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U N I V E R S I T Y O F S O U T H A M P T O N 

ABSTRACT 

F A C U L T Y O F S C I E N C E 

D E P A R T M E N T O F C H E M I S T R Y 

Doctor of Philosophy 

NON-GEL BASED ENZYME ASSAYS 

AND 

COMBINATORIAL SCREENING OF LEMKER-DYE COMBINATIONS 

by Karin Johnson 

An understanding of the function and role of nucleic acids has grown rapidly since the 

structure of DNA was first postulated in 1953. Modified nucleosides and nucleotides now play 

an important role both as therapeutic agents and as probes for obtaining information 

concerning the structure and sequence of DNA. This project set out to develop a new method 

of evaluating target compounds designed for DNA sequencing. Combinatorial chemistry and 

solid phase synthesis have revolutionised the process of drug discovery since their 

introduction but have not been widely applied in nucleoside chemistry. Realising the value of 

modified nucleosides and the advantages of solid phase chemistry it was an attractive 

proposition to combine the two to allow the preparation of libraries of nucleoside analogues. A 

thymidine-based resin was therefore developed and successfully used for the synthesis of 

libraries of nucleoside analogues. The resin proved to be well suited for solid phase peptide 

synthesis when libraries of compounds were easily synthesised using this resin. 

A novel DNA sequencing-by-synthesis strategy has been proposed in which single stranded 

DNA fragments are immobilised on a solid support. The primer is extended one base at a time 

using nucleotides that carry a reporter moiety attached through a peptide spacer. To optimise 

the peptide functionality for cleavage and incorporation a library was synthesised on the 

thymidine resin and screened for efficient substrates. Several good substrates were identified 

using this approach. To further improve the throughput of the method a biocompatible 

thymidine resin was also prepared on which a smaller library was synthesised. On-bead 

screening proved successful and target sequences could rapidly be identified. 
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Introduction 

The purpose of this chapter is to provide an introduction to solid phase chemistry 

and nucleosides. Emphasis has been placed on the necessary properties of 

biocompatible resins and nucleoside chemistry is focused on the modification of 

the nucleobase. 

1.1 Biocompatible Solid Supports 

1.1.1 Introduction 

Combinatorial and solid phase synthesis has its origin in the synthesis of peptides. 

Peptide synthesis, by solution methods, often requires purification after each step 

making the method of synthesis long and laborious. Solid phase synthesis, first 

introduced by Bruce Merrifield' proved, in a revolutionary way, that methods for 

peptide synthesis could be greatly simplified by the solid phase method where the 

purification steps only became a matter of extensive washing of the resin. An 

immense achievement in 1971 was the solid phase synthesis of the enzyme 

Ribonuclease A (124 amino acid residues long, MW = 20kDa).^^ Polystyrene 

resin was the basis of initial solid phase synthesis but has since been subjected to 

continuous refinement. With the synthesis of longer peptides it soon became clear 

that the cross-linking of the resin had to be optimised. The best results were 

obtained with 1% cross-linked resin and this is still used today. Combinatorial and 

solid phase syntheses have also greatly increased the speed at which organic 

compounds can be produced such as in the area of drug discovery where libraries 

of compounds, as opposed to single compounds, are synthesised and then tested 

for bioactivity. Furthermore, if compounds could be screened for desired activities 

whilst still attached to the synthesis support the route to successful drug 

candidates would be shortened even further. In addition, since the cleavage step 

would be eliminated, the often necessary purification step after cleavage would no 
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longer be required and compound numbers generated by solid phase methods can 

be huge. 

The recognised advantages of assaying and screening of compounds whilst still 

attached to their synthesis support, has led to investigations into the 

biocompatibility of many solid supports. Controlled pore glass,^ carbohydrate,^ 

polystyrene,' polystyrene grafted with other materials,® cellulose paper,^ cotton 

and polyethylene glycol-acryl amide (PEGA) are all supports that have been 

explored with enzymes. However, the most commonly used synthesis supports are 

polystyrene (PS), TentaGel, and polyethylene glycol-polyacryl amide (PEGA), 

not all of which are "biofriendly". 

1.1.2 Some Important Properties of Solid Supports 

For successful solid phase organic synthesis (SPOS) or solid phase peptide 

synthesis (SPPS) the appropriate choice of solid support is of greatest importance. 

Resins used for organic synthesis need to be chemically robust and compatible 

with a wide range of reaction conditions to allow a diverse range of synthetic 

steps. To allow easy resin handling and / or automation the resin also needs to be 

mechanically robust. There have been many reports concerning resin break down 

in both strongly basic and acidic media while the mechanical instability of resins 

has been reported to clog up filters used in the synthesis process. Resins are, 

however, continuously being improved to minimise these p rob lems .Syn thes i s 

resins must possess good swelling properties and swell in a variety of solvents. 

Swelling is a property associated with almost every polymeric material and is 

related to the cross-linking in the polymer. A resin expands when solvent enters 

its structure and solvates it. The level of cross-linking limits the amount of 

swelling possible. The greater the swelling of a polymeric support the greater the 

space for access and diffusion of substrates to the active sites and hence greater 

reaction rates. Cross-linking is an important property and there is an inherent 

relationship between rigidity, mechanical stability, swelling properties and cross-

linking parameters.'^ 
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In terms of solid phase enzymatic assays it is necessary that the resins are 

biocompatible i.e. swell in aqueous media, show little non-specific binding to 

biomolecules such as proteins, allow enzymes access to the interior of the resin 

and do not interfere with enzyme activity. 

1.1.3 Development and Evaluation of Biocompatible Resins 

1.1.3.1 Polystyrene 

Resins based on the polystyrene/ divinylbenzene (DVB) copolymers 1 are the 

most frequently used synthesis resins. They are cheap to prepare and have a 

relatively high loading level (0.5-1.5 mmol/g). They are resistant to physical 

shock, which allows PS to be used in stirring or vortex mixing conditions. There 

is no real limit to the size of the molecules which can be synthesized on PS 

supports, peptides of >100 amino acid residues have been synthesised.^ If harsh 

conditions such as high temperature or organometallic reagents are required more 

rigid 2% crossed linked PS is preferred. Of all reaction sites on the PS resin 99% 

are embedded inside the resin while only 1% is located on the surface of resin, 

therefore, for efficient reactions, proper swelling is very important. The 

hydrophobic properties of polystyrene make the resin swell very well in non-polar 

organic solvents, swelling up to five times its dry volume. However, the 

hydrophobic matrix results in poor swelling in polar solvents, in fact solvents such 

as water collapse the matrix completely and hence reactions are unable to 

proceed. 

Polystyrene resins with high cross-linking, over 20%, have what is termed a 

macroporous (MP) structure and the properties are quite different from general 

PS. The high cross-linking gives the resin a very rigid structure whose shape is 

not affected by solvents. Therefore, various solvents, which cannot be used with 

the low cross-linked resin, can be used to perform reactions on MP resins. The 

higher cross-linking also means that the resin is more sensitive to mechanical 

shock as the shape of the resin interior is rigid hence macromolecule synthesis can 

be limited. 
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Figure 1.1.1 The structure of polystyrene resin. X represents any suitable 

functional group which is normally obtained from Merrifield 

resin where X = chloromethyl 

1.1.3.2 PS-PEG 

Poly(styrene-oxyethylene) graft copolymers (PS-PEG) are combination-polymers 

developed to improve the defects of PS by introducing the more polar properties 

of PEG The most eminent of these polymers, TentaGel 2, consists of polyethylene 

glycol attached to cross-linked polystyrene through an ether linkage and combines 

the benefits of both the soluble PEG and the insoluble PS polymers. The PEG 

content in TentaGel is generally around 70-80% (by weight) and thus PS-PEG 

beads display relatively uniform swelling properties in a variety of solvents from 

toluene to water. As the reactions occur at the end of the PEG chains and there is 

no cross-linking between the long and flexible PEG chains, access of reagents to 

the reaction sites on PS-PEG is easier. This usually makes the reaction rate of PS-

PEG higher than that of polystyrene. Disadvantages of PS-PEG resins are the 

relatively low loading levels compared to polystyrene, the potential of the PEG 

chains to complex Lewis acids and the potential instability of PEG. The polymer 

also has the tendency of resins to become sticky and difficult to handle as the 

syntheses progress. TentaGel 2 and ArgoGel 3, developed to improve acid 



Chapter 1 12 

Stability, loading and purity of final compound, are examples of two commercial 

PS-PEG resins. 

An evaluation of three resins for on-bead bioassays was carried out by Lowe and 

co-workers. Papain, having a MW of 23 kDa, and one known peptide substrate, 

GGFGLGGG, was chosen for the investigation of TentaGel (TG), ArgoGel (AG) 

and PEGA, section 1.1.3.4. The peptide was synthesised by SPPS on all resins and 

labelled with dansyl at the last residue. All resins were treated with papain and the 

changes in fluorescence of the beads were recorded. The peptide attached to 

TentaGel and ArgoGel beads appeared largely unaffected even after prolonged 

treatment with papain. However, analysis of the assay solution, by fluorescence 

spectroscopy, showed partial hydrolysis by both resins, which was in accordance 

with work by Lebl and co-workers,''^ indicating that PS-PEG exhibit poor 

biocompatibihty. 

Investigations into the biocompatibility of TentaGel and ArgoGel in protease 

assays^'^^ have mainly shown that the beads are only partially accessible to 

enzymes, which seem to be able to carry out their actions on the surface of the 

beads only. The fact that PS-PEG was only partially accessible to macromolecules 

presented another use of solid supports in enzymatic screenings. Lebl''^ presented 

a method of enzyme-mediated spatial segregation or "shaving" in 1996 where the 

selective hydrolysis provides a resin with dual functionalities and hence allows 

synthesis of two unique compounds per resin bead. TentaGel was treated with 

chymotrypsin, elastase and pepsin. Chymotrypsin accessed 2-2.5% of the sites 

whereas elastase and pepsin accessed 10-15% of the sites. Despite the general 

poor biocompatibility of TentaGel it has been found successful when applied to 

enzymatic phosphorylations.' 
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1.1.3.3 Polyamide 

Ideally both the supporting polymer and the synthesised compound should be 

equally solvated under reaction conditions to enhance the rate and yields of 

synthesis. A dimethyl acrylamide resin suitable for peptide synthesis, where the 

support is structurally close to peptides, was developed in Sheppard's 

laboratory. The combination of dimethylacrylamide 4, A^,A^'-bisacryloylethylene-

diamine 5 and AF-Boc-alanyl-A^'-acrylolhexamethylenediamine 6 gave a resin that 

possessed good swelling properties in water and polar organic solvents but 

unfortunately suffered from very poor swelling in less polar solvents such as 

dichloromethane. 

NHBoc 

1.1.3.4 Polyamide-PEG (PEGA) 

Following on from the polyamide resins the hydrophilic and flexible PEGA resins 

were developed. PEGA, initially constructed for continuous flow solid phase 

synthesis, was developed in 1992 by Meldal.'^ The resin was designed to be 

highly polar assisting peptide solvation and allowing penetration of polar 

components into the interior of the bead. These beads displayed good swelling 

properties in dimethylformamide, dichloromethane, TFA, alcohols and water, 

hence showing a scope for many applications. PEGA resin differed from the 

earlier acrylamide resins in that it was obtained from bis-acrylamidopropyl-PEG 

7, acrylamidopropyl-aminopropyl-PEG 8 and dimethylacrylamide 4. 
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The high content of PEG in the polymer made it highly flexible and 

biocompatible. The PEGA matrix was designed and synthesised in such a way 

that macromolecules such as enzymes could enter the interior of the polymer 

freely and thereby facilitating solid-phase enzymatic reaction. 19 

In one assay development process MeldaP" treated an amino-PEGA resin with a 

mixture of hydroxymethyl benzoic acid and the first amino acid residue, 

Fmoc-Lys(Boc)-OH, of a known substrate, deprotected the lysine side chain, 

introduced an intramolecular resonance energy transfer donor, and deprotected the 

Fmoc to reveal the N-terminus. This provided beads functionalised with two 

different nucleophiles, amine- and hydroxy-nucleophiles, with different reactivity. 

Utilising the selectivity of active esters for amino nucleophiles a known, 

fluorescently-labelled, peptidic substrate was assembled by conventional solid 

phase peptide synthesis (SPPS). The hydroxyl group was then esterified by Fmoc-

Val-OH and a split synthesis library was assembled in a library generator. 

Attached to the same bead both the substrate and the potential inhibitor are 

contained in a confined space and therefore compete for the binding site on the 

same protein. The substrate was labelled with a fluorescent dye and as the library 

was subjected to a solution of subtilisin (MW = 27 kDa) the efficiency of the 

inhibitor could be measured by the change in fluorescence. A similar experiment 

was carried out for cruzipain^^ (MW = 57 kDa) and the results from both solid 

phase assays were identical when compared to the solution phase assays. PEGA 

was also found fully accessible to cathepsins B and D (MW = 42 kDa) where a 

comparison was made between libraries of peptides with an Fmoc protected N-

terminus, trifluoro-acetylated N-terminus and free N-terminus. The two different 

enzymes produced a selection of substrates with clearly different sequences 

suggesting that the resin did not mask the specificity of the enzymes.^^ 
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1.1.3.5 Extended PEG chain lengths PEGA supports 

It was shown that enzymes as large as 50 kDa^^ could enter the PEGA resin but in 

1998 when Renil^ et at. wanted to optimise substrates for MMP-9 it was 

necessary to increase the pore size of PEGA due to the molecular weight of 

MMP-9 (92 kDa). A series of PEGA supports, aimed at combinatorial peptide 

synthesis and solid-phase enzymatic library assays, were therefore prepared. Two 

types of resin with four different length chains PEGA1900, PEGA4000, PEGA^ooo 

and PEGAgooo were synthesised. Figure 1.1.2 and Figure 1.1.3. 

r ' Y ' V ^ Y ' ' 
JLt, R R R 

1 
HN. ^ 

R R R R ^ R R R CONRH2 

9 

Figure 1.1.2 PEGA Type 

R = CONH2 

n = 45, 89, 135, 180 
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HgNs. Oc H2N„ 

HN~ 
NH 

s 
NH 

10 

X 

NHg 

O r "-'O I 

R R R R " V ^ R R 

Figure 1.1.3 t24 PEGA Type IF 

R = C0N(CH3)2 or CON (CH3)CH2CONHCH2CH2NH2 

n = 45, 89, 135, 180 

To obtain type I PEGA resin, partially acryloylated bis-amino-PEG1900,4000.6000 or 

8000 were copolymerised with acrylamide. Type I resins have high swelling 

capacities and are suited for enzyme reactions. However, they have comparatively 

low amino group capacities of 0.08 - 0.13 mmol/g. The type n resin was prepared 

to increase the amino group capacity of the PEGA support by introducing sarcosin 

ethyl ester in the polymerisation mixture. The type II resin had a larger loading of 

0.22 -1.0 mmol/ g. These resins are more highly cross-linked and have therefore a 

lower swelling capacity. The swelling capacity was found to increase with the 

increase in the PEG chain length. The high degree of solvation of PEG provides a 

porous gel matrix completely filled with solvent. This gives a firm mechanically 

robust appearance of the swollen resin showing the most favourable swelling 

properties. Effective permeation of the resin matrix occurs under the influence of 

a swelling solvent leading to good exposure of reactive groups for peptide bond 

formation or enzymatic cleavage. It was found that the long PEG chain containing 

PEGA resins could efficiently be used in the synthesis and assays of fluorescently 

labelled peptide libraries. Solid phase enzymatic cleavage reactions using matrix 

metalloproteinase MMP-9 (molecular weight of the active form 67-83 kDa) was 
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optimised using intramolecular resonance energy transfer labelled libraries 

prepared on PEGA4000 and PEGAgooo-

1.1.3.6 Controlled Pore Glass 

Controlled pore glass (CPG) is a rigid glass-derived solid support compatible with 

any type of solvent, stable to aggressive reagents and extremes of pressure and 

temperature. Its rigid structure makes it suitable for continuous flow synthesis and 

it has therefore been used for the combinatorial synthesis of oligonucleotides. 

CPG is available in different bead and pore sizes; however, loading levels of glass 

resins are generally low. 

The biocompatibility of CPG was recently compared to that of PEGA1900 and 

TentaGel.^^ In this study one general peptide substrate was synthesised and 

subsequently loaded onto the three different supports. The eight-residue peptide 

substrate was terminated with 4-cyanobenzoic acid to permit analysis of the 

presence of stretching frequency of the cyano group by Raman microscopy.^® All 

resins were incubated overnight with a number of enzymes, with molecular 

weights ranging from 22 kDa to 90 kDa. The study showed that TentaGel was 

inaccessible to all enzymes studied although this method would not detect 

cleavages lower than 5%. The PEGA resin was found to be accessible to MMP 12 

(22 kDa) and thermolysin (35 kDa) but not to MMP 13 (42.5 kDa). CPG, with the 

large pore size of 100 nm, was accessible even to largest enzyme (90 kDa). 

1.1.3.7 Conclusion 

In conclusion there seem to be some confusion about the biocompatibility of 

TentaGel presented in the literature but two resins have reliable enzyme 

compatibility, CPG (large pore size) and PEGA. PEGA, which is the most 

exploited, could comfortably be used with enzymes up to 40 kDa and CPG is 

compatible with even larger enzymes. 
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A fundamental question, when considering solid phase assays, is that of the 

correlation between enzymatic activities on solid phase compared to that in 

solution. The activity observed from solid phase combinatorial library assays 

generally does not exhibit a direct, linear correlation to the activity observed in 

solution phase assays.^^ However, published studies show strong evidence of 

similarity in the overall ranking of the substrates. 

1.1.4 Methods of Solid Phase Synthesis 

Combinatorial synthesis is based on efficient common synthetic steps and libraries 

are either created by: a.) parallel synthesis, were milligrams of small numbers of 

compounds (-100) are obtained or, b.) split synthesis where large numbers of 

compounds are obtained but in very small quantities. With the increased interest 

in solid phase combinatorial synthesis different synthesis methodologies have 

been developed. 

1.1.4.1 Multi-Pins 

The Multi-Pin^^'^^ method, where hundreds of peptides are synthesised in parallel, 

was introduced using polyethylene rods grafted with polyacrylates. The pins were 

arranged in a microtitre plate format by attachment to a supporting block. This 

format allowed 96 different peptides to be synthesised simultaneously and also 

allowed microtitre plates to be used as reactors. Peptides were synthesised on the 

pins and the products could either be cleaved into a microtitre plate or tested 

whilst still attached to the support used for their synthesis. Pins had their greatest 

impact on the synthesis of peptides for epitope mapping, the process of making 

and testing every short peptide along the complete sequence of an active protein. 

Pins were advantageous over traditional solid supports as they were easily 

manipulated but suffered from rather low loadings and were no longer feasible 

when the number of required compounds exceeds several hundred. 
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1.1.4.2 Tea-Bags 

The tea-bag method'^ provides a rapid way of synthesising a large number of 

peptides (>100) in quantities that satisfy most needs (>10 mg). Houghten, who 

developed this method in 1985, described a synthesis of 247 individual peptides, 

each peptide being obtained in 10-20 mg quantities i.e. plenty for conventional 

characterisation and screening. Synthesis was carried out on 'bundles' of beads 

contained within polypropylene mesh teabag-like packets. Figure 1.1.4. HPLC 

data showed that no cross-contamination occurred for different peptides prepared 

simultaneously and purity was found to be as good as, or better than, the purity of 

peptides prepared by traditional free resin based syntheses. 

Figure 1.1.4 Photo of a "tea-bag" containing resin and a microchip for 

identification 

Using the tea-bag methodology one can combine all washing, deprotection and 

common coupling steps during synthesis and hence achieve improved efficiency. 
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Deprotect - all in one pot 

Wash - all in one filter vessel 

spilt 

Coupling - separate reaction vessels for each amino acid 

V 

mix 
repeat cycle for every residue required 

Figure 1.1.5 Illustration of the combinatorial tea-bag method developed by 
Houghten 

Later more refined systems were introduced for the synthesis of larger number of 

compounds in multi-milligram quantities. Microreactors^' such as MicroKans™, 

also based on 'bundles' of resin, have been introduced. These microreactors are 

prepared from polypropylene mesh with, radio frequency tags used for labelling 

and an automated directed sorting system. 
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1.1.4.3 Spot Synthesis 

Spot synthesis^ a simple and practical approach for the simultaneous parallel 

synthesis of large numbers of peptides, was described in 1992 by Frank. Spot 

synthesis is simple and makes economic use of reagents and allows nanomolar to 

micromolar scale syntheses. In this method a sheet of paper was derivatised by 

esterification of an acid to the hydroxyl groups on cellulose. The carboxylic acid 

could be an amino acid or a cleavable handle to allow peptide cleavage. Reagents 

were spotted onto paper manually or automatically by pipette workstations. 

Amino acid couplings go to completion in soaked cellulose paper. Hence, there is 

no need for a large excess of solutions or reagents. Volumes and positions can be 

calibrated not to overlap, while the spot size is determined by the volume 

dispensed, the absorptive properties of the paper material and the volatility of the 

solvent. Peptides can be assayed immobilised or punched out and cleaved for use 

in solution and the ready availability of different papers allow a choice to meet the 

specific properties necessary. 

1.1.4.4 Split Synthesis 

A further innovation that allowed increased synthetic productivity was the method 

described as split synthesis, first reported for the synthesis of libraries of 

equimolar peptide mixtures by Furka.^^ The one-bead-one compoum^^ concept 

was recognised by Lam and co-workers in 1991 and was based on the fact that 

combinatorial bead libraries contain single beads displaying only one type of 

compound. This methodology involves creating large peptide libraries consisting 

of potentially millions of compounds but in very small quantities. In the first cycle 

beads are distributed into separate reaction vessels, with a single amino acid in 

each vessel. The beads are pooled and then split again. The result is a library of 

bead bound peptides where each bead contains a single peptide, although with 

many copies. The complete collection represents all possible random peptides in 

roughly equimolar ratios, Figure 1.1.6. 
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J V , B-O c-O J 

Mix 
Wash 
Deprotect 
Split 

AMP Ao-oy ^ B/V-O Bc-oy CA-Q c L p CC^) 

Wash 
Deprotect 

AAflr-O AAB-O AAC-O BAA-Q BAB-Q BAC-Q CAV-Q CAB-Q CAC-Q 
ABA-O ABB-QABC-O 1 1 BBA-O BBB-Q BBC-Q I 1 CBA-O CBB-Q CBC-Q 
AC/HD ACB-O ACC-O / \ BC/̂ O BCB-O BCC-O / \ CCA-O CCB-O CCC-O j 

Figure 1.1.6 The Split Synthesis Method 

1.2 Introduction to Nucleic Acids 

Nucleic acids are essential for the storage of genetic information, the passing of 

that genetic information to the next generation and the expression of that genetic 

information in the organism. Deoxyribonucleic acid (DNA) is the permanent 

storage deposit of genetic information in the nucleus of the cell specifying the 

synthesis of ribonucleic acids (RNA). The amino acid sequence of every protein 

in a cell, and the nucleotide sequence of every RNA fragment, is specified by a 

nucleotide sequence in the cell's DNA. Close relatives of DNA and RNA are 

nucleotides such as adenosine triphosphate (ATP), much smaller molecules that 

are the chief energy storage molecules for all life processes. Nucleic acids and 

nucleoside mimetics have played an important role for advances in medicine and 

life sciences. The potential of nucleic acids as therapeutic agents was realised in 

the 1950s and 1960s when naturally occurring, and later synthetic, nucleosides 

with anticancer activity were discovered. 34 
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1.2.1 Primary Structure of DNA 

There are two characteristic components to a nucleoside: a pentose sugar, a 

nitrogenous base and in the case of nucleotides, one or more phosphate groups. 

Nucleotide 

Nucleoside 

Phosphate 

OH OH 

11 

Nucleobase 

Sugar 

Figure 1.2.1 A nucleotide molecule contains a phosphate group, a pentose 

sugar group and an organic base group. Illustrated here by the 

energy storage molecule adenosine triphosphate, ATP,\\. 

1.2.1.1 Sugar 

Nucleotides fall into two groups, those that contain a ribose sugar group, like ATP 

in Figure 1.2.1, and those that contain a deoxyribose sugar group, which lacks the 

oxygen on carbon 2'. The base component of the nucleotide is connected to the 

asymmetric carbon 1' of the sugar, called the anomeric centre, and the phosphate 

group of the nucleotide is joined to carbon 5' of the sugar. 

1.2.1.2 Base 

There are five principal organic bases found in nucleotides, three of them, i.e. 

adenine, cytosine, and guanine, are shared by RNA and DNA, but the fourth is 



Chapter 1 24 

Specific. Uracil occurs only in RNA and 5-methyluracil, i.e. thymine, occurs only 

in DNA. The naturally occurring nucleobases can be divided into two main 

groups: purines and pyrimidines. Adenine 12 and guanine 13 are purines, which 

means that they have a double ring structure, while cytosine 14, thymine 15 and 

uracil 16 are pyrimidines, which means that they have a single ring structure. 

Adenine 
12 

Purines 

Guanine 
13 

Cytosine 
14 

Pyrimidines 

o 

Thymine 
15 

Uracil 
16 

1.2.1.3 Phosphate 

One, two or three phosphates can be joined to the sugar molecule through the 5' 

hydroxyl. At basic pH the monophosphate form of the nucleotide has two 

negative charges, the diphosphate form has three and the triphosphate form has 

four. Nucleotides are joined together in a condensation polymerisation reaction to 

form covalent bonds between the hydroxyl on carbon 3' of the pentose sugar 

group and the phosphate group, attached to the 5' hydroxyl, of the next nucleotide. 

These phosphodiester bonds link successive nucleotides to form polynucleotides, 

DNA or RNA, comprising a sugar-phosphate backbone with the bases projecting 

from one side of this backbone. These 3'-5' phophodiester bonds all have the same 
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orientation and the phosphate groups, are completely ionised and negatively 

charged at neutral pH, giving the nucleic acid strand its direction. 

5' end 

7 " 

OH 3' e n d 

Scheme 1.2.1 Primary structure ofDNA 

1.2.2 Secondary Structure of DNA 

In 1953 Watson and Crick^^ postulated that DNA was composed of two polymeric 

strands coiled together into a double helix. This was based on, and agreed with, x-

ray diffraction data obtained by Franklin^^'^^ and Wilkins^^ and Chargaff s rules. 

The base units of each strand are pointed into the interior of the helix, and pairs of 

bases from the two strands are linked together by hydrogen bonds. The critical 

aspect of the Watson-Crick model is that hydrogen-bonding can best occur 

between specific bases. A purine base of one strand generally pairs with a 

pyrimidine base of the other strand. Watson and Crick found that the 

complementary hydrogen-bonded base pairs, G with C and A with T, are those 

that fit best within the structure, providing support for Chargaff's rule which 

states that in DNA, the amount of A is the same as that of T and the amount of G 

is the same as that of C. In order for the base pairs to form, the polynucleotides 

have to run in opposite directions, 5'-3' and 3'-5', i.e. the strands must be 

antiparallel. When the base pairs form they twist the polynucleotide into a double 

helix stabilised by the base pair hydrogen bonds and stacking of the bases. The 

complementary base pairing in the double-stranded helix is a kind of 'back-up 

system' nature has devised to support accurate replication in new DNA. 
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Figure 1.2.2 Hydrogen-bonding in the base pairs defined by Watson and 

Crick. Thymine forms two hydrogen bonds with adenine and 

cytosine forms three hydrogen bonds with guanine. Each base 

acts both as a hydrogen bond donor and acceptor within the 

base pair. 

1.2.3 The Sequence of DNA 

The most important property of a DNA molecule is its nucleotide sequence. In 

1977 two techniques, which allow analysis of genes at the nucleotide level, were 

independently developed by Maxam and Gilbert^^ and Sanger.'*'̂  

The most commonly used method, the Sanger or chain termination method, 

utilises 2',3'-dideoxynucleotide triphosphates (ddNTPs), molecules that differ 

from deoxynucleotides by having a hydrogen atom attached to the 3' carbon rather 

than an OH group. These molecules terminate DNA chain elongation because 

they cannot form a phosphodiester bond with the next deoxynucleotide. Figure 

1.2.3. Enzymatic strand synthesis is carried out four times, in parallel, in the 

prescence of all the four different deoxynucleoside triphosphates dATP, dCTP, 

dGTP, dTTP, a DNA polymerase and 1% of the respective dideoxynucleotide. 

DNA to be sequenced acts as a template for the enzymatic synthesis of new DNA 

(starting at a defined primer) and incorporation of a dideoxynucleotide interrupts 

further chain elongation. 
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, Termination 

o _ 0 _ 0 _ 
Base O 

O Base 

N' "n-H 

. - - H - N 
.0 

Template DNA 

Chain Termination 

4 
Chain Elongation 

! 
Primer extension 

Figure 1.2.3 DNA strand termination achieved by introducing 1% ddNTPs in 

enzymatic strand synthesis reaction, once a ddNTP has been 

incorporated chain extension is no longer possible. 

The result from the enzymatic extension of the oligonucleotide primer in the 

presence of chain terminating ddNTPs is four different families of DNA 

fragments having primer defined 5' ends and variable 3' ends. The location of the 

specific bases can be determined by electrophoresis, the smallest piece of DNA 

moving furthest. 
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3' end 
T C A G A T C T T 
T C A G A T C T 
T C A G A T C 
T C A G A T 
TCAGA 
T C A G 
TCA 
T C 
T 

5' end 

Figure 1.2.4 Illustration showing how electrophoresis can provide 

information about the sequence of nucleotides in DNA. Each 

family terminated by ddATP, ddTTP, ddGTP or ddCTP reveal 

information about the DNA sequence. 

1.2.3.1 Detection of oligonucleotide bands 

Detection of oligonucleotide bands on the electrophoresis gel was typically 

achieved by incorporating radio labelled dNTPs and visualisation by 

autoradiography'^' but advances in spectroscopic methods have changed the 

preferences in DNA sequencing.'* '̂*^ Labelling of oligonucleotides by 

fluorescence has not only eliminated use of hazardous radioactive chemistry but 

also increased sensitivity and allowed single lane electrophoresis. To allow single-

lane electrophoresis to replace the traditional four-lane electrophoresis, Figure 

1.2.4, each family of oligonucleotides must be labelled with one of four 

distinguishable dyes. For sensitive DNA sequencing, one would ideally like each 

of the four dyes to: 
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• have an emission maximum at a distinctly different wavelength, 

• absorb strongly at a common wavelength, 

• be highly fluorescent to provide sufficient detection sensitivity, 

• not significantly impair the hybridisation of the oligonucleotide 

primer; and, 

• introduce the same relative electrophoretic mobility shift of the DNA 

sequencing fragment. 

These requirements, though not by single fluorescent molecules, are fulfilled by 

energy transfer primers. In 1995, Ju et at. presented the use of fluorescence 

resonance energy transfer, FRET, technology in DNA sequencing where FRET 

was used to optimise the absorption and emission properties of the primer label 

Four different primers each with FAM as a common donor dye and four different 

acceptor dyes were synthesised 17,18,19 and 20. Strand synthesis reactions were 

performed, one for each specific dye labelled primer/ dideoxynucleoside 

triphosphate combination. The reaction mixtures were then combined and 

electrophoresed, now only using one lane. The common donor dye allows only 

one laser to be used for excitation. Good spectral separation on emission and 

increased signal strengths were obtained. 

FAM-5'-GTTTTCCCAGT'CACGACG-3' FAM-5'-GTTT'GCCAGTCACGACG-3' 

(CH)2(CO)-NH-(CH2)6-NH-CO-DYEI (CH)J(GO)-NH-(CH2)6-NH-CO-DYE2 

17 18 19 20 

DYE^ = 5-carboxyfluorescein or 2'-7'-dimethoxy-4',5'-dichloro-6-carboxyfluorescein for 17 and 18 

respectively. 

DYE^ = N, N, /V',A/'-tetramethyl-6-carboxyrhodamine or 6-carboxy-rhodamine for 19 and 20 

respectively. 

1.2.4 Nucleoside Analogues 

Over the years many different chemical/ structural modifications have been made 

to nucleosides. Modifications have been carried out on all the different 
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characteristic parts of the nucleic acids. The sugar moiety can be modified so that 

the heterocyclic base is attached to the 2'- or 3'-position. Substituting the ring 

oxygen with other heteroatoms has also shown promising results regarding 

biological activity where increased stability and decreased toxicity have made it 

superior of its 4'-0 analogue. The sugar moiety can be further modified by 

introducing two heteroatoms in the ring, either the same or different, e.g. 2',3'-

dideoxy-4'-thiacytidine which possess anti-HTV activity.'^^ The anomeric carbon 

can be attached to the nitrogen on the base moiety, A^-nucleosides, or a carbon on 

the base moiety, C-nucleosides. 

Herein focus will be limited to heterocyclic base modifications of //-nucleosides. 

1.2.5 The Heterocyclic Base - Modifications 

Modifications of the base generally concern ring substituents, aza or deaza 

modifications. When the nitrogen atoms, in purine 21 or pyrimidine 22, are 

replaced or added the resultant analogues are called deaza- or a^a-analogues, 

respectively. 

1.2.5.1 Purine Modifications 

The conventional numbering of the purine structure is shown 

on the right. This numbering system will be referred to 

throughout the text. ^ in® 

21 
Purine 

1-Deaza 

1-Deazaadenosine 26 has been found to have a wide spectrum of biological 

properties. Anti-tumour activity, inhibitor of adenosine deaminase and agonist 

interaction with adenosine receptors are examples of activities reported.'*^ The 1-

deaza analogue can be obtained from the nitroimidazo-pyridine derivative 23 by 

glycosylation of tetra- 0-acetylated ribofuranose (TAR), removal of the acetate 

protecting groups and finally reduction of the nitro group. 
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HO OH HO OH AcO OAc 

a.) TAR, SnCU b.) NH3 c.) Ha, Pd/C 

Scheme 1.2.2 Synthesis of 1-deazaadenosine 26 46 

7-deaza 

7-Deazaadenosine 27, also known as tubercidine, is a naturally occurring 

nucleoside antibiotic. The synthesis and properties of this compound as well as 

those of 7-deaza-7-substituted analogues such as toyocamycin 28 and 

sangivamycin 29,'̂ "̂'*̂  have been explored as potential drugs for the treatment of 

human cytomegalovirus (HCMV). HCMV is a virus generally not harmful to 

immuno-competent individuals. However, it is dangerous to individuals with an 

immunodeficiency since they are unable to control the replication of HCMV. 

Triciribine 30 and its derivatives comprise another group of 7-deaza nucleosides 

that exhibit activity against HIV. 49 

NH, 

I > N 

OH OH 

X = H (tubercidine) 2 7 

X = CN (toyocamycin) 2 8 

X = CONH2 (sangivamycin) 2 9 

OH OH 
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Gout is perhaps the oldest known type of arthritis, caused by an excess of uric 

acid in the body, but today, mainly thanks to the 7-deaza compound allopurinol 

31, gout also remains one of the most treatable forms of arthritis. Purine 

metabolism expels hypoxanthine 32, xanthine 33 and uric acid 34 and these last 

two steps in the purine breakdown pathway are catalysed by an enzyme, xanthine 

oxidase. Allopurinol 31 is an inhibitor of xanthine oxidase and so reduces the 

build up of urates and increases the levels of the more soluble hypoxanthine and 

xanthine. 

HN 

I I 

31 32 33 34 

The importance of N7 of the purine moiety varies. The purine N7 is known to take 

part in triple helix base pairing and could therefore be of importance in 

association with ribosomal proteins. However, a study comparing the nucleoside 

antibiotic puromycin versus the 7-deaza analogue proved that the N7 played little, 

if any, part at all when no loss, or indeed increase, in bio-activity was observed.^" 

In addition to the potential of 7-deaza nucleoside analogues as drugs they are also 

useful in DNA sequencing as chain terminators, which will be discussed in more 

detail in section 3.1.1.2. The glycosyl bond of N-7 alkylated purine nucleosides 

has been found to be more labile than that of the 7-deaza-7-substituted.^' 7-deaza-

7-substituted purines are directed toward the major groove of DNA whereas 8-

substituted purines interfere sterically with the sugar-phosphate backbone and 

hence destabilise DNA duplexes.^ '̂̂ ^ DNA duplexes have been significantly 

stabilized by 7-deaza-7-substituents such as chloro-, bromo-, iodo- and alkynyl-

groups 54,55 
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8-aza 

HO-

OH OH 

35 
8-Azaguanosine 

8-Aza purines have attracted interest due to the antifungal, antiviral and anticancer 

activities found for naturally occurring 8-azaguanine/^'^^ As well as 8-azaguanine 

35 several other 8-azapurine ribonucleosides have been prepared by chemical and 

enzymatic methods. The synthesis is difficult due to the many possible 

glycosylation products brought on by the additional N(8)-atom. The glycosylation 

step yields not only the three different regioisomers but also both the a and P 

anomers. The glycosylation reaction was improved by Seela who found that 

nucleobase-anion glycosylation was stereoselective giving only the desired P 

anomer.^^ The reduced basicity of N(7) in 8-azapurine analogues compared to that 

of purines makes them more difficult to protonate. This in turn means that 8-aza 

nucleosides do not form triplex DNA. Furthermore, oligonucleotides containing 

8-azaguanine/ cytosine base pairs form more stable duplex structures than those 

containing pairs of guanine/ cytosine pairs/^ 

1.2.5.2 Pyrimidine Modifications 

4 

The conventional numbering of the pyrimidine structure is 

shown on the right. This numbering system will be referred to ^ N 
1 

throughout the text. The first drug to be approved for clinical 

use against HTV was a pyrimidine nucleoside, 3'-Azido-2',3'-

dideoxythymidine (AZT) 36, which was initially synthesised as 

an anticancer drug in 1964.^" 

22 

Pyrimidine 
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A y 
N3 

36 

HO 

3-deaza 

3-deaza nucleoside analogues have been noted to have anti-cancer activity. The 3-

deaza pyrimidine derivatives can be obtained from various pyridine starting 

materials.̂ '"®^ The pyridine ring is modified as far as possible to provide the 

desired aglycone. Glycosylation with the pyridine derivative and a hydroxyl 

protected I'-halo sugar forms the nucleoside. 

5-aza 

5,6-Dihydro-5-azathymidine, DHAdT, 37 possesses activity against a variety of 

DNA viruses. DHAdT is a naturally occurring nucleoside and it has also been 

prepared chemically.^^ The triazine moiety of 5-aza nucleosides can either be 

directly coupled to the sugar^^'^ moiety or prepared from the I'-isocyanate 

derivatives of the sugar moiety. 5-Azacytidine and 2'-deoxy-5-azacytidine are used 

in treatment of acute leukaemia and variations of these compounds are therefore 

very interesting. 

X 
HN N' 

OH 

37 

Preparation of a 6-substituted-5-azacytidine derivative by the I'-isocyanate method 

is shown in Scheme 1.2.3^^ 
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NHz NHz 

^ a _ _ HN "-O 

AcHN 

BzO OBz BzO OBz BzO OBz 

a.) N-acetylguanidine, Acetone 

b.) Chlorotrimethylsilane, NEts, Acetone 

Scheme 1.2.3 Synthesis of2',3',5'-Tri-0-benzoyl-6-methyl-5-azacytidine 

6-aza 

6-aza nucleoside analogues of uridine, thymidine and cytidine are found to be 

antiviral agents. The potential carcinogenicity of 6-aza compounds compared to 5-

aza compounds is very low.^^ 6-aza nucleosides can be prepared by the Hilbert-

Johnson reaction as modified by Vorbriiggen.̂ '̂*^^ The glycosylation reaction, 

which uses SnCU as catalyst, proceeds smoothly with a series of pyrimidine 

compounds. The reaction gives exclusively P products when using sugars with 2'-

acetate substituents whereas a mixture of a and P is observed for 2'-deoxy sugars. 

Good yields are observed for the 6-aza compounds as well as other pyrimidine 

analogues. 6-azauridine 2',3',5'-tri-0-benzoate 38 has been prepared in 93% yield. 

BZO OBZ 

BzO OBz 

38 

a.) SnCU, CICH2CH2CI, 4 hr, 22'C 

b.) H2O/ NaHCOa 

Scheme 1.2.4 Synthes is of 6-azauridine 2', 3',5 '-tri-0-benzoyl 38' i67 
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The 6-aza moiety can be prepared from glyoxylic acids and thiosemicarbizide as 

shown in Scheme 1.2.5.^^ 

s o o o o 
A. .^nh2 + ^ HgN " HO Y -2-»- HO HN ^ '̂ 1' 

O HN N O^ N 
H H 

HjN'^S 

a.) H2O hot, R = cyclopropyl, thienyl 

b.) NaOH/HaO.A 

c.) CIH2CCOOH/H2O, A 

Scheme 1.2.5 Preparation of a 6-aza pyrimidine moiety 

5-substituted 

Carbonyl substituents have been introduced into the 5-position by Stille-type 

reactions'® and Sonogashira and Heck reaction. 5-Alkynyl substituted nucleosides 

have been synthesised as precursors for chain-terminating, fluorescence-tagged 

substrates for DNA polymerases/' The principle is the same as that of Sanger in 

that the chain-terminator does not carry a 3-OH group but has the additional 

advantage of the fluorescence to distinguish between chain-terminating bases/^ 

As well as the alkynyl substituted nucleosides the alkenyl- and the alkyl-

substituted nucleosides have been synthesised/^ The franj-alkenyl- and the 

alkynyl-substituted derivatives can be obtained by direct coupling via the Heck 

reaction or the Sonogashira reaction, respectively. The cw-alkene- and the alkyl-

derivatives are accessible through reduction of the alkynyl derivative. The partial 

reduction of the alkyne was first carried out using Lindlar's catalyst''^ but NiClz/ 

NaBHt'^ was found to produce more reproducible results. Further reduction using 

NiCV NaBHi yielded the fully saturated product, which can also be produced 

from the alkyne using H2/ PtOa'^ directly with improved yields. 
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a.) A/-propynyltrifluoroacetamide, Pd{PPh3)4, Cul, NEts, DMF 

b.) AApropenyltrifluoroacetamide, NaaPdCU, NaOAc aq. 

c.) NiCl2/ NaBH4, MeOH, -78°C 

d.) Ha, PtOa, MeOH 

Scheme 1.2.6 Preparation of 5-substitutedpyrimidine nucleoside analogues 

A vital property of these compounds is that they are accepted by DNA/RNA 

polymerases. Incorporation of 5-modified nucleosides is dependent on the 

flexibility, stereochemistry and the length of the linker group.^^ Nucleosides 40, 

41, 42 and 43, derived from 5-iodo-2'-deoxyuridine 39, have been investigated as 

potential substrates for DNA and RNA polymerases. The three-carbon spacer has 

different oxidation states, and therefore different rigidity, and conformations. To 

investigate the incorporation by polymerases the triphosphate derivatives of 

compound 40, 41, 42 and 43 were prepared and the trifluoroacetate groups were 

removed. Additionally the carbon spacer was extended by coupling of either 

imidazole 4-acetic acid or urocanic acid to the triphosphates of 40, 41 and 43. 

Surprisingly, all attempts to make derivatives of the cis-alkene triphosphate 42 

failed. Of the four different amine functionalised triphosphates of 40, 41, 42 and 

43, only the alkyne 40 and rran^-alkene 41 analogues were found to be DNA 

polymerase substrates. Analogues of 40 and 41 with imidazole extended spacer 

were also found to be substrates whereas that of 43 was not.^^ 
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1.3 Nucleic Acids and Solid Phase Chemistry 

The extent of solid phase nucleoside synthesis reported in the literature is largely 

restricted to that of DNA- and RNA-oligomers. Despite the great importance of 

nucleoside analogues and the fast developing methods of solid phase/ 

combinatorial chemistry few nucleosides have been synthesised by solid phase 

methods. 

1.3.1 Oligonucleotides by Solid Phase Methods 

Single stranded DNA and RNA oligomers can be synthesised chemically by the 

use of nucleoside phosphoramidite building blocks/"^'^^ Automated solid phase 

synthesisers make use of 5'-protected nucleosides attached to controlled pore glass 

beads at the 3'-end via a chemically cleavable linker. A typical process for 

extension of one nucleotide requires the following steps: 

• attaching the 5'-dimethoxytrityl protected nucleoside to the support, 

typically a silica support or CPG, 

• removal of the 5'-protecting group (commonly dimethoxytrityl), 

• condensation with the appropriately protected deoxynucleoside 3'-

phosphoramidite, 

• acylation or capping of unreactive deoxynucleoside, 

a oxidation of the phosphite triester to the phosphate triester; and, 

• removal of base and phosphate protecting groups and cleavage from 

the support. 
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DMTO DMTO 

DMTO 

DMTO 

J X 

a.) 3'-derivatisation; succinic aniiydride, pyridine, DMAP 

b.) Attacinment to solid support; aminomethyi-CPG, NEta, HOBt/ DIG 

c.) Trityl deprotection; dichioroacetic acid 

d.) Condensation; phosphoramidite derivative 

e.) Pliosphite to phosphate oxidation; I2 

f.) Deprotection and cleavage; dichioroacetic acid then NH3 / MeOH 

Scheme 1.3.1 Chemical synthesis of oligonucleotides by the solid phase 

phosphoramidite method where step c and d are repeated n 

times 

After phosphite oxidation the 5'-position can then be deprotected and the process 

repeated to prepare the desired oligonucleotide, Scheme 1.3.1. The final step is to 

treat the resin with ammonium hydroxide to remove protecting groups from the 

phosphorus and the base and to hydrolyse the ester linkage attaching the 

oligonucleotide to the solid support. P-Cyanoethyl diisopropylamino-

phosphoramidites and iodine oxidation are usually utilised in solid phase 

oligonucleotide synthesis but alternative phosphorus protecting groups,^*' 

phosphoramidite synthons,^^ dialkylamino activating g r o u p s , a n d oxidation 
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procedures'^ have also been explored. The exocyclic amino groups on the 

phosphoramidite building blocks are normally p r o t e c t e d ^ b u t have also been 

used unprotected.^ '̂̂ '* The use of unprotected nucleoside phosphoramidites is 

attractive as it reduces the number of steps in the synthesis but also the risks of 

depurination. The standard phosphoramidite procedure typically involves 

protection of the exocyclic amines and phosphate linkages with base labile 

groups. Pd(0)-removable allyl group derivatives have been successfully 

synthesised and incorporated by solid phase methods. 

Synthetic oligonucleotides have advanced the understanding of DNA, its structure 

and properties and therefore also many biochemical processes. The ease of 

synthesis has made it possible to provide many synthetic DNA oligomers that 

have been used to explore genes and gene control by mutagenesis and hence 

produced changes in protein structures, the dideoxy sequencing method and 

labelling to locate unique DNA sequences.^' Backbone, sugar and nucleobase 

modifications have been achieved by synthetic methods and found to stabilise/ 

destabilise the duplex structure. The sugar backbone has been replaced with 

peptides to obtain so-called PNA or peptide nucleic acids. Peptide nucleic acids, 

which can easily be prepared by solid phase methods, bind with high affinity to 

complementary nucleic acids.^^ 

1.3.2 Solid Supported Nucleoside Modifications 

Today's literature contains only a few examples of nucleosides that have been 

prepared by solid phase methods although many modified nucleosides have been 

used in the solid phase preparation of nucleic acids, section 1.3.1. One such 

example is the preparation of disubstituted ribonucleosides. Scheme 1.3.2.^^ 

Carboxypolystyrene was the solid support of choice as alcohols are easily coupled 

to this resin by standard esterification methods. Nitration of the nucleobase at the 

2-position was accomplished by treatment with tetrabutylanunonium nitrate 

(TBAN) and trifluoroacetic acid anhydride (TFAA). 
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a.) Carboxypolystyrene/ DIG/ DMAP, DCM (MOM = methoxymethylldene protecting group) 

b.) TBAN-TFAA, DCM 

0.) Chloro displacement R^-NHg, DIPEA, DCM; Nitro displacement R^-NH2, DIPEA, NMP, 80-90-C 

d.) PTSOH H2O, DCM-MeOH (97:3) 

e.) NaOMe, MeOH, THF 

Scheme 1.3.2 Solid phase synthesis of 2,6-disubstituted ribonucleosides 

Chloro displacement by aliphatic or aromatic amines in the presence of DIPEA 

occurred at room temperature without affecting the nitro group. Nitro group 

displacement was achieved using a variety of amine nucleophiles at elevated 

temperature. Deprotection of the hydroxyl groups followed by cleavage from the 

resin afforded the 2,6-disubstituted ribonucleoside. 

Thymidine derivatives attached to the solid support through the base have also 

been reported, Scheme 1.3.3?'^ Thus, thymidine derivatives 44 and 45 were loaded 

onto p-hydroxyethylthioether TentaGel resin under Mitsunobu conditions. During 

this synthesis the 3'- and 5'-positions of the sugar moiety are both available for 

modification. 
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DMTO—1 DMTO DMTO 

44 R = Na 

4 5 R = OTBDMS 

a.) PPha, DEAD, THF/DCM 

b.) mCPBA, DCM 

Scheme 1.3.3 Preparation of Thymidine based supports 

Thus, dinucleotides can be prepared by phosphoramidite synthesis and the 3'-

azido group can be reduced and extended by peptide coupling. Efficient release of 

the nucleosidic material via P-elimination could be achieved by alkaline treatment 

on the alkylthioethyl function following oxidation to the sulfone. 

Grinstaff and co-workers developed a facile solid phase strategy for the 

preparation of nucleoside hydroxamic acids, Scheme 1.3.4?^ This synthesis was 

developed by first introducing the new functionality on the support and 

subsequent introduction of the nucleoside. Solid phase 0-linked hydroxylamine 

was treated with standard amide bond forming coupling conditions, DCC/ HOBt 

and a carboxylic acid. In this case propiolic acid was used to allow the subsequent 

carbon-carbon bond forming reaction with the nucleoside. The solid supported 

alkyne 46 and 3',5'-dibenzoyloxy-2'-deoxy-5-iodouridine could then be treated 

with Pd(PPh3)4/ Cul to provide the solid supported nucleoside analogue 48 after 

cleavage from the resin. 
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47 

a.) N-hydroxyphthalimlde, NE%, DMF; then, H2NNH2.H2O, THF 

b.) DCC, HOBt, DIPEA, proplollc acid, -10°C 

c.) 5-iodo-3'-5'-0-benzoyl-2'-deoxyuridine, Pd(PPh3)4, Cul, DMF, NEta 

d.) MeOH-NHs, 252c 

e.) 5% TFA in DCM 

Scheme 1.3.4 Solid Phase preparation of nucleoside hydroxamic acids 

In addition to the synthesis of classical nucleosides, solid phase synthesis of 

carbocyclic nucleosides has been reported in the literature. Thus, pyrimidine and 

purine carbocyclic nucleoside derivatives have been prepared by solid phase 

synthesis. Scheme 1.3.5!^^ The carbocyclic moiety was loaded onto a p-

nitrobenzyl carbonate resin via its free 5'-hydroxyl. Subsequent deprotection of 

the I'-hydroxyl allowed coupling to a purine or pyrimidine moiety under 

Mitsunobu conditions and carbocyclic nucleosides were obtained by treatment 

with K2CO3. 
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a.) DMAP, DIPEA, CH2CI2, 409C 

b.) PPTS, 1-butanol/ 1,2-dichloroethane, 60-C 

c.) B-H, DEAD, PPha, DMF, (B = protected Uracil, Thymine, Cytosine, Adenine or Guanine) 

d.) K2CO3, THF/MeOH 

Scheme 1.3.5 Solid phase synthesis of carbocyclic nucleosides 

Realising the value of the modified nucleosides and the advantages of solid phase 

chemistry it was an attractive proposition to combine the two to allow the 

preparation of libraries of nucleoside analogues. 
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Preparation of a Novel Nucleoside Based Resin 

The purpose of this chapter is to give a detailed description of the preparation of 

a Thymidine-linked resin, which forms the starting point for most of the syntheses 

relevant to this project. 

2.1 Introduction 

Solid phase chemistry methodologies have long been essential to the rapid 

assembly of synthetic long chain peptides and have more recently led to the 

synthesis of huge libraries of diverse small organic molecules.^^ The choice of 

solid support and compound attachment strategies are important and have to be 

established for each specific synthesis, with issues such as synthesis orthogonality 

and analysis having to be carefully considered. 

2.1.1 Attachment of Alcohols to Solid Supports 

For the purposes of this project, a nucleoside was to be immobilised on a solid 

support to act as a scaffold for further modification. As modification of the 

heterocyclic base was the aim, attachment of the nucleoside via the hydroxyl 

groups of the sugar seemed an attractive strategy. 

Alcohols have been loaded onto solid supports by various methods, such as 

esterification, silylation and etherification;^'* diols have also been immobilised by 

ketal linkages.Derivatisation of the 3'-position by esterification is the most 

common method of attaching a nucleoside to the solid support and is used in the 

chemical synthesis of DNA.^^ Esterification of the 3'-hydroxyl is carried out using 

succinic anhydride on a 5'-protected nucleoside. Attachment to aminomethyl resin 

through the 3'-succinyl ester is then normally effected using HOBt/ Silyl 

linkers, which can be formed from a range of hydroxy nucleophiles including 

sugars and hindered 3° alcohols,^^ provide an alternative to acid- or base-mediated 

cleavage owing to the ability to cleave by fluoridolysis.^^"'^' 
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Immobilisation of alcohols by etherification has been achieved by trityl- or 

benzyl-ether formation.®'̂  Activated forms of the well-known Wang-type linkers 

allow immobilisation of alcohols. 

CI3C 

50 

o 

49 

N S S N 

a.) CI3CCN, DBU, 0°C, 20-40 min 

b.) EtsN, CH2CI2, di-(2-pyridyl)-thiocarbonate, CH2CI2, 24 hrs 

Scheme 2.1.1 Modified Wang linkers for immobilisatioti of alcohols 

Preparation of the Wang trichloroacetimidate resin"'^''®^ can be achieved by 

addition of DBU to a cooled suspension of 49 and trichloroacetonitrile. The Wang 

TO PC AT resin can be prepared by the addition of di-(2-pyridyl)-

thiocarbonate to a suspension of resin 49 and alcohols can be immobilised onto 

either resin using Lewis acid catalysis under anhydrous conditions. 

2.1.2 Trityl Functionalised Solid Supports 

The trityl group is very useful as a solid supported protecting group for a wide 

range of functionalities especially alcohols and acids. Polymer-bound trityl 

chloride displays comparable advantages to its solution phase analogue, namely 

its reactivity and selectivity for primary V5. secondary or tertiary hydroxyl groups 

and the ease of cleavage of the subsequent trityl ethers under acidic 

conditions.'"^""'® Two basic schemes, Scheme 2.7.2'°^ and Scheme 2.i.3,'"' have 

been used to introduce the integral trityl linker onto polystyrene resin. 
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X-7-

HO-

52 
a.) n-BuLi, benzene 

b.) XH4C6COC6H4X (X = OCH3 or H) 

Scheme 2.1.2 Preparation of trityl resin by lithiation followed by treatment 

with a benzophenone 

Treatment of iodo-polystyrene with n-butyl lithium in benzene yields the lithiated 

polystyrene. Subsequent addition of a benzophenone gives the polymer-bound 

trityl alcohol 52. 

a.) AICI3, XH4C6COCI (X = CHs, OCH3 or H) 
b.) XH4C6MgBr (X = CH3. OCH3 or H) 

Scheme 2.1.3 Preparation of trityl resin by Friedel Crafts acylation and 

subsequent treatment with a Grignard reagent 

The polymer bound trityl alcohol 52 is also accessible by subjecting 

unfunctionalised polystyrene to Friedel-Crafts acylation followed by treatment 

with aryl magnesium bromide. 

Conversion of trityl alcohol 52 to a trityl chloride is normally achieved by 

refluxing with acetyl chloride in benzene or thionyl chloride in CH2CI2. I l l 
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Loading of these resins with alcohols or carboxylic acids is carried out with an 

amine base and cleavage is realised by acid treatment. Trityl linkers are acid 

labile, the degree of acid lability depending upon the aryl substituents hence 4-

methoxytrityl is more acid labile than 2-chlorotrityl."^'"^ 

2.2 Initial Loading Attempts and Cleavage Studies 

2.2.1 Synthetic Strategy 

For this project a trityl functionalised polystyrene support was the preferred 

choice and, since the aim was to develop a technique for the swift synthesis and 

evaluation of a large number of targets for DNA labelling, 2'-deoxy nucleoside 

analogues were selected for attachment. The most straightforward nucleosides to 

handle are thymidine and uridine analogues as they, generally, do not need 

protection. From earlier work, as described in section 1.2.5.2^^ it has been shown 

that pyrimidines with 5-substituents are well accommodated in the DNA double 

helix, vital for efficient incorporation of the target into a growing DNA strand in 

sequencing reactions. 

Propargylamine 
for convenient 
spacer extension ^ 

Inert polystyrene solid 
support with 
reasonable loading 

A, C, G or T nucleobase 
analogues. T analogues 
preferred starting point. 

Spacei Base Sugar Trityl linker 

Acid cleavabie linker 
compatible with: 
palladium coupling required 
for base modification: and 
Fmoc chemistry for spacer 
extension. 

Scheme 2.2.1 Illustration outlining the basic components of the synthetic 

strategy of the novel nucleoside resin 
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2.2.2 Loading of the Nucleoside 

5-Iodo-2'-deoxyuridine 39 appeared to be a good starting point for synthesis 

providing the required sugar and base components where the iodide on the 5-

position of the base would allow simple modification by palladium chemistry to 

be developed. 

Loading materials on, and cleavage from, a solid support are fundamental for any 

solid phase synthesis. Preparation of a nucleoside based resin with facile methods 

for loading and cleavage were therefore considered to be critical and methods for 

optimum loading and cleavage were explored. First and foremost, coupling of 

nucleoside 39 using anhydrous pyridine was investigated.'" 5-Iodo-2'-

deoxyuridine 39 in dry pyridine was added to resin 53, and the coupling analysed 

by cleavage from the resin followed by HPLC analysis of the residue. However, 

no evidence of coupling was detected. 

As early as 1968 Cramer and Koster"° described the coupHng of a nucleoside to a 

trityl resin. Their method was similar to that described above for simple alcohols 

but carried out at a higher temperature. 

OMe 

CI + HO 

53 39 

a.) Dry pyridine, Ng, 70°C, 48 hrs 

OMe 

Scheme 2.2.2 Loading of nucleoside 39 onto trityl polystyrene resin 

This was repeated with 39 at 70°C and after cleavage with 4M HCl in dioxane, a 

loading of 0.01 mmol/ g was determined. Such a low loading was not suitable for 

further synthesis and thus alternative methods were sought. 
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2.3 Modified Successful Loading Procedure 

It seemed sensible to try to improve the loading using dry pyridine as solvent 

since this reaction worked at elevated temperatures, although not very efficiently. 

A catalytic amount of was tried and encouragingly gave a much 

more efficient coupling, showing a greater than twentyfive-fold increase in 

loading to 0.271 mmol/ g (corresponding to a 51% yield). 

With an increased loading achieved, cleavage reactions were investigated. 4M 

HCl in dioxane produced similar results to that of 5% TFA in CH2CI2 using 

triisopropyl silane (TIS) as a scavenger and it was thought that a trace amount of 

moisture present was acting as a scavenger in the case of HCl/ dioxane. Hence, it 

was thought that water or methanol could be used in conjunction with TFA 

instead of TIS although methanol would be preferred as it could be more easily 

removed under reduced pressure. 

4̂2% yield! o 0.2-

5% TFA in DCM (MeOH) 4M HCl in Dioxane 

Figure 2.3.1 Graphical representation of the cleavage of resin 54. 

A comparison between TFA and HCl as acid cleavage medium. 

Methanol worked very well as a scavenger of the trityl cation with 5% TFA in 

CH2CI2 (MeOH) being marginally better than 4 M HCl in dioxane. For practical 

reasons (storage) 5% TFA in CH2CI2 (MeOH) was the preferred cleavage 

condition. It was later also realised that repeated acid treatments were preferred 

over longer exposure times. Shorter times of exposure of nucleosides to acidic 
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conditions were preferred since the conformation at CI' was prone to 

anomerisation. Thus, typically the resin was subjected three to five times to 2 

minute treatments with 5% TFA in CH2CI2 and a drop of methanol. 

2.4 Nucleoside Modification 

2.4.1 Introduction 

Having achieved an acceptable loading of 5-iodo-2'-deoxyuridine 39 onto a solid 

support the nucleoside was ready for modification. 5-Alkynyl-modified nucleic 

acid monomers are used as chain terminating tags but have other uses such as a 

replacement for the natural bases to alter the properties of DNA or RNA. 5-

Propargylamino substituted uridines have already been shown to stabilise DNA 

duplexes and triplexes whereas aliphatic substituents lead to duplex 

destabilisation.^'^""^ The amino function on the 5-propargylamino nucleoside 

analogue also provides a functionality available for modification. A 5'-C>-attached-

2'-deoxyuridine resin that possesses the propargylamino handle on position 5 of 

the uracil moiety would provide a very useful tool for a facile synthesis of novel 

nucleosides. Modifications at the 5-position have, by solution phase palladium-

catalysed coupling, provided nucleoside analogues such as those described in 

section 1.2.5.2. Numerous carbon-carbon bond forming reactions with acetylenes 

and aromatic iodo compounds have successfully been carried out on the solid 

phasê ^®"'̂ "* making it promising to carry out palladium-catalysed modification at 

the 5-position on the solid phase. 

2.4.2 Synthesis 

Propargylamine was protected as described in the literature using ethyl 

trifluoroacetate in anhydrous methanol providing A^-trifluoroacetylpropargylamine 

55 in 61% yield. 
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O 

55 

The 5'-hydroxyl group on 5-iodo-2'-deoxyuridine 39 was protected by the addition 

of 4,4'-dimethoxytrityl chloride 56 to 39, Scheme 2.4.1. 

OMe OMe 

^ / 
' X 

-CI + HO 

V 
\ / 

IX 
-o 

HO 

OMe 

56 39 

a.) dry NEta, dry Pyridine 

HO 

OMe 

57 

Scheme 2.4.1 Preparation of 5-iodo-5'-0-(4,4'-dimethoxytrityl)-2'-deoxy-

uridine 57 

Exposure of iV-trifluoroacetylpropargylamine 55 to 5-iodo-5'-0-(4,4'-

dimethoxytrityl)-2'-deoxyuridine 57 under Pd(PPh3)4 and Cul catalysis in DMF 

and NEts afforded nucleoside 58 in 71% yield. 



Chapter 2 53 

OMe 

/ A ^ 
O ~p • 

OMe 

DMTO 

57 

a.) Pd(PPh3)4, Cul, NEta, DMF 

55 58 

Scheme 2.4.2 Preparation of5-N-trifluoroacetylpropargylamino-5'-0-(4,4'-

dimethoxytrityl)-2 '-deoxyuridine 58 

Before attempting the solid phase Sonogashira reaction with 54 the reaction was 

assessed using a solid phase bound 3-iodobenzyl alcohol. Solid phase synthesis 

made it possible to remove excess reagents by simply washing the resin 

repeatedly. The trial reaction was validated by HPLC and mass spectrometry 

before attempting the Pd(0)/ Cul catalysed reaction on nucleoside 54 and the 

coupling between on-bead iodo-benzyl-alcohol with the terminal acetylene 55 

proceeded smoothly. Analysis suggested quantitative conversion with complete 

disappearance of the starting material. Hydrolysis of the trifluoroacetate group 

with IM aqueous KOH in dioxane gave the free amine. 

With these promising results in hand the reaction was carried out using nucleoside 

resin 54. 
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MTrO—v o MTrO 

54 59 60 

a.) A/-trifluoroacetylpropargylamine 55, Pd(PPh3)4, Cul, NEts, DMF 

b.) 1M KOH aq./ Dioxane (1:2) 

Scheme 2.4.3 Preparation of5-N-trifluoroacetylpropargylamino-5'-0-(4-

methoxytritylpolystyrene)-2'-deoxyuridine 59 

The Sonogashira reaction proceeded smoothly on resin 54 by the addition of Cul, 

A^-trifluoroacetylpropargylamine 55, NEts, and Pd(PPh3)4 at 60°C, and allowed the 

complete conversion to 59 Hydrolysis, to provide the free amine, by agitating 

with IM aqueous KOH in dioxane proceeded cleanly to give, after cleavage from 

the solid support 62, Scheme 2.4.4. 
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62 
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39 

2.5 min 

Scheme 2.4.4 HPLC traces of compounds cleaved off the resin during 

preparation of thymidine resin 59 and 60 

For parallel library synthesis, a new batch of loaded resin 59 was prepared. 

However, the reaction progress was not as smooth as previously observed and 

Figure 2.4.1 shows the HPLC analysis of an identical palladium coupling reaction 

carried out on the old and the new resin in parallel. 
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Figure 2.4.1 HPLC analysis of the initial Sonogashira product 61 vs. that 

using the higher loaded resin. 

The most obvious difference between the two resins was the large deviation in 

initial loading, 1.8 mmol/ g va. 0.5 mmol/ g. A notable physical difference was 

that the resin with the lower loading floated in CH2CI2 whereas the resin with the 

higher loading did not. In order to obtain consistency the resin was prepared in-

house. 
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2.5 Resin Functionalisation 

Commercially available resin 63 from styrene and 1% divinylbenzene was 

subjected to a Friedel Crafts reaction with p-methoxybenzoyl chloride. The 

resulting ketone 64 was subjected to a Grignard reaction with p-

methoxyphenylmagnesium bromide. Resin 65 was a light yellow colour which 

turned deep red upon treatment with acid. Conversion of the hydroxyl trityl to the 

trityl chloride according to published procedures using SOCI2 afforded resin 66. 

0 0 
63 

OMe 

OMe 

a.) p-AnisoyI chloride, AICI3, CS2, A 

b.) 4-methoxyphenylmagnesium bromide, dry THF 

c.) S0Ci2, pyridine, dry CH2CI2 

Scheme 2.5.1 Preparation of Polystyrene trityl chloride resin 66 

The loading determined, by loading/ cleavage of 5-iodo-2'-deoxyuridine and 

HPLC analysis, corresponded to 0.125 mmol/ g. 
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2.6 Spacer Extension and Library Synthesis 

The extensive need for modified nucleotides and nucleosides in the areas of DNA 

sequencing and therapeutic agents prompted the synthesis of nucleosidic resin 60. 

The idea was that this resin would provide a starting material for syntheses of 

large numbers of 5-modified nucleosides in a combinatorial fashion. To prove that 

this was an attainable objective a smaller trial library was synthesised. 

2.6.1 Library Design 

A simple trial library was designed. In order to evaluate the mobility/ rigidity of 

potential spacer units, six unnatural amino acids both cyclic, acyclic and aromatic, 

Table 2.6.1, possessing to side chain functionality to complicate synthesis, were 

chosen. 

0 

67 

V — ^ y—NHFmoc 

70 

0 

H O ^ ' ^ ^ N H F m o c o 
68 71 

o 
J L .NHFmoc 

HO 

69 

^ — N H F m o c 

72 

Table 2.6.1 Structures of spacers chosen for synthesis of the trial library 

The acyclic monomers were to be coupled to the resin first, each batch would then 

be split in three and then the cyclic monomers would be coupled making a total of 

nine members. Each batch of resin would again be split in three and three 

different dyes would be coupled to the end of the spacer making 27 members. 
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2.6.2 Library synthesis 

Fmoc protection of the cyclic non-aromatic amino acid required modified 

procedures as described in the literature.cw-4-Amino-l-cyclohexanecarboxylic 

acid (ACCA) was Fmoc protected using Fmoc-succinimide and gave 70 in 83% 

yield. Protection of 4-aminomethylbenzoic acid was accomplished using Fmoc 

chloroformate in dioxane and aqueous sodium bicarbonate according to a 

procedure described in the literature^ and the product 71 was obtained in 79% 

yield. Protection of p-aminobenzoic acid was effected in dioxane/ aqueous sodium 

bicarbonate using 9-fluorenylmethyl chloroformate according to a literature 

p rocedu re .The Fmoc protected aminobenzoic acid 72 was obtained in a much 

lower yield (36%) than the other spacers. This is presumably due to the lower 

reactivity of the aniline. All other spacer moieties were commercially available. 

The library was assembled using standard solid phase peptide synthesis 

methodology. Equimolar solutions of reactants were prepared by the addition of 

Die to a solution of HOBt and Fmoc-amino acid in CH2CI2 / DMF (6:1). Resin 60 

was split into three and reacted with each of the three reaction solutions, each 

containing 67, 68 or 69 respectively. All resins were subjected to 20% piperidine 

in DMF to remove the Fmoc protecting group. Each batch was then split into 

three vessels again and the procedure was repeated using the cyclic spacers 70, 71 

and 72. Each step was monitored by HPLC and mass spectroscopy and all steps 

proceeded smoothly. The resin, now in nine vessels, was again each split into 

three for the coupling of the dye. Three different dyes, fluorescein, rhodamine, 

and erythrosin that possessed an isothiocyanate functional group for attachment to 

amines were chosen for the labelling of the library. The resins were treated with 

solutions of the dye in DMF, in the presence of triethylamine. 
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a.) 

b.) 

c.) 

Library 
members 

1.1.1 
1.1.2 
1.1.3 
1.2.1 
1.2.2 
1.2.3 
1.3.1 
1.3.2 
1.3.3 

2.1.1 
2.1.2 
2.1.3 
2.2.1 
2.2.2 
2.2.3 
2.3.1 
2.3.2 
2.3.3 

3.1.1 
3.1.2 
3.1.3 
3.2.1 
3.2.2 
3.2.3 
3.3.1 
3.3.2 
3.3.3 

Intermediate 
library 
members 
Step 2 

1.1 
1.2 
1.3 

2.1 
2.2 
2.3 

3.1 
3.2 
3.3 

Intermediate 
library 
members 
Step 1 

HpN 

Q - W T r O - y o I 

HO 

HOBt/ DIG and 67(1), 68(2) or 69(3), respectively; then 20% piperidine in DMF 

HOBt/ Die and 70(1), 71(2) or 72(3), respectively; then 20% piperidine in DMF 

NEtg, FITC (1), RITC (2) or EITC (3), respectively 

Scheme 2.6.1 27 Membered Library Synthesis 

Unfortunately the coupling of the dyes was not totally successful. The rhodamine 

dye coupling resulted in clean HPLC traces, though it proved difficult to obtain 

adequate mass spectral analysis for these compounds, and fluorescein and 

erythrosine couplings resulted in mixtures of compounds being formed. The 

synthesis of one member (shown in Scheme 2.6.1 as compound 2.2.1) of the 

library, compound 73, was scaled up to allow full characterisation. 

73 
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As determined from weight of resin and the mass of compound cleaved from the 

solid support compound 73 was obtained in quantitative yield and high purity 

(95%) as determined by HPLC (ELS, UV = 282 nm). 

2.7 Conclusion 

The loading and cleavage of 5-iodo-2'-deoxyuridine onto a trityl chloride 

polystyrene resin was successfully performed. The loading level of the initial resin 

was found to be an important factor as resins with high loading (1.8 mmol/g) 

complicated further synthetic modifications to the resin bound nucleoside. 

Attachment of propargylamine to the base of the resin bound nucleoside was 

successfully achieved under Sonogashira conditions and provided a resin with a 

convenient handle for further modification. 

Synthesis of a small library has shown that nucleoside-resin 60 can be used to 

synthesise 5-modified thymidine analogues. Although the coupling of the dye was 

not completely successful in all cases the repeat synthesis suggested that this was 

probably due to the batch of dye used and hence does not appear to be a general 

problem. 

Using this resin the generation of a nucleosidic library is shown to be a fast and 

simple procedure. 
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Synthesis of Reporter Nucleoside Analogues 

The purpose of this chapter is to describe the synthesis of a 57 membered library 

of derivatised nucleosides. Syntheses were accomplished using the nucleoside 

based resin developed in Chapter 2. Enzymatic screening of the library with 

proteases will be discussed in detail. 

3.1 Introduction 

Resins such as that developed in chapter 2 have potential uses in the generation of 

nucleosidic drugs and in the area of DNA sequencing reagents. New methods of 

DNA sequencing are constantly being explored and subsequently new modified 

nucleoside triphosphates need to be developed to fit the requirements of these 

methods. A nucleoside resin provides an easy route to libraries of nucleosides that 

could significantly shorten the route to compounds with the necessary properties. 

The work described in this chapter was aimed toward the synthesis of reporter 

nucleotides required for a potential new DNA single molecule sequencing-by-

synthesis methodology. Solid phase combinatorial synthesis techniques were 

utilised to prepare target compounds necessary to develop this sequencing 

method. 

3.1.1 Four Colour DNA Sequencing 

The current state of the art technology for high-throughput DNA sequencing, such 

as that used in the Human Genome P r o j e c t , i s capillary array DNA sequencing 

using laser-induced fluorescence detection.'̂ ^"'"^^ However, the basis for the 

technique is still that developed by Sanger et al.'^^ The new concept of "single-

lane" fluorescence detection was applied to the enzymatic Sanger-concept in 

1986,''̂ ^ where the use of hazardous and costly radioisotopes was replaced by 

fluorophores for detection. Fluorophores have since become an important and 

powerful tool in DNA detection p r o t o c o l s . T h e use of fluorescence was 

extended to four distinguishable fluorophores where each base was represented by 

one of the four fluorophores, as discussed in Chapter 1. 
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Automated four-colour DNA sequencing with fluorescent primers or terminators 

are the most commonly used methods in high-throughput DNA sequencing 

laboratories today. Sanger sequencing is performed as a set of four base specific 

reactions, the reaction products are combined and electrophoresed down a single 

polyacrylamide gel tube. The separated fluorescent bands of DNA are detected as 

they elute at the bottom of the tube as one specific colour per base. Two variations 

of automated DNA sequencing have been developed: dye-labelled primer 

sequencing, in which the fluorescent dyes are attached to the 5' end of the primer 

oligonucleotide, and dye-labelled terminator sequencing, in which the dyes are 

attached to the terminating dideoxynucleoside triphosphates. 

Fluorescence energy transfer primers (ET primers),''*^ see Figure 3.1.1, and 

fluorescent chain terminators are constantly being developed to improve their 

spectral and chemical properties such as those listed in section 1.2.3.1. 

3.1.1.1 Energy Transfer Primers 

Donor and acceptor fluorophores may be incorporated into the primer by the use 

of two modified nucleotides in the primer synthesis'^ or as a tail at the start of the 

primer sequence. Figure 3.1.1. 148 

Donor ">-0 

O—I Q wceptor 

0 = P — 0 " " Primer Sequences 

OH 

Figure 3.1.1 Design ofET cassette-labelled primers 



Chapter 3 64 

These universal primers, called ET cassette-labelled primers, provide a general 

approach for labelling oligonucleotide primers of all sequences. This technology 

addresses the throughput and read length requirements of large-scale DNA-

sequencing projects but there is still a need for improvement when, for example, 

band compressions cause inaccuracy. Band compressions arise for sequences with 

GC-rich regions and are due to non-Watson-Crick type G-A base pairing and have 

been improved upon by replacing adenosine and guanine with their 7-deaza-

analogues. The major disadvantage with the use of dye-labelled primers is the 

requirement of four different primers and the necessary four extension reactions. 

3.1.1.2 Fluorescent Chain Terminators 

Chain terminators are commonly used in DNA sequencing. Fluorescent chain 

terminators work on the same principle as normal terminators, as described in 

Chapter 1 see Figure 1.2.3, i.e. they lack the 3'-hydroxy 1 group necessary for 

extension. The major advantages of dye-labelled terminators are: 

• only one extension reaction is required for each template, 

• the synthesis of a labelled primer is unnecessary hence allowing all 

preferred hybridisation sites to be used; and, 

• false terminations, where fragments are terminated by a deoxy-

nucleotide rather than a dideoxynucleotide, are not observed as these 

products are unlabelled. 

The major disadvantage of dye-labelled terminators is that the terminations are 

uneven compared to using dye-labelled primers. Very small or very large signal 

peaks can complicate the base sequence reading. 
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3.1.2 Alternative DNA Sequencing Methods 

DNA sequencing by electrophoresis continuously receives attention directed 

toward improvements such as ET primers, new terminators and technical 

e q u i p m e n t / S i m u l t a n e o u s l y alternative methods of DNA sequencing are 

being developed. Alternative methods that have been exploited for DNA 

sequencing include sequencing by mass spectrometry, sequencing by 

hybridisation and sequencing by synthesis. 

3.1.2.1 DNA Sequencing by Mass Spectrometry 

The recent method of sequencing by mass spectrometry^^^ makes use of the high 

affinity between the small biotin molecule and the protein streptavidin to isolate 

pure DNA-sequencing fragments. The fragments are generated by enzymatic 

methods and are terminated by a 5-biotin-modified nucleotide. Use of biotinylated 

termination molecules overcomes the problem of falsely stopped sequences. False 

stops are generated when the sequence terminates by a deoxynucleotide rather 

than a dideoxynucleotide. Although by this method falsely stopped sequences will 

still be generated, they are effectively removed by the streptavidin capture/ release 

procedure. The mass difference between each peak in the mass spectrum 

determines the identity of the nucleotide by which this fragment is longer than the 

previous. Band compression, due to GC rich regions with folding structures, is no 

longer a problem since the sequencing by laser desorption mass spectrometry is 

based on the measurement of molecular weights. PGR is not required due to more 

sensitive analysis and hence non-faithful replication by PGR due to the secondary 

structures or a large number of repeats are be eliminated. Mass spectrometry is a 

fast method that provides a high-throughput means for DNA sequencing for up to 

100 bp. However, mass resolution and detection sensitivity still require 

improvement for sequencing longer DNAs. 
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3.1.2.2 Sequencing by Hybridisation 

Sequencing by hybridisation^^^ uses a set of short oligonucleotide probes of 

defined sequences to search for complementary sequences on a longer target 

strand of DNA. This hybridisation method can be applied to solid phase chemistry 

allowing large arrays of probes to be synthesised on a chip. The active area of the 

chip is structured as a matrix, each region of which is assigned to a specific 

oligonucleotide (a short sequence of nucleotides). The matrix of solid supported 

probes is then treated with a solution of the target DNA sequence, suitably 

labelled. The target DNA will bind to probes with complementary sequences and 

hence hybridisation is identified in a single experiment. The hybridisation pattern, 

also called the spectrum of the sequence, is then used to reconstruct the target 

DNA sequence by mathematical methods. 

3.1.2.3 Pyrosequencing 

Pyrosequencing^^^'^^^ is a method of sequencing-by-synthesis and is based on the 

release of light as a result of numerous enzymatic reactions, Figure 3.1.2. 

Enzymatic DNA synthesis is accompanied by release of pyrophosphate in equal 

molarity to that of the incorporated deoxynucleotide. The pyrophosphate released 

is subsequently converted to ATP, by ATP sulfurylase, which provides energy. 

Luciferase makes use of the energy to oxidise luciferin which subsequently emits 

light. The amount of light produced due to the presence of ATP, luciferin and 

firefly luciferase is an estimate of the number of nucleotides incorporated, e.g. if 

the reaction was run using dTTP and light was produced it means that one, or 

more, T were incorporated. The reaction is then repeated with a different dNTP. 

Pyrosequencing is advantageous in its speed and reduction of costs. There is no 

need for labelled nucleotides, labelled primers or tedious electrophoresis. 

However, although it is accurate it still suffers from difficulty in the 

proportionality of the signal intensity when more than 5 nucleotides, carrying the 

same base in a row are incorporated. 
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Method of Pyrosequencing Response From Pyrosequencing 

O 5'ACCTTG AGTACC ATCTAG GA 3' 
GATOCT 5' 

DNA polymerase 
One of the four dNTPs 
(here dATP) 
ATP sulfurylase 
Luciferin 
Luciferase 

A 5'ACCTTGAGTACGATCTAGGA—3' 
AGATCCT—5' 

Light 

Amount of light is proportional to the number of A 
incorporated. The reaction is then repeated, 
replacing the dATP with a different dNTP. 

OStreptavidin coated magnetic bead 
carrying the primed template 

Pyrophosphate released is 
converted to ATP by ATP 
sulfurylase. ATP, Luciferase and 
oxidise Luciferin and light is emitted. 

0 The response, amount of light produced, 
is recorded and the cycle repeated 

Figure 3.1.2 Solid-phase pyrosequencing. The four different nucleotides are 

added stepwise to the immobilized primed DNA template and the 

incorporation is followed by the emission of light produced by 

the row of enzymatic reactions carried out by DNA polymerase, 

ATP sulfurylase and luciferase. Although pyrosequencing is 

illustrated here using solid supported DNA it can also be 

carried out in solution. 

3.1.2.4 Base Addition Sequencing Scheme 

Another example of sequencing-by-synthesis is the Base Addition Sequencing 

Scheme or This approach uses four nucleoside triphosphates that have 

a 3'-(9-blocking group that is both labile and spectroscopically unique. A primer is 

annealed to a solid supported DNA template. Chain extension is carried out using 

3'-0-labelled dNTPs, each with a unique label for base identification. Imaging of 

the support identifies the nucleotide incorporated and subsequent cleavage of the 

reporter group results in a 'free' 3'-hydroxyl group allowing the addition of the 

next complementary base. 
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I 5', 3'OH 
-Linker 

Linker-

Q o o 
- O - P - P - P - O ^ Base 

? 
Protecting group 

Base addition 
and chain 
termination 

Linker • 

-B' 3'OH 

-gS'O-Protected 

Protecting group 
removal 

Imaging of 
Reporter Group 

base incorporated 

Figure 3.1.3 Illustration of the Base Addition Sequencing Scheme (BASS) 

Initial studies of BASS made use of 3'-0-(2"-nitrobenzyl)-adenosine triphosphate 

as sequence terminating nucleotide. It was found that 3'-C>-(2"-nitrobenzyl)-

adenosine triphosphate could be incorporated by a DNA polymerase and that 

photo-deprotection of the 3'-hydroxy was possible facilitating DNA replication. 

However, four distinguishable nucleotides are necessary and although they could 

be synthesised they were not accepted by polymerases. Molecular simulations 

have suggested that large moieties situated on the 3'-position are too big to fit into 

the active site of DNA polymerases. 

Recently, a modified version of this strategy was described in the literature.'®^"'̂ ^ 

This approach involved linking the reporter group to the 5 position by a 

photocleavable spacer and the 3'-hydroxyl would be capped by a smaller entity 

purely for chain termination purposes. The photocleavable fluorescent nucleotide 

analogue 74, bearing a fluorescent dye, Bodipy, on its 5 position via a 

photocleavable 2-nitrobenzyl spacer, was synthesised and base specific 

incorporation was obtained in a polymerase reaction. 
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O O 
O—P—O—P—O—P—o 

HN 

I 
o 

Photocleavable spacer moiety 2-nitrobenzyl carbamate 

O O2N 

74 L J 
Fluorescent dye BODIPY 

Sequences generated by the incorporation assay were terminated by a biotinylated 

ddNTP and isolated by streptavidin-coated magnetic beads. So far it has been 

established that 74 can be incorporated efficiently into the growing DNA strand 

by a DNA polymerase and its incorporation does not hinder the addition of 

subsequent nucleotides. Modifications of the 3'-hydroxyl of the nucleotide, which 

stop further incorporation but are compatible with DNA polymerases, are 

therefore necessary and are yet to be investigated. 

3.1.3 A Novel Sequencing-by-Synthesis Strategy 

A novel DNA sequencing-by-synthesis strategy has been proposed'^\^^^,'^^ in 

which single stranded DNA fragments are immobilised on a solid support i.e. a 

glass slide. A primer is then annealed to the template and the slide subjected to 

DNA chain extension conditions using 2'-deoxy fluorescent-dye labelled 

nucleotides. Certain dye-spacer combinations are known to inhibit some DNA 

mutant polymerases'®^ and a carefully chosen dye-spacer-2'-deoxy nucleotide 

matched with a mutant polymerase could act as a DNA strand synthesis 

terminator. In this way single base addition synthesis products would be generated 

as represented in Figure 3.1.4 and the incorporated nucleotides would be 

determined by the unique fluorescent label attached to it where each unique colour 

represents either A, T, C or G. 
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After the first chain extension reaction the extended DNA chains would be 

fluorescent and the slide would be read to determine the identity of the new base 

incorporated onto the template. The reporter moiety would then be cleaved off 

resulting in slides containing no fluorescent signals. Removal of the reporter 

group would then allow further chain extension, to allow further sequence 

information to be obtained. 

Glass slide with DNA strands with annealed 
primers ready for extension, either randomly 
spaced out as single molecules or in a matrix 
fashion. 

Glass slide after incorporation assay using four 
uniquely labelled dNTPs. Each incorporated 
nucleotide can be identified by the specific 
fluorescent dye label. 

Glass slide after enzymatic removal of dye 
label. The fluorescent label has been removed 
and the next polymerase reaction may be 
carried out. 

Glass slide after a second incorporation assay 
using four uniquely labelled dNTPs. This cycle 
would be repeated to obtain information about 
the sequence. 

Figure 3.1.4 Illustration of the new DNA sequencing-by-synthesis on glass 

slides 
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3.1.3.1 Microarray or Single Molecule Detection 

It is possible to immobilise single stranded DNA templates on glass slides in the 

form of a microarray by dispensing nanolitre volume spots of multiple copies of 

the single stranded DNA templates onto the glass slide. The spots could then 

simply be spatially encoded. 

However, more interestingly, DNA could be immobilised in the form of a random 

array of single DNA molecules. In this case either the primer, linker or the 

template itself would need to carry a fluorescent label for detection. Once the slide 

has been subjected to DNA chain extension conditions incorporation would be 

determined by looking for the two dyes together, one from the template and one 

from the specific nucleotide incorporated. It would then also be possible to 

identify non-specific binding of labelled nucleotides since non-specific bound 

nucleotides would appear as a single dye only. 

3.1.3.2 Attachment to the solid support 

An object of the invention was to provide a method that would permit an 

essentially random distribution of biomolecules, i.e. nucleic acids, on a solid 

surface whilst allowing a degree of control of the density of molecules obtained. 

The solid support may be massive but would initially be limited to microscope 

glass slides. To allow detection of single molecules it is required that the 

molecules are distributed with sufficient separation between the molecules to 

enable each molecule to be individually resolved by optical methods. A coating to 

provide a sparse distribution of reactive groups comprising has been proposed 

where a reactive group, e.g. epoxide, has been attached to the solid surface 

through a Si-0 bond. A polymer such as PEG would act as a linker group and 

would be added as a mixture of HS-PEG-SH and HS-PEG-OCH3 at a ratio of 

1 : 6.25 X 10^ to achieve the desired density. 
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Figure 3.1,5 An illustration of phosphorothioate oligonucleotides to surfaces 
grafted with sparsely distributed reactive groups. 
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Primer DNA template 

1111111111 
I I I I I M I I 

Linker 

Label to allow 
location to be 
determined 

Hairpin DNA template 

I 

Figure 3.1.6 Illustration showing alternative template/primer attachments 

suggested 

The length of the oligonucleotide template would depend upon the genome being 

sequenced and the restriction enzyme used but an approximate 100 base pairs has 
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been suggested. The sequence information would come from the number of 

oligonucleotides on the slide rather than the number of extension reactions carried 

out as it is estimated that only 6 or 7 cycles would be necessary. 

Polymerase Reaction 
Incubate with nucleotides 
and polymerase 

Wash 
Wash the slides free from 
excess nucleotides and 
polymerase 

Wash 
Wash the slides free from 
protease and cleaved 
reporter moieties 

Scan 
Scan slide and determine 
the specific nucloebases 
incorporated 

Digestion 
Incubate slide with protease 
to cleave the reporter group 
from the incorporated 
nucleotide 

Figure 3.1.7 Illustration of the cycle of base extensions proposed in the novel 
DNA sequencing system 

It is estimated that one would achieve a distribution where 10 oligonucleotide 

molecules are distributed over 1 cm^. Hence, information of 1 Debase pairs would 

be obtained in one 45 minutes cycle. The array of information from say 6 cycles 

would make up the sequence. This is of course an estimate and may have to be 

altered due to for example extended scans needed to improve signal to noise 

ratios. 

3.1.3.3 Accuracy 

The efficiency of cleavage would most probably not be 100% and one would 

therefore expect some false base calls. However, this can be over come by using 

more than one set of reporters. 
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"T 
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"A 
-TACG 
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Figure 3.1.8 Illustration of how the use of two (or more) sets of reporters can 

overcome the problem of false base calls. 

Figure 3.1.8 shows how the sequencing system would work if all four 

individually labelled bases were added simultaneously. After the first cycle the 

slide is read according to the first set of reporters. The reporters are then removed 

and base extension is repeated. Figure 3.1.8 shows how the cleavage of the first 

set of reporters has failed where a reporter moiety from the first set of reporter 

nucleotides remains. However, by using a different set of reporters in the second 

cycle the failed cleavage can be readily identified. 

3.1.3.4 Terminating or Non-terminating Labelled Nucleotides 

2',3'-Dideoxynucleoside triphosphates are normally used as terminators in DNA 

sequencing. However, when using ddNTPs chain extension is permanently 

terminated. Here it was necessary that the 3'-hydroxyl group was reversibly 

protected or left unprotected. If dNTPs with unprotected 3' hydroxyl groups are 

used then it is not a true terminator and additional incorporations may be possible. 

This being the case, the sequencing slide would therefore have to be treated 

sequentially with the four fluorescently labelled dNTPs allowing the imaging 

system to detect possible double incorporations. If dNTPs with a reversible 

protecting group on the 3' position are used then the sequencing slide could be 

treated with all four dNTPs labelled with different fluorophores simultaneously. 

The imaging system would identify each colour as a different base in a single 

experiment but it includes an extra deprotection step in the sequencing system. 

This thesis is focused upon the development of "non-terminating nucleotides". 
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Non-terminating nucleotides terminate due to bulk in the base region of the 

triphosphate, which prevents additional incorporation beyond the first base. 

This method of sequencing places certain requirements on the labelled 2'-

deoxynucleotide used, i.e.: 

• the reporter nucleotides used must possess a cleavable spacer between 

the nucleotide and the reporter moiety, 

• the spacer must be cleaved as close to the nucleotide as possible in 

order to minimise disturbance of the efficiency of the DNA 

polymerases during subsequent chain extensions; and, 

• the spacer and the fluorophore must inhibit polymerase activity. 

However, some limited double incorporation could possibly also be 

accounted for by optical methods (i.e. CCD camera). 

To investigate these requirements the 5-propargyl aminopyrimidine (and 7-deaza-

7-propargyl aminopurine) nucleotides, such as those described in section 1.2.5, 

seemed to be a good starting point as they proved to incorporate well during DNA 

incorporation assays. The cleavable spacer could be a light cleavable, chemical 

cleavable or enzyme cleavable moiety. Chemical cleavage of common spacer 

groups generally involve the use of acid or base that could cause degradation of 

the DNA. A light cleavable spacer would be more desirable since only mild 

conditions would be necessary to separate the reporter from the growing DNA 

strand. However, the dye could be affected, but this would only be a problem if 

the cleavage was incomplete and photobleaching occurred as this could give the 

appearance of a fully cleaved spacer. In this case the dye moiety may not be 

fluorescent giving misleading results. Enzymatic cleavage of a spacer could 

provide a mild, fast and efficient cleavage of the spacer linking the nucleotide to 

the reporting fluorophore. Cleavage of peptides using proteases has been studied 

extensively and the propargylamine spacer is an excellent handle for peptide 

synthesis hence peptides as enzymatically cleavable spacers were investigated. 

There is a wide range of proteases available for hydrolysis of peptides and there is 

a large number of peptides that could be considered as potential spacer groups. 

Work in this chapter describes how a library of peptidic nucleosides were 

synthesised and evaluated using a variety of enzymes. 
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3.1.4 Strategy for the Optimisation of Peptidic Spacers 

It is critical for the protease to withstand the close proximity of the nucleoside 

such that cleavage as close as possible to the nucleoside maybe achieved. As 

discussed earlier, this is very important as bulky groups may cause disturbance to 

subsequent chain extensions. However, the N-terminus of the peptide (the 

fluorophore bearing segment) is not as critical and therefore any undesirable 

interactions maybe alleviated by incorporating a spacer between the dye and the 

peptide. In order to find an effective reporter-peptide-nucleotide / protease 

combination a library synthesis of nucleoside analogues using resin 60, Figure 

3.1.9, seemed an attractive approach. Solid phase peptide synthesis could then be 

employed to create a library of peptidic nucleosides. The peptides would then be 

labelled with a dye and the nucleosides cleaved from the support and assayed in 

solution. 

Fluorophore - - Spacer - - Peptide - -
"N 

H 

Q - M T r O - . o I 

HO 

Figure 3.1.9 Illustration of the type of reporter nucleosides that would be 

prepared by solid phase methods using resin 60 

The aims of the library synthesis were: 

• to verify that a peptidic spacer, between a nucleoside and a 

fluorophore, could be digested by enzymatic methods, and 

• to obtain information about the most efficient protease / nucleoside 

combination. 
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3.1.4.1 Design Considerations 

The library would include a number of different peptides varying in length and 

functionality. In some cases hydrophilic residues were incorporated to aid 

solubility of the final products in an aqueous environment. It was important that 

all protecting groups used could be removed under the same conditions to 

minimise the number of steps needed. Whilst the peptide would be variable, the 

reporting fluorophore would be fluorescein, for simplicity, and an aminohexanoic 

acid spacer between the peptide and the fluorophore was chosen throughout this 

study. 

3.1.5 Protease Selection 

3.1.5.1 Terminology 

The terminology used in describing the specificity of proteases depends on a 

model in which the catalytic site is considered to be flanked on one or both sides 

by specificity subsites, each able to accommodate the side chain of a single amino 

acid residue. These sites are numbered from the catalytic site, S1... Sn towards the 

N-terminus of the substrate, and Sr.. .Sn' towards the C-terminus. The residues 

they accommodate are numbered Pl...Pn, and Pr...Pn', respectively, as follows 

(the catalytic site of the enzyme being marked 

Substrate 

Enzyme 

Figure 3.1.10 Illustration of the terminology used for an enzyme active site 
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3.1.5.2 Properties Considered for Selection of Protease 

The choice of proteases was based on ease of handling, the sizes of the enzymes, 

availability and costs. Size of the enzyme, although not such an important 

property in solution phase screening, could be crucial if applied to surface 

screening methodologies where arrays of molecules are highly dense. For this 

reason, enzymes of a molecular weight (lower than 40 kDa) were focussed upon, 

although one larger enzyme, enterokinase (MW =160 kDa), was also considered. 

Enzymes with optimum activity at a pH in the region where DNA is stable were 

desirable and all enzymes chosen fulfilled this requirement. Many proteases are 

relatively non-specific but a few facts, summarised in Table 3.1.1, regarding some 

properties guided the library synthesis. 168 

Protease MW 

kDa 

Catalytic 

type 

Specificity 

1 Proteinase K 29 Serine Relatively unspecific. However, aromatic and 
hydrophobic amino acid residues such as Leu are 
preferred at PI while it does not hydrolyse substrates 
with Pro at PI'. 

2 Elastase 26 Serine A primary specificity for non-bulky residues such as 
Ala, Ser, Gly and Val in PI has been observed. The 
catalytic activity has been shown to increase with the 
chain length of the synthetic substrate. 

3 Subtilisin 27 Serine Subtilisin is relatively non-specific but subsites SI 
and S4 bear some preferences. In S1 non-(3-branched 
hydrophobic side chains are preferred. The S4 
subsite strongly prefers hydrophobic side chains. 

4 Papain 23 Cysteine Papain is considered to possess a fairly broad 
specificity but subsite S2 prefers bulky non-polar 
side chains and a weak preference for Lys in PI has 
been observed. 

5 Thermolysin 35 Metallo Thermolysin prefers to cut the scissile bond at the N-
terminal side of Leu, Phe, He and Val and a 
hydrophobic residue is preferred in PI position. 

6 Trypsin 24 Serine Trypsin strongly prefers to cleave amide substrates 
following PI Arg or Lys residues. 

7 Enterokinase 160 Serine Enterokinase cleaves at sites that closely resemble 
the cleavage of cattle trypsinogen: Asp-Asp-Asp-
Asp-Lys-Ile. 

Table 3.1.1 Selected information about the seven enzymes that were to be 

employed when assaying the nucleoside library 
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3.1.6 Selection of Peptide Sequences 

Nine amino acids, alanine, aspartic acid, glycine, lysine, leucine, methionine, 

proline, serine and valine were used to construct the library. Three of these amino 

acids (aspartic acid, lysine and serine) required protection of their respective side 

chain functional groups. Aspartic acid, lysine and serine were used protected with 

the te/t-butyl ester-, Boc- and tert-butyl ether group, respectively. This allowed 

removal of the protecting groups by acid treatment and concomitant release of the 

nucleoside analogue from the resin. The peptide sequences chosen are shown in 

Table 3.1.2. 

Selected Sequences 

AA APKS GSAAG 

AAA APLS GSAAK 

AAAA APMS GSAAL 

AAAS APVS GSAAPA 

AAG DDDDK GSAAPK 

AAK DDDDL GSAAPL 

AAL DDDKS GSAAPV 

AAPA DDDLS GSAGL 

AAPK GAGL GSAIPM 

AAPL GGGL GSALK 

AAPV GGL GSDDDDK 

AAS GGLS GSDDDDL 

AGL GK GSGGGL 

AGS GKS GSGK 

AIPM GL GSLGL 

AKS GLS GSVLK 

ALK GSAA LGL 

ALS GSAAA LKS 

APAS GSAAAA VLK 

Table 3.1.2 Library design. The table displays the peptides chosen to make 

up the spacer between the fluorophore and the nucleobase, here 

represented using single letter codes. 
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In total 57 unique sequences were chosen, Table 3.1.2. Simple sequences, which 

did not possess side chain functional groups that needed protection, were desirable 

as synthetic targets would otherwise be more complicated. However, it was 

thought that the compounds may become too hydrophobic and serine was 

therefore incorporated either at the nucleoside end or the fluorophore end of the 

peptide. 

3.1.7 Synthetic Methodology 

Combinatorial tea-bag methodology suited this type of library synthesis over the 

alternative more laborious parallel synthesis using disposable filter tubes. The 

advantage of the teabag method over parallel synthesis is that only one pot of 

reactants is needed for each amino acid coupling (i.e. a maximum of nine reaction 

vessels). Moreover, all washing/ deprotection steps could be combined reducing 

the time immensely, see Figure 1.1.5. 

To prepare the tea-bags polypropylene mesh was cut out, folded and sealed at 

three ends leaving one open for filling. Approximately 150 mg of resin 59 was 

distributed between ten polypropylene bags. A microchip transponder was placed 

in each bag for identification purposes and the bags were subsequently sealed by 

welding the ends together. 

i 
IM aq. KOH/ Dioxane 
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Scheme 3.1.1 Hydrolysis of resin 59 in tea-bags 

The polypropylene bags containing resin 59 were treated with IM aq. KOH/ 

dioxane (1:2) overnight. Scheme 3.1.1. During this procedure an issue concerning 
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the compatibihty of the tea-bag methodology with this resin arose as the beads 

escaped from the enclosed polypropylene tea-bags. 

Transponder 

Resin 

# 

Figure 3.1.11 Tea bags each initially filled with 10 - 20 mg of resin 59 plus a 

transponder for identification 

Figure 3.1.11 shows the tea-bags after overnight hydrolysis and it can clearly be 

seen that the amount of resin varies considerably from bag to bag. A visual 

inspection of the triangle array of tea-bags immediately suggests that the tea-bag 

at the top of the triangle was completely empty of resin beads. At this stage it was 

not possible to determine whether this was due to one or two badly sealed bags or 

whether all bags leaked some material. Obviously if all bags leaked some material 

this would not be a feasible method as the synthesis would include up to 18 on-

resin synthesis steps and most of the resin could be lost. It was therefore decided 

to use these polypropylene tea-bags for the synthesis of a library control 

compound to evaluate whether the loss of resin was negligible or whether another 

method had to be used. 
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3.2 Monitored Synthesis of Library Control Compound 

Synthesis of one library member was carried out to verify the synthetic strategy 

before tackling synthesis of the larger library. 

~OH 

75 

Fam-Ahx-DKS-propargylamino-dU 75, which includes three amino acids that 

require protection, was chosen as a target library control compound. The synthesis 

of this compound was monitored by HPLC and mass spectroscopy at each step 

and the tea-bag methodology was employed for synthesis. During the synthesis of 

the control compound both the method and the chemistry was monitored and 

evaluated for the larger library synthesis. 
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a.) Fmoc-Ser('Bu)-OH, DIG, HOBt, DMF/ GH2GI2 (3:7) 

b.) 20% Piperidine in DMF 

c.) Fmoc-Lys(Boc)-OH, DIG, HOBt, DMF/ GH2GI2 (7:3) 

d.) Fm0C-Asp(0'Bu)-0H, DIG, HOBt, DMF/ GH2GI2 (7:3) 

e.) Fmoc-Ahx-OH, DIG, HOBt, DMF/ GH2GI2 (7:3) 

Scheme 3.2.1 Synthesis of 19 using tea-bag methodology, toward the synthesis 

of library control 75 
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Six tea bags containing resin 60, 5-A^-propargylamino-5'-0-(4-methoxytrityl 

polystyrene)-2'-deoxyuridine, were added to a 2M solution of Fmoc-Ser('Bu)-OH, 

DIG and HOBt in DMF/ CH2CI2 (3:7). The reaction vessel was shaken on a flat 

bed shaker for 3 hours and the tea-bags were subsequently washed with CH2CI2, 

DMF, MeOH and ether. One tea-bag was subjected to 5% TFA in DCM and the 

cleaved compound was collected for analysis. The remaining tea-bags were 

subjected to 20% piperidine in DMF for 1 hour to remove the Fmoc protecting 

group, one tea-bag was again cleaved and analysed by HPLC and mass 

spectroscopy. 

The procedure was repeated with Fmoc-Lys(Boc)-OH, Fmoc-Asp(0'Bu)-OH and 

Fmoc-aminocaproic acid analysing each step by HPLC and mass spectrometry. 

Purity was determined by HPLC and was typically 100% by ELS and 75% by 

UV282 detection. Once the amino acid couplings were complete the remaining 

resin 79 was placed into a filter vessel and treated with fluorescein isothiocyanate, 

Scheme 3.2.2. 

a.) Fluorescein isothiocyanate isomer I, NEts, DIWF, overnight 

b.) 5% TFA in CH2CI2 and then neat TFA 

Scheme 3.2.2 Coupling of fluorescein isothiocyanate to resin 79 
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The nucleoside derivatives were cleaved from the resin using 5% TFA in CH2CI2 

and further treated with neat TFA to remove the side chain protecting groups to 

give compound 75. Treating a nucleoside with strong acid could potentially result 

in anomerisation thus a study to determine the time needed for deprotection yet to 

minimise anomerisation was carried out. The nucleoside was subjected to TFA for 

1,3,30 and 60 minutes, Table 3.2.1. 

Minutes Protecting groups removed Anomerisation 

1 

3 

30 

60 

Boc deprotection 

Only partially 

Yes 

Yes 

No 

No 

No 

Yes 

Table 3,2.1 NMR study of side-chain deprotection showed that 30 minutes 

treatment with neat TFA allowed deprotection without 

anomerisation. 

Although the NMR of this compound has a very complicated aliphatic region the 

r hydrogen is well separated from other signals in the aliphatic and aromatic 

regions and anomerisation can hence be detected when the peak corresponding to 

H I' becomes broad. The shift was not large enough to obtain accurate integration 

of the amount of each anomer but it did allow a qualitative analysis. The NMR of 

the cleaved compound also confirmed that purification of the final compound was 

necessary. Control compound 75 was purified by semi-preparative HPLC and as a 

result provided a much improved NMR spectrum, especially in the aromatic 

region which was better resolved, Figure 3.2.1. Hence it was decided to purify all 

library compounds after cleavage from the resin. 
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Figure 3.2.1 Comparison ofNMR data of control compound 75 

a.) directly after cleavage from resin and 

b.) after purification by HPLC 

3.2.1 Evaluation of Synthesis Methodology 

Unfortunately only one milligram of material was obtained after the monitored 

synthesis. This was due mainly to the great loss of resin during the synthesis. 

Once synthesis of the control compound, using the tea-bag methodology, was 

completed it was clear that the tea-bag method was unsuitable as the resin escaped 

through the polypropylene mesh. The library synthesis was therefore carried out 

in parallel using filter vessels. The control compound was resynthesised on a 

larger scale using a single filter vessel to obtain material sufficient for 

characterisation. 

Microscope analysis of the beads and mesh revealed that the beads were too small 

for combinatorial synthesis by the tea bag method, particularly when dry. 

Figure 3.2.2 A.) Beads swollen in DMF under the polypropylene mesh 

B.) Dry beads under the polypropylene mesh 
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3.3 Library Synthesis 

Since the tea-bag method proved unsuited for synthesis it was decided to carry out 

the synthesis in parallel using single filter vessels. The entire library was too large 

to handle manually in a parallel sense and was therefore divided into three 

libraries, A, B and C. Sequences that did not contain serine were included in 

library A. For simplicity, all sequences for which syntheses started with serine and 

all sequences for which syntheses ended with serine followed by glycine were 

included in library B and C, respectively. The division of compounds is shown in 

Table 3.3.1, Table 3.3.2 and Table 3.3.3, respectively. 

Library A 

1 AA 8 AIPM 15 GL 

2 AAA 9 AAPK 16 AAG 

3 AAL 10 VLK 17 GGGL 

4 AAAA 11 GK 18 AGL 

5 AAPA 12 AAK 19 LGL 

6 AAPV 13 ALK 20 GAGL 

7 AAPL 14 GGL 21 DDDDL 

22 DDDDK 

Table 3.3.1 Library A 

Library B 

1 AAS 6 APLS 11 AKS 

2 ALS 7 APMS 12 GLS 

3 AAAS 8 APKS 13 AGS 

4 APAS 9 LKS 14 GGLS 

5 APVS 10 GKS 15 DDDLS 

16 DDDKS 

Table 3.3.2 Library B 
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Library C 

1 GSAA 7 GSAAPL 13 GSALK 

2 GSAAA 8 GSAIPM 14 GSAGL 

3 GSAAL 9 GSAAPK 15 GSAAG 

4 GSAAAA 10 GSVLK 16 GSGGGL 

5 GSAAPA 11 GSGK 17 GSLGL 

6 GSAAPV 12 GSAAK 18 GSDDDDL 

19 GSDDDDK 

Table 3.3.3 Library C 

The enzymes available directed the choice of peptides and hence Al-8, Bl-7 and 

CI-8 would be assayed with elastase, which prefers non-bulky residues in PI. A9-

13, B8-11 and C9-13 possessed lysine in the PI position and would therefore be 

potential substrates for trypsin. Thermolysin could be assayed with a number of 

compounds but was limited to A15 and 20 and B12. Enterokinase was used for 

the assessment of aspartic acid rich sequences, A21-22, B15-16 and CI8-19. 

Library members A14-15, A17-19, B12, B14, C14 and C16-17 would be assayed 

with proteinase K, which prefers Leu in PI. Al-3, Bl-2 and Cl-3 would be 

assayed with subtilisin as it prefers non-branched residues. A selection of library 

members with non-bulky side chains were screened against papain since it has 

been described as fairly non-specific but with a preference for non-bulky groups, 

Table 3.1.1. 

The spacers were extended using standard solid phase peptide synthesis (SPPS). 

Coupling reagents were used as an equimolar mixture of HOBt/DIC and Fmoc 

amino acid (0.2M) in CH2CI2 / DMF (1:2). Where glycine was used the amount of 

CH2CI2 had to be replaced by DMF due to poor solubility in CH2CI2. After each 

coupling reaction, each vessel was treated with 20% piperidine in DMF to remove 

the Fmoc protecting group and washed thoroughly. This cycle of peptide 

extension and Fmoc removal was repeated for each amino acid in the chosen 

sequence and finally Fmoc-amino caproic acid was coupled to every resin bound 

compound in the library followed by Fmoc group removal. Each vessel was then 

treated with fluorescein isothiocyanate in DMF and NEt]. The resins were washed 
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thoroughly and subjected to cleavage using 5% TFA in CH2CI2. Any compound 

released from the resin was highly coloured and the release of compound could 

therefore easily be monitored visually. Compounds in library B were cleaved 

reasonably efficiently by employing two to four cleavage cycles whereas Library 

A and especially Library C required up to ten cleavage cycles. The cleavage 

mixtures were collected in 48 well plates, solvents being removed using a 

Genevac^^ evaporator before final treatment with neat TFA for removal of any 

side chain protecting groups. TFA was removed using the Gene vac™ evaporator 

and all compounds were purified by semi-preparative HPLC. 

3.3.1 Alternative Protecting Group Used in Library C 

To ensure minimum exposure of the library of nucleosides to TFA an alternative 

protected serine was employed in the synthesis of library C (Fmoc-Ser(TBDMS)-

OH). Synthesis was carried out as described above but before cleaving library C 

from the resin it was treated with O.IM TBAF in DMF at 50°C for 3 hours. The 

resin was thoroughly washed and subsequently cleaved in the same manner as 

library A and B. However, upon HPLC analysis of the crude products a 

significant by-product was observed and NMR analysis revealed it to be a tetra-

butyl ammonium salt. This peak was well separated from the product and 

although the by-product should have been completely removed by HPLC 

purification small amounts of the tetra butyl ammonium salt was still detectable 

after HPLC purification. 

3.3.2 Library Analysis 

All compounds were analysed by HPLC and mass spectrometry. All predicted 

masses were found and HPLC purity ranged from 24% to 100% of the crude and 

79% to 100% of the purified products. 'H NMR was carried out on 10% of the 

compounds i.e. Al, A2, A3, A15, Bl, CI, C2 and C13. 
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3.4 Library Screening 

All compounds prepared were assayed with a selection of proteases to determine 

the most suitable spacer/ protease combinations. Considering the unspecific nature 

of many proteases, assays of the total protease - library matrix could be of 

interest, however this was not feasible due to the number of manual assays 

required and the assays were therefore limited to the selection shown in Table 

3.4.1. 

Library A B C 

Protease 

Proteinase K 14, 15,17-20 12, 14 14, 17, 19 

Elastase 1-8, 16 1-7, 13 1-8, 15 

Subtilisin 2-3, 14 1,2, 12 1-3, 14 

Papain 3, 6, 8, 13, 18, 19 2, 5, 7, 9, 12 3, 6, 8, 10, 13, 14, 
17 

Thermolysin 15,20 12 

Enterokinase 21,22 15,16 18, 19 

Trypsin 9-13 8-11 9-13 

Table 3.4.1 The table displays all library compound /protease combinations 

assayed. 

Each compound was incubated with the specified enzyme and appropriate buffer 

for two hours at the enzyme optimum temperature. The enzyme was separated 

from the buffer solution containing the compound by filtration through a size 

exclusion membrane and hence the digestion was interrupted. All solutions were 

analysed by HPLC and digested fragments lacking the fluorophore moiety could 

be detected by the UV profile. Generally the digestions resulted in one new 

fragment containing the fluorophore and two or more new fragments containing 

the nucleoside moiety only. All assays included a blank run, i.e. where water 

replaced the enzyme, and by comparing the HPLC of this sample with that treated 

with an enzyme it was possible to determine whether or not the peptide had been 
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digested. For example, B12 containing the peptide GLS had an R, of 23.4 minutes 

and the UV spectrum shows absorbance in the 290 and 440 nm region. Figure 

3.4.1 and Figure 3.4.2. 

0.10 

AU 

0.05 

0.00 

2 3 . 4 

10.00 20.00 30.00 40.00 

Minutes 

B12 

50.00 

Figure 3.4.1 HPLC trace of library compound B12 containing the peptide 

sequence GLS 

mAU 

400-

2 0 0 -

Figure 3.4.2 UV spectrum of library compound B12 containing the peptide 

sequence GLS 

After the assay, using proteinase K, the spectrum displayed two new major peaks, 

R, = 6.4 and R, = 26.3, suggesting that proteinase K was reasonably specific about 

the cleavage site. However, minor peaks can also be detected and it is evident that 

a small amount is also cleaved at a different scissile bond. As expected, one major 
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peak had a shghtly longer retention time, 26.3 minutes, compared to the starting 

material and the other major peak had a much shorter retention time, 6.4 minutes. 

CO 
N 

0.10; 

0.05: CD 

. 1 

G) 

si 

1 0.00 
10.00 20.00 30.00 

Minutes 

40.00 50.00 

Figure 3.4.3 HPLC trace of library compound B12 after proteinase K assay. 

The peptide has been digested by the enzyme to provide 2 major 

(and two minor) fragments. 

The UV spectra of the peaks with higher retention times displayed an absorbance 

in the 290 and 490 nm region, strongly suggesting that these fragments contained 

the fluorophore. UV spectra of peaks with shorter retention times lacked 

absorbance in the 490 nm region but did exhibit absorbance at 290 nm. Figure 



Chapter 3 93 

0.04 

AU 
0.02 

0.00 

0 . 0 4 5 
R,= 6.4 

0.102 
R,= 24.9 

0 . 0 2 5 

0 .521 R,= 26.3 

0 . 1 0 4 

300 400 500 600 700 

nm 

Figure 3.4.4 UV spectra of individual peaks from library compound B12 after 

proteinase K assay. 

To determine the actual cleavage site it would be necessary to employ mass 

spectrometric analysis. This was not successful in many cases due to interference 

from the buffer used in the assay. However all assays carried out with trypsin 

were carried out using the volatile ammonium bicarbonate buffer and analysis by 

mass spectrometry proved possible. 
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3.4.1 Cleavage Site Determination 

A selection of samples from the trypsin assay were analysed by LCMS. 

Compounds A9-13, B8-11 and C9-13 were assayed using trypsin since these 

included a lysine residue and the LCMS data suggested that trypsin exhibited a 

strong preference for hydrolysing peptides on the C-terminal side of lysine. This 

could be very interesting as the enzyme would cleave the peptidic spacer between 

the propargylamine spacer and the first lysine residue. However, cleavages of 

library C compounds, which do not include the serine at the nucleoside-end of the 

peptide, were not complete whilst compounds from library B, having serine at the 

nucleoside-end (C-terminus) of the peptide, were fully digested. Trypsin 

displayed poor digestion of compounds from library A suggesting that trypsin 

may prefer slightly longer peptides / spacers and more polar residues. By HPLC 

nucleoside-containing fragments were observed with a shorter retention time. 

Unfortunately these fragments were hidden in the solvent front of the LCMS 

system and therefore could not be analysed and hence only data regarding the 

fluorophore moiety could be obtained. Typically the fragments could be identified 

both by negative and positive electrospray mass spectrometry where the ions [M-

H]" and [(M+2H)/2]"^, respectively were observed. Figure 3.4.5. 



Chapter 3 95 

wage site 

N 

TB9 

02Z3000-1 760.6 

(71 ill I'lli'.l I !i,MI'll, I',I ,uw,lll4k|Wl, iti,1,1,Iil|li,f 1̂1 ,kI,liJÎ il.il il|(i.t,I 
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Figure 3.4.5 Mass spectra (obtain by LCMS) of compound 9 library B 

containing the peptide sequence LKS after digestion with trypsin 

Proteinase K and subtilisin completely digested the selected sequences whereas 

papain and enterokinase displayed poor digestion efficiency. Trypsin, elastase and 

thermolysin were more selective but displayed poor cleavage of some sequences 

whereas other sequences were wholly cleaved. Figure 3.4.6. 
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Figure 3.4.6 Solution screening of library A, B and C with a selection of the 

preferred proteases to determine the most suitable spacer/ 

protease combinations. 

To obtain information about the digestion reaction rate, a selection of the more 

successful assays were repeated over time. The most interesting enzymes were 

subtilisin and proteinase K since they showed high digestion efficiency for all 

selected compounds. Elastase, trypsin and thermolysin which displayed a more 

selective digestion were also of interest. The following combinations of 

compounds and enzymes were selected for time course assays: 
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Proteinase K Subtilisin Elastase 

A2 

A3 / 

A5 

A14 / 

A20 / 

B12 / 

C2 / 

C5 

C14 y 

Table 3.4.2 Combinations selected for time course assays 

Assays were set up following the same principle as for the initial screen, but 

aliquots were removed at various time points and the enzymatic activity 

quenched. The enzyme was separated from the solution containing the compound 

by filtration through a size exclusion membrane and the samples were analysed by 

HPLC. 

3.4.2 Results from the Subtilisin Time Course Experiment 

A2 (AAA) and A3 (AAL) were cleaved within the first 10 seconds and all 

enzymatic activity seemed to be over in approximately 8 minutes. A14 (GGL) 

was cleaved in approximately 3 min. C2 (GSAAA) and C14 (GSAGL) were 

probably cleaved within 10s but complicated HPLC data made it difficult to 

judge. The complicated HPLC traces are due the fact that A14, C2 and C14 were 

not stable to the quenching conditions and therefore had complex Os analysis. 

However, the cleaved products were stable and the analysis became simpler as the 

digestion progressed. 
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3.4.3 Results from the Proteinase K Time Course Experiment 

A20 (GAGL) and B12 (GLS) were digested in 10 and 30 seconds, respectively. 

Assay solutions from B12 and C14 (GSAGL) were colourless once filtered (this 

was also observed in the subtilisin assay of C14). This suggested that the 

compounds had precipitated on the size exclusion filter. Time point Os displayed 

no starting material and subsequent aliquots display fragments containing only the 

nucleoside chromophore. To recover possible material precipitated the filters were 

treated with a IM solution of triethylammonium bicarbonate for 3 hours, filtered 

and yellow solutions were obtained. Analysis of these solutions showed that B12 

was digested after 30 seconds when analysis of the triethylammonium solution 

displayed one fluorophore fragment with Rf = 7.7 min at 30s and a different 

fluorophore fragment at all other time points R, = 8.4 min. With C14 it was not 

possible to analyse when the starting fluorophore displayed identical retention 

time to that of the digested fragment. 

3.4.4 Results from the Elastase Time Course Experiment 

Digestion of A5 (AAPA) by elastase was rapid and by 8 minutes it was 

completely cleaved. C5 (GSAAPA) was stable toward the protease for the first 

two minutes but then started to show digested fragments. Even after 16 minutes 

there was still a considerable amount of starting material left. In comparison to 

subtilisin and proteinase K, elastase displayed slower rates of digestion and was 

therefore not considered further. 

From these time course experiments it was clear that the simpler and shorter 

peptidic spacer sequences were as good as, and in most cases better than, the 

longer and more complex peptidic spacers. From the rapidly digested peptide 

sequences, AAA, GSAAA, AAL, GLS and GAGL, the aliphatic peptides AAA, 

AAL and GAGL were the simplest to synthesise and therefore were of most 

interest for further research/ development. 
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3.5 Conclusion 

The resin developed in Chapter 2 was successfully used to synthesise a library 

consisting of nucleoside-spacer-dye conjugates. The resin was successfully 

applied to standard sohd phase peptide synthesis as the spacers were introduced as 

peptides. The spacers were two to seven amino acids in length and were all 

terminated with aminohexanoic acid and a fluorescein dye. Library members were 

screened, in solution, for activity as substrates against a selection of proteases. 

Several library members were successfully digested by the proteases and a 

selection was chosen for time course experiments. Time course experiments 

confirmed that AAA, GSAAA, AAL, GLS and GAGL were rapidly digested and 

would therefore be good candidates for the Sequencing-by-Synthesis scheme 

suggested, section 3.1.3. 

The successful library synthesis and screening substantiate the fact that resin 60, 

and indeed equivalent resins of the other three bases, is a very useful type of resin. 

Compound synthesis is fast with only a single purification step at the end of the 

synthesis being necessary. 
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Synthesis of a Biocompatible Nucleoside Resin and On 
Bead Enzymatic Assays 

The purpose of this chapter is to discuss the details of the synthesis and on-bead 

enzymatic assays of a biocompatible nucleoside based resin. 

4.1 Introduction 

Solid phase chemistry has greatly facilitated synthesis of a vast number of 

compounds for biological screening. Of course, if the compounds were 

synthesised on a biocompatible resin they could be screened whilst still attached 

to the solid support. This would eliminate the tedious yet necessary cleavage and 

purification steps and ultimately shorten preparation time. As discussed in 

Chapter 1, to date only two resins with reliable enzyme compatibility, i.e. CPG 

(large pore size) and PEGA, have been developed. 

This chapter describes the synthesis of a nucleoside based PEGA resin, analogous 

to that described in Chapter 2, and further derivatisation of four resins, analogous 

to the nucleosides described in Chapter 3. 

4.2 Synthetic Strategy 

To prepare nucleosides analogous to those described in Chapter 3, it was 

necessary to find an alternative attachment strategy. Cleavage of the side chain 

protecting groups requires acid treatment and thus the integral acid labile trityl 

linker was therefore not an option for library synthesis where the final products 

were to remain resin bound. Since detachment of the nucleosides from the solid 

support was not necessary it was decided to use an amino methyl PEGA support. 

Modification of the nucleoside was required as the attachment point on the sugar 

was the 5'-position. Scheme 4.2.1. If the 5'-hydroxyl group of a compound such as 

80 could be oxidised to the corresponding 5'-carboxylic acid 81 it would be 

possible to anchor the nucleoside via a 5'-amide bond. Solid phase palladium 

chemistry always results in discoloured (slightly brown) resin possibly due to 
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some of the palladium catalyst remaining within the resin matrix. As the assays 

were to be carried out on the solid support it seemed a safer option to extend the 

solution phase chemistry to include the Sonogashira reaction and hence exclude 

palladium contamination of the resin matrix. The synthetic strategy developed 

hence eliminated the possibility of palladium impurities by preparing 82 prior to 

immobilisation. 

Scheme 4.2.1 Synthetic Strategy (P = protecting group) 

Once 82 had been prepared, the ester could be hydrolysed to give the necessary 5'-

carboxylic acid for immobilisation. Once immobilised, peptide extension and 

fluorescent labelling would be carried out in the same fashion as for the 

polystyrene based analogue described in Chapter 3. 

In summary the synthetic strategy comprised of four main sections: 

• Sugar modification, 

• Base modification, 

• Immobilisation, and 

• Spacer extension. 
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4.3 Synthesis 

4,3.1 Sugar Modification 

Ketonucleoside derivatives are useful synthetic intermediates for the synthesis of 

sugar-modified n u c l e o s i d e s . M a n y reports on the oxidation of the primary 

hydroxyl group as well as the secondary hydroxyls have been reported in the 

literature where successful reagents are mainly those derived from chromium(VI)-

based oxidants. A particularly attractive modification was that presented by 

Classon who reported the conversion of the 5'-hydroxyl group into a tert-butyl 

ester group in one pot.̂ ^ '̂'̂ '̂  To modify the 5'-hydroxyl group it was first 

necessary to synthesise the 3'-(9-protected 5-iodo-2'-deoxyuridine, Scheme 4.3.1. 

N 
h DMTrO 

a.) Dimethoxytritylchloride, pyridine, 0°C 

b.) Acetic aniiydride 

c.) 50% Trifluoroacetic acid 

Scheme 4.3.1 Preparation of 3'-O-acetyl-2'-deoxyuridine 

5-Iodo-(3'-C>-acetyl-5'-0-4,4'-dimethoxytrityl)-2'-deoxyuridine 83 was prepared 

directly in one pot in 34% yield by the addition of 4,4'-dimethoxytrityl chloride to 

a cooled solution of 5-iodo-2'-deoxyuridine 39 in pyridine followed by the 

addition of an excess of acetic anhydride. Compound 83 was also prepared 

stepwise with isolation of 5-iodo-(5'-0-4,4'-dimethoxytrityl)-2'-deoxyuridine 57 

followed by conversion to 83 in 81% and 84% yields, respectively. Removal of 
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the dimethoxytrityl protecting group (by dissolving the product in 50% TFA) was 

quantitative. At this stage it was important to keep the product in the dark and to 

keep the TFA treatment to a minimum otherwise loss of iodide and anomerisation 

were observed. 

Oxidation of the hydroxymethyl group of 84 was attained using pyridinium 

dichromate and acetic anhydride/Scheme 4.3.2. The direct addition of f-butyl 

alcohol to the oxidative reaction mixture provided a convenient route to the t-

butyl ester protected compound 85 in 88% yield. 

AcO AcO 

84 85 

a.) PDC, f-butyl alcohol, acetic anhydride, DCM 

Scheme 4.3.2 Preparation of l-(t-butyl 3'-0-acetyl-2'-deoxy-fi-d-ribo-

furanosyluronate )-5-iodouracil 

4.3.2 Base Modification 

With the 3'-hydroxyl and 5'-carboxylic acid protected as acetate and f-butyl esters, 

respectively, the compound was ready for base modification under Sonogashira 

conditions. 
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AcO AcO 

85 86 

a.) Cul, NEta, W-trifluoroacetate propargylamine, Pd(PPh3)4, DMF, 50°C 

Scheme 4.3.3 Preparation of l-(t-butyl 3'-0-acetyl-2'-deoxy-^-D-ribo furan-

osyluronate)-5-N-trifluoroacetylpropargylaminouracil 86 

Preparation of l-(f-butyl 3'-0-acetyl-2'-deoxy-P-D-ribofuranosyluronate)-5-A^-

trifluoroacetylpropargylaminouracil 86 was achieved by the addition of copper 

iodide, triethylamine, A'^-trifluoroacetate propargylamine and tetrakis triphenyl 

phosphine palladium(O) to a degassed solution of 85 in DMF. The reaction, which 

was monitored by TLC and HPLC, was complete within 50 minutes and furnished 

86 in 78% yield. 

4.3.3 Immobilisation 

The f-butyl protected carboxylic acid was deprotected by acid hydrolysis by 

subjecting 86 to 80% aqueous trifluoroacetic acid for 30 minutes and afforded 87 

in 83% yield, Scheme 4.3.4. 
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AcO AcO 

86 87 

a.) 80% aq. TFA 

Scheme 4.3.4 Preparation of l-(3'-0-acetyl-2'-deoxy-fi-D-ribofuranosyluronic 

acid)-5-N-trifluoroacetylpropargylaminouracil 87 

The carboxyHc acid functionality of compound 87 provided a convenient 

attachment handle for resin immobilisation. The chosen support for 

immobilisation was polyethylene glycol-poly-dimethylacrylamide (PEGA), an 

aminomethyl functionalised resin to which 87 could conveniently be coupled. The 

immobilisation was monitored by qualitative ninhydrin tests, which were 

essentially negative after two hours, however, to ensure that no residual free 

amines were present on the resin the coupling was repeated followed by a capping 

step using acetic anhydride. 

AcO 

NHz 

87 

AcO 

N 

88 

a.) HOBV DIG, DMF 

b.) AC2O, Pyridine, CH2CI2 

Scheme 4.3.5 Immobilisation of l-(3'-0-acetyl-2'-deoxy-P-D-ribofuranosyl-

uronic acid)-5-N-trifluoroacetylpropargylaminouracil 87 
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Having efficiently prepared 87 and immobilised it onto PEGA resin, the 

subsequent Fmoc chemistry was carried out in a similar fashion to the polystyrene 

based library as described in Chapter 3. 

4.3.4 Spacer Extension 

In preparation for spacer extension the //-trifluoroacetamide protecting group was 

hydrolysed using a mixture of IM aqueous potassium hydroxide/dioxane (1:2) 

with concomitant removal of the 3'-acetate protecting group. 

AcO 

88 

a.) 1M aq. KOH/ Dioxane (1:2) 

HpN 

89 

Scheme 4.3.6 Preparation of PEGA immobilised l-(3'-hydroxy-2'-deoxy-jS-D-

ribofurnaosyluronic acid)-5-N-propargylaminouracil 89 

Four fluorescein labelled peptidic spacer sequences, (AAA, AAL, GLS, and 

LGAG) selected from the library described in Chapter 3, were sequentially built 

up on PEGA resin 89. Spacer extension was performed by standard Fmoc solid 

phase peptide synthesis as described in. Scheme 4.3.7. All sequences were 

terminated with Fmoc aminohexanoic acid before labelling the resins with 

fluorescein isothiocyanate. 
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Fam-Ahx-Ala-Ala-Ala\ 

Fam-Ahx-Ala-Ala-Leu 

Fam-Ahx-Gly-Leu-Set 

Fam-Ahx-Gly-Ala-Gly-Leu 

93 

Fam - i 

a.) HOBV DIG, Fmoc-AA-OH, DMF/ CH2CI2 

b.) 20% Piperidine in DMF 

c.) FITC, NEta, DMF 

d.) neat TFA 

Scheme 4.3.7 Spacer extension carried out in parallel to give four nucleoside 

analogues immobilised on biocompatible PEGA resin 

92 contained a side chain protected serine residue and was therefore treated with 

neat TFA to remove the tert-h\xiy\ ether protecting group before analysis. 
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4.4 On Bead Assays 

The resins described in this chapter are similar to those in Chapter 3, the only 

difference being the nature of the resin and the attachment strategy. Whereas 

solution phase compounds had to be screened using HPLC, compounds 

permanently attached to this PEGA resin could be screened using the much faster 

method of fluorescence spectrometry. In this manner, on bead analysis offered 

significant advantages over solution phase analysis in terms of through-put. 

4.4.1 Assay Procedure 

All fluorescent resins, 90, 91, 92, 93, were thoroughly washed with the assay 

buffer to avoid release of compound independent of protease treatment. The resins 

were assayed with an assay reaction mixture consisting of one mg of resin, 1 mL 

of reaction buffer and 10 units of enzyme. Aliquots (3 pL) were collected at 

various time intervals and transferred to a pH 9 borate buffer (3 mL) for analysis 

by fluorescence spectroscopy. 

Figure 4.4.1 Photo of fluorescent PEGA resin 90 



Chapter 4 109 

4.4.2 Assay Results 

As expected the proteases were able to digest the peptides, which resulted in an 

increase of fluorescence of the assay solution. A typical response from the 

fluorimeter is shown in Figure 4.4.2. 

Fluorimeter Response from a Solid Phase Enzymatic Assay 

800 

700 -

6 0 0 -

500 -

c 400 -

Buffer 

Figure 4.4.2 Fluorescence spectra obtained from the digestion, by Subtilisin, 

of PEGA immobilised Fam-Ahx-Ala-Ala-Ala-5-N-propargyl-

aminouracil l-(3 '-hydroxy-2 '-deoxy-/^-D-ribofuranosyluronic 

acid) 90 
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Digestion of the peptide on resin 90 using subtilisin was rapid for the first 20 

minutes and by 60 minutes the reaction had reached 75% completion. The 

digestion then proceeded slowly and reached a maximum at approximately 160 

minutes, Figure 4.4.3. Similar to the enzymatic assay of the solution phase 

analogue {Figure 3.4.6, section 3.4.1, A2-AAA), the fluorescence spectra 

obtained from the solid phase assay displayed faster hydrolysis by subtilisin 

compared to elastase. The solution phase analogue A2 (AAA) was not assayed 

using proteinase K but the solid phase assay suggested that the AAA analogue 

was a good substrate for proteinase K, Figure 4.4.3. 

Pam-Ahx-AAA-pa-dU 

800 

600 

400 

200 

50 

• AAA - Subtilisin 

• AAA - Proteinase K 

1 AAA - Bastase 

Figure 4.4.3 Solid phase enzymatic digestion assays of resin 90 using 

subtilisin, proteinase K and elastase. 

The enzymatic digestion of the AAL analogue (resin 91) displayed the only 

significant deviation from the solution phase assays carried out in Chapter 3. The 

fluorescence spectra indicated that elastase hydrolysed the resin bound 

nucleosidic peptide at an equivalent rate to subtilisin, Figure 4.4.4, yet elastase 

failed to hydrolyse the solution phase conjugate, Figure 3.4.6 section 3.4.1. 
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1000 

800 

600 

400 

200 

0 1 -

50 

Fam-Ahx-AAL-pa-dU 

minutes 

• AAL - subtilisin 

• AAL - proteinase K 

» AAL - elastase 

200 250 

Figure 4.4.4 Solid phase enzymatic digestion assays of resin 91 using 

subtilisin, proteinase K and elastase. 

The solution phase analogue of resin 92, B12 (GLS), was digested by proteinase 

K within five minutes. Resin 92 itself was digested by proteinase K and subtilisin 

at a reasonable rate whereas hydrolysis by elastase was much slower, Figure 

800 

600 

— 400 

200 

0 i'-
50 

Pam-Ahx-GLS-pa-dU 

^00 m-nutes ^^0 200 

• GLS - Subtilisin 

« GLS - proteinase K 

A GLS - elastase 

250 

Figure 4.4.5 Solid phase enzymatic digestion assays of resin 92 using 

subtilisin, proteinase K and elastase. 

Solution phase assay of the GAGL analogue A20 using proteinase K displayed 

complete hydrolysis within four minutes. Subtilisin and elastase were not 

employed for the solution phase assays but resin 93 was digested by all enzymes 

1= UBRARY i j 
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tested, Figure 4.4.6. In fact, both elastase and in particular subtilisin which were 

not employed for the solution screening were superior to proteinase K. 

800 

Fam-Ahx-GAGL-pa-dU 

• GAGL - subtilisin 

• GAGL - proteinase K 

A GAGL - elastase 

100 rrinules 200 250 

Figure 4.4.6 Solid phase enzymatic digestion assays of resin 93 using 

subtilisin, proteinase K and elastase. 

The enzymatic hydrolyses of 90, 91, 92 and 93 followed first order kinetics. 

However, some deviation was observed toward the end of the hydrolysis and this 

was assumed to be due to the nature of the bead i.e. accessibility. The rate 

constants k and half lives were determined by plots of In(Lo-It) V5. time. 

Fam-Ahx-AAA-pa-dU 

3.0 

y =-0.0128x + 6.2950 
I? =0.9777 

0.0221 x+6.279 
FP = 0.9889 

minutes 

y = -0.0263X + 6.2999 
Ff = 0.9908 

150 

• AAA - Subtilisin 

• AAA - Roteinase K 

i AAA - Bastase 

Figure 4.4.7 The figure shows one of the four logarithmic plots produced to 

obtain rate constants and half lifes for the enzymatic hydrolysis 

of the solid phase bound peptidic nucleosides 90, 91, 92 and 93. 
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Rate constants k(nnn^) 

AAA AAL GLS GAGL 

Subtilisin 0.0263 0.0311 0.0199 0.0595 

Proteinase K 0.0221 0.0152 0.0157 0.0177 

Elastase 0.0128 0.0305 0.0049 0.0350 

Table 4.4.1 Rate constants for enzymatic hydrolysis of the solid phase bouna 

peptidic nucleosides 90, 91, 92 and 93. 

Half live (minutes) 

AAA AAL GLS GAGL 

Subtilisin 120 110 164 53 

Proteinase K 142 217 199 188 

Elastase 246 110 1273 92 

Table 4.4.2 Half lives for enzymatic hydrolysis of the solid phase bound 

peptidic nucleosides 90, 91, 92 and 93. 

Values for rate constants and half lives indicate that elastase perhaps has the most 

varied activity, suggesting it is the most selective enzyme. Elastase / GAGL was 

one of the best protease / peptide combinations while GLS was only hydrolysed 

very slowly indeed. Proteinase K displayed medium to good hydrolysis for all 

resins analysed. Subtilisin displayed good hydrolysis and the overall best 

protease / peptide combination was subtilisin and resin 93 (GAGL). 
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4.5 Conclusion 

The rate constants and the half lives suggest that the slowest hydrolysis was 

obtained using the elastase / GLS combination and the fastest was obtained using 

the subtilisin / GAGL combination. Subtilisin displayed the fastest hydrolysis 

both in solution and on the solid phase. In solution the AAA / subtilisin 

combination was the best whereas on solid phase GAGL/ subtilisin was slightly 

better than AAA/ subtilisin. It is highly probable that the GAGL/ subtilisin would 

be the best combination also in solution however this was not investigated. For 

further research the subtilisin / GAGL combination should definitely be 

considered. 

This study has shown that a solid phase assay of a library of labelled peptidic 

nucleosides can shorten the route to a successful target. It offers additional 

advantages to those obtained by utilising solid phase library synthesis and solution 

screening. The very tedious purification of final compounds was eliminated and 

the analysis time was immensely reduced. Changing the support to something 

more similar to the support that would be used in the real DNA sequencing 

method could possibly give even more accurate information. 

In this thesis work was carried out on the uridine nucleoside but could of course 

be applied to the equally important cytidine, guanidine and adenosine. 
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5 Towards a Peptide-Nucleoside-Triphosphate 

The purpose of this chapter is to describe the attempts of converting nucleosides 

such as those selected in chapter 3 and 4 to nucleoside triphosphates. 

5.1 Introduction 

5.1.1 Synthetic Strategy 

It was initially thought that the modified peptidic nucleosides prepared in the 

previous chapters could be converted to triphosphates using literature methods. 

However, this was not possible and a different strategy had to be developed. 

Instead of synthesising the nucleoside triphosphate from the nucleoside the 

molecule would be divided into two parts, a reporter part and a nucleoside 

triphosphate part. Nucleoside triphosphates modified with a propargylamine 

spacer on the 5-position are described in the literature^^ and although no 

triphosphate synthesis is very efficient it should be a feasible route to the 

triphosphate. The reporter part of the molecule would be synthesised separately 

from the nucleoside by solid phase methods, cleaved from the solid support and 

coupled to the propargylamine spacer on the nucleoside triphosphate. 

cr ^ 
ci-

CI 

Dye-AAg-AAg-AAi 

2 Labelling 

Cleavage 

propargylamino-dNTP 
Dye-AAg-AAg-AAi - propargylamino-dNTP Dye-AAg-AAg-AAi -OH 

activation 

Scheme 5.1.1 Synthesis strategy for the preparation of reporter nucleoside 

triphosphates containing peptidic spacers suitable for enzymatic 

cleavage. 
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5.2 Synthesis 

5.2.1 Synthesis of the Peptide Spacer 

The first Fmoc amino acids in the sequences were loaded onto 2-chloro-

tritylchloride polystyrene resin using dry NEts and freshly distilled CH2CI2. 

CI 

ci-

a.) 

b.) 

0 0 

94 

CI 

H-AA3-AA2-AA •) 

AAi AA2 AA3 

95 Ala Ala Ala 

96 Ser Leu Gly 

Dry Nets, dry CH2CI2, AAi = Fmoc-Ala or Fmoc('Bu)Ser 

[20% Piperidine in DMF, FmocAAOH (3 eq), HOBt (3 eq), DIG (3 eq), DMF/ DCM 

(1 :4) ]x2 

Scheme 5.2.1 Loading of the first amino acid onto 2-chlorotritylchloride 

polystyrene resin and subsequent SPPS gave solid phase bound 

peptides 95 and 96 

The peptides were then extended using standard solid phase peptide synthesis. 

The Fmoc protecting group was removed using 20% piperidine in DMF and the 

coupling reactions was carried out using equimolar amounts of Fmoc-amino acid, 

HOBt and DIC, Scheme 5.2.1. Due to its superior spectral properties CyŜ "̂  was 

used as the reporter moiety. CyS"̂ "̂ , which already possesses a six-carbon spacer, 

was directly coupled to the peptide using HOBt/ DIC. 
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9 Ps 

O R2 

a.) 
b.) 

c.) 

AAi AAz AA3 

98 Ala Ala Ala 

99 Ser Leu Gly 

HOBt (3 eq), DIG (3 eq), DMF/ DGM (1:4), Resin bound peptide 95 or 96 

5% TFA in DCM 

neat TFA (only for compound 99) 

Scheme 5.2.2 Synthesis of 9S Cy5-AAA and 99 Cy5-GLS 

The compounds were cleaved from the resin using 5% TFA in CH2CI2 and the 

cleaved product (Cy5™-GLS) was treated with neat TFA to remove the serine 

protecting group. The products were then purified by semi-preparative HPLC and 

the products 98 Cy5™-AAA and 99 Cy5^'^-GLS were lyophilised and obtained as 

bright blue solids in 40% and 70% yield, respectively. 
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5.3 Attempted Preparations of Triphosphates 

The strategy was to couple the labelled peptides to the commercially available 

dNTP, 5-allyl amino-2-deoxy-uridine triphosphate. 

' o—p—p—p—o 
I I I 

_o _o _o 

4x[Et3NHr HO 

100 

• o—P—P—P—o 
I I I 

0 0 0 

4x[Ef3NH]-' 

a.) 

b.) 

98 (Cy5™-AAA) or 99 (Cy5™-GLS) 

AAi AAa AAa 

101 Ala Ala Ala 

102 Ser Leu Gly 

Coupling Reagents (see discussion below) 

Scheme 5.3.1 Strategy for the preparation of reporter nucleoside 

triphosphates 101 and 102 
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Five different coupling conditions were investigated for the coupling of the dye 

labelled peptide 99 to triphosphate 100 but no successful conditions were found. 

Reaction progress was monitored by HPLC and no new peak or only a very small 

new peak was observed (max 3%). 

Reagents Solvent Temperature HPLC observation 

TSTU/ DIPEA DMSO Ambient No new peak 

TSTU/ DIPEA DMSO 50°G No new peak 

TSTU/ NEt3 DMSO Ambient Possible product peak 3% 

HOBty DIG DMSO Ambient Possible product peak 2% 

HOBt/ DIG DMF/ Water Ambient Possible product peak 1% 

Table 5.3.1 Conditions investigated for the coupling of the dye labelled 

peptide 99 to triphosphate 100 

Factors such as large steric hindrance, between the dye and the triphosphate, and 

low nucleophilicity of the allyl amine relative to other amines were thought to be 

the reasons for failure. Since the solution phase couplings were found to be 

unsuccessful the use of resin bound active esters was investigated. 

Benzotriazole-5-carboxylic acid was coupled to aminomethyl PEGA resin to give 

benzotriazole resin 103. 

NH 

103 

a.) Benzotriazole 5-carboxylic acid, HOBt, DIG, DMF 

Scheme 5.3.2 Preparation of resin 103 

A control study was performed with all three amino acids, i.e. Fmoc-Ser-OH, 

Fmoc-Gly-OH and Fmoc-Ala-OH, using propargylamine as the nucleophile and 

the reactions were monitored by LCMS. Fmoc-Gly-OH and Fmoc-Ala-OH 
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performed well whilst Fmoc-Ser-OH displayed two products suggesting that the 

hydroxy! on the side chain of serine acted as a nucleophile and displaced the 

amino acid as well as propargylamine. 

1 0 3 ^ - ^ X .R 
R 

FmocHN 

O 

NHFmoc 

104 105 

R = H, CHgOH, CHs or CH20C(CH3)3 

a.) Die, DMF/CH2CI2 (1:2) 

b.) Propargylamine, DMF/Water 

Scheme 5.3.3 Studies verified that displacement was feasible 

All reactions displayed a single peak and the correct mass by LCMS analysis 

apart from R = CH2OH {i.e. serine) which displayed an additional peak with the 

mass corresponding to Fmoc-Ser(FmocSer)-OH, suggesting that the serine 

primary alcohol was able to carry out the nucleophilic displacement. When using 

the protected Fmoc-Ser('Bu)-OH only one product was observed, which 

reinforced the hypothesis that the unprotected primary alcohol could not be used. 

Coupling of 5-propargylamino-deoxyuridine triphosphate (supplied by 

Amersham) to Cy5^"-AAA 98 using the active ester resin 103 was attempted, 

Scheme 5.3.4. Neither the loading reaction nor the displacement reaction proved 

to be very efficient. The resin was used in excess (3 eq.) and should have loaded 

most of the Cy5™AAA 98 but analysis of the reaction mixture showed that there 

was still a lot of unconsumed starting material present. The reaction mixture was 

drained off and the resin washed. 5-Propargylamino-deoxyuridine triphosphate in 

DMSO was added to the resin to displace the dye labelled peptide. This reaction 

proved to be very slow and the solution did not start to turn blue until after 2 

hours. The reaction was agitated overnight and the solution was collected and 

analysed by HPLC. A small amount of product could be detected but in very 
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small quantities. (Comparison of the HPLC trace of the product to a sample of this 

compound prepared by Amersham suggests that the product formed is the desired 

product 107). 

A-A-A, 

0 0 0 
I 

4x[Et3NH]+ HO 

106 107 

a.) 103, DMF/CH2CI2 (1:4) 

b.) 5-propargylamino-deoxyuridine triphosphate, DMSO 

Scheme 5.3.4 Attempted preparation of 107 usiiig PEGA active ester resin 

5.4 Conclusion 

It was not possible to convert nucleosides modified with labelled peptides by 

conventional triphosphate synthesis methods described in the literature. Two 

peptides, AAA and GLS, were synthesised and labelled with Cy5™ using solid 

phase methodology. Attempts to couple these to a triphosphate were largely 

unsuccessful, although some product was observed. 

It is believed that allyl- and propargyl-amines are poor nucleophiles compared to 

other amines and that there is a sufficient steric hindrance between the dye and the 

triphosphate to prevent successful reaction. A better synthetic route would be to 

split the synthesis once more having the peptide on an active ester resin and the 

dye on another and displacing one at a time. The dye would then be coupled on as 

a final step. 
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Overall Conclusion 

The importance of modified nucleosides and nucleotides is evident and the power 

of combinatorial chemistry has increased as the methodology keeps expanding. 

Oligonucleotide synthesis aside, hitherto there has only been very few examples 

where combinatorial chemistry or solid phase chemistiy has been utilised for 

synthesis of modified nucleosides and nucleotides. 

In this thesis the successful preparation of a nucleside-based polystyrene resin is 

described. The resin proved to be well suited for SPPS when libraries of 

compounds were easily synthesised using this resin. The libraries were used to 

rapidly evaluate compounds as potential targets for use in a new type of DNA 

sequencing by the method of Sequencing-by-Synthesis, section 3.1.3. Several 

suitable compounds were found and these are now used in the early stages of the 

proposed sequencing system. 

To further utilise the power of solid phase chemistry an equivalent resin was 

synthesised on the biocompatible support PEGA. This displayed how the 

equivalent nucleoside compound could be evaluated whilst still attached to the 

support. By evaluating the compounds whilst resin bound both the synthetic route 

and the assay time are greatly shortened. 

In this thesis work was carried out on the uridine nucleoside but could of course 

be applied to the equally important cytidine, guanidine and adenosine. This will 

be essential to complete the synthesis for the modified triphosphates required in 

the DNA sequencing system required. 
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Experimental 

The purpose of this chapter is to provide detailed information of the experimental 

procedures relating to chapters 2 to 5. 

7.1 Instrumentation 

Infra-red spectra were recorded on a Bio-Rad FT IR spectrometer fitted with a 

Golden Gate Accessory. Fluorescence measurements were recorded on a Perkin-

Elmer LS 50 B Luminescence spectrometer. Mass spectra were obtained on a VG 

Platform single quadrupole mass spectrometer in electrospray mode or on a 

Tofspec by MALDI-TOF. High resolution ES mass spectra were run on an FT-

ICR ES-MS Bruker Apex III. Low resolution EI mass spectra were recorded using 

a ThermoQuest Trace MS gas chromatography mass spectrometer configured for 

open access operation. 'H NMR and '^C NMR spectra were recorded on a Bruker 

DPX400 (400 and 100 MHz, respectively) or on a Bruker AC300 (300 and 75 

MHz, respectively) at 298 K. All chemical shifts are quoted in ppm on the 6 scale 

using the residual protonated solvent as the internal standard. Coupling constants 

(7 values) were measured in Hz. Spectra interpretation was aided by DEPT, H-H 

correlations, C-H correlations and long range C-H correlations. 

High performance liquid chromatography was carried out on a Hewlett Packard 

1100 HPLC Chemstation or Waters HPLC system. Solvents were A: H2O 

(0.10% TFA) and B: MeCN (0.04% TFA). 

HPLC System I 

Column: Phenomenex Prodigy, CIS, 150 x 4.6 mm, 5 )jm. Gradient: 100% A to 

100% B over 15 min. Detection: UV detection at 282 nm or 236 nm. 

HPLC System II 

Column: LUNA CIS, 150 x 5 mm, 3 |im. Gradient: 100% A to 100% B over 15 

min. Detection: UV and or ELS detection. 
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HPLC System III 

Column: Prodigy 250 mm x 5 mm, 5|xm. Gradient: 0-5 min 95% A, 5 - 3 0 min 

95% A to 100% B, 30 - 35 min 100%B. Detection: DAD UV detection. 

HPLC System IV 

Semi-preparative HPLC was carried out on a Hewlett Packard 1100 HPLC 

Chemstation with a Phenomenex Prodigy Column 5fAm. Gradient: 90% A to 90% 

B over 20 min. 

Where necessary, loadings were determined using a HPLC calibration line 

obtained from a series of known concentrations of the compound. 

7.1.1 Materials 

Cy5^" was a gift from Amersham Biosciences. 4-MethoxytrityI chloride 

polystyrene resins were purchased from novabiochem. Unfunctionalised 

polystyrene was purchased from Advanced ChemTech. The polymer matrix was 

in both cases copoly(styrene-l% DVB), 200-400 mesh. Aminomethyl PEGA resin 

was purchased from novabiochem the bead size was 50-100 mesh (water 

swollen). For details of enzymes see table below: 

Enzyme Supplier Id numbers Unit definition 
Trypsin Promega V511A, 

13103206 
l U produces a AA253 of 0.001 
per min using A^-benzoyl-L-
arginine ethyl ester as substrate 

Subtilisin Sigma P-5380 
EC 3.4.21.62 

l U hydrolyses casein to produce 

l umo le o f tyrosine per m in 

Thermolysin Sigma T-7902 
EC 3.4.24.27 

As Subtilisin 

Proteinase K Sigma EC 3.4.21.64 l U hydrolyses urea-denatured 

hemoglobin to produce Ijxmole 

tyrosin pre m in 

Papain Fluka 76222, 
11119/1 

l U hydrolyses I jxmole of N-

benzoyl-L-arginine ethyl ester 
per min 

Elastase Sigma EC 3.4.21.36 l U hydrolyse I j imo le of N -
succiny l -L-AAA-p-n i t roani l ide 

Enterokinase Sigma EC 3.4.21.9 l U produce Inmole of trypsin 
f rom trypsinogen 

Table 7.1.1 Table of enzyme suppliers and unit definitions 
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7.2 General Procedures 

7.2.1 General Cleavage Procedure 

5% TFA in DCM (0.2 mL) was added to the resin (typically 10 mg) and left to 

stand for 2 minutes. DCM (0.3 mL) was added and the resin was left to stand for 3 

minutes before the DCM/ TFA mixture was collected. 5% TFA in DCM (0.2 mL) 

was added and the resin left to stand for 2 minutes. A drop of MeOH and DCM 

(0.3 mL) was added and the resin was left to stand for 3 minutes before the 

mixture was collected. 

On average the cleavage procedure was repeated three times to ensure maximum 

release of compound. However, an extended number of cleavage cycles were 

sometimes necessary. 

7.2.2 Method for calculating resin loading by quantitative Fmoc determination 

The resin sample (ca 5 mg) was added to a 25 mL volumetric flask. 20% 

piperidine in DMF (5 mL) was added and the mixture shaken for 15 min. The 

volume was made up to 25 mL with 20% piperidine in DMF and the absorbance 

at A, = 302 nm measured against a 20% piperidine in DMF blank at t = 20 min 

(value of e for fullvene adduct is 7800). 

Formula: 

AbSjooX 25x10^ 
Loading of Fmoc (mmol/g) = 

Weight of resin (mg) x 7800 
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7.3 Experimental Procedures for Chapter 2 

7.3.1 Preparation of 5-Iodo-5'-6>-{'4-methoxytrityI polystyrene)-2'-deoxyuridine 54 

OMe 

Loading Procedure 

All reagents were pre-dried in vacuo over P2O5. Glassware was oven dried and 

flushed with N2. 5-Iodo-2'-deoxyuridine 39 (1.275 g, 3.6 mmol, 10 eq), DMAP 

(4.45 mg, 0.036 mrtiol, 0.1 eq), 4-methoxytrityl chloride polystyrene resin 53 (805 

mg, 0.36 mmol, 1 eq) and dry pyridine (35 mL) were placed in a jacketed peptide 

vessel and shaken for 2 days at 70°C. The reaction mixture was removed by 

filtration and the resin washed with: DMF (3 x 50 mL), DCM (3 x 50 mL), MeOH 

(3 X 50 mL), DCM (3 x 50 mL) and EtzO ( 3 x 5 mL) and dried under reduced 

pressure. 

Cleavage 

a.) 4M HCl in dioxane (1 mL) was added to 54 (12 mg) and shaken for 3 hours. 

The resin was filtered, washed with 4M HCl in dioxane ( 3 x 1 mL), 4M HCl in 

dioxane (0.3 mL) plus MeOH (2 drops) plus DCM (0.3 mL) (3x), DCM ( 3 x 1 

mL), MeOH (3x1 mL) and EtgO (3x1 mL). 

b.) 5% TFA in DCM (1 mL) was added to 54 (13.5 mg) and shaken for 3 hours. 

The resin was filtered, washed with 5% TFA in DCM ( 3 x 1 mL), 5% TFA in 

DCM (0.3 mL) plus MeOH (2 drops) plus DCM (0.3 mL) (3x), DCM ( 3 x 1 mL), 

MeOH (3x1 mL) and EtzO (3x1 mL). 
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An average loading of 0.271 mmol/g was determined by HPLC. 

HPLC System I (X282) Rt/min: 6.2 

IRresin v(cm"^) (neat) 1685 (C=0 str, s, uridine ring) 

7.3.2 Preparation of A^-trifluoroacetylpropargylamine 55 

O 

H 

Propargylamine (2.60 g, 47.0 mmoi) was added dropwise to a solution of 

ethyltrifluoroacetate (8.00 g, 56.3 mmol, 1.2 eq) in anhydrous methanol (50 mL), 

stirring under N2 at 0°C (ice bath). The reaction mixture was allowed to warm to 

room temperature and stirred for a further 8 hours. The solvent was removed 

under reduced pressure and the residue redissolved in dichloromethane (150 mL) 

and extracted with saturated aqueous sodium bicarbonate (2 x 100 mL) and 

saturated aqueous calcium chloride (2 x 100 mL). The organic phase was dried 

over anhydrous magnesium sulphate and concentrated in vacuo. After purification 

of the brown oil by Kugelrohr distillation, product 55 was obtained as a colourless 

liquid in 61% yield (4.35 g, 28.8 mmol). 

GCMS (EI): 151 (M, 100%) R, = 3.4 min 

IR v(cm"') (neat) 1704 (C=0 str, s), 3300 (N-H str, m) 

8 NMR (300 MHz, Chloroform-di): 2.33 (t, IH, =CH, J = 3), 4.15 

(dd, 2H, CH2, / = 3, / = 2), 7.05 (broad s, IH, N-H) 

8 " C NMR (75 MHz, Chloroform-di): 29.8 (CH2), 73.2 (=CH), 77.2 

(C=CH), 115.7 (q, COCF3, J = 286), 157.3 (q, COCF3, / = 38) 

Agrees with literature 
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7.3.3 Preparation of 5'-(9-(4,4'-dimethoxytrityl)-2'-deoxyuridine 57 

OMe 

5-Iodo-2'-deoxyuridine 39 (3.00 g, 8.47 mmol, 1 eq) was dissolved in dry pyridine 

(30 mL), NEt3 (1.3 mL, 9.32 mmol, 1.1 eq) was added along with 4,4'-

dimethoxytrityl chloride 56 (3.16 g, 9.32 mmol, 1.1 eq) which was added portion-

wise over 3 hours with DMAP (0.21 g, 1.69 mmol, 0.2 eq) being added with the 

first portion. The reaction was not complete after 17 hours and additional 4,4'-

dimethoxytrityl chloride 56 (0.29 g, 0.85 mmol, 0.1 eq) was added over 1 hour. 

After 22 hours, the reaction had not reached completion so additional 4,4'-

dimethoxytrityl chloride 56 (0.57 g, 1.69 mmol, 0.2 eq) was added over 2 hours. 

After 24 hours the reaction was complete and methanol (30 mL) was added to the 

reaction mixture. Solvents were removed under reduced pressure, the residue 

redissolved in DCM (200 mL) and extracted with saturated potassium chloride (3 

X 100 mL). The organic phase was dried over anhydrous MgS04 and concentrated 

in vacuo. The crude product (7.82 g) was purified by column chromatography 

using silica pre-eluted with 1% NEts in DCM, eluting with a gradient of 0-5% 

MeOH in 1% NEt]/ DCM. Purification afforded compound 57 as a white solid 

(4.51 g, 6.86 mmol, 81%). 

MS m/z (ES+) 695 (M+K, 10%)+ 

HPLC System I (X282) Rt/min: 10.7 

IR v(cm' ' ) (neat) 1687 (C=0 str, m, uridine ring) 

5 NMR (400 MHz, Pyridine-da): 2.54 - 2.66 (m, IH, H-2'), 2.75 

(ddd, IH, H-2', 7 = 14, 7 = 6, / = 4), 3.56-3.66 (m, 2H, H-5'), 3.68 (s, 

6H, OCH3), 4.50 - 4.56 (m, IH, H-4'), 4.84 - 4.92 (m, IH, H-3'), 6.84 (t, 

IH, H-1', 7 = 7), 6.96-7.02 (m, 4H, H-DMT), 7.30 - 7.24 (m, IH, H-
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DMT), 7.38 - 7.44 (2H, H-DMT), 7.58-7.64 (m, 4H, H-DMT), 7.72-7.78 

(m, 2H, H-DMT), 8.46 (s, IH, H-6) 

5 NMR (100 MHz, Pyridine-dg): 44.0 (C-2') 57.6 (OCH3), 67.0 

(C-5'), 73.3 (C-5), 74.0 (C-3'), 88.5 (C-1'), 89.4 (C-4'), 89.8 (C-Arj) 

116.2, 129.6, 130.8, 131.0, 133.0, 138.7, 147.0 (C-DMT), 148.0 (C-2), 

153.8 (C-6), 161.5 (C- DMT), 164.0 (C-4) 

Agrees with literature 116 

7.3.4 Preparation of 5-iV-trifluoroacetylpropargylaimno-5'-0-(4,4'-dimethoxy-

trityl)-2'-deoxyuridme 58 

OMe 

5-iodo-5'-C>-(4,4'-dimethoxytrityl)-2'-deoxyuridine (1.00 g, 1.52 mmol, 1 eq) 57 

was dissolved in DMF (3 mL) and the solution stirred under N2. Copper iodide 

(58.0 mg, 0.31 mmol, 0.2 eq.), anhydrous triethylamine (1 mL), N-

trifluoroacetylpropargylamine 55 (690 mg, 4.57 mmol, 3 eq.) and tetrakis 

(triphenyl phosphine) palladium(O) (176 mg, 0.15 mmol, 0.1 eq.) were added 

sequentially. The mixture was stirred for 24 hours, DMF was removed under 

reduced pressure and the residue redissolved in DCM (130 mL), extracted with 

aqueous disodium EDTA (5% w:v solution, 2 x 100 mL) followed by aqueous 

sodium bisulphate (5% w:v, 2 x 100 mL). The organic phase was dried over 

anhydrous magnesium sulphate and concentrated under reduced pressure. The 

product was isolated by column chromatography using silica pre-eluted with 1% 

triethylamine in DCM, eluting with a gradient of 0-3% of methanol in 1% 

triethylamine in DCM. Removal of solvent afforded 58 as a brown solid (738 mg, 

1.09 mmol, 71%). 
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MS m/z (ES+) 680 (M+H, 20%)+ 

HPLC System I (X282) Rt/min: 10.5 

IR v(cm"') (neat) 1710 (C=0 str, s, COCF3), 1687 ( C - 0 str, m, uridine 

ring) 

6 NMR (400 MHz, CDCI3): 2.25 - 2.10 (m, IH, H-2'), 2.50 - 2.40 

(m, IH, H-2'), 3.25 (s, 2H, H-5'), 3.70 (s, 6H, OCH3), 3.75 - 3.95 (m, 

2H, C=CCH2), 4 . 0 5 - 4 . 1 5 (m, IH, H-4'), 4.45 - 4.55 (m, IH, H-3'), 

6.25 (t, IH, H - r , J = 7), 6.72 - 6.80 (m, 4H, H DMT), 7.05 - 7.40 (m, 

9H, HDMT) , 8.11 (s, IH, H-6) 

5 NMR (100 MHz, CDCI3): 29.3 (C^CCHz), 54.3 (OCH3), 40.7 (C-

2'), 54.3 (OCH3), 62.6 (C-5'), 71.0 (C-3'), 74.7 (C^CCHg), 84.9 

(C^CCHz), 85.7 (C-4'), 86.0 (C-Ars), 97.9 (C-5), 112.3 (DMT), 113.2 

(CF3, 7 = 287), 126.0, 127.0, 129.0 134.5 (DMT), 142.5 (C-6), 143.5 

(DMT), 148.9 (C-2), 155.9, 155.5 (COCF3, J = 38), 157.6 (DMT), 162.4 

(C-4) 

Agrees with literature 176 

7.3.5 Preparation of resin bound 5-iV-trifluoroacetylpropargylaniino-5'-6>-(4,4'-

dimethoxytrityl)-2' -deoxyuridine 59 

Resin 54 (100 mg, 0.003 mmol eq) was placed in a round bottomed flask and 

DMF (1.2 mL) was added. The mixture was stirred under N2, copper iodide (0.11 

mg, 0.6 ^mol, 0.2 eq), anhydrous triethylamine (0.15 mL), A^-trifluoroacetyl 

propargylamine (9.10 mg, 60.0 jitmol, 20 eq) and tetrakis (triphenylphosphine) 
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palladium(O) (1.73 mg, 1.50 /imol, 0.5 eq) were added in sequence. The mixture 

was stirred at 60°C under Na overnight. The resin mixture was transferred into a 

peptide vessel and washed with DMF ( 3 x 4 mL), DCM ( 3 x 4 mL), MeOH ( 3 x 4 

mL), DCM ( 3 x 4 mL) and EtiO ( 3 x 4 mL). The resin was dried under vacuum. 

IR v(cm"') (neat) 1718 (C=0 str, w, COCF3), 1670 (C=0 str, m, uridine 

ring) 

7.3.6 Preparation of 5-A^-trifluoroacetylpropargylaiiiino-2'-deoxyuridine 61 

5% TFA in DCM was added to resin 59 (104 mg, corresponding to 0.028 mmol 

based on starting resin 54) and shaken for 24 hours. The resin was washed with 

5% TFA in DCM ( 3 x 5 mL), 5% TFA in DCM (2 mL) plus MeOH (2 drops) plus 

DCM (2 mL) (5x), DCM ( 3 x 5 mL), 5% TFA in DCM (2 mL) plus MeOH (2 

drops) plus DCM (2 mL) (5x) and DCM ( 3 x 5 mL). The filtrate was collected 

and the solvent removed under reduced pressure. The crude product was purified 

by semi-preparative HPLC. The three fractions (from three injections) were 

combined and, upon freeze-drying, gave compound 61 an off-white solid (2 mg, 

20%). 

MS m/z (ES+) 378 (M+H+, 70%) 

H P L C System I (X.2%2) Rt/min: 6.6 

IR v(cm"') (neat) 1718 (C=0 str, s, COCF3), 1670 (C=0 str, m, uridine 

ring) 

8 NMR (400 MHz, DMSO-de): 2.24 - 2.08 (m, 2H, H-2'), 3.64 (m, 

2H, H-5'), 3.86 (m, IH, H-4'), 4.29 (m, 3H, C=CCH2, H-3'), 5.14 (m, 
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IH, H-5'-0H), 5.29 (m, IH, H-3'-0H), 6.17 (t, IH, 7 = 7, H-1'), 8.25 (s, 

IH, H-6) 

6 " C NMR (100 MHz, DMSO-de): 30.2 (C^CCHi), 40.7 (C-2'), 61.7 

(C-5'), 70.9 (C-3'), 76.1 (C^CCHz), 85.5 (C-1'), 88.2, 88.4 (C-4', 

C=CCH2), 98.4 (C-5), 144.8 (C-6), 150.2 (C-2), 162.3 (C-4) (CF3 and 

COCF3 could not be observed probably due to small amount of 

material) 

Agrees with literature^^^ 

7.3.7 Preparation ofjj-methoxybenzoyl polystyrene 64 

Polystyrene (1% DVB, 200-400 mesh, 5.00 g), 4-methoxybenzoyl chloride 

(0.85 g, 5.00 mmol) and AICI3 (0.67 g, 5.00 mmol) were refluxed in CS2 (40 mL) 

under N2 overnight. The solvent was removed by filtration and the resin was 

washed with THF/ water (3 x 50 mL), THF (1 x 50 mL), CH2CI2 (5 x 50 mL), 

MeOH (5 X 50 mL) and E^O ( 3 x 5 mL). The light yellow resin was dried under 

reduced pressure. 

IR v(cm"^) (neat) 1651 (C=0 str, m), 1600 (ArC=C str, s), 1250 (ArC-

O-CH3, s) 
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7.3.8 Preparation of dimethoxytrityl polystyrene 65 

OMe 

OMe 

To a suspension of 64 (5.27 g) in dry THF (60 mL) was added 4-

methoxyphenylmagnesium bromide (10.5 mL, 0.5 M solution in dry THF, 5.27 

mmol) over 1 hour. The reaction was shaken for an additional 1 hour under N^. 

THF/ water (1:1) (20 mL) was added to the reaction, the solvent was removed by 

filtration and the resin was washed with: water (10 x 20 mL), ethanol (5 x 10 mL), 

dioxane (5 x 10 raL), ether (5 x 10 mL) and dried under reduced pressure. The 

slightly orange resin showed a deep red colouration, characteristic of the trityl 

cation, when in contact with TFA. 

IR v(cm"') (neat) 3226 (0-H str, broad very strong) 1648 ( C - 0 str, m), 

1609 (ArC=C str, m), 1258 (ArC-O-CHs, ra) 
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7.3.9 Preparation of dimethoxytrityl chloride polystyrene 66 

OMe 

OMe 

Resin 65 (5.80 g, 5.8 mmol) placed in a peptide vessel under Nz, was swollen in 

dry CH2CI2 (55 mL) and cooled with water. Thionyl chloride (0.51 mL, 0.83 g, 

7.0 mmol, 1.2 eq) and dry pyridine (1.1 mL, 1.10 g, 13.9 mmol, 2.4 eq) were 

added by syringe addition. The resin was agitated for 4 hours, the solvent was 

removed by filtration and the resin was washed with dry CH2CI2 (6 x 50mL) and 

dried under reduced pressure. 

IR analysis indicated a large number of OH groups free on the resin and therefore 

the procedure was repeated. Identical quantities were used but the apparatus were 

changed. The resin was placed in a round bottomed flask fitted with a condenser. 

Thionyl chloride and pyridine was added by syringe followed by reflux for 3 

hours. The slightly orange resin was washed with CH2CI2 as described above and 

dried in a desiccator over P2O5. 

IR v(cm'') (neat) 1608 (ArC=C str, w), 1253 (ArC-O-CHs, s) 

The loading was determined as being 0.125 mmol/ g., by loading/ cleavage of 5-

iodo-2'-deoxyuridine and proportion relation HPLC analysis. 
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7.3.10 Preparation of c»-4-(Fmoc-amino)-cyclohexanecarboxylic acid 70 

Amino cyclohexyl carboxylic acid (200 mg, 1.40 mmol) was dissolved in a 

mixture of dioxane (10 ml) and 10% aq. NazCO) (15 ml) and cooled to 0°C with 

vigorous stirring. 9-Fluorenyl methyl chloroformate (361 mg, 1.40 mmol) was 

then added in small portions. The mixture was then stirred overnight in room 

temperature. Water (100 ml) was added and the pH was adjusted to pH 2 by 

addition of 6M HCl. The white precipitate was extracted into ethyl acetate (150 

ml). The ethyl acetate layer was washed with dilute HCl (2 x 25 ml), H2O (2 x 25 

ml) and sat. NaCl aq (2 x 25 ml), dried (MgSO^) and concentrated in vacuo. 

Purification by siUca column chromatography, using ethyl acetate / Hexane (1:4) 

as eluent, afforded 70 as a glassy solid (350 mg, 0.958 mmol, 68%). 

MS m/z (ES+) 366 (M+H+, 20%) 

5 NMR (300 MHz, (fg-DMSO): 1.40 - 1.70 (m, 6H, H-3, H-4), 

1.90 (m, 2H, H-3), 2.38 (m, IH, H-2), 3.40 (m, IH, H-5), 4.23 (m, 

3H, H-9, H-10), 7.31 (t, 2H, Fmoc-H, J = 8), 7.41 (t, 2H, Fmoc-H, J 

= 8), 7.71 (d, 2H, Fmoc-H, J = 7), 7.88 (d, 2H, Fmoc-H, 7 = 7) 

6 " C NMR (75 MHz, CDCI3): 24.9 (C-3), 29.3 (C-4), 30.8 (C-10), 

46.8 (C-2), 47.8 (C-5), 65.3 (C-9), 120.2 (C-14), 125.4 (C-13), 

127.1 (C-15), 127.7 (C-12), 140.8 (C-16), 144.0 (C-11), 155.5 (C-

7), 176.1 (C-1) 

Agrees with literature^^^ 
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7.3.11 Preparation of 4-Fmoc-aminomethyl-benzoic acid 71 

N » O 

4-Aminoniethyl benzoic acid (1.5 g, 10 mmol) was dissolved in a mixture of 

dioxane (25 ml) and 10% sodium bicarbonate (100 ml) and cooled to 0°C with 

vigorous stirring. A solution of 9-fluorenylmethyl chloroformate (2.72 g, 

10 mmol) in dioxane (25 ml) was added dropwise over 20 minutes. The ice bath 

was removed and the suspension was allowed to stir for 3 days. Water (200 ml) 

was added and the mixture was extracted with ether (3 x 80 ml). The aqueous 

layer was cooled to 0°C and carefully acidified with concentrated HCl to pH 3. 

The resulting white precipitate was extracted into ethyl acetate (5x100 ml). The 

organic layer was dried with MgS04, filtered and the solvent was removed under 

reduced pressure to afford compound 71 as a white solid (2.60 g, 7.9 mmol, 79%). 

5 N M R (300 M H z , ds-DMSO): 4 . 2 5 (m, 3H, H - 1 0 , H - 1 1 ) , 4 . 3 9 

(d, 2H, H-10, J = 7), 7. 25 - 7. 45 (m, 6H, Ar-H), 7.70 (d, 2H, Ar-H, 

J = 7), 7.80 - 8.00 (m, 4H, Ar-H) 

5 " C NMR (75 MHz, CDCI3): 43.6 (C-11), 46.9 (C-6), 65.4 (C-

10), 120.2, 125.2, 127.0, 127.0, 127.1, 127.7, 129.5 (C-3, C-13, C-

2, C-14, C-16, C-4, C-15), 140.9 (C-17), 143.9 (C-12), 145.0 (C-5), 

156.9 (C-8) 

Agrees with literature 136 
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7.3.12 Preparation of 4-Fmoc-aminobenzoic acid 72 

A solution of 4-aminobenzoic acid (1.37 g, 10 mmol) in 10% Na2C03 (25 ml) and 

dioxane (15 ml) was cooled to 0°C with stirring. 9-Fluorenylmethyl chloroformate 

(2.60 g, 10 mmol, 1.02 eq) was then added in small portions. The mixture was 

stirred for 3 hours at 0°C and then overnight at room temperature. The white 

suspension was transferred into a separating funnel. Water (800 ml) was added 

and the resulting solution was extracted with ether (3 x 100 ml). The aqueous 

phase was cooled to 0°C under vigorous stirring and pH was adjusted to 3 by 

addition of concentrated HCl. The resulting white precipitate was extracted into 

ethyl acetate (8 x 100 ml). The combined organic layers were washed with water 

(4 X 100 ml), dried (MgS04), filtered, and concentrated in vacuo to yield a white 

solid (1.27 g, 3.53 mmol, 36 %). 

6 NMR (300 MHz, Jg-DMSO): 4.33 (t, IH, H-10), 4.55 (d, 2H, 

H-9), 7.30 - 8.00 (m, 12H, Ar-H), 10.10 (br s, IH, N-H) 

5 " C NMR (75 MHz, CDCI3): 46.7 (C-10), 65.9 (C-9), 117.5, 

120.3, 124.5, 125.2, 127.2, 127.8, 130.5 (C-4, C-2, C-14, C-15, C-

13, C-12, C-3), 140.9 (C-16), 143.3 (C-5), 143.8 (C-11), 153.3 (C-

7), 167.0 (C-1) 

Agrees with literature™ 

7.3.13 Preparation of the 27 Membered Library 

The spacers were assembled by standard solid phase peptide synthesis. Reactant 

solutions were made up using three equivalents (to resin reactive sites) of Fmoc-
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amino acid (67, 68, 69, 70, 71 or 72) /HOBt/DIC in CH2CI2 / DMF (6:1, 1 mL 

per reaction vessel). For the first coupling resin 62 was distributed between three 

filter vessels, (batch 1, 153 mg, 0.073 mmol), (batch 2, 157 mg, 0.075 mmol) and 

(batch 3, 131 mg, 0.063 mmol). To batch 1, 2 and 3 was added reactant solution 

containing Fmoc-amino acid 67, 68, 69, respectively (1 mL per vessel). The resin 

shaken at room temperature overnight and then washed with DMF ( 5 x 1 ml), 

CH2CI2 ( 5 x 1 ml), MeOH ( 5 x 1 ml) and E^O ( 5 x 1 ml) and thereafter dried 

under reduced pressure. All filter vessels were treated with 20% piperidine in 

DMF for 1 hour and washed with DMF ( 5 x 1 ml), CH2CI2 ( 5 x 1 ml), MeOH (5 x 

1 ml) and Et20 ( 5 x 1 ml) and thereafter dried under reduced pressure. Each batch 

was then split in three equal portions and the procedure was repeated using the 

cyclic spacer moieties. All steps were monitored by HPLC and mass 

spectrometry. 

Library analysis 

Coupling spacer HPLC 

Rt/ min 

HPLC 

purity % 

MS (M+Hf 

*(M+Naf 

1 Fmoc-y-Abu-OH 8.5 86 589 

2 Fmoc-|3-AIa-OH 8.4 78 575 

3 iV-Fmoc-Caproic acid 9.1 93 617 

1.1 Fmoc-cw-ACCA 8.8 98 714 

1.2 iV-Fmoc-methylbenzoic acid 9.0 94 =1=744 

1.3 A^-Fmoc-benzoic acid 9.3 96 *730 

2.1 Fmoc-cw-ACCA 8.7 100 *722 

2.2 A^-Fmoc-methylbenzoic acid 8.9 96 *730 

2.3 iV-Fmoc-benzoic acid 9.1 95 *716 

3.1 Fmoc-cw-ACCA 9.1 96 *764 

3.2 iV-Fmoc-methylbenzoic acid 9.3 78 *772 

3.3 W-Fmoc-benzoic acid 9.6 88 *758 

Each batch of resin was again distributed between three filter vessels, making a 

total of 27 vessels. Three reactant solutions containing NEts (2 eq.) and FTTC, 

RITC, EITC (1.1 eq.), respectively in DMF (9 mL, respectively) were prepared. 

The solutions was distributed to the appropriate reaction vessel (1 mL to each 

vessel) and the resin shaken at room temperature overnight and then washed with 
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DMF ( 5 x 1 ml), CH2CI2 ( 5 x 1 ml), MeOH ( 5 x 1 ml) and Et20 ( 5 x 1 ml) and 

dried under reduced pressure. 

Synthesis of one member 73 was repeated on a larger scale to allow 

characterisation. Synthesis proceeded quantitatively from resin 62 and gave after 

cleavage and repeated precipitation from ether a yellow solid. 

N 

73 

MS m/z (ES") 873.2 (M-H , 30%) 

HRMS C44H39N6O12S; 875.2341 (calc.); 875.2350 (found) 

HPLC System II Rt/min; 6.7; Purity (UVx=282) 95%, (UV;\.=44o) 95% 

6 NMR (400 MHz, DMSO-dg): 2.02 - 2.08 (m, 2H, H-2'), 2.32 -

2.39 (m, 2H, P-Ala-a-CHa), 3.32 - 3.58 (m, 4H, p-Ala-p-CHa, 

H-5'), 3.70 - 3.76 (m, 2H, H-4'), 4.00 - 4.60 (m, 2H, C=CCH2), 

4.12 - 4.20 (m, IH, H-3'), 4.74 - 4.82 (m, 2H, Ar-CH;), 4.92 - 5.60 

(m, IH, OH-5'), 5.14 - 5.24 (m, IH, OH-3'), 6.02 - 6.08 (m, IH, H-

1'), 6.43 - 6.63 (m, 6H, H-Ar), 7 . 1 0 - 7 . 1 6 (d, IH, H-Ar, J = 8), 

7.32 - 7.39 (d, 2H, H-Ar, J = 8), 7.68 - 7.76 (m, 3H, H-Ar), 8.10 

(s, IH, H-6), 8.17 - 8.22 (m, 0.7H, H-Ar), 8.59 - 8.61 (m, 0.3H, H-Ar) 

5 " C NMR (100 MHz, DMSO-de): 26.4, 26.9, 32.9, 33.8, 38.0, 

58.9, 68.1, 68.2, 72.2, 81.0, 82.7, 83.6, 85.5, 85.8, 87.4, 96.1, 

100.1, 107.7, 109.6, 110.3, 114.8, 117.9, 121.9, 124.6, 124.9, 125.1, 

126.9, 127.7, 131.0, 139.0, 139.9, 141.6, 144.7, 145.4, 147.3, 149.9, 

157.3, 159.0, 159.5, 164.1, 166.4, 168.4, 168.2, 178.9, 192.1 
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7.4 Experimental Procedures for Chapter 3 

7.4.1 Solid Phase Preparation of Fam-Ahx-Asp-Lys-Ser-propargylaimno-2'-

deoxyuridine - Library Control Compound 

COOH 

Resin hydrolysis 

IM aqueous KOH/dioxane (1:2, 40 mL) was added to resin 59 (ten tea-bags 

containing 10-15 mg of resin per tea-bag) and the mixture was shaken overnight. 

The resin was washed with dioxane : water (1:1) (20 mL), dioxane (5 x 20 mL), 

MeOH (5 X 20 mL), DCM (5 x 20 mL), DMF (5 x 20 mL), DCM (5 x 20 mL) and 

MeOH (5 X 20 mL). 

General Amino Acid Coupling Procedure 

Die was added to equimolar amounts of Fmoc-AA-OH, HOBt (concentration of 

reactants were always kept at 0.2 M) in DCM/ DMF (3:2) (20 mL for 10 tea-bags 

and 2 mL when only one tea-bag was left). After 5 to 10 minutes activation time 

the reaction mixture was added to the pre-swollen (DCM) resin 60. The resin was 

shaken for 3 hours and the resin was washed with DMF ( 5 x 1 0 mL), DCM (5 x 

10 mL), MeOH (5 x 10 mL) and BbO (5 x 10 mL). 

General Deprotection Procedure 

To the pre-swollen resin (DMF) was added a solution of 20% Piperidine in DMF 

(20 mL for 10 tea-bags and down to 2 mL when only one tea-bag was left) and the 
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resin was shaken for 1 hour. The resin was washed with DMF ( 5 x 1 0 mL), DCM 

(5 X 10 mL), MeOH (5 x 10 mL), EtiO (5 x 10 mL), MeOH ( 2 x 5 mL), DCM (2 

X 5 mL) and DMF ( 2 x 5 mL). 

The procedures were repeated for all three amino acid residues, Fmoc-Ser('Bu)-

OH, Fmoc-Lys(Boc)-OH, Fmoc-Asp(0'Bu)-OH and Fmoc-Ahx-OH. 

Fluorophore Coupling Procedure 

A solution of fluorescein isothiocyanate isomer I (95 mg, 0.24 mmol, 10 eg) and 

NEts (34 )JL, 25 mg, 0.24 mmol, 10 eq) in DMF (1 mL) was added to resin 79 (54 

mg). The resin was shaken overnight and then washed with DMF ( 5 x 1 mL), 

DCM ( 5 x 1 mL), MeOH ( 5 x 1 mL) and Et^O ( 5 x 1 mL). The compound was 

cleaved off the resin using the standard cleavage procedure. Section 7.2.1, and 

purified by HPLC. Each step was analysed by MS and HPLC. 

Fmoc-protected deprotected 

Rt [M+H]+ Rt [M+H]+ 

Fmoc-Ser('Bu)-propargylamino-2'-dU 27.6 647.2 15.1 425.2 

Fmoc-Lys(Boc)-Ser('Bu)-
propargylamino-2'-dU 

24.1 875.2 15.0 653.3 

Fmoc-Asp(0'Bu)-Lys(Boc)-Ser('Bu)-
propargylamino-2'-dU 

33.2 1046.2 22.4 824.2 

Fmoc-Ahx-Asp(0'Bu)-Lys(Boc)-
Ser('Bu)-propargylamino-2'-dU 

32.5 1159.2 22.6 937.2 

Fam-Ahx-Asp(0'Bu)-Lys(Boc)-
Ser('Bu)-propargylamino-2'-dU 

27.6 1326.1 - -

Fam-Ahx-Asp-Lys-Ser-propargylamino-
2'-dU 

19.0 1114.1 

MS m/z (ES+) 1114.1 (M+H+, 5%) 

MS m/z (ES+) 1114.2 (M+H+, 60%) 558.0 ((M+2)/2, 100%) 

HPLC System II Rt/min: 6.0; Purity (UVx=282) 82%, (UVx=44o) 88% 

5 NMR (300 MHz, MeOH): 1.00 - 1.80 (m, 12H, CHz-Lys, CH2-

Ahx), 2.00 - 2.40 (m, 4H, H-2', COCH2), 2.55 - 2.75 and 2 . 7 5 -

2.90 (m, 4H, CHz-Lys, CHz-Asp), 3.40 - 4.30 (m, 9H, H-4', H-5', 

CHi-Asp, CHz-Lys, COCH2CH2CH2CH2CH2), 4.30 - 4.40 (m, 3H, 



Chapter 6 142 

CH-Ser, CH-Lys, CH-Asp), 4.50 - 4.65 (m, IH, H-3') , 6 . 0 5 - 6 . 2 0 

(m, IH, H- l ' ) , 6.40 - 6.50 (m, 2H, H-Ar), 6.55 - 6.65 (m, 4H, H-

Ar), 7.10 (d, IH, H-Ar, J = 8), 7.60 - 7.70 (m, IH, H-Ar), 8.05 (s, 

IH, H-6), 8.20 - 8.22 (m, 0.5H, H-Ar), 8.78 - 8.80 (m, 0.5H, H-Ar) 

5 NMR (100 MHz, DMSO-de): 22.4, 25.5, 26.6, 27.0, 28.6, 

29.5, 31.6, 34.5, 35.6, 36.4, 44.2, 50.1, 52.8, 55.5, 61.6, 62.1, 70.8, 

75.1, 83.5, 85.3, 86.2, 88.2, 88.5, 98.6, 102.8, 110.2, 112.1, 113.1, 

116.8, 124.4, 126.9, 129.5, 129.8, 142.1, 144.3, 147.3, 149.9, 150.1, 

152.4, 158.6, 160.0, 161.8, 162.2, 169.1, 170.1, 170.2, 171.4, 171.7, 

172.3, 173.1, 180.9, 194.7 

7.4.2 Parallel Solid Phase Library Synthesis: Solid Phase Preparation of 57 

Nucleoside-Peptide-Dye Conj ugates 

AAi -AA2-AA3-AA4-AA5-AA6, 

General Library Amino Acid Coupling Procedure 

Resin 60 was distiibuted between 22 (for library A, 16 for B and 19 for C) 

disposable filter vessels (10-20 mg per vessel). DCM was added to swell the resin 

and the excess was drained off. A microtag was added to the vessel for 

identification purposes. DIC was added to equimolar solutions of Fmoc-AA-OH 

and HOBt (0.2 M) in DCM/ DMF. The appropriate solution of the activated 

amino acid was added to the reaction vessels. The reaction vessels were stoppered 

and placed horizontally on a flat bed shaker. The vessels were agitated for 3-3.5 

hours. The vessels were drained of the reaction mixture and the resin was washed 
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with DMF ( 5 x 1 mL), DCM ( 5 x 1 mL), MeOH ( 5 x 1 mL), E^O ( 3 x 1 mL) 

(volume of washings are shown per filter tube). 

General Library Fmoc Deprotection Procedure 

DMF was added to the vessels to allow the resin to swell. After draining 20% 

piperidine in DMF was added and the vessels left to agitate for 1 hour. The 

deprotection mixture was drained off and the resin was washed with DMF ( 5 x 1 

mL), DCM ( 5 x 1 mL), MeOH ( 5 x 1 mL), EtzO ( 3 x 1 mL). 

General Library Fluorophore Coupling Procedure 

As described for library control compound section 7.4.L 

General Library Cleavage Procedure 

For library B cleavage was performed according to the general procedure outlined 

in section 7.2.L For library A and C the general procedure was repeated 10 times 

for complete cleavage. 

General Library Purification Procedure 

Each compound was purified by semi-preparative RP-HPLC (System FV). 

HPLC Data on Library A 

A Compound Rf/ min % Purity % Purity 
after HPLC 
purification 

A Compound 

HPLC 282 
nm 

440 
nm 

ELSD 282 
nm 

440 
nm 

1 Fam-Ahx-AA- 22.2 71 - - - -

propargylamino-2'-dU 

2 Fam-Ahx-AAA- 14.9 80 66 100 100 100 
propargylamino-2'-dU 

3 Fam-Ahx-AAL- 15.7 64 62 100 100 100 
propargylamino-2'-dU 

4 Fam-Ahx-AAAA- 14.9 53 78 100 79 76 
propargylamino-2'-dU 

5 Fam-Ahx-AAPA- 14.9 61 92 100 100 93 
propargylamino-2'-dU 

6 Fam-Ahx-AAPV- 13.7 55 61 100 84 86 
propargylamino-2'-dU 
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A Compound Rt/min % Purity % Purity 
after HPLC 
purification 

HPLC 282 
nm 

440 
nm 

ELSD 282 
nm 

440 
nm 

7 Fam-Ahx-AAPL-
propargylamino-2'-dU 

14.2 50 57 100 100 100 

8 Fam-Ahx-AIPM-
propargylamino-2'-dU 

14.7 37 55 100 100 100 

9 Fam-Ahx-AAPK-
propargylamino-2'-dU 

16.1 76 83 100 100 77 

10 Fam-Ahx-VLK-
propargylamino-2'-dU 

17.5 48 72 100 100 77 

11 Fam-Ahx-GK-
propargylamino-2'-dU 

16.2 43 46 100 90 87 

12 Fam-Ahx-AAK-
propargylamino-2'-dU 

16.3 27 40 100 86 79 

13 Fam-Ahx-ALK-
propargylainino-2'-dU 

14.8 54 64 100 100 100 

14 Fam-Ahx-GGL-
propargylamino-2'-dU* 

15.6 70 82 100 100 100 

15 Fam-Ahx-GL-
propargylamino-2'-dU 

16.0 90 100 100 100 92 

16 Fam-Ahx-AAG-
propargylamino-2'-dU 

15.1 77 84 100 100 90 

17 Fam-Ahx-GGGL-
propargylamino-2'-dU** 

15.4 89 100 100 100 73 

18 Fam-Ahx-AGL-
propargylamino-2'-dU 

15.9 78 100 100 100 98 

19 Fam-Ahx-LGL-
propargylamino-2'-dU 

16.8 100 100 100 100 54 

20 Fam-Ahx-GAGL-
propargylamino-2'-dU 

10.3 34 41 100 94 93 

21 Fam-Ahx-DDDDL-
propargylamino-2'-dU 

15.2 72 100 100 100 100 

22 Fam-Ahx-DDDDK-
propargylamino-2'-dU 

14.4 68 100 100 100 100 

* 
* * 

broad peak 

not representative (broad base and split top) 
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Mass Spec Data on Library A 

A Compound MS ES"" MS ES" 

m/z Ion m/z Ion 

1 Fam-Ahx-AA-
propargylamino-2'-dU 

- - - -

2 Fam-Ahx-AAA-
propargylammo-2'-dU* 

997.6 [M+H]+ 

3 Fam-Ahx-AAL-
propargylamino-2'-dU 

1061.6 [M+Na]+ 1037.6 [M-H]-

4 Fam-Ahx-AAAA-
propargylamino-2'-dU 

1068.4 [M+H]^ 1066.4 [M-H]" 

5 Fam-Ahx-AAPA-
propargylamino-2'-dU 

1116.6 [M+Na]+ 1092.7 [M-H]-

6 Fam-Ahx-AAPV-
propargylamino-2'-dU 

1122.8 [M+H]+ 1120.8 [M-H]-

7 Fam-Ahx-AAPL-
propargylamino-2'-dU 

1136.9 [M+H]+ 1134.9 [M-H] 

8 Fam-Ahx-AIPM-
propargylamino-2'-dU 

1218.7 [M+Na]+ 1194.7 [M-H]-

9 Fam-Ahx-AAPK-
propargylamino-2'-dU* 

1151.9 [M+H]+ 

10 Fam-Ahx-VLK-
propargyIamino-2'-dU* 

1125.0 [M+H]+ 

11 Fam-Ahx-GK-
propargylamino-2'-dU 

969.6 [M+H]+ 967.6 [M-H]-

12 Fam-Ahx-AAK-
propargyIamino-2'-dU 

1072.6 [M+H+18]^ 1052.8 [M-H]-

13 Fam-Ahx-ALK-
propargylamino-2'-dU 

1096.9 [M+H]+ 1094.8 [M-H]-

14 Fam-Ahx-GGL-
propargyIamino-2'-dU 

1033.7 [M+Na]+ 1009.7 [M-H]-

15 Fam-Ahx-GL-
propargylamino-2'-dU* 

954.6 [M+H]+ 

16 Fam-Ahx-AAG-
propargylamino-2'-dU 

1005.7 [M+Na]+ 981.6 [M-H]-

17 Fam-Ahx-GGGL-
propargylamino-2'-dU 

1090.7 [M+Na]"" 1066.8 [M-H]-

18 Fam-Ahx-AGL-
propargylamino-2'-dU 

1047.8 [M+Na]+ 1023.7 [M-H]-

19 Fam-Ahx-LGL-
propargylamino-2'-dU 

1089.9 [M+Na]+ 1065.8 [M-H]-

20 Fam-Ahx-GAGL-
propargylamino-2'-dU 

1104.8 [M+Na]+ 1080.7 [M-H]-

21 Fam-Ahx-DDDDL-
propargylamino-2'-dU 

1375.7 [M+H+18]^ 1356.0 [M-H]-
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MS ES+ MS ES 

22 Fam-Ahx-DDDDK-
propargylammo-2'-dU 

1390.8 [M+H+18]^ 1371.0 [M-H]-

* Obtained by MALDI-TOF 

HPLC Data on Library B 

B Compound Rt/ % Purity % Purity 
min after HPLC 

purification 

HPL 282 440 ELS 282 440 
C nm nm D nm nm 

1 Fam-Ahx-AAS-
propargylamino-2'-dU* 

14.5 70 100 100 99 

2 Fam-Ahx-ALS-
propargylamino-2'-dU 

14.5 55 38 - - -

3 Fam-Ahx-AAAS-
propargylamino-2'-dU 

14.5 48 69 - - -

4 Fam-Ahx-APAS-
propargylamino-2'-dU* 

14.5 64 81 100 100 100 

5 Fam-Ahx-APVS-
propargylamino-2'-dU 

14.8 44 63 100 84 86 

6 Fam-Ahx-APLS-
propargylamino-2'-dU 

15.2 34 55 100 100 90 

7 Fam-Ahx-APMS-
propargylamino-2'-dU 

15.0 27 26 - -

8 Fam-Ahx-APKS-
propargyIamino-2'-dU* 

13.8 37 53 53 42 56 

9 Fam-Ahx-LKS-
propargylamino-2'-dU 

14.4 34 45 100 95 95 

10 Fam-Ahx-GKS-
propargylamino-2'-dU 

13.8 55 64 100 100 77 

11 Fam-Ahx-AKS-
propargylamino-2'-dU* 

13.8 24 42 85 100 81 

12 Fam-Ahx-GLS-
propargylamino-2'-dU 

15.1 29 39 100 100 78 

13 Fam-Ahx-AGS-
propargylamino-2'-dU 

14.5 70 47 76 100 80 

14 Fam-Ahx-GGLS-
propargylamino-2'-dU* 

14.9 32 51 100 98 53 

15 Fam-Ahx-DDDLS-
propargylamino-2'-dU 

14.7 35 43 100 89 89 

16 Fam-Ahx-DDDKS-
propargylamino-2'-dU 

13.8 30 55 88 87 83 

broad peak 
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Mass Spec Data on Library B 

B Compound MS MALDI B Compound 

m/z Ion 

1 Fani-Ahx-AAS-propargylamino-2'-dU 1013.7 

2 Fam-Ahx-ALS-propargylamino-2'-dU - -

3 Fam-Ahx-AAAS-propargylamino-2'-dU 1084.7 [M+H]+ 

4 Fam-Ahx-APAS-propargylamino-2'-dU 1110.7 [M+H]+ 

5 Fam-Ahx-APVS-propargylamino-2'-dU 1138.5 [M+H]+ 

6 Fam-Ahx-APLS-propargylamino-2'-dU 1152.6 [M+H]^ 

7 Fam-Ahx-APMS-propargylamino-2'-dU 1171.7 [M+H]+ 

8 Fam-Ahx-APKS-propargylamino-2'-dU 1167.9 [M+H]+ 

9 Fam-Ahx-LKS-propargylamino-2'-dU 1112.7 [M+H]+ 

10 Fam-Ahx-GKS-propargylamino-2'-dU 1056.5 [M+H]+ 

11 Fam-Ahx-AKS-propargylamino-2'-dU 1071 [M+H]+ 

12 Fam-Ahx-GLS-propargylamino-2'-dU 1041.7 [M+H]+ 

13 Fam-Ahx-AGS-propargylamino-2'-dU 999.7 [M+H]+ 

14 Fam-Ahx-GGLS-propargylamino-2'-dU 1098.9 [M+H]+ 

15 Fam-Ahx-DDDLS-propargyIamino-2'-dU 1329.9 [M+H]+ 

16 Fam-Ahx-DDDKS-propargylamino-2'-dU 1344.6 [M+H]+ 

HPLC Data on Library C 

C Compound Rt/ % Purity % Purity after 
min HPLC purification 

HPLC 282 440 ELS 282 440 
nm nm D nm nm 

1 Fam-Ahx-GSAA-
propargylamino-2'-dU* 

7.2 39 53 97 100 100 

2 Fam-Ahx-GSAAA-
propargylamino-2'-dU 

7.2 55 74 100 95 86 

3 Fam-Ahx-GSAAL-
propargyIamino-2'-dU 

7.6 43 56 94 83 75 

4 Fam-Ahx-GSAAAA-
propargylamino-2'-dU 

7.2 41 54 68 81 64 

5 Fam-Ahx-GSAAPA-
propargylamino-2'-dU* 

7.2 52 63 97 100 100 

6 Fam-Ahx-GSAAPV-
propargylamino-2'-dU* 

7.3 43 52 94 100 100 

7 Fam-Ahx-GSAAPL-
propargylamino-2'-dU* 

7.5 36 48 93 100 100 

8 Fam-Ahx-GSAIPM-
propargylamino-2'-dU 

7.8 42 46 100 100 100 

9 Fam-Ahx-GSAAPK-
propargylamino-2'-dU 

6.9 48 65 100 100 100 
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c Compound Rt/ % Purity % Purity after 
min HPLC purification 

HPLC 282 440 ELS 282 440 
nm nm D nm nm 

10 Fam-Ahx-GSVLK-
propargylamino-2'-dU* 

7.4 39 50 49 100 92 

11 Fam-Ahx-GSGK-
propargyIamino-2'-dU* 

6.9 37 49 92 100 100 

12 Fam-Ahx-GSAAK-
propargylammo-2'-dU* 

6.9 42 57 96 100 100 

13 Fam-Ahx-GSALK-
propargylammo-2'-dU 

7.2 42 54 100 100 100 

14 Fam-Ahx-GSAGL-
propargylainino-2'-dU 

7.5 30 35 100 100 100 

15 Fam-Ahx-GSAAG-
propargylamino-2'-dU* 

7.2 51 68 94 100 95 

16 Fam-Ahx-GSGGGL-
propargylamino-2'-dU 

7.6 31 44 100 87 100 

17 Fam-Ahx-GSLGL-
propargylamino-2'-dU 

7.9 28 32 100 100 100 

18 Fam-Ahx-GSDDDDL-
propargylaiiiino-2'-dU* * 

7.4 42 36 - - -

19 Fam-Ahx-GSDDDDK-
propargylamino-2'-dU* * 

6.9 24 32 - - -

* 

** 

Analysis by ELS showed that the purification did not result in complete removal of TB AF 

Purification not possible 

Mass Spec Data on Library C 

c Compound MS ES+ MS ES c Compound 

m/z Ion m/z Ion 

1 Fam-Ahx-GSAA- 1070.5 [M+H]+ - -

propargylamino-2'-dU* 

2 Fam-Ahx-GSAAA- 1141.7 - -

propargylamino-2'-dU* 

3 Fam-Ahx-GSAAL- - - - -

propargylamino-2'-dU 

4 Fam-Ahx-GSAAAA- - - - -

propargylamino-2'-dU 

5 Fam-Ahx-GSAAPA- 1238.7 [M+H]+ 1237.0 [M-H]-
propargylamino-2'-dU 

6 Fam-Ahx-GSAAPV- 1266.7 [M+H]+ 1265.1 [M-H]" 
propargylamino-2'-dU 

7 Fam-Ahx-GSAAPL- 1280.8 [M+H]+ 1278.8 [M-H]" 
propargylamino-2'-dU 
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c Compound MS ES+ MS ES" 

m/z Ion m/z Ion 

8 Fam-Ahx-GSAIPM-
propargylamino-2'-dU* 

1340.9 [M+H]+ - -

9 Fam-Ahx-GSAAPK-
propargylamino-2'-dU 

1295.9 [M+H]+ 1293.8 [M-H]-

10 Fam-Ahx-GSVLK-
propargylamino-2'-dU 

1268.9 [M+H]+ 1266.9 [M-H]-

11 Fam-Ahx-GSGK-
propargylamino-2'-dU 

1135.8 [M+Na]+ 1111.8 [M-H]-

12 Fam-Ahx-GSAAK-
propargylamino-2'-dU 

1198.8 [M+H]+ 1196.8 [M-H]-

13 Fam-Ahx-GSALK-
propargylamino-2'-dU 

1240.8 [M+H]+ 1238.9 [M-H]-

14 Fam-Ahx-GSAGL-
propargylamino-2'-dU 

1191.8 [M+Na]+ 1167.9 [M-H]-

15 Fam-Ahx-GSAAG-
propargylainino-2'-dU 

1127.5 [M+H]+ 1125.9 [M-H]-

16 Fam-Ahx-GSGGGL-
propargylamino-2'-dU 

- - 1096.9 [M-H]-

17 Fam-Ahx-GSLGL-
propargylainino-2'-dU 

1211.9 1209.9 [M-H]-

18 Fam-Ahx-GSDDDDL-
propargylamino-2'-dU* * 

- - - -

19 Fam-Ahx-GSDDDDK-
propargylamino-2'-dU* * 

- - - -

* Obtained by MALDI-TOF 

** Purification not possible 
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H NMR of selected library members 

A1 Fam-Ahx-AA-propargylamino-2'-dU 

N 

5 NMR (300 MHz, MeOH); 1.25 - 1.50 (m, 8H, 2 x Cfib-Ala, 

COCH2CH2CH2CH2CH2), 1.55 - 1.80 (m, 4H, COCH2CH2CH2CH2-

CH2), 2.1 - 2.4 (m, 4H, H-2', COCH2CH2CH2CH2CH2), 3.50 - 3.65 

(m, 2H, COCH2CH2CH2CH2CH2), 3.65 - 3.85 (m, 2H, H-5'), 3.85 -

4.00 (m, IH, H-4') , 4.05 - 4.15 (m, 2H, C^CCH^), 4.20 - 4.45 (m, 

3H, H-3' , 2 X CH-Ala), 6.21 (t, IH, H-1' , J = 7), 6.50 - 6.60 (m, 2H, 

H-Ar), 6.65 - 6.68 (m, 4H, H-Ar), 7.15 (d, IH, H-Ar, J = 8), 7.70 -

7.80 (m, IH, H-Ar), 8.10 (s, IH, H-6), 8.29 (s, 0.75H, H-Ar), 8.86 

(s, 0.25H, H-Ar) 

A2 Fam-Ahx-AAA-propargylamino-2'-dU 

: H II 5 H 

5 NMR (400 MHz, MeOH); 1 . 1 6 - 1 . 3 0 (m, 9H, CHa-Ala), 

1.30 - 1.40 (m, 2H, COCH2CH2CH2CH2CH2), 1.50 - 1.64 (m, 4H, 
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COCH2CH2CH2CH2CH2), 2.04 -2.32 (m, 4H, H-2' , COCH2CH2CH2-

CH2CH2), 3.44 - 3.58 (m, 2H, COCH2CH2CH2CH2CH2), 3.58 - 3.74 

(m, 2H, H-5'), 3.78 - 3.92 (m, IH, H-4') , 4 . 0 2 - 4 . 1 2 (m, 2H, 

CsCCHz), 4.10 - 4.25 (m, 3H, 3 x CH-Ala), 4.25 - 4.34 (m, IH, H-

3'), 6 . 0 8 - 1 . 1 6 (m, IH, H-1') , 6.45 - 6.57 (m, 2H, H-Ar), 6 . 5 7 -

6.68 (m, 3H, H-Ar), 7.07 (d, 2H, H-Ar, J = S), 7.64 - 7.70 (m, IH, 

H-Ar), 8.05 (s broad, IH, H-6), 8.20 (s, 0.6H, H-Ar), 8.8 (s, 0.4H, 

H-Ar) 

A3 Fam-Ahx-AAL-propargylatnino-2'-dU 

6 NMR (400 MHz, MeOH): 0.74 - 0.86 (m, 6H, CHa-Leu), 

1 . 1 8 - 1.38 (m, 8H, 2 x CHg-Ala, COCH2CH2CH2CH2CH2), 1 . 4 6 -

1.64 (m, 7H, COCH2CH2CH2CH2CH2, CH^-Leu, CH-Leu), 2.06 -

2.32 (m, 4H, H-2', COCH2CH2CH2CH2CH2), 3.46 - 3.56 (m, 2H, 

COCH2CH2CH2CH2CH2), 3.58 - 3.74 (m, 2H, H-5'), 3.80 - 3.92 (m, 

IH, H-4') , 4.00 - 4.10 (m, 2H, C^CCIiz), 4.10 - 4.33 (m, 4H, H-3', 2 

X CH-Ala, CH-Leu), 6.09 - 6.16 (m, IH, H-1') , 6.42 - 6.52 (m, 2H, 

H-Ar), 6.56 - 6.68 (m, 4H, H-Ar), 7.04 - 7.10 (d, IH, H-Ar, J = 8), 

7.65 - 7.70 (m, IH, H-Ar), 8.03 - 8.07 (m, IH, H-6), 8.20 (s, 0.6H, 

H-Ar), 8.80 (s, 0.4H, H-Ar) 
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A15 Fam-Ahx-GL-propargylamino-2'-dU 

5 NMR (400 MHz, MeOH): 0.70 - 0.90 (m, 6H, CHa-Leu), 

1.26 - 1.40 (m, 2H, CHg-Leu), 1.40 - 1.68 (m, 7H, COCH2CH2CH2. 

CH2CH2, CH-Leu), 2.04 - 2.34 (m, 4H, H-2' , COCH2CH2CH2-

CH2CH2), 3.44 - 3.58 (m, 2H, COCH2CH2CH2CH2CH2), 3.60 - 3.72 

(m, 2H, H-5') , 3.73 - 3.79 (m, 2H, C^CCHz), 3.79 - 3.91 (m, IH, H-

4'), 4.02 (s, 2H, CHz-Gly), 4 . 1 7 - 4 . 2 5 (m, IH, CH-Leu), 4.25 -

4.33 (m, IH, H-3') , 6.08 - 6.16 (m, IH, H-1') , 6.4 - 6.49 (m, 2.5H, 

H-Ar), 6.54 - 6.64 (m, 3.5H, H-Ar), 7.06 (d, IH, H-Ar, J = 8), 7.66 

(d, IH, H-Ar, J = 8), 8.03 (s, IH, H-6), 8.18 - 8.20 (m, 0.6H, H-

Ar), 8.75 - 8.78 (m, 0.4H, H-Ar) 

B 1 Fam-Ahx-AAS-propargylamino-2'-dU 

2 H II I H 
O 

OH 
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5 NMR (300 MHz, MeOH): 1.30 - 1.40 (m, 8H, CHa-Ala, 

COCH2CH2CH2CH2CH2), 1.52 - 1.75 (m, 4H, COCH2CH2CH2CH2-

CH2), 2 .25 - 2 .40 (m, 4H, H-2 ' , COCH2CH2CH2CH2CH2), 3 .40 -

4 . 5 0 (m, 13H, H-4 ' , H-5 ' , C^CCHz, COCH2CH2CH2CH2CH2, 

CHz-Ser , H-3 ' , C H - S e r , 2 x C H - A l a ) , 6 .19 - 6 .25 (m, I H , H-1 ' ) , 

6 .50 - 6 .60 (m, 2H, H - A r ) , 6 .60 -6 .75 (m, 4 H , H - A r ) , 7 .16 (d, 

I H , H - A r , J = 8), 7 .70 - 7 .80 (m, I H , H - A r ) , 8 .13 (s, I H , H-6 ) , 

8 .29 - 8 .33 (m, 0 .5H, H - A r ) , 8 .84 - 8 .88 (m, 0 .5H , H - A r ) 

CI Fam-Ahx-GSAA-propargylamino-2'-dU 

= H II : H 

OH 

8 NMR (400 MHz, MeOH): 1.06 - 1.42 (m, 8H, CHa-Ala, 

COCH2CH2CH2CH2CH2), 1.50 - 1.66 (m, COCH2CH2CH2CH2CH2), 

2.06 - 2.32 (m, 4H, H-2' , COCH2CH2CH2CH2CH2), 3.46 - 3.56 (m, 

2H, COCH2CH2CH2CH2CH2), 3.58 - 4.08 (m, 9H, H-4', H-5', 

C=CCH2, CH-Gly, CH^-Ser), 4.10 - 4.40 (m, 4H, H-3' , 2 x CH-Ala, 

CH-Ser), 6.08 - 6.18 (m, IH, H-1') , 6.40 - 6.75 (m, 6H, H-Ar), 7.08 

(d, IH, H-Ar, J = 8), 7.62 - 7.72 (m, IH, H-Ar), 8.06 (s, IH, H-6), 

8.18 - 8.22 (m, 0.4H, H-Ar), 8.74 - 8.81 (m, 0.6H, H-Ar) 
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C2 Fam-Ahx-GSAAA-propargylamino-2'-dU 

H n Z H M : H 

6 NMR (400 MHz, MeOH); 1.08 - 1.40 (m, I I H , CHa-Ala, 

COCH2CH2CH2CH2CH2), 1.50 - 1.66 (m, 4H, COCH2CH2CH2CH2-

CH2), 2.06 - 2.32 (m, 4H, H-2', COCH2CH2CH2CH2CH2), 3.46 -

3.56 (m, 2H, COCH2CH2CH2CH2CH2), 3.58 - 3.92 (m, 9H, H-4', H-

5', C=CCH2, CH2-Ser, CHz-Gly), 3.96 - 4.40 (m, 5H, H-3', 3 x CH-

Ala, CH-Ser), 6.08 - 6.16 (m, IH, H-1') , 6.40 - 6.70 (m, 6H, H-Ar), 

7.08 (d, IH, H-Ar, J = 8), 7.64 - 7.72 (m, IH, H-Ar), 8.06 (s, IH, 

H-6), 8.18 - 8.22 (s, 0.4H, H-Ar), 8.74 - 8.80 (m, 0.6H, H-Ar) 

C13 Fam-Ahx-GSALK-propargylamino-2'-dU 

^OH 

5 NMR (400 MHz, MeOH): 0.74 - 0.88 (m, 6H, 2 x CHa-Leu), 

1.20 - 1.40 (m, 9H, CHs-Ala, 2 x CH^-Lys, COCH2CH2CH2CH2. 
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CH2), 1.44 - 1.82 (m, 9H, COCH2CH2CH2CH2CH2, CHa-Lys, CH2-

Leu, CH-Leu), 2.06 - 2.32 (m, 4H, H-2' , COCH2CH2CH2CH2CH2), 

2.78 - 2.88 (m, 2H, CHj-Lys) , 3.46 - 3.56 (m, 2H, COCH2CH2CH2. 

CH2CH2NH ), 3.58 - 3.96 (m, 9H, H-4' , H-5' , CHz-Ser, CH2-Gly 

C=CCH2), 4 . 1 0 - 4 . 3 6 (m, 5H, H-3' , CH2-Lys, CH2-Leu, CHz-Ala, 

CHz-Ser), 6 . 0 8 - 6 . 1 6 (m, IH, H-1') , 6.40 - 6.64 (m, 6H, H-Ar), 

7.07 (d, IH, H-Ar, J = 8), 7.62 - 7.68 (m, IH, H-Ar), 8.04 (s, IH, 

H-6), 8.20 - 8.21 (m, 0.2H, H-Ar), 8.77 - 8.81 (m, 0.7H, H-Ar) 

7.4.3 Protease Cleavage Assay 

AAx/ AAĴ  Mxf- AAx^ AAx, 

Nucleoside Assay Solutions 

Each nucleoside was dissolved in water, in some cases EtsNHCOg buffer was 

added to aid solubility, and the concentration and total mass was determined by 

UV detection of the fluorescein chromophore and on average 1 mg of compound 

was obtained. Appropriate aliquots were taken out to prepare 2 mM aqueous assay 

solutions from all nucleoside stock solutions. 

Enzymes 

All compounds made were assayed with a selection of proteases: proteinase K 

(Tritirachium album), elastase (pancreatic elastase), subtilisin (Bacillus 

licheniformis), papa in (Carica papaya), thermolys in (Bacillus thermo-
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proteolyticus), trypsin (Porcine) and enterokinase {Porcine). Enzyme stock 

solutions were prepared to contain 0.33, 0.5 or 1 unit per ixL. For details of 

concentration of enzymes and buffers used see table below. 

Enzyme Units per [iL Buffer 

Elastase 0.50 0.1 M Tris pH 8.0 

Proteinase K 0.33 0.1 M Tris pH 7.5, 5 mM CaCh, 0.5% SDS 

Subtilisin 0.50 0.1 M Tris pH 8.0, 5 mM CaCl2 

Papain 1.00 0.2 M NaCl, 60 mmol Mercaptoethanol, 5 
mmol EDTA, 50 mmol L-cysteine 
hydrochloride hydrate 

Thermolysin 1.00 0.1 M Tris pH 8.0, 10 m M CaCh 

Enterokinase 1.00 0.1 M Tris pH 8.0 

Trypsin 1.00 Ammonium bicarbonate 50 mM 

Standard Assay Method 

The buffer (to make a total of 200 /il assay solution), nucleoside (5 /il, 10 nmol), 

and the enzyme (or water for controls) (1 unit, 1,2, or 3 //I, depending on enzyme 

stock) was placed in an eppendorf tube. Solutions were then held at the enzyme's 

optimal temperature* for two hours and centrifuged through a 10 000 Da 

molecular weight size exclusion membrane [Amicon Microcon YM-10] to 

remove the enzyme and the nucleoside solutions analysed by HPLC System FV. 

Solutions from the Trypsin assay, which utilised an ammonium bicarbonate 

buffer, were also analysed by mass spectrometry. 

Selected compounds were also analysed over time. 

* Trypsin, Papain, Elastase, Enterokinase and Proteinase K(25 "C), Subtilisin and Thermolysin (37 °C) 

Standard Time Course Assay Method 

A 2mM solution of the nucleoside substrate (25 p,l) was added to the buffer (965 

|al). The solution was vortexed and 100 ill was taken out and added to 0.3 M TFA 

(200 nl). A solution of the enzyme (10 /il, lunit per /xl) was added to the solution, 



Chapter 6 157 

vortexed and, after approximately 10 seconds, an aliquot of the reaction mixture 

(100 III) was added to 0.3 M TFA (200 /il), the first time point. Aliquots were 

taken at approximately 0 s, 10 s, 30 s, 1 min, 2 min, 4 min, 8 min, 16 min and 2 

hours for each compound. All solutions were analysed by HPLC system IV. The 

following time course assays were carried out. 

Enzyme Compounds 

Elastase A5 CFam-Ahx-AAPA-propargylamino-2'-dU) 

C5 (Fam-Ahx-GSAAPA-propargylamino-2'-dU) 

Proteinase K B15 (Fam-Ahx-GLS- propargylamino-2'-dU) 

C14 CFam-Ahx-GSAG-propargylamino-2'-dU) 

C15 (Fam-Ahx-GAGL-propargylamino-2'-dU) 

Subtilisin A2 (Fam-Ahx-AAA-propargylamino-2'-dU) 

A3 (Fam-Ahx-AAL-propargylamino-2'-dU) 

A14 (Fam-Ahx-GGL- propargylamino-2'-dU) 

C2 (Fam-Ahx-GSAAA- propargylamino-2'-dU) 

C14 (Fam-Ahx-GSAGL- propargylamino-2'-dU) 
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7.5 Experimental Procedures for Chapter 4 

7.5.1 Preparation of 5-Iodo-(5'-dimethoxytrityl-3'-acetyl-2'-deoxy)uridine 83 

OMe 

Dimethoxytrityl chloride (2.72 g, 8.04 mmol, 1.1 eq) in pyridine (25 mL) was 

added to a cooled (ice-bath) solution of 5-iodo-2'-deoxyuridine (2.59 g, 7.31 

mmol) in pyridine (30 mL) with molecular sieves 3A. The reaction progress was 

monitored by TLC and three more equivalents of dimethoxytrityl chloride (7.42 g, 

21.9 mmol) was added over two days and the reaction heated to 40°C. When only 

a trace of starting material could be seen by TLC acetic anhydride (5 mL) was 

added and the reaction mixture stirred for an additional 3 hours. The mixture was 

diluted with CHCI3 (100 mL) and the organic layer washed with water (2 x 75 

mL), dried with MgS04, filtered and concentrated under reduced pressure. The 

crude product was purified by column chromatography using toluene/ethyl acetate 

(3:1) as eluent to yield the desired product as a white solid (1.79 g, 2.55 mmol, 

35%,). 

MS m/z (ES+) 721(M+Na+, 20%) 737 (M+K+, 30%) 

R /0 .18 Toluene / Ethyl Acetate (3:1) 

HPLC System IIRt /min: 8.7; Purity (UVx=282) 100%, (ELS) 100% 

6 NMR (400 MHz, CDCI3): 1.99 (s, 3H, COCH3), 2.65 - 2.75 

(m, 2H, H-2'), 3.58 - 3.65 (m, IH, H-5') , 3.70 (s, 6H, 2 x OCH3), 

3.71 - 3.76 (m, IH, H-5'), 4.38 - 4.42 (m, IH, H-4') , 4.92 (broad s, 
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IH, H-3, NH), 5.65 - 5.70 (m, IH, H-3'), 6.73 (t, IH, H-1', J = 7), 

7.06 (d, 4H, H-DMT, J = 9), 7.16 - 7.34 (m, 3H, H-DMT), 7.47 (t, 

2H, H-DMT, J = 8), 7.65 (d, 4H, H-DMT, J = 8), 7.78 (d, 2H, H-

Ar, J = 7), 8.43 (s, IH, H-6) 

5 NMR (100 MHz, CDCI3): 22.7 (COCH3), 40.4 (C-2'), 57.2 

(2 X OCH3), 66.3 (C-5'), 73.6 (C-5), 77.4 (C-3'), 86.6 (C-4'), 87.6 

( C - r ) , 89.4 (C-Ara), 115.9, 127.7, 129.4, 130.5, 131.4, 132.6 (C-

DMT), 146.2 (C-6), 147.6 (C-DMT), 153.4 (C-2), 161.2 (C-DMT), 

163.5 (C-4), 172.4 (COCH3) 

173 Agrees with literature 

7.5.2 Preparation of 5-(Iodo)-3' -acetyl-2' -deoxyuridine 84 

A 50% solution of TFA in DCM (5 mL) was added to compound 83 (168 mg, 

0.24 mmol) and stirred at 45 °C for 30 min (the solution turned red immediately 

upon addition). The solvent was evaporated and 1 mL of water was added. The 

sample was concentrated under reduced pressure and the compound was purified 

by column chromatography using toluene/ethyl acetate (3:1) as eluent. The 

desired compound was obtained as a white solid (94 mg, 2.37 mmol, 99%). 

MS m/z (ES+) 815 (2M+Na+, 30%) 

R/ 0.74 Toluene / Ethyl Acetate (3:1) 

HPLC System II Rt/min: 7.6; Purity (ELS) 93%, (UVx,=282) 92% 
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6 NMR (400 MHz, Pyridine-ds): 1.72 (s, 3H, COCH3), 2.25-

2.45 (m, 2H, H-2'), 3.85 (d, 2H, H-5', J = 2), 4.08 - 4.12(m, IH, H-

4'), 5 . 3 9 - 5 . 4 1 (m, IH, H-3'), 6.50 - 6.56 (m, IH, H-1'), 8.44(s, 

IH, H-6) 

5 NMR (100 MHz, Pyridine-dg): 23.2 (COCH3), 40.9 (C-2'), 

64.6 (C-5'), 73.3 (C-5), 78.5 (C-3'), 88.2 (C-T), 88.8 (C-4'), 147.9 

(C-6), 154.0 (C-2), 164.0 (C-4), 172.8 (COCH3) 

Agrees with literature^^^ 

7.5.3 Preparation of l-(^-butyl 3'-(?-acetyl-2'-deoxy-p-D-ribofuraiiosyluronate)-5-

iodouracil 85 

f-Butyl alcohol (397 mg, 505 pL, 5.36 mmol, 20 eq), pyridinium dichromate (202 

mg, 0.536 mmol, 2 eq) and acetic anhydride (274 mg, 2.68 mmol, 10 eq) were 

added to a stirred solution of 5-iodo-(3'-acetyl-2'-deoxy)uridine (106 mg, 0.268 

mmol) in DCM (2 mL). The mixture was stirred for 1 hour and then loaded on a 3 

X 3 cm plug of silica using EtOAc. After 15 min the product was filtered through 

using 3 X 25 mL of EtOAc. The solvent was evaporated and the compound was 

filtered through another silica plug eluted with EtOAc/ CDCI3 (1:1). Solvent was 

removed under reduced pressure and the product was obtained as an off white 

solid (80 mg, 0.172 mmol, 64%). 
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MS m/z (ES+) 484 (M+NH4^, 5%) 505 (M+K+, 5%) 954 (2M+Na+, 

100%) 

IR v(cm"^) (neat) 1675 - 1725 (C=0 str, COOC(CH3)3, COCH3, uridine 

ring) 

R /0 .69 Ethyl acetate : Hexane (1:1) 

HPLC System II Rt/min: 10.5; Purity (UV;,=282) 80%, (ELS) 99% 

5 NMR (400 MHz, Pyridine-dj): 1.26 (s, 9H, COOC(CH3)3), 

1.77 (s, 3H, CH3-acetate), 2.30 - 2.60 (m, 2H, H-2'), 4 . 6 2 - 4 . 6 7 

(m, IH, H-4'), 5.57 (d, IH, H-3', J = 5), 6.57 - 6.64 (m, IH, H-1'), 

9.83 (s, IH, H-6) 

S NMR (100 MHz, Pyridine-dg): 23.0 (CH3-acetate), 30.2 

( C 0 0 C ( C H 3 ) 3 ) , 39.5 (C-2'), 73.6 (C-5), 79.0 (C-3'), 85.6 

( C 0 0 C ( C H 3 ) 3 ) , 85.9 (C-4'), 89.8 (C-1'), 147.5 (C-6), 153.8 (C-2), 

163.8 (C-4), 172.1 (COCH3), 172.2 (C-5') 

Agrees with literature^^^ 

7.5.4 Preparation of l-(^-butyl 3'-0-acetyI-2'-deoxy-P-D-ribofuranosyluronate)-5-

iV-trifluoroacetylpropargylaminouradl 86 

AcO 

l-(f-butyl 3'-0-acetyI-2'-deoxy-p-D-ribofuranosyluronate)-5-iodouraciI 85 (438 

mg, 0.94 mmol) was dissolved in dry DMF (20 mL) and degassed with N2 for 10 

minutes. Copper iodide (36.0 mg, 0.188 mmol, 0.2 eq.), anhydrous triethylamine 

(476 mg, 4.70 mmol, 655 pL, 5 eq.), A^-trifluoroacetylpropargylamine (426 mg. 
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2.82 mmol, 3 eq.) and tetrakis (triphenyl phosphine) palladium(O) (109 mg, 9.40 

mmol, 0.1 eq.) were added sequentially. The mixture was stirred under N2 at 50°C 

for 50 minutes. The solvent was reduced to a minimum under reduced pressure 

and the residual oil was redissolved in CH2CI2 (20 mL). The organic phase was 

washed with 5% disodium EDTA (2 x 50 mL) and aqueous sodium bisulphate 5% 

(w:v, 2 X 50 mL). The organic phase was dried (MgS04) and the crude product 

was purified by silica gel column chromatography using ethyl acetate/hexane 

(1:1) as eluent to afford the desired product 86 (357 mg, 0.73 mmol) in 78% yield. 

MS m/z (ES+) 512 (M+Na+, 100%) 

HPLC System II Rt/min: 11.0; Purity (UVx=282 ELS) 100% 

HRMS CzoHzzNsOgFsNa: 512.1257 (calc.), 512.1251 (found) 

IR v ( cm ' ) (neat) 1724 (C=0 str, s, COOC(CH3)3),1714 (C=0 str, s, 

COCF3), 1709 (C=0 str, s, COCH3), 1665 (C=0 str, s, uridine ring) 

R/ 0.23 Hexane / Ethyl Acetate (1:1) 

Mp 166°C 

6 NMR (400 MHz, Pyridine-dg): 1.22 (s, 9H, COOC(CH3)3), 

I.73 (s, 3H, CHa-acetate), 2.27 - 2.34 (m, IH, H-2'), 2.51 - 2.56 (m, 

IH, H-2'), 4.32 (d, 2H, C^CCH^, J = 5), 4.63 (s, IH, H-4'), 5.52 -

5.57 (m, IH, H-3'), 6.52 - 6.58 (m, IH, H-1'), 8.54 (s, IH, H-6), 

I I .21 - 11.29 (m, IH, C^CCHzNH) 

8 NMR (100 MHz, Chloroform-di): 19.9 (CHa-acetate), 26.9 

(COOC(CH3)3), 29.6 (C=CCH2), 36.3 (C-2'), 74.7 (C-3'), 75.0 (C-

5), 82.0 (C-4'), 83.1 (COOC(CH3)3), 86.1 (C-1'), 86.3 (CsCCHz), 

98.3 (CsCCHz), 114.7 (C=CCH2NHC0CF3, J = 287), 143.2 (C-6), 

148.3 (C-2), 155.9 (C^CCHzNHCOCFa, J = 38), 160.9 (C-4), 168.0 

(C-5'), 168.8 (COCH3) 
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7.5.5 Preparation of l-(3'-0-acetyl-2'-deoxy-p-D-ribofuranosyIuroiiic acid)-5-A -̂

trifluoroacetylpropargylaminouracil 87 

AcO 

l-(f-butyl 3'-C>-acetyl-2'-deoxy-P-D-ribofuranosyluronate)-5-A^-trifluoroacetylpro-

pargylaminouracil 86 (91.4 mg, 0.187 mmol) was dissolved in aqueous 

trifluoroacetic acid (80%, 1 mL) and stirred for 45 minutes. The solvent was 

removed under reduced pressure and the crude product was purified by silica gel 

column chromatography using a gradient of ethyl acetate/MeOH (10:1 to 4:1) as 

eluent. Product 87 was obtained as a white solid (67 mg, 0.147 mmol, 83%). 

MS m/z (ES-) 432 (M', 100%) 

HPLC System II Rt/min; 6.5; Purity (UVx=282, ELS) 100% 

HRMS CieHnPsNsOgNa: 456.0631 (calc.), 456.0625 (found) 

R /0 .2 Ethyl Acetate / MeOH (10:1) 

Mp 210°C 

5 NMR (400 MHz, MeOH-d4): 2.02 (s, 3H, CHa-acetate), 2.10 -

2.20 (m, IH, H-2'), 2.40 - 2.50 (m, IH, H-2'), 4.19 (s, 2H, 

CsCCHb), 4.55 (s, IH, H-4'), 5.42 - 5.46 (m, IH, H-3'), 6.20 - 6.27 

(m, IH, H-1'), 8.56 (s, IH, H-6) 

6 " C NMR (100 MHz, MeOH-d4): 20.0 (CHs-acetate), 29.9 (C=C-

CH2), 36.9 (C-2'), 75.1 (C-3'), 77.0 (C-5), 82.8 (C-4'), 87.6 (C-1'), 

87.8 (C^CCHz), 99.0 (C^CCHz), 116.5 (C^CCHzNHCOCFs, J = 287 

145.0 (C-6), 150.3 (C-2), 157.6 (CsCCHgNHCOCFs, J = 38), 163.6 

(C-4), 170.6 (COCH3), 172.2 (C-5') 
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7,5.6 Preparation of PEGA immobilized l-(3'-hydroxy-2'-deoxy-P-D-ribofurano-

syluronic acid)-5-A^-propargylaminouraciI 89 

Compound 87 (120 mg, 0.276 mmol, 1.2 eq), HOBt (37 mg, 0.276 mmol, 1.2 eq) 

and Die (43 mg, 54 pL, 0.344 mmol, 1.5 eq) were dissolved in DMF (10 ml). 

After 10 minutes the reaction mixture was added to the pre-swollen amino methyl 

PEGAgoo resin (0.574 g, 0.230 mmol) (pre-swollen in DMF) and agitated 

overnight. The reaction progress was monitored by qualitative ninhydrin test and 

to ensure complete coupling the loading procedure was repeated with a fresh 

reaction mixture for 12 hours. Then the resin was washed with DMF (3x6 mL), 

CH2CI2 (5x6 mL), MeOH (3x6 mL) and the remaining sites were capped by 

shaking the resin with CH2CI2 (5.5 mL), pyridine (0.2 mL) and acetic anhydride 

(1.4 mL) for 20 minutes. The resin was washed with DMF (3x6 mL), CH2CI2 

(5x6 mL), MeOH (3x6 mL) and CH2CI2 (3x6 mL). 

Dioxane (6 mL) was added to the resin (0.616 g), when swollen IM KOH aq. (3 

mL) was added and the resin shaken overnight. The resin was washed with 

dioxane/ water (1:1) (3 x 10 mL), water (3 x 10 mL), dioxane/ water (1:1) (1 x 10 

mL), dioxane (3 x lOmL), MeOH (3 x 10 mL) and CH2CI2 (3 x 10 mL). 
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7.5.7 Preparation of Solid Phase Bound Reporter Nucleosides 90, 91, 92 and 93 

AA^ - AAg - AA3 - AA4 

AAi AA2 AA3 AA4 

90 Ala Ala Ala -

91 Ala Ala Leu -

92 Gly Leu Ser -

93 Gly Ala Gly Leu 

General procedure for SPPS on PEG A 

Die (3 eq.) was added to a solution of HOBt (3 eq.) and Fmoc-AA-OH (3 eq.) in 

DMF/ DCM (2:3) (0.5 mL). After 10 minutes the solution was added to resin 89 

and shaken for 1.5 hours. The resin was washed with DMF (5x1 mL) and the 

coupling repeated to ensure complete loading. The resin was washed with DMF 

(3x5 mL), CH2CI2 (3x5 mL), MeOH (3x5 mL), CH2CI2 (3x5 mL) and MeOH 

(3x5 mL). The Fmoc group was removed by treatment with 20% piperidine in 

DMF for 1 hour followed by washing the resin with 20% piperidine in DMF 

(2x5 mL), DMF (3x5 mL), CH2CI2 (3x5 mL) and MeOH (3x5 mL). This 

procedure was repeated for each amino acid residue in the desired sequence. For 

quantities used see Table 7.5.1. 
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Peptide 
s^equence 

90 91 92 93 

Reagents * AAA AAL GLS GAOL 

Resin 88 100 83 83 

HOBt 14 16 14 14 

Die 13 15 13 13 

AAi CA)33 (L)43 (S)38 (L) 35 

AA2 (A) 33 (A) 37 (L)35 (G)30 

AA3 (A) 33 CA)37 (G) 30 (A) 31 

AA4 n/a n/a n/a (G)30 

Ahx 37 42 35 35 
* all quantities in mg 

Table 7.5.1 Quantities of reagents used in SPPS toward the preparation of 

solid phase bound reporter nucleosides 90, 91, 92 and 93 

Fluorescein Labelling 

NEt3 (68 |JL, 0.48 mmol) was added to a solution of FITC (188 mg, 0.48 mmol) in 

DMF (8 mL). To each resin, 90, 91, 92, 93 was added 2 mL of the FTTC solution 

and the mixture agitated overnight. The resin was washed with DMF ( 5 x 4 mL), 

CH2CI2 ( 5 x 4 mL), MeOH ( 5 x 4 mL), DMF ( 2 x 4 mL), CH2CI2 ( 2 x 4 mL) and 

MeOH ( 5 x 4 mL). Resin 92 was treated with trifluoroacetic acid (1 mL) for 30 

minutes and the washing procedure was repeated for this resin. 
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7.5.8 Solid Phase Protease Assay 

/aAs/AAS/. 

Resins 90, 91, 92 and 93 (1.1 mg, respectively) were washed with the appropriate 

buffer for the enzyme, see Table 7.5.2, ( 5 x 1 mL or until no release of colour 

could be observed) and placed in an eppendorf tube. The appropriate reaction 

buffer (1 mL) for each enzyme was added to each resin and the solution (solution 

A) was kept at the enzyme optimal temperature, Table 7.5.2. The analysis buffer 

(2000(iL) (pH 9 sodium borate/ HCl buffer) and solution A(3 pL) was added to 

the cuvette followed by the analysis buffer (1000 |JL). The solution was mixed 

and the background fluoresence (blank) was recorded. The appropriate enzyme 

(subtilisin, proteinase K or elastase) (10 units) was added to solution A and 

aliquots were taken out for analysis every 5 to 15 minutes for fluorescence 

analysis as described for the blank. The assay was repeated for each enzyme / 

resin combination. 

Enzyme Buffer Optimal T °C 

Elastase O.IMTRIS pH8 25 

Subtilisin O.IM TRIS pH 8, 5mM CaClz 37 

Proteinase K O.IM TRIS pH 7.5, 5mM CaCb, 0.5% SDS 25 

Table 7.5.2 Table of enzymes and appropriate buffers 
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7.6 Experimental Procedures for Chapter 5 

7.6.1 Preparation of Solid Phase Bound Peptides 95 and 96 

CI 

AA3-AA2-AA, <JO 

AAi AA2 AA3 

95 Ala Ala Ala 

96 Ser Leu Gly 

Loading of the Trityl Chloride Polystyrene Resin 

The apparatus was oven dried overnight prior to use. FmocSer('Bu)OH, 

FmocAIaOH, FmocGlyOH and FmocLeuOH were dried under vacuum over P2O5 

overnight. DIPEA stored over KOH was used. Anhydrous DMF and freshly 

distilled DCM was used. 

2-Chlorotrityl chloride polystyrene resin, for quantities see Table 7.6.1, was 

placed in a disposable peptide vessel and N2 was continously purged through the 

vessel. FmocAAOH (1.2 eq) was dissolved in dry DMF / CH2CI2 (1:20) and 

DIPEA (4 eq to carboxylic acid). The mixture was then added to the resin and left 

to stand overnight under a continous flow of nitrogen. The resin was washed with 

CH2CI2/ MeOH/ DIPEA (10:1:0.5) (3 x 10 mL), CH2CI2 (3 x 10 mL), DMF (3 x 

10 mL), CH2CI2 (3 X 10 mL). The resin was dried under vacuum and the loading 

of Fmoc-Alanine and Fmoc-('Bu)Serine was measured by a standard Fmoc test, 

0.913 mmol/g (92%) and 0.686 mmol/g (74%), respectively. The resin was 

swollen in CH2CI2 and the solution drained off, 20% piperidine in DMF was 

added, the resin was agitated for 40 minutes and washed with 20% piperidine in 

DMF (2 X 10 mL), DMF (3 x 10 mL), CH2CI2 (3 x 10 mL), MeOH (3 x 10 mL), 

CH2CI2 (3 X 10 mL) and dried under reduced pressure. 
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Resin 
(g) 

mmol 
resin 

Amino acid Mass 
(g) 

mmol 
AA 

eq DIPEA 
(mL) 

Loading 
FmocAA 

mmol 

1.05 1.47 FmocAlaOH 0.523 1.68 1.2 1.2 0.913 

1.00 1.40 FmocSer('Bu)OH 0.644 1.68 1.2 1.2 0.686 

Table 7.6.1 Quantities used for loading 

Solid Phase Peptide Synthesis 

To a solution of FmocAAOH (3 eq), HOBt (3 eq) in DMF/ DCM (6 mL, 1:4) was 

added DIG (3 eq). After 5 minutes activation, the reaction mixture was added to 

the preloaded resin and agitated overnight. The progress of coupling was 

monitored by a qualitative ninhydrin test and the coupling procedure was repeated 

if necessary. The resin was washed with DMF (3 x 10 mL), CH2CI2 (3 x 10 mL), 

MeOH (3 X 10 mL) and CH2CI2 (3 x 10 mL) and dried under reduced pressure. 

The substitution was measured by a standard Fmoc test. A solution of 20% 

piperidine in DMF was added, the resin was agitated for 40 minutes and washed 

with 20% piperidine in DMF (2 x 10 mL), DMF (3 x 10 mL), CH2CI2 (3 x 10 

mL), MeOH (3 x 10 mL) and CH2CI2 (3 x 10 mL) and dried under reduced 

pressure. The procedure was repeated for each aminoacid in the sequence. Fmoc 

tests after the last amino acid coupling displayed substitutions of 0.551 mmol/g 

(68%) and 0.424 mmol/g (69%) for 95 (resin-AAA) and 96 (resin-SLG), 

respectively. 

(For coupling of Fmoc-Gly-OH DMF only was used as a solvent.) 
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7.6.2 Preparation of a Cy5^" Labelled Peptide: Cy5-AIa-Ala-Ala 98 

HOBt (14.4 mg, 0.107 mmol) and (60 mg, 0.107 mmol) were dissolved in 

DMF (1 mL) and DCM (1.5 mL). DIG (13.4 mg, 0.107 mmol, 16.6 |xL) and 

DIPEA (13.8 mg, 0.107 mmol, 18.6 )uL) were added. After 15 min the reaction 

mixture was added to resin 95 (468 mg, 0.160 mmol) and the resin was agitated 

overnight. The resin was washed with DMF (8x3 mL), DCM (8x3 mL), MeOH/ 

DCM (1:1) (8 X 3 mL) and DCM (8x3 mL). 

The standard cleavage procedure outlined in section 7.2.1 was applied. The crude 

material was precipitated from ice cold EtzO (30 mL) in a centrifuge tube. The 

tube was centrifuged for 15 min, solvent was decanted and the procedure was 

repeated three times. Drying the product under reduced pressure afforded the 

crude product as a blue solid (175 mg). The crude product, also containing 

unreacted peptide was purified by semi-preparative HPLC. The appropriate 

fractions were pooled and lyophilized solid to afford a blue solid (33 mg, 40 %). 

MS m/z (ES+) 776.8 (M+H+, 100%) 798.4 (M+Na+, 80%) 

HRMS C4iH54N50gS: 776.3690 (calc.); 776.3688 (found) 
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Mp 202°C 

HPLC Rt/min: 6.9; Purity (UV(x = 220, 282, 649 nm), ELS = 100%) 

6 NMR (400 MHz, CDCI3): 1.24, 1.27, 1.28 (d x 3, 9H, 

3 X CHs-Ala, J = 7), 1.35 - 1.47 (m, 2H, COCH2CH2CH2CH2CH2), 

1.60 - 1.66 (m, 14H, 4 x CH3-Cy5, COCH2CH2CH2CH2CH2), 1.67 -

1.82 (m, 2H, COCH2CH2CH2CH2CH2), 2.09 - 2.24 (m, 2H, 

COCH2CH2CH2CH2CH2), 3.48 (s, 3H, N-CH3), 4.07 (t, 2H, 

COCH2CH2CH2CH2CH2, / = 7), 4.25 (q X 3, 3H, 3 x CH-Ala, J = 

7), 6.14 (d, IH, H-10, J = 14), 6.34 (d, IH, H-14, J = 14), 6.55 (t, 

IH, H-12, J = 13), 7.15 (d, IH, H-20, J = 9), 7.21 (t, IH, H-5, J = 

7), 7.27 (d, IH, H-3, J = 8), 7.34 (d, IH, H-4, J = 8), 7.43 (d, IH, 

H-6, J = 7), 7.73 - 7.78 (m, 2H, H-21, H-23), 8.16 (m, 2H, H-11, H-

13) 

5 NMR (100 MHz, CDCI3): 18.0, 18.4, 18.6 (3 x CHa-Ala ) 

26.7 (COCH2CH2CH2CH2CH2), 27.5 (COCH2CH2CH2CH2CH2), 

28.2, 28.2, 28.3, 28.3 (4 x CH3-Cy5), 28.7 (COCH2CH2CH2CH2CH2), 

31.8 (N-CH3), 36.5 (COCH2CH2CH2CH2CH2), 45.6 (COCH2CH2. 

CH2CH2CH2), 49.4, 49.7, 49.7, 50.5, 50.8, (3 x CH-Ala, 

2 X C1CH3)2), 104.5 (C-10), 106.1(C-14), 111.2 (C-20), 113.0 (C-3), 

121.6 (C-21), 123.9 (C-6), 127.3 (C-5), 127.7 (C-12), 128.4 (C-23), 

130.3 (C-4), 142.5 (C-2), 143.2, 143.4, 143.7 (C-9, C-15, C-17), 

146.3 (C-22), 155.3 (C-11), 156.9 (C-13), 174.7, 174.9, 175.2 

(2 X C=0-Ala, C=0-Ahx), 176.1, 176.2, 176.6 (COOH, C-7, C-18) 
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7.6.3 Preparation of a Cy5™ Labelled Peptide: Cy5-GIy-Leu-Ser 99 

HOBt (12 mg, 0.086 mmol) and Cy5^^ (49 mg, 0.086 mmol) was dissolved in 

DMF (1 mL) and DCM (1.5 mL). DIC (11 mg, 0.086 mmol, 14 pL) and DIPEA 

(14 mg, 0.108 mmol, 19 pL) was added. After 15 min the reaction mixture was 

added to resin 96 (120 mg, 0.072 mmol) and the resin was agitated overnight. The 

resin was washed with DMF ( 8 x 3 mL), DCM ( 8 x 3 mL), MeOH/ DCM (1:1) (8 

X 3 mL) and DCM ( 8 x 3 mL). The standard cleavage procedure was applied. The 

crude product (55 mg, 91%) was purified by semi-preparative HPLC, the fractions 

were pooled and freeze dried, a blue lyophilised solid was obtained (29 mg, 0.035 

mmol, 70 %). 

MS m/z (BS+) 820.5 (M+H+, 95%) 842.5 (M+Na+, 100%) 

HRMS C43H57N509SNa; 842.3775 (calc.); 842.3791 (found) 

Mp 189°C 

HPLC System II Rt/min: 7.2; Purity (UV(x = 220, 282, 649 nm, ELS = 

100 %) 

6 NMR (400 MHz, CDCI3): 0.79 - 0.87 (m, 6H, 2 x CHj-Leu), 

1.35 - 1.45 (m, 2H, COCH2CH2CH2CH2CH2), 1.45 - 1.67 (m, 17H, 

COCH2CH2CH2CH2CH2, 4 X CH3-Cy5, CH2-Leu, CH(CH3)), 1.68 -

1.79 (m, 2H, OCH2CH2CH2CH2CH2), 2.20 (t, 2H, OCH2-
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CH2CH2CH2CH2, J = 7), 3.48 (s, 3H, N-CH3), 3.68 - 3.81 (m, 4H, 

CHz-Gly, CHz-Ser), 4.07 (t, 2H, OCH2CH2CH2CH2CH2, J = 8), 4.20 

- 4.26 (m, IH, CH-Ser), 4.34 - 4.41 (m, IH, CH-Leu), 6.13 (d, IH, 

H-10, J = 17), 6.31 (d, IH, H-14, J = 17), 6.55 (t, IH, H-12, J = 

12), 7.15 (d, IH, H-20, J = 9), 7.21 (t, IH, H-5, J = 7), 7.27 (d, IH, 

H-3, J = 8), 7.30 - 7.37 (m, IH, H-4), 7.42 (d, IH, H-6, J = 7), 7.72 

- 7.79 (m, 2H, H-21, H-23), 8.15 (dd x 2, 2H, H-11, H-13, J = 13) 

5 N M R (100 MHz, CDCI3): 22.0, 23.5 (2 x CHa-Leu), 25.9 

(COCH2CH2CH2CH2CH2), 26.2, 27.2 (CH2-Leu, CH-Leu), 27.8, 

27.9 (4xCH3-Cy5) , 28.3 (COCH2CH2CH2CH2CH2), 31.4 (N-CH3), 

36.3 (COCH2CH2CH2CH2CH2), 41.8 (COCH2CH2CH2CH2CH2), 

43.7 (CH2-Ser), 45.2 (COCH2CH2CH2CH2CH2), 56.3 (CH-Leu), 

56.9, 60.0 (C-8, C-19), 57.1 (CH-Ser), 62.9 (CHz-Gly), 104.1 (C-

10), 105.7 (C-14), 110.8 (C-20), 112.7 (C-3), 121.2 (C-21), 123.5 

(C-6), 126.9 (C-5), 127.2 (C-12), 128.0 (C-23), 129.0 (C-4), 142.1 

(C-2), 142.8, 143.1, 143.3 (C-9, C-17, C-18), 145.8 (C-22), 155.0 

(C-11), 156.6 (C-13), 171.7, 173.0, 174.4, 174.7 (COOH, C=0-Leu, 

C=0-Gly, C=0-Ahx), 176.2, 176.6 (C-7, C-18) 



Chapter 7 174 

8 Appendix 

8.1 Logarithmic plots of the hydrolysis of 90, 91, 92 and 93 

Fa m-Ahx-AAA-pa-d U 

6.0 

4.0 

2.0 

0.0 

y = -0.0128x +6.2950 

y = -0,0221 X + 6.279?^%:::^ ° '9777 

1? = 0.9889 

y = -0.0263X + 6.2999 
Ff = 0.9908 

• AAA - Subtilisin 

• AAA - FVoteinase K 

» AAA - Bastase 

minutes 150 

8.0 

6.0 

1 4.0 

2.0 

0.0 

m-Ahx-AAL-pa-d U 

• 

-0.0152x + 6.5911 
-_____g = 0.9750 

-0.0305X + 6.7626 
=0.9917 

y = -0.0311x + 6,8539 
FT = 0,9848 

0 minutes ^ ^0 150 

AAL - subtilisin 

AAL - proteinase K 
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Fam-Ahx-GLS-pa-d U 

y = -0.0049x +6.5138 

Pe = 0.9795 

y = -0.0157x +6.2411 

. FP = 0.9679 

y = -0.0199x + 6.5214 

FP = 0.9822 

• GLS - Subtilisin 

• GLS - proteinase K 

A GLS - elastase 

Ram-Ahx-GACa.-pa-dU 

8.0 

6.0 

4.0 

2.0 

0.0 

L 
— g , y = -0.0177t + 6.6565 

0.9920 

^ ^ ^ - - - < y = - 0 . 0 3 5 0 t +6.4074 ' -

^ = 0.9832 

^ S ^ 0 - 0 5 9 5 t + 6.3364 

FP = 0.9604 

0 50 

GAGL - subtilisin 

GAGL - proteinase K 

GAGL - elastase 
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