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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-(1-methyl-1H-pyrrol-3-yl)benzenamine (MPB)
motif switched to a GC preference. Further evaluation using HPLC/MS, DNA thermal
denaturation 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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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 DNA 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™®.
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Figure 1.2: Different structural types of 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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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 m-m
interactions and further stabilised by cations located in the electronegative central
channel of the structure'*. 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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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®?’ 2

and nucleases specific for G-quadruplexes, such as GQN1 *. 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 BTBP,
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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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 IL
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 process5 0
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1.6.2 Intercalators

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*®*’>2 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.

Topotecan (1.6)

o N/k”b
)”J/:N\ 6 N NH;
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Actinomycin D (Dactinomycin) (1.7) Ethidium bromide (1.8)

o
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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

5133 Anthracyclines consist of a planar anthraquinone nucleus attached

biological assays
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 >4,

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 1,4-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 [PtC1(H,O0)(NH3),]" 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 ligandsg. 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
selectivityéo. 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 speciﬁcaliy 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 —
1) 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

61,62 and these

are either positively charged or gets positively charged in vivo
positively charged species can interact strongly with the negative charged
A/T base pair floor.

iif)  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

64,65

pyrrolobenzodiazepines (PBD)”*””. Unlike traditional minor-groove binders these

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

66-68

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 UK.%*%

: N
T 8 OO =\ H
OCHz H3CO N
o}
SJG 136 (1.17)

Figure 1.15: Interstrand cross-linking minor grove binding agent, SJIG 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’>6%!"*:
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.

g o
/
| 0 N/ / N
/ o) o)
o \ /
b A
HN
H2N%@
NH2 ® NHZ
HoN
Netropsin (1.3) 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’>.

o O /O\ O o HoN O O

H,N NH, HN *NH2
DB 75 (1.16) DB 555 (1.18)
NH,
HoN /N\N/)\H,N\ NH,
NH, NH,

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 afﬁnity73. 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 irn 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-

77,78

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), 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 O2 of thymine of A-T base pairs.

Page 25



0

)4)V,
7&'')DC*DS$

""F)8G)D

8Il

18 ;%

Cl4:\

FBF

4Y 4

&/

, CA

9

3$



?" 08
#ol F(:0" *I”|OX
fhee FFS%8 ?".0 :
? L! * *
mos L, "R
I ~osg '"© F(F
2" 0
F(:O0"
?" 0
I "0
# A
H (!
F(:0
0 )4)(, ; CD cC9D
; 8 « -C: @b: 8D
C: D7C:<DD , :
i) y y +
, CA ; < $ '(()$ GGC'D$ ?')8?GGD
0 YA&", c: : Pen - p



5 F*lx

8"
$
""8G1
mn 8 ,
'BF
.8
;8
0 )4&) <
)4.4= ?
<
8"
8:
8:

'BF

4 a

14

44



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®®*".

NH X NH Hu,g

H N HN™ "0 125 NcBz N :
& BE
Distamycin (1.2) . H X
NH N N NH N
0

H
HN™ ~o

o X
H N \

X ; J? Mehcn’o? OCH;
120 NCBz o
121 NH H_ <X HN N OCH,
122 O )
123 CH2 [ 1 0 N

X

/r‘\lH K

. . N

° O" v
1.24 NMe X g/

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 Lown 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-NH; to the Im-N;""*%_ Lown’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.

Lown 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 lexitropsinsgo'gz’éz. 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%sg’gs. 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 %97 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

i N
netropsin . qc\ ’Q\ o
W
W C~N N
{

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™,

¢= Py/im targets C-G
¢= Py/MHp targets A-T
& Hp/Py targets T-A

&= Im/Py targets G-C

Current Opinion in Chermical Biology
Figure 1.24: Pairing rules to target all four Watson — Crick base pairs in DNA »minor-groovegg

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 beta-alanine residues
(B) in place of Py residues that relaxed ligand curvature and restored ligand-DNA

alignment, resulting in enhanced binding affinity'®'"'%".
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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
DNAlIO1IT

0
\N N N7
R\ \\ CHs
R/N\j o NH
H,
N CH+NT
R\ N \=
R 07N\
n=3-5 _N_Z—NH
R=H, CHs CH
o 3
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 19882, 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-N-mustard conjugate) which showed significant anti-cancer

activity in animal models and is currently undergoing clinical trial''%!*>,
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1.30

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.

/
o] N

HW@ ARy
St o ;‘W mﬁ

1.31 1.32
(a) (b)

HoN

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 combilexins'®. Based 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 N-methylpyrrole carboxamide units''’. The
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

120 Addition of a DNA recognition

benzenoid diradicals and cause severe DNA damage
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(Il) 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'>>"?7.
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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

112128 a5 the tool for synthesizing analogues. Recent publications by this

methodologies
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*'3211979913 More recently Boger and co-workers have
employed solution phase combinatorial approaches to synthesise DNA binding

agents. 122,134-136,123

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 nblinor.-groove‘ binding agents, whére sequenée recognition by small moleculés 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'*"*1*,

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

130,136

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

combined combinatorial chemistry and traditional organic synthesis approach >13%!%,
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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 SJIG-136%, a synthetic PBD dimer, from the Thurston
group is currently undergoing phase II clinical trials in the USA and UK*'%,
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Porothramycin B: Rg =H, Ry; =Rg = R; =R, =CHj; (1.37)
Mazethramycin A: Ry = Rg =Ry = CH3, Rg =R, = H (1.38)

Tomaymycin: R; = CH30; Rg = OH, R, = CH; (1.40)
Prothracarcin: R; = Rg =H, R, = CH; (1.41)
Sibanomicin: R; = Pyranose as in 5, Rg = H. R, = C,Hs (1.42)

OCH;4

ZT

“'OH

Abbeymycin (1.44)

HO N= H

HaCO
ORSa ’

Neothramycin A: Ry, = H; Rap = OH (1.46)
Neothramycin B: Rz, = OH; Rj3 = 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.

9 10
N1 Hlla
8 ~—
gt
7
6
O

Figure 1.31: PBD ring system and numbering

1.10.2 PBD interconvertible forms

Pyrrolobenzodiazepine natural products all feature (S)-stereochemistry at the chiral C-
11a position. Although the N10-C11 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®>'*14.

0]
0 Carbinolamine
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 C2-NH,
functionalities of guanine bases via their C11-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'*”!**1% 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 cell'*°.

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 (118
and 11R) and the proportion of the two carbinolamine diasteroisomers, and is the most
likely mode of alkylation of guanine in the DNA minor-groove15 !, In this acid catalyzed
mechanism, the imine can be protonated to provide the highly electrophilic iminium
species which reacts with NH, 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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1.10.5 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 N10-Cl1 moiety (e.g. imine,
carbinolamine and carbinolamine methyl ether) which can alkylate the DNA by forming
a covalent aminal linkage with the C2-NH; of the guanine base. The molecules also
have a chiral (S) Clla 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 N10-C11 moiety and thereby reduce the cytotoxicity of the PBDs.
Conversely, electron donating groups in the A-ring enhance the biological activity of
PBDs "1 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 N10-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>'*.

z H Me
LD
10

O o) 0 8 1"
o7 Hh @ NS\ H
B11a
H3;CO MeO NG
(0]
n=12
1.48 GWL-78 (1.49)

I I NH

H /& e O~ O N= H
O H OCH;  H,CO N
2 HacO °

n=1,
1.50 SJG 136 (1.51)
; 8. O _~_~_0Ou = 8 O _~_~_0u N= H
. 1
/C( IOCH:; HaCOI :] \& ]:IocHs H3CO: C ;l/bﬁ
O
DRG-16 (1.52) 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

1155-158

amide linkage. Research groups of Kama and Hurley incorporated a number of

147’54, several of which were based on known anticancer agents, to the

alkylating agents
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 C7 position of the PBD ring is typically the attachment point of different sugar
units (e.g. sibiromycin). However, unlike the C8 position, the C7 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
cardiotoxictylsg, 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 B on 9 OH
HaC N—"H HsC N='H
(o)
N _ A ~_NH2 N\~ _NH;
0] o) 0 o
1.54
-H,O
OH 0]
OH
HsC N H HsC N=H
Tautomerization
o o o o
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 N10-C11 moiety (e.g. imine,
carbinolamine and carbinolamine methyl ether), which can alkylate the DNA by
forming a covalent aminal linkage with the C2-NH, of a guanine base. Additionally,
the crucial chiral (S) Cl1a 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 N10-C11 alkylating functionality: non-covalent interactions of
PBDs
PBDs that lack the functional N10-C11 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 N10-C11
functionality containing PBDs. The only exception was shown by mixed imine/dilactam
PBD dimers reported by Kamal and co-workers in 2002'®°. 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
. 0—P=0
Minor Groove JHOO,
0 ‘ :o:
5 NH

- N X .
7 N "0 N
N N Y
~ (o) 1
H o T 5
(0] S
H

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 °C'*"'*2 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,
165

respectively .
H, =N O ~0O N= H HO N= H
N OMe MeO N MeO N
0] O (0]
DSB 120 (1.55) , AT, = 15.4°C DC-81 (1.45), AT,,=0.7°C
R N O H N
H, N O ~0 =\ H H, N o _~_0 = H
N OMe MeO N N OMe MeO N
O (0] o] 0o
1.56, AT, =11.0°C 1.57 AT,=17.0°C
NHR
Rzom | Négi
MeO N
OR NS
0 0
AT, =3.0°C 1.60 AT, = 0.7°C

1.58 Ry =OH or OH
1.59 R, = OAc or OAc

Figure 1.37: The effect of N10-C11 modification on thermal denaturation (AT,,) with CT-DNA
(AT, 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)'®167 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!®%171:66:140

1.10.5.5.1 Molecular shape

Introduction of un-saturation at the C-2 position results in flattening of the C-ring
céusing 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 analogues172 .

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 N10-C11 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 NI10 (e.g.acetyl,
carbamate, hemiaminal) inhibit DNA binding
] affinity and cytotoxicity.
Electron-donating An imine, carbinolamine or carbinolamine

:‘t‘t};it;gf)’]‘ﬁ’ ée;ugir (e)g methyl ether required at N10-C11 position.

the A-ring.

(S)-stereochemistry required at Cl1a.

RQ /
Re

Ry

replacement of C1 with an oxygen
atom maintains cytotoxicity.

endo or exo unsaturation is well desired,

C7 C2/C3-endo unsaturation in combination

with aryl substituents drastically improve

activity, however, an aromatic C-ring leads
to complete loss of activity.

Sugar moiety at
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 N10-C11 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 N10-C11 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 N10 and C11 protecting groups so that the
final deprotection step which yields the functional electrophilic moiety also ensures
correct (S) stereochemistry at the Clla position, which is essential for biological

activity.

The retrosynthetic analysis of PBDs (Scheme 1.1) reveals two major strategies of
installing the N10-C11 moiety. After considering the inter-conversion from imine to
carbinolamine, the first strategy involves direct disconnection of the N10-C11 bond to
obtain synthon A (Thurston, Langlois, Molina-Eguchi, Tozuka and Kaneko)'*17%:176
7178 The second strategy employs initial functional group inter-conversion to obtain
the non-covalent dilactam moiety (Leimgruber, Pefia-stille, Mori, Reed-Snieckus and
Hu)!"!180 which is subsequently disconnected at the N10-C11 (everyone mentioned
- except Mori) position to obtain the synthon A or or C5-N4 position to obtain synthon B
(only Mori) . 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 N10-C11 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 N10-C11 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
C11 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 form'™.
OH oB Q80
n
M NO .
Me\@Noz i), il Me NO, iy iv) Z COMe v), vi)
—_— —_— —_—
N
A
1.61 1.62 1.63
OBn H o OBn OBn
N —~YOH
o} H
1.64 1.65 ix X = CO,CH,CH3 (1.66)

X = CHO (1.67)
JN X= CH(OH)CN (1.68)
[ X= CH(OMs)CN (1.69)

Me P xii),xiv)  Me Me \J!
—_—
o o 0
anthramycin (1.35)

xu)ER Bn, X = CN (1.70)
R=H, X =CN (1.71)

i) K;CO3, DMF, PhCH,Br; i) KOH, H,0, THF; iii) (COCI),, CH,Cl,; iv) methyl-L-hydroxyproline hydrochloride, THF,
TEA, v) Na,S,0,, THF, water; vi) H,O/HCI, THF; vii) CrO5/H,SO,/Acetone; viii) sodium triethylphosphonoacetate, THF;
ix) DIBAL, toluene, - 60 °C, x) 1. NaHSO5 2. KCN; k) MsCl, pyridine, 5 °C; xi) TEA, benzene, reflux; xii) TFA, BF3 Et,0,
r.t., HCI, MeOH; xiii) PhCH(OMe),, H,O/HCI, THF; xiv) PPA (aqueous workup); xv) NaBH,, MeOH; xvi) 0.01 M HCI,
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 frans 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 181,

The amide 1.75 was prepared by amide coupling of the acid chloride of N-
trifluoroacetyl-protected trans-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-
trifluoroacetyl 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(PPh;)4. In addition, formation of the quinoxaline derivative 1.78 was observed in
23% yield. The O-methoxymethyl group was removed using aqueous HCI in methanol
to obtain the free secondary alcohol 1.79 in 68% 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 HCI to obtain
neothramycin A (1.46a) and B (1.47b).

HO. O Cl. 0O 0
z o :/ L TsO “ H ;
- i), ii) i), iv) V-Vii)
HN —*=—=  CF,0CN
MeO Br OH
OH OCOCF; COCF,
1.73 1.74 1.75
H
MeO Meoj TsO N.__o
L a e 0%
TsO N H viii S H
HN MeO N
MeO Br PN oM
M o) e
0O~ OMe o O/\OMe
1.76 1.77 1.78
MeOj :
O H O
. TsO N N X)
MeO N MeO N
OH
o 5 OH
1.79 1.80
MeO MeO
N o 1 o
TsO N—¢H i) TsO N\% xii) xiii)
MeO : v7]/N Meoj(\:gy/N =
OM
o y o
1.81 1.82 RsB = OMe, Rya= H (1.83a)

Xiv)

Ry = OMe, Rza= H (1.84a)
RaB = H, Rya = OMe (1.84b)

R3B = H, Rza = OMe (1.83b)

HO

MeO

Neothramycin A and B

R36 = OMe, Rya= H (1.85a)
RsB = H, Rza = OMe (1.85b)

R4B = OH, Rya= H (1.46a)
RaB = H, Rgo. = OH (1.47b)

i) (CF3CO)s,; ii) PCls; iii) 2-bromo-4-methoxy-5-tosyloxy-aniline; iv) aq.NaHSO,; v) MOM-CI, i-Pr,NEt; vi) MOM-CI,
NaH; vii) NH3-MeOH; viii) Pd(PPhj)s, CO (10 atm.), n-BuzN, PhCHg; ix) aq.HCI, MeOH; x) MsClI; xi) DBU;
xii) MeOH, CSA, 50 °C, 4 days; xiii) aq. KOH; xiv) 1. NaBH, 2. Silica gel; v) 0.01 M HCI, 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 Peiia-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

: 179
Leimgruber
Rq R
COH J R R
R R_o : NO, o . s
a\cl‘(f - Ra\©;rz LOoMe i) Rg\C[Noz i), i Ra\@Noz
0 ‘S —
o OH S 'OH COOH COOH
Rg=H, Rg = H (1.80) 173 1.72 Rg = OBn, Rg = Me (1.62) Ry = OH, Rg = Me (1.61)
Xiv) v), vi)
Isatoic Anhydride Reductive Cyclisation
Approach (Route B) Approach (route A)
Ph
Rg
R n OH L 0‘( 0
xv) xvi) vii), viii) Me N H
N OH N
o g OH
Key dilactam precursor
1.92 . ;
xvii) 186 |
: Ro = H, Rg = H (1.81)
Rg OBN, Rg = Me (1.64)
MeO Ph
W o] O—{ 0o
Cg::%‘ Me N\&
N i ;I/N
SSOH
o} o 0
1.93 1.87
xviii) X)
Ph
NP oK o
N N
o] 0 d OoTf
1.94 1.88
xix) Xi)
Ph
MeO
0 o< o
(:g/ H Me\(ig/ H
N__ N
g oTf é CONH;
1.95 1.72
) xii)
Ph
Me OMe xul) 0’< OH
N N
CONH; CONH, J NS CONH,
anthramycm (1.35) 1.89

Reductive cyclisation route: i) K;CO3, DMF, PhCH,Br; i) KOH, Hy0, THF; iii) (COCI),, CH,Cly; iv) methyl-L-hydroxyproline hydrochlorlde THF, TEA;
v) NaS,0,, THF, water; vi) HoO/HCI, THF; vii) Pd/C, H,, MeOH; viii) PhCH(OMe),, H,O/HCI, THF; ix) DMSO, (COCI),, TEA, CH,Cly;

x) Pyridine, Tf,0; xi) CH,=CHCONH,, (CH3;CN)3PdCl,, DABCO, MeOH; xii) NaBH,, MeOH; xu|)001 M HCI, MeOH. Isatoic anhydnde route (B):
xiv) DMSO, 115-120 °C,; xv) TBDMSCI, imidazole, DMF; xvi) NaH, THF, CH3OCH,C; xvii) BF3 OEt, THF, H,0; xviii) (COCl),, CH,Cly, TEA;

xix) Pyridine, Tf,0; xx) CH,=CHCONH,, (CH3CN),PdCl,, DABCO, MeOH;

Scheme 1.4: Pefia and Stille total synthesis of anthramycin
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They generated the key dilactam precursor by reductive cyclization of the nitro-ester
amide and the selective hydride reduction of O9-OH N10-phenoxazoline protected
dilactam. Unlike Leimgruber, an enol triflate 1.88 was introduced after 9-OH and N10
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 HCI 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 183,

H
PhCH,0 NO, i PhCH,0 NH, i) PhCH;0 NYO
oL —— L !
MeO CO,H MeO CO,H MeO
o)
1.97 1.98 1.99
K® N
i PhCHZO% iv)  PhCH,0 N~ |, v)
EE—— —_— —_—
N I :[
MeO J MeO N
o)
1.100 1.101
H O
PhCH,0 N=
2 H vi) HO N~
—_—
MeO N MeO N
0 0
1.102 DC-81 (1.45)

i) SnCl, 2H,0, MeOH; ii) Triphosgene, THF, iii} L-proline, DMSO, 120 °C, iv) NaH, THF, CH;OCH,CI;
v) LiBH,4, 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 '*.

MeO\_
MeOD[NOZ i) MeO NO, _:‘_O i
E— ———z—b
MeO CO,H MeO._0O Meom( N NOH
9 ® o H
1.103 O S0s H2N5 1.105
1.104 OH
SiMes SiMe;
Ri o o) 0 o
MeO N .
e j@%:%\ vi) MeO N\{a vii) Meom H
MeO
OR MeO N
2 MeO N e Z~0-8-CF,
O |
= = 1.110 .
“i)l: R =H, Ry = H (1.106) 1111
iv)l: Ry = H, R, = TBS (1.107)
R = SEM, R, = TBS (1.108)
Y|, Rt =SEM, R2=H (1.109)
SiM93
Oj o MeO N= H
viii) MeO N—H ix)
e —_— MeO N___
MeO N = (0]
o) C2-aryl PBDs R
R

R=H(1.112) R = H (1.115)

R =Me (1.113) R =Me (1.116)

R = OMe (1.114) R = OMe (1.117)

i) (COCI),, DMF, TEA, CH,Cly, 57%; ii) 10% Pd/C, H,, EtOH, 75%; iii) TBS-CI, imidazole, DMF, 95%; iv) SEM-CI,
NaH, DMF, 0 °C, 77%,; v) TBAF, THF, 70%,; vi) (COCI),, DMSO, TEA, CH,Cl,, 0 °C, 49%,; vii) triflic anhydride,
pyridine, CH,Cl,, 60%; viii) PhB(OH),, Pd(PPh3),, Na,CO3, H,O, EtOH, benzene, 78% (65); MePhB(OH),,
Pd(PPh3)4, Na,COs;, H,0, EtOH, benzene, 66% (66); MeOPhB(OH),, Pd(PPhs)4, Na,CO,, H,0, EtOH, benzene,
90% (67); ix) NaBHy,, Silica gel, EtOH, THF, 74% (68), 38% (69), 72% (70).

Scheme 1.6: Howard-Thurston’s synthesis of C2-aryl C2-C3 unsaturated PBDs.
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The synthetic strategy was initially based on the Mori approach with the exception of
protecting the N-10 position with SEM-CI under basic conditions to provide the
dilactam 1.108. The SEM-protected dilactam was subjected to the classical Swern
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 N10-C11 imine formation; as a resuit, 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 HgCl, and CaCO; to obtain DC-81 (1.45) thus avoiding the

formation of undesirable secondary amine by product.
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