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Abstract 

'Ibis thesis describes the preparation of inhibitors of the enzyme poly(adenosine 

diphosphate ribose)polymerase (PARP) and the mechanism of action of the 

carcinogen vinyl chloride. Initially the enzyme's function, purification and its known 

inhibitors are discussed. The enzyme's cofactor, nicotinamide adenine diphosphate 

(NAD+), is described in terms of its function in PARP and other enzymes, and its 

crystal structure and solution conformation(s). The high field proton and carbon-13 

NMR spectra of this compound are fully assigned using two dimensional NMR 

experiments (COSY and ROESY) and selective spin decoupling. Using similar 

techniques the high field proton and carbon- 13 NMR spectra of the reduced analogue, 

NADH, are assigned. This NMR data showed that the conformation of the 1,4- 

dihydropyridine ring of this molecule was a dynamic equilibrium mixture of two 

boats. However, it was discovered that these boat conformations were unequally 

populated and a rationale for this phenomenon is given. 

The rationale of enzyme inhibitor design with respect to PARP is described and the 

subsequent preparation and potencies of PARP inhibitors are both described and 

discussed. These included the preparation of 3-methoxycyclohexane carboxamide 

which was synthesised to test a hypothesis of the nature of PARP inhibitors. Partially 

saturated substituted benzamide systems were synthesised to determine the degree of 

unsaturation necessary for inhibition while similar compounds were synthegised by 

reducing N-alkylnicotinamides. Direct NAD+ analogues were prepared in which an 

adenine unit was separated by a methylene chain from a 3-oxy substituted benzamide. 

By varying the length of the methylene chain 3-(9-(12- 

dodecyloxy)adenine)benzamide was shown to inhibit the enzyme. Amongst these 

inhibitors were the unique compounds benzoxazole-4-carboxamides which were 
found to be the most potent inhibitors to be synthesised during this period. A 



correlation of the physical properties of literature compounds with their activity is 

discussed along with the applicability of this technique to PARP and its inhibitors. 

The metabolic activation and carcinogenesis of vinyl chloride are described. The 

reaction of chloroacetaldehyde (a metabolite of vinyl chloride) is discussed with a 

detailed description of its reaction with nucleosides to form the fluorescent etheno 

compounds, with particular emphasis on the adeninq system. A detailed investigation 

of the reaction mechanism of chloroacetaldehyde with adenosine was undertaken by 

determining the intermediates and products of the acid catalysed decomposition of 

N6-(2,2-dimethoxyethyl)adenosine. An ethenoadenine deuteriation experiment along 

with the previous experiment gave evidence toward the reaction mechanism of 

chloroacetaldehyde with adenosine. 

In summary, the cofactor of PARP NAD+ has been fully characterised by proton and 

carbon-13 NMR spectroscopy; a unique conformational. property of NADH has been 

characterised; a new and novel class of potent inhibitors of PARP has been 

discovered and the reaction mechanism of chloroacetaldehyde with adenosine has 

been determined. 
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Chapter I 



1.1 The Chromosomal Structure of DNA 

Carcinogenesis, cell differentiation, DNA repair and replication seem to have the 

common link that they are dependent upon the chromatin structure of DNA. Within 

an organism all the different cell types (eg skin, hair, muscle etc ... ) contain the same 

DNA molecules. It is, however, changes of chromatin structure about specific sets of 

genes from one cell type to another that are responsible for cell differentiation (ie 

what makes a skin cell a skin cell, a hair cell a hair cell etc... ). Chromatin structure 

participates in both the initiation of DNA replication and DNA repair processes at 

specific sites that have been damaged by carcinogens. It is for these reasons that an 

understanding of the chromatin structure of DNA is warranted. 

About 1.8 metres of DNA containing approximately five billion base pairs is packed 

into a single mammalian nucleus of 8 gmetres diameter. The DNA's double helix is 

organised around twenty five million nucleosomes - protein structures consisting of 

eight individual basic proteins called histones - which in turn form partially 

understood secondary, tertiary and quaternary structures. The condensed chromatin 

thus formed contains about fifty thousand loops or domains with each domain 

containing five to two hundred kilo bases of DNA. These domains can either be, 

transcriptionally active or inactive depending upon the presence or absence of various 

proteins such as histone HI and high mobility group nonhistones, as well as variant or 

modified histones. 1,2,3,4 

1.2 The Function of Poly(Adenosine Diphosphate Ribose) 

The necessary processes of DNA transcription, replication and repair are all 

I 
dependent upon poly(adenosine diphosphate ribose) or poly(ADPR). Before any of 

these processes can occur two events have to take place: a specific alteration in the 

three dimensional chromatin structure (to make the DNA accessible) and the binding 



of requisite enzymes and proteins to the exposed DNA. The first of these two events 

occurs when poly(ADPR) is formed upon one of the chromatin histones. When this 

happens a large build up of localized negative charge occurs which alters the three 

dimensional structure of chromatin. In a similar manner poly(ADPR) can modify the 

structure (and hence function) of other enzymes and other proteins. Thus, changes in 

chromatin structure inevitably lead to alterations in gene expression, replication and 

repair. 

1.3 The Structure and Synthesis of Poly(Adenosine 
Diphosphate Ribose) 

Poly(ADPR) is the third most abundant naturally occurring nucleic acid after DNA 

and RNA and consists of repeating units of adenosine diphosphate ribose (1, see 

Figure 1). Initially a protein displaces nicotinamide from nicotinamide adenosine 
diphosphate (2, NAD+) with a carboxylate (in the case of histones H1 and H2B) to 

form an a bond to the sugar. Then units repeat via bonds from the 2'-hydroxyl of the 

ribose attached to adenine and the anomeric carbon (in an a manner), of another 

monomer, of the ribose that is not attached to adenine. Along these polymeric chains 

branch points can occur when the 2'-hydroxyl of the ribose which is not attached to 

adenine forms a bond with the anomeric carbon (again, in an a manner) of another 

monomeric non-adenine attached ribose (see Figure 1). 

1.4 Poly(Adenosine Diphosphate Rib ose) Polym erase 

The chromatin structural modifier, poly(ADPR), is formed from the cofactor NAD+ 

(see Section 1.3) by the enzyme poly(adenosine diphosphate ribose)polymerase 

(PARP). In addition to catalysing the synthesis of poly(ADPR), PARP catalyses the 

transfer of poly(ADPR) onto various proteins modifying their structures and hence 
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their function. Examples of the proteins the enzyme regulates include histones (see 

Section 1.3), it is automodifying, and various other DNA dependent enzymes. Thus, 

enzymes involved in the breaking and joining of DNA strands, ligase II and 

topoisomerase I and H, are regulated by this enzyme. PARP is involved in the 

modification of proteins involved in gene expression and DNA replication (such as 

acetylated histones) and further, it modifies nuclear matrix proteins. 

The effect of PARP, the formation of poly(ADPR), was first demonstrated in 1963 

(and further in 1966) when it was observed in liver extracts. 5,6 Since then PARP has 

been found in a large variety of cells from vertebrate to invertebrate animals and has 

also been found in single celled organisms and plants. It is now thought to be 

ubiquitous within the plant and animal kingdoms. PARP can be described as a zinc 

binding nuclear DNA dependent enzyme. 

1.5 Zinc Finger ProteinS7,8 

A necessary part of the function of many cellular enzymes is to bind to DNA (or 

RNA). An example of such a protein is Xenopus transcription factor III A (TF III A). 

It was discovered that this enzyme contained repeated amino acid units along its 

length which were characterized by two cysteines and two histidines. The two 

cysteines were usually separated by one or two amino acids. Several amino acids 

separated the second cysteine from the first histidine, which was separated from the 

second histidine by one or two amino acids. This enzyme was found to contain seven 

to eleven mole equivalents of zinc which were crucial to its activity. X-ray absorption 

experiments showed that the zinc atoms reside in a similar environment. This 

environment was thought to be that of a tetracoordinated atom with two sulphur 

ligands and two nitrogen ligands. The effect of this phenomenon was to produce a 

tertiary structure of 'fingers' within the protein held in place by the zinc. These 



fingers were found to be rich in basic and polar amino acids suggesting that binding 

to DNA (or RNA) could occur about these regions. 

It was found that this arrangement was not peculiar to TF III A. A number of zinc 

containing DNA (RNA) binding proteins were found to have this cysteine/histidine 

arrangement indicating that zinc fingers are an evolutionary mechanism for the 

binding of protein to DNA or RNA. 

1.5.1 PARP: A Zinc Finger Protein9 

PARP is a DNA binding enzyme which was found to contain zinc fingers for this 

purpose. However, these zinc fingers are different from the zinc fingers found in the 

class of proteins described earlier. Tbe zinc within PARP is bound by three cysteines 

and one histidine rather than by two cysteines and two histidines. Another difference 

is in the size of PARP's fingers; they have more amino acids between the inner zinc 

binding cysteines and are thus much longer. A further feature of PARPs zinc fingers 

is that they are different from each other. 

The binding of PARP to DNA was investigated by obtaining PARP molecules that 

had been mutated in such a manner that the integrity of one of the fingers was 

corrupted. In this way it was observed that one of the fingers binds much more 

tightly to DNA than the other one. The results of this mutation study indicate that the 

tighter binding finger may be responsible for both DNA binding and DNA strand 

break recognition, whilst the other finger may not bind to DNA but may have the role 

of interacting with another PARP molecule. Therefore, a dimer of PARP binds to 

DNA. This rationalisation is consistent with the observations that when PARP binds 

to a single strand break DNA molecule, a symmetrical footprint of seven nucleotides 

on each side of the nick is observed. Thus, both the size and symmetry of the PARP 

bound DNA region suggest that PARP binds to DNA as a dimer. 



1.6 Purification of PARP 

The isolation and purification of PARP has become increasingly efficient over a 

relatively short period of time. Initially PARP was extracted from cells by classical 

wet techniques and purified by column chromatography. The purification steps of 

this technique weri: further improved using affinity chromatography. Genetic 

engineering has subsequently been used to give a good supply of PARP. 

1.6.1 Classical Techniques 

PARP has been previously obtained from many sources including calf thymus which 

is briefly described below. 10 The procedure began with the homogenisation of 

frozen calf thymus in a buffered solution. Centrifugation produced a supernatant 

which was treated with salmon protamine sulphate (to precipitate DNA) and 

centrifuged again. The supernatant obtained from this process was purified by 

column chromatography: 
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firstly, with DNA-agarose as stationary phase and secondly, with hydroxylapatite as 

the stationary phase. Ilie proteinaceous fraction obtained was then gel filtered on a 

Sephadex G-150 column to give the enzyme. 

1.6.2 Affinity Chromatography 

Purification of the enzyme was improved by the use of affinity chromatography. The 

stationary phase of a column was modified in such a manner as to incorporate 

molecules that bind to the enzyme. In this examplel 1 3-aminobenzamide (3) was 

coupled (via a succinyl linker) to Sepharose 4B (see Figure 2). A supernatant 

obtained by classical techniques was passed through the modified column to leave the 

enzyme adsorbed upon it. The enzyme was then eluted from the column using a 

buffer that contained another compound (3-methoxybenzamide (4)) that binds to the 

enzyme. A further column removed the 3-methoxybenzamide and the pure enzyme 

was obtained. Using this technique the pure enzyme could be prepared within a few 

hours. The procedure was shown to be effective in preparing the enzyme from a 

number of different sources, such as human placenta and horse, rat and chicken liver. 

1.6.3 Genetic Engineering 

In this technique the nucleus of a cell was transfected with a piece of complementary 

DNA that codes for PARR The cell was then multiplied by cultivation and the 

enzyme obtained by the methods described earlier. Escherichia coli was initially 

used for this process but the enzyme obtained from this cultivation was found to be 

incomplete. It was only when insect cells were used12 that pure PARP was obtained. 

The classical technique produced 3.2 mg of enzyme from 29,800 mg of crude extract; 

the affinity chromatography technique gave 0.3 mg of enzyme from 20,000 mg of 



crude extract whilst the genetically engineered cells produced 20 mg of enzyme from 

365 mg of crude extract. 

For 1 kg of crude extract the amount of enzyme produced. is: 

classical technique 107 mg 

affinity chromatography 15 mg 

genetic engineering 55,000 mg 

1.6.4 Enzyme Characteristics 

PARP can be characterised. in terms of its mass and its Michaelis constant for NAD+. 

The values for the three techniques, classical, affinity chromatography and genetic 

engineering are: 110 kDa, 55 gM; 115 kDa, 52 gM and 116 kDa, 50 gM, 

respectively. 

1 1.7 DNA Repair and PARP 

When DNA is attacked by electrophiles a number of repair mechanisms become 

operational. 13 The repair mechanism in which PARP is involved occurs when DNA 

strand breaks appear: this phenomenon 'switches on'PARP. This has been shown 

when DNA strand breaks are produced by nucleases - the result is the rapid synthesis 

of poly(ADPR) upon histones. As described earlier, this has the effect of making the 

damaged DNA accessible to repair enzymes. The exposed DNA is then repaired by a 

multi - enzymic process and PARP is poly (ADP-ribosylated); this has results in the 

inactivation of PARP, thus the DNA is repaired and is then allowed to supercoil and 

the metabolism of the cell carries on as before. 

8 



The electrophiles that attack DNA are usually the metabolites of cherrficals that the 

body has ingested (Scheme 1). A chemical that the body has no use for is usually 

oxidised which has the effect of increasing its water solubility making it easier for the 

body to excrete. This oxidising process, however, sometimes has the detrimental 

effect of creating an electrophile. Therefore, if the body ingests benzene (5), which is 

found in car exhaust fumes, it can be oxidized to (z, z) muconaldehyde (6) which may 

subsequently react with DNA. 14 Other examples of these chemicals include urethane, 

or O-ethyl carbarnate (7), 15,16,17 which is found in food and beverages: this 

compound may be oxidised to O-epoxyethyl carbarnate (8), which may react with 

DNA. A further example is the industrial chemical vinyl chloride (9), 17 the 

monomer of polyvinylchoride (PVC), which is thought to be metabolically oxidised 
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to chlorooxirane (10). Subsequent rearrangement of 10 forms the bifunctional 

electrophile chloroacetaldehyde (11 , see Chapter 6) which is thought to form adducts, 

with DNA (see Scheme 1). 

It is thus apparent that if it were not for the many repair processes mentioned earlier 

carcinogenesis would be much more prevalent. 

The effect of DNA alkylation, apart from DNA repair or carcinogenesis, is cell death. 

(This was first observed in soldiers who survived the effects of mustard gas (bis(2- 

chloroethane)sulphide 12). 18 If healthy cells could be killed by DNA alkylation then 

cancerous cells could be killed in a similar manner and furthermore, since cancerous 

cells tend to have a higher metabolic rate than healthy cells, there should be 

discrimination in alkylating agent (i. e. drug) uptake between healthy and cancerous 

cells. Chemotherapy is therefore the treatment of cancer patients with cytotoxic drugs 

that preferentially kill cancerous cells due to their higher metabolic rate. 

For example, one treatment of melanoma utilises the drug Dacarbazine, which has, as 

its active constituent, 5-(3,3-dimethyl-l-triazeno)-4-imidazole carboxamide (DTIC, 

13). 19 After ingestion of this compound it is metabolized to 5-(3-methyl-l-triazeno)- 

4-imidazole carboxamide (MIC, 14) which forms, after tautomerisation and cleavage, 

5-amino-4-imidazole carboxamide (AICA, 15) and the methylating agent, methyl 

diazonium ion (16, see Scheme 2). 

A further example of a cytotoxic alkylating agent is 1,3-bis(2-chloroethyl)- 1- 

nitrosourea (BCNU, 17) which is used to treat acute lymphocytic leukeamia. 20 

Decomposition of this compound gives the chloroisocyanate (18) and 2-chloro-l- 

nitrosoethylamine (19a) which can tautomerise to the diazotic acid 19b. This 

compound can then go on to form the diazonium compound (20) shown in Scheme 3. 

10 
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Unfortunately the same repair mechanism that protects healthy cells from 

electrophilic metabolites also protects cancerous cells from chemotherapeutic drugs. 

Thus, tumors do not always respond to chemotherapy. 

Therefore, the effectiveness of anticancer drugs will be increased by inhibiting 

the DNA repair enzyme PARP. 

'Mis central premise is supported by a large amount of evidence showing that 

inhibitors of PARP inhibit DNA repair and potentiate the cell killing capacity of 

alkylating agents. When cells were exposed to dimethyl sulphate (DMS, 21), a potent 

alkylating agent, the NAD+ concentration of these cells was found to decrease. When 
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DMS was applied to cells in the presence of a PARP inhibitor (3-aminobenzamide, 3 

or 3-methoxybenzamide, 4) there was no decrease in NAD+ concentration observed. 

During this experiment the strand length of the DNA of the cells was determined by 

sedimentation studies. Immediately after incubation with DMS the cellular DNA was 

found to appear in the middle of a sedimentation gradient. Forty minutes after the 

removal of DMS, sedimentation studies showed that the DNA had increased 

significantly in size and after eighty minutes the DNA appeared at the same place as 

undamaged DNA. When this sedimentation study was repeated, with the application 

of a PARP inhibitor immediately after removal of DMS, it showed that there was no 

appreciable increase in the size of DNA after forty minutes. That is, the DNA was 

not repairing itself. Eighty minutes later the DNA showed only a slight increase in 

size, whilst after five hours the bulk of the DNA had not yet returned to its original 

size. This same study also showed the increase in cYtotoxicity of cells towards DMS 

in the presence of PARP inhibitors. 21 Other studies have shown similar results using 

12 



other DNA-damaging agents (eg N-methyl-N-nitrosourea (22) and T-radiation) and 

other PARP inhibitors. 22 

These experiments have progressed by studying the effects of antiturnour drugs in the 

presence of inhibitors of PARP. Thus, the active metabolite 5-(3-methyl-l-triazeno)- 

4-imidazole carboxamide (MIC, 14) of the drug 5-(3,3-dimethyl-l-triazeno)-4- 

imidazole carboxamide (DTIC, 13, see earlier) has been shown to increase cell death 

in the presence of PARP inhibitors. 23 Another antiturnour drug, bleomycin, which is 

thought to cleave DNA strands has also been shown to have an increased potency in 

the presence of PARP inhibitors. 24 
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2.1 Inhibitors of PARP 

Inhibitors of PARP have been sought since its discovery. They were required as 

molecular mechanistic probes of the enzyme: if an inhibitor of PARP was given in 

vivo, then any cellular dysfunction observed meant that PARP played a role in that 

cellular function. Throughout the course of PARPs history many compounds have 

been discovered which inhibit this enzyme. A large proportion of these inhibitors 

also participate in other known metabolic pathways and so would be useless for 

PARP in vivo dysfunction studies. However, this complication is overshadowed by 

the lack of inhibitors that have both potency and aqueous solubility. The latter two 

points must be overcome in order to obtain suitable inhibitors of PARP. 

2.1.1 3-Substituted Benzamides 

Benzamide (23) has been known to be an inhibitor of PARP since 1975. It is a close 

analogue of nicotinamide (24) but does not have a ring nitrogen, which means that it 

cannot be metabolised by NAD+ biosynthetic enzymes. However, benzamide has 

0 

2 

0 

3-Aminobenzamide 3 3-Methoxybenzamide 4 

Inhibitors of PARP 

Figure 3 
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low aqueous solubility and is very hydrophobic making it unsuitable for physiological 

studies. 

3-Substituted benzamides, such as 3-methoxybenzamide and 3-aminobenzamide (4 

and 3, Figure 3), were shown to be strong inhibitors of PARP and have good 

solubility properties, which meant that they could be used in physiological studies. 25 

2.1.2 Dihydroisoquinolines26 

It was realised that inhibition of PARP would increase the effectiveness of 

chemotherapy and radiotherapy. With this in mind certain dihydroisoquinolines were 

tested. These compounds were chosen because of their similarity to 3-substituted 

benzamides. They were designed so that they had a rigid amide orientation- it was 

thought that this particular orientation was optimal for inhibition. This hypothesis 

was proved by synthesizing and testing 2-alkyl-3-substituted benzamides. These 

compounds have the opposite preferred amide orientation to that of the 

dihydroisoquinolines. The 2-alkyl-3-substituted benzamides were found to be 

inactive whilst the dihydroisoquinolines were found to be inhibitors (Figure 4). 

Substitution of the dihydroisoquinolines at the 5 position gave extremely potent 

inhibitors of PARP (with the exception of the 5-nitro, substituent). Substituted 

dihydroisoquinolines were also tested but were shown to be less potent than the 

corresponding 5-substituted compounds. 

This work suggests that both a fixed amide orientation and a meta substituent are both 

necessary for potent inhibition. It is interesting to note that a para substituent, which 

can directly donate electron density to the amide carbonyl, shows less inhibition than 

the corresponding meta compound (Figure 5). 
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2.1.3 Other Inhibitors of PARp27 

The most potent inhibitor found by Banasik et al was 4-amino-1,8-naphthalimide 

(25). This compound has a rigid amide and can be viewed in two ways with respect 

to the amide substituent. It can be regarded as a compound that has a para amine and 

a meta sp2 carbon or simply as an amide that has an electron rich meta Sp2 carbon. In 

the former case, even though direct para electron donation from the amine is seen, the 

magnitude of this electron donation is tempered by the other canonical forms of the 
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molecule. For this reason this molecule cannot be regarded as a. simple analogue of a 

para substituted benzamide (Figure 6). 
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2.1.4 The Design of PARP Inhibitors Based Upon 

Literature Precedent 

A study of the literature of PARP inhibitors indicates that three requirements are 

necessary for these compounds to be effective: 

(i) A 6-membered ring. 

(ii) An amide functional group. 

(iii) A substituent at the three position relative to 

the amide. 

The extent that the literature has explored these three aspects will now be discussed 

(Figure 7). 

Proposed Molecular Template for Inhibitors of PARP 

Figure 7 

(i) 6-membered ring 

Literature inhibitors generally have the molecular skeleton depicted above (Figure 7). 
It is thought that an unsaturated ring is necessary for activity, however, partially 

unsaturated ring systems have not been investigated. 
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Heterocyclic systems, such as nicotinamide (3), have shown activity but not to as 

great an extent as non-heterocyclic systerns. In addition nicotinamide systems 

decrease in potency when they are substituted at the three position. This is thought to 

be a consequence of starving the carbonyl group of electrons. A method of 

incorporating an alkyl substituted nicotinamide without incurring loss of electron 

density from the carbonyl group is through the formation of N- 

alky1dihydronicotinamides (see Section 4.3.2). 

(ii) Amide functionality 

The orientation of the amide function necessary for inhibition has been shown to be 

that depicted above by the workers who designed the dihydroisoquinoline class of 

inhibitors26 (Figure 4, Section 2.1.2). 

Another aspect of the amide function is the extent of substitution upon the nitrogen 

atom. Potent inhibitors have been discovered which have one nitrogen proton 

substituted for an alkyl group27 but it is not known if both protons can be substituted. 

That is, does the enzymic site have a hydrogen bond accepting group that 

accommodates an amide nitrogen proton? 

A third aspect to the amide functionality is its carbonyl group. It could be envisaged 

that within the enzyme the inhibitor binds by forming a 'hydrogen bond' at the 

carbonyl oxygen. If this were the case then a correlation between inhibition and 

carbonyl electron donation would be expected to be seen. The extent of carbonyl 

electron donation can be quantitatively determined spectroscopically: either by IR 

carbonyl stretching frequencies or carbon-13 NMR chemical shifts. In this way it 

should be possible to show a correlation between carbonyl electron donation and 
inhibitory potency (see Section 5.1.1). 
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(iii) 3-Substituent 

Inhibition has been observed within compounds that do not have a 3-substituent, 

however it seems that potency is increased with an electron - donating substituent (eg 

amino) at the three position. Further work is required to determine the nature and 

function of the 3-substituent. 

2.2 Assay of PARP Inhibitor Potency 

The activity of PARP, with or without the presence of an inhibitor, was determined 

by incubating permeabilized cells with radioactively labelled NAD+ in the presence 

of double stranded oligonucleotide. The amount of poly(ADPR) produced, 

determined by the amount of material obtained after work up, was a measure of the 

activity of PARP (see Materials and Methods). 

Nucleotides, such as NAD+ and the oligonucleotides mentioned above, do not 

permeate intact living cells. The cells used in the assay were made permeable to 

nucleotides by suspending in hypotonic buffer. After suspension in this buffer the 

cells were suspended in an isotonic buffer where the assay was carried out. It was 

originally thought that it was possible to do the assay using isolated nuclei, however, 

it has been shown that this procedure gave misleading results. PARP activity was 

shown to depend upon the number of DNA strand breaks, which in isolated nuclei are 

comparatively high and thus the activity of PARP was comparatively high. 'Me DNA 

structure of permeabilized cells is very nearly the same as that of intact cells and so 

the activity of PARP is comparable to that in the cell. 28 

The enzyme in the permeabilized cells was activated by the presence of double 

stranded oligonucleotides. 29,30 It is possible to activate indirectly cellular PARP by 
inducing DNA lesions with carcinogens or DNase 1, both of which cause strand 
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breaks in the chromosomal DNA. The addition of double stranded oligonucleotides 

however, directly activates the enzyme within the cell. Thus, using this method the 

percentage inhibition of a potential inhibitor can be determined at various 

concentrations and by making a plot of percentage inhibition against concentration of 

inhibitor an IC50 can be determined. 
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Chapter 3 



3.1 The Cofactor NAD+ 

3.1.1 The Design of Enzyme Inhibitors 

A number of approaches are available for the rational design of enzyme inhibitors. 

The two approaches we used were the synthesis of molecules based upon the 

structures of: 

(a) the enzyme's cofactor. 

(b) known inhibitors found in the literature. 

Thus, a prerequisite of molecule design based on (a) above is the full characterisation 

of the cofactor with particular emphasis upon its crystal structure(s), enzyme bound 

crystal structure(s) and solution conformation(s). 

The cofactor of PARP and of a large number of other enzymes is nicotinamide 

adenosine diphosphate (NAD+ 2, Figure 8). 
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Figure 8 
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As can be seen from Figure 8a pyridinium cation (a good nucleofuge) is attached via 

an N-glycosidic bond to the C- I of D-ribose in aP- manner ((x forms have also been 

observed but are usually enzymically inactive). This nicotinamide - ribose moiety is 

linked to adenosine via a pyrophosphate group making the molecule a dinucleotide (Cf 

Section 1.3). Usually NAD+ is involved in enzymic redox reactions where, as 

cofactor, it acts as a hydride acceptor. The hydride anion is accepted at C-4 of the 

nicotinamide ring (the aromaticity of which is lost) forming a quinoid type structure. 

The reduced form of NAD+ is represented as NADH (26, see Figure 9). 

Ethanol alcohol dehydrogenase is an example of an enzyme which has NAD+ as a 

cofactor and which effects a redox reaction. This enzyme oxidises ethanol (27) to 

ethanal (28), in the manner shown in Figure 10, with NAD+ accepting the hydride 

anion produced (the proton which is also produced goes into solution). 
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When NAD+ accepts a hydride ion in this manner, a prochiral centre is produced (at 

C-4 of the dihydronicotinamide ring) within the resulting NADH. That is, hydride 

transfer is stereospecific. Thus, ethanol, lactate and malate dehydrogenases transfer 

the pro-R hydride, whilst 3-phosphoglyceraldehyde and glucose dehydrogenases are 

pro-S specific (see Figure 9). 

A large number of enzymic redox reactions which have NAD+ as a cofactor have 

been studied and described in the literature. However, care must be taken if we are to 

take any of the results - such as enzyme bound crystal structures of NAD+ - as 

premises for the design of our molecules. This is because PARP is not a redox 

enzyme but an ADP-ribosylating enzyme. The crystal structure of NAD+ (which was 

determined by Saenger et a13 I) can be used as a premise for our work. The 

description of this crystal structure will help explain some of our ideas for drug 

design and introduce all the nomenclature necessary for an explanation of the results 

of a two dimensional NMR spectroscopic solution conformation study of NAD+ (see 

Section 3.4). 

3.2 The Crystal Structure of NAD+ 

The crystal structure of the dihydrate of the lithium salt of NAD+ - Li+NAD+, 

C2lH26N7014P2Li. 2H20 - is detailed below and is reproduced in Diagram 1. 
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The Crystal Structure of NAD4' 

Diagram I 

Furthermore, it is described by a consideration of various components and bonds, 

such as: the two sugars, the sugar base bonds-, the C4! -C5' bonds and the 

pyrophosphate linkage. 

Nomenclature32 

Within a system of four atoms designated ABCD, the three atoms ABC can describe a 

plane as can the three atoms BCD. The angle at which these planes intersect is called 

the dihedral angle. Angles formed by a clockwise rotation of the rear bond are 

designated positive, whilst anticlockwise rotations are negative. If the dihedral angle 

is 0* the system is synperiplanar (cis), if the dihedral angle is 1801 the system is 

antiperiplanar (trans). The region between 0' and 901 is the synclinal or gauche 



els 

synpe(iplanor 

antiperiiplonar 
trans 

gauche (syndinal) 

+ 

onfi (onficlinal) 
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Figure II 

region and the region between 90" and 180" is the anti or anticlinal region (see Figure 

11). 

3.2.1 The Sugar Conformations 

The conformations of the furanose sugars are succinctly described by the 

pseudorotation concept. 33 Briefly, the sugar's CV, C4'and 0 atoms describe a plane; 

any atoms above that plane (ie on the same side as the CY atom) are called endo 

whilst the atoms below it are said to be exo. Ibis gives rise to two conformations: 

envelope (E) and twist (T). An envelope occurs when one atom does not deviate or 

only slightly deviates from the plane, whilst the other atom shows a large deviation; a 

twist conformation occurs when both atoms display similar (but opposite) deviations 

from the plane. In Figure 12 the arrows show the direction of deviation from the 

plane defined by the remaining atoms indicated byW. The adenosine ribose has a 

C(2')-endo (2E) envelope whilst the nicotinamide ribose has a C(T)-endo C(2)-exo 

(3T2) twist conformation, both of which are also represented in Figure 12. 
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3.2.2 The Glycosidic Bonds 

The relative orientation of the bases with respect to the sugars is described by the 

torsional angle about the glycosidic bonds. The angles for adenosine (0(1')-C(1')- 

N(9)-C(8)) and nicotinamide ribose (0(1')-C(1')-N(l)-C(6)) show that both bases 

adopt an anti conformation: ie the bases are directed away from the sugars. 'Mis is 

represented in Figure 13 where the bold lines represent the bonds which form the 

torsion angle. In the crystal structure the value for the adenosine moiety is 521 and 

for the nicotinamide the value is 15". 
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3.2.3 The C4'-C5' Orientation 

The orientation observed for (0(5')-C(5')-C(4')-C(3')) in NAD+ is the preferred 

conformation for other nucleotides. In both cases within NAD+ the orientation can 

be described as + gauche. Thus, the 05' atoms are above the ribose ring, which is 

depicted in Figure 14. The torsion angles (described by the bold bonds) for the two 

sugars are 48* and 47' for the adenosine aqd nicotinamide riboses, respectively. 

Base 

110 OH 

The C4'-C5' Orientation of Ribose 

Figure 14 
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3.2.4 The Pyrophosphate Linkage 

Many crystal structures of compounds containing the pyrophosphate linkage have 

been determined making comparisons between them and NAD+ possible. The P-0 

bond distances in the P- O-P group tend to differ by about 0.1 A for molecules such as 

CDP and ADP (depending upon their counterions), whilst the P-0 bond distances are 

similar for symmetrical molecules such as di-p-naphtholpyrophosphate. Since the 

pyrophosphate group within NAD+ is symmetrically substituted by ribose units 

connected in the same way (via 05') then the P-0 bond distances should be very 

similar. However, the bond distances were found to be disymmetrical, one bond was 

about 0.1 A longer than the other. The PN-Opp bound was found to be longer than 

the PA-Opp bond. This was thought to be a consequence of the lithium cation 

coordination (see Diagram 2). 

Another feature of the pyrophosphate group was its POP bond angle of 130". This 

was consistent with the values observed for this angle in other nucleotides, but not 

with phosphoesters, where the bond angle about POC is usually 1201. This 

phenomenon has important consequences for the dihedral angles of the pyrophosphate 

group and can allow it to occupy a synperiplanar (cis) orientation. 

The 05'-PN torsion angle was found to be + gauche (79') whilst the 05'-PA torsion 

angle was - anticlinal (-125"). The latter result, again, was thought to be a 

consequence of lithium cation coordination. However, in solutions without any 

cations, greater flexibility can be envisioned. 

3.2.5 The Bases and Li+ Cation Coordination 

Both bases are almost planar and orientated nearly perpendicular to one another. The 
Li+ cation is tetrahedrally coordinated to adenine N7 and a pyrophosphate oxygen of 
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The Crystal Structure of NAW Showing Lithium Coordination 

Diagram 2 

the nicotinamide part of the pyrophosphate group. Tle Li+ cation is further 

coordinated to the pyrophosphate oxygens of another NAD+ molecule (see Diagram 

2). 



3.3 Solution conformation of NAD+ 

The proposed solution conformation of NAD+ was determined from the analysis of 

NMR spectroscopic data of various reduced and oxidized pyridine dinucleotides. 

This research began in the late 1960's and early 1970's and initially no useful data was 

won due to the low field strengths (60 MHz) used to deterrnine the spectra. In 1970 

Sarma and Kaplan, 34 obtained higher field (220 MHz) spectra of some reduced and 

deuterio labelled pyridine dinucleotides. They observed an AB splitting pattern 

which was assigned to the H4' and 1-14" protons of a 1,4-dihydropyridine dinucleotide. 

That is, the two protons (114' and H4") were seen to have different chemical shifts. 

This difference in chemical shift was rationalized by employing the idea of a folded 

dinucleotide: the nucleotide was thought to be folded in such a manner that the 

adenine half of the molecule resided over the reduced pyridine half of the molecule. 

In this way one of the protons at position four would exist in a different chemical 

environment to the other proton and a chemical shift difference, induced by the 

adenine ring current, would be seen between them. From this premise and using 

specifically deuteriated (D4'or D4") 1,4-dihydropyridine dinucleotides they proposed 

the proportions of dinucleotide conformer (right or left handed helix) in solution. 

This paper and other similar papers were later appraised by Jacobus. 35 Before 

turning to the previous paper he presented various stereochernical definitions and 

related these definitions to the NMR properties of the reduced pyridine dinucleotides. 

In particular the reduced pyridine protons 114' and 1-14" within the previous example 

were diastereotopic: and as such were anisochronous. That is, they have different 

chemical shifts whatever their environment. Thus, the results described by Sarma and 
Kaplan could be rationalized without the need to invoke a helical model. It was 

concluded that the NMR results so far could only define the topography of these 

molecules with ambiguity. 
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Tbis'observation however, does not preclude the existence of helical conformers. In a 

dynamic system with a pyrophosphate linkage that possesses the capacity for the 

degree of flexibility described earlier (see above), then NAD+ (NADH etc ... ) most 

probably exists in three forms: an extended one similar to its crystal structure and two 

stereochernically distinct helical or folded conformations. Furthermore, this 

hypothesis could be tested by nOe NMR experiments and perhaps even the 

proportions of the folded species could be determined by expeditýous use of deuterio- 

labelled dihydropyridine dinucleotides (see Future Work). 

In summary NAD+ adopts the expected conformations derived from comparison with 

other nucleotides. The peculiarities of the crystal structure seem to be a consequence 

of the lithium cation coordination. 
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3.4 Further Investigations of The Solution 

Conformation of NAD+ 

The design of some of our inhibitors of PARP was to be based upon the structure of 

PARP's cofactor NAD+. The 500 MHz IH and 125 MHz 13C NMR spectra of 

NAD+ were determined with a view to discovering some empirical data that would 

help to describe its solution conformation. 

3.4.1 The NMR Spectra of Adenosine 5'-(Trihydrogen 

Diphosphate)51-4 5' ester with 3-(Aminocarbonyl-l-B-D- 

Ribofuranosyl-Pyridinium, hydroxide, inner salt (NAD+) 

Notation: A position about the nicotinamide ring will be designated Nn where n is a 

number. A position about the sugar ring attached to the nicotinamide ring will be 

designated Nn'- In the adenosine system the letter N will be replaced by A. 'Ibis 

numbering system is illustrated in Figure 15. 

NAD+: This compound consists of two parts joined by a diphosphate linkage: one 

part consists of adenosine which is attached to the diphosphate group via the 5' (AS) 

hydroxyl group; the other part consists of nicotinamide attached to ribofuranose from 

the NI nitrogen to the anomeric Nl'carbon in aD manner with the N5hydroxyl 

joined to the diphosphate linkage (see Figure 15). 

3.4.2 NMR Spectrum of NAD+ 

When considering the NMR (1H or 13C) spectra of NAD+ we expect to see a 

problem with the differentiation of the two ribose units. 'Ibis problem has been 
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The Numbering of NAD+ 

Figure 15 

overcome for the 1H NMR spectrum of this compound by using a high field 

spectrometer (500 MHz) and correlation spectroscopy (COSY) to assign coupled 

peaks. Our assignments have been further confirmed by rotating frame Overhauser 

effect spectroscopy (ROESY). 

The 13C spectrum of NAD+ has been assigned by using heteronuclear shift 

correlation spectroscopy and selective spin decoupling. Carbon-phosphorus coupling 

indicating the conformation of the molecule about the phosphodiester linkage is also 

observed and discussed. 

3.4.3 The 500 MHz 1H NMR Spectrum of NAD+ 

This spectrum (spectrum 1) has three distinct regions: the first, between 8 9.6 and 8 

8.2, contains the aromatic protons; the second, between 6 6.4 and 8 6.0, contains the 

two anomeric protons; and lastly the sugar protons are between 8 5.0 and 8 4.0. This 

is in accord with the III NMR spectra of N-alkyl nicotinamide saltS36 and 

adenosine. 37 
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