatography («-hexane/ethyl acetate, 

MeOH/CHCls) or preparative HPLC (acetonitrile/water) to yield the biologically active 

imine.
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Motf-1 biarvl polyamide synthesis 

Synthesis of 2-(tricbJoroacetyl)-l-methyI pyrrole

U  ^
* CI3C Cl ' O

2 .1 a 2 .2 a

A solution of A-methyl pyrrole (113.06 g, 1.39 mol, 1.0 eq) in dry ether (350 mL) was 

added drop wise over a period o f 1 hr and 10  minutes to a stirred solution of 

trichloroacetyl chloride (254 g, 1.39 mol, 1.0 eq) in dry ether (350 mL) in a 2 L, 3 

necked flask. HCl gas produced in the reaction was removed by flushing with nitrogen. 

The reaction mixture was allowed to stir for 1.5 hours and progress of the reaction was 

monitored regularly by TLC and LCMS. After 1.5 hours the reaction was quenched 

using 1 M K2CO3 solution. The reaction mixture was extracted with ethyl acetate (3 x) 

and the organic layers were combined and concentrated in vacuo. The crystalline 

residue was washed with «-hexane and finally dried under vacuum. Yield -  281.18 g, 

79.5%, NMR compared with literature^

2-(trichloroacetyI)-l-methyl pyrrole (2.2a), a colorless crystalline powder

IR (FTIR, Vmax /cm-*) 3299, 3121, 3008, 2954, 1789, 1674, 1521, 1406, 1206, 1100, 980, 
881 ,757

’h -n m r
(CDCI3 , 400 M Hz) Ô 7.42 (IH , dd, J =  4.4, 1.6 Hz), 6.97 (IH , t, J =  1.6 Hz), 6.22 (IH , 
dd, 4.4, 2.4 Hz) 3.97 (3H, s)

" c  N M R (C D C L  400 MHz): Ô 133.6, 124.0, 122.4, 108.9, 38.5
E IM S m/z (+EI) calc, for C 2 7 H 2 9 N 5 O 5 (M+H^) 504.2242 , found 504.2248 (M+H)^

Synthesis of 2,2,2-trlchloro-l-(l-methyl-lLf-imidazoI-2-yI)ethanone

N Dry DCM /TEA

N X
' ClaC^CI ' O

2 .1 b 2 .2 b

A solution of 2.1b (45 g, 0.548 mol) in anhydrous DCM (150 mL) was added drop wise 

to a solution of trichloroacetyl chloride (61.16 mL, 0.548 mol) in 250 mL DCM over 1 

hour at 5 °C. The white slurry was allowed to stir for 3 hours at which point TEA (76.13 

mL, 0.548 mol) was added drop wise keeping the temperature at 5 °C for 40 minutes. 

The reaction mixture was stirred for 30 minutes at which point TLC showed completion 

of the reaction. The reaction mixture was diluted with DCM (400 mL) and water (400 

mL). The organic phase was washed sequentially with water (2x200 mL), brine (2x200 

mL) and dried over MgS0 4 . Filtration through a thin pad o f silica and removal of
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solvent in vacuo resulted in white crystals which were washed with «-hexane to remove 

impurities. Yield 89 g, 71.69%. NMR compared with literature^̂ ^

2 ,2 ,2 -trich Io ro -I-(l-m eth y i-I//- im id azo I-5 -y I)e th an o n e  (2.2a), a white crystalline 

powder

IR
(FTIR, Vm«/crn-^):3156, 1702, 1534, 1507, 1486, 1460, 1407, 1335, 1312, 1132, 1021, 
998, 859, 816, 741 ,709 , 636

‘h -n m r (CDCI3 . 400 M H z) Ô 7.42 (IH , d, J =  2.8 Hz), 7.18 (IH , s), 4.05 (3H, s)
N M R (CDCI3 , 400 M Hz): Ô 172.2, 136.1, 130.6,128.6, 94.8, 37.2

E IM S m/z (+E1) calc, for C6 H 5 CI3N 2 O (M+) 227.48, found 228.46 (M+H)+

Synthesis of 4-nitro-2-(trichloroacetyl)-l-niethyl pyrrole

HNO3

CkC 7 W
N' A C 2 O

cue

o
2 .2 a 2 .3 a

Fuming nitric acid (37.5 mL) was added drop wise over a period of 1 hour to a 

mechanically stirred solution of 2-(trichloroacetyl)-l-methyl pyrrole (2.2a) (100 g, 

0.47 mol) in acetic anhydride (475 mL) which was kept at -5°C using an acetone/dry ice 

bath.(Caution! risk of sudden exotherm if the temperature reaches above 10°C). After 

complete addition the temperature of the reaction mixture was gradually raised to 10°C 

over a period of 3 hours with continuous stirring. The reaction mixture was again cooled 

to -30°C using an acetone/dry ice bath and diluted with 500 mL of isopropanol. The 

resulting precipitate (2.3b) was collected using a Buchner flask and dried under 

vacuum. Yield -  96 g, 80.08%, NMR compared with literature'^^

4-n itro -2 -(trich Io roace ty I)-I-m ethy I p y rro le  (2.3a), a colorless crystalline powder
IR (FTIR, Vmax /cm "’) 3055 ,2166 , 1620, 1466, 1310, 1180, 1083, 847, 763

H -N M R (CDCI3 . 400 M Hz) Ô 7.95 (IH , d, 1.6 Hz), 7.71 (IH , d, 1.6 Hz), 4.06 (3H, s)
N M R (CDCI3 , 400 MHz): Ô 173.7, 135.3, 130.25, 121.47, 117.46, 94 .83 ,39 .80

E IM S m/z  (+E1) calc, for C 7 H 5 CI3 N 2 O 3 (M +) 271.49, found 272.93 (M+H)^
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The same procedure was used to synthesize 2,2,2-trichloro-l-(l-methyl-4-nitro-l/T- 

imidazol-2-yl)ethanone. NMR compared with literature^^*

2 ,2 ,2 -trich Io ro -l-(l-m ethy l-4 -n itro -l^T -in iidazo l-2 -y l)e thanone
crystalline p o w d er, yield -  76%_______________________________

(2 .3b ), white

NO,

cue
N
I

2.3b
IR (FTIR, Vmax /cm "') 3137, 1723, 1539, 1493, 1309, 1144, 1021, 998, 859, 844, 709

'H -N M R (DMSO. 400 M Hz) Ô 7.97 (IH , s), 4.08 (3H, s)
N M R (CDCI3 . 400 MHz): Ô 172.7, 145.8, 133.6, 126.1, 93.5, 38.3

E IM S m/z  (+E1) calc, for C 6 H 4 CI3N 3 O 3 (M +) 227.47 found 228.16 (M+H)^

Synthesis of A^-(3-(dimetbyIamino)propyl)-l-methyl-4-nitro-l/r-pyrroIe-2-carboxamide
NO2

GUO. i r i .  THF

2.3

N,N- dimethylaminopropyl amine (6.3 mL, 0.038 mol) was added to a mechanically 

stirred solution of 4-nitro-2-(trichloroacetyl)-l-methyl pyrrole (10.36 g, 0.038 mol, 1.0 

equivalent) in THF. The reaction mixture was allowed to stir for one hour. The reaction 

mixture was diluted with «-hexane in order to precipitate the product. The cream 

coloured crystalline precipitate was collected by vacuum filtration and dried in vacuo. 

Yield - 9.6 g, 98.9%

A '-(3 -(d im e th y lam in o )p ro p y i)-l-m eth y l-4 -n itro -l^ -p y rro le -2 -carb o x am id e  (2.4), A
cream crystalline solid

IR (FTIR, Vmax /cm "') 2956, 2245, 1627, 851, 774

H -N M R (CDCI3 , 400 M Hz) 5 7.54 (IH , d, V -  1.6 H z ), 6.92 (IH , d, J  = 2.0 Hz ), 4.01 (3H, s), 
3.50 (2H, m), 2.52 (2H, m), 1.73 (2H, m)

E IM S m/z  (+E1) calc, for Cl 1H 18N 4 O 3 (M +) 254.29, found 255.15 (M+H)^

Synthesis of 4-amino-A^-(3-(dimethyIamino)propyl)-l-methyl-l/f-pyrrole-2-carboxamide

Hz, Pd/C

O I o
2.4 2.5a

N-{2) -(dimethylamino)propyl)-1 -methyl-4-nitro-1 Ff-pyrrole-2-carboxamide (3 g, 11.79 

mmol) was dissolved in a minimum amount o f ethyl acetate and a catalytic amount of 

10% Pd/C (0.3 g) was added as a slurry, also in ethyl acetate. The reaction mixture was 

shaken for 3 hours at 45 psi in a Parr hydrogenator. Reduction was complete after 3
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hours. The suspension was filtered with caution using a Buchner fiask and the filtrate

was concentrated to obtain a colorless oil. Yield -  2.4 g, 90.7%

4-am ino -A ^-(3 -(d im ethy la in ino )p ropy I)-l-m ethy l-l^ -py rro le -2 -ca rboxa in ide  (2.5),
Colorless oil

'H -N M R
(CDCI3 , 400 M Hz) 5 7.55 (IH , s), 6.24 (IH , d , J =  2.0 Hz), 6.00 (IH , d, J  =  2.0 Hz), 
3.82 (3H, s), 3.42 (2H, q , J  = 6.0 Hz), 2.42 (2H, t, J  = 6.0 Hz), 2.26 (6 H, s), 1.69 (2H, 
m)

" C  N M R (CDCI3 100 MHz): 8  161.7, 129.6, 124.2, 115.3, 102.6, 59.2, 45.54, 39.46, 36.23, 
25.84

E IM S m/z  (+EI) calc, for Cl 1H 2 0N 4 O (M +) 224.29, found 225.15 (M+H)"^

Synthesis of 4-amino-A^-(3-(dimethylamino)propyl)-l-methyI-l//-pyrroIe-2-carboxamide
NHBoc

'NH2 + HO
DIC/HOBt

V .^
O I 

BP-2.5b

NHBoc 4 |y, HCl

Dioxane

NH2

2.5b

Two equivalents of DIG (1.106 mL) and 2.0 equivalents of HOBt (938 mg, 6.94 mmol) 

were added to a stirring solution of 4-(/‘err-butoxycarbonylamino)-l-methyl-1//- 

imidazole-2-carboxylic acid (1.088 g, 4.51 mmol) in DMF. The reaction mixture was 

stirred for 10 minutes after which time 355 mg o f NJ^- dimethylaminopropyl amine (1.0 

eq, 3.47 mmol) was added and stirred for a further 4 hours. The reaction mixture was 

applied to a SCX-2 cartridge and sequentially washed with DCM (3x), DMF (3x) and 

finally MeOH (2x). The product was released from the cartridge using 2M NH3 in 

MeOH and excess methanol was removed under vacuum to obtain a dark brown solid 

(BP-2.5b). The Boc-protected BP-2.5b was dissolved in a small volume of MeOH and 

4M HCl in dioxane was added slowly to the stirring solution. The reaction mixture was 

allowed to stirr for 6  hours at which point TLC showed completion o f the reaction. 

Excess solvent was evaporated under vacuum to obtain a dark brown coloured solid 

(2.5b). The product was used in the next step without further purification. Yield over 

two steps -  0.43 g, yield 53.65%

4-am in o -N -(3 -(d im eth y la in in o )p ro p y l)-l-m e th y l-l//-p y rro le -2 -carb o x am id e  (2.5b)

'H -N M R (CDCI3 . 400 M Hz) 8  8.03 (IH , s), 7.56 (2H, s), 6.49 (IH , s), 3.93 (3H,s), 3.81 (3H, s), 
3.41 (2H, q, J  = 6.0 Hz), 2.41 (2H, t , J  = 6.0 Hz), 1.70 (2H, m)

'^C N M R (CDCI3 , 100 M Hz): 8  158.6, 147.6, 129.1, 109.8, 59.3, 45.7, 39.6, 36.9, 25.7
E IM S m/z  (+EI) calc, for CioHigN^O (M +) 225.29, found 226.18 (M+H)^
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Synthesis of 4-(5-broniofuran-2-carboxaniido)-A^-(3-(dimethylamino)propyl)-l-methyl-l/r- 

pyrrole-2-carboxaniide (2.6) from iV-(3-(dimethylamino) propyI)-l-methyl-4-nitro-l/f- 

pyrrole-2-carboxamide (2.5) and 5-bromofuran-2-carboxylic acid (9.1).

HO
-Br

DIC/HOBt

O I o

2.5 9.1 2.6a

Two eq. o f HOBt (1.776 g) and 1.75 eq. o f DIG (1.57 mL) were added to a solution of 

2.5 (1.3 g, 5.8 mmol) in dry DCM. After 55 minutes 1 eq. o f 8.1 (1.66 g, 8.7 mmol) was 

added by pipette and the reaction mixture was allowed to stir overnight. After 16 hours 

the reaction mixture was passed through a SCX-2 cartridge (sorbent mass should be 10 

times that o f the product mass), which was washed with DCM (3 x) & DMF (3 x) twice, 

and finally MeOH (2 x). The product 2.6 was released from the cartridge using 2M NH 3 

in MeOH and concentrated in vacuo to obtain a light brown solid. Yield -  2.24 g, 97.3%

4-(5 -b rom ofu ran -2 -carboxam ido )-A '-(3 -(d im ethy Iam ino )p ropy l)-l-m ethy I-l/f-
_____________ p y rro le -2 -carboxam ide  (2.6a), A light brown solid_____________________________

(DM SO 400 M Hz) 6  8.07 (IH , s), 7.87 (IH , s), 7.19 (IH , s), 7.13 (IH , d, J  = 3.6 Hz),
H -N M R  6.53 (IH , s), 6.47 (IH , d, J  = 3.6 Hz), 3.93 (3H, s), 3.46 (2H, q, J  = 5.6 Hz), 2.47 (2H,

_____________ t, J  = 6.0 Hz), 2.30 (6 H, s), 1.74 (2H, m)______________________________________
NMR (DM SO 100 MHz): Ô 159.5, 152.1, 147.4, 122.3, 122.1, 118.2, 116.6, 114.8, 112.4,

100.8, 57 .1 ,43 .4 , 40.1, 37.5, 34.7, 23.5______________________________________________
E IM S  m/z  (+EI) calc, for C i6 H 2 iBrN 4 0 3  (M +) 397.27, found 398.08 (M+H)+________________

4-(5 -b rom oth iophene-2 -carboxam ido)-A '-(3 -(d im ethy la in ino )p ropy I)-l-m ethy I-l//- 
py rro le -2 -earboxam ide  (2.6b), A  light brown solid, yield -  84.2%____________________

2.6b

(DMSO, 400 M Hz) Ô 8.2 (IH , s), 7.70 (IH , s), 7.38 (IH , d, J  = 4.0 Hz), 7.15 (IH , s), 
7.03 (IH , d, J  = 4.0 Hz), 6.49 (IH , s), 3.89 (3H, s), 3.43 (2H, m), 2.42 (2H, t, J  = 5.6 
Hz), 2.30 (6 H, s), 1.70 (2H, m)______________________________________________________

H -N M R

(DM SO, 100 MHz): Ô 160.4, 158.4, 154.8, 139.6, 129.3, 126.7, 117.8, 116.7, 101.9, 
57 .6 ,43 .1 , 40.83, 35 .27,31.3 , 24.1__________________________________________________

C  N M R

H R M S  m/z  (+EI) calc, for C ,6 H 2 ,BrN 4 0 2 S (M + H ^  413.33 , found 414.28 (M+H)^___________
4-(5 -b ro m o th !o p h en e-2 -ca rb o x am id o )-/V -(3 -(d im e th y Iam in o )p ro p y l)-l-m e th y l-l^  
p y rro le -2 -carboxam ide , A light brow n solid. Y ield -  85%___________________________

2 .6 c

(DM SO 400 M Hz) Ô 8.19 (IH , s), 7.81 (IH , s), 7.54 (IH , s), 7.40 (IH , s), 7.17 (IH , s), 
6.48 (IH , s), 3.91 (3H, s), 3.43 (2H, q, J  -  5.6 Hz), 2.42 (2H, t, J  = 6.0 Hz), 2.28 (6 H, 
s), 1.70 (2H, m)____________________________________________________________________

‘H -N M R

(DM SO, 100 MHz): Ô 161.6, 158.6, 140.6, 129.8, 127.7, 124.2, 120.7, 118.8, 110.1, 
102.9, 59 .1 ,45 .4 , 39.6, 36.7, 25.6

X  N M R

EIM S m/z (+EI) calc, for Ci6H2iBrN4 0 2 S (M +H ^ 413.33 , found 414.42 (M+H)^
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‘H -N M R

4-b rom o-A '-(5 -(3 -(d im eth y lam in o )p ro p y lca rb am o y l)-l-m eth y l-l/f-p y rro I-3 -y l)-l-  
m ethyl-lÆ r-pyrro le-2-carboxam ide (2.6d), A light brown solid, Y ield -  82%_______

0  _  ,B r

H INH N
/

2.6d
(DM SO 400 M Hz) Ô 10.03 (IH , s), 8.22 (IH , t, J  = 5.6 Hz), 7.29(1 H, dd, J  = 3.6, 1.6 
Hz), 7 .2 5 (lH ,d d , J = 3 . 6 ,  1.6 Hz), 7.11 (IH , IH , dd, J  = 3.6, 1.6 Hz), 6.91(1H, d, J  =
1.6 Hz), 3.97 (3H, s), 3.91 (3H, s), 3.31 (2H, q, J  = 5.6 Hz), 2.38 (2H, t, J  = 6.0 Hz),
2.27 (6 H, s), 1.73 (2H, m)_________________________________________________________

13C  N M R
(DM SO, 100 M Hz); Ô 161.1, 156.7, 142.8, 127.3, 126.2, 123.1, 122.2, 117.9, 113.8,

____________111.4, 103.8, 56.9, 45.1, 36.9, 36.3, 35.7 27.1________________________________________
E IM S  m/z  (+EI) calc, for C ,6 H 2 ,BrN 4 0 2 S (M + H ^ 413.33 , found 414.42 (M+H)^____________

4-(4 -b rom o-l-m ethy l-l^ -py rro Ie -2 -ca rboxam ido)-yV -(3 -(d im ethy Iam ino )p ropy l)-l- 
____________m eth y l-l/I-im id azo Ie-2 -carb o x am id e  (2.6e), A light brown solid. Y ield -  74%_______

H -N M R

C  N M R

N /

2.6e

(DM SO, 400 M Hz); Ô 10.31 (IH , s), 8.03 (IH , t, J  = 6 ), 7.52 (IH , s, ImH), 7.42 (IH , 
s, PyH), 7.04 (IH , s), 3.94 (3H, s), 3.91 (3H, s), 3.27 (2H, t, J  = 6.4), 2.26 (2H, t, J  = 
7.2), 2.16 (6 H, s), 1.71 (2H, m)______________________________________________________
(DM SO, 100 MH): Ô 161.2, 159.7, 156.2, 149.8, 137.0, 127.6, 124.4, 113.5, 110.7, 
5 6 .8 ,4 5 .1 ,3 6 .9 ,3 6 .5 , 34.8,27.1____________________________________________________

E IM S  m /z (+EI) calc, for C i6 H 2 3 BrN 6 0 2  (M +H+) 411.30 , found 412.18 (M +H)+

Synthesis o f  4-(5-(3-am inophenyl)furan-2-carboxam ido)-iV-(3-(dimetbylaniino)propyl)-l- 

m etbyl-l/r-pyrrole-2-carboxaniide (2.7a) from 4-(5-bromofuran-2-carboxamido)-iV-(3- 

(dimetbylamino)propyl)-l-metbyI-l.W -pyrroIe-2-carboxamide (2.6a) and 3- 

am inopbenylboronic acid (9 .2 ).

—N
H r V B r

HO.g^OH —N

-NH

é

Suzuki condition

N -  “  -  NH2 Microwave ^
/ /

2.7a2.6a 9.2

A catalytic amount of /e/raA:/5(triphenyIphosphine)palladium, Pd(PPli3)4 (0.35 g, 0.1 eq) 

was added to a solution of 2.6a (0.12 g, 0.3 mmol, 1 eq.) and 9.2 (0.067 g, 1.2 eq.) in a 

9:3:1 combination of EtOH , toluene and water in the presence o f K2CO3 (0.125 g, 3 

eq.) in a 5 mL microwave vial containing a magnetic stirrer. The reaction vessel was 

flushed with nitrogen during each addition. The reaction mixture was sealed under an 

inert N 2 atmosphere and heated with microwave radiation in an EMRYS™ Optimizer 

Microwave Station (Personal Chemistry) at 100°C for 8 minutes. After LCMS analysis 

revealed complete reaction, the cooled reaction mixture was passed through an 

Isolute™ SCX-2 cartridge and washed with DCM (3 x) & DMF (3 x) twice and finally
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MeOH (2 x). The product 2.7a was released from the cartridge using 2M NH3 in MeOH

and concentrated in vacuo to obtain a light brown solid. Yield -  0.12 g, 97.02%

4-(5 -(3 -a in inopheny l)fu ran-2-carboxam ido)-A '-(3 -(d im ethyIam ino)propy l)-l-
____________ m eth y l- l/r-p y rro le -2 -ca rb o x a m id e  (2.7a), A light brown solid_______________________

(DM SO 400 M Hz) Ô 8.37 (IH , s), 8.16 (IH , s), 7.80 (IH , s), 7.68 (2H, d, J  = 7.2 Hz, 
2Ar-H),’7.62 (IH , s), 7.32 (IH , d, J  = 3.6 Hz, Fu-H), 7.28 (IH , 1.6 Hz, Py-H), 
6.96 (IH , d, J  = 3.6 Hz, Fu-H), 6.92 (IH , d, J  = 1.6 Hz, Py-H), 6.65 (2H, m), 3.88 
(3H, s), 3.26 (2H, q, J  -  6.0 Hz), 2.41 (2H, t, J  = 7.2 Hz), 2.28 (6 H, s), 1.70 (2H, m) 
m/z (+EI) calc, for C 2 2 H 2 7 N 5 O 3 (M +) 409.48, found 410.21 (M+H)^___________________

H -N M R

E IM S

A  s im ila r  p ro ce d u re  w as  em p lo y ed  fo r  th e  sy n th e s is  o f  th e  fo llo w in g  s tru c tu ra l an a lo g u e s  o f  

2.7a

4-(5-(3-am inophenyl)th iophene-2-carboxam ido)-A ^-(3-(d im ethylain ino)propyl)-l-
m eth y l-l/^ -p y rro le -2 -ca rb o x am id e  (2.7b), A light brown solid. Y ield -  98%__________

0

H -N M R

13

13

2.7b
(DMSO, 400 M Hz) Ô 10.29 (IH , s), 8.16 (IH , s), 7.95 (IH , s), 7.86 (IH , d, J  = 4.0 Hz, 
Thio-H), 7.62 (2H, m, Ar-H), 7.56 (IH , s, Ar-H), 7.40 (IH , d, J  = 4.0 Hz, Thio-H),
7.22 (IH , d, J  = 1.6 Hz, Py-H), 7.06 (IH , t, J  = 8.0 Hz, Ar-H ), 6.85 (IH , d, y  = 1.6 
Hz, Py-H), 3.82 (3H, s), 3.21 (2H, q, J  = 6.0 Hz), 2.36 (2H, t, J  = 7.2 Hz), 2.22 (6 H, s), 
1.64 (2H, m)_______________________________________________________________________
(DM SO, 100 MHz): Ô 162.3, 161.2, 158.2, 149.3, 147.5, 138.1, 133.5, 132.1, 131.4, 

C N M R  129.7, 129.1, 128.7, 127.7, 123.4, 119.9, 118.1, 115.7, 114.2, 104.0, 56.7, 44.7, 36.8, 
26.8

E IM S  m/z  (+E1) calc, for C 2 2 H 2 7N 5 O 2 S (M +HQ 425.55 , found 427.18 (M+H)^____________
4-(4 -(3 -am inopheny l)th iophene-2 -carboxam ido)-A '-(3 -(d im ethy lam ino)propy i)-l- 

___________ m e th y l- l/r-p y rro !e -2 -ca rb o x a m id e  (2.7c), A light brown solid. Y ield -  96%_______

2.7c
(DM SO, 400 M Hz) Ô 10.34 (IH , s), 8.22 (IH , s), 8.12 (IH , s), 7.95 (IH , s), 7.88 (IH , d, 
J  = 1.2 Hz, Thio-H), 7.64 (IH , s, Ar-H), 7.62 (2H, m, Ar-H), 7.56 (IH , dd, J  = 3.2, 0.8 

H -N M R  Hz, Thio-H), 7.21 (IH , d, 7  = 1.6 Hz, Py-H), 7.09 (IH , t , V -  8.0 Hz, Ar-H), 6.83 (IH , 
d, y =  2.0 Hz, Py-H), 3.81 (3H, s), 3.19 (2H, m), 2.26 (2H, t, J  = 7.2 Hz), 2.152(6H, s), 

____________1.62 (2H, m)_______________________________________________________________________
(DM SO, 100 MHz): Ô 162.3, 161.1, 158.2, 149.1, 147.5, 142.7, 135.3, 133.2, 132.0, 

C N M R  131.4, 129.7, 129.4, 128.8, 127.7, 126.7, 121.4, 119.9, 117.9, 115.7, 113.7, 103.9, 57.0, 
45.12, 35.9, 27.1___________________________________________________________________

E IM S  m /z (+EI) calc, for C 2 2 H 2 7 N 5 O 2 S (M-HH+) 425.55 , found 427.16 (M +H)+____________
A '-(3 -(d im e th y la in in o )p ro p y l)-l- in e th y l-4 -(l-m eth y l-4 -(4 -n itro p h en y l)-l//-p y rro le- 

___________ 2 -ca rb o x a m id o )-l//-p y rro le -2 -ca rb o x a m id e  (2.7d), A light brown solid. Yield -  76%

°  H \ - S

H -N M R

\
2.7d

(DM SO, 400 M Hz) Ô 10.21 (IH , s), 8.13 (IH , t, J - 6.0 Hz), 7.23 (IH , d, 2.0 Hz, 
Py-H), 7.21 (IH , t, J  = 2.0 Hz, Ar-H) 7.13 (IH , d , J =  8.0 Hz, Ar-H), 7.05 (IH , dt, J  =
8.0, 2.0 Hz, Ar-H), 6.85 (IH , d, J  = 2.0 Hz, Py-H), 6.77 (IH , d, J  -  8.4 Hz, Ar-H),
3.82 (3H, s), 3.20 (2H, m), 2.62 (3H, m), 2.37 (2H, m), 2.18 (6 H, s), 1.65 (2H, m)

EIM S m/z (+EI) calc, for CzzHzgNgOgS (M+) 440.56 , found 441.47 (M+H)+
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4-(3 -am inopheny l)-7V -(5 -(3 -(d :m ethy lam ino )p ropy lca rbam oy l)-l-m ethy l-l^  
p y rro l-3 -y l)-l-m ethy l-lfir-py rro le -2 -carboxam ide  (2.7e), A brown solid. Y ield 75%

H  N M R

‘H -N M R

T  N M R

H -N M R

T  N M R

H -N M R

T  N M R

2.7e

(DM SO, 400 M Hz) 8.13 (IH , m), 7.95 (IH , s), 7.79 (IH , s), 7.55 (IH , d , J =  1.2 Hz, 
Py-H), 7.54 (IH , d, J =  8.0 Hz, Ar-H), 7.42 (IH , t , J =  8.0 Hz, Ar-H), 7.27 (IH , t, J  =
2.0 Hz, Ar-H) 7.13 (IH , d, J =  8.0 Hz, Ar-H), 6.93 (IH , d, J =  1.6 Hz, Py-H), 6.82 (IH , 
d, J =  1.6 Hz, Py-H), 6.55 (IH , d, J =  2.0 Hz, Py-H), 3.89 (3H, s), 3.80 (3H, s) 3.17 
(2H, m), 2.25 (2H, m), 2.14 (6 H, s), 1.63 (2H, m)____________________________________

E IM S  m /z (+EI) calc, for C 2 3 H 3 0 N 6 O 2  (M +) 422.52 , found 423.26 (M +H)+
A '-(3 -(d im ethy lam ino)propy l)-l-m ethy l-4 -(5 -(4 -n itropheny l)fu ra-2 -carboxain ido)- 
l//-p y rro le -2 -c a rb o x am id e  (2.71), A light brown solid. Y ield -  96% ________________

2.7f
(DM SO, 400 M Hz) Ô 10.42 (IH , s), 8.35 (2H, d , J =  8 . 8  Hz, Ar-H), 8.21 (2H, dd, J  = 
7.2, 2.0 Hz, Ar-H), 8.13 (IH , t, J  = 7.2 Hz, NH), 7.46 (IH , d, J  = 3.6 Hz, Fu-H), 7.36 
(IH , d, J  = 3.6 Hz, Fu-H), 7.26 (IH , d, J  = 1.6 Hz, Py-H), 6.90 (IH , d ,V  = 2.0 Hz, Py- 
H), 3.84 (3H, s), 3.21 (2H, m), 2.27 (2H, t, J  -  7.2 Hz), 2.16 (6 H, s), 1.63 (2H, m)
(DM SO, 100 MHz): Ô 162.2, 161.0, 154.3, 152.3, 148.5, 146.6, 135.1, 133.2, 131.4,
128.7, 125.1, 124.3, 123.4, 120.9, 118.2, 116.1, 111.6, 104.2, 56.9, 45 .0 ,35 .9 , 27.0

E IM S  m/z (+EI) calc, for C 2 2 H 2 5 N 5 O 5 (M +H+) 439.46 , found 440.18 (M +H)+______________
A -(3 -(d im ethy lam ino)propy l)-l-m ethyI-4 -(5 -(4 -n itrophenyI)th iophene-2 - 
carboxam ido )-lF ^-py rro le-2 -carboxam ide (2.7g), A light brown solid. Y ield -  95.8%

/
—N

K T  â
2.7g

(DM SO, 400 M Hz) Ô 10.44 (IH , s), 8.28 (2H, d, J  = 8 . 8  Hz, Ar-H), 8.12 (IH , t, J  -  5.6 
Hz, NH), 8.02 (2H, d, J  = 8 . 8  Hz, Ar-H), 7.97 (IH , d , J  = 4.0 Hz, Thio-H), 7.84 (IH , d, 
J  = 4.0 Hz, Thio-H), 7.24 (IH , d, J  = 2.0 Hz, Py-H), 6.85 (IH , d, J  -  2.0 Hz, Py-H), 
3.82 (3H, s), 3.21 (2H, m), 2.26 (2H, t, 7.2 Hz), 2.15 (6 H, s), 1.63 (2H, m)__________
(DM SO, 100 MHz): Ô 162.3, 161.0, 157.6, 152.3, 146.7, 144.5, 141.8, 133.2, 132.1, 
130.3, 127.4, 124.5, 123.4, 122.2, 121.2, 120.0, 118.1, 103.9, 5 7 .1 ,4 5 .1 ,3 5 .7 , 27.1

E IM S  m /z (+EI) calc, for C 2 2 H 2 5N 5 O 4 S (M +H+) 455.53 , found 456.17 (M +H)+___________
A '-(3 -(d im ethyIain ino)propyl)-l-m ethyl-4-(4-(4-n itrophenyI)th iophene-2- 

___________ carb o x am id o )-lF /-p y rro le-2 -carb o x am id e  (2.7g), A light brown solid. Y ield -  98%
NO;

: NH

2.7h
(DM SO, 400 MHz) Ô 10.42 (IH , s), 8.45 (IH , d, J  = 1.6 Hz, Thio-H), 8.42 (IH , d, J  = 
1.6 Hz, Thio-H), 8.34 (2H, d , J =  8 . 8  Hz, Ar-H), 8.13 (IH , t , J =  5.6 Hz, NH), 7.99 (2H, 
d, J -  8 . 8  Hz, Ar-H), 7.23 (IH , d, J  = 1.6 Hz, Py-H), 6.84 (IH , d, J  = 1.6 Hz, Py-H), 
3.83 (3H, s), 3.21 (2H, m), 2.27 (2H, t, J -  7.2 Hz), 2.15 (6 H, s), 1.63 (2H, m)__________
(DM SO, 100 MHz): Ô 162.3, 161.0, 157.9, 146.3, 141.5, 140.8, 139.4, 132.2, 131.5, 
128.9, 128.6, 126.8, 126.6, 124.4, 123.5, 121.2, 118.0, 103.9, 57.0, 45 .1 ,35 .7 , 27.1

EIM S m/z (+EI) calc, for C22H25N504S (M+H+) 455.53 , found 456.27 (M+H)+
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‘H -N M R

A '-(3 -(d im eth y lam in o )p ro p y I)-l-m eth y l-4 -(l-m eth y l-4 -(4 -n itro p h en y l)-l/r-p y rro Ie- 
2 -ca rb o x a m id o )-l/r-p y rro le -2 -c arb o x am id e  (2.7h), A light brown solid, Y ield -  78%

NO;

: NH

2.7i

(DM SO, 400 M Hz) Ô 10.03 (IH , s), 8.13 (IH , t , J =  5.6 Hz, NH), 8.24 (2H, d, J =  8 . 8  

Hz, Ar-H), 7.78 (2H, d , J =  8 . 8  Hz, Ar-H), 7.75 (IH , d, J =  2.0 Hz, Py-H), 7.44 (IH , d, 
J =  1.6 Hz, Py-H), 7.20 (IH , d, J  = 1.6 Hz, Py-H), 6.90 (IH , d, J =  2.0 Hz, Py-H), 3.93

___________ (3H, s), 3.82 (3H, s), 3.20 (2H, m), 2.32 (2H, t, J =  6 . 8  Hz), 2.20 (6 H, s), 1.63 (2H, m)
E IM S  m /z (+EI) calc, for C 2 3 H 2 8N 6 O 4  (M +H+) 452.51 , found 453.40 (M +H)+______________

Synthesis o f 4-[(5-{3-[(Furan-2-carbonyl)-aniino]-phenyl}-furan-2-carbonyI)-am ino]-l- 

methyl-l.^f-pyrrole-2-carboxylic acid (3-dim etbylam ino-propyl)-am ide (2.16) from 4 (5- 

(3-aminophenyl)furan-2-carboxam ido)-A^-(3-(dimethylam ino)propyI)-l-m ethyl-l/r-

pyrrole-2-carboxam ide (2.7a) and 2-furoyl chloride (9.3) using Greenhouse 

synthesiser.

TM parallel

2.7a

9.3 (1.2 eq.) was added to a magnetically stirred solution of 2.7a (100 mg, 1.0 eq) in dry

THF (5 mL) using a micropipette. The reaction mixture was stirred for 3 hours until

LCMS revealed completion o f reaction. The reaction mixture was passed through an

Isolute™ SCX-2 cartridge and washed with DCM (3 x) & DMF (3 x) twice and finally

MeOH (2 x). The product 2.16 was released from the cartridge using 2M NH 3 in MeOH

and concentrated in vacuo to obtain a light brown solid which was finally purified using

reverse phase preparative HPLC using a C-18 column as the stationary phase and an

acetonitrile: water gradient with 0.1% formic acid as the mobile phase. Yield -  64 mg,

52.45% after preparative HPLC.

A -(5 -(3 -(d im eth y lam in o )p ro p y lcarb am o y l)-l-m eth y l-lf/-p y rro l-3 -y l)-4 - 
(3 -(fu ran -2 -ca rb o x am id o )p h en y l)-fu ran -5 -carb o x am id e_________________

R f  0.34 (DCM :M eOH:2 M N H 3 in M eOH - 8:1:1)_____________________________
(FTIR, Vrnax/cm-'): 3271, 1629, 1578, 1528, 1466, 1285, 1127, 1010, 882, 
755

IR

(2.16)
KM R-6 6 -

60

(CDCI3 , 400 MHz): 5 10.36(1H, s, NH), 10.30 (IH , s, NH), 8.29 ( lH ,s , Ar- 
H), 8.13 (IH , t, J  = 5.6 Hz, NH), 7.96 (IH , q, J  = 0.8 Hz, Fu-H), 7.68 (IH , 
dt, 7.6, 1.0 Hz, Ar-H), 7.48 (IH , dt, J =  7.6, 0.8 Hz, Ar-H ), 7.36 (IH , 

‘H -N M R  dd, J  = 3.2, 0.8 Hz, Fu-H), 7.27 (IH , d , J =  3.6 Hz, Fu-H), 7.23 (IH , d, J  =
1.6 Hz, Py-H), 7.06 (IH , d, J  = 3.6 Hz, Fu-H), 6 . 8 8  (IH , d, J  = 2.0 Hz, Py- 
H), 6.73 (IH , q, J  = 1.6 Hz, Fu-H), 3.83 (3H, s), 3.22 (2H, q , J =  6 . 8  Hz), 

____________2.34 (2H, t , J  = 7.2 Hz), 2.21 (6 H, s), 1.65 (2H, m)_________________________

H R M S
m/z  (+EI) calc, for C 2 7 H 2 9 N 5 O 5  (M +H") 504.2242, found 504.2262 
(M + H )\________________________________________________________________
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A similar procedure was employed for the synthesis of the following structural analogues of 

2.16

Rf

A -(5-(3 -(d im ethy Iam ino )p ropy Icarbam oyI)-l-m ethy l-l/^ -py rro l-3 -y I)-
4 -(4 -(fu ran -2 -carboxam ido )pheny l)-fu ran -5 -carboxam ide
0.36 (DCM ;M eOH:2 M  N H 3  in M eOH  - 8:1:1)

IR (FTIR, Vmax/crn-‘): 3266, 2166, 2072, 1710, 1634, 1593, 1524, 1469, 1323,
1276, 1010, 922, 809, 755

2.17
(KM R-6 6 - 

61) 
Cream solid

‘H-NMR

(DM SO, 400 M Hz): Ô 10.36 (IH , s, NH), 10.22 (IH , s, NH), 8.13 (IH , t, J  
= 5.6 Hz, NH), 7.96 (IH , q, 0.8 Hz, Fu-H), 7.91 (4H, d ,V =  7.2 Hz, Ar- 
H), 7.38 (IH , dd, J  -  3.2, 0.8 Hz, Fu-H), 7.27 (IH , d , V -  3.6 Hz, Fu-H), 
7.25 (IH , d, J  = 2.0 Hz, Py-H), 7.05 (IH , d, J  = 3.6 Hz, Fu-H), 6.91 (IH , 
d, J  -  1.6 Hz, Py-H), 6.72 (IH , q, J  = 1.6 Hz, Fu-H), 3.84 (3H, s), 3.21 
(2H, m), 2.45 (2H, i , J =  7.2), 2.29 (6 H, s), 1.68 (2H, m)

NMR
(DM SO, 100 MHz): 5 164.6, 161.2, 156.2, 154.7, 147.3, 146.5, 145.8, 
138.9, 124.9, 123.3, 121.2, 120.3, 118.2, 116.0, 114.9, 112.2, 106.8, 104.3, 
56 .3 ,44 .3 , 36.7, 35.9, 26.4

HRMS m/z  (+E1) calc, for C 2 7 H 2 9 N 5 O 5  (M+H^) 504.2242 , found 504.2248 
(M+H)+

Rf

A -(5 -(3 -(d im ethy Iam ino )p ropy Icarbam oy l)-l-m ethy i-l/f-py rro l-3 -y I)-
4-(3 -(fu ran-2 -carboxam ido )pheny I)-th iophene-5 -carboxam ide
0.38 (DCM :M eOH:2 M  N H 3 in M eOH - 8:1:1)

IR (FTIR, Vrn«/cm-‘): 3268, 1629, 1578, 1527, 1439, 1285, 1164, 1008, 883,
818, 755

2.18
(K.MR-6 6 - 

62) 
Cream solid

‘H-NMR

(DM SO, 400 MHz): 10.35 (IH , s, NH), 10.31 (IH , s, NH), 8.28 (IH , s, Ar- 
H), 8.11 (IH , t, J  -  5.6 Hz, NH), 7.96 (IH , dd, J  = 1.6, 0.8 Hz, Fu-H), 
7.88 (IH , d, 4.0 Hz, Thio-H), 7.86 (2H, d, J  =  8 . 8  Hz, Ar-H), 7.74 
(2H, d, J =  8.4 Hz, Ar-H), 7.53 (IH , d, J  -  4.0 Hz, Thio-H), 7.36 (IH , dd, 
J  = 3.6, 0.8 Hz, Fu-H), 7.22 (IH , d , J = \ . 6  Hz, Py-H), 6.84 (IH , d , J  =  2.0 
Hz, Py-H), 6.72 (IH , q, J  = 1.6 Hz, Fu-H), 3.84 (3H, s), 3.20 (2H, q , J  = 
6 .8 ), 2.37 (2H, t, 7  = 8.0), 2.22 (6 H, s), 1.65 (2H, m)

‘^C NMR
(DM SO, 100 MHz): Ô 164.5, 161.2, 156.2, 147.3, 145.8, 138.7, 128.4, 
126.0, 123.6, 121.5, 120.6, 118.6, 116.3, 114.9, 112.2, 103.4, 56 .7 ,44 .7 , 
36 .8 ,35 .9 , 26.8

HRMS m/z  (+E1) calc, for C 2 7 H 2 9 N 5 O4 S (M + H ^  520.2013, found 520.2018 
(M+H)+

Rf

A -(5 -(3 -(d im eth y lam in o )p ro p y lcarb am o y l)-l-m eth y I-l//-p y rro l-3 -y I)-
4 -(4 -(fu ran -2 -carboxam ido )pheny l)-th iophene-5 -carboxam ide
0.38 (DCM :M eOH:2 M  N H 3 in M eOH - 8:1:1)

IR (FTIR, Vmax/crn-‘): 3379, 2179, 2041, 1707, 1664, 1629, 1589, 1439, 1320,
1293, 1110,1095, 882, 822, 761

2.19
(KM R-6 6 - 

63) 
Cream solid

H-NMR

(DM SO, 400 MHz): Ô 10.35(1H, s, NH), 10.31(1H, s, NH), 8.12 (IH , t, J  
= 5.60 Hz, NH), 7.97 (IH , q, J  = 0.8 Hz, Fu-H), 7.91 (IH , d , J  =  4.0 Hz, 
Thio-H), 7.79 (IH , dq, J  -  8.0, 0.8 Hz, Ar-H), 7.54 (IH , d, J  = 4.0 Hz, 
Thio-H), 7.50 (IH , dt, J  -  8.0, 1.2 Hz, Ar-H), 7.45 (IH , d, J  = 8.0 Hz), 
7.37 (IH , dd, J  = 3.2, 0.8 Hz, Fu-H), 7.27 (IH , d, 1.6 Hz, Py-H), 6 . 8 6  

(IH , d, J  = 1.6 Hz, Py-H), 6.73 (IH , q, J  = 1.6 Hz, Fu-H) 3.84 (3H, s), 
3.21 (2H, q, J  = 6 .8 ), 2.38 (2H, \ , J  =  7.6), 2.24 (6 H, s), 1.68 (2H, m)

‘^C NMR
(DM SO, 100 M Hz): Ô 164.3, 161.1, 158.0, 156.3, 147.4, 145.8, 139.3, 
133.4, 129.5, 129.2, 124.3, 123.3, 121.4, 120.8, 120.2, 118.1, 117.3, 114.9, 
112.2, 104.0, 56 .63 ,44 .6 , 36.8, 26.7

HRMS m/z  (+E1) calc, for C 2 7 H 2 9N 5 O 4 S (M+H^) 520.2013, found 520.1999 
(M+H)+
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R f

7V-(5-(3-(diinethylamino)propylcarbamoyl)-l-methyl-l//-pyrroi-3-
yl)-4-(3-(furan-2-carboxainido)phenyl)-thiophene-2-carboxainide
0.42 (DCM :M eOH:2 M  N H 3 in M eOH -8 :1 :1 )_____________________
(FTIR, Vrnax/cm-'): 3268, 2359, 1976, 1629, 1579, 1528, 1468, 1437, 
1285, 1200, 1008, 863, 759 _______________

IR

2.20
(KMR-66-

Cream solid

(DM SO, 400 MHz): Ô 10.43(1H, s, NH), 10.28(1H, s, NH), 8.34 (IH , 
s, Thio-H), 8.30 (IH , s, A r-H), 8.14 (IH , t, 7 =  5.2 Hz, NH), 8.04 
(IH , s, Thio-H), 7.96 (IH , d, J  -  0.8 Hz, Fu-H), 7.74 (IH , d, J =  7.2 
Hz, Ar-H), 7.45 (IH , s, Py-H), 7.43 (IH , i, J  = 7.2 Hz, Ar-H), 7.37 
(IH , d, J  = 2.8 Hz, Fu-H), 7.23 (IH , s, Ar-H), 6 . 8 6  (IH , s, Py-H), 
6.73(1H, q, J  = 1.60 Hz, Fu-H), 3.88 (3H, s), 3.22 (2H, q, J  = 6.0 
Hz), 2.44 (2H, t , y -  7.2), 2.26 (6 H, s), 1.68 (2H, m)_________________
(DM SO, 100 MHz): Ô 164.3, 161.1, 158.2, 156.3, 147.4, 145.8, 141.7, 

N M R  140.8, 139.1, 135.1, 129.3, 126.63, 125.7, 121.4, 118.1, 114.8,
112.18, 104.6, 56 .3 ,44 .3 , 39.7, 36.7, 36.0 26.5__________ ____________

H R M S
m/z  (+E1) calc, for C 2 7 H 2 9 N 5 O 4 S (M +H ) 520.2013, found 520.2006
(M+H)+___________________________________________________________
A-(5-(3-(dimethylamino)propylcarbamoyI)-l-methyl-l//-pyrrol-3-
yI)-4-(4-(furan-2-carboxamido)phenyl)-thiophene-2-carboxamide

R f  0.41 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)______________________

IR

(KMR-66-
65)

Cream solid

13

(FTIR, Vrnax/cm-'): 3275, 2170, 1636, 1592, 1522, 1466, 1431, 1287,
1164, 1008, 870, 833 ,755__________________________________________
(DMSO, 400 MHz): Ô 10.34(1H, s), 10.28(1H, s, NH), 8.27 (IH, s, Thio-H), 
8.13 (2H, t, J  = 5.6 Hz, NH), 8.08 (IH, û , J =  1.20 Hz, Thio-H), 7.95 (IH, t, J  
= 0.80 Hz, Fu-H), 7.86 (2H, d, J  = 8 . 8  Hz, Ar-H), 7.69 (2H, d, J  = 8 . 8  Hz, 
Ar-H), 7.36 (IH, dd, J  = 3.2, 0.8 Hz, Fu-H), 7.22 (IH, d, 7  = 1.6 Hz, Py-H), 
6.84 (IH, d, J  -  2.0 Hz, Py-H), 6.72 (IH, q, 7  = 1.60, Fu-H), 3.84 (3H, s),
3.20 (2H, q, J  = 6 .8 ), 2.35 (2H, X,J= 7.2), 2.22 (6 H, s), 1.65 (2H, m)________
(DM SO, 100 MHz): 8  164.3, 161.1, 158.2, 156.2, 147.4, 145.8, 138.3, 

C N M R  130.1, 126.5, 121.4, 120.6, 118.0, 114.8, 112.1, 56.73, 44.79, 36.7,
36 .0 ,26.83 _____

H R M S

R f

m/z  (+E1) calc, for C 2 7 H 2 9N 5 O 4 S (M+H)^ 520.2013, found 520.2003
(M+H)+___________________________________________________________
A-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-l//-pyrroi-3-yl)-4-
(3-(furan-2-carboxainido)phenyl)-l-methyl-l//-pyrrole-2-carboxainide
Rf  0.47 (DCM :M eOH:2 M  NH3 in M eOH -8 :1 :1 )___________________
(FTIR, Vrnax/cm-'): 3266, 2154, 1636, 1522, 1436, 1323,, 1287, 1164, 
1073, 870, 843, 755 ___________________________

IR

2.22
(K M R -6 6 -

66)
Cream solid ' H -N M R

(DM SO, 400 MHz): 8  10.15(1 H, s, NH), 9.95(1 H, s, NH), 8.32 (IH , 
s, Ar-H), 8.12 (IH , t, J  = 5.6 Hz, NH), 7.95 (IH , q, J  -  0.8 Hz, Fu- 
H), 7.69 (IH , t, J =  8.4 Hz, Ar-H), 7.55 (2H, dd, J  = 8.4, 2.8 Hz, Ar- 
H), 7.40 (IH , d, J  -  1.6 Hz, Py-H), 7.35 (IH , dd, J  = 3.6, 0.8 Hz, Fu- 
H), 7.29 (IH , d, J  -  1.6, Py-H), 7.19 (IH , d, J  = 1.6 Hz, Py-H), 6.84 
(IH , d, J  = 2.0 Hz), 6.72(1H, q, J  = 1.6, Fu-H), 3.93 (3H, s), 3.81 
(3H, s), 3.21 (2H, q , y -  6.80), 2.26 (2H, t, J  = 5.2 Hz), 2.17 (6 H, s),
1.63 (2H, m)_____________________________________________________
m/z  (+E1) calc, for C 2 8 H 3 2 N 6 O4  (M +H) 517.2558, found 517.2538 
(M+H)^___________________________________________________________H R M S

A-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyI-l//-pyrrol-3-yI)-2-
(3-(furan-2-carboxamido)phenyl)-4-methylthiazole-5-carboxaniide

R f  0.36 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)___________________
(FTIR, Vrnax/cm-'): 3079, 2014, 1619, 1580, 1461, 1388, 1352, 1247, 
1179, 1031,882, 850, 774__________________________________________

IR

2.23
(KM R-6 6 -

68)
Cream solid H -N M R

H R M S

(DM SO, 400 M Hz): 8  10.41(1 H, s, NH), 10.25(1H, s, NH), 8.29 (IH , 
s, Ar-H), 8.11 (IH , t, 5.6 Hz, NH), 7.97 (IH , t, J =  0.8 Hz, Fu-H), 
7.93 (IH , dd, J =  8.0. 1.6 Hz), 7.68 (IH , dd, J =  8.0. 1.6 Hz, Ar-H), 
7.50 (IH , t, 8.0 Hz, Ar-H), 7.40(1H, dd, J =  3.6, 0.8 Hz, Fu-H),
7.23 (IH , d, 1.6 Hz, Py-H), 6.85 (IH , d, J =  1.6 Hz, Py-H), 6.73
(IH , q, 1.6, Fu-H), 3.82 (3H, s), 3.17 (2H, m), 2.65 (3H, s), 2.28
(2H, t, J  = 7.2 Hz), 2.16 (6 H, s), 1.62 (2H, m)_______________________
m/z  (+E1) calc, for C 2 7 H 3 0N 6 O 4 S (M+H)^ 535.2122, found 535.2111 
(M+H)+___________________________________________________________
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Rf

A'-(5-(3-(d im ethy la m in o )p ro p y lca rb a  m oyl)-1-m eth y l-1/^-
py rro l-3 -y i)-2 -(4 -(fu ran-2-carboxam ido)pheny l)-4 -
m ethy lth iazoIe-5 -carboxam ide
0.32 (DCM :M eOH:2 M N H s inM eO H  - 8:1:1)

IR (FTIR, Vrnax/cm-'): 3085, 2193, 1620, 1538, 1343, 1389, 1354,
2.24 1179,1028, 840, 763

(KM R-6 6 -
69)

Cream solid
H -N M R

(DM SO, 400 M Hz): Ô 10.45(1H, s, NH), 10.20(1H, s, NH), 8.11 
(IH , t, J  = 5.6 Hz, NH), 7.91 (IH , m, Fu-H), 7.89 (4H, m, Ar-H), 
7.40(1H, d, J  = 3.2 Hz, Fu-H), 7.23 (IH , d, J  = 1.6 Hz, Py-H), 
6.83(1H, d, J  = 1.6 Hz, Py-H), 6.73 (IH , m, Fu-H), 3.82 (3H, s), 
3.19 (2H, m), 2.64 (3H, s), 2.23 (2H, 8.0), 2.13 (6 H, s), 1.61 
(2H, m)

H R M S
m/z (+E1) calc, for C 2 7 H 3 0 N 6 O 4 S (M+H)^ 535.2122, found 
535.2122 (M + H )\
A '-(5-(3-(d lm ethylain ino)propylcarbam oyl)-l-m ethyl-l//-pyrroI-3-yl)-
2-(3-(l-m ethyl-l//-pyrro le-2-carboxam ido)p henyl)-furan-5-
carboxam ide

Rf 0.45 (DCM :M eOH:2 M  N H 3 in M eOH  - 8:1:1)

IR (FTIR, v^ax/cm"'): 3263, 1989, 1636, 1629, 1585, 1534, 1467,
1405, 1322, 1282, 1211, 1022, 870, 786, 737;

2.25
(KM R-6 6 - 

70) 
Cream solid

'H -N M R

(DM SO, 400 MHz): Ô 10.45(1H, s, NH), 10.20(1 H, s, NH), 8.18 
(IH , m, Ar-H), 8.11 (IH , t, J  = 5.54 Hz, NH), 8.02 (IH , s, Ar-H), 
7.91 (IH , m, Py-H), 7.89 (IH , d, J - 8.4 Hz, Ar-H), 7.67 (IH , t, J  = 
7.2 Hz, Ar-H), 7.40(1 H, d, J  = 3.2 Hz, Fu-H), 7.33 (IH , d, J =  3.2 
Hz, Fu-H, 7.19 (IH , d, J  = 1.6 Hz, Py-H), 6.83(1 H, d, 7  = 1.6 Hz, 
Py-H), 6.73 (IH , m, Py-H), 6.12 (IH , m, Py-H), 3.82 (3H, s), 3.19 
(2H, q, y  = 6 . 8  Hz), 2.64 (3H, s), 2.26 (2H, t, J  = 6 . 8  Hz), 2.13 (6 H, 
s), 1.61 (2H, m)

'^C N M R
(100 M Hz, DM SO): 5 164.0, 161.1, 159.9, 154.8, 139.8, 129.1, 
120.5, 119.3, 118.1, 116.0, 115.7, 113.9, 107.6, 106.8, 104.1, 56.7, 
44.7, 39.7, 36.8, 36.3, 35.9, 26.7

H R M S
m/z (+E1) calc, for C 2 8 H 3 2 N 6 O 4  (M+H)^ 517.2558, found 
517.2546 (M+H)+
A '-(5-(3-(d im ethylam ino)propylcarbam oyl)-l-m ethyl-l//-pyrrol-3-yl)-
2-(4-(l-m ethyl-l//-pyrro le-2-carboxam ido)p henyl)-furan-5-
carboxam ide

Rf 0.44 (DCM :M eOH:2 M  N H 3 in M eOH - 8:1:1)

IR (FTIR, Vrnax/cm-'): 3271, 1631, 1593, 1530, 1483, 1414, 1327,
1248, 1104, 1019, 922, 808, 734

2.26
(KM R-6 6 - 

71) 
Cream solid

'H -N M R

(DM SO, 400 M Hz): Ô 10.20(1H, s, NH), 8.25 (IH , s, NH), 8.11 
(IH , t, y -  5.6 Hz, NH), 7.90 (4H, m), 7.25 (2H, dd, J  = 8 .8 , 3.2 
Hz), 7.07 (IH , dd, y  = 4.0, 1.6 Hz), 7.04 (2H, dd, y  = 3 .2 ,  1.2 Hz), 
6.89 (IH , d, y  = 1.6 Hz), 6.11 (IH , m), 3.90 (3H, s), 3.83 (3H, s), 
3.20 (2H, q, y  = 6.80), 2.36 (2H, t, y  = 7.2 Hz), 2.22 (6 H, s), 1.65 
(2H, m)

'^C N M R
(100 M Hz, DM SO): Ô 164.0, 161.1, 159.8, 154.8, 154.7, 146.4,
139.8, 129.1, 124.8, 119.9, 118.2, 116.0, 113.9, 106.8, 104.31,56.7, 
44.7, 39.7, 36.8, 35.9, 26.8

H R M S
m/z (+E1) calc, for C 2 8 H 3 2 N 6 O 4  (M+H)^ 517.2558, found 
517.2540 (M+H)+
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R f

IR

2.27
(K M R-6 6 - 

72) 
Cream  solid

A'-(5-(3-(dim ethyIam ino)propylcarbam oyl)-l-m ethyl-lJy'-pyrrol-3-yI)-2-(3- 
(l-m ethyl-lH -pyrrole-2-carboxam ido)phenyl)-th iophene-5-carboxam ide  
0.44 (DCM :M eOH:2 M  N H 3 in M eOH -8 :1 :1 )______________________
(FTIR, Vmax /cm ): 3267, 1629, 1580, 1535, 1422, 1322, 1281, 1251,
1109, 873 ,784 , 734
(DM SO, 400 MHz): Ô 10.34(1H, s), 9.85 (IH , s), 8.15 (IH , t, J =  1.6 
Hz), 8.12 (IH , t, J  = 6.0 Hz), 7.90 (IH , d, J  = 4.0 Hz), 7.73 (IH , dt, J  -
8.0, 1.6 H z ), 7.53 (IH , d, J  = 4.0), 7.44 (IH , dt, J =  8.0, 1.6 Hz), 7.39 
(IH , t , J =  7.6 Hz) 7.22 (IH , d, J  = 2.0 Hz), 7.08 (IH , dd, J =  4.0, 2.0 
Hz), 7.03 (IH , t, J  -  2.0 Hz), 6 . 8 6  (IH , d, J  = 1.6 Hz) 3.90 (3H, s), 3.83 
(3H, s), 3.20 (2H, m), 2.37 (2H, t, J  =  7.2 Hz), 2.24 (6 H, s), 1.66 (2H, 
m) 
(100 M Hz, DM SO): Ô 163.7, 159.8, 157.5, 150.8, 140.2, 138.9, 129.4, 

C N M R  129.3, 129.1, 125.1, 124.1, 120.1, 119.8, 118.1, 116.9, 113.9, 106.8,
104.0, 56.6, 44.7, 36.8, 35.9, 26.7

13

H R M S
m/z  (+E1) calc, for C 2 8 H 3 2N 6 O 3 S (M +H) 
(M+H)+________________________________

533.2329, found 533.2315

N-(5-(3-(dimethylamino)propyIcarbamoyl)-l-methyI-l^-pyrroI-3-
yl)-2-(4-(l-methyl-l//-pyrroIe-2-carboxamido)phenyl)-thiophene-5-
carboxamide

Rf 0.39 (DCM :M eOH:2 M  NH3 in M eOH  -8 :1 :1 )

2.28
(K M R-6 6 - 

73) 
C ream  solid

(FTIR, Vmax /cm -'): 3268, 2036, 1629, 1582, 1512, 1411, 1328, 1287, 
1104, 8 7 0 ,8 1 1 ,7 3 2 _________________________________________________

IR

(DM SO, 400 MHz): 6  10.25(1H, s), 9.87 (IH , s), 8.08 (IH , t, J  = 5.6 
Hz), 7.85(1H, d, J  = 4.0 Hz), 7.80 (2H, dd, J  = 7.2, 2.0 H z ), 7.66 (2H, 
dd, J  -  7.2, 2.0 Hz ), 7.49 (IH , d, J  = 3.6 Hz), 7.19 (IH , d, J  -  2.0 Hz), 
7.04 (IH , dd, y  = 4.0, 1.6 Hz), 7.01 (IH , t , / = 2 . 0  Hz), 6.82 (IH , d, 7  = 
2.0 Hz), 6.09 (IH , m,), 3.87 (3H, s), 3.80 (3H, s), 3.16 (2H, m), 2.29 
(2H, t , J =  7.2 Hz), 2.17 (6 H, s), 1.62 (2H, m)_________________________

H -N M R

m/z  (+EI) calc, for C 2 8 H 3 2N 6 O 3 S (M +H)" 533.2329, found 533.2315 
(M + H )\____________________________________________________________H R M S

N -(5-(3-(dim ethylam ino)propylcarbam oyl)-l-m ethyl-ljW -pyrrol-3-yI)-2-(3-
(l-m ethyl-l//-p yrro le-2-carboxam ido)p henyl)-th ioph en e-2-carb oxam id e

R f  0.46 (DCM :M eOH:2 M NH3 in M eOH - 8:1:1)______________________
(FTIR, Vmax /cm -'): 2942, 1629, 1582, 1532, 1407, 1323, 1280, 1249, 
1059, 1032, 8 6 8 , 771 ,737

IR

2.29
(K M R-6 6 - 

74) 
Cream  solid

(DM SO, 400 MHz): Ô 10.42(1H, s), 9.83 (IH , s), 8.29 (IH , d, J  = 1.2 
Hz), 8.13 (IH , s), 8.11 (IH , t, J  = 5.6 Hz), 8.02 (IH , d, J  = 1.2 Hz),
7.63 (IH , m), 7.41 (2H, d, J  = 7.6), 7.23 (IH , d, J -  1.6 Hz), 7.08 (IH , 
dd, J  -  4.0, 2.0 Hz), 7.03 (IH , t, J  -  2.0 Hz), 6.85 (IH , d, J  = 1.6 Hz), 
6.12 (IH , m), 3.91 (3H, s), 3.83 (3H, s), 3.22 (2H, m), 2.32 (2H, t, J  = 
7.6), 2.20 (6 H, s), 1.64 (2H, m)_______________________________________

H -N M R

(100 M Hz, DM SO): Ô 163.7, 161.1, 157.8, 153.6, 145.8, 140.2, 137.5, 
N M R  129.1, 129.0, 126.6, 125.6, 123.4, 120.1, 119.3, 117.6, 113.8, 106.8,

56 .8 ,44 .9 , 36.9, 35.9, 26.9_________________________________________

H R M S
m/z  (+EI) calc, for C 2 8 H 3 2 N 6 O 3 S (M +H) 
(M+H)^________________________________

533.2329, found 533.2329
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R f

A'-(5-(3-(dimethylamino)propylcarbamoyl)-l-inethyl-l/^-pyrrol-3-yI)-2- 
(4-(l-raethyI-l//-pyrrole-2-carboxamido)phenyl)-thiophene-2- 
carboxamide_____________________________________________________
0.44 (DCM :M eOH:2 M  N H 3 in M eOH -8 :1 :1 )___________________________
(FTIR, Vmax /cm“’):3260, 2179, 1995, 1634, 1589, 1515, 1415, 1328,
1249, 1105, 873, 835, 774, 735_____________________________________________
(DM SO, 400 M Hz): Ô 10.33(1H, s, NH), 9.84 (IH , s, NH), 8.32 (IH , d , J  = 

0.8 Hz, ThioH), 8.12 (IH , t, J  -  5.6, IH , s, NH), 8.03 (IH , d , J =  0.8, ThioH),
7.83 (2H, d, J  = 8 .8 , 2ArH), 7.68 (2H, d , J =  8 .8 , 2ArH), 7.23 (IH , d , J =  1.6, 
PyH), 7.06 (IH , dd, J  = 4.0, 1.6, PyH), 7.02 (IH , t, J  = 2.0, PyH), 6.85 (IH , 
d , J =  1.6, PyH), 6.11 (IH , dd, J  = 3.6, 1.2 PyH), 3.90 (3H, s, N C H 3 ), 3.83 
(3H, s, N CH 3 ), 3.22 (2H, q, J  -  6 .8 , CH 2 ), 2.35 (2H, t, J  = 6 .8 , CH 2 ), 2.22

___________(6 H, s, 2 N CH 3 ), 1.65 (2H, m, C i p _________________________________________
(100 M H, DM SO): Ô 161.1, 159.8, 158.2, 141.6, 140.6, 138.9, 137.2, 129.4, 

N M R  129.0, 126.5, 126.0, 125.3, 124.5, 123.4, 121.4, 120.2, 118.0, 113.8, 106.8,
103.9, 56 .9 ,44 .9 , 40.1, 36.3 , 35.9, 26.9

2.30
(KM R-66-75) j 
Cream solid

IR

H -N M R

1287,

H R M S
m/z (+E1) calc. 
(M + H )\

for C 2 8 H 3 2 N 6 O 3 S (M +H)" 533.2329, found 533.2319

N -(5-(3-(d im ethyIam ino)propylcarbam oyl)-l-m ethyl-l.W -pyrrol-3-yl)-2-(4-(l- 
m eth y l-l^ -p yrrole-2-carb oxam id o)phenyl)-l-m eth yl-li7 -p yrrol-2-carboxam ide  

R f  0.48 (DCM :M eOH:2 M NH3 in M eOH - 8:1:1)____________________________
(FTIR, Vmax /cm -'): 3254, 2047, 1629, 1539, 1461, 1432, 1324, 1251, 1063, 
873, 784, 764 ,733

IR

2.32
( ™ R - 6 6 - 7 p  
Cream solid

(DM SO, 400 MHz): Ô 9.87 (IH , s), 9.72 (IH , s), 8.09 (IH , t, J  = 5.6 Hz), 
7.71 (2H, d, J  = 8 . 8  Hz), 7.49 (2H, d, J  = 8 . 8  Hz), 7.40 (IH , d, J  = 2.0 Hz),
7.27 (IH , d, J  = 2.0), 7.19 (IH , d, J  = 2.0), 7.03 (IH , dd, V -  4.0, 1.6 Hz),
7.00 (IH , t , J = 2 . 0  Hz), 6.84 (IH , d, J  -  2.0 Hz), 6.10 (IH , m), 3.91 (3H, s), 
3.89 (3H, s), 3.82 (3H, s), 3.21 (2H, q, 7  = 6 .8 ), 2.37 (2H, t, 7.2 Hz), 2.24 
(6 H, s), 1.66 (2H, m)______________________________________________________
(100 M Hz, DM SO): Ô 163.8, 161.2, 159.7, 158.3, 149.8 , 137.0, 136.1, 135.1, 

C N M R  134.1, 129.6, 128.7, 124.7, 124.3, 120.4, 117.7, 113.5, 109.4, 106.7, 103.9,
56.7, 44.7, 39.7, 36.8, 36.3, 35.9, 26.7____________________________________

13

H R M S  m/z  (+E1) calc, for C 2 9 H 3 5N 7 O 3 (M +H)" 530.2874, found 530.2855 (M +H )' 
A '-(5 -(3 -(d im eth ylam ino)p rop ylcarbam oyl)-l-m ethyl-l//-pyrro l-3-y l)-2 -(3-(l- 
m ethyl-l//-pyrrole-2-carboxam ido)phenyl)-4-n iethylth iazole-5-carboxain ide

R f  0.42 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)___________________________
(FTIR, Vmax /cm -'): 3254, 2047, 1629, 1539, 1432, 1362, 1251, 1099, 1036,IR

2.33
(KM R-66-78) 
Cream solid

877, 784, 733
(DM SO, 400 M Hz): Ô 10.24 (IH , s), 9.95 (IH , s), 8.49 (IH , t, 1.87 Hz), 8.09 

(IH , t, J  = 5.6), 7.86 (IH , dt, J  -  8.0, 0.8 Hz), 7.62 (IH , dt, J  = 8.0, 1.2 Hz), 
7.45 (IH , t, J =  8.0 Hz), 7.22 (IH , d, J  = 2.0 Hz), 7.10 (IH , dd, J  = 4.0, 1.6 
Hz), 7.03 (IH , X , J =  2.0 Hz), 6.83 (IH , d, J  = 1.6 Hz), 6.11 (IH , m), 3.91 
(3H, s), 3.81 (3H, s), 3.18 (2H, q, J  = 6 .8 ), 2.65 (3H, s), 2.22 (2H, t, J  -  8.0), 
2.013 (6 H, s), 1.61 (2H, m)________________________________________________

H -N M R

H R M S  m/z  (+E1) calc, for C29H33N7O3S (M +H) 548.2438, found 548.2415 (M +H)
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N -(5-(3-(dim ethylam ino)propylcarbam oyI)-l-m ethyl-lJ7-pyrrol-3-yl)-2-
(3-(l-m ethyl-l/I-im idazole-5-carboxam ido)phenyl)-furan-5-
carboxam ide

Rf 0.31 (DCM :M eOH:2 M  NHs in M eOH - 8:1:1)

IR (FTIR, Vmax /cm  ’) :  Ô 3085, 2193, 1639, 1620, 1538, 1434, 1354, 1179,
1028, 840, 763

2.35
(KM R-66-95) 
Cream  solid ’H -NM R

(DM SO, 400 M Hz); 10.35 (IH , s, N H ), 10.26 (IH , s, NH), 8.31 (IH , s, 
ImH), 8 .11 ( lH ,t, J  = 5.2 Hz, NH), 7.85 (IH , d, J  = 8.4, ArH), 7.69 (IH , d, 
J  -  7.6, ArH), 7.47 (2H, m, 2ArH), 7.32 (IH , d, J  =  3.6, FuH), 7.25 (IH , d, 
J  -  2.0, ImH), 7.12 (IH , d, J -  0.8, PyH), 7.06 (IH , d , J -  3.2, FuH), 6.89 
(IH , d, J  =  2.0, PyH), 4.03 (3H, s, NCH 3 ), 3.84 (3H, s, NCH 3 ), 3.20 (2H, q, 
J  -  6 .8 , CH 2 ), 2.33 (2H, X ,J =  7.2, CH 2 ), 2.20 (6 H, s, 2 NCH 3 ), 1.64 (2H, m, 
CH 2 )

"C  NM R
(100 M Hz, DM SO): Ô 161.1, 157.4, 154.7, 154.5, 147.0, 138.9, 138.4,
129.8, 129.3, 127.3, 127.1, 123.4, 121.2, 120.4, 119.9, 118.2, 116.1, 115.8,
107.8, 104.2, 57.0, 45 .1 ,40 .3 , 37.1, 36.0, 27.1

HRM S
m/z (+EI) calc, for C 2 7 H 3 1 N 7 O 4  (M+H)^ 518.2510, found 518.2508 
(M+H)+
A^-(3-(dim ethylam ino)propyl)-l-m ethyl-4-(5-(3-(thiophene-2-
carboxam ido)phenyl)furan-2 -carboxam ido)-l//-p yrrole-2 -carboxam ide

2.38
(K M R -102-4) 
Cream  solid

H -NM R

(DM SO, 400 M Hz): Ô 10.51 (IH , s), 10.36 (IH , s}, 8.34 (IH , s), 8.22 (IH , 
t, 1.2 Hz), 8.11 (IH , d, J  = 3.2 Hz), 7.88 (IH , dd, J  =  4, 0.4 Hz,), 7.78 
(IH , dd, J  -  6.4, 0.8 Hz), 7.68 (IH , d, 7  =  6.4 Hz), 7.47 (IH , t, 6.4 Hz), 
7.32 (IH , d, J  =  3.2), 7.25 (IH , d, J  =  1.6), 7.07 (IH , d, J  =  3.2), 6 . 8 8  (IH , 
d, J  = 1.2 Hz), 3.84 (3H, s), 3.21 (2H, m), 2.34 (2H, t, J  =  6.0), 2.21 (6 H, 
s), 1.64 (2H, m)

NM R
(100 M Hz, DM SO): 8  165.2, 161.1, 160.0, 154.7, 154.5, 147.0, 139.8, 
139.3, 132.0, 129.7, 129.2, 128.1, 123.3, 121.2, 120.8, 120.0, 118.2, 116.4, 
115.7, 107.7, 104.2, 56.7, 44.7, 36.9, 35.9, 26.8

HRM S
m/z (+EI) calc, for C 2 8 H 2 8N 4 O 3 (M+H)^ 520.2018, found 520.2018 
(M + H )\

Rf

4-(5-(3-(benzofuran-2-carboxam ido)phenyI)furan-2-carboxam ido)-A-
(3-(d im ethyIam ino)propyl)-l-m ethyl-l//-pyrrole-2-carboxam ide
0.31 (DCM :M eOH:2 M  N H 3 in M eOH - 8:1:1)

IR (FTIR, Vmax /cm -’): 3265, 2359, 2014, 1629, 1588, 1539, 1434, 1279,
1010, 747, 654

2.40
(K M R -102-6) 
Cream  solid H -NM R

(DM SO, 400 MHz): 8  10.77 (IH , s, NH), 10.34 (IH , s, NH), 8.30 (IH , s, 
ArH), 8.11 (IH , t, J  = 5.6 Hz, NH), 7.87 (3H, m, 3ArH), 7.74 (2H, t, J  = 
8.4, 2ArH), 7.53 (IH , s, FuH), 7.52 (IH , m, ArH) 7.39 (IH , t, V -  7.2, 
ArH), 7.33 (IH , d, J  = 3.2, FuH), 7.26 (IH , d , V -  1.6, PyH), 7.09 (IH , d, 
J  = 3.6, FuH), 6 . 8 8  (IH , d, J  = 1.6, PyH), 3.84 (3H, s, N C H 3), 3.20 (2H, 
q, J  -  6 , CH2 ), 2.25 (2H, t, J  = 7.2, CH 2 ), 2.16 (6 H, s, 2 NCH 3 ), 1.64 (2H, 
m, CH 2 )

NM R
(100 M Hz, DM SO): 8  165.2, 161.1, 160.0, 154.7, 154.5, 147.0, 139.8,
139.3, 132.0, 129.7, 129.2, 128.1, 123.3, 121.2, 120.8, 120.0, 118.1,
116.4, 115.7, 107.7, 104.2, 72.2, 60.2, 44.76, 36 .91,35.99

HRM S m/z (+EI) calc, for C 2 7 H 2 9 N 5 O4 S (M+H)^ 519.62, found 520.41 (M +H )^
4-(5-(3-(benzofuran-5-carboxam ido)phenyl)furan-2-carboxam ido)-A -
(3-(dim ethylam ino)propyl)-l-m ethyl-l/f-pyrroIe-2-carboxam ide

2.46
(K M R -102-12) 

Cream  solid
’^ -N M R

(DM SO, 400 M Hz) 8  8.55 (IH , s), 8.21 (IH , s), 8.14 (IH , s), 7.88 (IH , d, 
J  = 8.0 Hz), 7.70 (IH , d, J  = 2.0 Hz), 7.65 (IH , dd, J  = 8.0, 2.0 Hz), 7.58 
(2H, d, J  = 8.0 Hz), 7.48 (IH , dd, J  = 8.0, 1.6 Hz), 7.43 (2H, d, J  = 8.0 
Hz), 7.34 (IH , d, y  = 4.0 Hz), 6.80 (IH , d, J  = 2.0 Hz), 6.73 (IH , d, J  = 
3.6 Hz), 6.69 (IH , d, J  = 2.0 Hz) 3.86 (3H, s), 3.40 (2H, m ), 2.68 (2H, t, 
J  = 6.0), 2.40 (6 H, s), 1.56 (2H, m)

HRM S
m/z (4-EI) calc, for CsiHgiNgOg (M+H)^ 554.2404, found 554.2405 
(M + H )\
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7V -(3-(dim ethylam ino)propyl)-l-m ethyl-4-(l-m ethyl-4-(4-(l-m ethyl-
lf/-im idazole-5-carboxam ido)phenyl)-l/^pyrrole-2-carboxain ido)-
lf^-im idazoIe-2-carboxam ide

2.80
(KM R-04-11) 
Cream solid H -N M R

(DMSO, 400 MHz): Ô 10.27 (IH , s), 10.02 (IH , s), 8.38 (2H, s), 8.02 (IH , 
t, J  -  6.0 Hz), 7.83 (IH , s), 7.80 (IH , s), 7.69 (2H, d, J  = 8.8 Hz), 7.54 
(IH , s), 7.53 (IH , d, 1.6 Hz), 7.49 (2H, d, J =  8.8  Hz), 7.43 (IH , d, J  = 
1.6 Hz), 3.95 (3H, s), 3.93 (3H, s), 3.85 (3H, s), 3.27 (2H, m), 2.25 (2H, t, 
J  = 6 .8), 2.14 (6 H, s), 1.64 (2H, m)

H R M S
m/z (+EI) calc, for CzgHs^NgO] (M+H)^ 531.2825, found 531.2803 
(M+H)+
N-(3-(dimethyiamino)propyl)-l-methyl-4-(l-methyI-4-(4-(l-methyl-l//-
pyrrole-2-carboxamido)phenyl)-l//-pyrrole-2-carboxamido)-l//-iinidazole-2-
carboxamide

R f 0.36 (DCM:MeOH:2 M NHs in MeOH - 8:1:1)

IR (FTIR, Vn,ax /cm -’): 3281, 2358, 2186, 1589, 1520, 1463, 1430, 1360,
1278, 1104, 933 ,816 , 659

2.81
(KM R-04-12) 
Cream solid

H -N M R

(DMSO, 400 MHz): Ô 10.31 (IH , s, NH), 9.75 (IH, s, NH), 8.03 (IH , t, J  
= 6 , NH), 7.71 (2H, d, J  = 8 .8 , 2ArH), 7.53 (IH , s, PyH), 7.52 (IH, s, 
ImH), 7.48 (2H, d, J  = 8 .8 , 2ArH), 7.42 (IH , s, PyH), 7.04 (2H, m, 2PyH), 
6.1 (IH , t, J  = 4, PyH), 3.94 (3H, s, NCH3), 3.92 (3H, s, NCH3), 3.89 (3H, 
s, NCH3), 3.27 (2H, t, J  =  6.4, CH,), 2.26 (2H, i , J =  7.2, CH2), 2.15 (6H, 
s, 2A-CH3), 1.64 (2H, m, CH2)

"C  NM R
(100 MH, DMSO): 8  161.2, 159.7, 158.5, 156.2, 149.8, 137.0, 136.1, 
135.1, 134.1, 129.6, 128.7, 127.6, 125.3, 124.4, 122.1, 120.4, 113.5, 
110.7, 106.7, 56.8, 45 .1 ,40 .2 , 36.9, 36.5, 36.3, 34.84, 27.1

H R M S
m/z (+E1) calc, for C28H34N 8O3 (M+H)^ 531.2825, found 531.2819 
(M+H)+
A '-(4-(5-(5-(3-(dim ethylam ino)propyIcarbam oyl)-l-m ethyl-l/r-pyrrol-
3-y lcarbam oyl)-l-m ethyI-l//-pyrrol-3-yl)phenyI)-l-m ethyl-li7-
lm idazole-5-carboxam ide

2.83
(KM R-04-14) 
Cream solid ’H -N M R

(DMSO, 400 MHz): 8 10.02 (IH , s), 9.88 (IH , s), 8.08 (IH , t, 6.0 Hz), 
7.83 (IH, s), 7.80 (IH , s), 7.70 (2H, d, J  = 7.2 Hz), 7.51 (2H, d, J  -  7.2 
Hz), 7.41 (IH , d, J  -  1.6 Hz), 7.28 (IH , d, J  = 1.2 Hz), 7.20 (IH , d, J  = 
1.2 Hz), 6.83 (IH , d, J  -  1.6 Hz), 3.91 (3H, s), 3.87 (3H, s), 3.82 (3H, s), 
3.20 (2H, m), 2.27 (2H, \ , J  = 5.6), 2.17 (6 H, s), 1.63 (2H, m)

H R M S
m/z (+E1) calc, for C28H34N 8O3 (M+H)^ 531.2825, found 531.2809 
(M+H)+
A^-(4-(5-(5-(3-(dim ethylam ino)propyIcarbam oyl)-l-m ethyl-l/^-pyrrol-
3-yIcarbam oyl)-l-m ethyI-117-pyrrol-3-yl)phenyl)-l-m ethyl-l/i^-
im idazole-5-carboxam ide

2.84
(KM R-04-15) 
Cream solid H -N M R

(DMSO, 400 MHz): 8 10.3 (IH, s), 9.89 (IH , s), 9.28 (IH, d ,J =  1.6 Hz), 
8.49 (IH, d, J =  1.6 Hz), 8.08 (IH , t , J =  6.0 Hz), 7.85 (2H, d, 7 =  6.8  Hz), 
7.51 (2H, d, J  = 6.8  Hz), 7.42 (IH , d, J  = 1.6 Hz), 7.28 (IH , d, J  = 1.2 
Hz), 7.20 (IH , d ,y =  1.2 Hz), 6.83 (IH , d, J  = 1.6 Hz), 3.91 (3H, s), 3.82 
(3H, s), 3.20 (2H, m), 2.27 (2H, t, J  = 5.6), 2.17 (6H, s), 1.63 (2H, m)

H R M S
m/z (+E1) calc, for C27H31N 7O3S (M+H)^ 534.2285, found 534.2291 
(M +H )\

A"-(3-(dimethyIaminG)prGpyl)-4-(4-(4-(furan-2-carbGxamido)phenyl)-l-
m eth y l-l//-p yrro le-2-carboxam ido)-l-m ethyl-l£ /-pyrrole-2 -
carbGxamide

2.85
(KM R-04-16) 
Cream solid H -N M R

(DMSO, 400 MHz): 8 10.16 (IH, s), 9.89 (IH , s), 8.09 (IH, t, J -  5.6 Hz), 
7.93 (IH , d ,y =  0.8 Hz), 7.74 (2H, d, J =  8.8  Hz), 7.50 (2H, d, J  = 8.4 Hz), 
7.41 (IH , d, J  = 1.6 Hz), 7.33 (IH , à , J  = 3.6 Hz), 7.27 (IH, d, J  = 1.2 Hz), 
7.20 (IH , d, 1.6 Hz), 6.83 (IH , d, J  -  1.6 Hz), 6.70 (IH, q , y -  1.6 Hz), 
3.91 (3H, s), 3.81 (3H, s), 3.21 (2H, m), 2.27 (2H, 5.6), 2.17 (6H, s), 
1.62 (2H ,m )

H R M S
m/z (+E1) calc, for C28H32N 6O4 (M+H)^ 517.2558, found 517.2551 
(M+H)+
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Motf-2 biarvl polyamide synthesis

Synthesis o f  l-(4-bromo-l-methyI-ljFr-pyrrol-2-yl)-2^,2-trichIoroethanone

CI,C CI3C,NBS

76%

2.11

N'

2.2

NBS (A^-Bromosuccinimide, 2.36 g, 13.24 mmol, 1.0 equiv.) was added to a stirred 

solution of 2-(trichloroacetyl)-l-methylpyrrole (2.2) (3 g, 13.24 mmol, 1.0 equiv.) in 

anhydrous THF (35 mL) at -10°C. The reaction mixture was kept at -10°C for 2 hours 

and then left to reach room temperature (ca. 4 h). Excess THF was evaporated in 

vacuum and the solid was re-dissolved in a mixture of EtOAc/«-hexane (1:9). The 

resulting mixture was filtered through a plug of silica, and the filtrate was evaporated in 

vacuo. The resulting solid was recrystallised from «-hexane to give 2.11 (3.55 g, 8 8 %)

l-(4-bron io-l-m ethyl-l//-pyrrol-2-yl)-2 ,2 ,2-trich loroethanone (2.11), A colorless 
solid

IR (FTIR, V m a x  /cm '): 3148, 2956, 1669 (C =0),1458, , 1215, 1189, 1062, 923, 842, 823, 
748, 678

‘h -n m r (CDCI3. 400 MHz) Ô 7.46 (IH, d, 2.0 Hz), 6.95 (IH , d, J =  1.6 Hz) 3.95 (3H, s)
NM R (DMSO, 100 MHz): 5 172.4, 132.8, 124.6, 132.2, 96.1, 38.7

EIM S m/z (+E1) calc, for C^H^BrCUNO (M+) 305.38, LCMS analysis found 306.86 (M+H)^

Synthesis o f 4-bromo-7V-(3-(dimethylaniino) propyl)-l-m ethyl-lFf-pyrrole-2-carboxam ide

Br

cue THF

O I O
2.11 2.12a

3-Dimethylamino-1-propylamine ( 8 6  mg, 0.84 mmol, 1 eq) was added to a stirred

solution of l-(4-bromo-l-methyl-l//-pyrrol-2-yl)-2,2,2-trichloroethanone (257 mg, 0.84 

mmol, 1 eq) in THF (20 mL). The reaction mixture was stirred for 3 hours, then purified 

using Isolute™ SCX-2 cartridges using the method described above. A light yellowish 

solid was obtained after drying in vacuo. Yield -  230 mg, 94%

4-brom o-A-(3-(dim ethyIam ino) propyl)-l-m ethyl-l£f-pyrrole-2-carboxam ide  
(2.12a), A l i^ t  yellow solid

^H-NMR (CDCI3, 400 MHz) Ô 7.61 (IH, s), 6.46 (IH , d, 2.0 Hz), 6.00 (IH , d ,V  = 2.0 Hz), 
3.84 (3H, s), 3.36 (2H, m), 2.45 (2H, t, J  -  7.2 Hz), 1.72 (2H, m)

NM R (CDCI3, 100 MHz): Ô 173.2, 131.6, 114.3, 103.2, 57 .8 ,45 .1 , 39.5, 37 .1 ,25 .7
EIM S (+E1) calc, for C],HigBrN3 0  (M+) 288.18, LCMS analysis found 289.06 (M+H)^
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Synthesis of 5-bromo-A^-(3-(dimethylamino)propyl)furan-2-carboxamide

HO ? Br
HOBT

O
DIG

2.9 2.12b

HOBt (2 eq.) and DIG (1.75 eq.) were added to a magnetically stirred solution of 5- 

bromofuran-2-carboxylic acid (250 mg, 1.31 mmol, 1 eq.) in dry DCM (35 mL). After 

35 minutes N,A-dimethylpropanolamine (0.123 g, 1 eq.) was added and the reaction 

mixture was stirred for 3 hours. LCMS and TLC analysis found completion of the 

reaction. The reaction mixture was purified using Isolute™ SCX-2 cartridges using the 

method described before. A light yellowish solid was obtained after drying in vacuo. 

Yield - 325 mg, 8 8 .8 %

5-bromo-A/-(3-(dimethyianiino)propyl)furan-2-carboxainide (2.12b), A light yellow
solid
(CDCI3, 400 MHz) Ô 8.12 (IH, s), 7.13 (IH , d, J  = 3.6 Hz), 6.47 (IH , d, J  = 3.6 Hz),

___________3.91 (3H, s), 3.36 (2H, m), 2.46 (2H, t, J  = 6.0 Hz), 2.26 (6 H, s), 1.72 (2H, m)__________
EIM S m/z (+EI) calc, for CioHi5BrN202 (M+) 275.14, LCMS analysis found 276.03 (M+H)^

The same coupling procedure was employed to synthesise the following compounds

5-bromo-A-(3-(diinethylainino)propyl)thiophene-2-carboxainide (2.12c), A light 
brown solid. Yield -  91.4%

‘H-NM R

2.12c
(CDCI3 400 MHz) Ô 8.16 (IH , s), 7.36 (IH , d, J  = 4.0 Hz), 7.05 (IH , d, J  = 4.0 Hz), 
3.90 (3H, s), 3.42 (2H, m), 2.38 (2H, t, J  =  6 Hz), 2.27 (6H, s), 1.71 (2H, m)___________

EIM S m/z (+EI) calc, for CipHigBrNiOS (M+) 291.21, LCMS analysis found 292.01 (M+H) 
4-bromo-A-(3-(diniethylaniino)propyl)thiophene-2-carboxamide (2.12d), A light 
brown solid. Yield -  83%

2.12d
i „  (CDCI3 400 MHz) Ô 8.18 (IH, s), 7.82 (IH , s), 7.51 (IH , s), 3.91 (3H, s), 3.42 (2H, q, J

= 5.6 Hz), 2.41 (2H, t, J  = 6.0 Hz), 2.27 (6 H, s), 1.71 (2H, m)_________________________
EIM S m/z (+EI) calc, for C]oH,5BrN2 0 S (M+) 291.21, LCMS analysis found 292.01 (M+H)^
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Synthesis o f 5-(3-aniinophenyl)-A^-(3-(diniethylaniino)propyl)furan-2-carboxaniide (2.13a) 

from 5-bromo-A^-(3-(dimetbylamino)propyl)furan-2-carboxamide (2.12a) and 3- 

aminopbenylboronic acid (9.2) . (Suzuki coupling).

HO.g.OH

Suzuki condition

Microwave

2.13a2.12a 9.2

A catalytic amount of /e/raA:/5 (triphenylphosphine)palladium, Pd (PPh3 )4  (0.1 eq) was 

added to a solution of 2.12a (350 mg, 1 eq) and 9.2 (1.2 eq) in a 9:3:1 combination of 

EtOH, toluene and water in the presence of K2CO3 (3 eq.) in a 10 mL microwave vial 

containing a magnetic stirrer. The reaction vessel was flushed with nitrogen during each 

addition. The reaction mixture was sealed under inert N2 atmosphere and heated with 

microwave radiation in an EMRYS^^ Optimizer Microwave Station (Personal 

Chemistry) at 100°C for 9 minutes. After LCMS analysis revealed complete reaction the 

cooled reaction mixture was passed through an Isolute™ SCX-2 cartridge and washed 

with DCM (3 x) & DMF (3 x) twice and finally MeOH (2 x). The product 3 was 

released from the cartridge using 2M NH3 in MeOH and concentrated in vacuo to obtain 

a light brown solid.

5-(3-aminophenyl)-A^-(3-(dimethylamino)propyI)furan-2-carboxamide (2.13a), A
___________ light brown solid____________________________________________________

(DMSO, 400 M Hz) Ô 8.32 (IH , t, J  = 6  Hz), 7.48 (IH , d, J  = 3.6 Hz), 7.25 (IH , d, J  = 
3.56), 7.06 (IH , t, J  = 7.6 Hz), 6.87 (IH , X,J = 2.0 Hz), 6.73 (IH , dt, J  -  8.0, 0.8 Hz), 
6.67 ((IH , dt, J  = 8.0, 0.8 Hz), 3.22 (2H, q, J  = 6 . 8  Hz), 2.34 (2H, X ,J =  7.2 Hz), 2.21

_______________(6 H, s), 1.65 (2H, m)________________________________________________________________
EIMS m/z  (+EI) calc, for C 1 6H 2 1N 3 O 2  (M +) 287.36, LCM S analysis found 288.68 (M+H)^

The same coupling procedure was employed to synthesise the following compounds.

5-(3-aininophenyl)-A -(3-(dim ethyiainino)propyl)thiophene-2-carboxainide (2.13b),
A  light brown solid_________________________________________________________________

2.13b
IR (FTIR, Vmax /cm-'): 3331 ,2943 , 1662, 1547, 1458, 1385, 1297, 1096, 777, 660

(DMSO. 400 MHz) Ô 8.47 (IH , t, J  -  5.2 Hz), 7.64 (lH ,d , 3.6Hz), 7.31 ( lH ,d ,J  = 
3.6Hz), 7.05 (IH, t, 7.6 Hz), 6.85 (IH , t, J =  2.0 Hz), 6.81 (IH , dt, 8.4, 0.8 Hz), 
6.52 (IH , dt, J =  8.0, 0.8 Hz), 5.22 (2H, s), 3.23 (2H, m), 2.41 (2H, X,J=12  Hz), 2.12 
(6H, s), 1.62 (2H, m )_______________________________________________________________

13C-NM R

EIM S

(DMSO. 100 MHz) Ô 162.2, 149.2, 148.3, 138.3, 133.6, 131.5, 131.4, 129.6, 128.7,
123.2, 114.1, 113.2, 110.7, 56.8, 45.1, 27.1__________________________________________
m/z (4-EI) calc, for Ci6H2]N3 0 S (M4-) 303.42, LCMS analysis found 304.67 (M4-H)^
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4-(3-aininophenyl)-A'-(3-(dim ethyIam ino)propyl)thiophene-2-carboxam ide (2.13c),
A light brown solid_____________________________________________________________

2.13c
(FTIR, Vmax /cm  '): 3214, 3028, 2919, 1622, 1597, 1553, 1524, 1460, 1416, 1299, 1219, 
858, 659

IR

(DM SO 400 M Hz) Ô 8.91 (IH , t, J  = 6  Hz), 8.18 (lH ,d , 1.6Hz), 7.83 (lH ,d , V = 
^H-NMR 1.6Hz), 7.12 (IH , 8.4 Hz), 6 . 8 8  ( IH , s), 6.82 (IH , dd, 8.0, 2.0 Hz), 6.52 (IH ,

_____________ dd, J =  8.0, 1.6 Hz), 5.42 (2H, s), 3.33 (2H, m), 2.41 (2H,m), 2.24 (6 H, s), 1.69 (2H, m )
i3 p  (DM SO 100 M Hz) 8  161.3, 149.1, 142.6, 139.9, 135.2, 129.4, 127.1, 129.6, 124.6,

113.7, 113.7, 111.2, 68 .3 ,48 .8 , 22.5________________________________________________
EIMS m/z  (+E1) calc, for C 1 6H 2 1N 3 OS (M +) 303.42, LCM S analysis found 304.70 (M +H)

4-(3-aminophenyl)-A-(3-(dimethyIamino)propyl)-l-methyI-l.^r-pyrrole-2- 
__________ carboxamide (2.13d), A light brown solid________________________________________

2.13d
(DM SO. 400 M Hz) 8  8.47 (IH , t, J  = 5.6 Hz), 7.65 (IH , d, J=  2.0 Hz), 7.18 ( IH , t, J -
7.6 Hz), 7.19 (IH , d ,y -  1.6), 6.91 (IH , s), 6.84(1 H, dd, 8.0, 2.0 Hz), 6.57 (IH , dd, 
J =  8.0, 2.0 Hz), 3.94 (3H, s), 3.21 (2H, q, J  = 6 . 8  Hz), 2.28 (2H, t, 7  = 7.2 Hz), 2.17 
(6 H, s), 1.63 (2H, m)________________________________________________________________

‘H-NMR

EIMS m/z  (+E1) calc, for C 1 7H 2 4 N 4 O (M +) 300.40, LCMS analysis found 301.34 (M +H)

To obtain 4-aminophenyl derivatives, 4-Boc-aminophenyl boronic acid was employed 

in place of 4-nitrophenyl boronic acid utilized to synthesize type-3 library intermediates. 

This approach avoided the difficulty of reducing the nitrophenyl compounds. Boc- 

protected intermediates were easily de-protected to obtain the 4-aminophenyl 

intermediates.

Synthesis of 5-(4-ammophenyl)-A^-(3-(dimethylamino)propyl)furan-2-carboxamide

Suzuki condition

O
2.12a

NHBoc

9.3

4M HCvDioxane

\  //-N H B o c \  y - N H

BP-2.13e

A catalytic amount of ^etraA7 5 (triphenylphosphine)palladium, Pd (PPh3)4  (0.2 eq) was 

added to a solution of 2.12a (1 eq) and 9.3 (1.2 eq) in a 9:3:1 combination (9.5 mL) of 

EtOH, toluene and water in the presence of K2CO3 (3 eq.) in a 10-20 mL microwave 

vial containing a magnetic stirrer. The reaction vessel was flushed with nitrogen during 

each addition. The reaction mixture was sealed under inert N% atmosphere and heated 

vrith microwave radiation in an EMRYS™ Optimizer Microwave Station (Personal 

Chemistry) at 100°C for 9 minutes. After LCMS analysis revealed completion of the
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reaction, the cooled reaction mixture was passed through an Isolate™ SCX-2 cartridge 

and washed with DCM (3 x) & DMF (3 x) twice and finally MeOH (2 x). The product 

3 was released from the cartridge using 2M NH3 in MeOH and concentrated in vacuo to 

obtain a light brown solid (BP-2.13e). The Boc-protected 2.13e was dissolved in a small 

volume of MeOH and 4M HCl in dioxane was added slowly to the stirring solution. The 

reaction mixture was stirred for 4 hours at which point TLC showed completion of the 

reaction. Excess solvent was evaporated under vacuum to obtain a dark brown coloured 

solid (2.13e). The product was used in the next step without further purification.

5-(4-aminophenyl)-A'-(3-(dimethylamino)propyI)furaii-2-carboxamide (2.13e), A
_______________light brown solid___________________________________________________________________

2.13e

IR (FTIR, Vmax /cm "') : 3214, 1609, 1482, 1300, 1177, 1018, 794
(DM SO, 400 M Hz) Ô 8.54 (IH , t, J  = 6  Hz), 7.56 (2H,dd, J  = 8.4, 2.4 Hz), 7.13 (IH , 
d, J  = 4.4 Hz), 7.05 (IH , d, J =  4.0 Hz), 6.62 (2H, d, 8.4 Hz), 5.40 (2H, d, J  = 9.6 
Hz), 3.27 (2H, m), 2.36 (2H, t, J  -  7.2 Hz), 2.21 (6 H, s), 1.66 (2H, m )_______________

’H -N M R

1 3 ^  IV m r (DM SO 100 M Hz) Ô 158.1, 156.2, 149.5, 145.5, 125.7, 125.6, 117.3, 117.1, 115.9,
115.3, 113.6, 103.4, 68.2, 48.8, 26.8_______________________________________________

E IM S  m/z  (+E1) calc, for C 1 6H 2 1N 3 O 2  (M +) 287.36, LCM S analysis found 288.68 (M+H)^

Same Suzuki coupling procedure was employed to synthesise following compounds.

5-(4-aininophenyl)-7V-(3-(dimethylainino)propyl)thiophene-2-carboxamide 
_____________ (2.131), A light brown solid____________________________________________________

2.13f
(FTIR, Vmax /cm "’): 3328, 3206, 2940, 1604, 1553, 1504, 1444, 1304, 1181, 1033, 835, 
814 ,773  _____________________________________________________________________

IR

(DM SO 400 M Hz) Ô 8.38 (IH , t, J  = 6  Hz), 7.61 (lH ,d , 4.0 Hz), 7.36 (2H, dt, J -  
H -N M R  8 .8 , 2.0 Hz), 7.20 (IH , d, J  = 3.6 Hz), 6.59 (2H, dt, 8 .8 , 2.0 Hz), 5.42 (2H, s), 3.25

_____________ (2H, m), 2.27 (2H, t, J  = 6 . 8  Hz), 2.26 (6 H, s), 1.64 (2H, p, 6 , 8  H z )_______________
i3 p  (DM SO 100 M Hz) Ô 161.1, 149.4, 149.1, 135.9, 128.8, 126.6, 120.7, 120.5, 113.9,

5 6 .4 ,45 .1 ,27 .1____________________________________________________________________
E IM S m/z  (+E1) calc, for C 1 6H 2 1 N 3 OS (M +) 303.42, LCM S analysis found 304.64 (M +H) 

4-(4-aminophenyl)-A/-(3-(dimethylamino)propyl)thiophene-2-carboxamide 
(2.13g), A light brown solid_____________________________________________________

2.13g
(FTIR, Vmax /cm “’) : 3209, 3023, 2351, 1605, 1555, 1506, 1460, 1418, 1298, 1181, 
829, 773__________________________________________________________________________

IR

(DM SO 400 M Hz) Ô 8 . 8 8  (IH , t, J - 6.0 Hz), 8.23 (IH , d, J =  1.2 Hz), 7.73 (IH , d, J  
H -N M R  -  1.2 Hz), 7.36 (2H, d, 8 . 8  Hz), 6.61 (2H, d, J =  8 . 8  Hz), 5.41 (2H, s), 3.29 (2H,

_____________ m), 2.43 (2H, m), 2.26 (6 H, s), 1.69 (2H, m)_________________________________________
i3 p  (DM SO 100 M Hz) S 161.5, 148.3, 142.6, 139.6, 126.7, 126.2, 122.5, 121.5, 121.2,

114.0, 68 .3 ,48 .8 , 22.5____________________________________________________________
E IM S  m/z  (+E1) calc, for C 1 6H 2 1N 3 OS (M +) 303.42, LCM S analysis found 304.71 (M+H)^.
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4-(4-am inophenyl)-yV-(3-(dim ethylainino)propyI)-l-m ethyl-lf/-pyrrole-2-
carboxam ide (2.13c), A light brown solid_________________________________

2.13h
IR (FTIR, V m « /cm -'):3 3 1 5 , 1627, 1508, 1435, 1397, 1281, 1176, 1118, 720, 694

ÔH (DM SO, 400 M Hz); 8.07 (IH , t, J  = 5.6 Hz), 7.17 (2H, dd J  = 8 .8 , 1.6 Hz), 7.11 
H -N M R  (IH , d, J  = 1.6 Hz), 6.97 (IH , d, J  = 2.0 Hz), 6.55 (2H, d, J  = 8.0, 2.0), 3.83 (3H, s), 
___________ 3.22 (2H, q, J  = 6 .8 ), 2.56 (2H, m), 2.37 (6 H, s), 1.72 (2H, m)________________________
E IM S  m/z  (+E1) calc, for C 1 7H2 4 N 4 O (M +) 300.40, LCM S analysis found 301.35 (M +H)

Synthesis of 4-(3-(4-(thiopheA^-2-yl)benzaniido)phenyl)-7V-(3-(dimethylamino)propyl)-l- 

methyl-l/f-pyrrole-2-carboxamide (2.107) from 4-(3-aminopbenyl)-7V-(3-

(dimethylamino)propyl)-l-metbyI-l/f-pyrroIe-2-carboxamide (2.13d) and 4-(thiophe7V-2- 

yI)benzoic acid (9.5) using Greenhouse^^ parallel synthesiser.

NH2

NH

2.13d 9.5

HOAt/HATU
HN

R

2.107

A solution of 9.5 (1.2 eq.) in anhydrous dimethylformamide was added to a reaction vial 

under a nitrogen atmosphere and cooled to -5°C in an ice/acetone bath. Two eq. of 

HOAt, 1.3 eq. of HATU and 3 eq. of DIPEA were added to the reaction vial with 

continuous stirring. After 15 minutes 2.13d in anhydrous DMF was added to the 

reaction vial using a canula. The reaction mixture was allowed to stir for 3 hours with 

occasional TLC/LCMS analysis to monitor the progress of the reaction. Once both TLC 

and LCMS analysis found completion of reaction, the reaction mixture was passed 

through an Isolute™ SCX-2 cartridge and was washed with DCM (3 x) & DMF (3 x) 

twice and finally MeOH (2 x). The product 3 was released from the cartridge using 2M 

NH] in MeOH and concentrated in vacuo to obtain a light brown solid. Finally the 

product was purified from trace impurities using a modified silica gel column with 8 :1 :1  

mixture of DCM, MeOH and 2M NH3 in MeOH as the mobile phase. Excess solvents 

was evaporated in vacuo to obtain a light cream solid.
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Rf

4-(3-(4-(thiophe7V-2-yi)benzamido)phenyl)-7V-(3-
(dimethylamino)propyl)-l-methyl-l/^-pyrroIe-2-carboxamide
0.59 (DCM :M eOH:2 M  N H 3 in M eOH  - 8:1:1)

IR (FTIR, Vmax /cm -'): 3250, 1647, 1626, 1603, 1527, 1483, 1347, 1284, 
1209, 1168, 959, 875, 851, 823, 783, 763

2.107
(KM R-TL-01) 

Cream solid
H-NMR

(DM SO, 400 M Hz): 10.25 (IH , s), 8.18 (IH , t, J =  5.6 Hz), 8.05 (IH , 
s), 8.02 (2H, dd, J  = 6 .8 , 2.0 Hz), 7.83 (2H, dd, J  = 6 .8 , 2.0 Hz ), 7.69 
(IH , dd, J  =  3.6, 1,.2 Hz), 7.66 (IH , dd, J  -  3.6, 1,.2 Hz), 7.51 (IH , d, 
J  = 8.0 Hz), 7.34 (IH , d, J -  2.0 Hz), 7.32 (IH , t, J  =  8.0 Hz), 7.26 
(IH , d, J - 8.4 Hz), 7.19 (IH , m ), 7.13 (IH , d, J  =  1.6 Hz), 3.88 (3H, 
s), 3.23 (2H, q, J  = 6 .8 ), 2.30 (2H, t, J  = 6 .8 ), 2.17 (6 H, s), 1.65 (2H, 
m)

HRMS m/z (+E1) calc, for C 2 8 H 3 0 N 4 O 2 S (M+H)^ 487.2162, found 487.2137 
(M+H)+

Rf

4-(3-(3-(thiopheN-2-yl)benzamido)phenyi)-N-(3-
(dimethylamino)propyl)-l-methyl-lf/-pyrrole-2-carboxamide
0.58 (DCM :M eOH:2 M  N H 3 in M eOH - 8:1:1)

IR (FTIR, Vmax /cm  '): 3264, 1644, 1621, 1487, 1347, 1284, 1201, 949 875, 
787, 763

2.108
(KM R-TL-02) 

Cream  solid
H-NMR

(DM SO, 400 MHz): Ô 10.34 (IH , s), 8.22 (IH , t, J =  1.6 Hz), 8.20 (IH , t, 
J =  6.0 Hz), 8.07 (IH , d, J  = 1.6 Hz), 7.91 (IH , d, J - 8.0 Hz), 7.89 (IH , t, 
J =  1.2 Hz), 7.65 (IH , d d , y - 3 . 6 ,  1.2 Hz), 7.63 (IH , dd, J  = 4.0, 0.8 Hz), 
7.57 (IH , t, J  =  7.6 Hz), 7.50 (IH , d, 7.6 Hz), 7.36 (IH , d, 7  = 1.6 Hz), 
7.34 (IH , t, J  =  8.0 Hz), 7.33 (IH , d, y  = 8.0 Hz), 7.27 (IH , d, J =  7.6 Hz), 
7.18 (IH , m), 7.14 (IH , d, J  =  1.6 Hz), 3.89 (3H, s), 3.23 (2H, q, J  =  6 .8 ), 
2.45 (2H, m), 2.29 (6 H, s), 1.69 (2H, m)

HRMS m/z (+E1) calc, for C2 8 H 3 0 N 4 O 2 S (M+H)^ 487.2162, found 487.2158 
(M+H)+

Rf

4-(3-(4-(pyridiA'-3-yl)benzamido)phenyl)-7V-(3-
(dimethyIamino)propyl)thiophene-2-carboxamide
0.42 (DCM :M eOH:2 M  N H 3 in M eOH - 8:1:1)

IR (FTIR, Vmax /cm -'): 3316, 2940, 2768, 2064, 1657, 1632, 1605, 1547, 
1487, 1303, 1262, 1216, 1040, 1000, 914, 870, 853, 801, 768, 704

2.109
(KM R-TL-03) 

Cream solid
H-NMR

(DM SO, 400 MHz): Ô 10.44 (IH , s), 9.01 (IH , dd, J  -  2.4, 0.8 Hz), 8.73 
(IH , t, J  = 5.6 Hz), 8.63 (IH , dd, J =  5.6, 1.6 Hz), 8.21 (IH , t, J =  8.0 Hz), 
8.18 (IH , d, J =  2.0Hz), 8.17 (IH , m), 8.14 (2H, d, J  = 8.4 Hz), 8.01 (IH , 
d, y  = 1.6 Hz), 7.95 (2H, d, J  = 8.4 Hz), 7.71 (IH , m), 7.55 (IH , m), 7.45 
(2H, m), 3.31 (2H, q, J  = 6.80), 2.55 (2H, t, J  = 7.2 Hz), 2.36 (6 H, s), 
1.76, (2H, m)

"C-NMR
(100 M Hz, DM SO): Ô 165.0, 163.6, 161.0, 149.1, 147.8, 141.6, 140.8, 
140.1, 139.7, 135.1, 134.5, 134.3, 134.1, 129.2, 128.4, 126.8, 125.3, 123.9, 
121.4, 119.7, 118.1,56.0, 44.0,38.9, 37.1,26.1

HRMS m/z (+E1) calc, for C 2 8 H 2 8N 4 O 2 S (M+H)+ 485.2006, found 485.1995 
(M+H)+

Rf

4-(3-(3-(pyridW-3-yI)benzamido)phenyl)-N-(3-
(dimethylamino)propyI)thiophene-2-carboxamide
0.46 (DCM :M eOH:2 M N H 3 in M eOH  - 8:1:1)

IR (FTIR, Vmax /cm -'): 3259, 2789, 1605, 1548, 1487, 1443, 1307, 1250, 
1127, 873, 801,769, 742

2.110
(KM R-TL-04) 

Cream solid
^H-NMR

(DM SO, 400 MHz): Ô 10.45 (IH , s), 9.04(1H, d, J  = 2.0 Hz), 8.73 (IH , t, 
J =  1.6 Hz), 8.64 (IH , t, y  -  5.6), 8.61 (IH , dd, y  = 6.0, 1.6 Hz), 8.19 (3H, 
m), 8.11 (IH , d, y  = 7.6 Hz), 8.01 (IH , d, y  = 1.2), 7.97 (IH , d , y -  7.6), 
7.69 (IH , m), 7.67 (IH , t, y  = 7.6 Hz), 7.53 (IH , m), 7.46 (IH , d, y =  3.2 
Hz), 3.29 (2H, q , y -  6.80), 2.40 (2H, t , y -  7.2), 2.23 (6 H, s), 1.71 (2H, 
m)

"C-NMR
(100 M Hz, DM SO): 5 165.0, 163.6, 161.0, 149.1, 147.8, 141.6, 140.8, 
140.1, 139.7, 135.1, 134.5, 134.3, 134.1, 129.2, 128.4, 126.8, 125.3, 123.9, 
121.4, 119.7, 118.1,56.4, 44 .6 ,37 .4 , 26.6

HRMS m/z (+EI) calc, for C 2 8 H 2 8 N 4 O 2 S (M+H)^ 485.2006, found 485.1982 
(M+H)+
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5-(3-(4-(oxazol-5-yl)benzamido)phenyl)-A'-(3-
(dimethylamino)propyl)furan-2-carboxamide

R f 0.42 (DCM:MeOH:2 M NH 3 in MeOH - 8:1:1)
(FTIR, Vmax /cm  ): 3280, 2344, 2160, 2000, 1640, 1611, 1552, 1505,IR
1471, 1306, 1176, 1017, 941 ,789 , 763

2.111
(KM R-TL-05) 'H -N M R  

Cream solid

(DM SO, 400 MHz): Ô 10.46 (IH , s), 8.54 (IH , s), 8.21 (IH , \ . ,J  = 2.0), 
8.12 (2H, dd, J  = 6 .8 , 2.0 Hz), 7.90 (2H, dd, J  = 6.80, 2.0 Hz), 7.86 (IH , 
s), 7.78 (IH , dt, J  -  8.0, 0.8 Hz), 7.66 (IH , dt, J  -  8.0, 0.8 Hz), 7.6 (IH , t, 
J  = 8.0), 7.18 (IH , d, J  -  3.6 Hz), 7.02 (IH , d, J  = 3.9 Hz), 3.28 (2H, q, J  
-  6 . 8  Hz), 2.32 (2H, X ,J =  7.2 Hz), 2.19 (6 H, s), 1.68 (2H, m)_____________
(100 M Hz, DM SO): Ô 164.8,157.5, 154.2, 152.4, 149.7, 147.3, 139.5, 

^C-NM R 139.5, 134.1, 130.2, 129.8, 129.2, 128.5, 123.9, 123.6 120.9, 119.9, 116.4, 
115.1, 107.5, 5 6 .8 ,4 4 .9 ,3 7 .1 ,2 6 .9  ________

H R M S

Rf

m/z  (+E1) calc, for C 2 6 H 2 6 N 4 O 4  (M+H)^ 459.2027, found 459.2003
(M+H)+_______________________________________________________________
5-(3-(3-(oxazol-5-yI)benzainido)phenyI)-A'-(3-
(dimethylamino)propyI)furan-2-carboxamide_______________________
/?f 0.28 (DCM :M eOH:2 M  NH3 in M eOH  - 8:1:1)

IR
(FTIR, V, 
789

/cm -'): 3261, 1638, 1586, 1487, 1307, 1252, 1102, 1020, 949,

2.112
(KM R-TL-06) 'H -N M R  

Cream solid

(DM SO, 400 M Hz): Ô 10.53 (IH , s), 8.54(1H, t, J  = 5.6 Hz), 8.33 (IH , t, 
J  -  1.6), 8.20 (IH , t, J  = 2.0 Hz), 7.97 (2H, m), 7.83 (IH , s), 7.80 (IH , d, 
J  -  8.0 Hz), 7.68 (IH , t, J =  8.0 Hz), 7.67 (IH , d, J -  7.6 Hz), 7.49(1 H, t, J  
-  8.0 Hz), 7.18 (IH , d, J  = 3.6 Hz), 7.01 (IH , d, J  = 3.6 Hz), 3.28 (2H, 
m), 2.29 (2H, t, J  -  7.2 Hz), 2.16 (6 H, s), 1.67 (2H, m)____________________
(100 M Hz, DM SO): Ô 165.0, 157.5, 154.1, 152.1, 149.9, 147.35, 139.4, 

'C -N M R  135,5, 129.8, 129.3, 127.7, 127.6, 127.0, 123.2, 122.8, 120.9, 120.0, 
_116.4, 115.1, 107.5, 56.9, 45 .0 ,37 .2 , 27.0____________________________________________

H R M S

R f

IR

2.113
(KM R-TL-07) 'H -N M R  

Cream solid

13

m/z  (+E1) calc, for C 2 6 H 2 6 N 4 O 4  (M +H) 459.2027, found 459.2007
(M+H)+_______________________________________________________________
5-(3-(4-(pyridiN-3-yl)benzamido)phenyl)-A'-(3-
(dimethylamino)propyl)thiophene-2-carboxamide___________________
0.31 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)___________________________
(FTIR, v„ax/cm  '): 3286, 2175, 1639, 1604, 1490, 1412, 1301, 1000, 856, 
8 0 9 ,7 8 1 ,7 5 9  ______________________  ____________________
(DM SO, 400 MHz): Ô 10.45 (IH , s), 9.01(1H, d, J  -  2.0 Hz), 8.64 (IH , 
dd, J  = 4.8, 1.6 Hz), 8.59 (IH , t, J  =  5.6), 8.22 (IH , t, J =  1.6 Hz), 8.20 
(IH , dd, J  -  8.4, 0.8 Hz), 8.14 (2H, d, 6 .8 , 1.6 Hz), 7.94 (2H, dd, J  = 
6 .8 , 1.6 Hz), 7.83 (IH , d, J  -  8.0 Hz), 7.74(1H, d, J  = 4.0 Hz), 7.55 (IH , 
m), 7.52 (IH , d , y -  4.0 Hz), 7.48 (IH , t, 1.6 Hz), 7.46 (IH , t, 7.6 
Hz), 7.35 (IH , d, J  = 4.0), 3.27 (2H, q, J  = 6 .8 ), 2.38 (2H, t, J  = 7.2 Hz), 
2.23 (6 H, s), 1.70 (2H, m)_______________________________________________
(100 M Hz, DM SO): Ô 165.1, 163.9, 160.9, 149.2, 148.3, 147.8, 147.0, 

C -N M R  140.1, 139.9, 139.1, 134.5, 134.1, 133.4, 129.5, 128.8, 128.6, 128.5, 126.8, 
124.1, 123.9, 123.2, 117.3, 113.1, 110.7, 56 .4 ,44 .6 , 37.4, 26.7 ______

uDiwre ^  (+E1) calc, for C 2 8 H 2 8 N 4 O 2 S (M+H)^ 485.2006, found 485.1985 
H R M S  (m +H)^_______________________________________________________________
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5-(3-(3-(pyridiA'-3-yl)benzamido)phenyl)-A'-(3-
(dim ethylam ino)propyl)thiophene-2-carboxam ide
0.38 (DCM:MeOH:2 M NH 3 in MeOH - 8:1:1)
(FTIR, Vmax /cm-^):3268, 2137, 1601, 1584, 1545, 1486, 1456, 1305, 1253, 
875, 853 ,78 1 ,7 4 1 _________________________________________________

IR

2.114
(KM R-TL-08) 

Cream solid

(DM SO, 400 MHz): Ô 10.48 (IH , s, NH), 9.03 (IH , d, J  = 1.80 Hz, 
PyrdH), 8.64 (IH , dd, J  = 4.8, 1.6, PyrdH), 8.61 (IH , d, 7  = 5.6, PyrdH), 
8.33 (IH , t, J  = 5.6, N H ), 8.27 (IH , s, ArH), 8.20 (IH , t, J  = 1.6, ArH), 
8.04 (IH , dt, J  -  8.0, 1.6 ArH), 7.98 (IH , dt, J  = 8.0, 1.6, ArH), 7.82 (IH , 
dt, J  = 7.6, 2, ArH), 7.75(1 H, d, J  = 4, ThioH), 7.70 (IH , t, J  = 7.6, ArH), 
7.56 (IH , ddd, J  = 8.0, 4.8, 0.8, ArH), 7.51 (IH , d, J  = 4, ThioH), 7.48 
(IH , m, PyrdH) 7.46 (IH , 7.6, ArH), 3.28 (2H, t, J  = 6.7, CH 2 ), 2.45 
(2H, t, J -  6 .8 , CH 2 ), 2.27 (6 H, s, 2 N CH 3 ), 1.71 (2H, m, CH 2 ),____________

H -N M R

(100 M Hz, DM SO): Ô 165.3 (C = 0), 160.9 (C = 0), 148.9 (P y rd -Q , 147.9 
(Pyrd-C), 147.1 (T h io -Q , 139.8 (Thio-C), 139.1 (Ar-C), 137.2 (A r-Q , 
135.5 (Thio-C), 134.9 (Ar-C), 134.3 (Pyrd-C), 133.6 (P y rd -Q , 133.5 (Ar- 
Q ,  129.6 (A r-Q , 129.3 (A r-Q , 128.9 (Ar-C), 128.7 (T h io -Q , 127.5 (Ar- 
C), 126.0 (Ar-C), 123.9 (P y rd -Q , 120.9 (A r-Q , 120.2 (A r-Q , 117.4 (Ar- 
Q ,  56.2 (NÇH 2 ), 44.4 (2 N Ç H 3 ), 39.7 (ÇH 2 ), 26.5 (ÇH 2 )__________________

X -N M R

H R M S
m/z  (+EI) calc, for C 2 8 H 2 8N 4 O 2 S (M-+H) 
(M+H)+__________________________________

485.2006, found 485.1996

Rf

4-(4-(3-(2-methylthiazol-4-yI)benzamido)phenyI)-A-(3-
(dimethylamino)propyI)-l-methyl-lf/-pyrrole-2-carboxamide
0.47 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)_________________
(FTIR, /cm -'): 3291, 2759, 1651, 1629, 1590, 1524, 1460, 1325,IR
1287, 1000, 925, 831 ,806 , 793, 720

2.115
(KM R-TL-09) H -N M R  

Cream solid

(DM SO, 400 MHz): Ô 10.33 (IH , s), 8.49 (IH , d , V -  1.54), 8.24 (IH , s),
8.13 (IH , dd, J  = 8.0, 1.2 Hz), 8.12 (IH , 5.6 Hz), 8.06 (IH , s), 7.90 
(IH , d, y = 8.0 Hz), 7.78 (2H, d , J  = 8.4 Hz), 7.61 (IH , t, y  = 7.6 Hz), 7.49 
(2H, d, y = 8 . 8  Hz), 7.35 (IH , d, y = 1.6 Hz), 7.13 (IH , d, y = 1.6 Hz),
7.06 (IH , d, y = 1.6 Hz), 6.80 (IH , d ,y - 2.0 Hz), 3.82 (3H, s), 3.21 (2H, 
q, y  = 6 .8 ), 2.76 (3H, s), 2.37 (2H, t , y -  8.0), 2.23 (6 H, s), 1.65 (2H, m)
(100 MHz, DM SO): 5 165.8, 163.8, 153.1, 145.6, 143.2, 130.4, 128.8, 

C -N M R  126.9, 126.7, 126.4, 124.3, 124.2, 120.8, 113.3, 108.9, 103.2, 92.8, 56.5, 
56.4, 44.6, 37.3, 26.7, 26.4 ___________________

13

H R M S
m/z  (+EI) calc, for C 2 8 H 2 8N 5 O 2 S (M +H) 
(M+H)^__________________________________

502.2271, found 502.2255

Rf

4-(4-(3-(oxazol-5-yl)benzamido)phenyl)-A-(3-
(dimethylamino)propyl)thiophene-2-carboxamide
0.31 (DCM :M eOH:2 M N H 3 in M eOH - 8:1:1)
(FTIR, Vmax /cm -'): 3284, 2945, 2047, 1975, 1650, 1623, 1557, 1523,IR

2.117
(KM R-TL-11) 

Cream solid

1419, 1320, 1113, 1039, 9 5 4 ,9 1 1 ,8 3 1 ,7 7 3 ,7 3 1
(DM SO, 400 M Hz): Ô 10.28 (IH , s), 8.42 (IH , X ,J =  5.6 Hz), 8.30 (IH , s),
8.11 (IH , t , y -  1.60 Hz), 8.01 (IH , d, y =  1.6 Hz), 7.82 (IH , d, y  = 1.6 

'H -N M R  Hz), 7.77 (3H, m), 7.68 (2H, d, y -  8 . 8  Hz), 7.63 (IH , s), 7.52 (2H, m),
7.47 (IH , d , y  = 1.6 Hz), 7.43 (IH , d , y - 2.0 Hz), 7.38 (IH , m), 6.94 (IH , 

____________ m), 3.21 (2H, q,y = 6 .8 ), 2.23 (2H, t, y = 7.2), 2.06 (6 H, s), 1.50 (2H, m)

H R M S
m/z  (+EI) calc, for C 2 6 H 2 6 N 4 O 3 S (M +H) 
(M+H)+__________________________________

475.1798, found 475.1772
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R f

5-(4-(3-(2-methylthiazol-4-yl)benzamido)phenyI)-i'V-(3-
(dim ethylam ino)propyl)furan-2-carboxam ide_________
0.43 (DCM:MeOH:2 M NH 3 in MeOH -8:1:1)__________
(FTIR, Vmax /cm -'): 3335, 2082, 1647, 1597, 1490, 1414, 1315, 1248, 
1173, 1018, 8 3 0 ,8 1 1 ,7 4 9 ,7 1 1 ________________________________________

IR

2.119
(KM R-TL-13) ' H -N M R

Cream solid

13

(DM SO, 400 MHz); Ô 10.33 (IH , s), 8.53 (2H, m), 8.15 (IH , d, J  = 8 . 8  

Hz), 8.08 (IH , s), 7.93 (5H, m), 7.60 (IH , d, J  -  3.6 Hz), 7.15 (IH , d, J  
=  3.6 Hz), 7.01 (IH , d, y  =  3.6 Hz), 3.27 (2H, q, J  = 6 .8 ), 2.76 (3H, s),
2.33 (2H, t, J  = 7.2 Hz), 2.19 (6 H, s), 1.67 (2H, m)______________________
(100 M Hz, DM SO): Ô 165.8, 157.8, 154.2, 153.0, 146.8, 139.4, 135.4, 

C -N M R  128.9, 127.0, 125.2, 124.8, 120.3, 115.3, 114.7, 106.6, 56.8, 44.9, 37.0, 
27.0

H R M S
m/z (+EI) calc, for C 2 7 H 2 8 N 4 O 3 S (M +H) 
(M+H)+_________________________________

489.1955, found 489.1960

Rf

5-(4-(4-(2-methylthiazol-4-yl)benzamido)phenyl)-A^-(3- 
(dimethylamino)propyl)furan-2-carboxamide________
0.40 (DCM :M eOH:2 M  NH3 in M eOH  -8 :1 :1 )__________
(FTIR, Vmax /cm -'): 3275, 2939, 2155, 1651, 1629, 1597, 1515, 1486,IR
1414, 1296, 1168, 1024, 8 6 8 , 833, 800, 739

2.120
(KM R-TL-14) 'H -N M R  

Cream solid

(DM SO, 400 MHz): Ô 10.19 (IH , s), 8.29 (IH , t, 7  = 5.6 Hz), 7.89 (IH , 
s), 7.87 (2H, dd, J  = 6 .8 , 2.0 Hz), 7.81 (2H, dd, J  =  6 .8 , 2.0 Hz), 7.67 
(4H, m), 6 . 8 8  ( IH , d, J  = 3.6), 6.77 (IH , d, J  =  3.6), 3.06 (2H, q, J  = 
6 .8 ), 2.27 (3H, s), 2.09 (2H, t, J  = 7.2 Hz), 1.95 (6 H, s), 1.46 (2H, m)
(100 MHz, DM SO): Ô 165.9, 164.1, 157.5, 154.2, 152.7, 146.8, 139.4, 

’C -N M R  137.0, 133.6, 128.2, 125.7, 124.8, 120.3, 115.7, 106.6, 56.8, 44.9, 37.0, 
26.4, 18.93

H R M S

Rf

m/z  (+EI) calc, for C 2 7 H 2 8 N 4 O 3 S (M +H) 489.1955, found 489.1951
(M+H)+______________________________________________________________
A'-(4-(5-(3-(dimethylaniino)propyIcarbamoyl)thiopheN-3-yI)phenyl)- 
5-pheny Ipy rid ine-3-ca rboxam ide________________________________
0.53 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)_________________________

2.121
(KM R-TL-15) 

Cream  solid

(DM SO, 400 M Hz): Ô 10.51 (IH , s, NH), 8.53 (IH , t, J  = 5.6 Hz, NH), 
8.20 (IH , t, V = 1.6 Hz, ArH), 7.89 (4H, d, , J  = 8 . 8  Hz, 4ArH), 7.72 
(3H, m, 3ArH), 7.66 (IH , dd, J  = 3.6, 1.2 Hz, ThioH), 7.63 (IH , dd, J  = 
5.2, 1.2 Hz, ThioH), 7.60 (IH , t, J  = 4.0 Hz, ThioH), 7.49 (IH , d, J  = 3.6 
Hz, ThioH), 7.20 (IH , dd, J  = 3.2, 1.2 Hz, ThioH), 3.26 (2H, q, y  = 6.4 
Hz, CH 2 ), 2.28 (2H, t, J  = 7.2, CH 2 ), 2.16 (6 H, s), 1.66 (2H, m, CHz),

'H -N M R

(100 M Hz, DM SO): Ô 165.3 (C = 0), 160.9(C=O), 147.0 (Thio-C), 142.4 
(Thio-C), 139.3 (Ar-C), 138.5 (T h io -Q , 135.6 (T h io -Q , 133.9 (A r-Q , 
129.3 (A r-Q , 128.8 (Thio-C), 128.6 (T h io -Q , 128.4 (A r-Q , 126.7 
(T h io -Q , 126.3 (Thio-C), 125.9 (2A r-Q , 124.6 (A r-Q , 124.4 (A r-Q , 
123.5 (A r-Q , 120.7 (2A r-Q , 56.8 (NÇH 2 ), 45.0 (2 N ÇH 3 ), 40.2 (ÇH 2 ), 
27.1 (ÇH 2 )___________________________________________________________

13C -N M R

H R M S
m/z  (+EI) calc, for C 2 7 H 2 7 N 3 O 2 S2  (M +H) 
(M+H)+__________________________________

490.1617, found 490.1627

Rf

5-(4-(3-(thiopheA-2-yl)benzamido)phenyI)-7V-(3-
(dimethylamino)propyl)thiophene-2-carboxamide
0.37 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)

2.123
(KM R-TL-17) 

C ream  solid

(FTIR, Vmax /cm -'): 3280, 2231, 2023, 2006, 1655, 1622, 1557, 1529, 
1414, 1327, 1209, 1024, 845, 830, 762_________________________________

IR

H -N M R

H R M S

(DM SO, 400 M Hz): Ô 10.58 (IH , s), 9.10 (IH , d, J  = 2.0 Hz), 8.58 (IH , 
t, J  = 2.0 Hz), 8.54 (IH , t, J  = 5.6), 8.20 (IH , d, J  = 1.6 Hz), 8.02 (IH , 
d, J  = 3.6 Hz), 7.87 (4H, m), 7.69 (2H, d, J  =  8 . 8  Hz), 7.59 (2H, m), 
7.50 (IH , m), 3.29 (2H, q, J  = 6 . 8  Hz), 2.29 (2H, t, J  = 7.2 Hz), 2.16 
(6 H, s), 1.68 (2H, m)__________________________________________________
m/z  (+EI) calc, for C 2 8 H 2 8 N 4 O 2 S (M +H) 
(M+H)+_________________________________

485.2006, found 485.2007
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R f

5-(4-(3-(pyrimidiA'-5-yI)benzamido)phenyI)-A'-(3-
(dim ethylam ino)propyl)thiophene-2-carboxam ide

0.43 (DCM:MeOH:2 M NH 3 in MeOH - 8:1:1)

2.124
(KM R-TL-18) 

Cream solid

(FTIR, Vmax /cm-^): 3263, 2345, 2162, 1596, 1521, 1447, 1408, 1319, 
1252, 1183,810, 721

IR

(DM SO, 400 M Hz): Ô 10.48 (IH , s), 9.25 (3H, d, /  = 8.0 Hz), 8.57 (IH , 
t, J  = 5.6 Hz), 8.38 (IH , t, V = 1.6 Hz), 8.06 (2H, dd, J  = 8.0, 2.0 Hz), 
7.89 (2H, d, J  = 8 . 8  Hz), 7.73 (4H, m), 7.49 (IH , d, J  -  4.0 Hz), 3.27 
(2H, q , y - 6 .8 ), 2.29 (2H, t, J  -  7.2 Hz), 2.09 (6 H, s), 1.66 (2H, m)
m/z (+E1) calc, for C 2 7 H 2 7 N 5 O 2 S (M+H)^ 486.1958, found 486.1943 
(M+H)+______________________________________________________________H R M S

4-(4-(4-(3-(trifluorom ethyI)-lAf-pyrazoI-l-yI)benzam ido)phenyl)-A'- 
(3-(dim ethylam ino) propyl)thiophene-2-carboxam ide______________

Rf 0.32 (DCM :M eOH:2 M  NH3 in M eOH - 8:1:1)
(FTIR, v^ax /cm -'): 3267, 2161, 1629, 1609, 1512, 1339, 1290, 1244,IR

2.125
1177 ,1129 ,1082 , 979, 856, 796
(DM SO, 400 M Hz): Ô 10.61 (IH , s), 8.73 (IH , t, J  = 5.6 Hz), 8.25 (4H, 
m), 8.08 (2H, m), 7.77 (3H, m), 7.55 (2H, m), 7.31 (IH , d, 1.60), 
3.34 (2H, q, J  = 6 .8 ), 2.39 (2H, t, J  -  7.2 Hz), 2.24 (6 H, s), 1.76 (2H, m) 
(100 MHz, DM SO): Ô 161.8, 155.9, 142.4, 135.6, 129.3, 128.8, 126.7, 
126.3, 125.5, 118.0, 56.7, 45.0, 39.7, 37.5, 27.0________________________

13C -N M R

m/z  (4-El) calc, for C 2 7 H 2 6 F 3 N 5 O 2 S (M4-H)^ 542.1832, found 542.1843 
(M-kH)+________________ ________________

H R M S

5-(4-(4-(3-(trifluorom ethyl)-l/f-pyrazoH -yI)benzam ido)phenyl)-iV - 
(3-(dim ethylam ino) propyl)furan-2-carboxam ide___________________
0.31 (DCM :M eOH:2 M NH3 in M eOH -8 :1 :1 )
(FTIR, Vmax /cm  '): 3321, 2942, 2769, 2357, 1648, 1601, 1508, 1488,IR
1323, 1489, 1289, 1181, 1128, 1018, 979, 858, 830, 797

2.126 (DM SO, 400 MHz): 5 10.59 (IH , s), 8.52 (IH , t, 7  =  5.6 Hz), 8.16 (2H, 
d, J  = 8.0 Hz), 7.99 (IH , d, J  = 2.0 Hz), 7.92 (4H, m), 7.71 (2H, d, J  = 
8.4 Hz), 7.23 (IH , d, J  = 2.0 Hz), 7.14 (IH , d , J  = 3.6 Hz), 7.02 (IH , d, J  
= 3.6 Hz), 3.29 (2H, q, J  = 6 .8 ), 2.50 (2H, t, J  = 7.2), 2.16 (6 H, s), 1.68 
(2H, m)______________________________________________________________
(100 MHz, DM SO): Ô 165.2, 157.5, 154.2, 146.9, 140.8, 139.2, 135.7, 
128.8, 125.5, 124.7, 120.3, 115.3, 106.7, 56 .9 ,45 .1 , 39.7, 37.1,27.1

13C -N M R

m/z  (4-El) calc, for C 2 7 H 2 6 F 3 N 5 O 3 (M4-H) 526.2061, found 526.2039 
(M+H)+______________________________________________________________H R M S

5-(4-(4-(3-(trifluorom ethyl)-l.^-pyrazol-l-yl)benzam ido)phenyl)-7V- 
(3-(dim ethylam ino) propyl)furan-2-carboxam ide_____________________
(DM SO, 400 MHz): Ô 10.49 (IH , s), 9.01 (IH , d, J  = 1.6 Hz), 8.63 (IH , 
dd, J  = 4.0, 0.8 Hz), 8.54 (IH , t, J -  4.8 Hz), 8.31 (IH , s), 8.19 (IH , dt, J  
= 6.4, 1.6 Hz), 8.13 (2H, d, J -  6 . 8  Hz), 7.94 (IH , d, J =  1.6 Hz), 7.91 

2.127 '  (2H, d, J =  7.2 Hz), 7.55 (IH , ddd, J  = 6.4, 2.8, 0.8 Hz), 7.14 (IH , d, J
(KM R-01-21) = 2.8 Hz), 7.01 (IH , d, J  = 2.8 Hz), 3.29 (2H, q, J  = 5.2 Hz), 2.33 (2H, t.
Cream solid ______________J  = 6.0 Hz), 2.19 (6 H, s), 1.69 (2H, m)__________________________________

H -N M R

(100 MHz, DM SO): Ô 165.1, 157.6, 154.3, 149.1, 147.8, 146.8, 140.1, 
^C-NM R 139.4, 134.5, 134.1, 128.5, 126.8, 124.8, 124.7, 123.9, 120.3, 115.3,

106.6, 56.8, 4 4 .9 ,3 7 .1 ,2 6 .9

H R M S
m/z (4-El) calc, for C 2 8 H 2 8 N 4 O 3  (M4-H) 469.2213, found 
(M+H)^_______________________ ___________________________

469.2157
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A'-(3-(dimethylamino)propyl)-5-(4-(3-(pyridiA'-3-
yl)benzainido)phenyl)furan-2-carboxamide

2.128
(KM R-01-22) 
Cream solid

‘ H-NMR

(DM SO, 400 MHz): Ô 10.51 (IH , s), 9.03 (IH , d, J  = 1.6 Hz), 8.64 (IH , 
dd, J  = 4.0, 1.2 Hz), 8.54 (IH , t, 4.4 Hz), 8.31 (2H, dd, J  = 8.0, 1.2 
Hz), 8.21 (IH , dt, J  -  6.4, 1.6 Hz), 8.02 (2H, 6.4 Hz), 7.98 (IH , dd, J  
-  7.2, 0.8 Hz), 7.93 (3H, m), 7.69 (IH , t, J  = 6.4 Hz), 7.55 (IH , ddd, J  = 
6.4, 2.8, 0.8 Hz), 7.13 (IH , d, J  = 2.8 Hz), 7.02 (IH , d, J  = 3.2 Hz), 3.29 
(2H, m), 2.33 (2H, t ,J= 6.0 Hz), 2.20 (6 H, s), 1.69 (2H, m )

"C-NMR
(100 MHz, DM SO): Ô 165.2, 157.5, 154.2, 148.8, 147.8, 146.8, 139.3,
137.2, 135.6, 134.9, 134.3, 130.0, 129.3, 127.5, 125.9, 124.9, 124.7, 123.9, 
120.4, 115.3, 106.6, 56 .8 ,44 .9 , 37.0, 27.0

HRMS m/z (+E1) calc, for C 2 8 H 2 8 N 4 O 3  (M+H)^ 469.2240, found 469.2235 
(M+H)+
A^-(3-(dimethyIamino)propyl)-5-(4-(4-(thiopheA'-2-
yl)benzamido)phenyl)furan-2-carboxamide

2.129
(KM R-01-23)

H-NMR

(DM SO, 400 MHz): Ô 10.43 (IH , s), 8.52 (IH , t, J  = 4.8 Hz), 8.35 (2H, s), 
8.03 (2H, d, J  -  6.4 Hz), 7.91 (4H, m), 7.89 (2H, d, J  = 7.2 Hz), 7.13 (IH , 
d, J =  2.8 Hz), 7.01 (IH , d, J -  2.8 Hz), 3.30 (2H, m), 2.31 (2H, t, J  = 5.6 
Hz), 2.16 (6 H, s), 1.68 (2H, m)

v̂ i Cdlll solid
"C-NMR (100 M Hz, DM SO): 6  164.7, 157.5, 152.5, 151.6, 139.3, 132.1, 130.5, 

128.6, 124.7, 123.8, 123.6, 120.4, 116.1, 106.5, 59 .6 ,45 .1 , 37.2,27.1

HRMS m/z (+E1) calc, for C 2 7 H 2 7 N 3 O 3 S (M+H)^ 474.1851, found 474.1833 
(M+H)+
A'-(3-(dimethylamino)propyl)-5-(4-(4-(oxazol-5-
yl)benzainido)phenyI)furan-2-carboxamide

2.131
(KM R-01-25)

H-NMR

(DM SO, 400 M Hz) : 5 10.48 (IH , s), 8.53 (IH , t, J  = 4.4 Hz), 8.11 (2H, d, 
J  = 6 . 8  Hz), 7.90 (4H, m), 7.83 (2H, d, J  = 6 . 8  Hz), 7.69 (IH , dd, J  = 3.2, 
0.4 Hz), 7.65 (IH , dd, J  = 3.2, 0.4 Hz), 7.12 (IH , d, 2.8 Hz), 7.00 (IH , 
d , J  = 2.8 Hz), 3.29 (2H, m), 2.28 (2H, t, J  = 5.6 Hz), 2.16 (6 H, s), 1.67 
(2H, m)

\»/i c&lii solid

‘^C-NMR
(100 MHz, DM SO): Ô 162.1, 154.5, 151.6, 146.2, 142.5, 140.3, 135.4,
134.1, 130.2, 128.7, 128.6, 125.10, 124.7, 121.6, 120.3, 115.6, 106.6, 56.9,
45 .1 .37 .1 , 27.1

HRMS m/z (+E1) calc, for C 2 7 H 2 6 N 4 O (M+H)^ 459.2032, found 459.2001 
(M+H)+
A'-(3-(dimethylainino)propyl)-5-(4-(3-(oxazol-5-
yI)benzainido)phenyl)furan-2-carboxamide

2.131
(KM R-01-26)

‘H-NMR

(DM SO, 400 M Hz): Ô 10.56 (IH , s), 8.53 (IH , t, J  = 4.4 Hz), 8.33 (2H, d, 
J  = 8.0 Hz), 7.97 (2H, m), 7.92 (3H, m), 7.84 (IH , s), 7.67 (IH , t, J  = 7.2 
Hz), 7.14 (IH , d, J  -  2.8 Hz), 7.01 (IH , d , V -  2.8 Hz), 3.29 (2H, q , J  = 
5.2 Hz), 2.31 (2H, t, J  = 5.6 Hz), 2.18 (6 H, s), 1.70 (2H, m)

Cream  solid
‘^C-NMR

(100 M Hz, DM SO): Ô 165.0, 161.2 157.5, 154.2, 152.2, 149.8, 146.9,
139.3, 135.7, 129.3, 127.7, 127.6, 124.9, 124.7, 132.2, 122.8, 120.4, 115.3, 
06.7, 56.9, 45 .0 ,3 7 .1 ,2 7 .1

HRMS m/z (+E1) calc, for C 2 6 H 2 6 N 4 O 4  (M+H)"^ 459.2032, found 459.2015 
(M+H)^
A^-(3-(dimethylainino)propyI)-l-methyl-4-(3-(4-(pyridiA'-3-
yl)benzamido)phenyl)-l//-pyrrole-2-carboxainide

2.132
(KM R-01-27) 
Cream  solid

H-NMR

(DM SO, 400 M Hz): Ô 10.47 (IH , s), 8.55 (IH , s), 8.53 (IH , t, J  = 4.8 
Hz), 8.34 (IH , s), 8.11 (2H, d, J  =  6 . 8  Hz), 7.92 (4H, m), 7.89 (2H, d , J  = 
7.2 Hz), 7.13 (IH , d , y - 2 . 8  Hz), 7.01 (IH , d , J  = 2.8 Hz), 3.30 (2H, m), 
2.30 (2H, t, J  = 6.0 Hz), 2.18 (6 H, s), 1.69 (2H, m)

HRMS m/z (+EI) calc, for C 2 9 H 3 1N 5 O 2  (M+H)^ 481.5880, found 481.5889 
(M+H)+
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2.135
(KM R-01-31) 
Cream solid

A '-(3-(dim ethylainino)propyl)-l-m ethyl-4-(3-(4-(2-m ethylthiazol-5- 
____________ yl)benzainido)phenyl)-l/r-pyrrole-2-carboxam ide_____________________

(DM SO, 400 MHz): Ô 10.32 (IH , s), 8.36 (IH , s), 8 .11 (2H, d, J - 6.4 Hz), 
8.09 (IH , t, 4.4 Hz) 7.93 (2H, d, J - 6 . 8  Hz), 7.79 (2H, d, J =  6 . 8  Hz), 

H -N M R  7.50 (2H, d, J =  6 . 8  Hz), 7.35 (IH , d, J =  1.6 Hz), 7.12 (IH , d , / -  1.6 Hz),
3.87 (3H, s), 3.22 (2H, m), 2.29 (2H, t, J  = 5.6 Hz), 2.17 (6 H, s), 2.11 (3H,

_____________s), 1.65 (2H, m)________________________________________________________
(100 M Hz, DM SO): 5 164.7, 161.1, 147.8, 139.9, 136.7, 134.4, 134.3, 

^^C-NMR 131.0, 130.9, 130.4, 128.5, 128.4, 126.8, 126.6, 124.4, 124.2, 123.9, 121.6,
_____________120.7, 108.8, 56.8, 45 .1 ,36 .9 , 36.2, 27.1 ____________________________

H R M S
m/z  (+EI) calc, for C 2 8 H 3 1 N 5 O 2 S (M +H) 501.2220, found 501.2229 
(M+H)+________________________________________________________________

Synthesis of MPB arrangements

Synthesis of methyl 4-bromo-l-methyi-ljy-pyrrole-2-carboxyIate

Br

CkC

3.12.11

To a stirred solution of l-(4-Bromo-l-methyl-l//-pyrrol-2-yl)-2,2,2-trichloro-ethanone 

(3.28 g, 10.74 mmol, 1 eq.) in dry MeOH (30 mL), a solution of sodium methoxide (0.5 

mL) was added by a syringe. The sodium methoxide solution was prepared from NaH 

60% in mineral oil (43 mg, 1.07 mmol, 0.1 eq.), which was previously washed with n- 

hexane. The solution was heated to reflux over a period of 30 minutes, when the TLC 

analysis showed complete consumption of the starting material. A few drops of 

concentrated H2SO4 were added to the solution to neutralise the base (pH 2). The excess 

MeOH was evaporated in vacuum and the resulting oil was redissolved in EtOAc (50 

mL) and washed with water (40 mL). The aqueous layer was extracted with EtOAc (3 x 

40 mL), and the organic phases were combined, dried (MgS0 4 ), filtered and 

concentrated in vacuum to afford the product as a pale white solid. (2.28 g, 97%)

3.1
Pale white 

solid

m ethyl 4-brom o-l-inethyl-l//-p yrrole-2-carb oxylate________________
(FTIR, Vmax /cm "'): 3138, 2948, 1692, 1472, 1334, 1245, 1115, 1082,
9 2 1 ,8 2 3 ,7 5 3 ________________________________________________________
(400 MHz, CDCI3 ): Ô 6.89 (d, IH , J =  2.0 Hz), 6.76 (d, IH , J =  2.0 Hz),

___________3.89 (s, 3H ),3 .81  (s, 3H)______________________________________________
^C-NM R (100 M Hz, CDCI3 ): 5 160.8, 128.7, 122.9, 119.2, 95.1, 51.2, 36.9.
E IM S  m/z  (+E1) calc, for C 7H 8B rN 02 (M)+ 218.05 found 219.26 (M+H)^

IR

H -N M R

Page 291



Synthesis of methyl 4-(4-(/er/-butoxycarbonylamino)phenyl)-l-methyI-lJÏ-pyrroIe-2-

carboxylate
Br OCH;

NHBoc

3.2

O

3.1

A catalytic amount of rerra^w(triphenylphosphine)palladium, Pd (PPh3)4 (0.477g,

0.413, 0.06 eq) was added to a solution of 3.1 (1.5 g, 6 . 8 8  mmol, 1 eq) and 9.3 (1.57 g, 

6 . 8 8  mmol, 1.0 eq) in a 9:3:1 combination (13.5 ml) of EtOH, toluene and water in the 

presence of K2CO3 (2.856 g, 3 eq.) in a 10-20 mL microwave vial containing a 

magnetic stirrer. The reaction vessel was flushed with nitrogen during each addition. 

The reaction mixture was sealed in an inert N2 atmosphere and heated with microwave 

radiation in an EMRYS™ Optimizer Microwave Station (Personal Chemistry) at 100°C 

for 12 minutes. After LCMS and TLC analysis revealed completion of the reaction, the 

cooled reaction mixture was diluted with water (50 mL), extracted with EtOAc (3 x 40 

mL), the filtrates combined, dried over MgS0 4  and concentrated under vacuum. The 

resulting oil was subjected to flash chromatography («-hexane/EtOAc 9:1) to give 3.2 

(Yield - 2.2 g, 97%).

M ethyl 4-(4-(tert-butoxycarbonylam ino)phenyI)-l-m ethyI-l/f- 
py rrole-2-ca rboxy late_______________________________________________
(FTIR, Vmax /cm -'): 3353, 2975, 1696, 1521, 1441, 1366, 1264, 1235,
1209, 1058, 822, 799, 657_____________________________________________
(400 MHz, CDCI3 ): Ô 7.40 (d, 2H, J =  8 . 8  Hz), 7.33 (d, 2 U , J =  8 . 8  Hz),

'H -N M R  7.16 (d, IH, J =  2.0 Hz,), 7.02 (d, IH , 2.0), 6.45 (br s, IH), 3.95 (s,
______________ 3H), 3.83 (s, 3H), 1.52 (s, 9H)________________________

13c NjyiR (100 MHz, CDCI3 ): Ô 161.7, 152.8, 136.5, 129.5, 125.9, 125.6, 123.7,
______________ 123.0, 119.0, 114.6, 8 0 .5 ,5 1 .1 ,3 6 .9 , 28.4______________________________

__________________ E IM S  m/z  (+E1) calc, for C 18H 2 2 N 2 O 4  (M)+ 330.38 found 330.46 (M+H)+

Synthesis of 4-(4-(/er^-butoxycarbonylamino)phenyI)-l-methyl-l/r-pyrrole-2-carboxylic 

acid

H3CO HO

^  3.2 ^  3.3

A 0.5 M solution of NaOH (2.0 eq) was added to a solution of 3.2 (1.0 g, 3.027 mmol) 

in dioxane (40 mL). The reaction mixture was allowed to stir at room temperature for 6  

hours at which point TLC revealed completion of reaction. Excess 1,4-dioxane was 

evaporated under vacuum and the residue was diluted with water. The resulting solution 

was acidified with 0.5 M HCl. The product was extracted fi'om water with 2 x ethyl
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3.2
Pale white 

solid



acetate (100 mL x 2) and the organic layers were combined, washed with brine, dried

over MgS0 4  and concentrated in vacuo. The product was purified using flash

chromatography (ethyl acetate/«-hexane 2:8). Yield -  0.92 g, 96.8%

4 -(4 -(te r /-b u to x y ca rb o n y la in in o )p h en y l)-l-m e th y I-l//-p y rro le -2 -
carboxylic acid______________________________________________________
(FTIR, Vmax /cm "’): 3371, 2979, 1698, 1671, 1522, 1445, 1367, 1285,
1161, 1112, 1047, 8 2 3 ,8 0 3 ,7 6 2 ,7 1 4 , 631______________________________
(400 M Hz, CDCI3 ): Ô 8.33 (IH , s), 7.55 (d, 2H, J =  8 . 8  Hz), 7.50 (d, 2 H, 

H -N M R  J =  8 . 8  Hz), 7.36 (d, IH , J  = 2.0 Hz,), 7.22 (d, IH , 2.0), 3.97 (s, 3H),
_____________1.50 (s, 9H)__________________________________________________________

(100 M Hz, CDCI3 ): Ô 162.3, 153.7, 138.6, 123.0, 127.1, 126.0, 124.4,
___________ 124.0, 119.5,115.1, 79.9, 36.9, 28.6.___________________________________
E IM S  m/z (+E1) calc, for C 1 7H 2 0 N 2 O 4  (M )+316.35 found 315.16 (M+H)^

3.3
Pale white 

solid

13C -N M R

Synthesis of methyl 4-(4-ammophenyl)-l-methyl-l/f-pyrroIe-2-carboxylate (MPB 

ester)

H3CO
f  \^ N H B o c NH

3.4

Boc-protected 3.2 (Ig, 3.027 mmol) was dissolved in a small volume of MeOH and 4M 

HCl in dioxane (15 mL) was added slowly to the stirring solution. The reaction mixture 

was stirred for 6  hours at which point TLC showed completion of reaction. Excess 

solvent was evaporated under vacuum to obtain a brown coloured solid (3.4). The solid 

product was subjected to flash chromatography (w-hexane/EtOAc 9:1) to give pure 3.4 

(065 g, 94.2%).

IR

3.4

m ethyl 4-(4-am inophenyl)-l-m ethyl-lH ^-pyrrole-2-carboxylate (3.4)
(FTIR, Vmax /cm -'): 3366, 2987,1688, 1629, 1566, 1422, 1372, 1262,
1181, 1103, 1067, 9 5 1 ,8 2 1 ,7 8 4 , 756________________________________
(400 M Hz, CDCI3): Ô 7.28 (2H, d, J =  8.4 Hz), 7.11 (IH , d, 7 - 2 . 0

'« -N M R  Hz), 6.96 (IH , d, 7 = 2 .0  Hz), 6 . 6 8  (d, 2 H, 7 =  8.0 Hz), 3.94 (s, 3H),
_____________ 3.83 (s, 3H)________________________________________________________
« r  IVMR (100 M Hz, CDCI3): Ô 161.7, 144.7, 126.2, 125.4 , 125.2, 115.5, 114.4,

51 .0 ,36 .8__________________________________________________________
E IM S  m/z  (+E1) calc, for C 1 3H 14N 2 O 2  (M)^ 230.26 found 231.1 (M+H)+
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Synthesis of methyl 4-(4-(4-amino-l-methyl-l/f-pyrrole-2-carboxamido)phenyl)-l-methyl-

l^-pyrrole-2-carboxylate
NHBoc

H3CO
H3CO

H3CO

BP-3. 6 3 3.6a

Two eq of EDCI and 2.5 eq of DMAP were added to a stirred solution of 4-{tert- 

butoxycarbonylamino)-!-methyl-l//-pyrrole-2-carboxylic acid (1.2 eq) in DMF (25 

mL). 250 mg of 3.4 (0.92 mmol) was dissolved in DMF (20 mL) and added to the 

stirring reaction mixture after 10 minutes. The reaction mixture was quenched after 6  

hours by pouring onto 400 g of ice in a 500 mL beaker. The aqueous layer was extracted 

with ethyl acetate (3 x 60 mL). The organic layers were combined, washed with 

aqueous citric acid (60 mL), saturated sodium bicarbonate (60 mL), water (60 mL), and 

brine (60 mL), and dried over MgS0 4 . Excess ethyl acetate was removed under vacuum 

and the resulting brown solid (BP-3.6a) was used in the next step without further 

purification. The Boc-protected BP-3.6a was dissolved in a small volume of MeOH and 

4M HCl in dioxane was added slowly to the stirred solution. The reaction mixture was 

stirred for 6  hours at which point TLC showed completion of reaction. Excess solvent 

was evaporated under vacuum to obtain a dark brown coloured solid (3.6a). The product 

was purified using flash chromatography («-hexane/ethyl acetate 8:2). Yield over two 

steps -  0.65 g, 76%

4-(4-(4-ain ino-l-m ethyl-l^ -pyrrole-2-carboxam ido)phenyl)-l-m ethyl-
l^ -pyrrole-2-carboxylate_____________________________________________
(FTIR, Vmax /cm -'): 3363, 2967,1702, 1659, 1512, 1421, 1369, 1220, 1181,
1103, 1062, 969, 834, 764______________________________________________
(400 MHz, CDCI3): Ô 7.32 (2H, d, J =  8.4 Hz), 7.29 7.29(1H, dd, J  = 3.6,
1.6 Hz), 7.25(1 H, dd, J = 3 . 6 ,  1.6 Hz) 7.11 (IH , d, J  -  2.0 Hz), 6.93 (IH , 
d, 2.0 Hz), 6 . 6 8  (d, 2 H, J =  8.0 Hz), 6.26 (2H, s), 3.92 (s, 3H), 3.84 (s,
3H)___________________________________________________________________
(100 M Hz, CDCI3): 6  161.7, 144.7, 136.5, 132.3, 130.0, 128.4, 127.9,

___________ 126.2, 125.4 , 125.2, 124.9, 122.6, 120.1, 118.9, 115.5, 114.4 ,51.0 , 36.8
E IM S  m/z (+E1) calc, for C 1 9H 2 0 N 4 O 3 (M )^352.39 found 353.28 (M+H)^________

IR

3.6a
D ark brow n 

solid H -N M R

C -N M R
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The same procedure was employed for the synthesis o f the following compound.

3.6b
Dark brown 

solid

'C -N M R

m ethyl 4 -(4 -(4 -am ino -l-m ethy l-l^ /-im idazo le-2 -carboxam ido)phenyI)- 
l-m e th y l- lf/-p y rro le -2 -c a rb o x y la te . Yield 65%  (over two steps)________

H3 CO

3.6b
(DM SO, 400 MHz): Ô 10.13 (IH , s), 7.78 (2H, d, J  = 8 .8 ), 7.53 (IH , s), 

'H -N M R  7.49 (2H, d, J  -  8.64), 7.35 (IH , d, J  -  1.6), 7.06 (IH , d, 1.6), 3.94 
_____________(3H, s), 3.89 (3H, s), 3.84 (3H, s)________________________________________

(100 MHz, CDCI3): Ô 161.2, 159.7, 149.8, 137.0, 133.1, 129.6, 127.6,
___________ 124.4, 122.1, 121.6, 119.4, 113.5, 110.7, 5 6 .8 ,4 5 .1 ,3 6 .9 ,3 6 .5 ____________
E IM S  m/z  (+EI) calc, for C 1 8H 19N 5 O 3 (M)+ 353.38 found 354.16 (M+H)^

Synthesis of methyl-4-nitropyrrole-2-carboxylic acid

NO;NO

C I3 C ,

3.10a2.3a

A solution of sodium methoxide (0.5 mL) was added drop wise to a stirred solution of 

2.3a (15g, 53.7 mmol) in dry MeOH (30 mL) by a syringe. The solution was heated to 

reflux over a period of 30 minutes, when the TLC analysis showed complete 

consumption of the starting material. A few drops of concentrated H2SO4 were added to 

the solution to neutralise the base. The excess MeOH was evaporated in vacuum and the 

resulting oil was redissolved in EtOAc (50 mL) and washed with water (40 mL). The 

aqueous layer was extracted with EtOAc (3 x 40 mL), and the organic phases were 

combined, dried (MgS0 4 ), filtered and concentrated in vacuo to afford the product as a 

light yellow solid 3.10a (9.7 g, 98%).

3.10a
Light yellow 

solid

m ethyl l-m e th y l-4 -n itro -l/^ -p y rro le -2 -ca rb o x y la te___________________
(FTIR, Vmax /cm -'): 3139, 1706, 1536, 1495, 1416, 1312, 1249, 1191,
1113, 1083, 984, 944, 859, 827, 800, 749, 616__________________________
(400 MHz, CDCI3): Ô 7.59 (IH , d, 2.0 Hz), 7.46 (IH , d, J =  2.0 Hz),

3.99 (3H, s), 3.84 (3H, s)______________________________________________
E IM S  m/z  (+EI) calc, for C 7 H 8N 2 O 4  (M)+ 184.15 found 185.29 (M+H)^

IR

H -N M R
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Synthesis of methyl 4-amino-l-methyI-ll/-pyrroIe-2-carboxyIate

NH;NO

3.10a 3.11a

A solution of 3.10a (Ig, 5.43 mmol) in ethyl acetate (65 mL) was reduced using

standard hydrogenation procedure at 45 psi pressure. Reduction was complete after one

and half hour at which point TLC showed complete consumption of starting material.

The reaction mixture was filtered through a pad of celite and excess solvent evaporated

under vacuum to obtain a light yellow solid 3.11a (0.82 g, 98%).

m ethyl 4 -a m in o -l-m e th y l- l//-p y rro le -2 -c a rb o x y la te_________________
3.11a IR  (FTIR, Vn,ax/cm~^): 3191, 1666, 1446, 1391, 1251, 1128, 1017, 749

Light yellow , (400 M Hz, CDCI3 ): Ô 7.17 (IH , d, 2.0 Hz), 6.89 (IH , d, J =  2.0 Hz),
solid 3.94 (3H, s), 3.81 (3H, s)_____________________________________________

__________________ E IM S  m/z (+EI) calc, for C 7H 10N 2 O 2  (M)+ 154.17 found 155.40 (M+H)^

Synthesis of methyl 4-(4-(tert-butoxycarbonyIamino)-l-methyl-l/f-pyrrole-2- 

carboxamido)-l-methyl-l/f-pyrroIe-2-carboxyIate
NH2 NHBoc H3CO

H 3 C 0 ^

3.11a 3.12a 3.13a

NHBoc
H3CO

m ethyl 4 -(4 -am ino-l-m ethy l-1  ̂ -p y rro le -2 -ca rb o x am id o )-l-m e th y l-  
l/^ -p y rro le - 2 -ca rb o x y la te_____________________________________________
(FTIR, v^ax /cm -'): 2846, 1681, 1573, 1435, 1397, 1249, 1188, 1107, 873,
826, 745_______________________________________________________________

3.14 (DM SO, 400 MHz): 6  10.13 (3H, s), 7.46 (IH , d, 2.0 Hz), 7.11 (IH , d.
Yellow solid ^H -N M R J =  2.0 Hz), 7.02 (IH , d, J =  2.0 Hz), 6.93 (IH , d, J - 2.0 Hz), 3.89 (3H,

______________ s), 3.84 (3H, s), 3.74 (3H, s)____________________________________________
13c N M U  MHz, CDCI3): Ô 160.7, 157.6, 124.6, 122.5, 121.6, 120.8, 118.6,

113.0, 108.4, 107.2, 60.1, 50.9, 36.5, 36.1__________________ ___________
_________________ E IM S  m/z  (+E1) calc, for C 13H 16N 4 O 3  (M)+ 276.29 found 277.40 (M+H)^

Page 296



Synthesis of methyl 4-(4-(tert-butoxycarbonylamino)-l-methyl-l/f-imidazole-2- 

carboxamide)-!-methyl-l/r-pyrrole-2-carboxylate
NH,

0  1 o I

NHBoc NHBoc

3.11 3.12b 3.13b 3.15

methyl 4-(4-am!no-l-methyl-l^im:dazole-2-carboxamido)-l-methyl- 
I/^pyrrole-2-earboxylate_______________________________________

3.15
Light yellow 

solid

(FTIR, Vmax /cm -'): 2802, 1719, 1673, 1544, 1422, 1397, 1263, 1235,
1143 ,1065 ,1000 , 849 ,743_____________________________________________
(DM SO, 400 MHz): Ô 10.89 (IH , s), 10.09 (2H, s), 7.68 (IH , s), 7.21 (IH ,

d, J -  2.0 Hz), 7.15 (IH , d, J =  2.0 Hz), 3.97 (6 H, s), 3.90 (3H, s)__________
(100 M Hz, CDCI3 ): 8  158.4, 157.9, 137.3, 130.8, 123.8, 122.3, 115.4,

__________  113.1, 108.2, 60.6, 36 .7 ,35 .4____________________________________________
E IM S  m/z  (+EI) calc, for C 1 3H 16N 4 O 3 (M+H)^ 277.28 found 277.40 (M+H)+

IR

X -N M R

4C-Alloc-PBD Capping Unit Synthesis 

Synthesis of methyl 4-(4-formyI-2-methoxyphenoxy)butanoate

MeO'

K2CO3/DMF, 88%
MeO

3.18

A slurry of vanillin (40 g, 0.262 mol), methyl 4-bromobutanoate (50 g, 34.2 mL, 1.05 

eq) and potassium carbonate (54 g, 1.5 eq) in DMF (150 mL) was stirred at room 

temperature for 6  hours. TLC showed completion of reaction after 6  hours and the 

reaction mixture was diluted with water (1000 mL). The resulting white precipitate was 

filtered, washed with cold water and dried initially on the filter under vacuum and later 

in a vacuum oven at 40°C to yield 58.3 g of product 3.18 (8 8 %). mp 71-74°C, NMR 

compared with literature^

IR

3.18
Pale white 

solid

m ethyl 4-(4-form yl-2-m ethoxyphenoxy)butanoate_____________________
(FTIR, Vmax /cm"̂ ): 1728, 1678, 1678, 1582, 1508, 1469, 1426, 1398,

_____________ 1262, 1174, 1133, 1015, 880, 730________________________________________
(400 M Hz, CDCI3 ): 8  9.84 (s, IH ), 7.42 (IH , dd, J =  8.0, 2.0 Hz), 7.40 

‘H -N M R  (IH , d , 7 -  1.6 Hz), 6.97 (IH , d, 7 = 8  Hz), 4.15 (2H, t, J  = 6.2 Hz), 3.91
_____________(s, 3H), 3.69 (s, 3H), 2.56 (2H, t, J  = 7.2 Hz), 2.19 (2H, p, J =  6.4 Hz)

(100 M Hz, CDCI3): 8  190.9, 173.4, 153.8, 149.9, 130.3, 126.8, 111.5,
___________ 109.2, 67.8, 56.0, 51.7, 30.3, 24.2_______________________________________
E IM S  m/z  (+EI) calc, for CnHieOs (M)^ 252.26 found 253.12 ([M+H)^_________

13C -N M R
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Synthesis of methyl 4-(4-formyl-2-methoxy-5-nitrophenoxy)butanoate

n 0

' ' 0 ' ' ^ ^ ' ' ' ] ^ °  -10“C, 72%
H u

3.18 3.19 "

Acetic anhydride (200 mL) was added dropwise to HNO3 (70%, 900 mL) at -10°C

(Caution! Risk of sudden exotherm above 0®C, add slowly) A solution of the

aldehyde 3.18 (50 g, 0.197 mol) in acetic anhydride (200 mL) was added over 2 hour to

the mixture and stirred for 2.5 hour. After confirmation of reaction completion by TLC

and LCMS, the reaction mixture was poured into 5L ice water. The resulting pale

yellow precipitate was immediately filtered to avoid ester hydrolysis and washed with

cold water. The product did not need any further purification and was sufficiently pure

to carry out the next step. NMR compared with literature^

methyl 4-(4-formyl-2-methoxy-5-nitrophenoxy)butanoate

(400 MHz, CDCI3 ): Ô 10.4 (IH , s), 7.63 (IH , s), 7.42 (IH , s), 4.18 (2H, t, J  
3 J 9  ‘H -N M R  = 6.2 Hz), 4.09 (3H, s), 3.72 (3H, s), 2.58 (2H, t, J  = 7.2 Hz), 2.23 (2H, p.

Cream solid __________________6.4 Hz)_____________________________________________________________
’V n m u  (100 MHz, CDCI3 ): Ô 188.5, 172.8, 152.7, 150.9, 143.5, 124.7, 110.5,

108.2, 67.8, 56.4, 51 .3 ,29 .7 , 23.2______________________________________
__________________ E IM S  m/z (+EI) calc, for C 1 3H 15N O 7  (M)+ 297.26 found 298.16 ([M+H)^

Synthesis o f 5-m ethoxy-4-(4-m ethoxy-4-oxobutoxy)-2-nitrobenzoic acid

O O
KMNO.

MeO  ► MeO'
Acetone/W ater reflux

OH
O ^  J  85%

H
3.19 3.20

A hot solution of 10% potassium permanganate was quickly added (within 5 to 10 

minutes) to a solution of nitroaldehyde 3.19 (25 g) in acetone (500 mL) in a 2L flask 

fitted with a mechanical stirrer and a condenser. After the addition of initial 200-300 

mL potassium permanganate solution the reaction mixture started to reflux vigorously. 

This was maintained until the end of the reaction (according to TLC). The reaction 

mixture was slowly cooled to room temperature and filtered through celite packed in a 

sintered funnel. The brown residue was washed with 1 L hot water. The filtrate was 

transferred to a larger flask and a solution of sodium bisulphite (80 g in 500 mL IN 

HCl) was added. The pH of the final solution was adjusted to 1 using concentrated HCl. 

The precipitated product was filtered, and dried in a vacuum oven. The product 3.20 

was found to be pure by TLC. Yield 85% (22.4 g), NMR compared with literature.^
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5-methoxy-4-(4-inethoxy-4-oxobutoxy)-2-nitrobenzoic acid_________
(FTIR, Vmax /cm-*): 1736, 1701, 1602, 1535, 1415,1275, 1220, 1054,
936, 879, 820, 655____________________________________________________

3.20 (400 MHz, CDCI3 ): Ô 7.42 (IH , s), 7.24 (IH , s), 4.1 (2H, t, J  = 5.8 Hz),
Light yellow H -N M R  3.99 (3H, s), 3.73 (3H, s), 2.59 (2H, t, J - 7.2 Hz), 2.21 (2H, p, J =  6.4

solid ______________ ^ __________________________________________________________________
i3 p  (100 MHz, CDCI3 ): Ô 172.8, 166.0, 151.8, 149.1, 141.2, 121.3, 111.5,

107.2, 68.3, 56.4, 51.3, 29 .7 ,23 .8____________________________________
__________________ E IM S  m/z  (+E1) calc, for C^HisNOg (M)^ 313.26 found 312.1 ([M -H ]'________

Synthesis of (5)-methyl 4-(4-(2-(hydroxyniethyl)pyrrolidine-l-carbonyl)-2-methoxy-5-

nitrophenoxy)butanoate

0  ^O H

r  '

1

OH
3 . 2 0

; o
3 .2 1

ii) dry DCM, -30°C

A catalytic amount of (2 drops) was added to a solution of oxalyl chloride (7.9 g) and 

20.5 g of 3.20 (65.48 mmol) in dry DCM (350 mL) in a round bottom flask fitted with a 

drying tube. The reaction mixture was allowed to stir overnight to ensure the complete 

acid chloride formation. The resulting acid chloride solution was added drop wise over 

3 h to a cold (-30°C) solution of triethylamine (2.2 eq) and + -pyrrolidinemethanol 

(1.1 eq) in dry DCM (150 mL) under inert N2 atmosphere. The reaction temperature (- 

30°C) was kept constant throughout the addition period. The reaction mixture was 

allowed to stir for 4 hours at which time TLC showed completion of reaction and the 

reaction mixture was extracted using 1 N HCl (2 x 150 mL), water (2 x 120 mL) and 

brine (100 mL). The resulting solution was dried over magnesium sulphate and 

concentrated by rotary evaporator to give a yellowish oil which formed a solid foam 

under strong vacuum. The resulting product 3.21 was sufflciently pure to be used in the 

next step without further purification. NMR compared with literature.^
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[gp̂ D

(5)-m ethyl 4-(4-(2-(hydroxym ethyl)pyrrolid ine-l-carbonyl)-2- 
niethoxy-5-nitrophenoxy)butanoate__________________________
459 (c = 0.09, CHCI3) _____________________

3.21
Light cream 
solid (foam)

(FTIR, Vmax /cm-*): 3400, 2953, 1734, 1618, 1517, 1432, 1327, 1271, 
1219, 1170, 1051 ,9 9 5 ,6 4 7  ___________________________________

IR

(DM SO, 400 M Hz): Ô 7.67 (IH , s), 6.76 (IH , s), 4.13 (2H, t, J =  4.4 Hz), 
'H -N M R  3.93 (3H, s), 3.84 (IH , m), 3.69 (IH , m), 3.65 (3H, s), 3.14 (2H, t, J =  6 . 8

____________Hz), 2.53 (2H, t, J  -  4.8 Hz), 2.17 (3H, m), 1.86 (3H, m), 1.56 (2H, m)

'C -N M R (100 MHz, CDCI3): Ô 173.2, 154.8, 148.4, 109.2, 108.4,
56.7, 51.7, 49.5, 30.3, 28 .4 ,24 .4 , 24.2 ______

.4, 66.1, 61.5,

__________________ E IM S  m/z  (+E1) calc, for C 1 8H 2 4 N 2 O 8 (M)~  ̂ 396.39 found 397.07 [M+H]^

Synthesis of (jS)-methyl 4-(5-amino-4-(2-(hydroxymethyl)pyrrolidine-l-carbonyl)-2- 

methoxyphenoxy)butanoate

O O ^ O H

MeO"
Hg/ Pd-C

91%

MeO

O
3.21 3.22

A slurry of Pd/C (10% w/w) in EtOAc was added to 3.21 (15 g, 37.85 mmol) in EtOH 

(140 mL). The mixture was hydrogenated in a Parr hydrogenator at 40 psi until the H2 

uptake ceased. The progress of the reaction was monitored using TLC. After 3 hours the 

reaction was deemed complete and the slurry was filtered under vacuum (Caution!) 

through a pack of celite and the celite layer was washed with of EtOH (300 mL). The 

solvent was removed using rotary evaporator and the resulting amine 3.22 was used 

directly in the next step. Yield 12.6 g, NMR compared with literature.^

3.22 'H -N M R

13C -N M R

(5)-m ethyl 4-(4-(2-(hydroxym ethyl)pyrrolidine-I -carbonyl) 
-2-m ethoxy-5-nitrophenoxy)butanoate_____________________________
(400 M Hz, CDCI3): Ô 6.71 (IH , s), 6.15 (IH , s), 5.67 (IH , s), 4.51 (IH , 

bs), 4.11 (2H, t, J - 4 . 4  Hz), 3.82 (3H, s), 3.78 (IH , m), 3.56 (IH , m), 
2.65 (2H, t, J =  4.8 Hz), 2.17 (3H, m), 1.84 (3H, m), 1.53 (2H, m)
(100 MHz, CDCI3): Ô 172.5, 170.7, 150.3, 140.5, 140.1, 135.0, 112.3,

___________ 110.5, 101.2, 66.5, 59.9, 56.3, 52.4, 50.6, 29.4, 27 .5 ,23 .9 , 23.4,_________
E IM S  m/z  (+E1) calc, for C 18H 2 6 N 2 O 6  (M)^ 366.41 found 367.26 [M+H]^_______
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Synthesis of (S)-methyl 4-(5-(allyloxycarbonylamino)-4-(2-(hydroxyniethyl)pyrrolidine-l- 

carbonyl)-2-methoxyphenoxy)butanoate

0  ^OH

MeO' -cAfO
Allylchloroformate

O

Pyridine/DCM

88%

MeO
NH

OH

O
3.22 2.23

A solution of allyl chloroformate (2.93 g, 24.5 mmol) in anhydrous DCM (175 mL) 

was added drop wise to a solution of amine 3.22 (8.54 g, 23.3 mmol) and anhydrous 

pyridine (4.34 mL) in anhydrous DCM (250 mL) at - 10°C. The reaction mixture was 

allowed to reach room temperature and this was stirred for a further 2 hours. The 

progress of the reaction was monitored using periodic TLC and LCMS analysis. After 2 

hours, the reaction mixture was washed with saturated CUSO4 (200 mL), water (200 

mL), saturated aqueous NaHCOs (200 mL), and brine (200 mL). The resulting solution 

was finally dried over MgS0 4 , and the solvent removed by rotary evaporation under 

vacuum to provide the Alloc protected 3.23. The crude product was was purified by 

flash chromatography (EtOAc/«-hexane). Yield 9.8 g, NMR compared with literature.^

IR

3.23
Light cream 

solid H -N M R

13

(5)-m ethyl 4-(5-(allyioxycarbonylam ino)-4-(2-(hydroxym ethyl) 
pyrrolidine-l-carbonyl)-2-niethoxyphenoxy)butanoate________

-59° (c = 0.34, CHCI3)_____________________________
(FTIR, Vmax /cm "’): 2949, 2359, 1728, 1596, 1577, 1521, 1434, 1205,
1173, 998, 844, 652 ______________________________________________
(400 M Hz, CDCI3 ): Ô 8.72 (s, IH ), 7.75 (s, IH ), 6.83 (s, IH ), 5.95 (m, 
IH ), 5.34 (IH , dd, J  -  17.2, 1.2 Hz), 5.23 (IH , dd, J -  10.0, 0.8 Hz),
4.62 (2H, dd, J =  5.6, 1.2 Hz), 4.40 (IH , bs), 4,23 (IH , bs), 4.08 (2H, t, J  
= 4.4 Hz), 3.81 (3H, s), 3.67 (3H, s), 3.56 (IH , m), 3.50 (IH , m), 2.54 
(2H, t, 7 - 4 . 8  Hz), 2.16 (4H, m), 1.88 (IH , m), 1.69 (3H, m)____________
(100 M Hz, CDCI3): Ô 173.4, 170.9, 153.6, 150.5, 144.0, 132.3, 131.9, 

C -N M R  118.2, 115.7, 111.6, 105.6, 67.7, 6 6 .6 , 65.7, 61.6, 60.4, 56.6, 51.7, 30.7, 
2 8 .3 ,2 5 .1 ,2 4 .3  ________________________________________________

E IM S  m/z  (+E1) calc, for C 2 2 H 3 0 N 2 O 8  (M )" 450.48 found 451.23 [M -H]'
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Synthesis of allyl ll-hydroxy-7-methoxy-8-(4-methoxy-4-oxobutoxy)-5-oxo-2^,ll,lla-

hexahydro-l^-pyrrolo[2,l-c][l,4]benzodiazepine-10(5H)-carboxylate

O

MeO
NH

-OH

o

TEMPO/BAIB

84%

OH

MeO

3.24

O 
3.23

TEMPO (357.29 mg, 2.17 mmol ) was added to a solution of 3.23 (9.80 g, 21.77 mmol) 

and diacetoxyiodobenzene (BAIB, 8.41 g, 26.12 mmol) in dichloromethane (500 mL). 

The reaction was allowed to stir for 6  hours with regular TLC monitoring. The reaction 

was found to be complete after 6  hours and the reaction mixture was washed with 

saturated sodium metabisulphite (200 mL) followed by saturated aqueous NaHCOs (2 x 

200 mL), water (200 mL) and finally brine (200 mL). The resulting solution was dried 

over MgS0 4  and the solvent was removed by rotary evaporation under reduced 

pressure. The crude product was purified using flash chromatography (EtOAc/«- 

hexane). 3.24, yield 6.70 g, NMR compared ’with literature.^

IR

3.24
Cream  solid ‘H -N M R

allyl ll-hydroxy-7-m ethoxy-8-(4-m ethoxy-4-oxobutoxy)-5-oxo- 
2 ,3 ,ll,lla -h exah yd ro-Ifr-p yrro lo [2 ,l-c][l,4 ]b en zod iazep in e-10(5H )-
carboxylate___________________________________________________________
(FTIR, Vmax /cm“‘): 2951, 1704, 1604, 1516, 1458, 1434, 1313, 1272, 
1202, 1134, 1103, 1041, 1013,647 _________________________
(400 M Hz, CDCI3): Ô 7.19 (IH , s), 6.66 (IH , s), 5.74 (IH , m), 5.59 (IH , d, 
7 = 4 .0  Hz), 5.07 (2H, d, J =  12.0 Hz), 4.61 (IH , dd, J =  13.2, 5.6 Hz),
4.41 (2H, d, 7 =  12.0 Hz), 3.98 (2H, m), 3.84 (3H, s), 3.62 (3H, s), 3.49 
(IH , t, 7 =  8.0 Hz), 3.43 (IH , m), 2.475 (2H, t, 7 =  7.2 Hz), 2.07 (4H, m),

____________1.93 (2H ,m )___________________________________________________________
(100 M Hz, CDCI3 ): 5 173.4, 167.0, 155.9, 149.9, 148.7, 131.8, 128.3,

‘C -N M R  126.0, 117.9, 114.2, 110.8, 85.9, 67.9, 66.7, 60.3, 60.1, 56.1, 51.6, 46.3,
___________ 30.3 ,28 .7 , 24.2, 23.0, 20.9______________________________________________
EIM S m/z  (+E1) calc, for CzzHzgNzOg (M)+ 448.47 found 449.23 ( [M -H f
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Synthesis of allyl 7-nietboxy-8-(4-methoxy-4-oxobutoxy)-5-oxo-ll-(tetrahydro-2/f-pyran- 

2-yloxy)-2,3,ll»lla-hexahydro-LFf-pyrrolo[2,l-c][l,4]benzodiazepine-10(5H)-carboxylate
, 0

MeO DHP/PTSA

79%

MeO

3.25

The NlO-alloc protected carbinolamine 3.24 (6.70 g, 14.94 mmol) was added to a 

solution of DHP (13.6 mL, 10 equivalents) and a catalytic amount of PTSA (67 mg) in 

ethyl acetate (105 mL). The reaction mixture was allowed to stir for 2 hours with 

regular TLC monitoring. TLC analysis (DCM as mobile phase) showed completion of 

reaction and the reaction mixture was diluted with ethyl acetate (100 mL). The resulting 

solution was washed with saturated aqueous NaHCOs (100 mL), followed by brine (150 

mL). The ethyl acetate layer was then dried (MgS0 4 ), and evaporated using a rotary 

evaporator under reduced pressure. The resulting oil was dried for 6  hours in vacuo. The 

product 3.25 was purified by flash chromatography (Ethyl acetate: «-hexane). Yield -  

9.40 g (79%), NMR compared with literature.^

3.25
Light cream 

solid

H -N M R

allyl 7 -m ethoxy-8-(4 -m ethoxy-4-oxobu toxy)-5 -oxo-ll-(tetrahydro-2 iH - 
p y ra n -2 -y lo x y )-2 ,3 ,ll , l la - te tra h y d ro - lH -p y rro lo [2 ,l-
c][l,4 ]benzod iazep ine-10 (5H )-carboxy la te  (m ixture o f  epimers)_________
(400 M Hz, CDCI3 ): Ô 7.22 (IH , s), 7.19 (IH , s), 6 . 8 6  (IH , s), 6.59 (IH , s), 
5.88-5.72 (m, 4H), 5.34-5.00 (m, 6 H), 4.74-4.35 (m, 4H), 4.18-4.02 (m,
5H), 3.93-3.83 (m, 8 H), 3.73-3.62 (m, 8 H), 3 .57 -3 .46  (m ,8 H), 2.60-2.54

___________ (m, 4H), 2.23-1.93 (m, 8 H), 1.98-1.62 (m, 8 H), 1.69-1.49 (m, 14H)
( 1 0 0  M Hz, CDCI3 ): Ô 173.4, 167.4, 149.1, 132.0, 114.9, 100.0, 98.4, 96.1,

*C-NM R 94.6, 91.7, 8 8 .6 , 68.0, 67.7, 66.5, 63.6, 62.9, 60.1, 56.1, 51.6, 51.2, 46.3,
___________ 30.9, 30.2, 29.0, 25.4, 24.2, 20.0_________________________________________
E IM S  m/z  (+EI) calc, for C 2 7 H 3 6 N 2 O 9  ( M f  532.58 found 533.27 ([M-H]^
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Synthesis of 4-(10-'(aIlyloxycarbonyI)-7-methoxy-5-oxo-l l-(tetrahydro-2/f-pyran-2-yIoxy)-

2^,5,10,1141a-hexahydro-l/f- pyrrolo[2,l-c][l,4]benzodiazepine-8-yloxy)butanoic acid

o o ,

o

NaOH/Dioxane/H20 

94% ^

3.263.25

A 0.5 M solution of NaOH (made from 1.4135 g of NaOH) was added to a solution of 

3.25 in dioxane at room temperature. The reaction mixture was allowed to stir for 4 

hours at which point TLC showed completion of the reaction. Dioxane was evaporated 

under high vacuum and the residue was diluted with water. The resulting solution was 

acidified with 1 M citric acid followed by extraction with ethyl acetate (2 x 100 mL). 

The combied organic layers were washed with brine (100 mL), dried over MgS0 4  and 

finally concentrated using a rotary evaporator under reduced pressure. Yield -  8.7 g, 

(94%), NMR compared with literature.^

3.26 ^H-NMR
O ff white solid

13

4-(10-(ally loxycarbonyl)-7-m ethoxy-5-oxo-ll-(tetrahydro-2/f-pyran- 
2-yIoxy )-2 ,3 ,5 ,10 ,ll,lla -h exah yd ro-l£ f- p yrrolo[2 ,l-  
c][l,4]benzodiazepine-8-yloxy)butanoic acid_________________________
(400 MHz, CDCI3 ): Ô 7.2 (2H, s), 6.90 (IH , s), 6.58 (IH , s), 5.85 (2H, d,

9.2 Hz), 5.73 (2H, d, J =  9.2 Hz), 5.03-5.13 (m, 6 H), 4.68-4.35 (m, 
4H), 4.09-4.01 (m, 4H), 3.91-3.82 (m, 8 H), 3.69-3.46 (m, 8 H), 2.60- 
2.55 (m, 4H), 2.18-2.00 (m, lOH), 1.76-1.55 (m, 4H), 1.53-1.43 (m, 8 H) 
(100 M Hz, CDCI3 ): Ô 177.6, 167.6, 149.8, 132.1, 131.9, 126.7, 117.3, 

C -NM R 114.9, 110.8, 100.7, 96.0, 91.7, 88.5, 67.9, 6 6 .6 , 63.6, 60.1, 56.1, 46.5,
___________ 31.1, 30.3, 28 .8 ,25 .2 , 24 .1 ,23 .2 , 20.0_________________________________
EIM S m/z  (+E1) calc, for C 2 6 H 3 4N 2 O 9  (M)+ 518.56 found 519.26 ([M+H]^
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Synthesis of (lla5)-allyl 7-methoxy-8-(4-(4-(5-(methoxycarbonyl)-l-methyl-ljff-pyrrol-3- 

yl)pbenylamino)-4-oxobutoxy)-5-oxo-ll-(tetrahydro-2/r-pyran-2-yIoxy)-2^,l 1,11a- 
hexahyd ro-l/r-pyrrolo [2,1 -c] [ 1,4] benzodiazepine-10(5H)-car boxylate

MeO

MPB, EDCI, DMAP

94%

3.26

MeO"

3.27

A solution of Alloc-THP protected PBD acid 3.26 (3.72 g, 7.16 mmol, 1.2 equivalent) 

was dissolved in DMF. EDCI (2.49 g, 13.02 mmol, 2.0 eq) and DMAP (1.989 g, 16.28 

mmol, 2.5 eq) were added to the stirred solution of 3.26 at room temperature and the 

mixture was allowed to stir for 30 minutes after which the MPB-ester 3.4 (1.5 g, 6.514 

mmol, 1.0 eq) was added. The reaction mixture was allowed to stir for a further 2 hour 

at which point TLC showed completion of reaction. The reaction was quenched by 

pouring it onto a mixture of ice/water mixture and the resulting mixture was extracted 

with ethyl acetate (3 x 150 mL). The combined extracts were sequentially washed with 

citric acid (200 mL), saturated aqueous NaHCOg (250 mL), water (250 mL), brine (250

mL) and finally dried over MgS0 4 . Excess ethyl acetate was evaporated by rotary

evaporator under reduced pressure and the crude product was purified by silica gel flash 

chromatography (MeOH: CHCI3, 20:80) to give a white foamy solid, 3.27. Y ield -  4.05 g, 

85.5%.

(1 laS )-aily l 7-m ethoxy-8-(4-(4-(5-(m ethoxycarbonyl)-l-m ethyI-l//-  
pyrrol-3-yl)phenylam ino)-4-oxobutoxy)-5-oxo-ll-(tetrahydro-2//- 
p y ra n -2 -y lo x y )-2 ,3 ,ll,lla -h ex a h y d r o -l//-  pyrrolo[2 ,l- 

______________ c][ 1,4]benzodiazepine-10(5H )-carboxylate (m ixture o f epim ers)______
(FTIR, v^ax /cm-*): 2949, 2362,1704,1600,1514,1436,1372,1269,

IR  1203,1107,
______________ 1021,964,765________________________________________________________

(400 M Hz, CDCI3 ): Ô 7.82 (IH , s), 7.48 (2H, m), 7.41 (IH , d, 7 - 2 . 0  
Hz), 7.40 (IH , d, 7 - 2 . 4  Hz), 7.23 (2H, d, 7 =  8.4 Hz), 7.17 (IH , d, 7  =
2.0 Hz), 7.04 (IH , d, 7 =  2.0 Hz), 5.93-5.65 (2H, m), 5.09-5.4.97 (m,
4H), 4.68-4.32 (m, 4H), 4.15-4.10 (m, 4H), 3.94-3.82 (m, 12H), 3.68 
(m, 2H), 3.59-3.49 (m, 6 H), 2.60-2.57 (m, 3H), 2.15-2.00 (m, 8 H), 1.88- 
1.80 (m, 2H), 1.79- 1.70 (6 H), 1.60-1.44 (m, 12H)______________________

3.27
W hite foamy 

solid *H-NMR

13C-NM R

(100 MHz, CDCI3): Ô 177.1, 170.5, 167.3, 161,6, 149.1, 136.3, 132.1,
131.9, 130.4, 128.9, 127.1, 125.9, 125.4, 123.5, 123.1, 120.3, 117.3,
114.6, 110.8, 91.5, 8 8 .6 , 68.2, 66.5, 64.3, 63.6, 60.3, 56.0, 51.1, 46.4,

___________ 36.8, 31.1, 30.9, 29.1, 25 .1 ,24 .6 , 23.2, 21.0, 20.1_______________________
E IM S  m/z (+E1) calc, for C 3 9 H 4 6 N 4 O 10 (M)^ 730.80 found 731.67 ([M+H]+
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Synthesis of 4-(4-(4-((llaS)-10-(allyloxycarbonyl)-7-niethoxy-5-oxo-ll-(tetrahydro-2JÏ-
pyran-2-yloxy)-2^,5,10,ll»lla-hexahydro-l/r-pyrrolo[2,l-c][l,4]benzodiazepin-8-
yloxy)butanamido)pbeny!)-l-niethyl-l//-pyrrole-2-carboxylic acid

PCH;

: MeO'

3.27

: MeO

3.33

Lithium hydroxide (0.66 g, 15.8 mmol, 3 eq) was added to a solution of 3.27 (3.86 g,

5.28 mmol) in aqueous dioxane (150 ml dioxane, 32 ml water) at room temperature.

The reaction mixture was stirred for 3 hours at which point TLC showed completion of

reaction. Dioxane was evaporated under high vacuum and the residue was diluted with

water. The resulting solution was acidified with 1 M citric acid followed by extraction

with ethyl acetate (2 x 100 mL). The organic layer combined and washed with brine

(100 mL), dried over MgS0 4  and finally concentrated using a rotary evaporator under

reduced pressure. Yield 3.45 g, 91.3%.

4-(4-(4-((l la5)-10-(aIIyloxycarbonyl)-7-methoxy-5-oxo-l 1- 
(tetrahydro-2//-pyran-2-yloxy >-2,3,5,10,11,1 la-hexahydro-l/f- 
pyrroIo[2,l-c][l,4]benzodiazepine-8-yloxy)butanamido)phenyl)-l- 

_____________ methyl-1 ff-pyrrole-2-carboxylie acid_______________________________
(DMSO, 400 MHz): Ô 12.21 (IH, bs), 9.95 (IH, s), 7.82 (IH, s), 7.59 
(2H, dd, J =  8 .8 , 1.6 Hz), 7.52 (2H, d, 7  = 8.4 Hz), 7.50 (IH, d, J - 2 .0  
Hz), 7.19 (IH, d, J =  2.0 Hz), 7.12 (IH, d, 7 =  4.0 Hz), 5.74 (2H, m), 
5.09-5.4.98 (m, 2H), 4.68-4.34 (m, 2H), 4.08-4.03 (m, 2H), 3.92-3.80 
(m, 8 H), 3.54-3.48 (m, 2H), 3.42-3.29 (m, lOH), 2.12-2.06 (m, 4H), 
1.96-1.80 (m, 4H), 1.67 (m, 2H), 1.48-1.42 (m, 6 H)____________________

3.33
Pale white 

solid

H-NMR

C-NMR

(100 MHz, CDCI3): Ô 177.1, 170.5, 167.3, 161.9, 149.1, 136.3, 132.1,
131.9, 130.4, 129.2, 126.4, 125.9, 124.6, 123.5, 123.1, 119.3, 117.3,
113.7, 110.8, 91.5, 8 8 .6 , 68.2, 66.5, 64.3, 63.6, 60.3, 55.6, 51.1, 46.4,

__________ 36.4, 31.1, 30.9,29.1,25.1, 24.6, 23.2,21.0, 20.1,__________________
EIMS m/z (+EI) calc, for C38H44N4O10 (M)~̂  716.78 found 717.41 ([M+H]~^
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Synthesis of (*S)-methyl 4-(4-(4-(7--methoxy-5-oxo-2^,5,lla-tetrahydro-l/f- pyrroIo[2,l- 

c][l,4]benzodiazepine-8-yloxy)butananiido)pbenyl)-l-niethyl-l/f-pyrrole-2-carboxylate 

via Alloc deprotection.

OCH

H MeO ^

3.33

MeO

3.37

Palladium tetrakis[triphenylphosphine] (5.60 mg, 4.8 |JM, 0.05 equiv) was added to a 

solution of of Alloc-THP-PBD con/ugate 3.33 (70 mg, 0.097 mmol), pyrrolidine (8.36 

mg, 0.117 mmol, 1.2 eq) and triphenylphosphine (8.62 mg, 0.25 equiv) in DCM (5 mL). 

The reaction mixture was stirred at room temperature for 2 h at which point TLC 

showed completion of reaction. Excess DCM was removed by rotary evaporation under 

reduced pressure and the resulting residue dried in vacuo to remove pyrrolidone . The 

product was purified by column chromatography (eluted with «-hexane 65%%, EtOAc 

35%) to give the product as a yellowish solid, 3.37 (40 mg, 77%).

3.37
Light yellow 

solid

IR

13

HRMS

(iS)-methyI 4-(4-(4-(7-methoxy-5-oxo-2,3,5,l la-tetrahydro-1^- 
pyrrolo[2,l-c][l,4]benzodiazepine-8-yIoxy)butananiido)phenyl)-l- 
inethyl-lf/-pyrrole-2-carboxylate______________________________
+ 165° (c = 0.046, CHCI3)

(FTIR, Vmax /cm-'): 3297, 2944, 2358, 1701, 1598, 1567, 1508, 1442, 
1374, 1264, 1212, 1181, 1106, 1072, 824, 730
(500 MHz, CDCI3): Ô 7.68 (IH, s), 7.65 (IH, d, 7  = 4.5 Hz, 77-11), 7.52 
(IH, s, 77-6), 7.46 (2H, dd, 7 =  8.4,2.0 Hz, 2Ar-H), 7.40 (2H, dd, 7 =  8.4,
2.0_____________Hz, 2Ar-H), 7.16 (IH, d, 7 - 2 .0  Hz, Py-H), 7.03 (IH, d ,7 =  1.6 Hz, 

H-NMR Py-H), 6.82 (IH, s, 77-9), 4.12-4.20 (2H, m, CH2 side chain linker), 3.94 
(3H, s, N-CHsX 3.88 (3H, s, O-CH3), 3.88 (3H, s, O-CH3), 3.68-3.71 
(IH, m, 77-1 la ) , 3.50-3.60 (2H, m, H2-3 ), 2.58-2.62 (2H, m, CH2), 2.26- 

___________ 2.31 (4H, m, CH2), 1.50-1.54 (2H, m, CH2)___________________________
(125 MHz, CDCI3): Ô 164.5, 162.4, 161.6, 150.5, 147.8, 140.7, 125.9, 

C-NMR 125.5 (2C), 123.6, 123.1, 120.3, 114.6, 111.8, 111.0,94.4(20), 68.0,
63.7, 56 .1 ,53.7 ,51.0 ,46.6 , 36.8, 31.9, 29.6, 25 .2 ,2 4 .8 ,24.1,20.2
m/z (+E1) calc, for C30H32N4O6 (M+H) 545.2400 found 545.2422 
([M +H]\ S 4ppm__________________________________________________
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The same Alloc deprotection procedure was employed for the synthesis of the

following compounds

(5)-methyI 4-(4-(4-(4-(4-(7-m ethoxy-5-oxo-2^,5,lla-tetrahydro-l^- 
pyrrolo[2,l-c][l,4]benzod:azepme-8-yloxy)butanamido)phenyl)-l- 
methyi-lH-pyrrole-2-carboxamido)phenyl)-I-methyl-l//-pyrroIe-2- 
carboxylate

\  N = \  H 

° H MeO Q
/

+ 134° (c = 0.038, CHCI3)

IR (FTIR, Vmax /cm"‘): 3850.89, 3732, 3619, 2443, 2354,2228, 2169,2091, 
1971,1859, 1729, 1679, 1521,1265, 734, 629

3.38
White fluffy 

solid

H-NMR

(500 MHz, CDCI3): Ô 7.72 (IH, s, NH), 7.69 (IH, s, NH), 7.66 (IH, d, J =  
4.0 Hz, H-\ 1), 7.57 (2H, d, J =  8.0 Hz, 2Ar-H), 7.53 (IH, s, 77-6), 7.46 
(4H, d, J =  8.0 Hz, 4Ar-H), 7.41 (2H, d, 7  = 8.0 Hz, 2Ar-H), 7.20 (IH, d, J  
= 2.0 Hz, Py-H), 7.06 (IH, d, J =  2.0 Hz, Py-H), 7.02 (IH, d, J -  1.6 Hz, 
Py-H), 6.92 (IH, s, Py-H), 6.84 (IH, s, 77-9), 4.12-4.20 (2H, m, CH2 side 
chain linker), 4.00 (3H, s, N - C H 3) ,  3.96(3H, s, 7V-CH3), 3.88 (3H, s, 0-CH- 
3 ) ,  3.84 (3H, s, O-CH3), 3.70-3.73 (IH, m, 77-1 l a ) , 3.55-3.61 (2H, m, H2- 
3), 2.58-2.62 (2H, m, CH2), 2.29-2.31 (2H, m, CH2), 1.93-2.06 (4H, m, 
CH2)

"C-NMR

(125 MHz, CDCI3); Ô 164.5, 162.4, 161.7, 150.7, 147.3, 139.2, 126.0, 
125.6, 125.4 (2C), 125.2 (2C), 123.0, 120.4 (2C), 114.6 (2C), 111.4, 94.6 
(2C), 68.3, 63.7, 56.1, 51.6 (2C), 41.0, 36.9, 31.9, 29.6, 25.2, 24.2, 24.1, 
2 0 . 2

HRMS
m / z  (+EI) calc, for C42H42N6O7 (M+H)^ 743.3193 found 743.3193 
([M+H]'", 5 0.3 ppm
(5)-methyl 4-(4-(4-(4-(7-methoxy-5-oxo-2,3,5,lla-tetrahydro-l/7- 
pyrrolo[2,l-cl[l,4]benzodiazepine-8-yIoxy)butanamido)phenyI)-l- 
methyl-177-pyrroIe-2-carboxamido)-l-methyI-I/7-pyrrole-2- 
carboxylate

+ 128° (c = 0.037, CHCI3)

IR (FTIR, Vmax /cm '): 3321, 2237, 2107, 2041,1967,1860, 1685,1517,1435, 
1254, 1180, 1118, 749, 722, 696, 667

3.39
White fluffy 

solid

‘H-NMR

(500 MHz, CDCI3): Ô 7.98 (IH, s, NH), 7.88 (IH, s, NH), 7.68 (IH, s, 77- 
6 ), 7.65 (IH, d, 4.0 Hz, 77-11), 7.64 (2H, d, J =  8.0 Hz, 2Ar-H), 7.54 
(IH, d, J =  1.6 Hz, Py-H), 7.52 (IH, d, 1.6 Hz, Py-H), 7.45 (IH, d, J -  
2.0 Hz, Py-H), 7.33 (2H, d, J =  8.0 Hz, 2Ar-H), 6.97 (IH, s, Py-H), 6.89 
(IH, s, 77-9), 4.08-4.18 (2H, m, CH2), 3.97 (3H, s, Æ-CHg), 3.89 (3H, s, N- 
CH3), 3.84 (3H, s, O-CH3), 3.79 (3H, s, O-CH3), 3.66-3.70 (IH, m, 77-1 la) 
, 3.55-3.60 (2H, m, Hz-3), 2.56-2.61 (2H, m, CH2), 2.23-2.32 (4H, m, 
CH2), 2.00-2.05 (2H, m)

"C-NMR

(125 MHz, CDCI3): Ô 162.5, 161.6, 159.1, 150.4, 147.7, 138.4, 132.8, 
132.1 131.9 (2C), 128.6, 128.4 (2C), 125.4(2C), 124.8, 123.0, 121.0, 120.4 
(2C), 116.2, 114.6 (2C), 109.9, 94.2, 67.4, 63.6, 57.1, 53.7,51.1,46.7, 
36.9, 36.7, 34.0, 29.6, 24.2

HRMS
m /z  (+E1) calc, for C36H38N 6O7 (M)^ 667.2880 found 667.2881 ([M +H f, 
Ô 0 .1  ppm
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(5)-ethyl 4-(4-(4-(4-(7-m ethoxy-5-oxo-2^,5,lla-tetrahydro-l//- 
pyrroIo[2,l-c][l,4]benzodiazepine-8-yIoxy)butanamido)phenyI)-l- 
methyI-liy-pyrrole-2-carboxainido)-l-methyl-l//-iinidazole-2- 
carboxylate

+ 1 2 2 ° (c -  0.028, CHCI3)

IR (FTIR, v„ax /cm-‘): 3324, 2355, 2157, 2109, 2032, 1913, 1600,1533, 
1465, 1262, 1179, 1109, 751

3.40
White fluffy 

solid

H-NMR

(500 MHz, CDCI3): Ô 8.47 (IH, s, NH), 7.72 (IH, s, NH), 7.66 (IH, d, J  
-  4.0 Hz, H-\ 1), 7.55 (IH, s, H-6 ), 7.52 (IH, d, 2.0, Py-H), 7.49 (2H, 
d, J =  8.0 Hz, 2Ar-H), 7.37 (2H, d, J =  8.0 Hz, 2Ar-H), 7.16 (IH, d, J =  
1.6 Hz, Py-H),7.03 (IH, s, Im-H), 6.91 (IH, s, H -9 \  4.39-4.43 (2H, m, 
O-CH2) 4.13-4.22 (2H, m, CH2), 4.01 (3H, s, 7V-CH3), 3.99 (3H, s, N- 
CH3), 3.83 (3H, s, O-CH3), 3.68-3.72 (IH, m, //-11a) , 3.55-3.60 (2H, m, 
H2-3 ), 2.58-2.63 (2H, m, CH2), 2.24-2.32 (4H, m, CH2), 2.00-2.07 (2H, 
m, H2-I), 141-1.45 (3H, m, CH3)

^^C-NMR

(125 MHz, CDCI3): Ô 163.1, 162.5, 158.7, 150.4, 147.7, 140.7, 137.2, 
131.5, 125.6(2C), 125.4 (2C), 123.8, 123.0, 120.4 (2C), 114.5, 111.6, 
110.8, 109.9, 100.0, 67.4,61.5,56.1, 53 .7 ,51.1,46.7,37.0, 36.0,34.0, 
29.6, 24.8, 24.2, 14.4

HRMS
m/z (+E1) calc, for C36H39N 7O7 (M)+ 682.2989 found 682.2986 
([M+H]^, 5 - 0.4 ppm
(5)-raethyI 4-(4-(4-(4-(7-methoxy-5-oxo-23»5,l la-tetrahydro-1//- 
pyrrolo[2,l-c][l»4]benzodiazepme-8-yloxy)butanamido)-l-methyI- 
l//-pyrrole-2-carboxamido)phenyl)-l-m ethyI-l//-pyrrole-2- 
carboxylate

/
+ 197° (c = 0.052, CHCI3)

3.41
White fluffy 

solid

IR (FTIR, Vmax /cm-'): 3330, 2360, 2214, 2180, 2041, 2020,1999,1967, 
1698, 1517, 1438,1265.79,1180,1119,756, 722, 696,667,630

‘H-NMR

(500 MHz, CDCI3): Ô 7.77 ( IH , s, NH), 7.68 ( IH , s, H-6 ), 7.67 (2H, d, J  
= 8.0 Hz, 2Ar-H), 7.64 ( IH , d, J =  5.0 Hz, //-I I ) , 7.55 (2H, d, 8.0 
Hz, 2Ar-H), 7.47 (IH, d, 7 =  2.0 Hz, Py-H), 7.43 (IH, s, NH), 7.18 (IH, 
d, 2.0 Hz, Py-H), 7.09 (IH , d, J -  2.0 Hz, Py-H), 7.05, ( IH , d, J - 2 .0  
Hz, Py-H), 6.83 (IH, s, H-9), 4.09-4.16 (2H, m, CHg), 3.95 (3H, s, N- 
CH3), 3.90 (6 H, s, A-CH3, O-CH3 ), 3.84 (3H , s, O-CH3), 3.67-3.71 ( IH , 
m, //-1 1 a ), 3.54-3.57 (2H, m, Hz-3), 2.53-2.56 (2H, m, CHz), 2.23-2.30 
(4H, m, CHz), 2.00-2.05 (2H, m)

"C-NMR

(125 MHz, CDCI3): Ô 169.8, 164.5, 162.6, 161.6, 159.5, 150.7, 147.9, 
140.8, 133.1, 132.2, 132.1, 131.9, 131,7, 128.5, 128.4, 125.9, 125.5, 
123.7, 123.1, 121.5, 120.7, 120.4, 119.7, 114.7, 112.0, 111.4, 103.9, 
68.1, 56.2, 53.7, 51.0, 46.7, 36.8, 33.2, 29.6, 25.1,24.1

HRMS
m/z (+E1) calc, for C36H38N 6O7 (M)+ 667.2880 found 667.2882 
([M +H]\ 5 0.3 ppm
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(5)-methyi 4-(4-(4-(4-(7-methoxy-5-oxo-2^,5,l la-tetrahydro-l£^
pyrrolo[2,l-c][l,4]benzodiazepine-8-yloxy)butanamido)-l-methyl-lj&-
imidazole-2-carboxaniido)phenyl)-l-methyl-l//-pyrrole-2-carboxylate

H3C0

+ 188° (c = 0.052, CHCI3)

IR
3.42

White fluffy 
solid

(FTIR, v âx /cm '): 3301, 2169, 2136, 2018,1978, 
1937,1680,1564,1518,1439, 1265,1181,1108,750,722
(500 MHz, CDCI3): 8 8.90 ( IH , s, NH), 7.98 ( I H , s, NH), 7.67 ( IH , s, H- 
6 ), 7.63 ( IH , d, J =  4.4 Hz, H-\ 1), 7.59 (2H, d ,V =  8.4 Hz, 2Ar-H), 7.46 
(2H, d, J =  8.4 Hz, 2Ar-H), 7.42 ( IH , s, Im-H), 7.19 ( IH , d, 2.0 Hz, 
Py-H), 7.06 ( IH , d, 1.6 Hz, Py-H), 6.83 ( IH , s, H-9), 4.10-4.22 (2H, 
m, CH2), 4.07 (3H , s, Æ-CH3), 3.96 (6 H, s, W-CH3, O-CH3 ), 3.84 (3H , s, 
O-CH3), 3.67-3.70 ( IH , m, H -\ l a ) , 3.54-3.58 (2H, m, Hz-3), 2.57-2.67 
(2H, m, CH2), 2.26-2.31 (4H, m, CH2), 1.98-2.05 (2H, m)______________

‘H-NMR

(125 MHz, CDCI3): 8  169.5, 164.5, 162.5, 161.6, 156.4, 150.4, 147.8,
135.6, 132.1, 131.9 (2C), 128.5, 128.4, 126.0, 125.6, 123.5, 123.1, 121.5,
119.7, 114.6(2C), 111.6, 111.0, 67.7, 56 .1 ,53.7 ,51.1 ,46.6 , 36.9,35.8, 
33.9, 29.6, 24.7,24.1 ___________________________________________

13C-NMR

m/z (+E1) calc, for C35H37N7O7 (M)^ 668.2833 found 668.2838 [M +H]\ 
8  0.5 ppm__________________________________________________________

HRMS

(5)-methyl 4-(4-(4-(4-(4-(7-m ethoxy-5-oxo-2^,5,lla-tetrahydro-l//-
pyrrolo[2,l-c][l,4]benzGdiazepine-8-yloxy)butanamido)phenyl)-l-
methyl-l^-pyrroIe-2-carboxaniido)-l-methyI-l/^-imidazole-2-

3.43
White fluffy 

solid

+ 142° (c = 0.043, CHCI3)

IR (FTIR, Vrn»/cm-‘): 3408, 2358, 2168, 2148, 2019, 1978,1938, 1718, 1534,
1260, 1118, 757

‘H-NMR

(500 MHz, CDCI3): 8 8.72 ( IH , s, NH), 8.12 ( IH , s, NH), 7.71 ( IH , s, 
NH), 7.65 ( IH , d, J =  4.4 Hz, H-\ 1), 7.53 ( IH , s, H-6 ), 7.48 (2H, d, J =  
8.0 Hz, 2Ar-H), 7.47 ( IH , s, Im-H), 7.42 (2H, d, J =  1.6 Hz, Py-H), 7.40 
(2H, d, J =  8.0 Hz, 2Ar-H), 7.03 ( IH , d, J =  1.6 Hz, Py-H), 6.95 ( IH , s, 
Py-H), 6.82 ( IH , s, H-9), 6.81 ( IH , d, 1.6 Hz, Py-H), 4.12-4.21 (2H, 
m, CH2), 4.07 (3H , s, A-CH3), 4.00 (3H , s, A -CH3), 3.91 (3H , s, W-CH3), 
3.89 (3H , s, A-CH3), 3.81 (3H, s, O -CH3), 3.69-3.72 ( IH , m, H -\ l a ) , 
3.55-3.61 (2H, m, Hz-3), 2.58-2.63 (2H, m, CH2), 2.26-2.32 (4H, m, CH2), 
2.02-2.07 (2H, m, H2-I)

HRMS
m/z (+EI) calc, for C41H43N9O8 (M)^ 790.3313 found 790.3314 [M+H]^ 
8 0 .1  ppm

Page 310



3.44
White fluffy 

solid

IR

‘H-NMR

HRMS

(5)-methyI 4-(4-(4-(4-(4-(7-m ethoxy-5-oxo-2^,5,lla-tetrahydro-lH- 
pyrrolo[2,l-c]ll,4]benzodiazepine-8-yloxy)butanamido)phenyl)-l- 
inethyl-lH-pyrrole-2-carboxamido)-l-methyl-lH-pyrrole-2- 
carboxamido)-l-methyI-lH'-pyrrole-2-carboxyIate________________

H3C0.

+ 149° (c = 0.054, CHCI3)
(FTIR, v âx /cm-'): 3310,2947, 2358, 2168, 2153,2132,2070, 2011, 
1989, 1651, 1538, 1434, 1402, 1257, 1107, 753
(400 MHz, CDCI3): Ô 8.02 ( IH , s, NH), 7.88 ( IH , d , J =  5.2 Hz, H-\ 1), 
7.68 ( IH , s, H-6 ), 7.67 ( IH , d, 1.6 Hz, Py-H), 7.64 ( IH , d, J =  1.6 Hz, 
Py-H), 7.53(2H, d, J =  8.0 Hz, 2Ar-H), 7.45 ( IH , d, J =  1.6 Hz, Py-H), 
7.31 (2H, d, J =  8.0 Hz, 2Ar-H), 7.20 ( IH , s, Py-H), 6.96 ( IH , s, Py-H), 
6.89 ( IH , bs, NH), 6.81 ( IH , s, H-9), 6.78 ( IH , d , J =  1.6 Hz, Py-H), 6.71 
( IH , bs, NH), 4.11-4.16 (2H, m, CHg), 3.97 (3H, s, N-CH3 ), 3.92 (3H, s, 
7V-CH3), 3.88 (3H, s, 7V-CH3), 3.84 (3H, s, N-CH3 ), 3.79 (3H, s, O-CH3), 
3.68-3.71 (IH, m, //-I  la) , 3.55-3.60 (2H, m, H z-3), 2.56-2.61 (2H, m, 
CH2), 2.22-2.28 (4H, m, C H ;), 1.99-2.04 (2H, m)______________________
m/z (+EI) calc, for C42H44N 8O8 (M) 789.3360 found 789.3391 ([M+H] , 
5 3.9 ppm__________________________________________________________
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General Information Regarding the HPLC Analysis of Synthetic Compounds

All biaryl polyamide library members had been either fully characterized or identified 

by high resolution mass spectroscopy. All PBD-MPB conjugates were fully 

characterized. All samples had their purity assessed prior to submission for biological 

evaluation using HPLC System A and the results are shown in the Tables 9.1, 9.2 and 

9.3. Data shown for HPLC Systems B were collected from the same samples used in 

System A. However, these samples were kept at -20°C for an average of one year to 

confirm their stability in the solid state at low temperature.

HPLC System A

Chromatography was performed on a Waters Alliance 2695 with water (A) and 

acetonitrile (B) mobile phases; each eluent contained 0.1% formic acid. Gradient 

conditions: initial composition 5% B, to 95% B over 2.5 minutes. Held for 1 minute at 

95% B, returned to 5% B in 0.2 minutes. Total duration o f gradient run equals 5 min. 

Flow rate: 1.50 mL/min, 200 pL was split via a zero dead volume T-piece which passed 

into the mass spectrometer. Wavelength detection range: 220 to 400 nm. Function type: 

Diode Array (535 scans).

HPLC System B

Chromatography was performed on a Waters Alliance 2695 with water (A) and 

acetonitrile (B) mobile phases; each eluent contained 0.1% formic acid. Gradient 

conditions: initial fixed composition 5% B for 2 minutes. 5% B to 50% B over 3 

minutes, held for 1 minutes at 50% B, then 50% B to 95% B within 1.5 minutes, 

returned to 5% B in 1.5 minutes and held for 0.5 minutes. Total duration of gradient run 

was 10 min. Flow rate: 1.5 mL/min, 200 pL was split via a zero dead volume T-piece 

which passed into the mass spectrometer. Wavelength detection range: 220 to 400 nm. 

Function type: Diode Array (535 scans). Column: Phenomenex® Onyx Momolithic C l8 

50 X 4.60 mm.

HPLC System C

Chromatography was performed on a Waters Binary Graident Module 2525 with water 

(A) and acetonitrile (B) mobile phases; each eluent contained 0.1% formic acid. 

Gradient conditions: initial fixed composition 15% B for 1 minute. 15% B to 55% B 

over 6 minutes, 55% B to 95% B over 1.5 minutes, held for 1 minutes at 95% B, 

returned to 15% B in 1.5 minutes and held for 0.5 minutes. Total duration of gradient
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run was 9 min. Flow rate: 1.5 mL/min. Wavelength detection range: 220 to 400 nm. 

Function type: Diode Array (535 scans). Column: Phenomenex® Luna C l8 50 x 4.60 

mm.

Table 9.1: HPLC data and yields for PBD-MPB conjugates

Y ie ld  (% ) H PLC  Purity (% ) and R etention Tim e

C o d e  N a m e System  A System  B System  C

55" > 9 8 .0 > 9 & 0 > 9& 0
KMR-04-54
(3.37)

3.20 min 5.58 min 5.64 min

51" > 9 8 .0 > 9 8 .0 > 9 8 .0
KMR-04-155
(3.38)

3.82 min 6.50 min 5.76 min

49" > 9 8 .0 > 9 & 0 > 9 8 .0
KMR-04-156
(3.39)

3.15 min 5.85 min 5.91 min

54" > 9 8 .0 > 9 8 .0 > 9 8 .0
KMR-04-166
(3.40)

3.12 min 5.70 min 5.78 min

57" > 9 8 .0 > 9 & 0 > 9 & 0
KMR-28-35
(3.41)

3.27 min 5.95 min 5.84 min

KMR-28-39
(3.42)

58" > 9 8 .0  
3.32 min

> 9 8 .0  
5.93 min

> 9 8 .0  
5.82 min

54" > 9 & 0 > 9 8 .0 > 9 & 0
KMR-28 19 
(3.43)

3.39 min 6.07 min 6.26 min

53" > 9 8 .0 > 9 8 .0 > 9 8 .0
KMR-28-18
(3.44)

3.43 min 6.07 min 6.36 min

57" > 9& 0 > 9 & 0 > 9& 0
KMR-28-21
(3.45)

3.37 min 6.06 min 6.27 min

Purified using preparative HPLC techniques
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Table 9.2: Structures, yields and HPLC data for Motif-1 library members

Compound Yield

(%)

H PLC  Purity (% ) and  

Retention Tim e

Code Name

KMR-66-60-1
(2.16)

KMR-66-61-1
(2.17)

KMR-66-62-1
(2.18)

KMR-66-63-1
(2.19)

KMR-66-64-1
(2.20)

KMR-66-65-1
(2.21)

KMR-66-66-1
(2.22)

KlVIR-66-68”l
(2.23)

KMR-66-69-1
(2.24)

Structure System  A  System  B

45"

41"

42"

44"

38"

39"

26"

28"

47'’

> 9 8 .0
2.13 min

96.4
2.13 min

96.2
2.47 min 

97.5
2.45 min

> 9 8 .0
2.39 min

> 9 8 .0  
2.25 min

96.2
2 . 1 0  min

95.9
1.95 min

> 9 8 .0
1.95 min

> 9 8 .0
3.86 min

95.8
3.83 min

97.4
4.72 min

> 9 8 .0  
4.69 min

> 9 8 .0
4.37 min

> 9 8 .0  
4.28 min

94.8
4.12 min 

95.6
3.71 min

> 9 8 .0
3.69 min

KMR-66-70-1
(2.25)

KMR-66-71-1
(2.26)

KMR-66-72-1
(2.27)

KMR-66-73-1
(2.28)

KMR-66-74-1
(2.29)

( T ,

43'’

4 4 b

41"

42"

45*’

96.8  
1.97 min

> 9 8 .0  
2.44 min

93.9
2.37 min 

94.6
2.44 min

> 9 8 .0  
2.87 min

> 9 8 .0  
3.73 min

> 9 8 .0
4.66 min

95.5
4.64 min 

96.8
4.75 min

> 9 8 .0  
5.51 min
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KMR-66-75-1
(2.30)

KMR-66-76-1
(2.31)

KMR-66-77-1
(2.32)

KMR-66-78-1
(2.33)

KMR-66-79-1
(2.34)

KMR-66-95-1
(2.35)

KM  R-66-102-1
(2.36)

KMR-66-102-2
(2.37)

KM  R-66-102-4
(2.38)

KMR-66-102-5
(2.39)

KM  R-66-102-6
(2.40)

KM R -66-I02-7
(2.41)

K M  R-66-102-8
(2.42)

KMR-66-102-9
(2.43)

KMR-66-102-10
(2.44)

KMR-66-102-11
(2.45)

KM  R-66-102-12
(2.46)

- s  HN-

'S  HN-

f t

o  HN-

* - < T  "

o  hn-

43"

42"

41"

36"

42"

44"

42"

41"

35"

33"

32"

36"

34"

33"

36^

26̂ "

25"

> 9 8 .0
2 . 8 6  min

> 9 8 .0  
2.69 min

97.5
2 . 6 8  min

94.0
2.53 min

88.0
2.53 min

94.8
2.29 min

97.0
2.48 min

> 9 8 .0
1.82 min

> 9 8 .0
1.85 min

> 9 8 .0
1.82 min

> 9 8 .0  
2.56 min

84.0
2.55 min

95.1
3.17 min

> 9 8 .0  
1.78 min

> 9 8 .0  
2.27 min

84.0
2.23 min

> 9 8 .0
3.21 min

> 9 8 .0
5.57 min

> 9 8 .0  
5.31 min

> 9 8 .0  
5.22 min

96.8
4.89 min 

91.0
4.95 min

96.4
4.12 min 

97.7
4.23 min

> 9 8 .0  
3.48 min

> 9 8 .0
3.52 min

> 9 8 .0  
3.56 min

> 9 8 .0
4.92 min

81.0
4.97 min

> 9 8 .0
6 . 1 2  min

> 9 8 .0
3.86 min

94.0
4.43 min

79.0
4.35 min

> 9 8 .0  
6 . 2 1  min
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KMR-66-102-13
(2.47)

K M  R-66-102-14 
(2.48)

KMR-66-102-16
(2.49)

KMR-66-102-17
(2.50)

KMR-66-102-18
(2.50)

KM  R-66-102-19
(2.51)

KMR-66-102-20
(2.52)

KM  R-66-102-21 
(2.53)

KMR-66-102-22
(2.54)

KM  R-66-102-23
(2.55)

KMR-66-102-24
(2.56)

KM  R-66-103-1
(2.57)

KMR-66-103-2
(2.58)

KM  R-66-103-4
(2.59)

KMR-66-103-5
(2.60)

H HN— N
N

28^ > 9 8 .0  > 9 8 .0
1.78 min 3.45 min

32^ > 98.0 > 98.0
1.76 min 3.42 min

24" > 9 8 .0  > 9 8 .0
2.56 min 4.94 min

25" > 98.0 ^ 98.0
2.64 min 4.98 min

23'"

22^

34"

32"

34"

21 "

24"

34"

31"

23"

24"

91.5
3.18 min 

76.0
1.76 min

> 9 8 .0  
2.06 min

> 9 8 .0
2.13 min

> 9 8 .0  
1 . 8 8  min

94.8
1.75 min

> 9 8 .0  
3.18 min

> 9 8 .0
2 . 2 2  min

97.6
2 . 2 1  min

> 9 8 .0  
3.01 min

95.4
3.17 min

92.8
5.98 min 

78.7
3.43 min

> 9 8 .0  
4.02 min

> 9 8 .0
4.15 min

> 9 8 .0  
3.68 min

96.3
3.43 min

> 9 8 .0  
5.85 min

> 9 8 .0
4.15 min

> 9 8 .0  
4.21 min

> 9 8 .0
5.79 min

92.5
5.73 min
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KM R-66-103-6
(2.61)

KMR-66-103-7
(2.62)

KM  R-66-103-8
(2.63)

KMR-66-103-9
(2.64)

K M R -66-103-10
(2.65)

K M R -66-103-11
(2.66)

K M  R-66-103-12
(2.67)

KMR-66-103-13
(2.68)

KM  R-66-103-14 
(2.69)

KMR-66-103-16
(2.70)

KMR-66-103-17
(2.71)

KMR-66-103-18
(2.72)

K M  R-66-103-19
(2.73)

KMR-66-103-20
(2.74)

KMR-66-103-21 
(2.75)

s. HN

S, HN

S HN

S. HN

S, HN

S, HN

S, HN

S HN

S HN

S HN

S, HN

N.

O
HN

i
o

HN-

22"

19"

24"

26"

21 "

23^

26''

22"

24"

29"

26"

21 "

22"

23"

24"

> 9 8 .0
3.07 min

88.7
2.47 min 

94.6
2.51 min

> 9 8 .0
2.47 min

91.3
2.55 min

81.8
2.08 min

> 9 8 .0  
3.14 min

96.5
2.22 min

> 9 8 .0  
2.19 min

> 9 8 .0  
2.87 min

> 9 8 .0  
2.87 min

94.8
3.30 min

> 9 8 .0  
2.51 min

83.5
2.52 min

> 9 8 .0  
2.38 min

> 9 8 .0  
5.68 min

86 .2.0 
4.72 min

> 9 8 .0
4.82 min

> 9 8 .0  
4.74 min

96.6
4.97 min 

85.5
3.98 min

> 9 8 .0
6.09 min

94.3
4.37 min

> 9 8 .0  
4.29 min

> 9 8 .0  
5.54 min

> 9 8 .0
5.58 min

97.3
6.18 min

> 9 8 .0  
4.75 min

88.4
4.68 min

> 9 8 .0
4.64 min
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89.6
2.61 min

92.5
5.04 minKMR-66-103-22

(2.76)

87.9
2.28 min

91.3
4.29 minK M  R-66-103-23 

(2.77)

KMR-66-103-24
(2.78)

KMR-04-10
(2.79)

KMR-G4-11
(2.80)

KMR-04-12
(2.81)

K M  R 04-13 
(2.82)

KMR-04-14
(2.83)

KMR-04-15
(2.84)

KMR-04-16
(2.85)

KMR-66-104-11
(2.86)

K M  R-66-104-1
(2.87)

KMR-66-104-2
(2.88)

K M  R-66-104-4
(2.89)

KMR-66-104-5
(2.90)

1
o

.N
O

HN
\

22^

N HN

N HN- \  ^

N HN

N HN

N HN

N HN

4r

41'

>98.0 
3.11 min

45" 97.5

>98.0
2.62 min

94.3
2.88 min

>98.0 
6.08 min

>98.0
2.68 min 5.22 min

38" >98.0 >98.0
2.64 min 5.12 min

42" > 98.0 > 98.0
2.62 min 4.98 min

41" >98.0 >98.0
2.59 min 5.07 min

>98.0 
5.08 min

94.8
5.61 min

41" 93.8 91.2
2.32 min 4.51 min

NP 1.94 min ND

NP 2.18 min ND

NP 2.03 min ND

NP 2.82 min ND

NP 2.81 min ND
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KM R-66-104-6
( 2 . 9 1 )

KMR-66-104-7
(2.92)

KM  R-66-104-8
(2.93)

K M R -66-104-9
(2.94)

KM  R-66-104-10
(2.95)

KMR-66-104-12
(2.96)

KM  R-66-104-13 
(2.97)

KMR-66-104-14
(2.98)

KM R-66-104-16 
(2.99)

KMR-66-104-17
(2.100)

KM  R-66-104-18 
(2. 101)

KMR-66-104-19
(2.102)

KMR-66-104-21 
(2.103)

KMR-66-104-22
(2.104)

s  HN

s  HN

•N.

O
HN

J)
• N

O
HN

O [ I

o
HN-

O
HN

O
:

NP 3.04 min ND

NP 2.12 min ND

NP 2.31min ND

NP 2.29 min ND

NP 2.33 min ND

NP 3.06 ND

NP 2.14 min ND

NP 2.13 min ND

NP 2.79 min ND

NP 2.79 min ND

NP 3.06 min ND

NP 2.12 min ND

NP 2.29 min ND

NP 2.33 min ND
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KM R-66-104-23
( 2 . 1 0 5 )

KMR-66-104-24
(2.106)

NP 1.91min ND

?  H

NP 2.88 ND

^Purified using preparative HPLC techniques; ^purified using conventional column 

chromatography; NP = Not Purified; ND -  Not Done.
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Table 9.3: Structures, yields and HPLC data for Motif-2 library members

Compound Yield (% ) H PL C  Purity (% ) and  

R etention Tim e

Code Name

KMR-66-TL-01
(2.107)

KM R-66-TL-02
(2.108)

Structure System A System B

■NH

0O
-NH

26'

25'

>98.0
3.14 min

95.6
3.12 min

>98.0
6.00 min

97.3
6.03 min

KM R-66-TL-03
(2.109)

KM R-66-TL-04
(2.110)

KIMR-66-TL-05
(2 . 111)

KM R-66-TL-06
(2.112)

KM R-66-TL-07
(2.113)

KM R-66-TL-08
(2.114)

KM R-66-TL-09
(2.115)

KM R-66-TL-10
(2.116)

(2.117)

KM R-66-TL-12
(2.118)

28'

o
N'̂ H

O

24'

26'

22 '

28'

29'

34'

28'

44'

39'

>98.0
2.41 min

82.0
3.12 min 

94.1
1.94 min

95.6
1.92 min 

95.2
2.62 min

84.0
2.53 min

85.0
2.74 min

>98.0  
2.78 min

94.3
2.16 min 

96.5
2.12 min

>98.0
4.55 min

85.0
5.97 min

>98.0
3.63 min

>98.0  
3.66 min

94.0
5.04 min

89.0
4.95 min 

87.5
5.21 min

>98.0  
5.25 min

95.4
4.12 min

>98.0  
4.14 min
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KIMR-66-TL-13
(2.119)

K1VIR-66-TL-14
(2.120)

K M R -66-TL-15
(2 . 121)

KM R -66-TL-16
(2.122)

29  ̂ 97.1

HN

0

KM R -66-TL-18
(2.124)

K1VIR-66-TL-19
(2.125)

KM R -66-TL-20
(2.126)

KMR-04-21
(2.127)

KMR-04-22
(2.128)

KMR-04-23
(2.129)

KMR-04-24
(2.130)

KMR-04-25
(2.131)

KM R-04-26
(2.132)

KMR-04-27
(2.133)

KMR-04-29
(2.134)

oO

0
0

0

N

o

N—

HN

O

2T

23"

23"

25^

27"

28"

22"

45^

62'

64‘

57̂

63̂

61̂

62̂

2.54 min 

91.5
2.48 min 

96.0
3.17 min

>98.0
3.21 min

95.8
2.63 min

>98.0  
2.68 min

94.8
2.85 min

95.5
2.88 min 

85.0
2.22 min

87.6
2.21 min

88.8
2.89 min 

85.4
2.93 min

86.7
1.87 min

88.7
1.88 min

84.6
2.43 min 

85.9
2.47 min

96.4
4.95 min

92.8
4.88 min

97.8
6.13 min

>98.0
6.12 min

>98.0
5.15 min

>98.0  
5.28 min

96.3
5.63 min

96.7
5.79 min 

88.0
4.62 min

85.8
4.61 min

85.7
5.61 min

82.5
5.63 min

87.5
3.68 min

86 .2.0 
3.72 min

87.4
5.02 min 

84.8
4.64 min
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KMR-04-31
(2.135)

KM R-04-32
(2.136)

KMR-04-33
(2.137)

KM R-04-34
(2.138)

KMR-04-35
(2.139)

KM R-04-36
(2.140)

K M  R 04-37
(2.141)

KM R-04-38
(2.142)

KM R-04-39
(2.143)

KMR-G4-4G
(2.144)

KMR-G4-41
(2.145)

KMR-G4-42
(2.146)

KMR-G4-43
(2.147)

KMR-G4-44
(2.148)

62'

% J
o

■NH
H

O

'-NH 0

-i-L  '
p

w T ' J

,0

o

0
H

O

O
H

O

0
o

o

o
p

o

64'

58'

81.3
2.65 min

81.8
2.68 min 

89.3
2.44 min

86.6
5.07 min

85.5
5.11 min 

88.3
4.62 min

NP 2.22 min ND

NP 2.19 min ND

NP 2.87 min ND

NP 2.87 min ND

NP 3.30 min ND

NP 2.51 min ND

NP 2.52 min ND

NP 2.38 min ND

NP 2.61 min ND

NP 2.28 min ND

NP 3.11 min ND

“Purified using preparative HPLC techniques; ‘’purified using conventional colum n chromatography; NP  

= N ot Purified; N D  = N ot Done.
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Chapter 10 : Experimental (Biologcal and Biophysical Evaluation)

10.0 Experimental (Biological and Biophysical Evaluation)

10.1 General procedures

10.1.1 Molecular modeling

Molecular models o f DNA constructs were made using the 'nucgen' build module of the 

AMBER(v9) modeling software. Ligands were constructed using MacroModel software 

(v6.5)^^. The minimized ligand structure was exported in 'pdb' format and converted to 

the ’mol2’ format with Gasteiger charges by means of the AMBER 'antechamber' routine 

before missing parameters were constructed with the 'parmchk' program. Covalent 

binding of ligands to the C2-NH2 functional group o f the guanine residue of DNA was 

performed graphically using AMBER 'Xleap' utilizing 'parm99' and the general Amber 

force field parameters (gaff). Care was taken to ensure that the (S)-configuration was 

maintained at the Cl 1-position of the central PBD ring at the point o f attachment to the 

guanine N2-position consistent with literature reportŝ "̂ . In all cases, including those for 

the free ligand, constructs were exported for subsequent minimization during which the 

DNA alone was restrained with a high force constant, allowing the ligand to adjust to 

the DNA environment. Further minimization steps were performed while gradually 

reducing the restraints to zero.

For the free ligand simulations, dynamics simulations using the AMBER 'Sander' 

program were then performed. 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 used was 0.002 ps, 

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 (A) was used.
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10.1.2 G eneral procedure for HPLC/M S assay

10.1.2.1 Oligonucleotides

The single-stranded oligonucleotides were designed independently and purchased from 

Eurogentec UK and AtdBio, Southampton in a lyophilised form. Two different 

procedures were used to prepare DNA working solutions depending on the required 

type of the oligonucleotides (hairpin and duplex).

10.1.2.2 Working DNA solution preparation for hairpin oligonucleotides

Each oligonucleotide was dissolved in 1 M ammonium acetate (Sigma-Aldrich UK.) to 

form a stock solution of 1 mM. To ensure hairpin formation the oligonucleotides 

solutions were heated to 90 C for 10 mins in a heating/cooling block (Grant Bio UK.). 

The solution was then allowed to cool slowly to room temperature, followed by storage 

at -20 C overnight to ensure completion o f the annealing process. Working solutions of 

hairpin oligonucleotides of 50 pM were prepared by diluting the stored solutions with 

100 mM ammonium acetate.

10.1.2.3 Working DNA solution preparation for duplex oligonucleotides

The single stranded oligonucleotides were dissolved in 100 mM ammonium acetate 

buffer to form a stock solution of 2 mM. The stock solutions were kept at -20 °C and 

ffeeze-thawed before annealing procedures were performed to make double stranded 

DNA. The stock 2 mM oligonucleotide solutions were diluted to 1 mM using annealing 

buffer (10 mM Tris/50 mM sodium chloride/1 mM EDTA). Solutions of double

stranded DNAs were prepared by heating the complementary SS DNA sequences (1 

mM) in annealing buffer solution (pH 7.5) to 70 C for 10 minutes in a heating/cooling 

block (Grant Bio, U.K.). The solutions were then allowed to cool slowly to room 

temperature over a 12 hour period, followed by storage at -20 C to ensure completion 

of the annealing process. Working solutions of 50 pM DS DNA duplexes were 

prepared by diluting the stored solutions with 20 mM ammonium acetate.

10.1.2.4 Working solution preparation for PBD monomers

PBD monomers were either synthesized or provided by Spirogen Ltd. The ligands were 

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 o f the PBD monomers of 200 pM 

were prepared by diluting the above solution with 100 mM ammonium acetate. These
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were stored at -20 °C for not more than one week and thawed to room temperature for 

use when required.

10.1.2.5 Working solution preparation for PBD dimers

All PBD dimers used in the studies were supplied by Spirogen Ltd. The ligands were 

dissolved in 50/50 v/v methanol/water to form a stock solution o f 3 mM, which was 

stored at -20 °C for no longer than four months. Working solutions o f the drug of 200 

pM were prepared by diluting the stock 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.

10.1.2.6 Preparation of ligand/DNA complexes

Ligand/DNA complexes were prepared by adding the ligand working solution to the 

hairpin/duplex oligonucleotides solution at a 4:1 molar ratio at room temperature. In all 

cases the incubation mixture was mixed well using a vortex mixer.

10.1.2.7 lon-pair reversed phase HPLC

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 pM particles (Waters Ltd UK), an 

UV 1000 detector, an AS3000 autosampler, a SCMIOOO vacuum degasser and 

Chromquest software (Version 4.1). A gradient system of 150 mM triethyl ammonium 

bicarbonate (TEAB) as buffer A (for study with duplex oligonucleotides 100 mM 

TEAB was used as buffer A) and 40% acetonitrile in water (HPLC grade, Fischer 

Scientific UK.) as buffer B was used. For buffer A, a 1 M pre-formulated TEAB buffer 

solution was purchased from Sigma-Aldrich, U.K and diluted to the required 

concentration with HPLC grade water (Fischer Scientific, U.K). The following three 

solvent gradient methods were generally used in the HPLC study.

Method A: The gradient was ramped from 90% A at 0 mins to 50% A at 20 mins, 65% 

A at 30 minutes and finally to 10% A at 45 mins.

Method B: The gradient was ramped from 90% A at 0 minutes to 70% A at 20 minutes, 

60% at 25 minutes and finally to 10% A at 40 minutes.

Method C: The gradient was ramped from 90% A at 0 minutes to 65% A at 20 minutes, 

60% at 28 minutes and finally to 10% A at 40 minutes.
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UV absorbance was monitored at 254 nm and fractions containing separated 

components were collected manually, combined when appropriate, lyophilised and 

analysed using either EIMS or MALDI-TOF-MS.

10.1.2.8 Lyophilisation of HPLC fractions

The HPLC fractions were lyophilised using two different methods depending on the 

volume of the fractions. For smaller volumes (less than 0.5 mL), lyophilisations were 

carried out in a Speed Vac (Thermo Electron) using a temperature free 4 hour program. 

For larger fractions, and where fractions were combined, the liquid was initially frozen 

on a glass vial using liquid nitrogen and freeze dried in a freeze dryer for 2 hours.

10.1.2.9 Generation of five-point calibration curves

The reproducibility and sensitivity of the HPLC assay were evaluated by constructing 

separate five-point calibration curves for a hairpin oligonucleotide previously used in 

this ligand-DNA study'^\ Seq-13 (5'-TATAAGATTTTCTTATA-3'), and SJG-136. 

The concentration range studied for both Seq-13 (5, 10, 20, 40 and 80 |JM) and SJG-136 

(20, 40, 80, 160 and 320 |JM) covered the concentration ranges of the oligonucleotides 

and the ligand used in the HPLC assays reported in the main text. The calibration 

curves were generated by plotting “Area Under the Curve” (AUG) against the respective 

concentrations using a scatter graph followed by addition of a best-fit line between the 

data points (Figure 10.1.2.1 A and 10.1.2.1 B). The linear calibration curves obtained 

for both Seq-13 and SJG-136 indicated that the assay is reproducible and linear over the 

concentration ranges studied.

C alibration  Curve -1

C oncentration of SiG-1361^M)

Calibration Curve - 2

10 20 iO 40 SO 60 70
Concentration of Seq-13 (pM)

A B

F igure 10.1.2.1: A , HPLC calibration curve using SJG -136 as external standard. B, HPLC 

calibration curve using Seq-13 as external standard
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10.1.2.10 Mass spectrom etric analysis

10.1.2.10.1 MALDI-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 used to obtain MALDI-TOF spectra of components 

within the lyophilised fractions. Samples from fractions containing single components 

were prepared by diluting with matrix (37 mg THAP in 1 mL ACN, 45 mg ammonium 

citrate in 1 mL water -  mixed 1:1 for matrix) either 2:1, 1:1 or 1:5 (sample: matrix) 

prior to MALDl analysis. Sample (1 pi) was spotted onto the MALDl target plate and 

allowed to dry. Samples were analyzed in positive linear mode using delayed extraction 

(500 nsec) and an accelerating voltage of 25000 V. Acquisition was between 4000 -  

15000 Da with 100 shots/spectrum.

10.1.2.10.2 ESI-MS

ESl-MS spectra were acquired on a Micromass Q-TOF Global Tandem Mass 

Spectrometer (Waters, Manchester, U.K.) fitted with a Nano Spray ion source. Negative 

mode was used for data acquisition and the instrument was calibrated with ions 

produced from a standard solution of taurocholic acid (10 pmole/pL) in acetonitrile. 

The lyophilised HPLC fractions were mixed with a 1:1 v/v mixture of 40% 

acetonitrile/water and 20 mM triethylamine/water (TEA, Fischer Scientific, U.K.) 

which was also used as the electrospray solvent. Sample (3.5 pi) was loaded into a 

metal-coated borosilicate electrospray needle with an internal diameter o f 0.7 mm and a 

spray orifice o f 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 to 1.8 - 2.0 kV, ~ 35 V and 50 V, respectively to ensure minimum fragmentation of 

the ligand/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.
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10.1.3 General procedure for FRET-based DNA melting assay

The fluorescence tagged (5'-Tam and 3'-TAMRA) oligonucleotides (quadruplex 

forming and duplex hairpin forming) were purchased in a lyophilised form from 

Eurogentec, UK. Stock solutions of the oligonucleotides (20 pM) were prepared in 

nuclease free water. Stock solutions in water (20 pM) were diluted to 400 nM using 

FRET buffer (50 mM potassium cacodylate, pEl 7.4) and annealed by heating at 85 °C 

for 10 minutes before cooling to room temperature over 5 hours. Ligand solutions were 

prepared in concentrations double that required for the final solutions. Dilutions from 

the initial 10 mM DMSO stock solutions were carried out using FRET buffer. 

Compound solution Sample (50 pL) of different concentrations was added to 50 pL of 

annealed DNA (400 nM) in each well of a 96-well plate (MJ Research, Waltham, MA, 

USA) and processed in a DNA Engine Opticon (MJ Research). Fluorescence readings 

were taken at intervals o f 0.5 °C over the range 30-100 °C, with a constant temperature 

maintained for 30 seconds prior to each reading. The incident radiation was 450-495 nm 

and the detection was conducted at 515-545 nm. The raw data were imported into the 

program Origin (version 7.0, OringinLab Corp.) and the graphs were smoothed using a 

10-point running average and subsequently normalised. Determination of the melting 

temperatures was performed by obtaining values at the maxima of the first derivative of 

the smoothed melting curves using a script. The difference between the melting 

temperature of each sample and that of the blank (ATm) was used for comparative 

purposes.
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10.2 Procedures Used in C hapter -2

10.2.1 FID assay

10.2.1.1 DNA-drug reaction

The hairpin deoxyoligonucleotides were purchased from Genbase Inc. as 1600 pM 

solutions in water. Prior to use they were diluted to a concentration of 10 pM in purified 

water and stored at 0°C. Each well o f a Costar black 96-well plate was loaded with 5pi 

of one hairpin from a 10 pM solution (final concentration of 1 pM) and 44 pL of Tris 

buffer containing EtBr (final concentration 4 pM) was added to each well. The plate 

was centrifuged for 45 seconds at 1500 rpm and incubated for 15 min at 25 °C in the 

dark, with mixing to ensure equilibration. Finally, 1 pL of drug solution (0.1 mM in 

DMSO) was added to each well (final concentration of 2 pM). After centrifuging for 45 

seconds the plate was incubated for 45 mins at 25 °C in the dark.

10.2.1.2 Fluorescence readings

Each well was read (average o f 10 read) on an EnVision fluorescence plate reader (>.ex 

544 nm Xew 595 nm) before the drug was added, and after the final period of incubation 

with the drug. Compound assessments were conducted in triplicate, with each well 

acting as its own control for no drug (EtBr and hairpin = 100% fluorescence) and with a 

well with water and drug instead of hairpin acting as a control for no DNA (EtBr, water 

and drug = 0% fluorescence). Fluorescence readings were reported as the percentage 

fluorescence decrease relative to the control, but were converted to relative binding 

percentage using the formula: 100 -  (Ĉ  fluorescence reading/2"^ reading x 100).

10.3 Procedures Used in Chapter 3

10.3.1 Materials and methods for HPLC/MS study

10.3.1.1 Oligonucleotides

The single-stranded (SS) hairpin forming oligonucleotides were obtained in a 

lyophilised form from Eurogentec UK. Each oligonucleotide was dissolved in IM 

ammonium acetate (Sigma-Aldrich UK.) to form a stock solution of 1 mM. To ensure 

hairpin formation the oligonucleotides solutions were heated to 90 C for 10 mins in a 

heating/cooling block (Grant Bio UK.). The solution was 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 hairpin oligonucleotides of 50 |iM were 

prepared by diluting the stored solutions with 100 mM ammonium acetate.

10.3.1.2 PBD ligands

The AT preferring dipyrrole-PBD conjugate GWL-78^ (1.49) 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 \xM 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. The working solution of the simplest MPB- 

PBD conjugate (3.37) was prepared following the same procedure.

10.3.1.3 Preparation of ligand-DNA complexes 

Please see section 10.1.2.6

10.3.1.4 lon-pair reversed phase liquid chromatography (RPLC) analysis

Chromatography was performed using procedure described in 10.1.2.7. Solvent gradient 

method A was employed to separate ligand/DNA incubation mixtures.

10.3.1.5 Mass spectrometry analysis (MALDl TOP)

Please see section 10.1.2.9.1

10.3.2 FRET-based melting assay

The fluorescence tagged hairpin oligonucleotide FSeq-3 and FSeq-4 was obtained in a 

lyophilised form from Eurogentec, UK. Stock solutions o f FSeq-3 and FSeq-4 in water 

(20 pM) were diluted to 400 nM using FRET buffer (50 mM potassium cacodylate, pH

7.4) and annealed by heating at 85°C for 5 minutes followed by cooling to room 

temperature over 5 hours. Please see section 10.1.3 for rest o f the procedure.

10.3.3 DNase I footprinting

HexA sequence was cut from the plasmid using Hindlll and Sad and was labeled at the 

3'-end of the Hindlll site. Radiolabeled DNA (1.5 pL) was mixed with 1.5 pL ligand 

solution (dissolved in 10 mM Tris-HCl, pH 7.5 containing 10 mM NaCl). After 

equilibration o f the ligand-DNA complexes the mixture was digested by adding 2 pL 

DNase I (about 0.01 U/mL), diluted in 20 mM NaCl, 2 mM MgCb, and 2 mM MnC^.
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DNase I was purchased from Sigma and was stored at -20 °C at a stock concentration of 

7200 U/mL in 0.15 M NaCl containing 1 mM MgCli.

After 1 min the reaction was stopped by adding 4 pL DNase I stop solution (10 mM 

EDTA, 1 mM NaOH, 0.1% bromophenol blue, 80% formamide). Before loading onto 

the gel the DNA was denatured by incubating at 100 °C for 3 mins followed by rapid 

cooling on ice before running on a denaturing polyacrylamide gel [16 mL Sequa gel 

(National Diagnostics), 5 mL 10- THE Buffer containing 8 M urea and 27 mL diluent 

(50% urea)]. Gels (40 cm long, 0.3 mm thick) were run at 1500 V for about 2 h until the 

dye reached the bottom of the gel. The gel plates were then separated and the gel fixed 

by immersing in 10% (v/v) acetic acid before being transferred to Whatman 3 MM paper 

and drying under vacuum at 80 °C. The dried gel was then exposed to a phosphor 

imager screen overnight before scanning.

10.3.3.1 Footprinting sequences 

HexA (top)
5 ' -
C G G T A C C C G G G G A T C C C G G G A T A T C G A T A T A T G G C G C C A A A T T T A G C T A T A G A T C T A G A A T T C C G G A C C G C G G T T T A A A C G T T A A C C G G T A C C T

3 ' -
G C C A T G G G C C C C T A G G G C C C T A T A G C T A T A T A C C G C G G T T T A A A T C G A T A T C T A G A T C T T A A G G C C T G G C G C C A A A T T T G C A A T T G G C C A T G G A

A G G C C T G C A G C T G C G C A T G C T A G C G C T T A A G T A C T A G T G C A C G T G G C C A T G G A T C C T C T A G A G T C G A C C T G C A G G C A T G C A A  - 3 '  

T C C G G A C G T C G A C G C G T A C G A T C G C G A A T T C A T G A T C A C G T G C A C C G G T A C C T A G G A G A T C T C A G C T G G A C G T C C G T A C G T T C G A -5 '

HexArev (Bottom)
5 ' -

A G C T T G C A T G C C T G C A G G T C G A C T C T A G A G G A T A T C G A T A T A T G G C G C C A A A T T T A G C T A T A G A T C T A G A A T T C C G G A C C G C G G T T T A A A C G

3 ' -

^ C G T A C G G A C G T C C A G C T G A G A T C T C C T A T A G C T A T A T A C C G C G G T T T A A A T C G A T A T C T A G A T C T T A A G G C C T G G C G C C A A A T T T G C

T T A A C C G G T A C C T A G G C C T G C A G C T G C G C A T G C T A G C G C T T A A G T A C T A G T G C A C G T G G C C A T G G A T C C C G G G A T C C C C G G G T A C C - 3 '

A A T T G G C C A T G G A T C C G G A C G T C G A C G C G T A C G A T C G C G A A T T C A T G A T C A C G T G C A C C G G T A C C T A G G G C C C T A G G G G C C C A T G G C '

HexB (top)
5  '  -  G G T C G A C T C T A G A G G A T C C G G C C G A T C G C G A G C T C G A G G G C C C T A A T T A G C C G G C A A T T G C A A G C T T A T A A G C G C G C T A C G T A T A

3 '  -A C G T C C A G C T G A G A T C T C C T A G G C C G G C T A G C G C T C G A G C T C C C G G G A T T A A T C G G C C G T T A A C G T T C G A A T A T T C G C G C G A T G C A T A T

C G C G T A C G C G C G T A T A T A C A T A T G T A C A T G T C G A C G T C A T G A T C A A T A T T C G A A T T A A T G C A T G G A T C C G A G C T C G A A - 3 '

G C G C A T G C G C G C A T A T A T G T A T A C A T G T A C A G C T G C A G T A C T A G T T A T A A G C T T A A T T A C G T A C C T A G G C T C G A G C T T A A - 5 '

HexArev (Bottom)
5 ' -

A A T T C G A G C T C G G T A C C C G G G G A T C C G G C C G A T C G C G A G C T C G A G G G C C C T A A T T A G C C G G C A A T T G C A A G C T T A T A A G C G C G C T A C G T A T A

3 ' -

^ G C T C G A G C C A T G G G C C C C T A G G C C G G C T A G C G C T C G A G C T C C C G G G A T T A A T C G G C C G T T A A C G T T C G A A T A T T C G C G C G A T G C A T A T

C G C G T A C G C G C G T A T A T A C A T A T G T A C A T G T C G A C G T C A T G A T C A A T A T T C G A A T T A A T G C A T G G A T C C T C T A G A G T C G A C C T G C A -3 '

G C G C A T G C G C G C A T A T A T G T A T A C A T G T A C A G C T G C A G T A C T A G T T A T A A G C T T A A T T A C G T A C C T A G G A G A T C T C A G C T G G -5 '
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10.3.4 A ntibacterial study

10.3.4.1 Bacterial strains

The community-acquired Methicillin-resistant Staphylococcus aureus (CA-MRSA) 

US A300 and Micrococcus luteus were purchased from ATCC (ATCC numbers: BAA- 

1556 and 4698 respectively) and the remaining bacterial strains used in this study were 

kindly provided by Professor Jeremy Hamilton-Miller of the Royal Free and University 

College Medical School, London, UK. The antibacterial activity o f MPB-PBD library 

members was evaluated against multidrug-resistant Staphylococcus aureus (EMRSA- 

15, EMRSA-16, BB568, and USA300), Enterococcus faecalis (VREl) and E. faecium  

(VREIO).

10.3.4.2 Susceptibility testing

The MICs of the compounds were determined following the microdilution assay 

detailed by the Clinical and Laboratory Standards Institute, using Mueller-Hinton broth 

as a culture medium for all strains, except M. luteus for which Trypticase Soy Broth was 

used. Briefly, a bacterial overnight culture (37°C for all Staphylococci and 30°C for M. 

luteus) was diluted to a final concentration of -5x10^ cfu/mL and 0.1 mL of bacterial 

suspension was added to 96-well microtitre trays containing two-fold dilutions of the 

compounds (final concentrations range -  0.06 pg/mL -32 pg/mL). The compounds were 

dissolved in DMSO prior to dilution in the adequate culture medium to achieve the final 

desired concentrations in each well. The final volume was 0.2 mL. Culture media and 

drug control wells were included in every assay. The MIC was defined as the lowest 

concentration at which there was no visible growth detectable after 24 h of incubation at 

37°C for MRS A strains and 48 h and 30°C for M  luteus.

10.3.4.3 Compound preparation for antibacterial study

10.3.4.3.1 MPB-PBD conjugates

PBD-MPBs (3.37-3.44) were dissolved in DMSO prior to dilution in broth; appropriate 

concentrations of DMSO were incorporated into controls to ensure that the low 

concentrations o f solvent used had no effect on the growth of test strains.
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10.3.4.3.2 Control compounds

PBD-Py-Py (GWL-78, 1.49), PBD-Im-Im (RMH-67, 3.47), PBD acid (3.46) and MPB 

building block (3.4) itself were used as control molecules for the antibacterial study. 

Like MPB-PBDs, these molecules were also dissolved in DMSO prior to dilution in 

broth.

10.3.5 Cytotoxicity study

The cells were grown in normal conditions at 37°C under a 5% CO2 humidified 

atmosphere, either in Dulbecco’s Modified Eagle Medium or Modified Eagle Medium, 

(depending on the cell line), supplemented with 10% fetal bovine serum (Biosera, UK), 

1% L-glutamine, 1% non-essential amino acids and 0.05% hydrocortisone (Gibco, 

Invitrogen, USA). Cells were seeded in 96-well plates in a total volume of 160 pL, and 

were allowed to reach a 30-40% degree o f confluence before starting the experiment. 

The compounds were dissolved in sterilized ultrapure water at a maximum 

concentration of 100 pM, and serial decimal dilutions were prepared. These were added 

to the cells in a volume of 40 pL. After 96 h o f continuous exposure to the agent, the 

cytotoxicity was determined by the MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide] (Lancaster Synthesis Ltd UK) colorimetric assay^^ .̂ 

Absorbance was quantified by spectrophotometry at X = 570 nm (ELx808, Bio-Tek 

Instruments, Inc.). IC50 values were calculated by a dose-response analysis using the 

Origin 6.0 ® software.
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10.4 Procedures Used in Chapter 4

10.4.1 FRET-based quadruplex DNA melting assay

10.4.1.1 Compound preparation

The ligands, in their free base form, were dissolved in DMSO to obtain 10 mM solutions 

and were kept as stock solutions at -20°C. The stability of the compounds under these 

conditions was confirmed by periodical HPLC analysis.

10.4.1.2 FRET-based DNA melting assay procedure

Three different fluorescence tagged intramolecular DNA G-quadruplex sequences, 

human telomeric G-quadruplex (HT4, FAM-d{G2>\J^^^ûi>-TAMRA\ two different c-kit 

promoter G-quadruplexes (c-kit-1, FAM-diG^AG^CGCTGiAGjAG^yTAMRA  and c-kit- 

2, FAM-d{GT,CG2 CGCGAG^AG^-TAMRA) and a DNA duplex hairpin sequence [FAM- 

(TA)2GC(TA)2T6(TA)2GC(TA)2-7MM/M] were purchased in a lyophilised form from 

Eurogentec UK. Initially stock solutions (100 pM and 20 pM) o f the quadruplex and 

duplex sequences were prepared in nuclease free water and stored at -20°C. Stock 

solutions of DNA in water (20 pM) were diluted to 400 nM using FRET buffer (50 mM 

potassium cacodylate, pH 7.4) and annealed by heating at 85°C for 5 minutes followed 

by cooling to room temperature over 5 hours. FRET buffer solutions were kept at -20°C 

and were thawed to room temperature when required. Annealed DNA solutions were 

consumed within 2 days and never stored. Please see section 10.1.3 for rest of the 

procedure. The ATm values were plotted against concentrations of the ligands using 

Sigmaplot 11.0 to obtain the melting curves presented here.

10.4.2 Circular Dichroism study of biaryl polyamide ligands

The quadruplex forming DNA sequences were purchased from AtdBio Limited, School 

of Chemistry, University of Southampton. CD spectra were measured on a Jasco J-720 

spectropolarimeter. All DNA samples were dissolved in Tris-HCl buffer (50 mM, pH

7.4); the samples o f human telomeric G-quadruplexes also contained 100 mM KCl. The 

CD titration of c-kit-1 and c-kit-2 quadruplexes was performed in the absence o f salts. 

The quadruplex sequences were annealed by heating to 90°C and followed by slow 

cooling to 15°C over a period of 24 h. 1 mM stock solutions of the ligands in milli-Q 

water were prepared from a 50 mM stock solution in DMSO. Spectra were recorded 

between 220 - 320 nm and 220 - 400 nm in 5 mm path length cuvettes. Results were 

averaged over 5 scans, recorded at lOOnm min”  ̂ with a response time of 1 s and a
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bandwidth of 1 nm. A buffer baseline was subtracted from each spectrum, and the 

spectra were normalized to have zero ellipticity at 320 nm. The ligands do not have any 

chiral centre and were CD inactive.

10.4.3 Footprinting study

Please see section 10.3.3. Only Hex-A sequence was used for the footprinting study of 
biaryl polyamides

10.4.4 Short term cytotoxicity assay of biaryl polyamides

10.4.4.1 Cell culture experiments

All cell lines were purchased from ATCC-LGC Promochem and viability was maintained in 

a Heraeus Hera Cell 240 incubator (37°C, 5% CO2; 75 cm  ̂plates supplied by TPP).

The following media were prepared under sterile conditions as follows:

Dulbecco’s Modified Eagles Media (DMEM; Invitrogen) supplemented with foetal

bovine serum (10% v/v; Invitrogen), hydrocortisone (0.5pg/mL; Acros Organics), L-

glutamine (2mM; Invitrogen) and non-essential amino acids (Ix; Invitrogen) was used

for the sub-culturing of MCF7, A549 and HT29 cell lines, and Minimal Essential

Medium (MEM; Sigma-Aldrich) supplemented with foetal bovine serum (10% v/v;

Invitrogen), L-glutamine (2mM; Invitrogen) and non-essential amino acids (Ix;

Invitrogen) was used for maintenance o f the WI38 cell line. Cell passages were

performed routinely by washing with PBS (GIBCO 14040, Invitrogen, UK),

trypsinisation (GIBCO 25300, Invitrogen, UK) and re-seeding into fresh medium
4

adjusting the initial cell density to approximately 1x10 cells/mL medium. Cell counting 

was performed using a Neubauer haemocytometer (Assistant, Germany) by microscopy 

on a suspension of cells obtained by washing with PBS, trypsinisation, centrifugation at
0

4 C at 6000 rpm for 1 minute, and re-suspension in fresh medium.

10.4.4.2 Sulphorhodamine B (SRB) short term cytotoxicity assay:

Short term growth inhibition was measured using a modified form of the SRB assay^^\ 

Briefly, cells were seeded (4000 cells/well MCF7 and WI38; 1000 cells/well A549; 

200cells/well HT29) into the wells o f 96 well-plates in the appropriate media and 

incubated overnight to allow the cells to attach.
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Subsequently, cells were exposed to freshly-made solutions o f drug at increasing 

concentrations between 0.1 -  50 pM in quadruplicate, and incubated for a further 96h. 

Following this, the cells were fixed with ice cold trichloroacetic acid (TCA) (10% w/v) 

for 30 min and stained with 0.4% SRB dissolved in 1% acetic acid for 15 mins. All 

incubations were carried out at room temperature. The IC50 values (concentration 

required to inhibit cell growth by 50% relative to control cells) were determined from 

the mean absorbance at 540nm for each drug concentration expressed as a percentage o f 

the well absorbance in untreated control cells.

10.5 Procedures Used in Chapter 5

10.5.1 Oligonucleotides used in the study

10.5.1.1 Single-stranded oligonucleotides

The single-stranded (SS) oligonucleotides were obtained in a lyophilised form from 

Eurogentec, U.K. (Table 10.5.1).

Table 10.5.1: Structures and average masses of the single stranded (SS) 

oligonucleotides used in the study and the average mass of the adducts formed from 

their covalent interaction with GWL-78.

Label SS DNA Sequence A verage M ass o f  SS 

DNA

Average M ass o f 1:1 

Adduct

Seq-1 5'-TATAAGAAAATCTTATA-3' 5200.49 5791.10

Seq-2 5 '-TATA AG ATTTTCTTAT A-3 ' 5173.45 5764.06

Seq-3 5 '-GCGC AG ATTTTCTTATA-3 ' 5175.45 n/a

Seq-4 5-TATAAIAAAATCTTATA-3' 5185.43 n/a

10.5.1.2 Double-stranded oligonucleotide

Each single-stranded oligonucleotide was dissolved in 1 M ammonium acetate (Sigma- 

Aldrich, U.K.) to form a 1 mM stock solution. A solution of double-stranded DNA Seq- 

l/Seq-2) was prepared by heating the complementary SS DNA sequences (1 mM) in 1 

M ammonium acetate to 90 C for 10 minutes in a heating/cooling block (Grant Bio, 

U.K.). The solution was then allowed to cool slowly to room temperature followed by
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storage at -20 C overnight to ensure completion of the annealing process. Working 

solutions of DS DNA duplex o f 50 pM were prepared by diluting the stored ImM 

solutions with 100 mM ammonium acetate solution.

Table 10.5.2: Structure and average mass of the double stranded (DS) oligonucleotide 

duplex used in the study and the average mass of the adduct formed from its covalent 

interaction with GWL-78.

Label
DS DNA Sequence

Average M ass 

o fD S  DNA

Average M ass 

o f 2:1 Adduct

Seq-l/Seq-2
5 '-TATAAG A A A ATCTTATA-3 ' 

3 '-ATATTCTTTTAGA ATAT-5 '
10373.94 11555.16

10.5.1.3 PBD conjugate GWL-78

PBD conjugate GWL-78 was provided by Spirogen Ltd (Batch No. SG2274.005) and 

was dissolved in 2:1 v/v ratio of methanol:water 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 stock solution with 100 mM ammonium 

acetate solution. These were stored at -20°C for not more than one week and thawed to 

room temperature for use when required.

10.5.1.4 Preparation of ligand-DNA complexes

Ligand-DNA complexes were prepared according to procedure described in section 

3.3.2.

10.5.1.5 lon-pair reversed phase liquid chromatography (RPLC) analysis

Chromatography was performed using procedure described in 10.1.2.7. Solvent gradient 

method B was employed to separate ligand/DNA incubation mixtures. Solvent gradient 

method C was used for analyzing non-hairpin forming oligonucleotides.

10.5.1.6 Mass spectrometric analysis

Mass spectrometric analysis (ESI-MS and MALDI-TOF MS) were performed according 

to procedures described in section 10.1.2.9
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10.5.2 Circular Dichroism and thermal dénaturation studies

CD spectra and UV melting curves were recorded on an Applied Photophysics 

Chirascan Circular Dichroism Spectrophotometer (Applied Photophysics Ltd, UK) 

using a quartz cell o f 1 cm optical path length and an instrument scanning speed o f 100 

nm/min with a response time of 2 s, and over a wavelength range o f 200-360 nm at 

20°C. The oligonucleotide concentrations used were 5 pM. All CD spectra are zero 

corrected and baseline-corrected for signal contributions due to the buffer. 

Ligand/oligonucleotide complexes were prepared by incubating GWL-78 with 

oligonucleotides at a 4:1 molar ratio at room temperature in 100 mM ammonium acetate 

buffer. Seq-1 and Seq-2 melting curves were recorded at 222 nm between 293 K to 368 

K. The melting profiles of 1:1 Seq-1 and Seq-2 adducts were recorded at 260 nm 

between 293 K to 368 K.

10.5.3 Molecular modeling

10.5.3.1 General method

Please see section 10.1.1 for the general method. The molecular modeling work and the 

molecular dynamics simulations presented in this chapter were carried out by Dr. Colin 

James.

10.5.3.2 Modeling of ligand/DNA adducts

10.5.3.2.1 Modeling of GWL-78/Hairpin sequences

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, respectively . The resulting 

files were edited to give a continuous 5' to 3' sequence. After minimization, a dynamics 

simulation was performed over 300 ps according to the general method described 

above. A single molecule of GWL-78 was then added in each o f the two possible 

orientations (Figure 5.12 A and B for Seq-1, C and D for Seq-2). The first orientation 

(5.12 A or 5.12 C) had GWL-78 positioned snugly within the minor-groove with the N- 

methylpyrrole heterocycles pointing towards the 5'-end of the covalently-bound (at G6) 

arm of the hairpin. In the second orientation (5.12 B or 5.12 D), GWL-78 was still 

covalently bound to G6 but the A^-methylpyrrole heterocycles were pointing in the
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direction of the hairpin loop {i.e., towards the 3'-end of the DNA). Molecular dynamics 

simulations of these different constructs were performed over 300 ps. 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 models o f the initially energy minimized structures are shown in 

Figure 5.13.

10.5.3.2.2 Modeling of GWL-78/duplex DNA adducts:

Models of the four possible 2:1 GWL-78/DS DNA adducts were constructed for the 

duplex 5'-TATAAGAAAATCTTATA-3' (5e^-7)/5'-TATAAG ATTTTCTTAT A-3'

{Seq-2), as illustrated in Figure 5.11 (A-D). Subsequent minimization and dynamics 

were performed over 200ps. The models of the initially energy minimized structures are 

shown in Figure 5.12.

10.5.4 Preparation of anthramycin solution

Naturally occurring PBD anthramycin was purchased from Sigma-Aldrich (UK) in a 

powdered form. The identity of anthramycin was confirmed by LC-MS and NMR 

analysis. Powdered anthramycin was dissolved in 2:1 v/v ratio of methanol:water 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 stock 

solution with 100 mM ammonium acetate solution.

Table 10.5.3: Structures and average masses of the single stranded (SS) 

oligonucleotides used in the study and the average mass of the adducts formed from 

their covalent interaction with GWL-78 and anthramycin.

Label SS DNA Sequence Average 

Mass o f SS 

DNA

Average 

Mass of 1:1 

GWL-78 

Adduct

Average 

Mass of 1:1 

anthramycin 

Adduct

Seq-2 5 '-TATAAGATTTTCTT ATA-3 ' 5173.45 5764.12 5502.84

GSeq-

2
5 '-GCGC AGATTTTCTGCGC-3 ' 5175.45 5768.04

5506.76
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10.5.5 Circular Dichroism and thermal dénaturation study for studying 
reversibility of PBD-DNA covalent linkage

The UV & CD spectra of the oligonucleotides (DNA) and its DNA-ligands solutions 

were acquired on the Applied Photophysics Ltd (Leatherhead, UK) Chirascan 

spectrometer. The UV absorbance & CD spectra were measured between 500-200 nm 

in a strain-free rectangular 10 mm cell. The instrument was flushed continuously with 

pure evaporated nitrogen throughout the experiment. Spectra were recorded with a 0.5 

nm step size, a 1.5 s time-per-point and a spectral bandwidth of 1 nm. Addition of 

ligand to oligonucleotides was carried out while maintaining the concentration of DNA 

constant. All spectra were acquired at room temperature and buffer baseline corrected. 

All CD spectra were smoothed using the Savisky-Golay method with a window factor 

of 4-12 for a better presentation.

For temperature stability, the CD spectrum was first recorded at room temperature 

(20°C), highest temperature (90°C), and re-cooled to 20°C after heating. Melting 

profiles were recorded during heating and cooling processes. The instrument was 

equipped with a Quantum (NorthWest) TC I25 Peltier unit set to change temperature 

from 20—>90°C at a rate of 3°C/min with a 5°C step size, and a 0.2°C tolerance. The 

same parameters were set for the cooling (90—>>2G°C) process. A 2s CD measurement 

time scale was employed. The temperature was measured directly with a thermocouple 

probe in the solution. Melting temperatures was fitted using the Levenbert-Marquart 

algorithm for Van H offs isochors.
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10.6 Procedures Used in Chapter 6

10.6.1 HPLC/MS study

10.6.1.1 Single-stranded oligonucleotides

Single-stranded (SS) oligonucleotides were obtained in lyophilised form from AtdBio 

Ltd (UK). They were annealed to form duplex (double stranded) DNA according to the 

procedures described in section 10.1.2.3.

10.6.1.2 PBD dimer SJG-136

SJG-136 was supplied by Spirogen Ltd (Batch No: SG2000.003) and was dissolved in 

50/50 v/v methanol/water to form a stock solution o f 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 stock 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.

10.6.1.3 Preparation of adducts of SJG-136 and DNA 

Please see section 10.1.2.6

10.6.1.4 lon-pair reversed-phase liquid chromatography and MS analysis

Liquid chromatography was performed according to method described in section

10.1.27. Solvent gradient method B was used to separate ligand/DNA incubation 

mixtures. Please see section 10.1.2.9 for mass spectrometric procedures.

10.6.2 General CD studies

UV and CD spectra were acquired using a Chirascan spectrophotometer (Applied 

Photophysics, Leatherhead, UK). Suprasil 10 mm rectangular cells were employed for 

the wavelength region 400-215 nm. The instrument was flushed continuously with pure 

evaporated nitrogen throughout the experiment. The following parameters were 

employed: 1 nm spectral bandwidth, 1 nm step-size and 1.5 s instrument time. All CD 

and UV spectra were buffer baseline corrected. The CD spectra were smoothed using 

the Savitsky-Golay method^^^ with a window factor o f 4, and expressed in terms of AA.
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10.6.3 Thermostability studies

The UV and CD spectra o f selected solutions were recorded initially at room 

temperature (20 °C), then after heating to high temperature (90 °C), and again after re

cooling to 20 °C. The melting profiles were monitored at different wavelengths during 

both the heating and cooling phases. The instrument was equipped with a Quantum 

(North West) TC I25 Peltier unit set to change temperature from 20—>90 °C in 5 °C 

steps with 90 seconds temperature ramping and a 0.2 °C tolerance. A 0.2 second time- 

per-point CD measurement time and 1 nm step-size were employed for monitoring in 

the 400-215 nm region. Temperature was measured directly using a thermocouple 

probe in the sample solution, and melting data were fitted using a Levenberg-Marquart 

algorithm on the Van H offs isochors^^^.

10.6.4 Molecular modeling and dynamics simulation

Please see section 10.1.1 for general modeling procedures.

Molecular models were constructed in order to examine the structures of the DNA 

duplexes with and without PBD dimers bound. To test the integrity of the modeled 

structures under energetic conditions, dynamics simulations were carried out over 2ns 

(nanoseconds) at room temperature (300 K). For comparison, and as a measure of the 

affinity of PBD dimers for the different sequences, dynamics was also performed for the 

same constructs consisting of Duplexes 1-4 interacting with SJG-136 non-covalently 

and the free energy calculations of binding calculated using the AMBER MM PBSA 

approach. In this method, internal energies and non bonded interactions (long range cut 

off) derived from molecular mechanics were combined with the generalized Bom (GB) 

continuum solvent method. Stmctures for the free energy calculations consisted of 100 

models derived from the molecular dynamics simulation taken at equal intervals. In the 

case of the non-covalent studies, SJG-136 was placed in the minor-groove equidistant 

between the reacting guanine NH] groups. In all cases, constructs were exported for 

subsequent minimization during which the DNA alone was restrained with a high force 

constant, allowing the ligand to adjust to the DNA environment. Further minimization 

steps were performed while gradually reducing the restraints to zero. Molecular 

graphics images were produced using the UCSF Chimera package from the Resource 

for Biocomputing at the University o f California, San Francisco (supported by NIH P41 

RR-01081). Dynamics simulations using the AMBER 'Sander' program were then 

performed. In Sander, the generalized Bom/surface area (GB/SA) implicit solvent
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model was used with monovalent electrostatic ion screening simulated with SALTCON 

set to 0.2M. The dynamics integration time-step used was 0.002 ps, while constraining 

all bonds to hydrogen atoms using the SHAKE algorithm^^. A temperature of 300 K 

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.

For each dynamics simulation, a RMS fit of each saved conformation was performed 

against the first dynamics frame as a measure o f conformational variation. In addition, 

the distance between the nucleophile nitrogens of the reacting C2 -NH2 groups o f the 

guanines and each of the respective Cl 1 atoms of SJG-136 was monitored. As a 

measure of the ability of SJG-136 to 'stretch' during the dynamics, the distance between 

the C l 1 atoms at each end of the SJG-136 molecule was also monitored.

10.6.5 HPLC/MS Study for cross-linking rule

10.6.5.1 Preparation of oligonucleotides solutions

The study was carried out using the oligonucleotides shown in Table 6.7. These were 

obtained in lyophilized form from AtdBio Ltd., Southampton, United Kingdom. Double 

stranded oligonucleotide working solutions were prepared according to procedure 

described in section 10.1.2.3

10.6.5.2 PBD cross linking agents

PBD cross-linking agents SJG-136 (Batch no: SG2000.003), ELB-21 and DRG-16, 

batch no: SG2060.002 and batch no. SG 2000, respectively, were provided by Spirogen 

Ltd. The working solutions of the cross-linking agents and the ligand:DNA incubation 

mixtures were prepared according to procedures described in sections 10.1.2.5 and 

10.1.2.6, respectively. Samples were withdrawn at various time intervals and subjected 

to ion-pair RPLC and MALDI-TOF mass spectrometry analysis, as described in section

10.1.2.7 and 10.1.2.9
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10.6.6 Molecular modeling study for PBD dimers

In order to examine the structural feasibility of the different cross-linked DNA adducts, 

molecular models were constructed. To test the integrity of the structures under 

energetic conditions, dynamics simulations were carried out at room temperature 

(300K). SJG136, ELB-21 and DRG16 were constructed and minimized with

Macromodel (v6.5) and exported in PDB format. The AMBER package was used for 

subsequent conversion to the 'mol2' format applying Gasteiger charges (antechamber), 

and missing parameters were added with the 'parmchk' routine. The DNA duplexes were 

made with AMBER and the adducts constructed manually in the first instance by means 

of 'Xleap', maintaining the S configuration at the covalent point of attachment. 

Structures were then exported for minimization, initially constraining the DNA atoms to 

allow the bound ligand to find a minimal energy without distorting the DNA structure. 

Subsequent minimization was applied without constraints. The generalised Bom/surface 

area (GB/SA) implicit solvent model was used with monovalent electrostatic ion 

screening being simulated with the SALTCON parameter set to 0.2 (M) and a long 

range non-bonded cutoff was employed.

Molecular simulation dynamics simulations were performed over 200 ps for the 

sequences 5 '-T AT AG AATCT AT A-3 ' and 5 '-T AT AG AAT GT AT A-3 ' for the interstrand 

and intrastrand cases respectively where SJG136 was the ligand. The minimized 

structures became the starting point for the dynamics simulations. The same solvent 

screening conditions were used throughout the dynamics, as used in the minimization 

procedure. An integration time step of 0.002 ps was used while constraining all bonds to 

hydrogen with the SHAKE algorithm. A temperature o f 300 K was maintained by use 

of the Langevin thermostat (NTT=3, GAMMA_LN=2) and a long range non-bonded 

cut-off of 100 (Â) was used.
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10.7 Procedures Used in Chapter 7

10.7.1 HPLC/MS study

10.7.1.1 Single-stranded oligonucleotides

The single-stranded (SS) oligonucleotides {Seq-1 and Seq-2) were obtained in a 

lyophilised form from AtdBio Ltd., Southampton (Table 7.1). The double-dye 

fluorescent hairpin oligonucleotide {FSeq-5) used for the FRET-based DNA melting 

assay was obtained in a lyophilised form from Eurogentec UK.

Table 10.7.1: Oligonucleotides used in the study

Labels SS DNA Sequences

Seq-1 5 '-TATAGATCTATA-3 '

Seq-2 5 '-TATAAG ATTTTCTTAT A-3 '

FSeq-5
FAM-5-TAT-AGA-TATA-TATA-TTT-TTT-TATA-TATA-TCT-ATA-

3-TAM RA

The hairpin oligonucleotide Seq-2 was dissolved in IM ammonium acetate solution 

(Sigma-Aldrich UK) to form a stock solution of 1 mM. Although it was previously seen 

that this sequence formed hairpins regardless o f the annealing process, annealing 

procedure was performed to ensure complete hairpin formation. A ImM solution of 

Seq-2 in 1 M ammonium acetate was heated to 90 C for 10 minutes in a heating/cooling 

block (Grant Corporation, UK.). The solution was left to cool at room temperature for 6 

hours followed by storage at -20 C overnight to ensure completion of the annealing 

process. A working solution of 50 pM was prepared by diluting the stock solution with 

100 mM ammonium acetate.

The fluorescence tagged FSeq-5 was diluted with water to make a stock solution o f 20 

pM. The stock solution was diluted to 400 nM using FRET buffer (50 mM potassium 

cacodylate, pH 7.4) and annealed by heating at 85°C for 5 minutes followed by cooling 

to room temperature over 5 hours.
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10.7.1.2 Double-stranded oligonucleotide

The single-stranded self-complementary Seq-\ was dissolved in 100 mM ammonium 

acetate (Sigma-Aldrich UK) to form a stock solution o f 2 mM which was later diluted to 

1 mM by addition of annealing buffer (10 mM Tris/50 mM sodium chloride/1 mM 

EDTA). A solution of double-stranded Seq-1/Seq-1 were prepared by heating Seq-1 (1 

mM) in annealing buffer (pH 8.5) to 70 C for 10 minutes in a heating/cooling block 

(Grant Bio UK). The solutions were then allowed to cool slowly to room temperature 

followed by storage at -20 C overnight to ensure completion o f the annealing process. 

Working solutions of DS DNA duplexes at 50 pM concentration were prepared by 

diluting the stored solutions with 20 mM ammonium acetate.

The masses of the oligonucleotides alone and for their covalent adducts with the PBD 

dimer SJG-136 and the PBD conjugate GW-78 are shown in Table 10.7.2.

Table 10.7.2: Structures and average masses o f oligonucleotides used in the study, and 

the average mass o f the adducts formed from their covalent interaction with one 

molecule of SJG-136 and GWL-78 (as measured by MS).

Label DNA Sequence Average

Mass

Average Mass of Adduct

With

SJG-136

With

GWL-78

Seq-l/Seql

Duplex

5 '-T ATAGATCT AT A-3 ' 

3 '-AT ATCTAGAT AT-5 ' 7287.4 7844.01

(1:1)

8468 (2:1)

Seq-2 5 '-T AT AAG ATTTTCTTATA-3 ' 5173.45
n/a 5764.06

(1:1)

10.7.1.3 PBD dimer SJG-136

SJG-136 was provided by Spirogen Ltd (Batch no: SG2000.003) and was dissolved in 

50/50 v/v methanol/water to form a stock solution o f 3 mM which was stored at -20 C 

for no longer than four months. Working solutions o f 200 pM were prepared by 

diluting the stock solution with nuclease free water. These were stored at -20 C for not 

more than one week and then thawed to room temperature for use when required.
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10.7.1.4 PBD conjugate GWL-78

PBD conjugate GWL-78 was provided by Spirogen Ltd (Batch No. SG2274.005). The 

stock and working solutions o f GWL-78 were prepared according to the procedure 

described in section 10.1.2.

10.7.1.5 Preparation of ligand/DNA complexes

Ligand/DNA complexes were prepared by incubating working solutions of SJG-136 (in 

nuclease free water) or GWL-78 (in 100 mM ammonium acetate) with single stranded 

(in 100 mM ammonium acetate) or duplex oligonucleotides (in 20 mM ammonium 

acetate/0.5 mM Tris/2.5 mM sodium chloride/50 pM EDTA) at a 4:1 molar ratio at 

room temperature, unless otherwise stated. Samples were withdrawn at various time 

intervals and subjected to ion-pair RPLC^^^ and mass spectrometric analysis as 

described below.

10.7.1.6 Solvent gradient

Please see section 3.3.3 for system and mobile phases of the ion-pair RPLC analysis. 

The gradient was ramped from 90% A at 0 minutes to 70% A at 20 minutes, 60% at 25 

minutes and finally to 10% A at 40 minutes.

10.7.2 Microwave irradiation

All microwave irradiation was performed in 0.2-5 mL sealed Pyrex vials in an Emry’s 

Optimizer Personal Chemistry Instrument (Biotage AG). The ligand/DNA solutions 

were subjected to microwave irradiation at the indicated temperatures for different time 

intervals without any pre-stirring. Depending on the temperature required 43-68 W of 

microwave power was used to irradiate the ligand/DNA or DNA solutions. This 

Biotage instrument has sophisticated thermostat settings and the reaction temperatures 

inside the vials are believed to be those indicated (27 °C and 40 °C).

Page 348



Bibliography

1. Marky, L. A.; Ferrante, R.; Breslauer, K. J. Biophysical Journal 1986,49, A303-A303.
2. Hanahan, D.; Weinberg, R. A. Cell 2000,100, 57-70.
3. Weir, H. K.; Thun, M. J.; Hankey, B. P.; Ries, L. A. G.; Howe, H. L.; Wingo, P. A.; 

Jemal, A.; Ward, E.; Anderson, R. N.; Edwards, B. K. Journal o f the National Cancer 
Institute 2003,95, 1276-1299.

4. Ferrara, N.; Kerbel, R. S. Nature 2005,438, 967-974.
5. Wells, G.; Martin, C. R. H.; Howard, P. W.; Sands, Z. A.; Laughton, C. A.; Tiberghien, 

A.; Woo, C. K.; Masterson, L. A.; Stephenson, M. J.; Hartley, J. A.; Jenkins, T. C.; 
Shnyder, S. D.; Loadman, P. M.; Waring, M. J.; Thurston, D. E. Journal o f Medicinal 
Chemistry 2006, 49, 5442-5461.

6. Phan, A. T.; Leroy, J. L. Journal o f Biomolecular Structure & Dynamics 2000, 245-
251.

7. Guo, K.; Gokhale, V.; Hurley, L. H.; Sun, D. Nucleic Acids Research 2008,36, 4598- 
4608.

8. Xu, Y.; Sugiyama, H. Nucleic Acids Research 2006,34, 949-954.
9. Chandler, D. Nature 2005, 437, 640-647.
10. Saenger, W. Principles o f nucleic acid structure. Springer-Verlag. New York 1984.
11. Dervan, P. B. Bioorganic & Medicinal Chemistry 2001, 9, 2215-2235.
12. Neidle, S.; Read, M. A. Biopolymers 2000, 56, 195-208.
13. Haider, S. M.; Parkinson, G. N.; Neidle, S. Journal o f Molecular Biology 2003,326, 

117-125.
14. Parkinson, G. N.; Cuenca, P.; Neidle, S. Journal o f Molecular Biology 2008, 381, 1145- 

1156.
15. Bates, P.; Mergny, J. L.; Yang, D. Embo Reports 2007,8, 1003-1010.
16. Phan, A. T.; Kuryavyi, V.; Burge, S.; Neidle, S.; Patel, D. J. Journal o f the American

Chemical Society 2007, 129, 4386-4392.
17. Lemarteleur, T.; Gomez, D.; Paterski, R.; Mandine, E.; Mailliet, P.; Riou, J. P. 

Biochemical and Biophysical Research Communications 2004,323, 802-808.
18. Huppert, J. L. Philosophical Transactions o f the Royal Society a-Mathematical Physical 

and Engineering Sciences 2007, 365, 2969-2984.
19. Ou, T. M.; Lu, Y. J.; Zhang, C.; Huang, Z. S.; Wang, X. D.; Tan, J. H.; Chen, Y.; Ma,

D. L.; Wong, K. Y.; Tang, J. C. O.; Chan, A. S. C.; Gu, L. Q. Journal o f Medicinal 
Chemistry 2007i 50, 1465-1474.

20. Gabelica, V.; Baker, E. S.; Teulade-Pichou, M. P.; De Pauw, E.; Bowers, M. T. Journal 
of the American Chemical Society 2007,129, 895-904.

21. Douarre, C.; Gomez, D.; Morjani, H.; Zahm, J. M.; O’Donohue, M. P.; Eddabra, L.; 
Mailliet, P.; Riou, J. P.; Trentesaux, C. Nucleic Acids Research 2005, 33, 2192-2203.

22. Siddiqui-Jain, A.; Grand, C. L.; Bearss, D. J.; Hurley, L. H. Proceedings o f the National 
Academy of Sciences o f the United States o f America 2002, 99, 11593-11598.

23. Rankin, S.; Reszka, A. P.; Huppert, J.; Zloh, M.; Parkinson, G. N.; Todd, A. K.;
Ladame, S.; Balasubramanian, S.; Neidle, S. Journal o f the American Chemical Society 
2005, 127, 10584-10589.

24. Fernando, H.; Reszka, A. P.; Huppert, J.; Ladame, S.; Rankin, S.; Venkitaraman, A. R.; 
Neidle, S.; Balasubramanian, S. Biochemistry 2006,45, 7854-7860.

25. Oganesian, L.; Bryan, T. M. Bioessays 2007,29, 155-165.
26. Qin, Y.; Rezler, E. M.; Gokhale, V.; Sun, D.; Hurley, L. H. Nucleic Acids Research 

2007,35, 7698-7713.
27. Hurley, L. H.; Wheelhouse, R. T.; Sun, D.; Kerwin, S. M.; Salazar, M.; Pedoroff, O. Y.; 

Han, P. X.; Han, H. Y.; Izbicka, E.; Von Hoff, D. D. Pharmacology & Therapeutics 
2000,85, 141-158.

28. Sun, X. G.; Cao, E. H.; Bai, C. L.; He, Y. J.; Qin, J. P. Chinese Science Bulletin 1998,
43, 1456-1460.

29. Mohaghegh, P.; Karow, J. K.; Brosh, R. M.; Bohr, V. A.; Hickson, I. D. Nucleic Acids 
Research 2001,29, 2843-2849.

-----------------------------------------------------  Page 349 -------------------------------------------------



30. Sun, D. Y.; Hurley, L. H. Drug-Nucleic Acid Interactions 2001,340, 573-+.
31. Schaffitzel, C.; Berger, I.; Postberg, J.; Hanes, J.; Lipps, H. J.; Pluckthun, A. 

Proceedings o f the National Academy o f Sciences o f the United States o f America 2001, 
98, 8572-8577.

32. Paeschke, K.; Simonsson, T.; Postberg, J.; Rhodes, D.; Lipps, H. J. Nature Structural & 
Molecular Biology 2005,12, 847-854.

33. Granotier, C.; Pennarun, G.; Riou, L.; Hoffschir, P.; Gauthier, L. R.; De Cian, A.; 
Gomez, D.; Mandine, E.; Riou, J. F.; Mergny, J. L.; Mailliet, P.; Dutrillaux, B.;
Boussin, F. D. Nucleic Acids Research 2005,33, 4182-4190.

34. Kumari, S.; Bugaut, A.; Huppert, J. L.; Balasubramanian, S. Nature Chemical Biology 
2007,5,218-221.

35. Love, J. J.; Li, X.; Chung, J.; Dyson, H. J.; Wright, P. E. Biochemistry 2004,43, 8725- 
8734.

36. Geiger, J. H.; Hahn, S.; Lee, S.; Sigler, P. B. Science 1996,272, 830-836.
37. Love, J. J.; Li, X. A.; Case, D. A.; Giese, K.; Grosschedl, R.; Wright, P. E. Nature 1995, 

376, 791-795.
38. Kim, Y. C.; Geiger, J. H.; Hahn, S.; Sigler, P. B. Nature 1993, 365, 512-520.
39. Ellenberger, T. E.; Brandi, C. J.; Struhl, K.; Harrison, S. C. Cell 1992, 71, 1223-1237.
40. Pavletich, N. P.; Pabo, C. O. Science 1991,252, 809-817.
41. Kosa, P. F.; Ghosh, G.; DeDecker, B. S.; Sigler, P. B. Proceedings o f the National 

Academy o f Sciences o f the United States o f America 1997, 94, 6042-6047.
42. Tateno, M.; Yamasaki, K.; Amano, N.; Kakinuma, J.; Koike, H.; Allen, M. D.; Suzuki, 

M. Biopolymers 1997,44, 335-359.
43. Neidle, S. Natural Product Reports 2001,18, 291-309.
44. Kamitori, S.; Takusagawa, F. Journal o f Molecular Biology 1992,225, 445-456.
45. Paloma, L. G.; Smith, J. A.; Chazin, W. J.; Nicolaou, K. C. Journal o f the American 

Chemical Society 1994,116, 3697-3708.
46. Coll, M.; Frederick, C. A.; Wang, A. H. J.; Rich, A. Proceedings o f the National 

Academy of Sciences o f the United States o f America 1987, 84, 8385-8389.
47. Reddy, B. S. P.; Sondhi, S. M.; Lown, J. W. Pharmacology & Therapeutics 1999, 84, 1-

1 1 1 .

48. Ren, J. S.; Chaires, J. B. Biochemistry 1999, 38, 16067-16075.
49. Hickman, J. A. Cancer and Metastasis Reviews 1992,11, 121-139.
50. Liu, L. F. Annual Review o f Biochemistry 1989, 58, 351-375.
51. Young, R. C.; Ozols, R. F.; Myers, C. E. New England Journal o f Medicine 1981,305, 

139-153.
52. Ross, W. E.; Glaubiger, D.; Kohn, K. W. Biochimica et Biophysica Acta 1979, 562, 41- 

50.
53. Lepecq, J. B.; Paoletti, C. Journal o f Molecular Biology 1967,27, 87-&.
54. Denny, W. A. Current Medicinal Chemistry 2001,8, 533-544.
55. Saffhill, R.; Margison, G. P.; Oconnor, P. J. Biochimica Et Biophysica Acta 1985,823, 

111-145.
56. Kohn, K. W.; Hartley, J. A.; Mattes, W. B. Nucleic Acids Research 1987,15, 10531- 

10549.
57. Pfuhler, S.; Wolf, H. U. Environmental and Molecular Mutagenesis 1996,27, 196-201.
58. Loehrer, P. J.; Einhom, L. H. Annals o f Internal Medicine 1984,100, 704-713.
59. Wong, E.; Giandomenico, C. M. Chemical Reviews 1999, 99, 2451-2466.
60. Wemmer, D. E. Annual Review o f Biophysics and Biomolecular Structure 2000,29, 

439-461.
61. Baraldi, P. G.; Bovero, A.; Fruttarolo, F.; Preti, D.; Tabrizi, M. A.; Pavani, M. G.; 

Romagnoli, R. Medicinal Research Reviews 2004,24, 475-528.
62. Bailly, C.; Chaires, J. B. Bioconjugate Chemistry 1998, 9, 513-538.
63. Wellenzohn, B.; Flader, W.; Winger, R. H.; Hallbrucker, A.; Mayer, E.; Liedl, K. R. 

Biophysical Journal 2001,81, 1588-1599.
64. Jenkins, T. C.; Hurley, L. H.; Neidle, S.; Thurston, D. E. Journal o f Medicinal 

Chemistry 1994, 37, 4529-4537.

Page 350



65. Wilson, S. C.; Howard, P. W,; Forrow, S. M.; Hartley, J. A.; Adams, L. J.; Jenkins, T.
C.; Kelland, L. R.; Thurston, D. E. Journal o f Medicinal Chemistry 1999, 42, 4028- 
4041.

66. Gregson, S. J.; Howard, P. W.; Hartley, J. A.; Brooks, N. A.; Adams, L. J.; Jenkins, T.
C.; Kelland, L. R.; Thurston, D. E. Journal o f Medicinal Chemistry 2001,44, 737-748.

67. Gregson, S. J.; Howard, P. W.; Gullick, D. R.; Hamaguchi, A.; Corcoran, K. E.; Brooks, 
N. A.; Hartley, J. A.; Jenkins, T. C.; Patel, S.; Guille, M. J.; Thurston, D. E. Journal o f 
Medicinal Chemistry 2004, 47, 1161-1174.

68. Hadjivassileva, T.; Thurston, D. E.; Taylor, P. W. Journal o f Antimicrobial 
Chemotherapy 2005,56, 513-518.

69. Martin, C.; Ellis, T.; McGurk, C. J.; Jenkins, T. C.; Hartley, J. A.; Waring, M. J.; 
Thurston, D. E. Biochemistry 2005,44, 4135-4147.

70. Bremer, R. E.; Szewczyk, J. W.; Baird, E. E.; Dervan, P. B. Bioorganic & Medicinal 
Chemistry 2000,8, 1947-1955.

71. Cory, M.; Tidwell, R. R.; Fairley, T. A. Journal o f Medicinal Chemistry 1992,55, 431- 
438.

72. Buchmueller, K. L.; Staples, A. M.; Howard, C. M.; Horick, S. M.; Uthe, P. B.; Le, N. 
M.; Cox, K. K.; Nguyen, B.; Pacheco, K. A. O.; Wilson, W. D.; Lee, M. Journal o f the 
American Chemical Society 2QQ5,127, 742-750.

73. Wang, L.; Bailly, C.; Kumar, A.; Ding, D.; Bajic, M.; Boykin, D. W.; Wilson, W. D. 
Proceedings o f the National Academy o f Sciences o f the United States o f America 2000, 
97, 12-16.

74. Nguyen, B.; Tardy, C.; Bailly, C.; Colson, P.; Houssier, C.; Kumar, A.; Boykin, D. W.; 
Wilson, W. D. Biopolymers 2002, 63, 281-297.

75. Nguyen, B.; Lee, M. P. H.; Hamelberg, D.; Joubert, A.; Bailly, C.; Brun, R.; Neidle, S.; 
Wilson, W. D. Journal o f the American Chemical Society 2002, 124, 13680-13681.

76. Nguyen, B.; Hamelberg, D.; Bailly, C.; Colson, P.; Stanek, J.; Brun, R.; Neidle, S.; 
Wilson, W. D. Biophysical Journal 2004, 86, 1028-1041.

77. Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R. E. Journal o f Molecular 
Biology 1985,183, 553-563.

78. Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R. E. Proceedings o f the 
National Academy o f Sciences of the United States o f America 1985, 82, 1376-1380.

79. Shi, K.; Mitra, S. N.; Sundaralingam, M. Acta Crystallographica Section D-Biological 
Crystallography 2002, 58, 601-606.

80. Denisov, A. Y.; Ryabinin, V. A.; Pyshnyi, D. V.; Abramova, T. V.; Sinyakov, A. N. 
Journal o f Structural Chemistry 2001, 42, 92-98.

81. Lah, J.; Vesnaver, G. Biochemistry 2000, 39, 9317-9326.
82. Dwyer, T. J.; Geierstanger, B. H.; Bathini, Y.; Lown, J. W.; Wemmer, D. E. Journal o f 

the American Chemical Society 1992,114, 5911-5919.
83. Fagan, P. A.; Spielmann, H. P.; Sigurdsson, S. T.; Rink, S. M.; Hopkins, P. B.; 

Wemmer, D. E. Nucleic Acids Research 1996,24, 1566-1573.
84. Dolenc, J.; Oostenbrink, C.; Koller, J.; van Gunsteren, W. F. Nucleic Acids Research 

2005,33, 725-733.
85. Pelton, J. G.; Wemmer, D. E. Proceedings o f the National Academy o f Sciences o f the 

United States o f America 1989,86, 5723-5727.
86. Boger, D. L.; Johnson, D. S. Proceedings o f the National Academy of Sciences o f the 

United States o f America 1995, 92, 3642-3649.
87. Woods, C. R.; Faucher, N.; Eschgfaller, B.; Bair, K. W.; Boger, D. L. Bioorganic & 

Medicinal Chemistry Letters 2002,12, PII S0960-894X(02)00467-5.
88. Lown, J. W.; Krowicki, K.; Bhat, U. G.; Skorobogaty, A.; Ward, B.; Dabrowiak, J. C. 

Biochemistry 1986,25, 7408-7416.
89. Lown, J. W. Journal o f Molecular Recognition 1994, 7, 79-88.
90. Kumar, S.; Jaseja, M.; Zimmermann, J.; Yadagiri, B.; Pon, R. T.; Sapse, A. M.; Lown,

J. W. Journal o f Biomolecular Structure & Dynamics 1990,8, 99-121.
91. Rao, K. E.; Shea, R. G.; Yadagiri, B.; Lown, J. W. Anti-Cancer Drug Design 1990, 5, 

3-20.

Page 351



92. Lee, M.; Shea, R. G.; Hartley, J. A.; Kissinger, K.; Pon, R. T.; Vesnaver, G.; Breslauer, 
K. J.; Dabrowiak, J. C.; Lown, J. W. Journal o f the American Chemical Society 1989, 
111, 345-354.

93. Kopka, M. L.; Goodsell, D. S.; Han, G. W.; Chiu, T. K.; Lown, J. W.; Dickerson, R. E. 
Structure 1997,5, 1033-1046.

94. Lee, M.; Krowicki, K.; Shea, R. G.; Lown, J. W.; Pon, R. T. Journal o f Molecular 
Recognition 1989,2, 84-93.

95. Plouvier, B.; Houssin, R.; Helbecque, N.; Colson, P.; Houssier, C.; Henichart, J. P.; 
Bailly, C. Anti-Cancer Drug Design 1995,10, 155-166.

96. Geierstanger, B. H.; Jacobsen, J. P.; Mrksich, M.; Dervan, P. B.; Wemmer, D. E. 
Biochemistry 1994, 33, 3055-3062.

97. Mrksich, M.; Wade, W. S.; Dwyer, T. J.; Geierstanger, B. H.; Wemmer, D. E.; Dervan, 
P. B. Proceedings o f the National Academy o f Sciences o f the United States o f America 
1992,89, 7586-7590.

98. Geierstanger, B. H.; Mrksich, M.; Dervan, P. B.; Wemmer, D. E. Science 1994,266, 
646-650.

99. Dervan, P. B.; Burli, R. W. Current Opinion in Chemical Biology 1999,3, 688-693.
100. Kelly, J. J.; Baird, E. E.; Dervan, P. B. Proceedings o f the National Academy of 

Sciences o f the United States o f America 1996,93, 6981-6985.
101. de Clairac, R. P. L.; Seel, C. J.; Geierstanger, B. H.; Mrksich, M.; Baird, E. E.; Dervan, 

P. B.; Wemmer, D. E. Journal o f the American Chemical Society 1999,121, 2956-2964.
102. Trauger, J. W.; Baird, E. E.; Dervan, P. B. Chemistry & Biology 1996,3, 369-377.
103. Turner, P. R.; Ferguson, L. R.; Denny, W. A. Anti-Cancer Drug Design 1998,13, 941- 

954.
104. Dervan, P. B.; Edelson, B. S. Current Opinion in Structural Biology 2003,13, 284-299.
105. Walker, W. L.; Kopka, M. L.; Goodsell, D. S. Biopolymers 1997, 44, 323-334.
106. Neamati, N.; Mazumder, A.; Sunder, S.; Owen, J. M.; Tandon, M.; Lown, J. W.; 

Pommier, Y. Molecular Pharmacology 1998, 54, 280-290.
107. Janssen, S.; Cuvier, O.; Muller, M.; Laemmli, U. K. Molecular Cell 2000, 6, 1013- 

1024.
108. Browne, K. A.; He, G. X.; Bruice, T. C. Journal o f the American Chemical Society 

1993,115, 7072-7079.
109. Satz, A. L.; Bruice, T. C. Bioorganic & Medicinal Chemistry 2002,10, 241-252.
110. White, C. M.; Satz, A. L.; Bruice, T. C.; Beerman, T. A. Proceedings o f the National 

Academy o f Sciences o f the United States o f America 2001, 98, 10590-10595.
111. Bruice, T. C.; Sengupta, D.; Blasko, A.; Chiang, S. Y.; Beerman, T. A. Bioorganic & 

Medicinal Chemistry 1997,5, 685-692.
112. Krowicki, K.; Balzarini, J.; Declercq, E.; Newman, R. A.; Lown, J. W. Journal o f 

Medicinal Chemistry 1988,31, 341-345.
113. Gupta, R.; Wang, H. Y.; Huang, L. R.; Lown, J. W. Anti-Cancer Drug Design 1995,10, 

25-41.
114. Lee, M.; Rhodes, A. L.; Wyatt, M. D.; Forrow, S.; Hartley, J. A. Anti-Cancer Drug 

Design 1993, 8, 173-192.
115. Broggini, M.; Erba, E.; Ponti, M.; Ballinari, D.; Geroni, C.; Spreafico, F.; Dincalci, M. 

Cancer Research 1991, 51, 199-204.
116. Marchini, S.; Cozzi, P.; Beria, L; Geroni, C.; Capolongo, L.; D'Incalci, M.; Broggini,

M. Anti-Cancer Drug Design 1998,13, 193-205.
117. Filipowsky, M. E.; Kopka, M. L.; BrazilZison, M.; Lown, J. W.; Dickerson, R. E. 

Biochemistry 1996, 35, 15397-15410.
118. Gupta, R.; Liu, J. X.; Xie, G. J.; Lown, J. W. Anti-Cancer Drug Design 1996,11, 581- 

596.
119. Krivtsova, M. A.; Moroshkina, E. B.; Glibin, E. N.; Frisman, E. V. Molecular Biology 

1984,18, 770-775.
120. Nicolaou, K. C.; Smith, A. L.; Yue, E. W. Proceedings o f the National Academy o f 

Sciences o f the United States o f America 1993,90, 5881-5888.
121. Schultz, P. G.; Dervan, P. B. Journal o f Biomolecular Structure & Dynamics 1984,1, 

1133-1147.

Page 352



122. Yeung, B. K. S.; Boger, D. L. Journal o f Organic Chemistry 2003, 68, 5249-+,
123. Boger, D. L.; Dechantsreiter, M. A.; Ishii, T.; Fink, B. E.; Hedrick, M. P. Bioorganic &

Medicinal Chemistry 2000,8, 2049-2057.
124. Boger, D. L.; Searcey, M.; Tse, W. C.; Jin, Q. Bioorganic & Medicinal Chemistry 

Letters 2000,10, 495-498.
125. Boger, D. L.; Fink, B. E.; Brunette, S. R.; Tse, W. C.; Hedrick, M. P. Journal o f the 

American Chemical Society 2001,123, 5878-5891.
126. Boger, D. L.; Tse, W. C. Bioorganic & Medicinal Chemistry 2001, 9, 2511-2518.
127. Tse, W. C.; Boger, D. L. Accounts o f Chemical Research 2004,37, 61-69.
128. Rao, K. E.; Bathini, Y.; Lown, J. W. Journal o f Organic Chemistry 1990,55, 728-737.
129. Reddy, B. S. P.; Sharma, S. K.; Lown, J. W. Current Medicinal Chemistry 2001,8, 475- 

508.
130. Sharma, S. K.; Tandon, M.; Lown, J. W. Journal o f Organic Chemistry 2001, 66, 1030- 

1034.
131. Baird, E. E.; Dervan, P. B. Journal o f the American Chemical Society 1996, 775, 6141- 

6146.
132. Olenyuk, B.; Jitianu, C.; Dervan, P. B. Journal o f the American Chemical Society 2003, 

125, 4741-4751.
133. Belitsky, J. M.; Nguyen, D. H.; Wurtz, N. R.; Dervan, P. B. Bioorganic & Medicinal 

Chemistry 2Q02,10, PII 80968-0896(02)00133-5.
134. Boger, D. L.; Deshamais, J.; Capps, K. Angewandte Chemie-lnternational Edition 

2003,42,4138-4176.
135. Boger, D. L.; Lee, J. K. Journal o f Organic Chemistry 2000, 65, 5996-6000.
136. Boger, D. L.; Fink, B. E.; Hedrick, M. P. Journal o f the American Chemical Society 

2000,122, 6382-6394.
137. Alsaid, N. H.; Lown, J. W. Tetrahedron Letters 1994,35, 7577-7580.
138. Baraldi, P. G.; Nunez, M. D.; Tabrizi, M. A.; De Clercq, E.; Balzarini, J.; Bermejo, J.; 

Estevez, F.; Romagnoli, R. Journal o f Medicinal Chemistry 2004, 47, 2877-2886.
139. Baraldi, P. G.; Preti, D.; Fruttarolo, F.; Tabrizi, M. A.; Romagnoli, R. Bioorganic & 

Medicinal Chemistry 2007, 75, 17-35.
140. Hartley, J. A.; Spanswick, V. J.; Brooks, N.; Clingen, P. H.; McHugh, P. J.;

Hochhauser, D.; Pedley, R. B.; Kelland, L. R.; Alley, M. C.; Schultz, R.; Hollingshead, 
M. G.; Schweikart, K. M.; Tomaszewski, J. E.; Sausville, E. A.; Gregson, S. J.;
Howard, P. W.; Thurston, D. E. Cancer Research 2004, 64, 6693-6699.

141. Peggins, J. O.; Emmerling, D. C.; Bollinger, L. H.; Ryan, M. J.; Sells, D. M.; Grossi, I. 
M.; Tomaszewski, J. E. Clinical Cancer Research 2003,9, 6083S-6083S.

142. Bibby, M. C.; Suggitt, M.; Cooper, P. A.; Thurston, D. E. Clinical Cancer Research 
2003, 9, 6259S-6260S.

143. Wilkinson, G. P.; Taylor, J. P.; Shnyder, S.; Cooper, P.; Howard, P. W.; Thurston, D.
E.; Jenkins, T. C.; Loadman, P. M. Investigational New Drugs 2004,22, 231-240.

144. 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. Journal o f Medicinal 
Chemistry 1999,42, 1951-1964.

145. Thurston, D. E.; Langley, D. R. Journal o f Organic Chemistry 1986, 57, 705-712.
146. Leimgrub.W; Stefanov.V; Schenker, F.; Karr, A.; Berger, J. Journal o f the American 

Chemical Society 1965,87, 5791-&.
147. Hurley, L. H.; Reck, T.; Thurston, D. E.; Langley, D. R.; Holden, K. G.; Hertzberg, R. 

P.; Hoover, J. R. E.; Gallagher, G.; Faucette, L. F.; Mong, S. M.; Johnson, R. K. 
Chemical Research in Toxicology 1988, 7, 258-268.

148. Allen, C. S.; Lubawy, W. C.; Hurley, L. H. Journal o f Natural Products 1979,42, 694- 
694.

149. Hurley, L. H.; Allen, C. S.; Feola, J. M.; Lubawy, W. C. Cancer Research 1979,39, 
3134-3140.

150. Petrusek, R. L.; Uhlenhopp, E. L.; Duteau, N.; Hurley, L. H. Journal o f Biological 
Chemistry 1982,257, 6207-6216.

151. Barkley, M. D.; Cheatham, S.; Thurston, D. E.; Hurley, L. H. Biochemistry 1986,25, 
3021-3031.

Page 353



152. Hertzberg, R. P.; Hecht, S. M.; Reynolds, V. L.; Molineux, I. J.; Hurley, L. H. 
Biochemistry 1986,25, 1249-1258.

153. Puvvada, M. S.; Forrow, S. A.; Hartley, J. A.; Stephenson, P.; Gibson, L; Jenkins, T. C.; 
Thurston, D. E. Biochemistry 1997,36, 2478-2484.

154. Guiotto, A.; Howard, P. W.; Baraldi, P. G.; Thurston, D. E. Bioorganic & Medicinal 
Chemistry Letters 1998,5, 3017-3018.

155. Kamal, A.; Ramulu, P.; Srinivas, O.; Ramesh, G.; Kumar, P. P. Bioorganic & Medicinal 
Chemistry Letters 2004,14, 4791-4794.

156. Kamal, A.; Shankaraiah, N.; Reddy, K. L.; Devaiah, V.; Juvekar, A.; Sen, S. Letters in 
Drug Design & Discovery 2007, 4, 596-604.

157. Kamal, A.; Devaiah, V.; Reddy, K. L.; Kumar, M. S. Bioorganic & Medicinal 
Chemistry 2005,13, 2021-2029.

158. Kamal, A.; Reddy, B. S. N.; Reddy, G. S. K.; Ramesh, G. Bioorganic & Medicinal 
Chemistry Letters 2002,12, PII S0960-894X(02)00326-8.

159. Smellie, M.; Kelland, L. R.; Thurston, D. E.; Souhami, R. L.; Hartley, J. A. British 
Journal o f Cancer 1994, 70, 48-53.

160. Kamal, A.; Ramesh, G.; Laxman, N.; Ramulu, P.; Srinivas, O.; Neelima, K.; Kondapi,
A. K.; Sreenu, V. B.; Nagarajaram, H. A. Journal o f Medicinal Chemistry 2002, 45, 
4679-4688.

161. Jones, G. B.; Davey, C. L.; Jenkins, T. C.; Kamal, A.; Kneale, G. G.; Neidle, S.; 
Webster, G. D.; Thurston, D. E. Anti-Cancer Drug Design 1990,5, 249-264,

162. Jones, G. B.; Thurston, D. E.; Thompson, A. S.; Jenkins, T. C.; Webster, G. D.; Neidle, 
S. Journal o f Pharmacy and Pharmacology 1989, 41, lOlP.

163. Foloppe, M. P.; Bose, D. S.; Thurston, D. E. Journal o f Pharmacy and Pharmacology 
1993,45, 1124.

164. Foloppe, M. P.; Rault, S.; Thurston, D. E.; Jenkins, T. C.; Robba, M. European Journal 
o f Medicinal Chemistry 1996,31, 407-410.

165. Wilson, S. C.; Puvvada, M. S.; Thurston, D. E. Journal o f Pharmacy and 
Pharmacology 1993, 45, 1125.

166. Sagnou, M. J.; Howard, P. W.; Gregson, S. J.; Eno-Amooquaye, E.; Burke, P. J.; 
Thurston, D. E. Bioorganic & Medicinal Chemistry Letters 2000, 10, 2083-2086.

167. Masterson, L.; Spanswick, V. J.; Boone, J. J. M.; Howard, P. W.; Hartley, J. A.; Begent, 
R. H.; Thurston, D. E. Proceedings o f the American Association for Cancer Research 
Annual Meeting 46, 161-162.

168. Bulow, C.; Masterson, L.; Howard, P. W.; Sharma, S. K.; Pedley, R. B.; Begent, R. H.;
Spanswick, V. J.; Hartley, J. A.; Thurston, D. E. Proceedings o f the American 
Association for Cancer Research Annual Meeting , 48,551.

169. Gregson, S. J.; Howard, P. W.; Jenkins, T. C.; Kelland, L. R.; Thurston, D. E. Chemical 
Communications 1999, 797-798.

170. Hartley, J. A.; Brooks, N.; McHugh, P. J.; Clingen, P. H.; Gregson, S. J.; Howard, P.
W.; Thurston, D. E. Proceedings o f the American Association for Cancer Research 
Annual Meeting 2000, 425.

171. Gregson, S. J.; Howard, P. W.; Corcoran, K. E.; Jenkins, T. C.; Kelland, L. R.;
Thurston, D. E. Bioorganic & Medicinal Chemistry Letters 2001,11, 2859-2862.

172. Antonow, D.; Cooper, N.; Howard, P. W.; Thurston, D. E. Journal o f Combinatorial 
Chemistry 2007,9, 437-445.

173. Morris, S. J.; Thurston, D. E.; Nevell, T. G. Journal o f Antibiotics 1990,43, 1286-1292.
174. Leimgrub.W; Batcho, A. D.; Czajkows.Rc. Journal o f the American Chemical Society 

1968, 90, 5641-&.
175. Langley, D. R.; Thurston, D. E. Journal o f Organic Chemistry 1987,52, 91-97.
176. Thompson, A. S.; Morris, S. J.; Thurston, D. E. Journal o f Pharmacy and 

Pharmacology 1990, 42, 44P.
177. Langlois, N.; Favre, F.; Rojas, A. Tetrahedron Letters 1993,34, 4635-4638.
178. Eguchi, S.; Yamashita, K.; Matsushita, Y.; Kakehi, A. Journal o f Organic Chemistry 

1995, 60,4006-4012.
179. Pena, M. R.; Stille, J. K. Journal o f the American Chemical Society 1989, 111, 5417- 

5424.

Page 354



180. Mori, M.; Uozumi, Y.; Ban, Y. Journal o f the Chemical Society-Chemical 
Communications 1986, 841-842.

181. Mori, M.; Kimura, M.; Uozumi, Y.; Ban, Y. Tetrahedron Letters 1985,26, 5947-5950.
182. Pena, M. R.; Stille, J. K. Tetrahedron Letters 1987,28, 6573-6576.
183. Shi, D. F.; Wheelhouse, R. T.; Sun, D. Y.; Hurley, L. H. Journal o f Medicinal 

Chemistry 2001,44, 4509-4523.
184. Cooper, N.; Burger, A. M.; Matthews, C. S.; Howard, P. W.; Thurston, D. E. European 

Journal o f Cancer 2002, 58, 404.
185. Thurston, D. E.; Murty, V. S.; Langley, D. R.; Jones, G. B. Synthesis-Stuttgart 1990, 

81-84.
186. Bose, D. S.; Jones, G. B.; Thurston, D. E. Tetrahedron 1992,48, 751-758.
187. Fukuyama, T.; Liu, G.; Linton, S. D.; Lin, S. C.; Nishino, H. Tetrahedron Letters 1993, 

34, 2577-2580.
188. Andriamialisoa, R. Z.; Langlois, N. Tetrahedron Letters 1986,27, 1149-1152.
189. Zahler, A. M.; Williamson, J. R.; Cech, T. R.; Prescott, D. M. Nature (London) 1991, 

350, 718-720.
190. Bejugam, M.; Sewitz, S.; Shirude, P. S.; Rodriguez, R.; Shahid, R.; Balasubramanian,

S. Journal o f the American Chemical Society 2007,129, 12926.
191. Grand, C. L.; Bearss, D. J.; Von Hoff, D. D.; Hurley, L. H. European Journal o f Cancer 

2002,35,358.
192. Monchaud, D.; Allain, C.; Bertrand, H.; Smargiasso, N.; Rosu, F.; Gabelica, V.; De 

Cian, A.; Mergny, J. L.; Teulade-Fichou, M. R. Biochimie 2008,90, 1207-1223.
193. Ou, T. M.; Lu, Y. J.; Tan, J. H.; Huang, Z. S.; Wong, K. Y.; Gu, L. Q. Chemmedchem 

2008, 3, 690-713.
194. Campbell, N. H.; Parkinson, G. N. Methods 2007, 43, 252-263.
195. Parkinson, G. N.; Lee, M. P. H.; Neidle, S. Nature 2002, 417, 876-880.
196. Perry, P. J.; Jenkins, T. C. Mini-Reviews in Medicinal Chemistry 2001, 7, 31-41.
197. Perry, P. J.; Reszka, A. P.; Wood, A. A.; Read, M. A.; Gowan, S. M.; Dosanjh, H. S.; 

Trent, J. O.; Jenkins, T. C.; Kelland, L. R.; Neidle, S. Journal o f Medicinal Chemistry 
1998,41, 4873-4884.

198. Perry, P. J.; Read, M. A.; Davies, R. T.; Gowan, S. M.; Reszka, A. P.; Wood, A. A.; 
Kelland, L. R.; Neidle, S. Journal o f Medicinal Chemistry 1999,42, 2679-2684.

199. Missailidis, S.; Stanslas, J.; Modi, C.; Ellis, M. J.; Robins, R. A.; Laughton, C. A.; 
Stevens, M. F. G. Oncology Research 2002,13, 175-189.

200. Read, M.; Harrison, R. J.; Romagnoli, B.; Tanious, F. A.; Gowan, S. H.; Reszka, A. P.; 
Wilson, W. D.; Kelland, L. R.; Neidle, S. Proceedings o f the National Academy of 
Sciences o f the United States o f America 2001,98, 4844-4849.

201. Gunaratnam, M.; Greciano, O.; Martins, C.; Reszka, A. P.; Schultes, C. M.; Morjani,
H.; Riou, J. F.; Neidle, S. Biochemical Pharmacology 2007, 74, 679-689.

202. Gowan, S. M.; Harrison, J. R.; Patterson, L.; Valenti, M.; Read, M. A.; Neidle, S.; 
Kelland, L. R. Molecular Pharmacology 2002, 61, 1154-1162.

203. Incles, C. M.; Schultes, C. M.; Kempski, H.; Koehler, H.; Kelland, L. R.; Neidle, S. 
Molecular Cancer Therapeutics 2004, 3, 1201-1206.

204. Burger, A. M.; Dai, F. P.; Schultes, C. M.; Reszka, A. P.; Moore, M. J.; Double, J. A.; 
Neidle, S. Cancer Research 2005, 65, 1489-1496.

205. Moore, M. J. B.; Schultes, C. M.; Cuesta, J.; Cuenca, F.; Gunaratnam, M.; Tanious, F. 
A.; Wilson, W. D.; Neidle, S. Journal o f Medicinal Chemistry 2006, 49, 582-599.

206. Schultes, C. M.; Guyen, W.; Cuesta, J.; Neidle, S. Bioorganic & Medicinal Chemistry 
Letters 2004,14, 4347-4351.

207. Martins, C.; Gunaratnam, M.; Stuart, J.; Makwana, V.; Greciano, O.; Reszka, A. P.;
Kelland, L. R.; Neidle, S. Bioorganic & Medicinal Chemistry Letters 2007, 17, 2293-
2298.

208. Fedoroff, O. Y.; Salazar, M.; Han, H. Y.; Chemeris, V. V.; Kerwin, S. M.; Hurley, L. H. 
Biochemistry 1998,37, 12367-12374.

209. Han, H. Y.; Bennett, R. J.; Hurley, L. H. Biochemistry 2000, 39, 9311-9316.
210. Han, H. Y.; Cliff, C. L.; Hurley, L. H. Biochemistry 1999,38, 6981-6986.

Page 355



211. Rangan, A.; Fedoroff, O. Y.; Hurley, L. H. Journal o f Biological Chemistry 2001,276, 
4640-4646.

212. Tuesuwan, B.; Kern, J. T.; Thomas, P. W.; Rodriguez, M.; Li, J.; David, W. M.;
Kerwin, S. M. Biochemistry 47, 1896-1909.

213. Rossetti, L.; Franceschin, M.; Bianco, A.; Ortaggi, G.; Savino, M. Bioorganic & 
Medicinal Chemistry Letters 2002,12, 2527-2533.

214. Zagotto, G.; Sissi, C.; Lucatello, L.; Pivetta, C.; Cadamuro, S. A.; Fox, K. R.; Neidle,
S.; Palumbo, M. Journal o f Medicinal Chemistry 2008, 51, 5566-5574.

215. Franceschin, M.; Rossetti, L.; D'Ambrosio, A.; Schirripa, S.; Bianco, A.; Ortaggi, G.; 
Savino, M.; Schultes, C.; Neidle, S. Bioorganic & Medicinal Chemistry Letters 2006,
16, 1707-1711.

216. Izbicka, E.; Wheelhouse, R. T.; Raymond, E.; Davidson, K. K.; Lawrence, R. A.; Sun,
D. Y.; Windle, B. E.; Hurley, L. H.; Von Hoff, D. D. Cancer Research 1999,59, 639- 
644.

217. Han, H. Y.; Langley, D. R.; Rangan, A.; Hurley, L. H. Journal o f the American 
Chemical Society 2001,123, 8902-8913.

218. Izbicka, E.; Nishioka, D.; Marcell, V.; Raymond, E.; Davidson, K. K.; Lawrence, R. A.;
Wheelhouse, R. T.; Hurley, L. H.; Wu, R. S.; Von Hoff, D. D. Anti-Cancer Drug 
Design 1999, 14, 355-365.

219. Seenisamy, J.; Bashyam, S.; Gokhale, V.; Vankayalapati, H.; Sun, D.; Siddiqui-Jain, A.; 
Streiner, N.; Shin-ya, K.; White, E.; Wilson, W. D.; Hurley, L. H. Journal o f the 
American Chemical Society 2005,127,2944-2959.

220. Shin-ya, K.; Wierzba, K.; Matsuo, K.; Ohtani, T.; Yamada, Y.; Furihata, K.; Hayakawa, 
Y.; Seto, H. Journal o f the American Chemical Society 2001,123, 1262-1263.

221. Gomez, D.; Aouali, N.; Renaud, A.; Douarre, C.; Shin-ya, K.; Tazi, J.; Martinez, S.; 
Trentesaux, C.; Morjani, H.; Riou, J. F. Cancer Research 2003, 63, 6149-6153.

222. Gomez, D.; Aouali, N.; Londono-Vallejo, A.; Lacroix, L.; Megnin-Chanet, F.; 
Lemarteleur, T.; Douarre, C.; Shin-ya, K.; Mailliet, P.; Trentesaux, C.; Morjani, H.; 
Mergny, J. L.; Riou, J. F. Journal o f Biological Chemistry 2003,278, 50554-50562.

223. Gomez, D.; Paterski, R.; Lemarteleur, T.; Shin-ya, K.; Mergny, J. L.; Riou, J. F. Journal 
o f Biological Chemistry 2004,279, 41487-41494.

224. Gomez, D.; Wenner, T.; Brassait, B.; Douarre, C.; O'Donohue, M. F.; El Khoury, V.; 
Shin-Ya, K.; Morjani, H.; Trentesaux, C.; Riou, J. F. Journal o f Biological Chemistry 
2006,257,38721-38729.

225. Tauchi, T.; Shin-ya, K.; Sashida, G.; Sumi, M.; Nakajima, A.; Shimamoto, T.; 
Ohyashiki, J. H.; Ohyashiki, K. Oncogene 2003,22, 5338-5347.

226. Nakajima, A.; Tauchi, T.; Sashida, G.; Sumi, M.; Abe, K.; Yamamoto, K.; Ohyashiki, J. 
H.; Ohyashiki, K. Leukemia 2003, 77, 560-567.

227. Shammas, M. A.; Reis, R. J. S.; Li, C.; Koley, H.; Hurley, L. H.; Anderson, K. C.; 
Munshi, N. C. Clinical Cancer Research 2004,10, 770-776.

228. Tahara, H.; Shin-ya, K.; Seimiya, H.; Yamada, H.; Tsuruo, T.; Ide, T. Oncogene 2006, 
25, 1955-1966.

229. Doi, T.; Yoshida, M.; Shin-ya, K.; Takahashi, T. Organic Letters 2006, 8, 4165-4167.
230. Jantos, K.; Rodriguez, R.; Ladame, S.; Shirude, P. S.; Balasubramanian, S. Journal o f 

the American Chemical Society 128, 13662-13663.
231. Minhas, G. S.; Pilch, D. S.; Kerrigan, J. E.; LaVoie, E. J.; Rice, J. E. Bioorganic & 

Medicinal Chemistry Letters 2006,16, 3891-3895.
232. Gowan, S. M.; Heald, R.; Stevens, M. F. G.; Kelland, L. R. Molecular Pharmacology 

2001, 60, 981-988.
233. Leonetti, C.; Amodei, S.; D'Angelo, C.; Rizzo, A.; Benassi, B.; Antonelli, A.; Elli, R.; 

Stevens, M. F. G.; D'Incalci, M.; Zupi, G.; Biroccio, A. Molecular Pharmacology 2004, 
66, 1138-1146.

234. Heald, R. A.; Modi, C.; Cookson, J. C.; Hutchinson, I.; Laughton, C. A.; Gowan, S. M.; 
Kelland, L. R.; Stevens, M. F. G. Journal o f Medicinal Chemistry 2002, 45, 590-597.

235. Cookson, J. C.; Heald, R. A.; Stevens, M. F. G. Journal o f Medicinal Chemistry 2005, 
48, 7198-7207.

Page 356



236. Phatak, P.; Cookson, J. C.; Dai, F.; Smith, V.; Gartenhaus, R. B.; Stevens, M. F. G.; 
Burger, A, M. British Journal o f Cancer 2007, 96, 1223-1233.

237. Salvati, E.; Leonetti, C.; Rizzo, A.; Scarsella, M.; Mottolese, M.; Galati, R.; Sperduti, I.; 
Stevens, M. F. G.; D'Incalci, M.; Blasco, M.; Chiorino, G.; Bauwens, S.; Horard, B.; 
Gilson, E.; Stoppacciaro, A.; Zupi, G.; Biroccio, A. Journal o f Clinical Investigation 
2007,777,3236-3247.

238. Pennarun, G.; Granotier, C.; Gauthier, L. R.; Gomez, D.; Boussin, F. D. Oncogene 
2005,24, 2917-2928.

239. Riou, J. F.; Guittat, L.; Mailliet, P.; Laoui, A.; Renou, E.; Petitgenet, O.; Megnin- 
Chanet, F.; Helene, C.; Mergny, J. L. Proceedings o f the National Academy o f Sciences 
of the United States o f America 2002, 99, 2672-2677.

240. De Cian, A.; DeLemos, E.; Mergny, J. L.; Teulade-Fichou, M. P.; Monchaud, D. 
Journal o f the American Chemical Society 2007, 129, 1856-+.

241. De Cian, A.; Lacroix, L.; Douarre, C.; Temime-Smaali, N.; Trentesaux, C.; Riou, J. F.; 
Mergny, J. L. Biochimie 2008,90, 131-155.

242. Monchaud, D.; Teulade-Fichou, M. P. Organic & Biomolecular Chemistry 2008, 6, 
627-636.

243. Masutomi, K.; Hahn, W. C. Cancer Letters 2003,194, 163-172.
244. Greenberg, R. A.; O'Hagan, R. C.; Deng, H. Y.; Xiao, Q. R.; Hann, S. R.; Adams, R. R.;

Lichtsteiner, S.; Chin, L.; Morin, G. B.; DePinho, R. A. Oncogene 1999,18, 1219-1226.
245. de Oliveira, A. M.; Custodio, F. B.; Donnici, C. L.; Montanari, C. A. European Journal 

of Medicinal Chemistry 2003, 38, 141-155.
246. Tse, W. C.; Boger, D. L. Current Protocols in Nucleic Acid Chemistry 2005, Chapter 8, 

Unit 8.5.
247. Geysen, H. M.; Schoenen, F.; Wagner, D.; Wagner, R. Nature Reviews Drug Discovery 

2003,2, 222-230.
248. Merrifield, R. B. Biochemistry 1964, 3, 1385-&.
249. Lam, K. S.; Salmon, S. E.; Hersh, E. M.; Hruby, V. J.; Kazmierski, W. M.; Knapp, R. J. 

Nature 1991, 354, 82-84.
250. Houghten, R. A.; Pinilla, C.; Blondelle, S. E.; Appel, J. R.; Dooley, C. T.; Cuervo, J. H. 

Nature 1991, 354, 84-86.
251. Dragoli, D. R.; Thompson, L. A.; O'Brien, J.; Ellman, J. A. Journal o f Combinatorial 

Chemistry 1999, 7, 534-539.
252. De Luca, S.; Ulhaq, S.; Dixon, M. J.; Essex, J.; Bradley, M. Tetrahedron Letters 2003, 

44,3195-3197.
253. Kumar, R.; Lown, J. W. Organic Letters 2002, 4, 1851-1854.
254. Adang, A. E. P.; Hermkens, P. H. H. Current Medicinal Chemistry 2001, 8, 985-998.
255. Bhattacharyya, S.; Fan, L.; Vo, L.; Labadie, J. Combinatorial Chemistry & High 

Throughput Screening 2000,3, 117-124.
256. Bhattacharyya, S. Combinatorial Chemistry & High Throughput Screening 2000,3, 65-

92.
257. Kappe, C. O. Angewandte Chemie-lnternational Edition 2004,43, 6250-6284.
258. Thompson, L. A. Current Opinion in Chemical Biology 2000,4, 324-337.
259. O'Hare, C. C.; Mack, D.; Tandon, M.; Sharma, S. K.; Lown, J. W.; Kopka, M. L.; 

Dickerson, R. E.; Hartley, J. A. Proceedings o f the National Academy o f Sciences o f the 
United States o f America 2002, 99, 72-77.

260. Bostock-Smith, G. E.; Harris, S. A.; Laughton, C. A.; Searle, M. S. Nucleic Acids 
Research 2001,29, 693-702.

261. Arafa, R. K.; Brun, R.; Wenzler, T.; Tanious, F. A.; Wilson, W. D.; Stephens, C. E.; 
Boykin, D. W. Journal o f Medicinal Chemistry 2005,48, 5480-5488.

262. Laughton, C. A.; Tanious, F.; Nunn, C. M.; Boykin, D. W.; Wilson, W. D.; Neidle, S.
Biochemistry 1996, 35, 5655-5661.

263. Han, S. K., Y A.;. Tetrahedron 2004, 60, pp 2447-67.
264. Nicolaou, K. S., B. S.; Zak, M.; Estrada, A. A.; Lee, S. H.. Angewandte Chemie 

International Edition 2004, 43, 5087-5092
265. Miyaura, N.; Yanagi, T.; Suzuki, A. Synthetic Communications 1981, 77, 513-519.
266. Suzuki, A. Chemical Communications 2005, 4759-4763.

Page 357



267. Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Letters 1979, 3437-3440.
268. Dubowchik, G. M. M., J. A.; Zuev, D. Bioorganic Medicinal Chemistry Letters 2004, 

74,3147-9.
269. Carpino, L. A. X., J.; Zhang, C.; El-Faham, A. Journal o f Organic Chemistry 2004, P, 

62-71.
270. Tse, W. C.; Fink, B. E.; Ham, Y. W.; Boger, D. L. Abstracts o f Papers o f the American 

Chemical Society 2003,226, 16-MEDI.
271. Tse, W. C.; Ishii, T.; Boger, D. L. Bioorganic & Medicinal Chemistry 2003,11, 4479- 

4486.
272. Chen, X.; Ramakrishnan, B.; Sundaralingam, M. Journal o f Molecular Biology 1997, 

267, 1157-1170.
273. Cipolla, L.; Araujo, A. C.; Airoldi, C.; Bini, D. Anti-Cancer Agents in Medicinal 

Chemistry 2009, 9, 1-31.
274. Thurston, D. E.; Bose, D. S. Chemical Reviews 1994,94, 433-465.
275. Thurston, D. E. In Molecular Aspects o f Anticancer Drug-DNA Interactions; Neidle, S.; 

Waring, M. J. Eds.; The Macmillan Press Ltd., London, UK: London, 1993; pp. 54-88.
276. Kamal, A.; Rao, M. V.; Laxman, N.; Ramesh, G.; Reddy, G. S. K. Current Medicinal 

Chemistry - Anti-Cancer Agents 2002,2, 215-254.
277. Puwada, M. S.; Hartley, J. A.; Jenkins, T. C.; Thurston, D. E. Nucleic Acids Research

1993,27, 3671-3675.
278. Kotecha, M.; Kluza, J.; Wells, G.; O'Hare, C. C.; Fomi, C.; Mantovani, R.; Howard, P. 

W.; Morris, P.; Thurston, D. E.; Hartley, J. A.; Hochhauser, D. Molecular Cancer 
Therapeutics 20QS, 7, 1319-1328.

279. Wells, G.; Howard, P. W.; Martin, C.; Sands, Z. A.; Laughton, C. A.; Tiberghien, A.; 
Woo, C. K.; Masterson, L. A.; John, A. I.; Jenkins, T. C.; Shnyder, S. D.; Loadman, P. 
M.; Thurston, D. E. Clinical Cancer Research 2005, 77, 9015S-9015S.

280. De Mico, A.; Margarita, R.; Parlanti, L.; Vescovi, A.; Piancatelli, G., 1997; pp. 6974- 
6977.

281. Narayanaswamy, M.; Griffiths, W. J.; Howard, P. W.; Thurston, D. E. Analytical 
Biochemistry 200S, 374, 173-181.

282. Rahman, K. M.; Mussa, V.; Naray anas wamy, M.; James, C. H.; Howard, P. W.; 
Thurston, D. E. Chemical Communications 2009, 227-229.

283. Guyen, B.; Schultes, C. M.; Hazel, P.; Mann, J.; Neidle, S. Organic & Biomolecular 
Chemistry 2004,2, 981-988.

284. Darby, R. A. J.; Sollogoub, M.; McKeen, C.; Brown, L.; Risitano, A.; Brown, N.; 
Barton, C.; Brown, T.; Fox, K. R. Nucleic Acids Research 2002, 30.

285. Mergny, J. L.; Maurizot, J. C. Chembiochem 2001,2, 124-132.
286. Hampshire, A. J.; Rusling, D. A.; Broughton-Head, V. J.; Fox, K. R. Methods 2007,42, 

128-140.
287. Hampshire, A. J.; Fox, K. R. Analytical Biochemistry 2008, 374, 298-303.
288. Hadjivassileva, T.; Stapleton, P. D.; Thurston, D. E.; Taylor, P. W. International 

Journal o f Antimicrobial Agents 2007,29, 672-678.
289. Todd, A. K.; Haider, S. M.; Parkinson, G. N.; Neidle, S. Nucleic Acids Research 2007, 

35, 5799-5808.
290. Huppert, J. L. Chemical Society Reviews 2008, 37, 1375-1384.
291. Kumari, S.; Bugaut, A.; Balasubramanian, S. Biochemistry 2008,47, 12664-12669.
292. Moorhouse, A. D.; Santos, A. M.; Gunaratnam, M.; Moore, M.; Neidle, S.; Moses, J. E. 

Journal o f the American Chemical Society 2006,128, 15972-15973.
293. Drewe, W. C.; Neidle, S. Chemical Communications 2008, 5295-5297.
294. Shirude, P. S.; Gillies, E. R.; Ladame, S.; Godde, F.; Shin-Ya, K.; Hue, I.;

Balasubramanian, S. Journal o f the American Chemical Society 2007,129, 11890-+.
295. Waller, Z. A. E.; Shirude, P. S.; Rodriguez, R.; Balasubramanian, S. Chemical 

Communications 2WT8, 1467-1469.
296. Moore, M. J. B.; Cuenca, F.; Searcey, M.; Neidle, S. Organic & Biomolecular 

Chemistry 2006, 4, 3479-3488.
297. Wang, H.; Laughton, C. A. Methods 2007,42, 196-203.

Page 358



298. Campbell, N. H.; Parkinson, G. N.; Reszka, A. P.; Neidle, S, Journal o f the American 
Chemical Society 2008,130, 6722.

299. Cheng, M. K.; Modi, C.; Cookson, J. C.; Hutchinson, L; Heald, R. A.; McCarroll, A. J.; 
Missailidis, S.; Tanious, P.; Wilson, W. D.; Mergny, J. L.; Laughton, C. A.; Stevens, M.
F. G. Journal o f Medicinal Chemistry 2008,51, 963-975.

300. Bishop, G. R.; Chaires, J. B. Current Protocols in Nucleic Acid Chemistry 2003, 
Chapter 7, Unit 7.11.

301. Paramasivan, S.; Rujan, I.; Bolton, P. H. Methods 2007, 43, 324-331.
302. Bailly, C.; Kluza, J.; Martin, C.; Ellis, T.; Waring, M. J. Methods in Moleculr Biology 

2005,255,319-42.
303. Chaires, J. B.; Mergny, J. L. Biochimie 2008,90, 973-975.
304. Ragazzon, P.; Chaires, J. B. Methods 2007,43, 313-323.
305. Cookson, J. C.; Heald, R. A.; Hutchinson, I.; Stevens, M. P.; Hurley, L. H. Clinical 

Cancer Research 2003,9, 6138S-6138S.
306. Rachwal, P. A.; Pox, K. R. Methods 2007,43, 291-301.
307. Juskowiak, B. Analytica ChimicaActa 2006, 568, 171-180.
308. Allain, C.; Monchaud, D.; Teulade-Pichou, M. P. Journal o f the American Chemical 

Society 2006,128, 11890-11893.
309. Raymond, E.; Soria, J. C.; Izbicka, E.; Boussin, P.; Hurley, L.; Von Hoff, D. D. 

Investigational New Drugs 2000,18, 123-137.
310. Choi, Y. J.; Ryu, K. S.; Ko, Y. M.; Chae, Y. K.; Pelton, J. G.; Wemmer, D. E.; Choi, B.

S. Journal o f Biological Chemistry 2005,280, 28644-28652.
311. Skehan P, S. R., Scudiero D, Monks A, McMahon J, Vistica D, Warren JT, Bokesch H, 

Kenney S, Boyd MR. Journal o f the National Cancer Institute 1990,52, 1107-12.
312. Voigt, W. Methods in Molecular Medicine 2005, Volume 110, 39-48.
313. K. T. Papazisis, G. D. G., K. A. Dimitriadis and A. H. Kortsaris. Journal o f 

Immunological Methods 1997,208, 151-158.
314. Kitamura, Y. Journal o f Gastroenterology 2008, 43, 499-508.
315. Thurston, D. E. Chemistry and Pharmacology of Anticancer Drugs', CRC Press (Taylor 

& Francis): Boca Raton, Florida, USA, 2006.
316. Thurston, D. E. British Journal o f Cancer 1999,80, 65-85.
317. Dickinson, L. A.; Burnett, R.; Melander, C.; Edelson, B. S.; Arora, P. S.; Dervan, P. B.; 

Gottesfeld, J. M. Chemistry & Biology 2004,11, 1583-1594.
318. Dervan, P. B.; Edelson, B. S. Current Opinions in Structural Biology 2003,13, 284- 

299.
319. Wang, Y. Q.; Yuan, H. L.; Ye, W. Q.; Wright, S. C.; Wang, H.; Larrick, J. W. Journal 

o f Medicinal 2000, 43, 1541-1549.
320. Bacolla, A.; Wells, R. D. Journal o f Biological Chemistry 2004,279, 47411-47414.
321. Kadrmas, J. L.; Ravin, A. J.; Leontis, N. B. Nucleic Acids Research 1995,23, 2212- 

2222 .
322. Kaushik, M.; Kukreti, R.; Grover, D.; Brahmachari, S. K.; Kukreti, S. Nucleic Acids 

Research 2003,31, 6904-6915.
323. Marky, L. A.; Blumenfeld, K. S.; Kozlowski, S.; Breslauer, K. J. Biopolymers 1983,22, 

1247-1257.
324. Nakano, S.; Kirihata, T.; Pujii, S.; Sakai, H.; Kuwahara, M.; Sawai, H.; Sugimoto, N. 

Nucleic Acids Research 2007,35, 486-494.
325. Hazel, P.; Parkinson, G. N.; Neidle, S. Journal o f the American Chemical Society 2006, 

128, 5480-5487.
326. Lah, J.; Drobnak, I.; Dolinar, M.; Vesnaver, G. Nucleic Acid Research 2008, 36, 897- 

904
327. Wheelhouse, R. T.; Sun, D. K.; Han, H. Y.; Han, P. X. G.; Hurley, L. H. Journal o f the 

American Chemical Society 1998,120, 3261-3262.
328. Zazopoulos, E.; Lalli, E.; Stocco, D. M.; SassoneCorsi, P. Nature 1997,390, 311-315.
329. Proelichammon, S. J.; Gale, K. C.; Osheroff, N. Journal o f Biological Chemistry 1994, 

269, 7719-7725.
330. Trinh, T. Q.; Sinden, R. R. Genetics 1993,134, 409-422.

Page 359



331. Hald, M.; Pedersen, J. B.; Stein, P. C.; Kirpekar, F.; Jacobsen, J, P. Nucleic Acids 
Research 1995,25, 4576-4582,

332. Bonnet, G,; Krichevsky, O.; Libchaber, A. Proceedings o f the National Academy o f 
Sciences o f the United States o f America 1998,95, 8602-8606.

333. Shiber, M. C.; Braswell, E. H.; Klump, H.; Fresco, J. R. Nucleic Acids Research 1996, 
24, 5004-5012.

334. Domberger, U.; Behlke, J.; BirchHirschfeld, E.; Fritzsche, H. Nucleic Acids Research 
1997,25, 822-829.

335. Mischiati, C.; Finotti, A.; Sereni, A.; Boschetti, S.; Baraldi, P. G.; Romagnoli, R.; 
Feriotto, G.; Jeang, K. T.; Bianchi, N.; Borgatti, M.; Gambari, R. Biochemical 
Pharmacology 2004, 67, 401-410.

336. Hurley, L. H.; Allen, C. S.; Feola, J. M.; Lubawy, W. C. Cancer Research 1979,39, 
3134-3140.

337. Burckhardt, G.; Votavova, H.; Sponar, J.; Luck, G.; Zimmer, C. Journal of 
Biomolecular Structure & Dynamics 1985,2, 721-736.

338. Boyd, F. L.; Stewart, D.; Remers, W. A.; Barkley, M. D.; Hurley, L. H. Biochemistry 
1990,29, 2387-2403.

339. Bae, J. B.; Mukhopadhyay, S. S.; Liu, L.; Zhang, N.; Tan, J.; Akhter, S.; Liu, X.; Shen, 
X.; Li, L.; Legerski, R. J. Oncogene 2008,27, 5045-5056.

340. Gray, P. J. Nucleic Acids Research 1995,25, 4378-4382.
341. Dhar, S.; Lippard, S. J. Platinum and Other Heavy Metal Compounds in Cancer 

Chemotherapy 2009, 135-147.
342. Andreassen, P. R.; Ren, K. Q. Current Cancer Drug Targets 2009, 9, 101-117.
343. Gregson, S. J.; Howard, P. W.; Gullick, D. R.; Hamaguchi, A.; Corcoran, K. E.; Brooks, 

N. A.; Hartley, J. A.; Jenkins, T. C.; Patel, S.; Guille, M. J.; Thurston, D. E. Journal o f 
Medicinal Chemistry 2004, 47, 1161-1174.

344. Antonow, D.; Barata, T.; Jenkins, T. C.; Parkinson, G. N.; Howard, P. W.; Thurston, D.
E.; Zloh, M. Biochemistry 2008, 47, 11818-11829.

345. Smellie, M.; Bose, D. S.; Thompson, A. S.; Jenkins, T. C.; Hartley, J. A.; Thurston, D.
E. Biochemistry 2003, 42, 8232-8239.

346. Hochhauser, D.; Meyer, T.; Spanswick, V. J.; Wu, J.; Clingen, P. H.; Loadman, P. M.; 
Cobb, M.; Gumbrell, L.; Begent, R. H. J.; Hartley, J. A.; Jodrell, D. I. Clinical Cancer 
Research 2009,15, 2140-2147.

347. Bose, D. S.; Thompson, A. S.; Ching, J. S.; Hartley, J. A.; Berardini, M. D.; Jenkins, T. 
C.; Neidle, S.; Hurley, L. H.; Thurston, D. E. Journal o f the American Chemical Society 
1992,774,4939-4941.

348. Mountzouris, J. A.; Wang, J. J.; Thurston, D.; Hurley, L. H. Journal o f Medicinal 
Chemistry 1994,57, 3132-3140.

349. Hartley, J. A.; Spanswick, V. J.; Brooks, N.; Clingen, P. H.; McHugh, P. J.;
Hochhauser, D.; Pedley, R. B.; Kelland, L. R.; Alley, M. C.; Schultz, R.; Hollingshead, 
M. G.; Schweikart, K. M.; Tomaszewski, J. E.; Sausville, E. A.; Gregson, S. J.;
Howard, P. W.; Thurston, D. E. Cancer Research 2004, 64, 6693-6699.

350. Bose, D. S.; Thompson, A. S.; Smellie, M.; Berardini, M. D.; Hartley, J. A.; Jenkins, T. 
C.; Neidle, S.; Thurston, D. E. Chemical Communications 1992, 1518-1520.

351. Clingen, P. H.; Wu, J. Y. H.; Miller, J.; Mistry, N.; Chin, F.; Wynne, P.; Prise, K. M.; 
Hartley, J. A. Biochemical Pharmacology 2008, 76, 19-27.

352. Hartley, J. M.; Spanswick, V. J.; Gander, M.; Giacomini, G.; Whelan, J.; Souhami, R. 
L.; Hartley, J. A. Annals o f Oncology 1998,9, 645.

353. Campbell, J. L. Academic Press 1995,262.
354. Santagada, V.; Perissutti, E.; Caliendo, G. Current Medicinal Chemistry 2002,9, 1251- 

1283.
355. Razzaq, T.; Kappe, C. O. Chemsuschem 2008, 7, 123-132.
356. Kappe, C. O. Chemical Society Reviews 2008,57, 1127-1139.
357. Aslan, K.; Malyn, S. N.; Bector, G.; Geddes, C. D. Analyst 2007, 752, 1122-1129.
358. Banik, S.; Bandyopadhyay, S.; Ganguly, S. Bioresource Technology 2003, 87, 155-159.
359. Vijayalaxmi; Prihoda, T. J. Radiation Research 2008,169, 561-574.
360. Stroop, W. G.; Schaefer, D. C. Analytical Biochemistry 1989,182, 222-225.

Page 360



361. Rahman, K. M.; Mussa, V.; N aray anas wamy, M.; James, C. H.; Howard, P. W.; 
Thurston, D. E. Chemical Communications 2009, 227-229.

362. Rahman, K. M.; Thompson, A. S.; James, C. H.; Narayanaswamy, M.; Thurston, D. E. 
Journal American Chemical Society 131 (38), 13756—13766.

363. Mergny, J. L.; Lacroix, L.; Teulade-Fichou, M. P.; Hounsou, C.; Guittat, L.; Hoarau,
M.; Arimondo, P. B.; Vigneron, J. P.; Lehn, J. M.; Riou, J. P.; Garestier, T.; Helene, C.
Proceedings o f the National Academy o f Sciences o f the United States o f America 2001, 
98, 3062-3067.

364. Sherar, M. D.; Trachtenberg, J.; Davidson, S. R. H.; Gertner, M. R. International 
Journal o f Hyperthermia 2004,20, 757-768.

365. Trachtenberg, J.; Chen, J. L.; Kucharczyk, W.; Toi, A.; Lancaster, C. Molecular 
Urology 1999,3, 247-250.

366. Sherar, M. D.; Trachtenberg, J.; Davidson, S. R. H.; McCann, C.; Yue, C. K. K.;
Haider, M. A.; Gertner, M. R. Journal o f Endourology 2003, 17, 617-625.

367. Denizot, P.; Lang, R. Journal o f Immunological Methods 1986,89, 271-277.
368. Savitzky, A.; Golay, M. J. E. Analytical Chemistry 2002, 36, 1627-1639.
369. Levenberg, K. The Quarterly o f Applied Mathematics 1944 2, 164-168.
370. Schill, G. Journal o f Biochemical and Biophysical Methods. 1989,18, 249-270.

Page 361


