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1.11 SOLID PHASE SYNTHESIS AND COMBINATORIAL CHEMISTRY 

Thee progress that molecular biology has made in the past two decades allowed for the 

automatedd biological screening of drug candidates, a procedure which is known as high-

throughputt screening (HTS). In order to speed up the costly drug development process, 

medicinall  chemists were now challenged to provide numerous drug candidates for many novel 

therapeuticc targets in a short time and combinatorial chemistry was the device. In initial 

approaches,, gigantic numbers of oligomeric molecules were prepared as mixtures of all possible 

combinationss of a given set of building blocks. The philosophy was to create such a diverse set 

off  compounds that screening was bound to produce a hit. But the often undefined quality of 

thesee 'real' combinatorial libraries soon emerged as a serious drawback and focus shifted to the 

automatedd parallel synthesis of single compounds of defined structure, which started a period 

off  turbulent evolution of solid phase synthesis.1 

Thee founding father of solid phase synthesis is undoubtedly R. Bruce Merrifield, who 

revolutionisedd peptide synthesis in 1963 by reporting the preparation of a tetrapeptide on 

insolublee cross-linked polystyrene beads.2 Twenty-one years later, he was rewarded the Nobel 

prizee for his 'development of methodology for chemical synthesis on a solid matrix'. Shortly 

afterr Merrifield's principal solid phase peptide synthesis Letsinger3 and Khorana4 each 

reportedd a modified strategy, which formed the groundwork for automated solid phase 

oligonucleotidee synthesis, a technique that has proved invaluable in modern genetic 

engineering.. The exemplary method of Khorana, who's contribution to polynucleotide 

synthesiss was rewarded with the Nobel prize in 1968, is outlined in Scheme 1.1. It involved the 

initiall  attachment of a nucleoside, thymidine 2, to previously synthesised 4-methoxytrityl-

chloridee polystyrene polymer 1. The resulting polymer 3 was subjected to repeated nucleotide 

couplingg steps and final cleavage of the desired oligonucleotide from the polymer was achieved 

underr mild acidic conditions furnishing TpTpT 6 in 84 % yield from polymer bound 

thymidinee 3. This example clearly demonstrates the benefits of synthesis on a solid support: 

easyy work-up by simple washing and filtration steps and the use of reagents in excess to drive 

thee reactions to completion. These procedures soon turned out te be quite applicable to 

automation. . 

Thee high-throughput synthesis and screening innovation in medicinal chemistry required 

translationn of 'classical' solution phase organic chemistry to solid supported chemistry in order 

too produce the desired drug-like molecules. This demanded a serious understanding of 

polymerr properties.5 Although a growing number of new solid supports become available for 

applicationn in solid phase chemistry, the classic Merrifield-type polystyrene cross-linked with 

11 or 2 % divinylbenzene is still the most widely used support for solid phase operations. 

Functionalisationn of the phenyl groups in the polystyrene matrix permits the attachment of 
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Schem ee 1.1. Khorana's polymer supported oligonucleotide synthesis from 1966, reference 4. (a) pyridine, 
thenn MeOH; (b) pyridinium salt of 4 (20 equiv), pyridine, mesitylene sulfonylchloride (30 equiv); (c) 1 M 
NaOCH33 in MeOH-DMSO-pyridine (1:5:4); (d) TFA-CHCI3 (1:99), 0 , 5 min, 6: 84 % yield from 3. T = thym-
ine. . 

substrates.. Since more than 99 % of the reactive sites are inside these resin beads, they must be 

swollenn in the reaction solvent in order to be accessible to reagents.6 The choice of reaction 

solventt is therefore crucial in polymer supported reactions and the optimum solvent may not 

bee the same as used in analogous reactions in solution. In fact, the swollen cross-linked 

polymerss are said to be the solvents in which the reactions are performed.50 The gel-phase 

polymer-solventt system does not allow the use of heterogeneous reagents and accordingly 

precipitationn of side-products from the gel-phase is a typical nuisance in solid phase chemistry. 

Thee attachment of the substrate to the polymer, sequential polymer supported synthesis 

stepss and final detachment, poses divergent demands on the linkage between polymer and 

substrate.. On the one hand, the linkage has to remain stable during the diversification steps 

preventingg premature cleavage; on the other hand, facile release from the support must be 

guaranteed,, without affecting the desired end-product. Obviously, much of the research in 

solidd phase organic synthesis is devoted to the development of practical linker systems.7 
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Givenn the long development time associated with transferring chemistry to solid phase and 

thee difficulties with monitoring solid supported reactions,8 the practice of synthesising drug 

candidatess entirely on a solid support has seen a decline in use over the past few years.9 Other 

solidd phase applications are becoming increasingly important in organic synthesis, such as the 

usee of polymer supported reagents,10 that allow the easy work-up by filtration, and polymer 

supportedd catalysts,11 that can be re-used, and scavenger resins to trap odorous or toxic species 

orr reagents used in excess.10,12 

Judgingg from the commodious collection of solid phase reactions that has been reported in 

thee past decade13 and the large and ever expanding amount of products that is commercially 

availableavailable for solid phase and combinatorial chemistry, including new solid supports, solid 

supportedd reagents, pre-loaded resins and building blocks, solid phase techniques have become 

ann established arsenal for the synthetic chemist. 

Thee philosophy behind combinatorial library design has changed radically since the early days 

off  vast, diversity driven libraries.9 A reconsideration was imperative because the large numbers 

off  compounds synthesised did not result in the increase in drug candidates that was originally 

envisaged.. Whereas the amount of new chemical entities has remained relatively constant 

betweenn 1990 and 2000, averaging approximately 37 per annum,14 the number of compounds 

synthesisedd and screened has increased by several orders of magnitude.15 The idea of 

maximisingg diversity is now mostly abandoned and current design strategies involve 

interactionss between various disciplines with inputs from biotechnology, biomedical 

engineering,, informatics, proteomics and genomics.1617 In this collective approach the library is 

fashionedd to bind to specific biological targets such as enzymes or receptors.14 Because these 

'thematical'' - as opposed to 'diverse' - libraries focus on processes with a common biochemical 

mechanism,, they can potentially cross over to multiple therapeutic areas. Therefore, a drug-

discoveryy strategy based on these thematic libraries may offer an increased probability for 

therapeuticc success. 

1.22 ADENOSINE RECEPTORS 

Thee endogenous nucleoside, adenosine, is ubiquitous in mammalian cell types. Adenosine is 

relatedd both structurally and metabolically to the bioactive nucleotides adenosine triphosphate 

(ATP),, adenosine diphosphate (ADP), adenosine monophosphate (AMP) and cyclic adenosine 

monophosphatee (cAMP); to the biochemical methylating agent S-adenosylmethionine (SAM); 

andd it is present as a structural element in RNA and the coenzymes NAD, FAD and 
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coenzymee A. Together adenosine and these related compounds are important in the regulation 

off  many aspects of cellular metabolism. 

Adenosinee itself is produced in many cell types with a basal concentration in the 

micromolarr range. The concentration of endogenous adenosine in interstitial fluid has been 

estimatedd between 30 and 300 nM.18 The biosynthesis of adenosine proceeds primarily by two 

pathways.. The first is a cascading hydrolysis pathway, from ATP to ADP to AM P to adenosine 

catalysedd by 5'-nucleotidase enzymes and this process can occur both intracellularly and 

extracellularly.199 The second is the intracellular enzymatic hydrolysis of S-adenosyl-

homocysteinee to adenosine.20 Transport of intracellularly produced adenosine out of the cell 

proceedss primarily by facilitated diffusion through equilibrative or concentrative nucleoside 

transporterr proteins.21 The lifetime of adenosine in circulation is in the order of several 

secondss and this rapid degradation means that adenosine acts locally, close to the site where it 

firstt enters circulation.22 The elimination of extracellular adenosine generally takes place by 

uptakee back into the cell through the nucleoside transporters or by deamination to inosine 

catalysedd by adenosine deaminase. Intracellular adenosine is either phosphorylated to AM P by 

adenosinee kinase or metabolised enzymatically by adenosine deaminase to inosine.23 

ADENOSINEADENOSINE AND G-PROTEINS 

Adenosinee mediates many of its physiological effects via cell surface receptors named 

adenosinee receptors.24 To date four adenosine receptor subtypes have been identified: three 

withh affinity for the endogenous ligand adenosine in the nanomolar range, (Ai , A2A and A3) 

andd one with affinity in the micromolar range (A2B)- The adenosine receptors belong to the 

extensivee family of guanine nucleotide binding-protein (G-protein) coupled receptors 

(GPCR's),, which all consist of seven membrane spanning a-helices, that together constitute the 

bindingg site for extracellular ligands (e.g. adenosine).25 The heterotrimeric G-protein is 

composedd of an a, P and y subunit and transduces the binding of an extracellular ligand to the 

receptorr into an intracellular response (see Figure 1.1 on page 6).26 This process is called signal 

transduction.. Stimulation of this transduction mechanism is effected when an extracellular 
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secondd messengers: 
-cAMP P 

Figur ee 1.1. Mode of action of G-protein coupled receptors. 

ligandd enters the binding site of the G-protein coupled receptor and thereby causes a change in 

thee relative orientation of the transmembrane helices. These alterations then affect the 

conformationn of the intracellular loops of the receptor that interact with the G-protein, thereby 

uncoveringg previously masked binding sites on the a-subunit where GDP is enclosed. 

Subsequentt GDP release from the a-subunit of the G-protein allows GTP to enter the available 

bindingg site. The GTP-bound a-subunit dissociates from the Py-subunit and either part can 

activatee an effector system, also known as second messenger system. This is usually an enzyme 

suchh as adenylate cyclase or a phospholipase, a transport protein or an ion channel specific for 

Ca2+,, K+ or Na+. This signal transduction mechanism is turned off when the a-subunit 

hydrolysess the bound GTP to GDP and the three subunits recombine under formation of the 

inactivee heterotrimeric G-protein. Recently, regulatory proteins have been identified that 

acceleratee GTP hydrolysis and thereby return the a-subunit to its inactivated GDP-bound 

form.277 Several classes of G-proteins can be distinguished that are each associated with a 

distinctt second messenger system. They include Gs, which activates adenylate cyclase; Gj, which 

inhibitss adenylate cyclase and Gq, which activates phospholipase C. 

Eachh of the adenosine receptor subtypes has been classically characterised by the adenylate 

cyclasee effector system.24 Adenylate cyclase is an integral membrane protein and catalyses the 

intracellularr conversion of ATP to the second messenger cAMP, which in turn affects a very 

widee range of cellular processes. The Aj and A3 receptors are coupled with Gj proteins, that 

inhibitt adenylate cyclase, leading to a dectease in cellular cAMP levels. The A2A and A2B 

receptorss couple to Gs proteins, that activate adenylate cyclase, leading to an increase in cellular 
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cAMPP levels. At present adenosine receptors are associated with many more effector systems 

otherr than adenylate cyclase and recently accessory proteins have been discovered that 

influencee the receptor/G-protein interaction and thus modulate the signalling reaction.28 

Al ll  four adenosine receptor subtypes have recently been cloned from a variety of mammals, 

includingg humans. While there is a high sequence homology between A\, A2A and A2B 

receptorss among mammals, the A3 subtype forms an exception. The amino acid identity 

betweenn human and rat adenosine receptor subtypes is 94 % (Ai) , 84 % (AIA)> 86 % (A2B) and 

722 % (A3).Z4 The lesser homology exhibited for the A3 subtype is reflected by the significant 

differencess in pharmacology between rat and human, including binding of ligands,29 tissue 

distribution,, and diversity of structure with respect to G protein-coupling and effector 

systems.30 0 

Thee adenosine receptor subtypes are variously expressed in effectually every organ and tissue 

inn the body where they modulate a multiplicity of physiological processes. Adenosine receptors 

playy an important role in the central nervous system and the cardiovascular system, in 

immunologicall  and inflammatory responses, respiratory regulation and in the kidney. 

ADENOSINEADENOSINE IS AN AGONIST 

Adenosinee is the endogenous ligand for the adenosine receptors. When this nucleoside binds 

too the adenosine receptor, it activates signal transduction pathways. By definition adenosine is 

thereforee an agonist, a compound that gives a maximal response (Figure 1.2). Exposure of any 

GPCRR to agonists for some time commonly leads to the attenuation of the agonist response.31 

Thiss phenomenon is termed desensitisation and has been demonstrated for all adenosine 

100%% . 
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Figuree 1.2. Dose-response curves for a full and a partial agonist and an antagonist (no response). 
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receptorss subtypes.30 The studies towards desensitisation of the adenosine receptors were 

carriedd out on receptors stably transfected into tissue derived cell lines and on recombinantly 

derivedd receptors. Desensitisation of the A\ receptor occurs relatively slowly, with a half life of 

66 to 8 hours, the A2A and A2B receptor responses are attenuated in less than an hour, while the 

A33 receptor desensitises very rapidly, within a few minutes. More research is required towards 

thee desensitisation mechanisms and how these events observed in cultured cells will translate 

inin vivo. 

Obviously,, when adenosine receptors are to be exploited as therapeutic targets, the 

attenuationn of the desired receptor response is undesired. A partial agonist may induce less 

receptorr desensitisation.32 A partial agonist is a compound that displays a submaximal response 

(seee Figure 1.2), whereas a compound that blocks the receptor for activation is called an 

antagonist.. Other advantages of the therapeutic use of partial agonists may be the reduced 

chancee of side effects and increased subtype selectivity.33 A compound can be a full agonist in 

onee system and at the same time be a partial agonist in another system. 

THERAPEUTICTHERAPEUTIC POTENTIAL OF ADENOSINE RECEPTOR AGONISTS. 

Adenosinee is involved in a wide variety of physiological functions by stimulating the adenosine 

receptors.. Cloning of the four adenosine receptor subtypes and their expression in 

recombinantt systems allowed the design and discovery of subtype selective ligands and revealed 

thatt adenosine analogues may act as agonists for the adenosine receptors. By modifying the 

endogenouss adenosine molecule selectivity for one of the receptor subtypes can be obtained 

(seee next section). In this section the role of the adenosine receptor subtypes in various 

(patho)physiologicall  processes is described and several prospects are indicated for therapeutic 

interventionn by selective activation of the adenosine receptor subtypes. 

Centrall nervous system. 

Withinn the central nervous system (CNS), adenosine is an important modulator of 

neurotransmission,, and has been implicated in many physiological functions such as regulation 

off  arousal and sleep, anxiety, cognition and memory.34 Thus Ai receptor agonists may serve as 

sleepp promoters and have been implicated as potential drugs in the treatment oi: anxiety. 

Adenosinee regulates pain transmission particularly by activation of adenosine Ai receptors at 

spinal,, supraspinal and peripheral sites.35 Several known pain killers alter the extracellular 

availabilityy of adenosine and subsequently modulate pain transmission. Acute exposure to 

capsaicin,, the 'hot' component of chilli peppers, induces a reduced sensitivity to chemicals, 

heatt and pressure. Capsaicine and also the opioid morphine increase endogenous adenosine 
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releasee in the spinal cord, which is believed to account for their analgesic (pain killing) effect. 

Whenn given spinally, adenosine can provide a long-lasting analgesia in both rats and humans. 

Underr certain pathological conditions, like trauma, ischaemia (stroke) and seizure activity, 

adenosinee can serve a significant neuroprotective function.36 These traumas involve an increase 

inn neurotransmitter release. The excessive firing of neurotransmitters is ultimately responsible 

forr neural degeneration and destruction of nerve cells, which leads to brain damage or 

eventuallyy death. The development of drugs that (indirectly) activate the Aj receptor, 

consequentlyy inhibiting neurotransmitter release, may therefore be clinically useful in the 

treatmentt of ischaemia or epilepsy. 

Alsoo in chronic neurological disorders such as Alzheimer's or Huntington's disease 

activationn of adenosine receptors can be of clinical importance.37,38 The most widely used drugs 

inn Alzheimer's disease increase the availability of acetylcholine in central cholinergic pathways 

byy inhibiting the enzyme acetylcholinesterase.37 Another strategy to enhance cholinergic 

transmissionn might be to activate adenosine A2A receptors, which facilitate acetylcholine 

release,, or to block adenosine Aj receptors, which inhibit acetylcholine release.39 In rodent 

modelss of Huntington's disease both adenosine Ai receptor agonists and adenosine A2A 

receptorr antagonists appear to attenuate the striatal lesions as well as the dystonia, the 

repetitivee muscle contractions that cause the typical jerking movements of body parts.38 

Cardiovascularr system 

Adenosinee is clinically used as an antiarrythmic agent, Adenocard™ (i.v.), to restore normal 

heartt rhythm in patients with abnormally rapid heartbeats originating in the upper chambers 

off  the heart, so-called paroxysmal supraventricular tachycardia. The therapeutic effect is 

broughtt about by activation of the Ai receptors localised on the sinoatrial node, which 

interruptss the excessive electrical impulses in the sinus and atrioventricular nodes. Selective 

actionn at the site of administration can be achieved as a result of the rapid metabolism of 

adenosine.222 Development of stable adenosine agonists that can be orally administered may be 

usefull  in the management of cardiac arrhythmias. 

Vasodilationn of coronary vessels is achieved by activating A2A receptors and adenosine itself, 

marketedd as Adenoscan™ (i.v.), is applied for cardiac imaging in the evaluation of coronary 

arteryy disease. Selective A2A agonists are currently in clinical trials as potent vasodilators.40 

Inflammatoryy responses 

Elevatedd levels of adenosine have been measured in the lung fluid and the exhaled breath 

condensatee of patients with inflammatory disorders of the airways such as asthma and chronic 

obstructivee pulmonary disease (COPD). Adenosine has therefore been suspected to have a 

pathogenicc role in such chronic disorders.41 Inhaled adenosine has the effect of causing mast 
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cell-dependentt bronchoconstriction in asthmatic subjects, but causes bronchodilation in 

nonasthmatics.. Degranulating mast cells that release allergic mediators like histamine, are 

consideredd to be play a crucial role in these diseases. Activation of A3 and A2B receptors has 

beenn shown to facilitate the release of allergic mediators from mast cells, while activation of 

A2AA receptors leads to inhibition of histamine release. The inhalation of the nonselective 

adenosinee receptor antagonist theophylline (present in tea) is widely used as an antiasthmatic 

therapyy and its mechanism of action may involve blocking of the low affinity A2B receptor. 

Alternatively,, selective A2A agonists are currently in clinical development as anti-inflammatory 

agentss for the treatment of asthma and COPD.40 

Cancer r 

Significantlyy elevated levels of adenosine are found in the extracellular fluid of solid tumors, 

suggestingg a role of adenosine in tumour growth.42 Adenosine was found to exert its effects on 

proliferationn and on cell death mainly through the A3 adenosine receptors. Exposure of 

variouss cell lines to A3 receptor selective agonists showed inhibition of cancer cell proliferation, 

whilee stimulating the growth of bone marrow cells.45 These results suggest that A3 agonists may 

havee potential as anticancer agents and could be useful as adjuvants to chemotherapy. 

Agonistss of A2A receptors are proposed to be used as vasodilators of intratumoural blood 

vessels,, facilitating the delivery of anticancer drugs into the tumour tissue. This might be 

particularlyy important for malignant brain tumours, where the limited effectiveness of 

chemotherapyy has been attributed to insufficient drug delivery into the tumour cells.42 

Thee diverse physiological functions of adenosine, some of which have been mentioned above, 

demonstratee the significant benefits of developing therapeutics for the regulation of adenosine 

receptors.. However, the widely spread distribution of adenosine receptors in mammalian cell 

types,, the existence of at least four distinct subtypes together with the variability of 

physiologicall  responses means that exploiting this potential requires agonists and antagonists 

thatt are highly subtype and tissue type selective to be of value as therapeutics. 

DEVELOPMENTDEVELOPMENT OF SUBTYPE SELECTIVE ADENOSINE RECEPTOR AGONISTS 

Adenosinee receptor research over the past 20 year has shown that all adenosine receptor 

agonistss are derivatives of the native adenosine structure.24,44 The ribose moiety appears to be 

essentiall  for affinity and agonist activity, although modifications at the 3' and 5' position are 

tolerated.. Increase in affinity and selectivity has been effected by modification of the ribosyl 5'-

positionn and the 2- and N6-positions. Generally, N6-monosubstitution with a bulky cycloalkyl 

orr arylalkyl group enhances A] selectivity relative to the A2A and A3 subtypes as exemplified by 
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Figur ee 1.3. Classical examples of adenosine receptor subtype selective agonists with their binding affinities K 
inn nM at the rat and human receptors. Data taken from reference 24a ora 45 orb 46. 

2-chloro-6-cyclopentyladenosinee 7 (CCPA) in Figure 1.3. The N6-substituents may contain 

heteroatoms,, while stereochemistry is an also an important determinant. The 2-position can 

toleratee small, selectivity enhancing substituents, such as halogen or oxo groups. Removal of 

thee 2'- and 3'-hydroxyl groups leads to partial agonism with weak activity. Selectivity for the A2A 

receptorr is favoured by large substituents on the 2 position and 5'-ethylcarboxamido or 5'-

azacyclicc modifications on the ribosyl part. Both polar and apolar C2 linkers such as NH, O 

andd alkynyl with lipophilic cycloalkyl or phenylalkyl groups are required for A2A affinity and 

selectivity.. An A2A selective agonist frequently used as a pharmacological tool is adenosine 

analoguee 8 known as CGS21680. For the low affinity A2B receptor 5'-N-ethylcarboxamido-

adenosinee (NECA) 9 remains one of the most potent agonists, although it is not selective for 

thee A2B receptor. Selectivity at A3 adenosine receptors had been achieved through optimisation 

off  substituents at the N and 5'-positions of adenosine. Specifically, a benzyl group on N 

seemss to be preferred by A3 receptors and produced decreased potency at Ai and A2A receptors. 

Thee A3 selectivity was further enhanced by the addition of 5'-N-methylcarboxamido groups as 

inn CUB-MECA 10. 

Whil ee adenosine analogues were usually screened for selectivity at the rat adenosine 

receptors,, recently human recombinant adenosine receptors expressed in mammalian cell lines 

havee become available. Marked differences in subtype selectivity between rat and human 
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adenosinee receptors have come to light. Agonists, like CGS21680 8 that have been used as 

pharmacologicall  tools for their subtype selectivity on rat adenosine receptors, have now been 

shownn to be less selective at human receptors as becomes evident from Figure 1.3. 

Inn addition, with the functional evaluation of more compounds on the most recently 

discoveredd A3 receptor surprising results have been obtained concerning the functional activity 

off  adenosine analogues. While 2-alkynyl adenosine analogues are known to be potent agonists 

att the human adenosine receptors, Cristalli's group discovered that several 8-alkynyl adenosine 

analogues,, are in fact antagonists for the A3 receptor.47 This is remarkable since adenosine 

derivativess with an unmodified ribose moiety have always been considered to act as (partial) 

agonistss at the adenosine receptors. Accordingly, it has often been assumed that adenosine 

derivativess that activate one receptor subtype would likely activate other subtypes at 

concentrationss at which binding is observed. Jacobson and coworkers, however, have recently 

shownn that the known A] selective agonist CCPA 7 is actually an antagonist of the A3 

receptor.29,488 These findings require a reconsideration of the classical paradigm that adenosine 

analoguess are always agonists of the adenosine receptors. 

Lately,, more sophisticated di- and trisubstituted adenosine analogues have been reported 

withh high affinity and selectivity for the adenosine receptors. It has become increasingly 

difficul tt to predict the effect of these multiple substitutions on subtype selectivity, affinity and 

efficacy.241.. The recently synthesised 2-triazenyladenosine derivative 11, was reported to be a 

potentt and selective agonist for the human A] receptor with a Kj value of 2.8  0.8 nM, and a 

755 fold selectivity over A2A and 214 fold over A3 receptors.46 The 2,6-disubstituted NECA 

derivativee 12 was reported by researchers at Glaxo Wellcome as a potent and selective agonist at 

thee A2A receptor.49 A 4'-(2-alkyltetrazoyl) adenosine derivative related to 12, GW-328267, is 

currentlyy in clinical trials for inhalation therapy for asthma and COPD.40 While 2-alkynyl 

HNN ^ HN ^ 

O O 

O H H 

''  Ï I > 

HO O 

HO O 

11:: AT selective 

OH H 

HO O 

12:: A2A selective 

Figur ee 1.4. Modern multisubstituted adenosine analogues as agonists for the adenosine receptors. 
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adenosinee analogues are potent agonists at the human adenosine A2A and A3 receptors,473 the 

introductionn of an additional N6-substituent on 2-alkynyladenosine derivatives was shown to 

increasee selectivity for the human A3 receptor and N -methyl analogue 13 displayed a Kj value 

off  3.4 (2.0-5.8) nM and 500 and 2500 fold selectivity over the Ai and A2A receptors 

respectively.47* * 

Thee combination of site-directed mutagenesis, molecular modelling and the screening of 

knownn and new adenosine analogues has offered a progressive understanding of receptor-

ligandd interactions.29,47b-50'53 This multidisciplinary approach may boost the development of 

potentiall  therapeutic agents with selectivity for the adenosine receptor subtypes. 

1.33 NUCLEOSIDES AS ANTI-PARASITIC AGENTS 

Thee World Health Organisation estimates that more than two billion people are affected by 

tropicall  diseases, like malaria, African sleeping sickness, Chagas' disease and leishmaniasis.54 

Thee etiological agents of these diseases are unicellular parasites belonging to the kingdom of 

thee Protozoa. In this section a brief description of each of these parasitic diseases and their 

relatedd problems concerning current chemotherapy is presented. Subsequently, the role that 

modifiedd nucleosides might play as potential anti-parasitic agents, is discussed. 

Malaria a 

Approximatelyy 40 % of the world's population lives in tropical and subtropical areas where 

malariall  parasites are endemic, and 300 to 500 million people worldwide are afflicted with the 

diseasee annually. Plasmodium falciparum, the agent that causes the most severe form of malaria 

inn humans, is responsible for 1.5 to 2.7 million deaths per year, of which more than 1 million 

occurr in children under 5 years of age. P. falciparum is an obligate intracellular protozoan 

parasitee that undergoes a number of developmental stages in the human host and multiplies 

asexuallyy in the red blood cell to give rise to all of the clinical symptoms of malaria: fever, with 

orr without other indications such as headache, muscular aches and weakness, vomiting, 

diarrhoea,, cough. Death may be due to infected red blood cells blocking blood vessels 

supplyingg the brain (cerebral malaria), or damage to other vital organs.55 

Malariaa parasites enter their mammalian host via the bite of an infected female Anopheles 

mosquitoo (see also Box 1.1 on page 14). They make their way first, via the bloodstream, to the 

liverr where a single parasite, 'sporozoite', invades a liver cell. Once inside, it multiplies to 

producee thousands of 'merozoites'. The liver cell swells and eventually bursts, releasing the 

merozoitess into the circulation, where they set about invading the red blood cells of their host. 

Withinn the red blood cell the parasite grows via the ring stage to become a 'trophozoite'. In this 
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Boxx 1.1. Parasite and disease facts. 

Disease e 

Malaria a 

African n 
sleeping g 

Chagas' ' 

sickness s 

disease e 

Leishmaniasis s 
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Saharann Africa 

Centrall  and South 
America a 

Worldwidee tropical 
andd subtropical 
regions s 

stagee the parasite takes up nutrients from its host and starts growing rapidly until it reaches the 

'schizont'' stage and the parasite subdivides to produce 20 to 30 daughter merozoites. Then 

approximatelyy 48 hours after the initial invasion, the infected red blood cell bursts, releasing 

thee merozoites, and a new cycle begins. Its various stages and the strategy of living inside the 

cellss of its host helps the parasite evade the host's immune system. 

Althoughh chemotherapy and prophylaxis are available, the rapidly growing resistance against 

classicall  (and inexpensive) drugs like quinine, chloroquine and mefloquine (Lariam®) and drug 

toxicityy articulate the acute need for more efficacious and less toxic drugs. 

Africann sleeping sickness 

Africann sleeping sickness, caused by Trypanosoma brucei spp, is transmitted to humans through 

thee bite of the tsetse fly of the genus Glossina.56 When present in the insect vector the parasite 

iss in the procyclic form, but upon introduction into the host, the trypanosomes adopt the 

bloodstreamm form, and they proliferate in the blood and lymphatic systems, before invading the 

centrall  nervous system. Cerebral invasion is responsible for the disturbances in patients' sleep 

patternss and other neuropsychiatric disorders. Sleeping sickness falls into two clinical 

categoriess depending on which trypanosome subspecies is responsible: T. b. gambiense causes a 

chronicc disease that takes several years to progress to the second meningoencephalitic stage; 

T.. b. rhodesiense, however, causes an acute form of the disease, taking just a few weeks to reach 

thiss second stage. Sleeping sickness is a daily threat to more than 60 million people in 36 

countriess of sub-Saharan Africa, 22 of which are among the least developed countries in the 

world.. The estimated number of people thought to have the disease is between 300 000 and 

5000 000. However, only 3 to 4 million of these people are under surveillance and the 50 000 
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deathss reported in 2001 do not reflect the reality of the situation, but simply show the absence 

off  case detection. If untreated, both forms of the disease are fatal at the second stage, and 

unfortunatelyy the treatment of African trypanosiomasis is still unsatisfactory. Eflornithine, the 

solee drug developed in recent times, is effective only for late-stage gambiense disease and is very 

expensive.577 However, production of eflornithine is once again commercially viable thanks to 

itss cosmetic properties in the control of unwanted facial hair (Vaniqa™ cream).58 Two other 

drugs,, pentamidine and suramin which are incapable of crossing the blood-brain barrier, are 

usedd for the treatment of early-stage gambiense and rhodesiense disease, respectively, but have 

seriouss side effects. Since its introduction in 194959 the arsenical drug melarsoprol remains the 

first-linee drug for late-stage disease of both forms of sleeping sickness, but is very toxic and even 

fatal.. Up to 10 % of the patients die from melarsoprol induced reactive encephalopathy.60 

Moreover,, none of the African trypanocides can be given orally. 

Chagas'' disease 

Chagas'' disease is caused by Trypanosoma cruzi, for which many kinds of wild and domestic 

mammalss act as hosts and hence as reservoirs of the disease.61 This flagellated protozoan 

parasitee is transmitted to humans in different ways, either by the blood-sucking reduviid bug, 

orr vinchuca, which deposits its infective faeces on the skin at the time of biting, or directly by 

transfusionn of infected blood or by congenital transmission. T. cruzi infection has a wide 

distributionn in Central and South America, where it is endemic in 21 countries. The disease 

affectss 16 to 18 million people, and about 5 to 6 million of these have developed chronic 

incurablee complications, such as cardiac lesions, digestive disorders, peripheral neurological 

lesions,, appearing 10 to 20 years after the initial acute phase of the disease. The number of 

lethall  cases, mostly among children, reported in 2002 was 13 000. There have been significant 

improvementss in the control of Chagas' disease by breaking the transmission of the disease 

throughh targeting the insect vectors. Treatment with nifurtimox and benznidazole is available 

forr acute stages of the disease only. New drugs are thus still needed, especially to overcome the 

chronicc form of the disease. 

Leishmaniasis s 

Overr 20 different species of the genus Leishmania are known to be pathogenic for humans.62 

Theyy are all transmitted by the bite of an insect vector, the phlebotomine sandfly. The 

promastigotee forms of the leishmanial parasite enter the human host where they are ingested 

byy macrophages. There they metamorphose into amastigote forms and reproduce by binary 

fission.. They increase in number until the cell eventually bursts, then infect other phagocytic 

cellss and continue the cycle. The leishmaniases are divided into three general clinical patterns 

accordingg to the form of the disease: cutaneous, visceral and mucocutaneous. Over two million 
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neww cases of leishmaniasis are estimated to develop each year in 88 countries, with more than 

3500 million people at risk and a reported 59 000 deaths in 2002. New drugs are needed for 

leishmaniasiss because the standard treatments can only be given parenterally, and the 

treatmentt courses are long, expensive, and may induce severe adverse reactions. Moreover, key 

productss such as antimonials are being compromised by drug resistance.63 

Chemotherapy,, even if not satisfactory, remains the principal instrument for the control of all 

thesee diseases. Vaccine development has proved difficult because many of these parasites have 

evolvedd intricate mechanisms for evading their host's immune system. Nevertheless a handful 

off  vaccine candidates against malaria and leishmaniasis has recently moved into development 

forr clinical trials.64 The limited number of available drugs is simply a consequence of market 

economyy principles: since people most at risk from tropical diseases are among the poorest in 

thee world, pharmaceutical companies are reluctant to invest in the development of new drugs. 

Off  the 1399 new chemical entities registered and marketed between 1975-1999, only 13 

specificallyy concerned tropical diseases.66,67 

NUCLEOBASENUCLEOBASE AND NUCLEOSIDE TRANSPORT 

Thee identification of fundamental biochemical disparities between a parasite and its host 

offerss a promising strategy for the development of new chemotherapy against parasitic diseases. 

AA striking metabolic difference between all protozoan parasites and their mammalian hosts is 

thee purine biosynthetic pathway. Whereas mammalian cells can synthesise the purine ring 

fromm amino acids and other small molecules, all protozoan parasites studied to date are 

incapablee of synthesising purines de novo.6® Instead, each genus of protozoan parasite has a 

distinctt and unique complement of purine transporters and salvage enzymes that enable the 

parasitee to scavenge preformed purines from the host. The salvage of host purines is initiated 

byy their translocation - either across the parasite plasma membrane or, possibly, in the case of 

ann intracellular parasite, across the parasitophorous vacuolar or host plasma membrane. Thus, 

nucleobasee and nucleoside transporters serve a vital nutritional function for the parasite. 

Nucleobasee and nucleoside transporter proteins - and with the (near) completion of parasitic 

genomee sequences, a growing number of their encoding genes - have been identified for the 

kinetoplastids,, Trypanosoma brucei10'18 and Leishmania species,79"82 and for the apicomplexan 

parasitess Plasmodium falciparum8^8*  and Toxoplasma gondii.85'81 The protozoan nucleoside 

transporterr genes identified to date have been classified as belonging to the extensive 

equilibrativee nucleoside transporter family, which includes the human equilibrative nucleoside 

transporters.21,888 Members of this equilibrative nucleoside transporter family characteristically 

possesss eleven transmembrane domains with a large intracellular hydrophilic loop linking 
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transmembranee domains 6 and 7.89 The number of biochemically distinct nucleoside 

transporterss in these various parasites remains to be (genetically) determined in virtually all 

speciess except L. donovani, where it has been genetically established that there are only two 

nucleosidee transporters.90 

Inn general, uptake by transporters can be a basis for selective drug action against the 

parasite,, if the host cells do not express an equivalent protein or if the host transporter is 

sufficientlyy different so as to have a much lower affinity or rate of uptake for the drug. A better 

understandingg of the substrate recognition motifs of human and parasite permeases may offer 

leadss for the development of new drugs that are selectively taken up by parasites and not by 

hostt cells.76 Nevertheless, if drug action is dependent on selective uptake, resistance may arise 

uponn loss or mutation of the transporter involved in the uptake. Of course the mere uptake of 

nucleosidee analogues or for that matter any potential drug is not sufficient for selective 

therapeuticc effects and further studies of metabolic pathways within the parasite are required 

forr the rational design of antimetabolites as parasite cytostatics. 

NUCLEOSIDENUCLEOSIDE TRANSPORTERS IN TRYPANOSOMES 

Severall  nucleobase and nucleoside transport systems that are in fact proton symporters have 

beenn characterised in Trypanosoma brucei cells.70"72,91 The PI type system, encoded by the 

TbNTT gene family,73,74 mediates the uptake of purine nucleosides, and is detected in both the 

bloodstreamm form and procyclic form of the parasite life cycle.69 The P2 transporter, encoded 

byy the gene TbATl,75 recognises adenosine, adenine and several important antitrypanosomal 

drugss and is detected only in the bloodstream form of the parasite.69 In addition, five 

nucleobasee transporters have been found to date. The hypoxanthine transporters HI , H2, H3 

andd H4 and the uracil transporter U l . The HI nucleobase transporter is expressed in procyclic 

trypanosomess and transports hypoxanthine, adenine, xanthine, and guanine.72 In bloodstream 

formm trypanosomes, there are two purine nucleobase transporters: H2, which is insensitive to 

inhibitionn by guanosine, and H3 which transports guanosine and is also inhibited by this 

nucleoside.700 While the genes coding for the T. brucei purine nucleobase transporters of the 

HI ,, H2 and H3 family have not been identified to date, recently De Koning and co-workers 

identifiedd and cloned a gene, TbNBTl, that encodes a new, high affinity hypoxanthine 

transporter,, designated H4.77 This permease is expressed in T. b. brucei procyclics and mediates 

thee transport of hypoxanthine, adenine, xanthine, guanine and, unlike the HI transporter, 

alsoo guanosine. In a recent paper Landfear's group described the cloning and functional 

expressionn of a novel nucleobase transporter gene, TbNT8.l, which is closely related to the 

TbNBTlTbNBTl gene.78 Both leishmanial and trypanosomal nucleoside transporters have a much 
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higherr affinity for their nucleoside or nucleobase ligands than do mammalian nucleoside 

transporters.80,92 2 

Inn a systematic survey De Koning and Jarvis assessed the substrate recognition motifs for the 

PII  and P2 adenosine transporters, which are summarised in Figure 1.5.92 For the PI 

transporterr the presence of a ribose moiety is essential for binding and transport, considering 

thatt pur ine nucleosides are actively transported, whereas purine and pyrimidine nucleobases 

doo not affect this transporter. Both the 3' and 5' hydroxyl groups are involved in interactions 

withh the transporter, but a 2'-hydroxyl group is not required. A C-6 substituent, like the 6-

aminoo group in adenosine, is probably not involved in binding to the PI permease, since 

guanosinee and inosine, with a 6-keto functionality, are also effectively transported. In the 

purinee ring N3 and N7 are essential as hydrogen bond acceptors. 

6-NH22 not essential 

H-bondd acceptor' 

H-bonds s 

NH22 / 

O— — 
HO O 

H-bondd donor 

H-bondd acceptor 

OH H 

HO O 

H-bondd acceptor NH2 electrostatic 

Ti-Tii interactions HO O 

ribosee not essential 

-N N 

~N^"-N8+ + 

o— — 

interactions s 

OH H 

HO O 

P11 P2 

Figur ee 1.5. Substrate recognition motifs or the T. brucei P1 and P2 transporters.; adapted from ref. 92 and 93. 

Forr the P2 transporter the presence of a ribosyl group is not a critical requirement, since 

adeninee displays an even higher affinity than adenosine. The region most essential for binding 

too the P2 transporter is formed by the N1-C6-N H amidine moiety, where N l acts as a 

potentiall  hydrogen bond acceptor and the 6-amino group as a possible hydrogen bond donor. 

Cooperat ionn between these bonds results from the withdrawal of electron density from the 

aminee group through the formation of a hydrogen bond to N l . In addition, Fairlamb and co-

workerss have suggested that the presence of a large and lipophilic residue on N6 is favourable 

forr binding to the P2 permease.94 Also N9 was identified as essential for high-affinity binding, 

althoughh it is not involved in hydrogen bonding. Rather, the N9 lone pair of electrons would 

bee mostly fed into the rt-system of the pyrimidine ring, thereby creating a partial positive charge 

onn N9 and making the 7t-system more electron rich. Thus, electrostatic interactions with N9 

andd 7t-n interactions with the pyrimidine ring were inferred as vital elements for substrate or 

permeantt binding. 
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Figur ee 1.6. Trypanocidal drugs that are transported by the P2 permease. 

Antitrypanosomall  drugs that share these essential elements with purine nucleobases, are 

shownn to be internalised by the P2 transporter.95 They include the diamidines like 

pentamidinee and berenil, and the melaminophenylarsenicals, like melarsoprol. In fact, drug 

resistancee due to loss of the P2 transporter has been reported.69,95 

NUCLEOSIDENUCLEOSIDE UPTAKE BY PLASMODIA SPECIES 

Thee symptoms of malaria are caused by plasmodium parasites invading the red blood cells. The 

enclosuree of the plasmodium parasite in a parasitophorous vacuole within the infected red 

bloodd cell requires that the uptake of nutrients from the human host into the parasite cytosol 

occurss across multiple membranes. Nutrients generally must be transported across the red 

bloodd cell membrane, the parasitophorous vacuolar membrane, and the parasite plasma 

membrane.. After malaria infection the parasitised red blood cell undergoes marked alterations 

inn its basic membrane transport properties. These nutrient permeation pathways involve 

variouss complex and novel elements including transporters, channels, ducts, and the 

tubovesicularr membranes, an interconnected network extending from the parasitophorous 

vacuolarr membrane to the periphery of the infected erythrocyte.97 The altered transport 

capabilitiess of the infected red blood cell, known as the new permeation pathways, appear 10 

too 20 hours after invasion and are partly attributed to a non-saturable, anion selective channel 

onn the red blood cell membrane that transports nucleosides, polyols, amino acids, sugars and 

alsoo exhibits significant permeability to cations.9798 In addition, the unusual capacity to 

mediatee the transport of unnatural L-nucleosides underlines the broad substrate selectivity of 

thee new permeation pathways.96 Also the tubovesicular membrane network has been 

implicatedd in nucleoside transport within the infected red blood cell.99 

Thee eventual transport of nucleosides across the parasite plasma membrane into the parasite 

cytosoll  was shown to be mediated by a saturable nucleoside permease. Two groups 
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independentlyy described the cloning and functional characterisation of this equilibrative 

nucleosidee transporter from P. falciparum?  ̂ The transporter designated PfNTl exhibits broad 

substratee selectivity for purine and pyrimidine nucleosides and unnatural L-adenosine but not 

nucleobases.833 The permease designated PfENTl, that has an identical amino acid sequence 

exceptt for position 385, which contains Leu instead of Phe, also effectively transports 

nucleobasess such as adenine, guanine and hypoxanthine and nucleoside analogues used as 

anti-virall  and carcinostatic drugs.84 Functionally, the similar affinities of adenine and 

adenosinee suggest that the purine system may play a major role in substrate recognition by 

PfENTl,, unlike the situation with the mammalian equilibrative nucleoside transporters, which 

appearr not to transport nucleobases. The PfNTl transporter was localised on the parasite 

plasmaa membrane100 and is expressed throughout the intraerythrocytic phase of the parasite's 

lif ee cycle, but is upregulated in the early trophozoite stage, before the onset of nuclear division. 

Analysiss of the P. falciparum genome has not revealed the presence of homologous sequences 

andd implies that Pf(E)NTl is the sole representative of the equilibrative nucleoside transporter 

familyy in the parasite. In addition, homologues of other nucleoside and nucleobase transporter 

familiess have not been found to date. These findings indicate that Pf(E)NTl may be the only 

mechanismm for nucleoside and nucleobase uptake into the parasite. The reliance of Plasmodium 

speciess on purine salvage and the unique transport properties of Pf(E)NTl suggest that this 

transporterr protein might be a viable target for the development of novel anti-malarial drugs. 

ADENOSINEADENOSINE ANALOGUES AS POTENTIAL ANTIPROTOZOAL DRUGS 

Ass argued in the previous section, parasite transporters may be practical targets for 

antiprotozoall  chemotherapy by inhibiting nutrient transport and hence depriving the parasite 

off  building blocks essential for its development. Alternatively, these permeases can play a role 

inn the selective internalisation of cytotoxic agents, that target vital processes within the 

unicellularr parasite. To date, attention has largely focused on the cytotoxic drugs approach and 

several,, involving adenosine analogues, are discussed below. 

AA promising strategy for the development of new anti-trypanosomal drugs comprises the 

obstructionn of parasite glycolysis. Unlike the insect form, the bloodstream form of T. brucei 

lackss a functional citric acid cycle and mitochondrial oxidative phosphorylation and depends 

solelyy on glycolysis for energy production.10' Disrupting carbohydrate catabolism in 

bloodstreamm form T. brucei significantly hampers parasite proliferation.102 In Kinetoplastida, the 

firstt seven glycolytic enzymes are enclosed in peroxisome-like organelles called glycosomes, in 

contrastt to the situation in other organisms where the glycolytic enzymes are present in the 

cytosol.. Any selective inhibitor developed against a T. brucei enzyme may also be effective on the 
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Tablee 1.1. Effect of adenosine analogues on glycolytic enzyme inhibition and parasite growth.' 
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aa Data taken from references 106 and 108. b bloodstream form.c mammalian stage. 

correspondingg enzyme of other trypanosomatids, and vice versa. Therefore most of the 

glycolyticc enzymes are possibly also good drug targets in T. cruzi and Leishmania species, despite 

thee larger contribution of mitochondrial processes in the mammalian stages of these 

parasites.103 3 

Gelbb and coworkers reported on the design, synthesis and screening of substituted 

adenosinee analogues as inhibitors of trypanosomatid glycolytic enzymes.104108 Inhibitors of 

T.. brucei and T. cruzi glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and T. brucei 

phosphoglyceratee kinase (PGK) were identified. Although many compounds were synthesised 

andd evaluated for their enzyme inhibitory activity, only the best enzyme inhibitors were 

subsequentlyy tested for in vitro growth inhibition of trypanosomatids. Some examples are given 

inn Table 1.1, that showed anti-trypanosomal activity in the low micromolar range. Remarkably, 

thee best antitrypanosomal compound was not the best GAPDH-inhibitor. Alternatively, this 

compoundd might act on a target other than or in addition to the GAPDH enzyme. 

A nn alternative, effective method of selectively killin g protozoa proved to be the inhibition of 

thee parasite polyamine biosynthetic pathway.109111 In fact, D,L-a-difluoromethylornithine 17 

(DFMO,, eflornithine, or Ornidyl™ manufactured by Aventis) is the drug of choice for 

treatmentt of late-stage western African human trypanosomiasis caused by T. b. gambiense, 
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althoughh the drug is not effective against acute T. b. rhodesiense infections." Eflornithine is an 

irreversiblee inhibitor of ornithine decarboxylase (ODC), the first enzyme in the polyamine 

biosyntheticc pathway. 

NH+
3 3 

H2Nkk / \ J \ ,0 
p 2 H CC O H,N 

OR R 

RO O 

177 Eflornithine 18 R = H (MDL73811) 

199 R = Ac 

Figur ee 1.7. Inhibitors of enzymes involved in polyamine biosynthesis. 

Anotherr key enzyme in the regulation and synthesis of polyamines is S-adenosylmethionine 

decarboxylasee (AdoMetDC). Sufrin and coworkers recently published a study towards the anti-

trypanosomall  activity of a known irreversible inhibitor or S-adenosylmethionine decarboxylase, 

thee adenosine analogue 18 (MDL73811).112 Several derivatives of 18 were synthesised and 

antitrypanosomall  evaluation in vitro identified the 2',3'-diacetylated analogue 19 as a potent 

trypanocide,, which displayed ten-fold higher IC50 values than parent compound 18 (Table 1.2). 

Remarkablyy the AdoMetDC enzyme inhibitory effect of 19 was a ten-fold lower. The reason for 

thiss discrepancy is not exactly understood. 

Tablee 1.2. In vitro inhibition of AdoMetDC and antitrypanosomal activity of adenosine analogues 18 and 19.a 

18 8 
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AdoMetDCC (IC50)
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0.0788 pM 
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1.. b. mutei UC50) 
243d d 

0.11 pM 0.04 pM 

0.0144 pM 0.014 pM 

T.. b. rhodesiense (IC50) 

269ee 243 As 10-3f 

0.222 pM 0.1 pM 

0.022 pM 0.054 pM 
aa Data taken from reference 112. b AdoMetDC from L1210 murine leukemia cells.c EATRO 110 strain. d KETRI 243 strain, 
melarsoproll and diamidine resistant. e KETRI 269 strain and  KETRI 243 As 10-3 strain both highly arsenical resistant. 

Inn order to identify adenosine analogues as potential drugs against malaria the group of Link 

synthesisedd many nucleoside analogues via a combinatorial approach. While generally N -

monosubsti tutedd adenosine analogues showed insignificant antimalarial activity with IC50 

valuess not below 10 m M , m the screening of a library of 5'-N-amido-5'-deoxy-N6-disubstituted 

adenosinee analogues revealed several compounds with reasonable activity against the multidrug 

resistantt Plasmodium falciparum strain Dd2.114 Some of the most active compounds are shown in 
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Figuree 1.8. With respect to the different modification patterns of their adenosine analogue 

libraries,, the authors concluded that not a single molecular target is recognised, but that 

potentiall  targets may include a variety of nucleotide dependent enzymes, the parasite's 

nucleosidee uptake machinery, and unrelated cell functions. 
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Figur ee 1.8. Antiplasmodial activity of A^ö'-disubstituted adenosine analogues; data taken from reference 114. 

Cyclin-dependentt kinases (CDK's) are essential for the regulation of the eukaryotic cell cycle, 

andd several enzymes of this family have been identified in P. falciparum^*1'™ These enzymes 

probablyy have a crucial role in parasite growth and differentiation.116 Significant differences 

existt between plasmodial and human CDK's, suggesting that these enzymes might also 

representt attractive targets for novel antiparasitic agents. Kinases have been targeted in 

anticancerr chemotherapy118 and several purine-derived kinase inhibitors were synthesised. A 

largee library of these purine derivatives has been screened for activity against P. falciparum and 

severall  purines with moderate to poor activity against mammalian CDKl/cycl i n B activity 

showedd submicromolar activity against the chloroquine resistant P. falciparum strain FCR-3."9 

Forr example, adenine derivatives 22 and 23 demonstrated a minor inhibitory effect on the 

purifiedd mammalian CDKl/cycl i n B enzyme system with IC50 values higher than 25 pM, while 
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Figur ee 1.9. Antimalarial activity of purine derivatives; data taken from reference 119. 
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theyy showed activity against P. falciparum in submicromolar concentrations (Figure 1.9). 

Unfortunately,, their inhibition data on plasmodial protein kinase activity were not provided. 

1.44 OUTLINE OF THE THESIS 

Thee main theme of this thesis consists of the development of new, fast sorting methodology to 

producee adenosine analogues as selective agonists for the adenosine receptors and as 

compoundss with antiprotozoal activity. In Chapter 2 the development of the first reported 

libraryy of nucleoside monomers entirely prepared on a solid support is described. In this case 

thee nucleoside is attached to the solid support by an ester linkage between the nucleoside 5'-

hydroxyll  group and a carboxyl functionalised polystyrene resin. Functionalisation of the purine 

ringg was effected by nitration on solid support. The developed strategy was illustrated by the 

constructionn of a small combinatorial library of 2,N6-disubstituted adenosine analogues. To 

expandd the solid phase methodology to the modification of the ribosyl moiety a sequence was 

developedd involving the safety-catch principle, described in Chapter 3. A safety-catch linker 

remainss inert during the solid supported diversification steps and can be 'switched on' at will , 

too allow for cleavage of the substrate from the resin. Thus, two small libraries were synthesised, 

composedd of 5',N6-disubstituted and 2,5',N6-trisubstituted carboxamidoadenosine analogues. 

Chapterr 4 deals with the construction of conformationally restricted adenosine analogues, 

makingg use of macrocyclisations involving the nitro substitution reactions that were so 

fruitfull yy applied in the solid supported syntheses described in the preceding chapters. The 

conformationallyy restricted adenosine derivatives were biologically evaluated at the adenosine 

receptors.. The antiprotozoal evaluation of the synthesised nucleoside libraries is described in 

Chapterr 5. The versatile purine nitration reaction constitutes the key step in the synthetic 

strategiess described in this thesis. In Chapter 6 the mechanism of this purine nitration reaction 

iss elucidated by evaluation of extensive NMR measurements. The observation of CIDNP 

effectss in the 15N-NMR spectra established the involvement of radicals in this reaction. 

1.55 REFERENCES 

1.. Obrecht, D.; Villalgordo, J.M. Solid-supported combinatorial and parallel synthesis of small-molecular-
weightt compound libraries, Baldwin, J.E. William, R.M. (Eds); Pergamon, Oxford 1998. 

2.. Merrifield, R.B. J. Am. Chem. Soc. 1963, 85, 2149-2154-
3.. Letsinger, R.L; Mahadevan, V.). Am. Chem. Soc. 1965, 87, 3526-3527. 
4.. Hayatsu, H.; Khorana, H.G. J. Am. Chem. Soc. 1966, 88, 3182-3183. 
5.. For reviews on properties of polymer supports in organic synthesis, see: (a) Hodge, R Chem. Soc. Rev. 1997, 

26,26, 417-424. (b) Sherrington, D.C. Chem Commun. 1998, 2275-2286. (c) Vaino, A.R.; Janda, K.D. J. Comb. 
Chem.Chem. 2000, 2, 579-596. (d) Walsh, D.; Wu, D.; Chang, Y.-T. Curr. Of>m. Chem. Biol. 2003, 7, 353-361. 

24 4 



Introduction n 

6.. For a study on solvent effects on the swelling of polystyrene resins, see: Sanitini, R.; Griffith , M.C.; Qi, M. 
TetrahedronTetrahedron Leu. 1998, 39, 8951-8954. 

7-- For reviews on linkers applied in solid phase organic synthesis see: {a) James, l.W. Tetrahedron 1999, 55, 
4855-4946.. (b) Bradley, F.; Orain, P.; Bradley, M. Chem. Rev. 2000, 100, 2091-2157- (c) Wills, ] . ; Balasubra-
manian,, S. Curr. Opin. Chem. Biol. 2003, 7, 346-352. 

8.. For reviews on analytical methods in solid phase and combinatorial chemistry, see: (a) Dal Cin, M.; Davalli, 
S.;; Marchioro, C; Passarini, M. ; Perini, O.j Provera, S.; Zaramella, A. II Farmaco 2002, 27, 497-510. (b) Yan, 
B.;; Fang, L.; Irving, M.; Zhang, S.; Boldi, A.M.; Woolard, F.; Johnson, C.R.; Kshirsagar, T.; Figliozzi, G.M.; 
Krueger,, C.A.; Collins, N. ]. Comb. Chem. 2003, 5, 547-559. (c) Koh, H.-L; Yau, W.P.; Ong, P.-S.; Hegde, A. 
DrugDrug Dev. Today 2003, 8, 889-897-

9.. Merritt, A.T.; Gerritz, S.W. Curr. Opin. Chem. Biol. 2003, 7, 305-307. 
10.. For an extensive review on solid supported reagents and scavengers, see: Ley, S.V.; Baxendale, I.R.; Robert 

N.. Bream, R.N.; Philip S. Jackson, P.S.; Andrew G. Leach, A.G.; Deborah A. Longbottom, D.A.; Marcella 
Nesi,, M.; James S. Scott, J.S.; R. Ian Storer, R.I.; Taylor, S.J.). Chem. Soc. Per/cm Trans. I 2000, 23, 38154195. 

11.11. For recent reviews on solid supported catalysts see: (a) Stambuli, J.P.; Hartwig, J.F. Curr. Opin. Chem. Biol 
2003,, 7, 420426. (b) Brase, S.; Lauterwasser, F.; Ziegert, R.E. Adv. Synth. Catal. 2003, 345, 869-929. 

12.. Edwards, P.J. Comb. Chem. High T Scr. 2003, 6, 11-27. 
13.. For reviews on solid phase reactions, see: (a) Booth, S.; Hermkens, P.H.H.; Ottenheijm, H.C.; Rees, D.C. 

Tetrahedron,Tetrahedron, 1998, 54, 15385-15443, and earlier papers in this series, (b) Dolle. R.E. ]. Comb. Chem. 2002, 4, 
369418,, and earlier papers in this series, (b) Nam, N.-H.; Sardari, S.; Parang, K. J. Comb. Chem. 2003, 5, 479-
546. . 

14-- For reviews on lead compounds discovered from combinatorial libraries, see: Golebiowski, A.; Klopfenstein, 
S.R.;; Portlock, D.E. Curr. Opin. Chem. Biol. 2003, 7, 308-325, and earlier papers in this series. 

15.. Oprea, T.I. Curr. Opin. Chem. Biol 2002, 6, 384-389. 
16.. Rose, S.; Adrian Stevens, A. Curr. Opin. Chem. Biol 2003, 7, 331-339. 
17.. Gershell, L.J.; Atkins, J.H. Nat. Rev. Drug Discov. 2003, 2, 321-327. 
18.. (a) Delaney, S.M.; Shepel, P.N.; Geiger, J.D. ]. Pharmacol Exp. Ther. 1998, 285, 561-567- (b) Kroll , K.; Stepp, 

D.W.Am.J.. Physiol 1996, 270, H1469. 
19.. (a) Schubert, P.; Komp, W; Kreutzberg, G.W. Brain Res. 1979, J68, 419424. (b) Zimmermann, H. Naun>n 

Schmiedebergss Arch. Pharmacol. 2000, 362, 299-309. 
20.. Broch, O.J.; Ueland, P.M. J. Neurochem. 1980, 35, 484488. 
21.. Baldwin, S.A.; Mackey, J.R.; Cass, C.E.; Young, J.D. Mo!. Med. Today 1999, 5, 216-224. 
22.. Pavan, B.; IJzerman, A.P. Biochem. Pharmacol 1998, 56, 1625-1632. 
23.. Lloyd, H.G.E.; Fredholm, B.B. Neurochem. Int. 1995, 26, 387-395. 
24.. For reviews onn adenosine receptors, see: (a) Fredholm, B.B.; IJzerman, A.P.; Jacobson, K.A.; Klotz, K.N.; Lin-

den,, J. Pharmacol Rev. 2001, 53, 527-552. <b) Poulsen, S. A; Quinn, R. J. Bioorg. Med. Chem., 1998, 6, 619-
641. . 

25.. For structural information, see the GPCR database: http://www.gpcr.org/ 
26.. Hamm, H. J. Biol. Chem. 1998, 273, 669-672. 
27.. De Vries, L ; Zheng, B.; Fischer, T; Elenko, E.; Farquhar, M.G. Annu. Rev. Pharmacol Toxicol. 2000, 40, 235-

271. . 
28.. Klinger, M.; Freissmuth, M.; Nanoff, C. Cellular Signaling 2002, 14, 99-108. 
29.. Gao, Z.-G.; Blaustein, J.B.; Gross, A.S.; Melman, N.; Jacobson, K.A. Biochem. Pharmacol 2003, 65, 1675-

1684. . 
30.. Olah M.E.; Stiles, G.L. Pharmacol. Ther. 2000, 85, 55-75. 
31.. Ferguson, S.S. Pharmacol. Rev. 2001, 53, 1-24. 
32.. Clark, R.B.; Knoll, B.J.; Barber, R. Trends Pharmacol. Set 1999, 20, 279-286. 
33.. van Tilburg, E.W., Gremmen, M.; von Frijtag Drabbe KünzelJ.; de Groote, M.; IJzerman, A.P. Bioorg. Med. 

Chem.Chem. 2003, 11, 2183-2192. 
34.. For a review, see: Ribeiro, J.A.; Sebastiao, A.M.; de Mendonca, A. Progress Neurobiol. 2003, 68, 377-392. 
35.. For a review, see: Sawynoka, J.; Liu, X.J. Progress Neurobiol. 2003, 69, 313-340. 
36.. For a review, see: Dunwiddie, T V ; Masino, S.A. Annu. Rev. Neurosci. 2001, 24, 31-55. 
37.. Doody, R.S.; Stevens, J.C.; Beck, C. Neurology 2001, 56, 1154-1166. 
38.. Blum, D.; Hourez, R.; Galas, M.-C.; Popoli, P.; Schiffmann, S.N. Lancet hleurol 2003, 2, 366-374. 

25 5 

http://www.gpcr.org/


Chapterr I 

39.. Sebastiao, A.M.; Macedo, M.P.; Ribeiro, J.A. Br. J. Pharmacol. 2000, 129, 374-380. 
40.. Jacobson, M.A. Expert Opin. Ther. Patents 2002, 12, 489-501. 
41.. For a review, see: Spicuzza, L.; Bonfiglio, C; Polosa, R. Trends Pharmacol Sci. 2003, 24, 409-413. 
42.. For a review, see: Merighia, S.; Mirandola, P.; Varania, K.; Gessia, S.; Leung, E.; Baraldi, P.G.; Tabrizi, M.A.; 

Borea,, P.A. Pharmacol. Ther. 2003, 100, 31-48. 
43.. (a) Fishman, P.; Bar-Yehuda, S.; Madi, L ; Cohn, I. Anticancer Drugs 2002, 13, 437-443. (b) Lu, J.; Pierron, A.; 

Ravid,, K. Cancer Res. 2003, 63, 6413-6423. 

44.. For a review, see: Muller, C.E. Curr. Med. Chem. 2000, 7, 1269-1288. 
45.. Brackett, L.E.; Daly, J.W. Biochem. Pharmacol 1994, 47, 801-814. 
46.. Beukers, M.W.; Wanner, M.J.; Von Frijtag Drabbe Künzel, J.K.; Klaasse, E.C.; IJzerman, A.P.; Koomen, G.-J. 

J.J. Med. Chem. 2003, 46, 1492-1503. 
47.. (a) Volpini,R.; Costanzi, S.; Lambertucci, C; Taffi, S.; Vittori , S.; Klotz, K.-N. Cristalli, G. ]. Med. Chem. 

2002,, 45, 3271-3279. (b) Costanzi, S.; Lambertucci, C.; Vittori , S.; Volpini, R.; Cristalli, G. X Mol. Graph. 
Mod.. 2003, 21, 253-262. 

48.. Gao, Z.-G.; Jacobson, K.A. Eur. ]. Pharmacol. 2002, 443, 3942. 
49.. Keeling, S. E.; Albinson, F. D.; Ayres, B. E.; Butchers, P. R.; Chambers, C. L ; Cherry, P. C; Ellis, F.; Ewan, 

G.. B.; Gregson, M.; Knight, J.; Mills , K.; Ravenscroft, P.; Reynolds, L. H.; Sanjar S.; Sheehan, M. J. Bioorg. 
Med.Med. Chem. Lett. 2000, 10, 403-406. 

50.. Gao, Z.-G.; Chen, A.; Barak, D.; Kim, S.-K.; Muller, C.E.; Jacobson, K.A. ) . Biol Chem. 2002, 277, 19056-
19063. . 

51.. Rivkees, S.A.; Barbhaiya, H.; IJzerman, A.P.} . Biol Chem. 1999, 274, 3617-3621. 
52.. Beukers, M.W.; Den Duik, H.; van Tilburg, E.W.; Brouwer, J.; IJzerman, A.P. Mol. Pharmacol. 2000, 58, 

1349-1356. . 
53.. Kim, J.; Jiang, Q.; Glashofer, M. ; Yehle, S.; Wess, J.; Jacobson K.A. Moi. Pharmacol. 1996, 49, 683-691. 
54.. World Health Report 2002; http://www.who.int/whr/2002/en/ 
55.. For extensive information on malaria, see: http://www.who.int/health-topics/malaria.htm 
56.. W H O Fact Sheet N° 259, March 2001. 
57.. Pépin, J.; Milord, F. Adv. Parasitol. 1994, 33, 1-47. 
58.. Wickware, P. Nat. Med. 2002, 8, 908-909. 
59.. Friedheim, E.A.H. Am. ) . Trap. Med. 1949, 29,173-180. 
60.. Barrett, M.P. Curr. Opin. Infect. Dis. 2000, 13, 647-651. 
61.. W H O / T DR publication: Strategic direction for Chagas disease research, Februari 2002. 
62.. For extensive information on leishmaniasis, see: http://www.who.inr/tdr/diseases/leish/default.htm 
63.. Sundar, S. Trop. Med. Int. Health 2001, 6, 849-854. 
64.. Reed, S.G.; Campos-Neto, A. Curr. Opin. Immunol. 2003, 15, 456-460. 
65.. Gelb, M.H.; Hoi, W. G. J. Science 2002, 297, 343-344-
66.. Ridley, R.G. In: Drugs against parasitic diseases: R&D methodologies and issues. Fairlamb, A.H.; Ridley, R.G.; 

Vial,, H.J. (Eds.) TDR-World Health Organization, Geneva, 2003, pp. 13-21. 
67.. Pecoul, B.; Chirac, P.; Trouiller, P.; Pinel, J. JAMA, 1999, 281, 361-367. 
68.. Berens, R.L.; Krug, E.C.; Marr, J.J. In: Purine and Pyrimidine Metabolism. Marr, J.J.; Muller, M. (Eds.) Aca-

demicc Press, New York, 1995, pp. 89-117. 
69.. Carter, N.S.; Fairlamb, A.H. Nature 1993, 36J, 173-175. 
70.. De Koning, H.P.; Jarvis, S.M. Mol. Biochem. Parasitol. 1997, 89, 245-258. 
71.. De Koning, H.P.; Jarvis, S.M. Biochem. Cell Biol. 1998, 76, 853-858. 
72.. De Koning, H.P.; Jarvis, S.M. Eur. ) . Biochem. 1997, 247, 1102-1110. 
73.. Sanchez, M.A.; Tryon, R.; Green, J.; Boor, I.; Landfear, S.M.J. Biol. Chem. 2002, 277, 21499-21504-
74.. Sanchez, M.A.; Ullman, B.; Landfear, S.M.; Carter, N.S. J. Biol. Chem. 1999, 274, 30244-30249. 
75.. Maser, P.; Sutterlin, C; Kralli , A.; Kaminsky, R. Science 1999, 285, 242-244. 
76.. Wallace, L.J.M.; Candlish, D.; De Koning, H.P.J. Biol Chem. 2002, 277, 26149-26156. 
77.. Burchmore, R.J.S.; Wallace, L.J.M.; Candlish, D.; Al-Salabi, M.I.; Beal, P.R.; Barrett, M.P.; Baldwin, S.A.; 

Dee Koning, H.P.J. Biol. Chem. 2003, 278, 23502-23507. 
78.. Henriques, C; Sanchez, M.A.; Tryon, R.; Landfear, S.M. Moi. Biochem. Paras. 2003, 130, 101-110. 
79.. Vasudevan, G.; Carter, N.S.; Drew, M.E.; Beverley, S.M.; Sanchez, M.A.; Seyfang, A.; Ullman, B.; Landfear, 

S.M.. Proc. Natl. Acad. Sci. U S. A. 1998, 95, 9873-9878. 

26 6 

http://www.who.int/whr/2002/en/
http://www.who.int/health-topics/malaria.htm
http://www.who.inr/tdr/diseases/leish/default.htm


Introduction Introduction 

80.. Carter, N.S.; Drew, M.E.; Sanchez, M.A.; Vasudevan, G.; Landfear, S.M.; Ullman, B. J. Biol. Chem. 2000, 
275,, 20935-20941. 

81.. Ghosh M.; Mukherjee T. MoL Biochem. Parasitoi 2000, 108, 93-99. 
82.. Al-Salabi, M.I.; Wallace, L.J.M.; De Koning, H.P. MoL Pharmacol. 2003, 63, 814-820. 
83.. Carter, N.S.; Ben Mamoun, C; Liu, W.; Silva, E.O.; Landfear, S.M.j Goldberg, D.E.; Ullman, B. ]. Biol. 

Chem.. 2000, 275, 10683-10691. 
84-- Parker, M.D.; Hyde, R.J.; Yao, S.Y.M.; McRobert, L ; Cass, C.E.; Young, J.D.; McConkey, G.A.; Baldwin, 

S.A.. Biochem. J. 2000, 349, 67-75. 
85.. Schwab, J.C.; Afifi , A.M.; Pizzorno, G.; Handschumacher, R.E.; Joiner, K.A. Mol. Biochem. Parasitoi 1995, 

70,, 59-69. 
86.. Chiang, C.W.; Carter, N.S.; Sullivan, W.J.; Donald, R.G.; Roos, D.S.; Naguib, F.N.; el Kouni, M.H.; Ull -

man,, B.; Wilson, C M . } . Biol Chem. 1999, 274, 35255-35261. 
87.. De Koning, H.P.; Al-Salabi, M.I.; Cohen, A.M.; Coombs, G. H.; Wastling, J.M. Int. } . Parasitoi. 2003, 33, 

821-831. . 
88.. Hyde, R.J.; Cass, C.E.; Young, J.D.; Baldwin, S.A. MoL Membr. Biol. 2001, 18, 53-63. 
89.. Griffith , D.A., and Jarvis, S.M. Biochim. Biophys. Acta 1996, 1286, 153-181. 
90.. Iovannisci, D.M.; Kaur, K.; Young, L ; Ullman, B. MoL Cell. Biol 1984, 4, 1013-1019. 
91.. De Koning, H.P.; Watson, C.J.; Jarvis, S. M. J. Biol Chem. 1998, 273, 9486-9494. 
92.. De Koning, H.P.; Jarvis, S.M. MoL Pharmacol 1999, 56, 1162-1170. 
93.. De Koning, H.P. Int. /. Parasitoi 2001, 31, 512-522. 
94.. Tye, C-K.; Kasinathan, G.; Barrett, M.P.; Brun, R.; Doyle, V.E.; Fairlamb, A.H.; Weaver, R.; Gilbert, I.H. 

Bioorg.. Med. Chem. Lett. 1998, 8, 811-816. 
95.. Kaminsky, R.; Maser, P., Curr. Opin. Anti-infect. Invest. Drugs 2000, 2, 76-82. 
96.. Upston, J.M.; Gero, A.M. Biochim. Biophys. Acta 1995, 1236, 249-258. 
97.. For a review on membrane transport in the malaria-infected red blood ceils, see: Kirk, K. PfvysioL Rev. 2001, 

81,81, 495-537. 
98.. Desai, S.A.; Bezrukov, S.;M.; Zimmerberg, J. Nature 2000, 406, 1001-1005. 
99.. Lauer, S.A.; Rathod, P.K.; Ghori, N.j Haldar, K. Saence 1997, 276, 1122-1125. 
lOO.Rager,, N.; Ben Mamoun, C; Carter, N.S.; Goldberg, D.E.; Ullman, B., } . Biol. Chem. 2001, 276, 41095-

41099. . 
101.. For a review on glycolysis as a target for new antitrypanosomal drugs, see: Vertinde, C.L.M.J.; Hannaert, V; 

Blonski,, C; Willson, M.; Périé, J.J.; Fothergill-Gilmore, LA. ; Opperdoes, F.R.; Gelb, M.H.; Hol, W.G.J.; 
Michels,, P.A.M. Drug Resist. Updates 2001, 4, 50-65. 

102.Clarkson,, A.B., Jr.; Brohn, F. H. Science 1976, 194, 204-206. 
103.Tielens,, A.G.M.; Van Hellemond, J.J. Parasitoi. Today 1998, 14, 265-271. 
104.Aronov,, A.M.; Verlinde, C.L.M.J.; Hol, W.G.J.; Gelb, M.H.X Med. Chem. 1998, 41, 47904799. 
105.Aronov,, A.M.; Gelb, M.H. Bioorg. Med. Chem. Lett. 1998, 8, 3505-3510. 
106.Bressi,, J.C.; Choe, J.; Hough, M.T.j Buckner, F.S.; Van Voorhis, W C ; Verlinde, C.L.M.J.; Hol, W.G.J.; 

Gelb,, M.H. ) . Med. Chem. 2000, 43, 41354150. 
107.. Kennedy, K.J.; Bressi, J.C.; Gelb, M.H. Bioorg. Med. Chem. Lett. 2001, 11, 95-98. 
108.Bressi,, J.C.; Verlinde, C.L.M.J.; Aronov, A.M.; Shaw, M.L.; Shin, S.S.; Nguyen, L.N.; Suresh, S.; Buckner, 

F.S.;; Van Voorhis, W.C.; Kuntz, I.D.; Hol, W.G.J.; Gelb, M.H. J. Med. Chem. 2001, 44, 2080-2093. 
109.. Brun, R.; Buhler, Y; Sandmeier, U ; Kaminsky, R.; Bacchi, C.J.; Rattendi, D.; Lane, S.; Croft, S.L.; Snow-

don,, D.; Yardley, V ; Caravatti, G.; Frei, J.; Stanek, J.; Mett, H. Antimicrob. Agents Chemother. 1996, 40, 1442-
1447. . 

110.. Bacchi, C.J.; Brun, R.; Croft, S.L.; Alicea, K.; Buljer, Y. Antimicrob. Agents Chemother. 1996, 40, 1448-1453. 
111.. For a review on polyamine biosynthetic enzymes as drug targets in parasitic protozoa, see: Heby, O.; Roberts, 

S.C.;; B. Ullman Biochem. Soc. Trans. 2003, 31, 415419. 
112.. Marasco, Jr., C.J.; Kramer, D.L.; Miller , J.; Porter, C.W.; Bacchi, C.J.; Rattendi, D.; Kucera, L ; Iyer, N.j Ber-

nacki,, R.; Pera, P.; Sufrin, J.R. ]. Med. Chem. 2002, 45, 5112-5122. 
113.. Golisade, A.; Wiesner, J.; Herforth, C; Jomaa, H.; Link, A. Bioorg. Med. Chem. 2002, JO, 769-777. 
114.. Herforth, C; Wiesner, J.; Franke, S.; Golisade, A.; Jomaa, H.; Link, A. ) . Comb. Chem. 2002, 4, 302-314. 
115.. Le Roch, K.; Sestier, C; Dorin, D.; Waters, N.; Kappesi, B.; Chakrabarti, D.; Meijer, L.; Doerig, C. J. Biol. 

Chem.. 2000, 275, 8952-8958. 

27 7 



ChapterChapter 1 

116.. Doerig, C.; Meijer, L ; Mottram, J.C. Trends Parasitol. 18, 366-371. 
117.. Waters, N.C.; Geyer, J.A. Expert Opin. Ther. Targets 2003, 7, 7-17. 
118.. Meijer, L ; Raymond, E. Ace. Chem. Res. 2003, 36, 417425. 
119.. Harmse, L.; van Zyl, R.; Gray, N.j Schultz, P.; Leclerc, S.; Meijer, L.; Doerig, C.; Havlik, I. Biochem. Pharma-

col.col. 2001, 62, 341-348. 

28 8 


